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heterojunction photocatalysts: fabrication, dye
degradation, and mechanism pathways towards
environmental remediation

Balaji Parasuraman,a Paramasivam Shanmugam,b Sambasivam Sangaraju, c
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Contemporary fashion industry uses numerous dyes and global attention has been drawn to the widespread

use, toxicity, carcinogenicity, and bioaccumulation of mixed dyes. Therefore, researchers and scientists are

focused on using broad spectrum of photocatalysts to achieve dye remediation with maximum efficiency.

Herein, we report the fabrication of novel NiO/Cu2S/rGO ternary nanocomposites synthesized via the one-

step hydrothermal method. The as-synthesized sample was analyzed by applying different analytical

techniques, such as XRD, FTIR, UV-DRS, SEM, EDX, elemental mapping, and HRTEM analyses. The results

confirmed that the NiO and Cu2S nanoparticles are decorated on the 2D-rGO nanosheets. An interfacial

ternary heterostructure was successfully utilized for the photocatalytic environmental remediation of

mixed dye pollutants under UV-light irradiation. Several key factors contribute to the remarkable

photocatalytic performance of these heterostructures, including the wide spectrum of the harvested

light, good charge separation, and rapid charge transport. The optimized NiO/Cu2S/rGO ternary

nanocomposites exhibited the highest degradation efficiency of 92.4%, 97.9% and 91.6% for RhB, MB and

mixed (RhB and MB) dyes, respectively. In contrast, the tentative photocatalytic mechanism pathway,

scavengers experiments, recyclability and stability were also investigated. The results reveal that (*O2
−)

and *OH radical species play a major role under UV-light irradiation. The NiO/Cu2S/rGO ternary

nanocomposites have potential for the effective degradation of organic dyes in industrial wastewater and

environmental remediation.
Environmental signicance

The widespread presence of toxic dyes in wastewater has sparked global concern regarding their harmful effects on non-target organisms and human health.
The protection of the environment is an inevitable global concern. Currently, there are a wide range of industries, such as textile, cosmetic, food processing,
papermaking, and plastic industries, that use dyes. Globally, more than 700 000 metric tons of toxic pollutans are produced by textile companies. It is important
to note that textile dyes negatively affect the aesthetic quality of waterbodies; increase biochemical and chemical oxygen demands; inhibit photosynthesis; enter
the food chain; are recalcitrant and cause bioaccumulation; and may lead to toxicity, mutagenicity, and carcinogenicity. Therefore, we introduce a novel
approach of creating and designing photocatalytic structures that align with the redox potentials of both reactive oxygen species (ROS) and mixed organic dyes.
Thus, the ternary NiO/Cu2S/rGO nanocomposite exhibited excellent visible light photocatalytic activity and good stability. This study suggests that NiO/Cu2S/
rGO ternary nanocomposites may be useful for dye degradation and deliver low-cost, environmentally friendly, clean drinking water without toxic dyes.
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Arab Emirates University, Al Ain-15551,
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1. Introduction

In recent years, environmental pollution comprising water, air,
and land pollution has become a worldwide problem that
seriously endangers the health of all organisms on the planet,
including humans.1 In the last few decades, dyes in wastewater
have produced serious environmental issues.2 Numerous
industries process materials using dyes, and it is estimated that
10–15% of the dyes used in the process are discharged in
sewage during the dying process.3 Exposure to these dyes may
Environ. Sci.: Adv., 2024, 3, 925–936 | 925
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cause skin irritation, eye irritation, and affect the functions of
the kidneys, liver, brain, reproductive system, and central
nervous system.4,5 Particularly, methylene blue C16H18ClN3S is
widely used in many textile industries.6 Several techniques have
been developed to effectively remove methylene blue, including
ozonation,7 extraction,8 ion otation,9 ultraltration,10 Fenton
process,11 sonolysis,12 chemical coagulation,13 adsorption,14

occulation,15 oxidation,16 and photocatalysis.17,18 In photo-
catalytic technology, nano-scaled semiconductor materials have
been widely used in recent years because of their low cost, easy
synthesis, non-toxicity, and environmental friendliness.19

Moreover, in the photocatalysis process, numerous essential
aspects must be considered, including the band gap energy,
effective surface area, light energy absorption characteristics,
and optical properties of the photocatalytic materials20 as well
as the operation intensity, temperature, and pH of the photo-
catalytic degradation.21 Semiconductor-basedmaterials, such as
ZnO,23 NiO,24 Fe2O3,25 CuO,26 CoFe2O4,27 NiFe2O4,28 and Cd-
doped SiO2,29 have been widely used in the photocatalytic
degradation process.22 Based on the literature, NiO semi-
conductor materials are one of the signicant photocatalyst
materials because of their good chemical and physical proper-
ties and good stability. However, NiO has a wide bandgap
energy owing to its relatively moderate visible light absorption
ability and rapid photoelectron–hole pair recombination, and
the photocatalytic efficiency of the NiO photocatalyst is of
remarkable attention.

