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A B S T R A C T

Developing visible-light-active nanocomposites for the energy-efficient removal of pharmaceutical contaminants 
is of growing environmental significance. In this work, a solution-processable reduced graphene oxide - CdSe 
(RGO-CdSe) nanorod composite was synthesized via a facile one-pot solvothermal route and evaluated as a 
robust photocatalyst for norfloxacin degradation under visible light. Structural and spectroscopic analyses 
confirm the formation of highly crystalline CdSe nanorods intimately coupled with two-dimensional RGO sheets, 
enabling enhanced light absorption and efficient interfacial charge transfer while preserving the CdSe crystal 
framework. The optimized RGO-CdSe composite achieves 80.4% norfloxacin degradation within 40 min, 
exhibiting pseudo-first-order kinetics with a rate constant of 0.057 min¡1, nearly four times higher than 
controlled-CdSe. Importantly, the composite demonstrates a 2.35-fold increase in apparent quantum yield 
(0.054%) and a 3.92-fold reduction in electrical energy per order (16.9 kWh m− 3), highlighting its superior 
energy efficiency. Radical scavenging studies identify photogenerated holes as the primary oxidative species, 
supported by hydroxyl and superoxide radicals. The photocatalyst retains approximately 90% of its activity after 
five successive cycles, with no detectable loss of crystallinity, confirming excellent structural and functional 
stability. These findings highlight RGO–CdSe nanocomposite as a promising platform for sustainable, energy- 
efficient, solar-driven remediation of antibiotic pollutants in water.

1. Introduction

The rapid and uncontrolled consumption of antibiotics has resulted 
in their persistent discharge into aquatic environments, posing serious 
ecological and public health concerns [1,2]. Antibiotic residues are 
frequently detected in wastewater and natural water bodies due to their 
incomplete metabolism and resistance to conventional biological treat
ment processes [3]. Their long-term accumulation contributes to the 
development of antimicrobial resistance and disrupts aquatic ecosys
tems [1,4]. Therefore, the development of efficient and sustainable 
strategies for the removal of antibiotic contaminants from water systems 
remains an urgent global priority.

Among various advanced treatment technologies, semiconductor- 
based photocatalysis has emerged as a promising approach owing to 
its ability to utilize solar energy for the degradation of recalcitrant 
organic pollutants [5–7]. Visible-light-driven photocatalysis is particu
larly attractive, as visible light constitutes the major fraction of the solar 
spectrum. However, the practical efficiency of many semiconductor 

photocatalysts is often limited by rapid recombination of photo
generated electron-hole pairs and insufficient interfacial charge trans
port, which significantly reduces quantum efficiency [8,9].

To address these challenges, rational heterostructure engineering 
and composite design strategies have been widely explored to enhance 
charge separation, extend light absorption, and accelerate surface redox 
reactions [10–12]. Constructing intimate interfacial contact between 
semiconductors and conductive carbonaceous materials has proven 
particularly effective in facilitating directional electron transport and 
suppressing recombination losses [13,14].

Reduced graphene oxide (RGO) has emerged as an excellent 
conductive scaffold for photocatalytic applications due to its high elec
trical conductivity, large specific surface area, tunable surface func
tionalities, and strong electron-accepting capability [15,16]. RGO has 
been extensively incorporated with semiconductors to enhance 
visible-light photocatalytic degradation of organic pollutants, where it 
facilitates rapid interfacial electron transfer and provides a conductive 
pathway for charge carrier migration, thereby suppressing electron-hole 
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recombination and enhancing apparent quantum efficiency [17–19]. 
Several RGO-based composite systems have demonstrated significantly 
enhanced degradation kinetics toward antibiotic and dye contaminants 
compared to their pristine semiconductor counterparts, highlighting its 
critical role in interfacial charge modulation [17–19].

On the other hand, CdSe is a narrow bandgap chalcogenide semi
conductor with strong visible-light absorption characteristics [20,21]. In 
particular, CdSe nanorods possess anisotropic one-dimensional 
morphology that promotes directional charge transport along the lon
gitudinal axis, thereby facilitating spatial separation of photogenerated 
carriers. Their high aspect ratio and tunable electronic structure make 
them attractive candidates for photocatalytic and photoelectrochemical 
applications under visible irradiation.

RGO-CdSe composites have been investigated for diverse applica
tions, such as LDL detection [22], enhanced desulfurization [23], op
toelectronic property modulation [24], photoelectrochemical hydrogen 
production [25], dye degradation [26], and electrochemical sensing 
[27]; however, their systematic exploration as visible-light-driven 
photocatalysts for antibiotic remediation, particularly with detailed 
correlation between interfacial charge transfer and quantum efficiency, 
remains limited.

In this context, the present work reports the facile synthesis of an 
RGO-CdSe nanorod composite via a one-step solvothermal approach and 
evaluates its photocatalytic performance toward antibiotic degradation 
under visible light. Comprehensive structural, optical, and electro
chemical characterizations are carried out to elucidate the interfacial 
charge transport mechanism and establish its direct correlation with 
photocatalytic efficiency, apparent quantum yield, and energy con
sumption parameters. This study establishes RGO-CdSe nanorods as a 
promising hybrid semiconductor nanocomposite platform for sustain
able, energy-efficient remediation of antibiotic contaminants in water.

