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ARTICLE INFO ABSTRACT

Keywords: In this study, the facile two-step synthesis of CuO-modified graphitic carbon nitride (CuO@g-CsN.) hybrid
Methyl orange nanosheets with catalytic and sensing functions was carried out. Pristine g-CsNs, obtained by thermal poly-
Acetamiprid

merization of melamine, was surface-engineered with in-situ deposited CuO nanoparticles, resulting in a uniform
nanocomposite with abundant active sites and enhanced electron-transfer capability. Structural (XRD), optical
(UV-Vis), and morphological (SEM-EDS, TEM) characterizations confirmed the successful formation of a p-n
heterojunction, a narrowed bandgap (from 2.55 eV to 1.84 eV), and a uniform distribution of CuO nanoparticles
across the g-CsNa« layers. The hybrid material exhibited excellent catalytic activity for the NaBHs-assisted
degradation of methyl orange (MO) and acetamiprid (ACT), achieving rapid pollutant removal as described by
pseudo-first-order kinetics. Furthermore, CutO@g-CsN+ demonstrated a pronounced bathochromic surface plas-
mon resonance (SPR) shift upon Cd?* ion interaction, enabling its application as a plasmonic fluorescence sensor.
Detection parameters revealed limits of detection (LOD) and quantification (LOQ) of 107.6 pM and 358.7 pM,
respectively. While g-CsNs-based composites combining photocatalysis with sensing have been previously re-
ported, to the best of our knowledge this is the first demonstration on a CuO@g-CsN« platform that integrates
NaBH.-assisted catalytic reduction of an azo dye and a neonicotinoid pesticide in the dark with Cd?* detection
via an SPR-mediated fluorescence response, providing a cost-effective route for environmental remediation and

Graphitic carbon nitride
Heterogeneous catalyst
Plasmonic sensor

monitoring.

1. Introduction

Water is an indispensable resource for all forms of life, yet its quality
is increasingly threatened each year by pollutants such as pharmaceu-
ticals, textile dyes, and pesticides [1]. Dyes released from textile in-
dustries pose significant ecological hazards due to their carcinogenic,
mutagenic, and ecotoxic nature [2,3]. Methyl orange (MO), an azo dye,
has been reported to cause severe health effects, including pulmonary
tissue degeneration, cardiac palpitations, and vomiting [4]. Acetamiprid
(ACT), a neonicotinoid insecticide, is widely employed in agriculture
owing to its high insecticidal efficiency and selectivity [5]. However, its
high water solubility (4.25 g/L) [6] and soil mobility [7-9] lead to
persistent micro-pollution in aquatic environments. Human exposure to
ACT has been associated with neurodevelopmental disorders, congenital
heart defects, memory loss, and tremors [10-13], while its environ-
mental persistence also threatens aquatic organisms, soil microbiota,

and beneficial insects [14-16]. These concerns necessitate the devel-
opment of effective strategies for the removal of ACT and MO from
contaminated water bodies [17]. Various methods have been explored
for the removal and/or degradation of these pollutants, including
oxidation [18,19], photocatalysis [20,21], coagulation [22], liquid-
-liquid extraction [23], ozonation [24], adsorption [25-28], aerobic
degradation [29,30], and nanofiltration [31-34]. Among these, het-
erogeneous chemical catalysis has emerged as a promising alternative
due to its environmental friendliness, high efficiency, operational
simplicity, and ability to proceed under mild reaction conditions [35].
This approach enables the rapid degradation of toxic chemicals using
reducing agents such as sodium borohydride (NaBH.), and it is
economically favorable compared to photocatalysis, as it does not
require expensive light sources or large band gaps for photoactivation
[36].

Graphitic carbon nitride (g-CsNa4) is a metal-free, two-dimensional
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polymeric semiconductor composed of tri-s-triazine units linked through
amino bridges, with adjacent layers held together by van der Waals
forces [37,38]. Owing to its moderate band gap, high mechanical
strength, low cost, and exceptional chemical and thermal stability, g-
CsN4 has attracted attention in diverse applications, including sorption,
catalysis, nanofillers, sensing, and optoelectronics [37-39]. Its facile
synthesis from abundant nitrogen-rich precursors such as urea and
melamine, coupled with its non-toxicity, makes it an appealing candi-
date for heterogeneous catalysis [40]. g-CaNs-based catalysts have been
successfully applied in bacterial inactivation [41], COz reduction [42],
degradation of chemical pollutants [43], water splitting [44] and sensor
development [45]. One effective strategy to enhance the conductivity
and redox efficiency of g-CsNa is to couple it with narrow-band-gap
semiconductors [46-48]. Copper(ll) oxide (CuO) nanoparticles are
especially attractive due to their natural abundance, low cost, high
catalytic activity, narrow band gap, and suitability for large-scale ap-
plications [49]. When incorporated into g-CsNs, CuO can not only
improve charge separation and electron transport but also provide
additional active sites, thereby enhancing both catalytic and sensing
performances.