Recently, materials of the sulde family (e.g., Bi2S3, Cu2S,
Ni2S, MoS2, SnS2, and WS2) have been widely used in photo-
catalytic applications because of their good light response, fast
electron–hole recombination and good stability.30 For instance,
Hong et al. used Cu2S/g-C3N4 nanomaterials for photocatalytic
application under UV light irradiation. Despite their good
conductivity, precious metals are too expensive and scarce to be
used widely.31 In addition, carbon-based materials are broadly
used in environmental applications, such as g-C3N4,32

MWCNTs,33 CNTs,34 CNF35 and rGO. Specically, rGO is
a signicant promising material due to its potential application
in photodegradation, H2 production, energy conversion and
CO2 reduction. Furthermore, it is a promising option for visible
light response photocatalysts because of its 2.2 eV band gap. In
addition, due to its distinct electrical band structure, afford-
ability and ease of fabrication, rGO has the potential to replace
TiO2 in solar energy applications. However, bare rGO still
exhibits low photoactivity in several applications, such as water-
splitting H2 production and CO2 reduction, due to the rapid
recombination of photo-induced electron–hole pairs. For
example, Wang et al. synthesized NiCo2O4/rGO photocatalysts
prepared via a simple hydrothermal method for using H2 eval-
uation under UV light irradiation. Therefore, a recent study
aims to optimize the performance of the photocatalysts by
coupling them together and by developing different charge
transport models to improve their efficiency.

Based on the above consideration in this present work, NiO/
Cu2S/rGO heterostructured ternary nanocomposites were
prepared using a simple one-step hydrothermal method and
used for the photocatalytic degradation of dual dyes (MB and
926 | Environ. Sci.: Adv., 2024, 3, 925–936
RhB). As a result of the increase in photocatalytic response sites,
the optical absorption capability of the as-prepared nano-
composites was signicantly enhanced. This study investigates
contaminated waste water using a photocatalytic degradation
process targeting two dyes: MB and RhB dyes. The possible
photocatalytic degradation mechanism and scavenger test were
also investigated in detail. It is noteworthy that this work offers
helpful guidelines for creating heterojunction photocatalysts
with visible light responses in an easy and ecologically friendly
manner.
2. Experimental
2.1 Chemicals

Nickel nitrate hexahydrate [Ni(NO3)2$6H2O, 97%], sodium
hydroxide (NaOH, 98%), thiourea [CH4N2S, 99%], sulphuric
acid (H2SO4), copper nitrate [Cu(NO3)2$3H2O, 98%], sodium
nitrate [NaNO3, 98%], hydrochloric acid (HCl), ethanol
[C2H5OH, 99%] and acetone [CH3COCH3, 99%] were purchased
from Sigma-Aldrich Pvt. Ltd, Mumbai, India. All other
compounds were used as obtained without purication. The
reduced graphene oxide (rGO) was commercially purchased
from Sigma-Aldrich Pvt. Ltd, Mumbai, India.
2.2 Preparation of NiO

In a typical synthesis, pure NiO nanoparticles were prepared
using a simple hydrothermal method. A solution containing
nickel nitrate and sodium hydroxide, ranging from 0.1 M of
Ni(NO3)2$6H2O to 0.8 M of NaOH, was stirred for 60 min.
Subsequently, the pH of the solution was adjusted to 12, and the
resulting solution was transferred to a 100 mL stainless-steel
autoclave. The autoclave was heated at 120 °C overnight.
Consequently, the obtained powder was calcinated at 600 °C for
5 h. Finally, the block-colored NiO nanoparticles were collected
and used for further analysis.
2.3 Preparation of Cu2S

The Cu2S nanoparticles were prepared using a simple hydro-
thermal method. Initially, 0.1 M of copper nitrate Cu(NO3)2-
$6H2O and thiourea (CH4N2S) were dissolved in 100 mL
deionized water (DDW). Subsequently, the colloidal solution
was placed in a 100 mL Teon-line steel reaction vessel and
treated at 180 °C for 12 h in a hot air oven. Following the
reaction, the precipitates were thoroughly cleaned by washing
them with DDW and ethanol. Finally, the dried Cu2S powder
was used for further analysis.
2.4 Preparation of ternary NiO/Cu2S/rGO nanocomposites

NiO/Cu2S/rGO ternary nanocomposites were prepared using the
hydrothermal method. Initially, an equal amount of synthe-
sized nanoparticles (NiO, Cu2S and rGO in a 1 : 1 : 1 ratio) were
taken, and 15 mL of ethanol was added. The resulting solution
was continuously stirred for 30 min, transferred into an auto-
clave and maintained at 80 °C for 12 h. The resulting NiO/Cu2S/
rGO ternary nanocomposites were collected and dried
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic diagram of the synthesis procedure for the hybrid nanocomposites.
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overnight. Aer drying, the nanocomposites were collected and
stored for further experimental analysis (Scheme 1).
2.5 Material characterization

