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Combining nanotechnology and nanohybrid
methods to improve the physical and chemical
properties of CuS and boost its photocatalytic
aptitude

Javaria Naseem,? Mohamed. Abdel Rafea,” Magdi E. A. Zaki,“ Mohamed Ibrahim Attia,
Mohamed. R. El-Aassar,® Faisal Alresheedi,® Sonia Zulfigar’ and Muhammad Aadil & *2

This study used a simple chemical method followed by ultrasonication to make copper sulfide (CuS)
nanoparticles and their carbon nanotube-based nanohybrid (CuS—CNTs). To characterize the catalysts,
different methods were employed. XRD was used to confirm that the CNTs were integrated with the
crystalline structure, FTIR was used to detect functional groups, and SEM-EDX further verified the
catalysts’ shape and make-up. The addition of CNTs enhanced the optical, optoelectronic, and electrical
properties of CuS by preventing particle adhesion. UV-Vis, photoluminescence, and current—voltage
tests showed that the material could absorb more light, stop charges from combining, and move
charges more efficiently. Carbon content, moisture absorption, and thermal stability were evaluated
through TGA analysis. The nanohybrid had great photocatalytic activity in visible light, breaking down all
of the MB dye in 90 min. In comparison, bare CuS only mineralizes 65.9% of the dye in 100 min. The
reaction rate constant (k) was calculated to be 0.024 min~*. The nanohybrid's stability was shown by the
fact that it lost only 2.15% of its efficiency over five cycles of reusability tests. Additionally, this study
shows that nanotechnology and composite materials can improve semiconductor photocatalysis, which
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1. Introduction

The remarkable surge in population growth necessitates the
establishment of numerous industries, which are essential for
meeting basic needs and integrating cutting-edge technology
for convenience. These industries play a crucial role in ensuring
human survival, but unfortunately, they release untreated waste
effluents that contain organic acids, poisonous gases, toxins,
bleaching agents, antibiotics, and organic dyes. These pollut-
ants enter public water sources and pollute the water, causing
harm to ecosystems, public health, and a shortage of clean
water, a vital resource for all life.”> The most threatening
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could be useful for cleaning up the environment.

pollutants are toxic dyes, which are non-biodegradable and
exhibit exceptional stability against heat, chemicals, and light
due to their intricate aromatic structure. The primary source of
organic dyes is untreated wastewater from the tanning, textile,
pharmaceutical, paper processing, culinary, and plastic indus-
tries.> About 2 million tons of waste pollutants and 490 tons of
dyes are indiscriminately dumped into waterways daily.** This
terrifying prospect requires strict laws, sustainable industrial
practices, and proper wastewater treatment to protect water
sources.*’

The most significant challenge is identifying the most
effective method of effluent treatment that is affordable, envi-
ronmentally friendly, and effective. Current methods, such as
ion-exchange resins, adsorption, membrane filtration,
precipitation-aggregation, electrolytic purification, ozonation,
and biochemical techniques, have not always proven effective in
addressing this issue.®?* This problem arises because these
methods have limitations, such as creating secondary pollut-
ants, not fully breaking down the dye, not being able to absorb
much dye, and taking a long time. Furthermore, the high cost
and energy consumption of these techniques exacerbate the
substantial financial burden they impose on industries."* Pho-
tocatalysis using semiconductor photocatalysts, an attractive
alternative to existing approaches, has received interest in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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response to this difficult challenge.*>** The dye is completely
degraded, no secondary pollutants are produced, working
conditions are gentle, and it employs the sunlight, a renewable
energy source, making it eco-friendly and cost-effective.*

Photocatalytic degradation of pollutants is influenced by
several key factors, including the initial pollutant concentra-
tion, solution pH, temperature, dissolved oxygen levels, and
catalyst dose. All of these factors can be optimized. Therefore,
selecting the ideal materials with the appropriate band struc-
ture, high surface properties, effective light absorption, and
efficient charge separation is crucial for ensuring an efficient
photocatalytic process." Transitional oxides, in their capacity as
semiconducting photocatalysts, encounter substantial obsta-
cles. Initially, their bandgaps limit their light absorption to the
ultraviolet (UV), which comprises only 5% of the total solar
spectrum.’® Secondly, the population of charge carriers is
diminished by prompt charge recombination. Finally, the
degradation reaction kinetics are impeded by the deficient
charge transport properties. Copper sulfide (CuS), having
a lower bandgap energy of 2.10 eV, can successfully consume
visible light and use 50% of solar energy as a photocatalyst. It
stands out for its superior optical and electrical qualities, non-
toxicity, thermal and photochemical stability, and ease of
recycling.””*® Its availability and endurance make it a very
promising material for photocatalytic applications.

