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para-Nitrophenol (p-NP) contamination poses significant risks to both environmental and human health,
highlighting the urgent need for sensitive and selective methods for its detection. In this study, a graphitic
carbon nitride sheet (g-CNS) synthesized via a one-step hydrothermal method is proposed as a bi-func-
tional probe for p-NP sensing. The fluorescence activity of the g-CNS was first optimized, and its quench-
ing on the addition of p-NP was used for the fluorometric detection of p-NP. A broad linear response to
p-NP concentrations ranging from 1 to 100 uM was observed, with a detection limit of 36.76 nM. The
sensor exhibited excellent performance in the presence of potential interferences and was successfully
applied to real sample analysis. To enhance on-site detection applicability, a g-CNS modified voltammetric
sensor was developed. The g-CNS was electrodeposited on a glassy carbon electrode (GCE) using cyclic
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voltammetry and characterized using a range of techniques to confirm the successful modification. When
applied to p-NP detection, the modified GCE demonstrated high sensitivity, with a limit of detection (LOD)
of 218 nM. Furthermore, the stability, reusability, and reproducibility of the modified electrode were
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1. Introduction

para-Nitrophenol (p-NP), an important aromatic nitro chemical,
is a vital raw material and additive in a variety of sectors, includ-
ing explosives, insecticides, dyes, medicines, and plastics."
Furthermore, it is a hydrolysis product of several organopho-
sphorus pesticides. Water contamination has been exacerbated
by the discharge of wastewater from industrial, agricultural, and
municipal sources.® p-NP is a persistent pollutant that has been
detected not only in industrial effluents but also in freshwater
and marine environments.® Owing to its stability in the natural
environment, p-NP can migrate over long distances and accumu-
late in organisms, leading to significant ecological harm and
potential long-term impacts on aquatic and terrestrial lives. The
US Environmental Protection Agency (EPA) has classified p-NP
and its derivatives as possible environmental pollutants because
of their high toxicity, limited biodegradability, and prolonged
chemical stability.”® The EPA has set a maximum permissible
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thoroughly evaluated, confirming its reliability for long-term use in electrochemical sensing applications.

value of 60 mg L™ (0.43 uM) for p-NP in drinking water owing to
their environmental persistence and possible health hazards.
Throughout the food chain, an increase in p-NP levels in the
environment presents major health hazards, resulting in diseases
including hypoxia, brain and lung edema, dehydration, and
extensive vascular damage.® Therefore, it is essential to accurately
identify p-NP in water samples to guarantee the safety of the
environment and human health. For its precise identification
and quantification, a number of analytical methods have been
investigated, such as gas chromatography-mass spectrometry,”®
capillary electrophoresis,”® high-performance liquid chromato-
graphy,"”" liquid chromatography-mass spectrometry,'”> and
micelle electrokinetic capillary chromatography.'® Although these
analytical techniques are quite effective in detecting p-NP, they
mostly require highly expensive and sophisticated instruments
operated specifically by trained personnel. The actual detection
procedure takes a long time and necessitates cumbersome
sample preparations. Their use is further restricted by high oper-
ating costs and requirement for frequent maintenance, especially
for large-scale environmental evaluations and real-time monitor-
ing. As a result, there is an increasing need for p-NP detection
alternatives that are more effective, affordable, and easy to use.
Compared to conventional analytical techniques, fluo-
rescence and electrochemical methods offer significant advan-
tages, including rapid response, ease of operation, and poss-

This journal is © The Royal Society of Chemistry 2025
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ible miniaturization.>**™"” Several studies have reported the
successful application of these two approaches for the detec-
tion of p-NP. Fluorescence-based detection relies on materials
exhibiting strong and stable fluorescence properties, enabling
sensitive and selective analyte recognition. In contrast, electro-
chemical detection depends on the presence of an effective
surface modifier/recognition element that enhances the
electrocatalytic activity, thereby improving the sensitivity and
accuracy of p-NP quantification. Several research groups have
reported that metal nanoparticles are effective fluorescent
probes and/or recognition elements which show considerable
interaction with p-NP.'®2° Despite their efficiency, metal-
based nanoparticles are typically costly and harmful.
Furthermore, the disposal and management of waste resulting
from these materials provide substantial environmental con-
cerns. These challenges have encouraged research into metal-
free, carbon-based nanomaterials, which provide a viable
alternative due to their cheaper cost, lower toxicity, and more
controlled environmental effects.