The crystalline structure and formation of the NiO/Cu2S/rGO
ternary nanocomposite were conrmed through X-ray diffrac-
tion (XRD) analysis conducted using a Rigaku Smart Lab
diffractometer. The as-prepared samples were conrmed by
Fourier-transform infrared spectroscopy (FTIR) using a Perki-
nElmer Fourier transform spectrometer to identify the corre-
sponding functional groups. The morphology and elemental
composition were analyzed by scanning electron microscopy
(SEM) Carl Zeiss Sigma in Germany. Energy-dispersive X-ray
spectroscopy (EDX) analysis was performed to determine the
chemical composition of the ternary NiO/Cu2S/rGO nano-
composite (FEI Quanta FEG 200 EDAX). High-resolution trans-
mission electron microscopy (HR-TEM) using a JOEL JEM 2001
instrument was employed to investigate the morphology and
conrm the heterojunction formation. The optical properties of
the synthesized samples were assessed using UV-visible spec-
troscopy conducted using a PerkinElmer LAMBDA 950 UV-
visible spectrophotometer.
2.6 Electrochemical measurements

The electrochemical measurements were studied on Biologic
SP-150, an electrochemical workstation, to evaluate the elec-
trochemical performance in a three-electrode system. The
platinum wire, glassy carbon electrode (GCE), and Ag/AgCl were
used as the counter, working, and reference electrodes,
respectively.
2.7 Electrode fabrication

The previously prepared samples were dispersed in ethanol
(5 mg mL−1) and sonicated for 30 minutes. The optimized
solution of colloidal WO3/rGO nanocomposites (6 mL) was drop-
© 2024 The Author(s). Published by the Royal Society of Chemistry
coated on the GCE surface and dried at room temperature.
Further electrochemical tests were performed using the modi-
ed electrode aer the loosely bound particles were gently
washed away with DI water.
2.8 Photocatalytic dye degradation experiments

The photocatalytic performance of the prepared nano-
composites was evaluated through the degradation of methy-
lene blue (MB), rhodamine B (RhB) and mixed dye of
methylene blue and rhodamine B (10 mg L−1) using a 500 W Xe
lamp and a cut-off lter (l > 420 nm). Initially, a 100 mg pho-
tocatalyst was placed in 10 ppm of MB, RhB and mixed dye
solution (100 mL) in three different borax glass tubes. Gener-
ally, the dye solutions were agitated for 30 min in the dark to
reach adsorption–desorption equilibrium. One millilitre of the
solution was then removed at predetermined time intervals
and stored in a well plate. Then, they were analyzed using
microplate reader techniques at the maximum adsorption
wavelengths of MB and RhB dyes (664 and 463 nm, respec-
tively). The degradation efficiency (%) of the dyes was esti-
mated using the following formula:

Degradation efficiency (%) = (C0 − C)/C0 × 100,

where C0 is the initial concentration of MB and RhB dyes and C
is the nal concentration of the as-prepared dyes at time t.
2.9 Scavenger experiments

To determine the vital role of the active species in the degra-
dation mechanism, different kinds of scavengers were tested in
a dye solution (MB and RhB) before the reaction started. Iso-
propyl alcohol (IPA), ethylenediamine tetraacetic acid (EDTA),
and benzoquinones (BQ) were used to identify hydroxyl radicals
(OH−), superoxide radicals ðO*

2Þ and holes (h+) radicals,
respectively. Trapping analysis was employed to assess photo-
catalytic activity under similar experimental conditions.
Environ. Sci.: Adv., 2024, 3, 925–936 | 927
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3. Results and discussion
3.1 Structural analysis

The crystalline structure and phase purity of the prepared
samples were analyzed using X-ray diffraction analysis. The XRD
patterns of the synthesized rGO, NiO, Cu2S, NiO/Cu2S, and NiO/
Cu2S/rGO ternary nanocomposite samples are displayed in
Fig. 1(a). The diffraction pattern of the NiO closely matches the
monoclinic structure of JCPDS card no. 04-0835,36 with peaks
observed at 19.56°, 29.41°, 33.26°, 38.05°, 59.19°, and 62.65°
attributed to the planes of (311), (004), (002), (111), (200) and
(220), respectively. Similarly, the diffraction pattern of the Cu2S
conrms the hexagonal structure of standard JCPDS card no. 73-
1138,37 with peaks observed at 27.81°, 29.41°, 31.94°, 33.1°,
46.28°, 47.88°, 52.67°, and 59.46° attributed to the planes of (1
0 1), (1 0 2), (2 0 0), (1 0 3), (2 2 0), (1 1 0), (1 0 8) and (1 1 6),
respectively. The peaks observed at 10.5° and 42.2° are attributed
to the planes of (001) and (160), respectively, which are well
matched with the standard JCPDS card number (75-2078).38 In the
binary composite NiO/Cu2S, most peaks of both the NiO and Cu2S
are visible, conrming successful composition. Similarly, in the
case of the ternary composite NiO/Cu2S/rGO, the peak at 42.2°
conrms the presence of rGO in the composite. Furthermore, the
addition of rGO nanosheets leads to a decrease in the intensity of
the diffraction peaks around (1 6 0). The crystalline size of the
prepared samples was calculated using Debye–Scherrer's equa-
tion. The sizes for rGO, NiO, Cu2S, NiO/Cu2S, and NiO/Cu2S/rGO
ternary nanocomposites are 18, 41, 25, 21 and 35 nm, respectively.