Researchers have used nanostructured formation, doping,*
co-doping, composite creation, and heterojunction construc-
tion to improve CuS photocatalytic performance. The review of
the literature suggests making nanostructured CusS and sticking
highly conductive carbonaceous matrices to them to improve
charge transfer and light collection, which improves photo-
catalysis work. Carbon nanotubes (CNTs) can significantly
enhance the photocatalytic activity of semiconductor materials
through various mechanisms. They act as electron sinks,
capturing excited electrons; provide a large surface area to
facilitate interactions between pollutants and the photocatalyst;
enhance light absorption due to their carbonaceous nature;
exhibit high conductivity, aiding in the transfer of photo-
generated electrons to the catalyst's surface; and contribute to
structural stability, extending the catalyst's lifespan.***

In the current work, we have synthesized bare copper sulfide
nanoparticles (NPs) and their carbon nanotube (CNT)-
supported nanohybrid via a facile chemical route. Unlike
conventional CuS-based photocatalysts, the present study stra-
tegically integrates CuS nanoparticles with carbon nanotubes
(CNTs) to engineer a composite with enhanced photocatalytic
performance. The incorporation of CNTs not only broadens the
light absorption range due to their carbonaceous nature but
also significantly improves charge carrier dynamics by facili-
tating efficient electron transport and suppressing electron-
hole recombination. This synergistic design addresses the
intrinsic limitations of pure CuS systems and offers a dual-
functionality approach where CNTs serve as both electron
sinks and a conductive network. Consequently, this work
provides a comprehensive strategy to enhance photocatalytic
efficiency, offering a notable advancement over previously re-
ported CuS-based photocatalysts.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental
2.1 Chemicals

Copper acetate monohydrate [Cu(CH3;COO),-H,0]; 99%, thio-
urea [(NH,),CS]; 99%, and potassium hydroxide (KOH); 90%
were procured from Merck, while ethanol (C,HsOH); 99.5% and
CNTs (95%) were supplied by Sigma-Aldrich for the fabrication
of CuS-CNT nanohybrids.

2.2 Synthesis of copper sulfide (CuS)

Copper sulfide nanoparticles were synthesized using a facile
wet-chemical technique. Copper(n) acetate monohydrate (15
mmol) was dissolved in deionized water with constant stirring
to prepare 150 mL of a 0.1 M solution as a precursor salt solu-
tion. Thiourea (15 mmol) was dissolved in water to prepare
150 mL of a 0.1 M solution as a sulfur source and surfactant.
The precursor salt solution was turned bluish-green on slowly
adding thiourea solution and stirring at room temperature for
10 min. Since thiourea decomposition to generate S*~ is
significant at high temperature and alkaline pH, the tempera-
ture of the precursor salt solution was maintained at 60-70 °C
and the pH at 9-10, with continuous stirring for 45 min. A dilute
NaOH solution was used to keep the reaction medium basic.
The appearance of black precipitates confirmed the formation
of CuS. As post-treatment, the CuS precipitates were collected,
washed, ultrasonicated with ethanol, dried at 70 °C overnight,
and finally annealed at 150 °C for 2-3 h to improve crystallinity.

2.3 Synthesis of nanohybrid

We prepared a 1 g L~" CNT suspension and added 10 mL to
90 mL of water containing 80 mg of copper sulfide. After two
hours of sonification, the mixture was dried at 100 °C to get the
solid CuS—-CNTs composite. Finally, the CuS NPs and CuS-CNTs
nanohybrid were subjected to characterization and application
study.