2. Experimental section

2.1. Chemicals

Reagents of analytical quality were utilized as obtained, with no 
subsequent purification. Potassium persulfate (K2S2O8), graphite pow
der, sodium nitrate (NaNO3), phosphorus pentoxide (P2O5), cadmium 
nitrate tetrahydrate [Cd(NO3)2⋅4H2O], sodium selenite (Na2SeO3), and 
the antibiotic norfloxacin were obtained from Sigma-Aldrich. Chemicals 
including ethanol, potassium permanganate (KMnO4), hydrogen 
peroxide (H2O2), hydrochloric acid (HCl), sulfuric acid (H2SO4), ethyl
enediamine (ED), 2-propanol (IPA), and ethylenediaminetetraacetic 
acid disodium (EDTA–Na2) were sourced from Merck.

2.2. Material preparation

An one-step solvothermal strategy was employed to synthesize 
solution-processable RGO-CdSe photocatalysts, renowned for its 
simplicity, cost-effectiveness, and single-pot nanomaterial synthesis 
capability. Pre-treated graphite oxide was thoroughly exfoliated into 
graphene oxide (GO) [28]. Subsequently, varying amounts of GO (20, 
30, 40, 50, and 60 mg) were uniformly dispersed in ethylenediamine 
(ED)-double-distilled water (DDW) mixed solvent (volume ratio 2:1) and 
sonicated for 10 min in five individual beakers. 2 mmol each of Cd 
(NO3)2⋅4H2O and Na2SeO3 were added to the five beakers, followed by 
vigorous stirring for 30 min to ensure homogeneous mixing. The 
resulting mixtures were sealed in five individual Teflon-lined autoclaves 
and heated at 170 ◦C for 12 h under autogenous pressure. After natural 
cooling, the products were centrifuged and repeatedly washed with 
DDW to remove unreacted species and residual metal ions, then 
vacuum-dried to obtain five refined RGO-CdSe nanocomposite powders, 
designated as 20RGO-CdSe, 30RGO-CdSe, 40RGO-CdSe, 50RGO-CdSe, 
and 60RGO-CdSe. For comparison, pristine CdSe nanorods (con
trolled-CdSe) were synthesized under identical conditions without GO. 

Unless otherwise specified, RGO-CdSe refers to the 40RGO-CdSe sample. 
A schematic representation of the stepwise formation process of the 
RGO-CdSe composite is shown in Fig. 1.

2.3. Materials characterization

X-ray diffraction (XRD) patterns of both CdSe and RGO-CdSe samples 
were collected in the 2θ range of 5◦ to 60◦ using a Rigaku Miniflex II 
diffractometer equipped with Cu Kα radiation (λ = 0.15418 nm), oper
ated at 30 kV and 10 mA. The morphological features of the materials 
were examined through field emission scanning electron microscopy 
(FESEM; Zeiss, Gemini-II Cryo). Transmission electron microscopy 
(TEM) and high-resolution TEM (HRTEM) imaging were employed to 
analyze the crystallinity and nanoscale architecture of the RGO-CdSe 
system, using a JEOL F200 instrument at 200 kV accelerating voltage. 
The measurements of specific surface area and porosity for controlled- 
CdSe and RGO-CdSe composite were conducted using nitrogen adsorp
tion–desorption data obtained from a Quantachrome Autosorb iQ-MPx 
analyzer. Raman spectroscopy was conducted using a Horiba Scientific 
labRAM HR micro-Raman spectrometer. Optical absorption in the 
UV–visible domain and photoluminescence (PL) emission spectra of 
both controlled-CdSe and RGO-CdSe composites were measured with an 
Agilent Cary series UV-vis-NIR spectrophotometer and a Hitachi F-7000 
fluorescence spectrophotometer, respectively.

2.4. Measurement of photocatalytic activity

To assess the visible-light photocatalytic performance, degradation 
of norfloxacin was studied in the presence of the synthesized photo
catalysts. A suspension was prepared by dispersing 18 mg of photo
catalyst in 40 mL of a 12.5 mg/L aqueous norfloxacin solution. The 
reaction took place in a quartz vessel illuminated with 1000 W tungsten 
halogen lamp at room temperature. A tungsten-halogen lamp was 
selected as the visible-light source due to its cost-effectiveness, high 
stability, and adequate spectral match in the visible range when filtered, 
enabling reproducible lab-scale tests without the need for expensive 
solar simulators. Prior to illumination, the mixture was magnetically 
agitated in the dark for 30 min to reach adsorption–desorption equi
librium. During the degradation test, 4 mL solution were taken every 5 
min and analyzed using UV–vis spectroscopy to monitor changes in 
norfloxacin concentration. The efficiency of photocatalytic degradation 
was determined from the concentration ratio C/C0, where C0 corre
sponds to the initial concentration of the pollutant, and C refers to its 
concentration after an irradiation period of duration t.