3.2 Functional group analysis

The surface composition and functional groups of the prepared
samples were analyzed using FT-IR analysis. The obtained results
for the prepared rGO, NiO, Cu2S, NiO/Cu2S and NiO/Cu2S/rGO
ternary nanocomposite samples, recorded in the 4000–400 cm−1

region at ambient temperature, are displayed in Fig. 1(b). All as-
synthesized samples exhibited broadband at 3000–3500 cm−1,
which represents (O–H) stretching vibrations. Peaks around
2900 cm−1 were visible in all the reported samples, indicating the
presence of (C–H) stretching vibrations arising from hydrocarbon
Fig. 1 (a) XRD pattern of the as-prepared samples. (b) FT-IR spectra of

928 | Environ. Sci.: Adv., 2024, 3, 925–936
bon groups. Peaks at 1400 and 1200 cm−1 were attributed to the
(C–O and C]O, respectively) carboxylate stretching vibrational
groups.39 The spectral bands processed under 850 cm−1 corre-
spond to the metal–sulde or metal–oxygen–metal and metal–
oxygen (M=Ni, Cu). The ternary composite projects the availability
of the characteristic bands corresponding to rGO, NiO, and Cu2S,
thereby authorizing the presence of all element counterparts and
conrming the hybrid formation. The absence of intense trans-
mission bands in the spectrum indicates the purity of the sample.
3.3 Optical properties

The optical absorption UV-DRS analysis played a signicant role in
the photocatalytic performance; thus, the as-synthesized samples
were studied, as shown in Fig. 2(a). The absorption edges of the
pure NiO, Cu2S and rGO samples were observed in the UV-visible
region. However, the samples, aer being combined with binary
NiO/Cu2S and NiO/Cu2S/rGO ternary nanocomposites, showed
a smaller effect on shiing the absorption edges towards the UV-
visible region. This small shi may be attributed to the strong
interface interaction between rGO nanosheets and NiO/Cu2S
nanocomposites. Based on the results obtained from the UV-vis
DRS spectra, the indirect band gap of all the as-synthesized
samples was measured using the Tauc plot. The calculated
energy band gap values of the as-prepared samples, such as NiO,
Cu2S, rGO, NiO/Cu2S and NiO/Cu2S/rGO ternary nanocomposites,
are 3.57, 1.62, 2.45, 2.01 and 2.15 eV, respectively. The decrease in
band gap can be attributed to the addition of the rGO, as clearly
evident when comparing the bandgap values of the binary and
ternary nanocomposites, as depicted in Fig. 2(b). The reduced
bandgap leads to moderate electron–hole pair recombination,
thereby enhancing the photocatalytic activity of the ternary NiO/
Cu2S/rGO nanocomposite. Thus, the NiO/Cu2S/rGO ternary
nanocomposite is expected to exhibit enhanced photocatalytic
activity under UV-visible light irradiation.40
3.4 Morphology analysis

3.4.1 SEM and EDX analysis. The surface morphology of
the NiO/Cu2S/rGO ternary nanocomposites was directly
the as-prepared samples.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) UV-visible absorption spectra of the as-prepared sample. (b) Band gap values from the Tauc plot of the as-prepared photocatalysts.
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analyzed using SEM images. As depicted in Fig. 3(a)–(d), SEM
images of the NiO/Cu2S/rGO nanocomposite were displayed at
different magnications. The images clearly show the presence
of a collection of Cu2S nanoparticles and NiO nanoparticles in
the rGO nanosheets. The NiO/Cu2S/rGO ternary nanocomposite
was further analyzed by elemental mapping, as displayed in
Fig. 3(e)–(j). The results suggest that NiO and Cu2S were
uniformly distributed with the rGO nanosheets. As illustrated in
Fig. 3(k), the EDX spectrumwas processed for the hybrid ternary
nanocomposite, demonstrating the sample's purity and
providing the proper weight percentage of the available metals.