2.4 Photocatalytic experiment

MB dye powder was dissolved in distilled water under magnetic
stirring to make a 15 ppm solution. 15 mg of each catalyst (CuS
and CuS-CNTs catalyst) was added separately to the (15 ppm)
MB dye solution. Then, catalyst-dye solutions were stirred for
30 min in the dark to achieve the equilibrium between
adsorption and desorption. A spectrophotometer assessed the
quantity of adsorbed MB dye by decreasing the absorption peak
(Amax at 666 nm) until a steady value was attained. MB dye
photodegradation under visible light (400 watt tungsten lamp)
was tested for 100 and 90 min using CuS and CuS-CNTs cata-
lysts. A sample was taken from the catalyst-dye mixture every
10 min and evaluated for absorbance following centrifugal
removal of the catalyst. The Beer-Lambert equation was used to
assess dye concentration reduction. Finally, the controlled
experiments were performed without the catalyst under iden-
tical dark and light conditions to assess the catalyst's efficacy in
dye degradation by comparing the findings. The degrading
efficiency (%) was estimated using the following formula.>
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% Photodegradation = x 100

In the above equation, C; is the original dye concentration, and
C, is the concentration measured at a time ‘¢.

3. Results and discussion
3.1 Structure elucidation

The crystal phase, grain size, purity, and crystallinity level of
a material can be determined through the use of X-ray diffrac-
tion. Fig. 1a presents the XRD profiles of bare copper sulfide
and the nanohybrid samples. In the XRD spectrum of bare Cus,
nine diffraction peaks were observed at the Bragg's angle (26) of
27.60°, 29.44°, 31.90°, 32°, 48°, 52.9°, 59.20°, 70.04°, and 73.99°,
and 75.47°, corresponding to the (101), (102), (103), (006), (110),
(114), (116), (213), and (208) hexagonal crystal planes. These
peaks confirmed the successful formation of CuS NPs in
a crystalline hexagonal structure. All these observed diffraction
peaks are in excellent agreement with JCPDS # 01-1281.>* The
synthesized CuS exhibits high crystallinity and phase purity, as
evidenced by sharp characteristic peaks and the absence of any
additional signals. In contrast, the XRD pattern of the CuS-
CNTs nanohybrid revealed all the peaks of CuS hexagonal
phase, as well as an additional hump at 26 = 24.7. The presence
of a hump is due to the successful attachment of CNTs to CuS
NPs during the synthesis of the CuS-CNTs nanohybrid material.
The preservation of all distinctive peaks and the absence of
a surplus peak suggest that the addition of CNTs did not affect
the crystallographic phase of CuS NPs. Composite-induced
strain distorts the crystal lattice and may cause less intense
and broader XRD peaks in CuS-CNTs nanohybrid samples than
in pristine CuS. This lower intensity could be due to the fact that
the CNTs are spread out and absorb X-rays, hiding some pure
CusS or a lower CuS-CNTs loading. The grain size was quantified
using Scherrer's formula:**>¢
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where ‘0" stands for the diffraction angle, ‘A’ for the X-ray
wavelength, and ‘6’ for the full width at half maximum. The
CuS sample's average grain size was found to be 17.4 nm. The
small CuS crystallite size and CNTs create a synergistic effect,
improving light absorption, charge separation, and overall
photocatalytic efficiency of the newly developed nanohybrid.

The FTIR profiles of bare CuS and CuS-CNTs nanohybrid
materials were recorded from 4000 to 500 cm ' to identify
functional groups and characterize the chemical bonds, as seen
in Fig. 1b. A strong and broad band between 3140 cm™ " and
3500 cm™ " (caused by O-H stretching vibrations) and a sharp
band near 1641 cm ' (as a consequence of O-H bending
vibrations) confirmed the existence of adsorbed water from the
environment.>”*® The coupling of C=0 stretching vibrations is
responsible for a weak band near 2289 cm ™', confirming
adsorbed CO,.>>*® The strong absorption band at 629 cm™,
responsible for Cu-S stretching vibrations, is the most notice-
able characteristic confirming the formation of CuS.** The
bands at 950 cm ' and 1292 ecm ™' indicate C-O stretching
vibrations, representing oxygenated functional groups and C-H
stretching vibrations at 2965 cm™ " are linked to alkyl groups
from organic contaminants, respectively.®> The CuS-CNTs
profile, on the other hand, shows an additional band at
1563 cm™ " for graphitic C=C stretching (sp> carbon, associated
with CNTs).*

3.2 Morphological and compositional analysis

The electron micrographs of prepared CuS and CuS-CNTs
samples were analyzed for the morphological characteristics,
surface texture, dimensions of particles, and distribution
pattern. Fig. 2a and b presents the SEM images for bare CuS and
CuS-CNTs samples, obtained at different magnifications. Most
Cus particles are polyhedral and spherical, ranging from 47 to
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Fig. 1 (a) X-ray diffraction (a) and (b) Infrared spectra of copper sulfide and its CNTs supported nanohybrid.
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Fig. 2 SEM of (a) copper sulfide and (b) its CNTs-supported nanohybrid; EDX of (c) copper sulfide and (d) its CNTs-supported nanohybrid.

