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ABSTRACT: In recent decades, antibiotics have been found in
aquatic environments, raising severe concerns. In this study, a unique
reduced graphene oxide-zinc sulfide-copper sulfide (rGO-ZnS-CuS)
nanocomposite (NC) prepared by using a straightforward surfactant-
free in situ microwave method was used for antibiotic degradation
via photocatalysis. The structural and morphological characteristics
of the produced catalysts were characterized using various
techniques, confirming the successful development of nano-
composite structures of better quality than that of the pure samples.
The photocatalytic degradation of antibiotics containing ofloxacin
was also investigated. The results suggest that the rGO-ZCS NC
outperformed the other composites in terms of photocatalytic
activity toward ofloxacin degradation. Superoxide and hydroxyl
radicals were the main active species during the degradation process. According to our results, the catalytic activity of rGO-ZCS NC
is much better than that of the other composites.

1. INTRODUCTION
In recent decades, environmental problems have become a
global concern due to the rapid establishment of industries and
societies.1,2 Due to the accumulation of domestic sewage and
wastewater discharges containing organic pollutants, including
phenols, pesticides, and antibiotics, the proliferation of the
dyeing and printing industries severely damages both human-
kind and the environment by causing health issues and
affecting the ecosystem.3−5 Over 3000 chemical substances,
including pharmaceutical compounds, whose concentration
ranges from ng/L to μg/L, are generally found in wastewater,
surface water, soil, groundwater, and drinking water world-
wide.6−8 In particular, pharmaceutical antibiotics and their
derivatives, which result from the medical treatment of humans
and from the farming industry, are considered emerging
pollutants that raise public concerns.7,9 Among the many
pharmaceutical compounds, antibiotics are found in various
aqueous environments.10,11 In 2010, the amount of antibiotics
consumed in stock farming was approximately 63,200 tons
worldwide and is expected to increase by two-thirds, to
approximately 105,600 tons, by the year 2030.12 The
antibiotics that reach aquatic ecosystems are derived from
various sources, including hospital effluents, livestock and
human excretion, and the pharmaceutical industry.13 Anti-

biotics are chemotherapeutic agents used to treat bacterial
infections. They were developed to limit the mortality rate and
boost the immune system of animals and humans.14 However,
only 30% of the developed antibiotics are being used to fight
diseases in animals and humans, and the other 70% are badly
deflected toward the environment without being metabo-
lized.10,15 Most of the antibiotics in the environment are poorly
metabolized and can be consumed by both animals and
humans; therefore, their consumption may pose a serious
threat to the ecosystem, as well as the spread and development
of antibiotic resistance genes and antibiotic-resistant bacteria.9

An easy method to reduce the propagation of bacterial
resistance and the environmental toxicity of antibiotics is by
adequately treating wastewater that contains antibiotics before
discharging it into the environment.16

Numerous techniques have been studied extensively and
adopted to remove antibiotics from different media, including
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membrane filtration, adsorption, wastewater chemical and
physical treatment, advanced oxidation processes, piezoelectric
catalysis, reverse osmosis, electrocoagulation, biological treat-
ment, ion exchange, and microbial degradation technology.17

Among the various techniques used, photocatalytic degrada-
tion is regarded as a promising and sustainable method to
convert pollutants into harmless products owing to the
following advantages: no secondary pollution, easy operation,
low cost, nontoxicity, being a green method, and high pollutant
degradation efficiency.3,1 Organic pollutants are widely
degraded using a photocatalyst.17 Photocatalytic degradation
is an emerging technology that uses light as an energy source
to activate chemical reactions and nanoscale catalysts.17 High
mineralization percentages can be obtained using a photo-
catalytic process.3,18,19 Among pharmaceutical compounds,
antibiotics are some of the main contributors to severe
environmental contamination because of their high con-
sumption rates in both human and veterinary medicine.
Pharmaceutical compound degradation using semiconductor
photocatalysts is a viable option because of advantages such as
low cost, energy savings, environmental friendliness, simplicity,
and mild reaction conditions. Therefore, establishing and
fabricating a stable, inexpensive, visible-light-driven, effective,
and efficient catalyst for the decomposition of organic
pollutants is of great significance.6