In this work, CuO@g-CsNs+ hybrid nanosheets were synthesized
through a facile two-step calcination method. In the first step, g-CsNa
was obtained via thermal condensation of melamine, followed by
immobilization of CuO nanoparticles in the second step. The resulting
materials were comprehensively characterized and systematically tested
for the NaBHas-assisted reduction of MO and ACT under varying catalyst
and reductant concentrations. Moreover, the potential of CuO@g-CsNa
as a plasmonic sensor for Cd%* detection in the 200-800 pM concen-
tration range was investigated. To the best of my knowledge, this study
is the first to report the dual functionality of CuO@g-CsNs for both the
reduction of an azo dye and a neonicotinoid pesticide, alongside its se-
lective plasmonic detection of Cd2* ions, thereby providing a cost-
effective and multifunctional platform for environmental remediation.
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2. Materials and methods
2.1. CuO@g-C3Ny4 hybrid nanocatalyst preparation

g-CsNa was synthesized via a thermal exfoliation method. Briefly, 5 g
of melamine powder (CsHeNs, 99 %, Sigma-Aldrich) was placed in a
covered alumina crucible and heated at 550 °C for 4 h at a ramp rate of
10 °C min~! [50]. The resulting yellow porous nanosheets of g-CsNa
were collected after cooling to room temperature.

The CuO@g-CsN4 hybrid was synthesized following the procedure of
Atacan and Ozacar with slight modifications [51]. In a typical process,
0.012 g of g-CsN4 was dispersed in 20 mL of deionized water (18.2
MQ-cm, Millipore Milli-Q Plus) via ultrasonication for 3 h. Separately,
0.60 g of copper(Il) nitrate trihydrate (Cu(NOs)2-3H20, 99 %, Merck)
was dissolved in deionized water, followed by the dropwise addition of
2 mL of 0.5 M NaOH (97 %, Merck) under stirring. The g-CaNa4 dispersion
was then added to this mixture and stirred magnetically for 30 min. The
mixture was transferred to a Teflon-lined stainless steel autoclave and
subjected to hydrothermal treatment at 180 °C for 16 h. The product was
washed three times with ethanol (99.2 %, Merck) and deionized water,
then dried at 70 °C for 15 h. A schematic illustration of the synthesis
procedure and the structure of the hybrid nanolayer is presented in
Scheme 1. To optimize catalytic performance, CuO@g-CsNs was pre-
pared at different mass ratios of CuO:g-CsNa (100:1, 50:1, and 10:1, w/
w). The composite with the highest catalytic activity (50:1 ratio) was
selected for all subsequent experiments. This optimization ensured a
balance between sufficient CuO loading for catalytic activity and the
preservation of g-CsN4’s intrinsic surface area and structural integrity.

2.2. CuO@g-C3Ny4 hybrid nanocatalyst characterization techniques

The morphology of the synthesized materials was examined using a
scanning electron microscope (SEM; Jeol JSM-IT300) coupled with an
energy-dispersive X-ray spectroscopy (EDS; Bruker XFlash 6130) for
elemental mapping and composition analysis. The crystalline structures
were investigated via X-ray diffraction (XRD; Bruker D8 Advance) using
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Scheme 1. Illustration of (a) the synthesis procedure and (b) schematic route for the preparation of CuO-decorated g-C3Ny4 hybrid catalyst
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Cu Ka radiation (A = 1.5406 A) at 40 kV, scanning from 10° to 80° (26)
with a step size of 0.02°. Optical properties were analyzed using
UV-visible spectroscopy (UV-vis; Shimadzu UV-3600) in the range of
200-800 nm with BaSOs as the reference. The optical band gap energies
were calculated using the Kubelka-Munk function. Fourier-transform
infrared (FT-IR) spectra were recorded using a Bruker FT-IR spectrom-
eter in the range of 400-4000 cm™! to identify functional groups and
confirm chemical bonding. The HRTEM depictions were caught
spending a JEOL JEM-2100 Transmission Electron Microscope (TEM).
This combination of structural, morphological, and optical analyses
allowed for a comprehensive understanding of the relationship between
the hybrid’s physicochemical properties and its catalytic/sensing
performance.