81 nm. Nonetheless, certain particles experience aggregation,
resulting in the creation of more prominent clusters. This
aggregation adversely affects the surface area of the photo-
catalyst, thereby diminishing its catalytic efficacy.

In comparison, the SEM image of the CuS-CNTs composite
exhibited a hybrid structure whereby CuS nanoparticles (NPs)
are evenly scattered throughout the surface of the carbon
nanotubes (CNTs). CuS NPs are attached to a fibrous, network-
like CNT framework. This structural configuration reduces the
CuS particle aggregation rather successfully. The enhanced
distribution and reduced aggregation of CuS NPs in the CuS-
CNTs composite enhanced the photocatalytic efficacy. Addi-
tionally, the synergistic effect of CuS and CNTs leads to better
charge separation and transfer, which makes CuS-CNTs
potentially useful as photocatalysts for the remediation of the
environment.

The EDX analysis of CuS and CuS-CNTs was conducted to
ascertain the composition and purity of both synthesized
materials. Fig. 2c and d presents the EDX spectra of CuS and
CuS-CNTs nanohybrid, covering an energy range from 0 to 10
keV. The EDX spectrum of CusS exhibits four peaks; out of these,
three peaks at 0.9 keV, 8 keV, and 8.9 keV denote the existence
of Cu, while the third peak at 2.4 keV confirms the attendance of
S.3%% The absence of any supplementary peak proves the
exceptional purity of CuS. In contrast, the EDX spectrum of
CuS-CNTs displayed five peaks; out of these, four peaks were

© 2025 The Author(s). Published by the Royal Society of Chemistry

identical to the peaks that appeared in the EDX of CuS, while
the fifth peak at 0.27 keV confirms the presence of the carbo-
naceous matrix (CNTs) in the nanohybrid samples.

3.3 Optical and optoelectronic investigations

UV/visible spectroscopy was applied to evaluate the optical
behavior of CuS and CuS-CNTs nanocatalysts and to ascertain
the band gap energy of CuS. Fig. 3a shows the absorption
spectra of both the prepared nanocatalysts (200-800 nm). The
absorption spectra of the synthesized nanocatalysts exhibit
absorption in both the ultraviolet (UV) and visible regions of
light. The absorption edge of CuS-CNTs, extends to 530 nm,
exhibiting a red shift and enhanced absorption intensity rela-
tive to the absorption edge of CuS at 450 nm.*® The improved
absorption of visible light in CuS-CNTs composites was
ascribed to the light-harvesting properties of CNTs.*” According
to the UV/visible study results, the CuS-CNTs nanocatalyst has
the potential to perform better as a photocatalyst by utilizing
a maximum of light energy.*® The Tauc's equation was applied
to ascertain the band gap energy of CuS nanoparticles.***

()" = K(hv — Ey)

In this equation, the symbol ‘K signifies a constant factor, ‘v’
indicates the photon energy, ‘E,’ represents the energy band
gap, ‘o’ represents the absorption coefficient, and ‘n’ is an
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exponential component and is 2 for direct bandgap. A plot of
(ahv)? versus ‘E’ (photon energy) was constructed. The linear
section of the curve was subjected to linear fit to compute the
band gap of the CuS NPs.*' Our nanoparticles of CuS demon-
strate an optical band gap of 2.10 eV, which is consistent with
the reported values (1.6-3.2 eV) for CuS-based
nanomaterials.*>** This band gap is essential for the effective
absorption of visible light, which is essential for the enhance-
ment of photocatalytic activity. The integration of CNTs further
improves photoconversion efficiency by reducing charge
recombination and broadening light absorption through
synergistic interactions, thereby enhancing charge transfer.
These benefits underscore the importance of CNTs in the
optimization of CuS-based nanocomposites for applications
that are driven by visible light.