Because of its simplicity, the lack of secondary contami-
nation, and the fact that it uses direct sunlight, photocatalytic
degradation has been hailed as a sustainable and promising
approach for transforming pollutants into innocuous com-
pounds. Most photodegradation studies are based on ultra-
violet (UV) light; however, continuous exposure to UV light
leads to serious health issues, such as skin cancer, premature
aging, and blinding eye diseases. Moreover, the availability of
UV light in solar radiation is only 4−5%, whereas that of visible
light is approximately 40%. Owing to the wide availability of
visible light and its zero harmful effect on human health, the
use of visible light in photodegradation has attracted the
attention of researchers. Various traditional materials, includ-
ing CuO/ZnS, CdS/ZnO, ZnO/ZnS, and CdS/ZnS, have
been reported to be useful for this purpose. Zinc sulfide has
gained attention from researchers because of its wide bandgap,
nontoxicity, good stability, low cost, abundance, and strong
fluorescence.20 Doping ZnS with foreign elements successfully
enhances its absorbance in the visible light region.21 Metal
oxide nanoparticles with reduced graphene oxide are expected
to increase the charge transfer between the metal oxide and
organic dye molecules, ultimately resulting in enhanced
photodegradation properties. The main advantages of using
carbon-based materials in photodegradation studies are their
excellent electrochemical properties and large specific surface
area.9 In recent decades, CuS semiconductors have been
shown to be excellent candidates for visible-light photocatalysis
because of their good optical absorption properties and narrow
bandgap.22 Hazardous pollutants in aqueous environments can
be decomposed using heterostructures in semiconducting
nanocomposites because of their excellent properties that
improve the charge transfer mechanism and slow the fast
recombination of charge carriers.6 Thus, an enhanced activity
of the active radicals can be achieved during antibiotic
photodegradation owing to the excellent chemical and physical
properties of the heterostructure.23

Here, visible-light-driven reduced graphene oxide-zinc
sulfide-copper sulfide nanocomposites (rGO-ZCS NCs) were

prepared using a one-step rapid and environmentally friendly
microwave-assisted synthesis method. By loading different
amounts of CuS-ZnS onto rGO, its morphology, chemical
composition, and photocatalytic performance were charac-
terized using SEM. Moreover, it was used for the oxidative
photodegradation of ofloxacin (OFL), an organic pollutant,
under visible light irradiation. To the best of our knowledge,
OFL degradation using the rGO-ZCS NC has not been
completely explored, and limited information is available
regarding its use for the treatment of compounds in aqueous
media. Therefore, the results of the present study will be useful
for the future visible-light-driven photocatalytic degradation of
antibiotic compounds.

2. MATERIALS AND METHODS
2.1. In Situ Microwave Synthesis of rGO-ZCS NCs. The

in situ microwave technique was used to prepare the GO-ZCS
NCs. An initial suspension of 100 mg of GO in 100 mL of
deionized (DI) water was ultrasonically sonicated for 90 min.
Subsequently, 0.1 mM each of ZnSO4·7H2O and CuSO4·5H2O
was added to the GO suspension with continuous stirring for 2
h. The suspension was then microwaved at 950 W for 10 min
using a microwave oven. The suspension was left to cool to
room temperature. Thereafter, for the in situ reduction of GO
to rGO, 100 mg of thiourea was added to the suspension, and
the mixture was continuously stirred for 2 h. The solution was
then microwaved as described previously. The rGO-ZCS NC
solution was centrifuged multiple times and washed using DI
water and ethanol. The cleaned solid products were then dried
overnight at 80 °C using a hot air oven to obtain the rGO-ZCS
NCs.24