3. Results and discussion

3.1. Materials characterization

The powder X-ray diffraction (XRD) technique was adopted to 
examine the phase structure and crystallinity of the as-prepared 
controlled-CdSe and RGO-CdSe nanocomposites, and the correspond
ing XRD patterns are displayed in Fig. 2A. The characteristic peaks 
observed for controlled-CdSe can be indexed to the (100), (002), (101), 
(102), (110), (103), and (112) planes, which are consistent with the 
hexagonal wurtzite structure of CdSe, as referenced by the JCPDS card 
no. 08-0459 [29]. Although, the XRD pattern is dominated by hexagonal 
characteristics, certain regions show potential cubic phase contribu
tions. These potential cubic contributions are minor and cannot be 
definitively confirmed without advanced analytical techniques such as 
Rietveld refinement. Upon incorporation of RGO, the XRD spectrum for 
RGO-CdSe composite retains all the characteristic peaks of CdSe without 
any noticeable shift or broadening. Furthermore, the intense and 
well-resolved diffraction peak at 2θ = 25.5◦ points to a long-range 
crystalline order along the c-axis of the hexagonal phase. The result 
implies that the CdSe lattice structure remains essentially unchanged in 
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the presence of RGO. Moreover, no additional peaks corresponding to 
oxygen-containing functional groups (typically observed near ~10.4◦

for GO) are present [30], confirming the effective chemical reduction of 
GO to RGO during the synthesis. The absence of a broad RGO peak near 
~26◦ may be attributed to the overlap with the (002) peak of CdSe or the 
low scattering intensity of the few-layered RGO sheets. Overall, the XRD 
results demonstrate the preservation of the crystalline wurtzite CdSe 
phase in the composite and the successful formation of the RGO-CdSe 
composite structure. The other four RGO-CdSe composites with vary
ing RGO content exhibit similar XRD patterns to that of the standard 
RGO-CdSe composite. Fig. S1A in the Supporting Information (SI) pre
sents the XRD profiles of all composites.

The surface morphology and structural integration of the controlled- 
CdSe and the RGO-CdSe composite materials were systematically 
investigated using SEM, as depicted in Fig. S1B in the SI, and Fig. 2B, 

respectively. The formation of nanorod morphology is clearly observed 
in the SEM image of controlled-CdSe. Whereas, the micrographs of RGO- 
CdSe composite clearly reveal that the CdSe nanorods are attached onto 
the surface of RGO sheets, suggests interfacial coupling between CdSe 
and RGO. Such intimate contact is expected to promote rapid charge 
migration across the junction, a key factor in improving photocatalytic 
activity. The EDX profile of the RGO-CdSe composite exhibits pro
nounced peaks of Cd and Se, verifying the presence of CdSe. In addition, 
characteristic signals of carbon and oxygen, arising from the RGO sup
port, are also observed in the spectrum (Fig. S1C, in SI). These findings 
unambiguously confirm the successful integration of CdSe nano
structures onto the RGO scaffold.

Detailed insights into the microstructure of the RGO-CdSe composite 
were acquired through TEM and high-resolution TEM (HRTEM) ana
lyses, as illustrated in Fig. 2C(I). The TEM images reveal the distribution 

Fig. 1. Schematic depiction of the synthesis route for the RGO–CdSe composite.

Fig. 2. Structural and morphological characterization of RGO–CdSe: (A) X-ray diffraction patterns, (B) SEM and (C) (I) TEM images of the composite, (II) HRTEM 
image and (III) SAED pattern of CdSe on RGO sheets. (D) Nitrogen adsorption–desorption isotherms; inset: pore-volume distribution.
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of CdSe nanorods well-adhered to the wrinkled, two-dimensional sur
face of the RGO sheets. This spatially extended and well-integrated as
sembly suggests a robust interfacial interaction between the 
semiconductor and the carbonaceous support. Such intimate contact is 
expected to promote efficient charge carrier separation and transfer at 
the CdSe–RGO junction, which is crucial for potential photocatalytic 
applications. High-resolution TEM [Fig. 2C(II)] reveals well-resolved 
lattice fringes with interplanar spacings of approximately 0.35 nm, 
corresponding to the (002) plane. These values are in close agreement 
with the d-spacings obtained from XRD analysis, thereby confirming the 
crystallographic identity of the CdSe phase. Notably, the HRTEM images 
do not exhibit any characteristic features indicative of a core–shell ar
chitecture. However, regions of uneven contrast in the micrographs can 
be attributed to localized stacking or folding of multiple RGO layers, 
resulting in areas of increased electron density [31]. To further clarify 
the crystallographic structure of the CdSe nanorods, selected area elec
tron diffraction (SAED) analysis was performed. The SAED pattern 
[Fig. 2C(III)] reveals sharp and well-resolved diffraction spots with clear 
reciprocal-lattice symmetry, which can be indexed to the (100), (002), 
(101), (102), (110), (103), and (112) planes of CdSe. These observations 
are fully consistent with the XRD results and highlight the structurally 
robust nature of the CdSe nanorods, which is favorable for efficient 
charge transport and visible-light-driven photocatalytic degradation of 
norfloxacin.