Photoluminescence (PL) investigates the recombination rate
and lifespan of generated charge carriers, with the PL spectrum
intensity directly reflecting the electron-hole recombination
rate and their brief lifespan. Fig. 3b depicts the PL spectra of
CuS and CuS-CNTs in the wavelength range of 300 to 750 nm.
The PL spectrum of the CuS sample has high intensity, repre-
senting the high recombination rate and shorter life span of
charge carriers.*

On the other hand, the lower PL intensity for the CuS-CNTs
sample exhibits the retarded electron-hole pair recombination
and longer lifespan of charge carriers. CNTs in the CuS-CNTs
composite are responsible for the reduced PL intensity. Because
of their high conductivity and work function relative to Cus,
CNTs operate as an electron sink and form a Schottky junction
at the CusS interface, allowing electrons to flow from the CuS
conduction band to CNTs while leaving holes in the CuS valence
band.” According to the PL study, the CuS-CNTs composite
should perform better photocatalytically than CuS NPs because
of its reduced electron-hole recombination rate.

3.4. I-V analysis

Pure CuS and CuS-CNTs nanohybrids were tested for electrical
conductivity using current-voltage (I-V) measurements. This

13944 | RSC Adv, 2025, 15, 13940-13950

(a) UV/Vis and (b) PL spectra of copper sulfide and its nanohybrid.

investigation examined how the CNT matrix affected the elec-
trical characteristics of CuS. The uniformly sized pellets of CuS
and CuS-CNTs were produced with equal weights using
a stainless-steel die. The area and diameter of the pellets were
measured using a computerized instrument. Fig. 4a and
b depicts the I-V profiles for both synthesized nanocatalysts
within a voltage range of —10 to 10 V. The I-V profile of the
pristine CuS sample exhibits non-linearity (semiconductive
behavior), characterized by a reduced slope, signifying less
electrical conductivity.*” Conversely, the CuS-CNTs sample
demonstrates a nearly linear I-V curve (indicative of conductive
behavior) with a more pronounced slope, indicating enhanced
conductivity.*® The electrical conductivity derived from the
slope was found to be 6.14 x 10™% Siemens for pristine Cu$S
and 1.365 x 10 > Siemens for the CuS-CNTs nanohybrid.
The improved electrical conductivity of the CuS-CNTs nano-
hybrid enabled it to boost the kinetics of the photocatalytic
process.

3.5 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a technique employed to
assess the thermal robustness of a material, ascertain its
moisture level, and measure the carbon content present. Fig. 5
presents the TGA profiles of CuS and CuS-CNTs within the
temperature span of 25-900 °C, with a heating rate of 10 °
C min~". The TGA profile for CuS shows a little drop above 100 ©
C, indicating a weight loss of around 0.7% due to the removal of
surface-adsorbed moisture.*

No further weight loss up to a temperature of 900 °C indi-
cates the thermal stability of prepared CuS. On the other hand,
the CuS-CNTs composite exhibits a 1.4% weight loss around
100 °C due to the removal of physically adsorbed water. The
second weight loss, around 12% around 400 °C, is caused by
burning carbon-based components (CNTs) in the nano-
composite material, revealing its CNTs content.”>> The CuS-
CNTs nanohybrid's greater surface area, high porosity, and
superior adsorption capacity are evident from its weight loss
compared to bare CuS. Furthermore, its stability under high

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TGA of copper sulfide and its nanohybrid.

thermal conditions highlights its suitability as a photocatalyst
for demanding applications and prolonged operational use.

3.6 Photocatalytic study

The catalytic performance of as-synthesized bare CuS and CuS-
CNTs nanocatalysts was examined and compared by executing
the MB dye degradation under visible light illumination. The
complete elimination of MB dye transpires via three separate
mechanisms: the physical adsorption of the dye onto the cata-
lyst surface, the photochemical degradation of the dye, and the
photolysis of the dye upon being exposed to visible light. A
15 ppm aqueous solution of MB dye was prepared, and its UV/
visible absorption spectrum baseline was recorded. The solu-
tion was mixed separately with CuS and CuS—-CNTs catalysts in
dark for 30 min with continual stirring. Subsequently, the
visible spectra of both mixtures were recorded to evaluate the
adsorption-mediated removal of MB dye.”* As demonstrated in