2.2. Characterization. X-ray diffraction (XRD, D8
advance, Bruker, Germany) was performed using CuKα
radiation (λ = 1.5406 Å) at 40 kV and 30 mA. Field emission
scanning electron microscopy (FE-SEM, S-4200, Hitachi,
Japan) was conducted, and energy-dispersive X-ray spectros-
copy (EDX) was performed to produce elemental maps. The
morphology of the synthesized hybrid nanocomposites was
analyzed using high-resolution transmission electron micros-
copy (HR-TEM, FEI-Tecnai TF-20), and the selected-area
diffraction (SAED) patterns were obtained at an accelerating
voltage of 200 kV. The functional groups in the product were
studied using Fourier transform infrared spectroscopy (FTIR)
in the 4000−500 cm−1 range using a Nicolet-iS10
spectrometer (USA). The surface area and pore size were
analyzed by using a Quantachrome/Autosorb-iQ analyzer, and
the OFL concentration was determined by measuring the
absorbance of the solution at 288 nm using a UV−vis
spectrophotometer.
2.3. Photodegradation Experimental Procedure. The

photocatalytic activity of the prepared nanocomposites was
evaluated at ambient temperature by examining the photo-
catalytic decomposition of an OFL solution under visible-light
irradiation (λ = 400 nm) using a tungsten lamp (300 mW/
cm−2). Generally, in the experimental procedure, a known
dosage of the photocatalyst (20 mg) was mixed with a fixed
volume of a solution (i.e., 100 mL) of OFL (0.04 mmol). The
mixture was magnetically stirred for 30 min in the dark before
exposure to light irradiation at room temperature to attain the
adsorption−desorption equilibrium between the catalyst and
the organic pollutant. Subsequently, the mixture was irradiated
with visible light to initiate the photocatalytic reaction. A
volume of 3 mL of the solution was collected every 15 min and
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was centrifuged, and its absorbance was occasionally measured
using a UV−vis spectrophotometer.

3. RESULTS AND DISCUSSION
3.1. Structural Analysis. XRD measurements were

performed to analyze the phase formation and crystalline
structures of the prepared samples. Figure 1a shows the

graphite XRD pattern, with a prominent peak at 26.4°
corresponding to the (002) plane of the hexagonal structure.
Two more peaks at 44.4° and 54.5°, which correspond to the
(101) and (004) planes, respectively, can be observed. Figure
1b shows the XRD pattern of GO. The peaks at 11° and 42°

are attributed to the GO planes (002) and (100), respectively.
Thus, formation of the sp2-bonded carbon atom was
confirmed. Figure 1c shows the XRD patterns of the prepared
nanocomposites. Because of the technique used for the
preparation of the materials, GO was converted to rGO,
which can be observed from the XRD results by the
broadening and low-intensity peak at 23.82°. The XRD
graph of the rGO-ZCS NCs shows that the CuS (JCPDS
No: 06−0464) nanoparticles exhibit several diffraction peaks at
26.43°, 31.47°, 34.28°, 36.05°, 61.36°, 62.71°, and 66.17°,
which belong to the planes (101), (102), (103), (006), (110),
(108), and (116), respectively. Moreover, the peaks at 26.43°,
56.47°, and 67.86° correspond to the planes (111), (220), and
(311) of the ZnO nanorods (JCPDS No: 65−1691).24 Thus,
these peaks confirm the presence of ZnO nanorods and CuS
nanoparticles on the rGO sheets with no other trace impurity
peaks. Hence, the XRD patterns revealed the successful
formation of the rGO-ZCS NC.
3.2. Morphological Studies of rGO-ZCS NC via FE-

SEM and EDX Analyses. The microstructure and morphol-
ogy of the prepared rGO-ZCS NCs were analyzed by using FE-
SEM at different magnifications. Figure 2 shows the densely
packed ZnS nanorods and CuS nanoparticles decorating the
rGO nanosheets. The typical crumpled structure of the rGO
nanosheets is clearly seen in Figure 2a and b, whereas the
nanoparticles and nanorods decorating the rGO sheets can be
observed in Figure 2c and d. The surface chemical composition
of the prepared rGO-ZCS NCs was examined using EDX. Five
distinct peaks corresponding to Zn, S, Cu, C, and O, which
were present in the prepared samples, were identified via a
quantitative elemental analysis using EDX (Figure 2f).25 The
EDX results confirmed the high crystallinity of the sample
prepared by using the in situ microwave synthesis method.