Metal-free quantum dots have become a focus point in
sensing research during the last decade due to their non-toxic
and ecologically friendly features, which differ significantly
from those of standard semiconductor metal quantum
dots.>*> Notably, graphitic carbon nitride dots have sparked
widespread attention due to their bright fluorescence, remark-
able stability, excellent water solubility, intrinsic biocompat-
ibility, and non-toxicity.”>> However, the electrocatalytic
activity of quantum dots (QDs) is typically very low, and they
generally exhibit insulating behaviour when employed as
electrochemical surface modifiers. To overcome this limitation
and enable dual-mode detection of p-NP via fluorescence and
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electrochemical methods, we have hydrothermally synthesized
a liquid solution of graphitic carbon nitride sheet (g-CNS). In
fluorescence detection we directly used the g-CNS; however,
for electrochemical detection, we electrodeposited the syn-
thesized g-CNS to form a conductive polymerized film on the
electrode surface. This as-synthesized g-CNS showcased bi-
functional roles as a fluorescent probe and as an electrode
modifier for p-NP detection. To the best of our knowledge, this
manuscript represents the first report of dual-mode p-NP
detection utilizing a single g-CNS nanomaterial.

2. Chemicals and experimental
procedures

Refer to the ESI.}

3. Results and discussion

3.1 Material characterization: examining the g-CNS
formation

The XRD pattern of synthesized g-CNS depicted two prominent
peaks: one at 20 ~ 10° and a second broad peak near 26 ~
23.7° corresponding to the (100) and (002) planes, respectively,
as shown in Fig. 1(a). The appearance of a broad (002) plane at
an angle lower than 26 = 27° clearly hinted that g-CNS has
both sp®> and sp® characters.”® The increased broadness,
decreased intensity and shift to lower 26 values compared to
bulk 2D g-CN manifest the formation of thin g-CN sheets.”” IR
spectrum was investigated to obtain detailed insights into the
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(@) XRD; (b) FT-IR; and XPS spectra for (c) C 1s and (d) N 1s; (e) HR-SEM and (f) HR-TEM images of the g-CNS synthesized at 160 °C with
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functional group of the synthesized material. Fig. 1(b)
shows various bands of g-CNS, starting with the characteristic
N-H stretching vibrations near 3430 cm™* and the N-H defor-
mation band near 1630 cm™'. The presence of C-H sp” and
C-H sp® stretching bands is also detected above and below
3000 cm ™", The band near 2070 cm™" is due to C=N character-
istic stretching vibration. Several stretching bands appear
due to C-O, C-N, and C-C. The characteristic out-of-plane
bending mode®® of the g-CNS triazine ring also appears at a
higher wavenumber near 830 em™". The shift to high wave-
numbers or lower wavelengths further indicates weak inter-
action between the layers, resulting in the formation of thin
individual g-CN nanosheets. The detailed characterization of
XRD and IR confirms the successful synthesis of g-CNS. Next,
the surface functionalities and chemical state of synthesized
2-CNS was investigated using X-ray photoelectron spectroscopy
(XPS).