Nitrogen adsorption–desorption measurements were carried out to 
systematically assess the surface area and pore structure of controlled- 
CdSe and the RGO-CdSe composite, and the results were analyzed 
using Brunauer–Emmett–Teller (BET) theory. The surface area mea
surements were carried out using the multipoint BET approach, applying 
the standard BET linear equation [32,33]: 

P/P0

W
(

1 − P/P0

)=
1

WmC
+

C − 1
WmC

(

P/P0

)

where P/P0 
represents the relative pressure, W denotes the volume of 

nitrogen gas adsorbed at equilibrium, and Wm corresponds to the 
monolayer adsorption capacity. The parameter C is a dimensionless BET 
constant that reflects the energetic affinity between the adsorbate mol
ecules and the solid surface in the first adsorption layer, it increases 
exponentially with the magnitude of the heat of adsorption. A linear BET 
plot was constructed by plotting 1

W

(

1− P/P0

) vs. P/P0
, and the linearity of 

this plot indicates good conformity of the experimental data with the 
BET theoretical model. The isotherms, presented in Fig. 2D, displayed 
Type IV characteristics according to the IUPAC classification, with a 
well-defined H1-type hysteresis loop, signifying capillary condensation 
within mesopores [34]. Such features are characteristic of mesoporous 
solids.

The BET analysis revealed that the RGO-CdSe composite exhibits a 
significantly larger surface area (45.5 m2 g− 1) than controlled-CdSe 

(29.0 m2 g− 1). The higher surface area in the composite is expected to 
enhance photocatalytic performance by providing an increased density 
of accessible reaction sites [35]. Moreover, the pore volume of 
RGO-CdSe (0.134 cm3 g− 1) was found to be greater than that of CdSe 
(0.09 cm3 g− 1), which likely facilitates improved adsorption and mo
lecular diffusion of reactants. The pore volume distribution with pore 
radius is presented in the inset of Fig. 2D. The Barrett–Joyner–Halenda 
(BJH) pore-size distribution further confirms the coexistence of meso
pores and macropores within the RGO-CdSe structure, which is advan
tageous for mass transport during catalytic processes.

To complement the surface textural findings, Raman spectroscopy 
was employed to investigate the structural and interfacial characteristics 
of the RGO-CdSe composite. Fig. 3A displays the Raman spectra of the 
synthesized RGO-CdSe composite, providing insights into its structural 
characteristics and associated modifications. Two pronounced peaks are 
observed at approximately 1340 cm− 1 and 1592 cm− 1, corresponding to 
the D and G bands, respectively. The D band arises from lattice imper
fections or disorder, associated with the breathing vibration of the K- 
point phonon having A1g symmetry among carbon atoms. In contrast, 
the G band originates from the in-plane stretching vibrations of E2g 
phonons within sp2-hybridized carbon networks [36]. In addition to 
these characteristic features of RGO, several additional peaks appear at 
lower wavenumbers, attributable to the CdSe component. The promi
nent band at 206 cm− 1 corresponds to the first-order longitudinal optical 
(1LO) phonon vibration, while the peaks observed at 287 cm− 1 and 405 
cm− 1 are assigned to surface phonon contributions and the second-order 
longitudinal optical (2LO) phonon, respectively [36].

The relative intensity ratio of the D and G bands (ID/IG) serves as an 
indicator of the degree of graphitization, which significantly influences 
the dielectric behavior of carbonaceous materials. For the RGO-CdSe 
composite, the ID/IG value is determined to be approximately 1.28, 
signifying substantial reduction of graphene oxide and confirming the 
successful formation of reduced graphene oxide within the hybrid 
structure.

In catalytic systems, particularly in photocatalysis and adsorption- 
mediated pollutant removal, the availability of surface-active sites 
plays a crucial role in dictating performance. The extended surface area 
of RGO-CdSe provides a larger interface for the adsorption of pollutant 
molecules and enhances contact between reactants and catalytic centers. 
Therefore, whether through direct adsorption or photo-induced degra
dation mechanisms, materials possessing greater specific surface areas 
are inherently more efficient, making RGO-CdSe a superior candidate 
for environmental remediation applications.

The effectiveness of a photocatalyst largely depends on its ability to 
harvest light across a broad spectral range for exciton generation, 
together with efficient photoinduced charge separation that minimizes 
electron–hole recombination. To evaluate both the optical absorption 
and charge transfer characteristics, UV–Vis and photoluminescence (PL) 
spectroscopic analyses were performed, as shown in Fig. 3B and C, 
respectively. The absorption profile of CdSe exhibits a distinct peak 
around 620 nm (Fig. 3B). In contrast, the RGO-CdSe composite displays 
markedly enhanced absorption throughout the visible region (200–800 

Fig. 3. Optical properties of the RGO–CdSe composite: (A) Raman spectra, (B) UV–vis absorption spectra with the inset showing the Tauc plot 
[
(αhν)2 vs photon 

energy] for CdSe, and (C) photoluminescence spectra demonstrating emission quenching in the composite, indicative of efficient photoinduced charge transfer.
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nm). The composite shows improved visible-light absorption relative to 
the pristine semiconductor, which contributes to enhanced photo
catalytic performance under solar irradiation [37]. The optical band gap 
(Eg) of CdSe was derived from Tauc's relation, αhν = A

(
hν − Eg

)n, where 
n = 1 /2 for a direct transition and n = 2 for an indirect transition [38,
39]. The variation of (αhν)2 with photon energy (hν), presented in the 
inset of Fig. 3B, yielded a band gap of approximately 2.00 eV. Compared 
to bulk CdSe (Eg ≈ 1.74 eV) [40], this represents a blue shift, which can 
be attributed to the quantum confinement effect in CdSe nanorods.