2.3. Evaluation of catalytic activity for MO and ACT degradation

The catalytic activity of CuO@g-CsNa was assessed by monitoring the
NaBHe.-assisted reduction of methyl orange (MO; C14H14N3NaOsS, Merck)
and acetamiprid (ACT; C10DsHsCINa, Sigma-Aldrich). Stock solutions
were prepared by dissolving the respective compounds in deionized
water. Degradation reactions were performed at room temperature. The
reaction mixture consisted of the pollutant solution, a known amount of
CuO@g-CsN4 catalyst, and NaBHa (98 %, Sigma-Aldrich) as the reducing
agent [52,53]. The progress of the reaction was monitored at charac-
teristic wavelengths (A = 464 nm for MO and A = 245 nm for ACT) using
a UV-Vis spectrophotometer. To optimize reaction parameters, experi-
ments were conducted with varying NaBHa volumes (0.25, 0.5, 1.0, 1.5
mL; 1 x 1072M) and catalyst doses (10, 15, 20, 25 mg), keeping all other
conditions constant. The kinetic data were fitted to a pseudo-first-order
model to determine rate constants.

2.4. Plasmonic sensing of Cd** ions

The plasmonic sensing performance of CuO@g-CsN+ was evaluated
against a range of metal ions (Al>*, Co?*, Fe?*, Na™, K*, NOs~, Pb?",
OH™, Cr’*, and Cd?"). For this purpose, chloride salts were employed
for cationic species, while potassium nitrate (KNOs) and potassium hy-
droxide (KOH) were used as sources of NOs~ and OH™ anions, respec-
tively. Equal volumes (1:1, v/v) of 1 mM metal ion solutions and
CuO@g-CsNa aqueous dispersion were mixed, and the UV-Vis spectra
were recorded after 20 min. Selectivity experiments revealed a distinct
surface plasmon resonance (SPR) red shift exclusively for Cd?*. The
effect of varying CuO@g-CsN+:Cd?" ratios was then investigated, fol-
lowed by detection tests in the concentration range of 200-800 yuM after
1 h incubation. The limit of detection (LOD) and limit of quantification
(LOQ) were calculated according to standard analytical protocols,
ensuring reliability and reproducibility of the sensing data.

3. Results and discussion
3.1. Characteristics of CuO@g-C3N4 hybrid nanocatalyst

The XRD patterns of the CuO@g-CsNa heterogeneous catalyst are
presented in Fig. S1(a). The diffraction peaks of the hybrid material
closely match those of standard g-CsNa, with additional peaks corre-
sponding to CuO, confirming the successful synthesis of the composite
[54]. Compared to pristine g-CsN4, the diffraction peaks of CutO@g-CsNa
are slightly shifted toward lower 26 values, which can be attributed to
the presence of CuO according to Bragg’s law [55,56]. Notably, the
reduced full width at half maximum (FWHM) of the crystal planes in-
dicates an increase in crystallite size within the hybrid structure.
Furthermore, the absence of any extraneous diffraction peaks beyond
those of g-CsN4 and CuO demonstrates the high phase purity of the
synthesized material. The successful integration of CuO onto the g-CsNa
framework was confirmed by XRD analysis, where the diffraction peaks
corresponding to monoclinic CuO appeared alongside the characteristic
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peaks of g-CaN4, indicating the formation of a crystalline heterostructure
without altering the basic heptazine framework.

The FT-IR spectra of g-CaN+ and CuO@g-CsN. are shown in Fig. S1(b).
For pristine g-CsNa, the broad band observed between 3500 and 3100
cm ! is attributed to N—H stretching vibrations [57,58]. The peaks in
the range of 1700-1250 cm ™! correspond to CN heterocycle vibrations
[59], while the distinct peak at 806 cmtis assigned to the characteristic
s-triazine ring vibration [57,60]. The peak at 1230 cm ! is associated
with epoxy group vibrations of graphitic carbon. The similarity of the
main IR features before and after CuO loading indicates that the g-CsNa4
framework remains intact following modification. The appearance of a
new absorption band at 585 cm™! confirms the presence of Cu—O
bonds, evidencing the successful incorporation of CuO nanoparticles
[61].