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 6a, the Cus catalyst absorbed 6.5%, whereas the CuS-CNTs
catalyst adsorbed 10.48% of the MB dye during the dark phase.
The large surface area-to-volume ratio of CNTs and m-m
conjugation between the dye molecules and CNTs are respon-
sible for the superior dye adsorption ability of the CuS-CNTs
catalyst.® In the second phase, the CuS-dye mixture was irra-
diated in visible light for 100 min while the CuS-CNTs catalyst
was illuminated in visible light for 90 min. The amount of dye
photo-chemically degraded was evaluated by recording
absorption spectra (400-800 nm) every 10 min, as illustrated in
Fig. 6b and c. The concentration of MB dye lowers consistently
throughout irradiation, first quicker but slowing down. The CuS
catalyst eliminated 65.9% of the MB dye, including 6.5% by
adsorption and 59.4% through photochemical processes.
Conversely, the CuS-CNTs catalyst removed 100% of MB dye,
with 10.48% attributed to physical adsorption and 89.52% due
to photodegradation, as seen in Fig. 6d. The synergistic inter-
action between CuS and CNTs is responsible for the rapid and
enhanced catalytic activity of CuS-CNTs in comparison to CusS.

Additionally, establishing a Schottky barrier at their contact
allows unidirectional electron transport from the conduction
band of CuS to CNTs, decreasing electron-hole recombina-
tion.> Then, a 15 ppm dye solution was photolyzed without
a catalyst under visible light for 100 min to measure dye
removal. After 100 min of light exposure, the absorption spectra
showed a 2.8% drop in dye concentration, demonstrating that
the dye is nearly photolytically stable (Fig. 6d).

We used multiple kinetic models to analyze the experimental
data and found that the pseudo-first-order photodegradation
model (Adj-R-Square > 0.97) was well-suited.

—In(C/C,) = kt
Thus, we linearly fitted the —InC,/C,, vs. time (min) plot to get
the slopes (rate constant values) for CuS and CuS-CNTs cata-

lysts, as illustrated in Fig. 7a. The MB dye degradation rate
constants for CuS and CuS-CNTs catalysts were determined to

RSC Adv, 2025, 15, 13940-13950 | 13945
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be 0.01048 min~ " and 0.02443 min ™", respectively, with CuS-

CNTs having a rate constant 2.33 times larger than CuS. The
CNTs in CuS NPs are fully credited for the CuS-CNTs catalyst's
higher rate constant value, as they facilitate faster electron
transit and reduce charge recombination.

Essential characteristics of an effective catalyst are high
photocatalytic efficiency, strong photostability, and good
reproducibility, as these properties cut costs and minimize
environmental concerns. The reusability and photostability of
the CuS-CNTs nanocatalyst were examined by degrading MB
dye under visible light in five cycles, each lasting 100 min. At the
end of each cycle, the catalyst was retrieved by centrifugation,
rinsed, dried, and reused with a fresh dye solution of the same
concentration. Fig. 7b depicts the degradation of MB dye by
graphing the concentration ratio (C,/C,) on the y-axis against
the elapsed time on the x-axis for all five cycles. The degrading
efficiency stayed almost the same over cycles, dropping only
2.15% from the first to the fifth. This small decrease in degra-
dation efficiency may be due to byproducts blocking catalyst
active sites or catalyst loss during washing and drying.>®*® No
noticeable drop in the catalytic activity of the catalyst after five
cycles of reuse indicated that the catalyst retaining high cata-
lytic  efficiency  exhibits good reproducibility and
photostability.*”

13946 | RSC Adv, 2025, 15, 13940-13950

(a) Dye adsorption study, time-dependent MB dye degradation over (b) copper sulfide and (c) its nanohybrid, and (d) MB dye degradation

Scavenging tests were conducted using tert-butyl alcohol
(TBA), ethylenediaminetetraacetic acid (EDTA), and benzoqui-
none (BQ) as effective scavengers for hydroxyl radicals ("OH),
holes (h"), and superoxide radicals (O, ), respectively. As
shown in Fig. 8a, the rate constant decreased from 0.024 min*
t00.018 min™*, 0.013 min~", and 0.003 min " in the presence of
BQ, EDTA, and TBA, respectively. The significant decline
observed in the presence of TBA suggests that hydroxyl radicals
(‘OH) play a predominant role in the degradation of methylene
blue (MB) dye during the CuS-CNTs-driven photocatalytic
process.