Figure 1. XRD analysis of (a) graphite, (b) GO, and (c) rGO-ZnS-
CuS NCs using a microwave-assisted synthesis method.

Figure 2. SEM (a−d) and EDX and quantitative analysis (e−f) images of the rGO-ZCS NC samples prepared using an in situ microwave method.
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3.3. HR-TEM and SAED Pattern of the Prepared rGO-
ZCS NCs. The surface morphology and lattice fringe pattern of
the rGO-ZCS NCs prepared via in situ microwave synthesis are

shown in Figure 3. Figure 3a shows the folded and thin
morphologies of the few-layered rGO nanosheets. The higher-
magnification images (Figure 3b−d) clearly show that the ZnS

Figure 3. HR-TEM images of (a) pure rGO, (b−e) higher magnified images, and (f) SAED pattern of the rGO-ZCS NC.

Figure 4. Results of the FTIR analysis of the rGO-ZCS NC.
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nanorods and CuS nanoparticles decorate the interlayer of the
rGO nanosheets. The sizes of the ZnS nanorods and CuS
nanoparticles were determined to be approximately 60 and 25
nm (diameter), respectively, based on the HR-TEM images.
Furthermore, the fringe patterns of ZnS and CuS, which are
visible in Figure 3e, confirm the crystalline structure of the
synthesized NC. The bright spots and concentric circles of the
prepared rGO-ZCS NC can be clearly observed in the SAED
patterns. This study reveals that the prepared material is
polycrystalline. ZnS and CuS are associated with bright spots,
whereas the circles in the rGO nanosheets indicate the
incorporation of the particles into the nanosheets of the
prepared nanocomposites.24 Thus, the successful preparation
of nanocomposites using the in situ microwave synthesis
method was confirmed by the HR-TEM results.
3.4. FTIR Analysis of the rGO-ZCS NC. The differences in

the oxygen-containing functional groups of the ZnS- and CuS-
decorated rGO NCs were analyzed by using FTIR spectros-
copy. The characteristic peaks of rGO and the other functional
groups can be clearly observed in Figure 4. The characteristic
peak at 3260 cm−1 is associated with the bending and
stretching vibrations of the O−H group. The C�O bond
involves stretching vibrations of the carbonyl and carboxyl
groups, which correspond to the peak at 1726 cm−1.
Additionally, the peak at 1218 cm−1 corresponds to the
stretching vibration of the C−O bond of the epoxy group21

and the peak at 1031 cm−1 corresponds to the C−O alkoxy
stretching vibration. The peak at 1613 cm−1 is attributed to the
stretching vibration of the C�C bond of the sp2-hybridized

graphitic carbon.26 ZnS and CuS have distinct absorption
bands at 472 cm−1 (Zn−S−Zn vibration) and 685 cm−1 (Cu−
S stretching vibration), respectively. These bands correspond
to those reported in the literature.27,28

3.5. Surface Area Analysis Using Brunauer−Emmett−
Teller (BET). The nitrogen adsorption−desorption isotherm
resulting from the BET surface area analysis of the rGO-ZCS
NC is shown in Figure 5. The introduction of rGO onto the
heterostructure nanocomposite provided more active sites for
the photocatalytic degradation reaction. The adsorption
efficiency of the prepared nanocomposites before the
adsorption−desorption equilibrium was reached was calculated
and determined to be 77.29 m2/g. According to the
calculations using the BJH method, the NCs had pores with
a volume of 0.174 cc/g and a size of 1.317 nm.29 Thus, the
rGO-based nanocomposites clearly showed good adsorption
efficiency toward OFL, due to which the diffusion distance in
the reactive oxidative species grew on the surface of the catalyst
and resulted in an enhanced photocatalytic performance. Thus,
the introduction of rGO into the nanocomposites obviously
enhanced the photocatalytic performance of the rGO-ZCS
NC.26 The BET surface area analyses of the rGO/CuS and
rGO/ZnS are also given in Figure S1.
3.6. Photocatalytic Decomposition of OFL under