The UV-Vis profiles of g-CsN+ and CuO@g-CsNa are presented in
Fig. S2(a). Pristine g-CsNa exhibits an absorption edge at ~465 nm,
whereas CuO@g-CaN+ shows enhanced absorption intensity and a
bathochromic shift to ~495 nm, attributable to the CuO modification
[62]. Using the Kubelka-Munk function (Fig. S2(b)), the optical band
gap of g-CsNa4 was calculated to be 2.55 eV, higher than that of CuO@g-
CsNa (1.84 eV). The red-shifted absorption and narrowed band gap
suggest improved visible-light harvesting and potentially enhanced
photocatalytic performance for the hybrid material [63]. These changes
indicate that CuO modification facilitates potentially enhances electron
mobility within the hybrid structure, which can contribute to improved
catalytic performance.

The surface morphologies of g-CsNs and CuO@g-CsN+ were examined
via SEM (Fig. S3(a) and 3(b), respectively). Both materials exhibit two-
dimensional lamellar structures; however, the incorporation of CuO
results in a transition from larger curled layers (g-CsN4) to a mixture of
flakes and thin sheets, indicating increased surface area [64]. The CuO
modification also leads to smoother surface features and widened
lamellar spacing, which is consistent with the slight decrease in crys-
tallinity observed in the XRD results. EDS analysis (Fig. S3(c)) of
CuO@g-CsNa prepared at a CuO:g-CsNa mass ratio of 50:1 confirmed the
expected elemental weight percentages, while elemental mapping
(Fig. S3(d)) revealed a uniform distribution of Cu and O across the g-
CsNa surface [65]. In the HRTEM images of CuO@g-CsNs shown in
Fig. S4(a), the CuO nanoparticles (NPs) are observed to form spherical-
shaped clusters. The corresponding SAED pattern (Fig. S4(b)) further
confirms the highly crystalline nature of the CuO NPs, as evidenced by
the well-defined diffraction rings arising from the scattering of fine
particles. In addition, the SAED pattern reveals the presence of a distinct
g-CsNa layer, indicating that the carbon nitride support is well preserved.
The TEM images also demonstrate that the CuO NPs are finely dispersed
within the nanosheet-like g-CsN4 framework, forming a cloud-like dis-
tribution that highlights the successful integration of CuO into the g-
CsN4 matrix (Fig. S4(a)). Such intimate contact between CuO and g-CsNa
is expected to facilitate efficient interfacial interactions, which are
beneficial for charge separation in photocatalytic processes.

Combined FT-IR, UV-Vis DRS, SEM-EDS and TEM results verify the
successful synthesis of the CuO@g-CsNa4 hybrid catalyst, demonstrating
that CuO nanoparticles were uniformly dispersed on the g-CsNa sheets
without introducing detectable impurities.

3.2. Degradation of MO and ACT

The catalytic performance of CuO@g-CsNs was evaluated through
the reduction of methyl orange (MO) and acetamiprid (ACT), repre-
senting typical organic pollutants, in the presence of NaBHa. Fig. 1(a)
illustrates the degradation efficiencies and corresponding reaction times
under three different experimental conditions: (i) NaBH4 alone, (ii)
CuO@g-CsNs alone, and (iii) a combination of CuO@g-CaNs with NaBHa.
During the degradation process, a gradual decolorization of the reaction
mixture was observed, indicating effective reduction of both dye and
pesticide molecules.When NaBHa (1 x 1072 M, 1.0 mL) was employed



M. Sahin

a
1004 ; *
> v 7
c g T T T
1 4 /

O g0- | i
% ’, _ A= - =-=0
c 60 ’ 8
2 ¥ - #— NaBHy + CuO@g-C3N4
3 w04 | //:/’ ~)— CuO@g-C:N,
g o —~o— NaBH,
& 0,
a) y

' At
X /’_/0;__5_--6——0--0---0

0¥ - -
- = ACT
T T T T T T
0 0 20 3 4 50 60
Time (min)

Microchemical Journal 218 (2025) 115600

b MO
ACT

> 100 4

0

|

Q

O 80

£

i}

C

O 601

©

e

O 44

@)