The photoluminescence (PL) spectrum of the controlled-CdSe is 
displayed in Fig. 3C. Under 610 nm excitation, the CdSe nanorods 
exhibit a distinct photoluminescence peak at 723 nm. The red-shifted 
emission relative to their optical bandgap (~2.0 eV) confirms a 
measurable Stokes shift. This shift arises from carrier relaxation into 
lower-energy states before radiative recombination, and is further 
influenced by defect-related trap states at the nanorod surface. The PL 
characteristics therefore indicate contributions from both intrinsic band- 
edge transitions and defect-assisted recombination pathways. However, 
this emission is drastically suppressed in the RGO-CdSe nano composite, 
indicating a strong interfacial interaction between CdSe and RGO. The 
quenching of PL intensity arises from efficient charge separation facili
tated by the RGO sheets, which serve as electron acceptors and suppress 
radiative recombination pathways. Similar PL suppression behavior due 
to interfacial electron transfer in RGO/semiconductor Schottky hetero
junction systems and semiconductor-based heterojunction systems has 
been widely reported in recent studies [41,42]. When exposed to visible 
light, electrons in CdSe transition from the valence band (VB) to the 
conduction band (CB), leaving photoinduced holes in the VB. The 
excited electrons are rapidly transferred to the RGO matrix due to its 
high conductivity and large surface area, thereby preventing recombi
nation with the photo-generated holes. Simultaneously, the holes 
remaining in the VB of CdSe actively participate in oxidation reactions, 
contributing synergistically to the photocatalytic process. In the context 
of wastewater treatment, this enhanced charge carrier separation 
significantly boosts the generation of reactive oxygen species (ROS), 
including hydroxyl radicals (OH⋅) and superoxide anions (O− ⋅

2 ), through 
both oxidative and reductive pathways. These ROS are highly effective 
in decomposing persistent organic pollutants like norfloxacin, a widely 
used fluoroquinolone antibiotic known for its environmental persistence 
and resistance to conventional treatment methods.

3.2. Visible-light-induced photocatalytic degradation of norfloxacin by 
RGO-CdSe composite

Initially, the self-degradation of norfloxacin under identical experi
mental conditions was investigated using optical absorption measure
ments. An aqueous solution of norfloxacin was exposed to light for 40 
min, and its absorption spectra were recorded before and after illumi
nation. As shown in Fig. S2A in the SI, no significant change was 
observed in the absorption spectra over the experimental time frame. 
This indicates that norfloxacin does not undergo noticeable self- 
photolysis under the applied illumination conditions. To assess the 
role of adsorption in the degradation process, experiments were con
ducted in the dark using RGO-CdSe composites containing different 
amounts of RGO. The adsorption spectrum of RGO-CdSe for different 
time is displayed in Fig. S2B, in SI. After this initial phase, no further 
significant changes were observed, indicating that adsorp
tion–desorption equilibrium was achieved within 30 min (Fig. S2B, in 
SI). The adsorption of all the RGO-CdSe composite with the varying RGO 
content was also studied. Within the first 30 min, norfloxacin removal 
ranged between 37% and 51%, depending on the RGO content in the 
composite (Fig. S2C in the SI).

Upon reaching equilibrium, light irradiation was applied to investi
gate the photocatalytic activity of both CdSe and the RGO-CdSe com
posite for the degradation of norfloxacin in aqueous solution at ambient 

condition. The progressive reduction of the characteristic absorption 
peak of norfloxacin with increasing illumination time, in the presence of 
controlled-CdSe and RGO-CdSe catalysts, is depicted in Fig. S3A and 
S3B, respectively, in the SI. A comparative analysis of the degradation 
curves of CdSe and the RGO-CdSe composite is provided in Fig. 4A. As 
shown in Fig. 4A, the controlled-CdSe exhibited relatively low photo
catalytic degradation efficiency, achieving only 30.9% after 40 min of 
light irradiation. In contrast, the RGO-CdSe nanocomposites demon
strated significantly enhanced degradation performance by 80.4% in 40 
min under identical experimental conditions, indicating that the incor
poration of RGO nanosheets effectively improves the photocatalytic 
activity of CdSe.