Visible-Light Irradiation. OFL was used to examine the
photocatalytic activity of the prepared rGO-ZCS nano-
composites under visible light irradiation, as depicted in
Figure 6. The absorption spectra of the mixture of OFL and
rGO-ZCS NCs under visible-light irradiation for various

Figure 5. Results of the surface area analysis of the rGO-ZCS NC using BET.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03883
ACS Omega 2023, 8, 32817−32827

32821

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03883/suppl_file/ao3c03883_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03883?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03883?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03883?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03883?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


durations are shown in Figure 6a. OFL decomposed rapidly
after 135 min when the rGO-ZCS NCs were activated by
irradiation with visible light (Figure 6a). Generally, the

photocatalytic performance of a catalyst is based on (i) the
separation efficiency of the photoexcited electron−hole pairs
and (ii) the amount of reactive oxygen species.21,30 When

Figure 6. OFL photocatalytic degradation under different conditions: (a) rGO-ZCS NCs and visible-light irradiation; (b) C/C0 vs time for the
different catalysts; (c) pseudo-first-order kinetic ln[C0/C] vs time plots for the different catalysts.

Figure 7. OFL photocatalytic degradation using (a) various dosages of rGO-ZCS NC; (b) pseudo-first-order ln[C0/C] vs time kinetic plots for the
various dosage levels; (c) OFL removal (%) vs time when using different catalysts; and (d) recycle stability test of the rGO-ZCS NC for five cycles.
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exposed to visible-light irradiation, ZnS does not respond
because of its large bandgap, whereas CuS is active under these
conditions. Therefore, forming a heterostructure network
between ZnS and CuS to shift the photogenerated electrons
from the conduction band of CuS to that of ZnS is necessary.
This leaves a trace of holes in the valence band of CuS, which
results in a decrease in the recombination of electron−hole
pairs that occurs and thereby an increase in photocatalytic
activity, as shown in Figure 6.
The GO-based NC materials showed strong absorption over

the entire scanning range; thus, the absorption of the CuS/
ZnS-decorated rGO NCs was stronger than that of the rGO-
decorated NCs, which might be due to the increased rGO
content. When an appropriate amount of introduced graphene,
which acts as a macromolecular “photosensitizer”, is irradiated
with visible light, the electrons on the highest occupied
molecular orbital of graphene are excited to its lowest
unoccupied molecular orbital. Subsequently, the excited
electrons from the graphene shift to the conduction band of
ZnS, which results in the separation of the electron−hole pairs.
Therefore, for the above-mentioned reasons, the number of
photoexcited electrons in the conduction band of ZnS was
increased by the addition of graphene. Therefore, the
introduction of the appropriate percentage of rGO enhances
the optical properties of the NCs, making these excellent
photocatalysts for the decomposition of antibiotic pollutants.
Figure 6b shows the photocatalytic efficiencies of the blank

and rGO-ZnS, rGO-CuS, and rGO-ZCS NC photocatalysts. In
the absence of the photocatalyst, no significant changes were
observed in the concentration of ofloxacin during photo-
catalytic degradation in the dark. Under visible-light irradi-
ation, the OFL concentration remained stable. Under visible-
light irradiation, a maximum decomposition of 86.65% was
obtained within 135 min using the rGO-ZCS NC. The
decomposition efficiency percentages at 135 min for the rGO-
ZnS, rGO-CuS, and rGO-ZCS NC were 57.43%, 51.15%, and
86.65%, respectively. The degradation of OFL decreased with
time according to the pseudo-first-order kinetic model, as
shown in Figure 6c. The first-order kinetic constants
corresponding to the decomposition of ofloxacin using various
catalysts, such as pure material, rGO-ZnS, rGO-CuS, and rGO-
ZCS NC, were determined. The rate constant of the
degradation of OFL was 0.01139 min/h, which is consistent
with the pseudo-first-order kinetic linearity model.
OFL photocatalytic degradation using various dosages of