0

0

X 20-

025 05 10 15 10 15 20 25
NaBH, amount (ml)  CuO@g-C,N, amount (mg)

Fig. 1. (a) MO and ACT degradation removal in the presence of only NaBH4, only CuO@g-C3N,4 and both, and (b) effect graphs of the amount of NaBH4 and CuO@g-

C3Ny4 on catalysis efficiency.

without the hybrid catalyst, only ~10 % reduction was achieved even
after more than 1 h, highlighting the limited reducing capability of
NaBHa4 alone. In contrast, the CuO@g-CsNa catalyst (20 mg) without
NaBH. accomplished over 50 % reduction of the pollutants within 20
min, demonstrating its significant adsorption capability. The highest
catalytic efficiency was observed when both NaBHs and CuO@g-CsNa
were present. At an initial pollutant concentration of 20 mg/L, complete
degradation of MO and ACT was achieved within 8 and 22 min,
respectively. These findings confirm the superior performance of
CuO@g-CsNas as a heterogeneous catalyst, exceeding the efficiencies
reported for similar catalytic systems (Table 1).

The influence of catalyst dosage and NaBH. concentration on the
degradation process was further investigated, as described in Section
2.3, and the results are summarized in Fig. 1(b). An increase in the
amount of CuO@g-CsNa led to higher degradation efficiencies for both
MO and ACT. This enhancement can be attributed to the greater avail-
ability of active sites for electron transfer and adsorption, facilitating
more efficient pollutant decomposition [25,53]. Similarly, raising the
NaBH. concentration improved the degradation rates, up to a threshold
beyond which no further enhancement was observed—specifically, 0.5
mL for MO and 1.0 mL for ACT. Beyond these concentrations, the excess
NaBH. did not contribute to increased degradation due to the fixed
catalyst amount. The observed behavior can be explained by the
mechanism in which reactive hydrogens and electrons supplied by
NaBHa. are transferred to the pollutant molecules via the catalytic action
of CuO@g-CsNa, accelerating their reduction [25,53]. Based on these
observations, the optimum conditions for the catalytic reduction were
established as 20 mg of CuO@g-CsNs with 0.5 mL and 1.0 mL of NaBHa
for MO and ACT, respectively. Under these optimized parameters, the
hybrid catalyst demonstrated rapid, efficient, and reproducible removal
of the target pollutants, confirming its potential for practical

Table 1

Calculated k and %removal of catalytic degradation of pollutants by catalyst.
Pollutants Catalysist k (min™1) % Removal Reference
MO CuO@g-C3Ny 0.15 £+ 0.001 100 This work
ACT 0.085 + 0.002 100
MO 0.7836 99.7
4-NP CuO/g-CaNa 2.0482 99.5 1491
RhB 0.0783 78.61
MB & CaNa/Zr0; 0.0921 81.35 (el
Cr(VD) g-C3Ny4/Ni3S, 0.0255 78 [67]
4-NP g-C3N4/CeOy 1.8121 86.5 [68]

applications in wastewater treatment.

The kinetics of MO and ACT removal over the CuO@g-CsN« hybrid
catalyst were analyzed using a pseudo-first-order kinetic model, based
on the experimental concentration-time data. The plot of In(C/Co)
versus time is presented in Fig. 2, from which the rate constants (k) were
determined through linear regression and are summarized in Table 1.
The higher rate constant observed for MO degradation indicates that the
CuO@g-CsNa catalyst facilitates more efficient reduction of the dye
compared to ACT, reflecting its enhanced catalytic activity toward MO
under the studied conditions. The A_max absorption band of MO at 464
nm is attributed to the extended n-conjugated system across the azo
linkage, further stabilized by the electron-donating effect of the dime-
thylamino substituent. A secondary absorption band around 280 nm
corresponds to T — n* electronic transitions within the aromatic system.
In contrast, the reduction of MO produces sodium p-amino-
benzenesulfonate, which exhibits a distinct absorption peak at 246 nm,
the intensity of which progressively increases during the reaction, con-
firming the gradual formation and accumulation of the reduction
product (Fig. 2).