To elucidate the underlying mechanism of photocatalytic degrada
tion, a detailed kinetic investigation was performed. The photocatalytic 
reaction kinetics were interpreted using the widely accepted Langmuir - 
Hinshelwood (L-H) model, which is applicable under conditions where 
adsorption-desorption equilibria significantly influence reaction rates 
[43,44]. According to the Langmuir-Hinshelwood (L-H) kinetic model, 
the photocatalytic reaction rate (r) can be expressed as [45]: 

r= −
dC
dt

=
krKC

1 + KC 

where C is the pollutant concentration in solution (mg L− 1), kr is the 
intrinsic reaction rate constant (mg L− 1 min− 1), and K is the adsorption 
equilibrium constant (L mg− 1). This formulation assumes adsorption - 
desorption equilibrium on the catalyst surface and that the reaction 
occurs exclusively at adsorbed sites.

At low pollutant concentrations (KC≪1), the denominator simplifies 
to unity (1+ KC = 1), yielding: 

r= −
dC
dt

≈ krKC 

Defining the apparent pseudo-first-order rate constant as k = krK, 
the rate law simplifies to: 

r= −
dC
dt

= kC 

which integrates to the familiar pseudo-first-order expression [46–48]: 

ln(C0 /C)= kt 

where C0 and C are the initial and instantaneous pollutant concentra
tions, respectively, and t is the irradiation time. As shown in Fig. 4B, the 
linearity of the ln(C0 /C) versus t plot enabled the determination of k 
values through linear regression. The RGO-CdSe composite exhibited a 
rate constant of 0.057 min− 1, which is approximately 3.8 times greater 
than that observed for the controlled-CdSe (0.015 min− 1). The observed 
improvement in photocatalytic behavior is due to the inclusion of RGO, 
which not only facilitates efficient charge separation and transport by 
serving as a conductive electron acceptor but also increases the specific 
surface area of the composite, as confirmed by BET measurements. This 
increased surface area provides a greater number of accessible catalytic 
sites, enabling more effective interaction with norfloxacin molecules 
and thereby improving the overall photocatalytic performance.

The incident photon flux plays a pivotal role in governing the ki
netics of photocatalytic processes, as it dictates the rate of photo
generation of charge carriers. A key parameter to quantify the photon to 
product conversion efficiency is the quantum yield (QY), defined as the 
ratio between the number of reactant molecules converted and the 
number of photons theoretically absorbed over a given time. This 
parameter offers critical insight into the efficiency with which absorbed 
photons are utilized to drive the target chemical transformation. How
ever, precise determination of the QY requires knowledge of the action 
spectrum, that is, the wavelength resolved photocatalytic response 
within the spectral window relevant to the photocatalyst's absorption 
profile. Such spectral data are essential to establish the correlation 
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between excitation energy and catalytic performance.
In real-world systems, especially in turbid or colloidal dispersions, 

quantifying the exact number of photons absorbed by the photocatalyst 
is complicated by light scattering, reflection, and nonuniform absorp
tion. This limitation makes the accurate assessment of QY challenging 
under practical conditions. To address these complexities, the Apparent 
Quantum Yield (AQY) is widely used as an effective alternative. Unlike 
QY, AQY is calculated based on the number of incident photons without 
requiring the actual number of absorbed photons, thereby offering a 
reliable metric for evaluating photocatalytic performance under exper
imental illumination.

In this study, the AQY percentage was determined using the 
following relation [49,50]: 

Apparent Quantum Yield (AQY)= =
Number of degraded molecule

Number of incident photon
× 100 % 

The number of incident photons was estimated from the total energy 
irradiated onto the photocatalytic suspension, divided by the energy of a 
single photon corresponding to the optical band gap of the active ma
terial. Notably, in our system, photoexcitation occurs within the CdSe 
component of the RGO-CdSe composite, leading to the generation of 
excitons that subsequently dissociate into free electrons and holes. These 
charge carriers are the primary contributors to the photocatalytic 
degradation of norfloxacin. Therefore, the band gap of CdSe was used to 
calculate the energy per photon, assuming that light absorption and 
exciton generation occur predominantly in CdSe. Furthermore, the ex
periments were conducted under broadband white light illumination. 
Only the spectral fraction matching the absorption band of CdSe is 
effectively absorbed by CdSe. This assumption inherently un
derestimates the true QY, as a significant portion of the incident light is 
also absorbed by RGO, while part of it is additionally lost due to scat
tering. Hence, the actual QY under ideal absorption conditions is ex
pected to be significantly higher than the calculated AQY. After 40 min 
of visible light exposure, the RGO-CdSe nanocomposite demonstrated an 
AQY of 0.054%, which is approximately 2.35 times higher than that of 
controlled-CdSe (0.023%).