rGO-ZCS NC, pseudo-first-order kinetic plots, OFL antibiotic
removal (%), and cycle stability tests is shown in Figure 7. The
photocatalytic performance of the prepared nanocomposites
was analyzed based on the photocatalytic decomposition of
OFL under visible light irradiation. First, the photocatalytic
degradation of the pure rGO-ZnS, rGO-CuS, and rGO-ZCS
NC was performed. Further analysis of the photocatalysis was
carried out by increasing the rGO-CZS dosage to 10, 20, 30,
and 40 mg, and a similar degradation procedure was
performed.
To determine the ideal photocatalyst load for the various

photocatalyst weights (10, 20, 30, and 40 mg), a series of
experiments was carried out (Figure 7a). The removal and
decomposition efficiencies of photocatalysts at weight ratios of
10, 20, 30, and 40 mg were 38.7%, 86.6%, 62.3%, and 54.4%,
respectively. Notably, with an increasing catalyst loading, the
rate of OFL removal steadily increased from 10 to 20 mg, and
then decreased. The amount of adsorbed OFL molecules also

increased with an increasing photocatalyst loading. Because the
photocatalyst is visible-light-resistant, the reduction of the
ofloxacin concentration at the maximum catalyst loading of 40
mg indicates an effective catalytic removal.31 The photon
resistance induced by the catalyst particles and rGO sheets in
the composite material leads to a higher amount of
photocatalyst present, which reduces the photocatalytic
removal efficiency. Since the catalyst was loaded to its full
capacity, a shading effect occurred, which reduced the ability of
the catalyst to absorb visible light and severely resisted
photons, thereby decreasing the efficiency of the catalytic
breakdown.32

The rates constant of the pseudo-first-order kinetics curves
for the ternary catalyst doses of 10, 20, 30, and 40 mg, which
are depicted in Figure 7b, are 0.0145, 0.0686, 0.0430, and
0.0233 min, respectively. The optimal amount of catalyst for
the most effective degradation of OFL using the rGO-ZCS NC
was 20 mg. The photocatalytic performance of the rGO-ZCS
NC was better than those of the pure sample and the other
samples, eliminating more than 86.65% of the OFL in 135 min
(Figure 7c). From these results, 20 mg of rGO-ZCS NC can
clearly eliminate more pollutants from the prepared sample for
the same irradiation time and leads to a better photocatalytic
decomposition rate than those obtained using the other NCs.
The photocatalytic performance of the rGO-ZCS NC
heterostructure (20 mg) significantly enhanced OFL decom-
position.
Ternary photocatalysts must be stable and reusable for

practical application. Several cycles of ofloxacin treatment with
the rGO-ZCS NC (20 mg) catalyst were performed under
visible-light irradiation to evaluate its cycle stability. For each
run, the catalyst was recovered via centrifugation, washed with
DI water, and dried for 12 h at 60 °C. Based on the cycle test
results, the resultant photocatalyst was used for the subsequent
catalyst runs (Figure 7d). In the fifth cycle, the photocatalytic
decomposition efficiency decreased slightly. The effectiveness
of this decrease is related to the dissolution and photo-
corrosion of the catalyst.
The degradation efficiency of OFL can be calculated using

eq 1:

= ×D
C C

C
(%)

( )
100%0

0 (1)

where C0 is the absorption of OFL after the adsorption
equilibrium is achieved before visible-light irradiation and Ct is
the absorption of OFL in the time interval t under visible light
irradiation. The photocatalytic kinetics are expressed as in eq
2:

=C
C

Ktln
t

0

(2)

where K is the pseudo-first-order reaction rate constant and t is
the irradiation time.
The rate constants of OFL degradation in the prepared

samples are listed in Table 1.
3.7. Mechanism of the Photodegradation of the rGO-