A proposed catalytic reduction mechanism is illustrated in Scheme 2.
The copper active sites in CuO@g-CsNa facilitate the transfer of hydride
species generated from NaBH. to the pollutant molecules, thereby
accelerating hydrogen evolution and electron transfer. In the case of
MO, the azo bond (-N=N-) undergoes symmetrical cleavage, yielding
sodium p-aminobenzenesulfonate and N,N-dimethyl-p-phenylenedi-
amine as primary products. Similarly, the reduction of ACT is proposed
to produce 2-chloro-5-hydroxymethylpyridine and N-cyanomethyl-
amine. The proposed mechanism highlights the dual role of CuO@g-
CsN4 as both an adsorbent and a catalytic mediator, promoting efficient
electron transfer and facilitating rapid degradation of both dye and
pesticide molecules.

3.3. Detection of Cd (II) ions

Transition metal oxides such as CuO and graphene derivatives like g-
CsNa have attracted significant attention in biosensor applications due to
their unique electronic, optical, and surface properties [69]. In the
present study, the CuO@g-CsNa hybrid material was investigated for its
potential as a plasmonic sensor for Cd?* detection. Monitoring Cd?" is
critical because this ion, widely employed in batteries, electronics,
pigments, plastics, and coatings, poses severe health risks including
respiratory diseases, osteoporosis, kidney damage, and cancer [70,71].
Ten different cation and anion species were tested to assess the
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selectivity of the sensor, as described in Section 2.4. Remarkably, only
the addition of Cd%>" induced a red shift in the surface plasmon reso-
nance (SPR) band of CuO@g-CsNa (Fig. 3(a)), demonstrating high
selectivity. SPR-based sensors offer advantages such as rapid response
and simultaneous detection, while the distinct SPR features of CuO and
g-CsNa enable their synergistic application in plasmonic sensing. The
adsorption of Cd?* ions onto the hybrid surface alters the local refractive

index, thereby modifying the SPR angle [72,73]. Free electron pairs
associated with nitrogen atoms in the g-CsN4 framework are believed to
facilitate Cd%* binding, while the CuO nanoparticles provide additional
active sites for electron transfer and adsorption [72]. To quantitatively
evaluate the sensing performance, Cd>" concentrations ranging from
200 pM to 800 pM were examined. A consistent red shift of 20-25 nm in
the SPR band was observed with increasing ion concentration (Fig. 3
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(b)). The corresponding calibration curve (Fig. 3(c)) exhibited a linear
response between 200 and 800 pM, with a correlation coefficient of
0.997 [74]. Using a blank solution, the limit of detection (LOD) and limit
of quantification (LOQ) were determined to be 107.6 + 5.1 pM and
358.7 + 7.3 puM, respectively [75]. Due to the dual adsorption capability
of both CuO and g-CzN4, a bathochromic shift plateaued above 400 pM,
and thus LOD and LOQ values were calculated based on the linear range
of 200-400 pM. The strong correlation between structural character-
ization and sensing performance can be attributed to the uniform
dispersion of CuO nanoparticles on the g-CsNa sheets, as confirmed by
SEM-EDS, and XRD analyses (Section 3.1). The lamellar morphology of
g-CsNa4 ensures a high surface area for ion adsorption, while CuO sites
enhance electron transfer, collectively resulting in effective plasmonic
sensing. Consequently, the CuO@g-CaN4 hybrid demonstrates not only
excellent catalytic reduction capabilities but also sensitive and selective
detection of Cd%" ions, highlighting its dual functionality in environ-
mental remediation applications.

4. Conclusions

A novel CuO@g-CsN. hybrid nanosheet was successfully synthesized
via a simple two-step process, combining the catalytic properties of g-
CsNa with the electronic and surface features of CuO nanoparticles. The
resulting nanocomposite exhibited high catalytic efficiency in the
NaBHa-assisted reduction of MO and ACT, achieving rapid removal rates
governed by pseudo-first-order kinetics under dark conditions. In addi-
tion, the material functioned as a selective plasmonic fluorescence
sensor for Cd>* ions, showing a clear bathochromic SPR shift and
acceptable detection limits. Distinct from previous dual-functional g-
CaN4 composites that typically couple photocatalysis with sensing, our
system uniquely integrates NaBH.-driven catalytic reduction and Cd**
detection on a single CuO@g-CsN4 platform. These findings underscore
the synergistic benefits of CuO modification in enhancing both reduction
and sensing performance, and highlight the promise of this material for
practical applications in pollutant remediation and heavy-metal
monitoring.
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