A tungsten halogen lamp powered the degradation of norfloxacin, 
with electrical energy as the key cost. The energy required to reduce 
pollutants was quantified, essential for the economic and sustainable 
viability of water treatment, particularly for large-scale or decentralized 
systems. To this end, a standard performance indicator known as Elec
trical Energy per Order (EE/O) was utilized. This parameter is defined as 
the amount of electrical energy (expressed in kilowatt-hours) required to 
decrease the concentration of a target pollutant by one logarithmic order 
(i.e., by 90 percent) in a unit volume of contaminated water, typically 
one cubic meter (1000 L). The EE/O value provides a practical measure 
of energy demand and process efficiency and is widely used in 

evaluating advanced oxidation processes. The mathematical expression 
for EE/O is given by Refs. [51–53]: 

EE
O

=
P × t × 1000
V × log(C0/C)

where P corresponds to the power of the lamp (kW), t indicates the 
irradiation time (h), V is the volume of the solution (L), and log(C0 /C) is 
the logarithmic reduction in pollutant concentration. The illumination 
dose 

(
in kWm− 3) was calculated using the following relation [51–53]: 

Illumination dose = P × t × 1000/V. The dependence of log(C0 /C) on the 
calculated illumination dose is graphically represented in Fig. S3D in SI, 
highlighting the degradation kinetics under different energy exposures. 
Using the above framework, the EE/O for the degradation of norfloxacin 
in the presence of controlled-CdSe photocatalyst was determined to be 
66.2 kWh m− 3 per order of magnitude reduction. In contrast, under 
identical photocatalytic conditions, including with initial norfloxacin 
concentration of 12.5 mg L− 1 and a catalyst loading of 0.45 g L− 1, the 
RGO-CdSe nanocomposite exhibited a significantly lower EE/O value of 
16.9 kWh m− 3 per order. This reduction in energy consumption, by 
nearly 3.92-fold, highlights the superior efficiency of the RGO-CdSe 
composite system. The low EE/O value of the RGO-CdSe composite 
marks a significant step toward energy-efficient, cost-effective water 
purification. Reduced energy demand boosts economic viability and 
supports sustainable photocatalysis. This highlights the potential of 
optimized RGO-CdSe for scalable wastewater treatment and pharma
ceutical residue removal.

A marked improvement in CdSe's photocatalytic performance was 
achieved through hybridization with RGO, forming RGO-CdSe nano
composites with varying GO contents (20-60 mg). Norfloxacin degra
dation studies (Figs. 5A and S4A) revealed a non-monotonic trend, with 
efficiency peaking at 40 mg RGO. Kinetic analysis (Fig. 5B) confirmed 
the highest rate constant (k) for the 40RGO-CdSe composite, indicating 
optimal charge separation and light utilization. At low RGO levels, poor 
electron transfer limits performance, while excess RGO (>40 mg) shields 
CdSe and reduces active sites. AQY measurements (Fig. 5C) followed the 
same trend, validating the optimal composition. Energy efficiency 
analysis (EE/O, Fig. 5D) showed the lowest value for 40RGO-CdSe, 
demonstrating superior energy utilization. Overall, 40RGO-CdSe 
exhibited the highest degradation rate, maximum AQY, and lowest 
EE/O, making it the most effective and energy-efficient photocatalyst for 
norfloxacin degradation.

Additionally, we have investigated the degradation of another 
commonly used antibiotic, tetracycline, using the same RGO–CdSe 
composite under identical experimental conditions. Interestingly, a 
similar variation in photocatalytic efficiency and rate constant was 
observed, further confirming the reproducibility and reliability of the 
RGO–CdSe system for efficient antibiotic degradation under visible 

Fig. 4. Photocatalytic performance under visible-light illumination: (A) degradation efficiency over time and (B) first-order kinetics [ln(C0/C) vs. time] for CdSe 
and RGO–CdSe.
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light. Norfloxacin primarily degrades via oxidative pathways in water 

Fig. 5. Effect of RGO loading on photocatalytic activity: (A) degradation efficiency, (B) reaction rate, (C) apparent quantum yield (AQY), and (D) energy con
sumption per order (EE/O).

Fig. 6. Influence of radical scavengers on RGO–CdSe photocatalysis: (A) degradation efficiency, (B) kinetic constant, (C) AQY, and (D) EE/O with and 
without scavengers.
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[54–57]. To elucidate the mechanism over RGO-CdSe, radical scav
enging experiments were performed to identify the roles of specific 
reactive species. To this end, ethylenediaminetetraacetic acid disodium 
salt (EDTA-Na2) was employed to quench photogenerated holes (h+), 
2-propanol (IPA) acted as a scavenger for hydroxyl radical (OH⋅), and 
nitrogen purging was carried out to suppress superoxide radical (O− ⋅

2 ) 
generation by removing dissolved O2 [58–61]. The temporal decline of 
normalized norfloxacin peaks in the presence of various scavengers is 
presented in Fig. S5A in SI. A comparative analysis of the degradation 
efficiencies is presented in Fig. 6A. The k values were extracted from the 
linear fitting of ln(C0 /C) vs. t plots, enabling a quantitative evaluation of 
degradation kinetics under each scavenger condition and are presented 
in Fig. 6B. The presence of EDTA–Na2 resulted in a significant sup
pression of photocatalytic activity, yielding only 19% degradation effi
ciency. This pronounced decrease highlights the predominant role of 
photogenerated holes in initiating the oxidative decomposition of nor
floxacin. Conversely, the introduction of IPA and nitrogen gas led to 
moderate reductions in degradation efficiency, registering values of 
47% and 60%, respectively. These results indicate that while OH⋅ and 
O− ⋅

2 radicals also contribute to degradation. The EE/O values were 
extracted from the linear fitting of ln(C0 /C) vs. illumination dose for 
different scavengers and are presented in Fig. S5B in SI. A comparative 
summary of the AQY and EE/O per order for each scavenger condition is 
provided in Fig. 6C and D, respectively.