3.4.2 HR-TEM analysis. The internal morphology and
structure of the NiO/Cu2S/rGO ternary nanocomposite were
Fig. 3 (a)–(d) SEM images of the ternary composite NiO/Cu2S/rGO proc
composite NiO/Cu2S/rGO, and (k) EDX spectrum of the ternary nanoco

© 2024 The Author(s). Published by the Royal Society of Chemistry
analyzed using HR-TEM analysis. From the images, the forma-
tion of the nanocomposite was further conrmed, with the rGO
nanosheets visible, as shown in Fig. 4(a). Fig. 4(b) demonstrates
that the metal oxide and metal sulphide homogenously
agglomerate on the rGO surface, and Fig. 4(c) shows that NiO
and Cu2S nanoparticles are uniformly dispersed into the rGO
nanosheet structure with dimensions of approximately 15–
20 nm, which agrees with the measurements from Scherrer's
equation. As depicted in Fig. 4(d), the SAED pattern of the
synthesized NiO/Cu2S/rGO ternary nanocomposite is displayed.
From the image, it is visible that the nanocomposite resembles
a polycrystalline nature. The HRTEM results conrm that the
suggested interfacial force between the NiO, Cu2S, and rGO
essed at different magnifications, (e)–(j) mapping images of the ternary
mposite sample NiO/Cu2S/rGO.

Environ. Sci.: Adv., 2024, 3, 925–936 | 929
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Fig. 4 (a)–(c) HR-TEM images of the ternary nanocomposite NiO/
Cu2S/rGO processed at different magnifications; (d) SAED pattern.

Fig. 5 (a) Cyclic voltammetry (CV) spectra and scan rate of the 50 mV s−

view of the respective electrodes.

930 | Environ. Sci.: Adv., 2024, 3, 925–936
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nanosheets is expected to enhance the charge carrier recombi-
nation rates. This result indicates that the NiO/Cu2S/rGO
ternary nanocomposites affirm the heterojunction formation.
3.5 Electrocatalytic activity

3.5.1 Cyclic voltammetry. Cyclic voltammetry experiments
were carried out to gain deeper insights into the interactions
taking place between the modied electrodes and the electro-
lyte. The CV characteristics of the bare GCE, NiO/GCE, rGO/
GCE, Cu2S/GCE, NiO/Cu2S/GCE and NiO/Cu2S/rGO/GCE nano-
composite were explored in a 5 mM of [Fe(CN)6

3−] electrolyte
solution. Fig. 5(a) shows the well-dened CV curves revealed to
the reversible redox peak reaction of [Fe(CN)6

3−] on the surface
of the GCE working electrode. The anodic peak current of NiO/
Cu2S/rGO/GCE nanocomposite signicantly increased
compared to those of bare GCE, GCE/NiO, GCE/rGO, GCE/Cu2S
and NiO/Cu2S/GCE, which clearly conrmed that NiO/Cu2S/
rGO/GCE nanocomposites have good electrocatalytic activity
and enhanced the electron transfer ratio of potassium ferricy-
anide on the working electrode surface. Fig. 5(b) shows the
1, (b) corresponding bar diagram, (c) EIS – Nyquist plot, and (d) inset full

© 2024 The Author(s). Published by the Royal Society of Chemistry
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equivalent histogram of the current response of the as-prepared
sample pure GCE, GCE/NiO, GCE/rGO, GCE/Cu2S, NiO/Cu2S/
GCE and NiO/Cu2S/rGO/GCE were measured to be 22.65,
28.24, 34.50, 39.69, 44.88 and 54.01 mA, respectively.

3.5.2 Electrochemical impedance spectroscopy. The
kinetics of interfacial reactions in the electrochemical system
were studied using electrochemical impedance spectroscopy
(EIS). EIS is a very reliable and simple technique for investi-
gating electrode response, charge transfer resistance, and
interfacial interaction in as-prepared modied electrodes. As
illustrated in Fig. 5(c), EIS analysis of the as-prepared bare GCE,
NiO/GCE, rGO/GCE, Cu2S/GCE, NiO/Cu2S/GCE and NiO/Cu2S/
rGO/GCE modied electrodes were studied in 5 mM of
[Fe(CN)6

3−]. The signal amplitude is 5 mV, and its frequency
ranges from 0.1 to 100 kHz. In Fig. 5(d), which consists of two
portions, a destroyed linear and semicircle portion, the diam-
eter of the semicircle region is deemed to be equal to the elec-
tron transfer resistance (Rct) at the modied electrode surface,
and the linear part shows the diffusion-controlled process that
supports the capacitive behaviour of the electrode. Fig. 5(d)
shows that the vertical portion is virtually 45°, suggesting ion
transport to the interior electrolyte of the electrode layer.
However, with the production of a ternary nanocomposite, the
semicircle is reduced by bending the linear component to
a more vertical position, suggesting improved conducting
behaviour and lower resistive nature. The smaller semicircle
observed in NiO/Cu2S/rGO/GCE nanocomposite compared to
bare and composite-modied electrodes indicates that the
ternary composite has a lower charge transfer resistance.
Fig. 6 UV-visible absorption spectra of (a) RhB dye solution containing te
versus time (min), (c) pseudo-first-order kinetic plot, (d) degradation effi
NiO/Cu2S/rGO ternary nanocomposites.