ZCS NC. The photocatalytic degradation of OFL was
proposed and demonstrated in this study. Here, a hetero-
structure of rGO-ZCS NC was developed and used effectively
owing to the wide bandgap of ZnS (n-type) and the narrow
bandgap of CuS (p-type). CuS was loaded preferentially onto
the surface of ZnS to form a close interaction between ZnS and
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CuS. The separation of the photoexcited electron−hole pair
and the simultaneous enhancement of the photocatalytic
degradation are believed to be due to the presence of different
bandgaps and interfacial contacts. Under simulated light
irradiation, both semiconductor materials can fully utilize the
optical energy to separate the photoexcited holes and electrons
from the valence and conduction bands, respectively.33 By
introduction of rGO onto the heterostructure of the ZnS/CuS
nanocomposites, the photogenerated electrons effectively
transferred to the conduction bands of the rGO, thereby
improving charge separation and suppressing charge recombi-
nation. The separated holes in the valence bands of ZnS and
CuS effectively oxidize H2O into hydroxyl radicals (OH•).34,35

In addition, owing to the existence of O2 in the prepared
solution, the transferred electrons at the rGO can produce
superoxide radicals (O2

•−), and the superoxides also tend to
react with hydrogen peroxide (H2O2) dissociating into OH•

radicals.
Furthermore, the surface of rGO is enriched with residual

functional groups, such as hydroxyl and carboxyl groups. When
exposed to light, photons are absorbed by ZnS and CuS,
generating excitons. These photoexcited electrons then interact
with the residual functional groups on the rGO, leading to an
increase in oxide radicals (O2

•−) through the reduction in the
conduction band. Consequently, the OH• and O2

•− radicals
react with antibiotic pollutants and degrade them into nontoxic
and inorganic products (e.g., H2O and CO2). The operating

mechanism is illustrated in Figure 8. The photocatalytic
degradation enhancement is thought to be mainly due to the
introduction of rGO onto the heterostructure of ZnS/CuS
nanocomposites. The rGO captures the photoinduced
electrons from the ZnS/CuS, thus resulting in effective
suppression of the recombination of charge carriers and
allowing more photoexcited electrons and holes to participate
in the photocatalytic decomposition process, which results in
an improved OFL degradation performance.
The additional photoelectrochemistry properties of rGO-

ZCS NC, rGO-ZnS and rGO-CuS are provided in the
Supporting Information.
A comparison of the photocatalytic degradation of antibiotic

pollutants using rGO/metal oxide NC-based catalysts is shown
in Table 2.

4. CONCLUSIONS
The present study focused on the preparation of rGO-ZCS NC
using an in situ microwave technique. The photocatalytic
degradation of ofloxacin was analyzed using the synthesized
nanocomposites. The structural, morphological, and optical
properties of the synthesized catalysts were investigated to
confirm the formation of nanocomposite hybrids with
enhanced features compared with those of the pure ZCS
NC. The incorporation of rGO into the ZCS NC improved the
photocatalytic activity due to the synergistic effect of the
composites. The rGO acts as an excellent electron conductor,
facilitating the efficient transport of photogenerated electrons.
Additionally, ZCS serves as a photosensitizer, effectively
capturing photons and transferring the generated charge
carriers to rGO. This synergistic effect improves theoverall
photocatalytic activity by enhancing charge separation and
suppressing recombination. Thus, the synthesized composites
outperformed the pure ZCS NCs and other composites.

Table 1

sample degradation (%) rate constant (min−1) R2 value

rGO-ZnS 57.43 0.00601 0.9862
rGO-CuS 51.15 0.00406 0.97629
rGO-ZnS-CuS 86.65 0.01139 0.99624

Figure 8. Schematic representation of the mechanism underlying the photodegradation of the prepared rGO-ZCS NC under visible-light
irradiation.
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Consequently, it is expected that this strategy will pave the way
for efficient catalysts for applications in water purification, air
treatment, and energy conversion.
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