The superior photocatalytic performance of the RGO–CdSe com
posite arises from a synergistic interplay between structural integration, 
optical enhancement, and electronic modulation. The intimate interfa
cial contact between CdSe nanorods and RGO sheets facilitates rapid 
electron extraction from the conduction band of CdSe to the conductive 
RGO network, thereby suppressing bulk and surface recombination, as 
evidenced by PL quenching. Simultaneously, the increased specific 
surface area enhances pollutant adsorption and interfacial reaction 
probability, while the high electrical conductivity of RGO promotes 
efficient charge transport. The optimized RGO loading (40 mg of GO) 
provides a balanced architecture, ensuring effective electron scavenging 
without excessive light shielding, leading to maximum AQY and mini
mum EE/O.

Based on these findings, a mechanistic pathway is proposed: under 
visible light illumination, CdSe nanorods generate excitons that subse
quently separate into free electrons in the CB and holes in the VB of 
CdSe. The photogenerated electrons are rapidly transferred to the RGO 
sheets, which act as conductive channels and suppress recombination. 
The retained holes on CdSe subsequently oxidize norfloxacin molecules 
directly. Meanwhile, the migrated electrons reduce surface-adsorbed O2 
to form O− ⋅

2 radicals, and secondary reactions involving water or hy
droxide ions produce OH⋅ radicals. These ROS further oxidize nor
floxacin through multiple routes, including defluorination, 
hydroxylation, and decarboxylation. The integration of RGO with CdSe 
not only suppresses charge carrier recombination but also prolongs the 
lifetimes of active species, thereby enhancing the generation of ROS and 
accelerating photocatalytic efficiency. Fig. 7 presents a schematic 

representation of the formation of reactive species and the proposed 
degradation mechanism of norfloxacin [62]. Although the proposed 
charge transfer mechanism is supported by experimental observations, 
further theoretical validation through density functional theory (DFT) 
calculations would provide deeper insight into band alignment and 
interfacial charge redistribution in the RGO-CdSe heterostructure.

Efficient recovery and reuse of photocatalysts with minimal loss of 
activity are crucial from both economic and environmental perspectives. 
Although separating solid catalysts from liquid media can sometimes be 
challenging, in this study, the RGO-CdSe composite was conveniently 
retrieved through simple centrifugation, followed by mild thermal 
treatment before reuse. Remarkably, the catalyst preserved about 90% 
of its degradation efficiency even after five successive photocatalytic 
cycles, as shown in Fig. S6A (Supporting Information). To evaluate 
whether repeated use affected the structural order and crystallinity of 
the RGO- CdSe photocatalyst, X-ray diffraction measurements were 
performed after the recycling tests. As presented in Fig. S6B, the 
diffraction features of the composite exhibited no discernible change 
after five cycles, confirming the excellent structural integrity and phase 
stability of the RGO-CdSe material during repeated photocatalytic op
erations. A comparative analysis with previously reported photo
catalysts for antibiotic degradation is presented in Table T1, in SI, 
demonstrating the competitive performance of the optimized RGO-CdSe 
composite.

4. Conclusion

In summary, this study demonstrates the successful development of a 
solution-processable RGO-CdSe nanorod composite via a facile one-pot 
solvothermal method and establishes it as an efficient visible-light- 
driven photocatalyst for norfloxacin degradation. The intimate interfa
cial coupling between CdSe nanorods and RGO sheets facilitates rapid 
charge transfer and suppresses electron–hole recombination, resulting 
in 80.4% degradation within 40 min, which is nearly threefold higher 
than controlled-CdSe, following pseudo-first-order kinetics with a rate 
constant of 0.057 min− 1. The optimized composite exhibits a 2.35-fold 
enhancement in apparent quantum yield (0.054%) and a 3.92-fold 
reduction in electrical energy per order (16.9 kWh m− 3), highlighting 
its improved photon utilization and energy efficiency. Radical scav
enging experiments identify photogenerated holes as the dominant 
oxidative species, supported by hydroxyl and superoxide radicals. The 
composite retains 90% of its activity after five cycles, and post-reaction 
XRD analysis confirms its structural and phase stability. Future in
vestigations will focus on evaluating the performance and long-term 
stability of the RGO-CdSe nanocomposite in diverse water environ
ments, including real wastewater matrices containing competing ions 
and natural organic matter, to further validate its practical applicability. 
Overall, this work establishes RGO-CdSe nanorods as a promising hybrid 
semiconductor nanocomposite platform for energy-efficient solar-driven 
remediation of antibiotic contaminants in water.

Fig. 7. Mechanistic illustration of norfloxacin photocatalytic degradation by RGO–CdSe, showing reactive species generation and the proposed degradation pathway.
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