© 2024 The Author(s). Published by the Royal Society of Chemistry
According to the above results, the lowest Rct value obtained for
NiO/Cu2S/rGO/GCE electrodes indicates improved electro-
catalytic activity and high interfacial electron transfer ability.

3.6 Photocatalytic application

3.6.1 RhB and MB dye degradation. The photocatalytic
degradation activity of the as-prepared photocatalysts was
investigated by determining the degradation rates of various
dyes, such as RhB, MB, and mixed dyes, under UV-visible light
irradiation. To conduct the experiments, we choose the
following reaction parameters: 100 mg of catalyst, 27 °C
temperature, pH 7.0, and dye concentration 10 ppm. When
tested under visible light in the absence of a photocatalyst, we
found that MB, RhB, and mixed dye solutions (RhB and MB)
remained quite stable. We did not observe a decrease in dye
concentration aer 30 min of the photolysis process. The UV-
visible absorption spectra of the undecomposed RhB and MB
dye solutions during the photocatalytic reaction under UV-light
irradiation with different catalysts were used. Fig. 6(a) and 7(a)
indicate that the removal efficiency of the NiO/Cu2S/rGO ternary
nanocomposites for RhB dye and MB dye gradually decreased
over time. In Fig. 6(b) and 7(b), the changes in RhB and MB dye
concentration (C/C0) with reaction time are illustrated. The RhB
and MB dyes exhibited degradation efficiencies of only 3% and
4.2%, respectively. This denotes that the self-degradation effect
of RhB and MB dye was almost negligible under UV-light irra-
diation. To elaborate, the adsorption of RhB and MB dye on the
different photocatalysts reached an equilibrium condition
within 30 min under dark conditions. Consequently, when NiO
rnary NiO/Cu2S/rGO nanocomposites, (b) relative concentration (C/C0)
cacy, (e) scavenger experiment and (f) recyclability of the as-prepared
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Fig. 7 UV-visible absorption spectra of (a) MB dye solution contain NiO/Cu2S/rGO ternary nanocomposites, (b) relative concentration (C/C0)
versus time (min), (c) pseudo-first-order kinetic plot, (d) degradation efficacy, (e) scavenger and (f) recyclability of the as-prepared ternary NiO/
Cu2S/rGO nanocomposites.
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nanoparticles were introduced into the RhB and MB dye solu-
tions, the degradation of RhB and MB dye increased to 55.1 and
59.7% efficiency, respectively. When Cu2S nanoparticles were
present in the same solution, the degradation efficiency reached
63.1% for RhB and 69.4% for MB under the same UV-light
irradiation. However, these results were not satisfactory.
Moreover, it is discovered that the addition of rGO nanosheets
leads to an increase in degradation efficiency. The RhB dye and
MB dye degradation for the NiO/Cu2S/rGO ternary nano-
composites reached 92.4% and 97.9% efficiency aer 120 min
under UV-visible light irradiation, respectively. For further
investigation, the Langmuir–Hinshelwood formula was
employed to analyze the reaction kinetics:

ln(C/C0) = kappt,

where C0 = initial concertation of RhB and MB dyes, C = nal
concertation of RhB and MB dyes, and t = time.

The rst-order linear t curves provide the value of kapp, as
illustrated in Fig. 6(c) and 7(c). These results indicate that the
NiO/Cu2S/rGO ternary nanocomposites have increased photo-
catalytic degradation activity, accomplished by signicant light
absorption and effective charge separation. Fig. 6(d) and 7(d)
show the photodegradation efficiency of different as-prepared
photocatalysts. The NiO/Cu2S/rGO ternary nanocomposites
performed better in terms of degradation efficiency than the
other bare and composites. To analyze the surface reaction
mechanism pathway of NiO/Cu2S/rGO ternary nanocomposites,
scavenger experiments were conducted in the RhB dye
932 | Environ. Sci.: Adv., 2024, 3, 925–936
degradation process system. Three radical scavengers, namely
isopropanol (IPA), benzoquinone (BQ) and ammonium oxalate
(AO) as scavengers of (cOH), (O2c

−) radicals and h+ were added
to the degradation process, respectively. The results are dis-
played in Fig. 6(e) and 7(e). However, the NiO/Cu2S/rGO ternary
nanocomposites were subjected to the same scavenger experi-
ment under MB dye degradation. Based on the above results,
the RhB and MB dyes were found to be involved in the hydroxyl
(cOH) and superoxide radical (O2c

−), highly contributing to the
photocatalytic reactions.