The potential values of the valence band (Eyg) and conduc-
tion band (Ecg), along with the band gap energy, are crucial for
comprehending the degradation mechanism of MB dye by the
CuS-CNTs catalyst under visible light.”® Consequently, Eyg and
Ecg values were calculated using eqn (1) and (2) to understand
better the charge separation, charge transfer routes, and redox

reactions involved in catalytic activity.>**

ECB =X — Ee - 0.5 Eg (1)

EVB = Eg + ECB (2)

In these equations, E. is the energy of free electrons, E, is the
band gap energy, and x stands for absolute electronegativity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Kinetics study (b) reusability of hanohybrid and (c) XRD pattern post reusability test.

The Eyg and Ecp of the prepared CuS—CNTs photocatalyst were
1.83 eV and —0.27 eV, respectively, with a band gap of 2.10 eV.
Fig. 8b depicts the MB dye degradation route utilizing CuS—
CNTs as a catalyst under visible light. The CuS-CNT catalyst
absorbs visible light photons (with energy =2.1 eV) when
exposed to visible light, causing electron transition from the
valence to the conduction band.** Consequently, positive holes
are produced in the valence band, and photogenerated elec-
trons in the conduction band.®* The conduction band electrons
(e7) in CusS are transferred to the CNTs, which act as electron
acceptors and transporters. This electron migration enhances
charge separation, thereby increasing the availability of elec-
trons for reduction reactions.

Evidently, CusS alone cannot reduce the molecular oxygen to
superoxide free radical, hence, CNTs may facilitate electron
transfer to molecular oxygen to generate superoxide free radi-
cals.®® The electrons in the conduction band and at the CNTs,
have sufficient potential to allowing a two-electron reduction
pathway, leading to H,0, formation. Formed H,0, generate
OH" either by photolytic decomposition or electron induced
breakdown. Scavenging tests findings reveal the role of super-
oxide radical as well, hence there is possibility that H,O,
undergoes hole induced oxidation to form hydroperoxyl radical
("HO,). The electrons from the conduction band of the CuS or
from the CNTs reduce the hydroperoxyl radical into superoxide

© 2025 The Author(s). Published by the Royal Society of Chemistry

free radical. Highly reactive hydroxide radicals (OH") and
superoxide radicals (O, "), produced from oxidation and
reduction processes, respectively, engage in redox reactions
with MB dye, resulting in its decomposition into smaller,
simple, and harmless molecules such as H,0, CO,, etc.

The following equations depict the whole
mechanism.

reaction

CuS + hv — CuS [e"(cp) + h¥(vp)]
CuS [ (cp)] + CNTs — CNTs (e")
0, + 2H" +2¢~ - H,0,
H,0, + hv — 20H"

H202 +e — OH' + OH™

H202 + 1’1Jr —>H02 —+ HJr

HO, +e¢ =0, + H*

OH" + O, + MB dye — non-toxic degradation products

RSC Adv, 2025, 15, 13940-13950 | 13947
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4. Conclusions

In this study, CuS nanoparticles and CuS-CNT nanohybrids
were synthesized via an ultrasonication-assisted
precipitation approach and evaluated as photocatalysts for
wastewater treatment. Structural and morphological analyses
confirmed strong interactions between CuS and CNTs,
enhancing photocatalytic performance. The CuS-CNT nano-
hybrid achieved nearly 100% MB dye degradation in 90 min
under visible light, whereas pristine CuS reached only 65.9%
after 100 min. This improvement is attributed to stronger
visible-light absorption, increased electron-hole generation,
and reduced recombination rates as verified by UV-Vis and PL
analyses. CNTs further facilitated charge transfer due to their
high electrical conductivity. The uniform CuS distribution on
CNTs minimized aggregation, increased surface area, and
improved dye adsorption (10.48% for CuS-CNTs vs. 6.5% for
CusS). Moreover, the catalyst retained 97.85% of its efficiency
after five cycles, demonstrating excellent stability. These results
highlight the potential of CuS-CNT nanohybrids for wastewater
treatment. Future work should explore their performance in

CO-

13948 | RSC Adv, 2025, 15, 13940-13950

(a) Results of the quenching tests and (b) proposed mechanism based on the quenching tests, illustrating the degradation of methylene

real wastewater, optimize composition and conditions, and
assess scalability for industrial applications.
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