3.6.2 Mixed dye degradation. The mixed dye degradation
behaviour of the as-prepared photocatalysts was evaluated
using mixed organic pollutant dyes (MB and RhB). The photo-
degradation ability of the as-prepared nanocomposites was
observed at maximum absorption peaks around 565 and
664 nm for the RhB and MB dyes, respectively. Notably, the UV
absorption spectra of the MB and RhB dye molecules decreased
simultaneously, as shown in Fig. 8(a). As depicted in Fig. 8(b),
the NiO/Cu2S/rGO ternary nanocomposites exhibited the high-
est removal efficiency of 91.6%, surpassing other bare and other
composites, including NiO, Cu2S, rGO, and NiO/Cu2S, which
had dye removal efficiencies of 49.5, 52, 45 and 61%, respec-
tively. This enhanced performance can be attributed to the
improved visible light harvesting efficiency and dense active
sites, which are crucial for the segregation and transfer of
photoexcitons at the interface between NiO, Cu2S, and rGO
nanosheets.

3.6.3 Kinetic study. The kinetic activity of the as-prepared
samples for the photocatalytic degradation of RhB and MB
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 UV-visible absorption spectra of (a) RhB and MB dye solution containing NiO/Cu2S/rGO ternary nanocomposites, (b) relative concen-
tration (C/C0) vs. time (min), (c) pseudo-first-order kinetic plot, (d) degradation efficacy, (e) scavenger and (f) recyclability of the as-prepared NiO/
Cu2S/rGO ternary nanocomposites.
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dyes was investigated using the Langmuir–Hinshelwood model.
It was found that the photocatalytic degradation process fol-
lowed pseudo-rst-order kinetics, as depicted in Fig. 8(c). Based
on the above results, the rate constants (kapp) were calculated,
and the obtained rate constant values are 0.00941, 0.00743,
0.0143, 0.0143, 0.0181, and 0.0230, corresponding to rGO, NiO,
Cu2S, NiO/Cu2S and NiO/Cu2S/rGO ternary nanocomposites,
respectively. The rate constant of NiO/Cu2S/rGO ternary nano-
composites is up to 2.15-fold faster than that of the bare NiO. In
Table 1, provides a detailed elaboration of several validation
parameters and various synthetic methods as documented in
the previous report.

3.6.4 Scavenger study. To understand the main active
species responsible for RhB and MB dye degradation, free
radical trapping experiments were conducted by adding various
scavengers to the ternary NiO/Cu2S/rGO nanocomposite. The
results are displayed in Fig. 8(e). In this experiment, 1 mM of
Table 1 Comparison of the photodegradation activity of NiO/Cu2S/rGO

S. no. Photocatalysts Synthetic method Model pollutan

1 Fe doped NiO Co-precipitation MB
2 MnO2/NiO–Ag Combustion method MB
3 Fe2O3–NiO Hydrothermal method RhB
4 rGO/NiO/TiO2 Sol–gel method MB
5 NiO/Cu2S/rGO Hydrothermal method RhB and MB

© 2024 The Author(s). Published by the Royal Society of Chemistry
BQ, 1 mM of IPA and 1 mM of AO were utilized for quenching
(O2c

−), (cOH) and electron holes, respectively. Based on these
ndings, (O2c

−) and (cOH) radicals play a signicant role during
the photocatalytic process under UV-visible light irradiation.

3.6.5 Photocatalytic degradation mechanism. Fig. 9 shows
the proposed tentative mechanism of MB, RhB, and mixed dye
(RhB and MB) degradation by NiO/Cu2S/rGO ternary nano-
composites. According to the energy band gap, it is clearly
denoted that all pure photocatalyst materials can absorb visible
light. The valence band and conduction band edge potential of
the as-prepared sample are calculated using the following eqn
(1) & (2):

ECB = c − E0 − 0.5Egap, (1)

EVB = ECB + Egap, (2)
ternary nanocomposites with other related materials

t Time (min) Light source
Degradation
efficiency (%) Ref.

60 Sun light 86 41
120 500 W Xe lamp 91.25 42
100 Visible light 96 43
180 500 W Xe lamp 88 44
150 500 W Xe lamp 91.1 Our work

Environ. Sci.: Adv., 2024, 3, 925–936 | 933
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Fig. 9 Schematic illustration of the proposed photocatalytic degra-
dation mechanism pathway of the NiO/Cu2S/rGO ternary
nanocomposites.

Fig. 10 Reusability of the as-prepared NiO/Cu2S/rGO ternary
nanocomposites.

Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 6

/2
0/

20
26

 2
:2

6:
25

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
where c is the electronegativity values of the corresponding
photocatalysts, Egap is the energy band gap of the as-prepared
material, and ECB and EVB are the conduction band and
valence band edge positions of the semiconductor, respec-
tively.45 The absolute electronegativity values of the NiO and
Cu2S nanoparticles are 6.585 and 5.00 eV, respectively.
Substituting these parameters into the above equation, the CB
positions of NiO and Cu2S are 3.8 and 1.3 eV and the VB posi-
tions are 0.3 and −0.31 eV, respectively. The CB position of NiO
was more positive than that of the CB position of Cu2S, so the
photogenerated electrons easily migrated from the CB of the
NiO nanoparticles to the CB band of Cu2S. Furthermore, the
above scavenger's result demonstrates that during the photo-
catalytic reaction, electrons can be captured by (O2) to create
a superoxide radical (O2c

−) anion. However, holes can be
captured by OH to create hydroxyl radicals (cOH), leading to the
degradation of mixed and individual dyes. The diagram indi-
cates that superoxide and hydroxide radicals are effectively
separated from each other on the surface of the NiO/Cu2S/rGO
ternary nanocomposites. The following equations describe the
photocatalytic reactions of NiO/Cu2S/rGO ternary
nanocomposites:

NiO/Cu2S/rGO + hn / NiO/Cu2S/rGO (e− + h+) (3)

NiO/Cu2S/rGO (e− + h+) /

rGO (e− + h+) + NiO (e− + h+) + Cu2S (e− + h+) (4)

NiO (e−) + Cu2S (e−) + O2 / (O2c
−) (5)

rGO (h+) +H2O / (cOH) + H (6)

O2c
− + (MB) /

intermediate CO2 + H2O + (decomposed products) (7)

(cOH) + (RhB)/

intermediate CO2 + H2O + (decomposed products) (8)

OHc + mixed (RhB and MB) /

intermediate CO2 + H2O + (decomposed products) (9)
934 | Environ. Sci.: Adv., 2024, 3, 925–936
3.6.6 Recyclability and stability of the NiO/Cu2S/rGO
ternary nanocomposites. Reusability is an essential parameter
for environmental applications. Based on the above description,
NiO/Cu2S/rGO ternary nanocomposites demonstrate potential
as efficient and promising photocatalysts. Stability and recy-
clability play crucial roles in the photocatalytic performance of
the as-prepared materials. Aer the photodegradation process,
NiO/Cu2S/rGO ternary nanocomposites were collected from the
RhB and MB dye solutions and puried using a previous
procedure. As shown in Fig. 6(f), 7(f) and 8(f) over four
consecutive runs, there were only minor differences in photo-
catalytic ability aer four consecutive cycles compared to the
rst cycle. However, during the repeated purication procedure
to separate the materials from the RhB, MB, and mixed (RhB
and MB) dye solutions, a decrease in photocatalytic efficiency
was observed. The small variation in photocatalytic activity
during each cycle is likely due to the aggregation of the as-
prepared samples during the photocatalytic degradation
process. Fig. 10 depicts NiO/Cu2S/rGO ternary nanocomposites
before and aer the photocatalytic experiments, indicating that
there was no notable change in peak shape, and no additional
peak emerged. These results reveal that the NiO/Cu2S/rGO
ternary nanocomposites exhibit good stability.

4. Conclusion

In summary, a simple one-pot hydrothermal approach is
initially developed for the preparation of the NiO/Cu2S/rGO
ternary nanocomposites utilized to degrade individual RhB,
MB dye andmixed (RhB andMB) dyes. The as-prepared samples
underwent analysis of various physical, chemical and optical
properties. Particularly, HRTEM analysis was employed to
determine the strong interaction between the nanoparticles,
denoted by the heterojunction formation of the as-prepared
NiO/Cu2S/rGO ternary nanocomposites. More importantly, the
electrocatalytic properties of the prepared samples were eluci-
dated through EIS and CVmeasurements. EIS provided insights
into the interfacial charge transfer resistance and electron
transfer kinetics, while CV analysis offered valuable informa-
tion regarding the redox behaviour and overall electrochemical
© 2024 The Author(s). Published by the Royal Society of Chemistry
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characteristics of the photocatalyst. Consequently, the NiO/
Cu2S/rGO ternary nanocomposites exhibit superior photo-
catalytic properties, high stability, and good reproducibility in
catalyzing the decomposition of individual and mixed dyes
under visible light irradiation. Consequently, the prepared NiO/
Cu2S/rGO ternary nanocomposites are well attuned to (cOH) and
(O2c

−) radicals during the experiments. Moreover, the recycling
and stability test conrms the robust stability of the as-prepared
NiO/Cu2S/rGO ternary nanocomposites. Hence, the NiO/Cu2S/
rGO ternary nanocomposites demonstrate promising potential
as photocatalyst materials for wastewater treatment and envi-
ronmental applications.
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