Fig. S11 shows the full survey spectra of g-CNS, showing
three peaks originating near 284 eV, 399 eV, and 532 eV due
to the presence of C 1s, N 1s, and O 1s, respectively. The
deconvoluted C 1s spectra shown in Fig. 1(c) depicted three
prominent peaks at 284.6 eV, 286.5 eV, and 288.6 eV binding
energy.>®*° The peak at 284.6 eV is attributed to the surface
adventitious carbon resulting from C-C coordination. The
weak peak observed at 286.5 eV is plausibly attributable to
nitrogen-related defects that are present in the g-CNS system
and are associated with the N-C(H)=N bonding within the
system. The peak at 288.6 eV is attributed to sp> C atoms in
the aromatic ring connected to the primary and secondary
amines (carbon atoms coupled with three N neighbours,
N=C-(N)-NH, N=C-(N)-NH,). Similarly, the N 1s spectra of
the material showed three signals from distinct nitrogen
environments in the triazine structural unit,*°>? with
binding energies of 399.5 eV, 400.5 eV, and 401.5 eV, as
shown in Fig. 1(d). The peak at 399.5 eV represents nitrogen
atoms bound to three sp” carbon atoms in the C-N network
[N—(C);]. The peak at 400.5 eV is attributed to N-H groups
located at the open ends of the g-CN network. Quaternary
nitrogen, which are oxidized nitrogen species, are detected in
the N 1s spectra at a binding energy of 401.5 eV. The decon-
voluted O 1s spectra in Fig. S21 show two peaks at binding
energies of 531.6 eV and 532.8 eV. The peak at 531.6 eV is
due to N-C-O functionality, while the peak at 532.8 eV is a
characteristic peak of absorbed moisture (H,0).>> The mor-
phological properties of g-CNS were also investigated using
HR-SEM and HR-TEM. The HR-SEM image of g-CNS drop-
cast onto a glass slide shows the existence of nanoscale plate-
like structures, as shown in Fig. 1(e). To get a clearer picture
of the thin sheet-like g-CN, HR-TEM was used, and the image
is shown in Fig. 1(f). The HR-TEM image showcased the thin
edges of the sheets, further validating the material’s sheet-
like structure. Dynamic light scattering (DLS) was used to
determine the particle size of the as-synthesized material.
Fig. S31 shows the distribution of particle size. DLS spectrum
demonstrated two peaks centered at 51 and 220 nm. The area
under the curve illustrated that ~93% of the particles were
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included in the peak residing at 220 nm, indicating particle
distribution in the 100-350 nm range.

3.2 Investigating the fluorescence detection of para-
nitrophenol by g-CNS

3.2.1 Optical behaviour of g-CNS and its fluorescent
activity optimization. The optical characteristics of g-CNS were
analyzed using UV-Vis and photoluminescence (PL) spec-
troscopy. The UV-Vis spectrum (Fig. 2a) exhibited two distinct
absorption peaks at 234 nm and 342 nm, indicating the pres-
ence of C=N or conjugated C=N hybridized groups. These
absorption features correspond to the n — =n* electronic tran-
sitions typically observed in s-triazine rings of graphitic
carbon, as well as the n — n* transitions associated with C=N
bonds in the graphitic carbon nitride structure.*® The carbon
nitride sheet also demonstrated strong photoluminescence,
exhibiting intense emissions across a broad range of excitation
wavelengths. The fluorescence emission properties of g-CNS
synthesized under various hydrothermal conditions (different
temperatures and reaction times) were systematically investi-
gated using an excitation wavelength of 330 nm and a laser slit
width of 1 nm. As illustrated in Fig. S4(a),f an increase in
hydrothermal temperature enhances the fluorescence intensity
of the g-CNS. However, when the hydrothermal duration is
extended, the fluorescence initially increases but subsequently
declines beyond a certain threshold. Notably, three specific
samples synthesized at 160 °C for 180 minutes, 160 °C for
360 minutes, and 180 °C for 180 minutes exhibited compar-
able fluorescence intensities. Based on these observations, the
g-CNS synthesized at 160 °C for 180 minutes was selected for
further optimization, as it was obtained under a relatively
milder temperature and shorter reaction time. Subsequently,
the optimization of different slit widths was investigated, as
shown in Fig. S4(b).t The results clearly indicate that a laser
with a slit width of 2 nm yields the highest fluorescence inten-
sity, suggesting that it is the optimal condition for further
studies. Furthermore, the excitation wavelength was systemati-
cally optimized for hydrothermally synthesized g-CNS (160 °C,
180 minutes) while maintaining a slit width of 2 nm. The exci-
tation wavelength was varied between 300 and 360 nm, and
the corresponding fluorescence emission intensities were ana-
lyzed. As depicted in Fig. S4(c), the fluorescence intensity
increases with excitation wavelength, reaching a maximum at
330 nm, beyond which a gradual decline is observed. Notably,
the emission wavelength remains unchanged at higher exci-
tation wavelengths, indicating an excitation-independent fluo-
rescence behaviour. Typically, excitation-dependent fluo-
rescence arises from nanoparticle size variations, distinct
emissive traps, or surface defects associated with oxygen-rich
functional groups. The findings suggest that excitation at
330 nm yields the most optimized emission with a 2 nm slit
width and confirms the uniform size distribution of the syn-
thesized g-CNS, with minimal structural defects. Moreover,
these g-CNS exhibit a light brown appearance under visible
light and appear bright blue upon exposure to UV light, as
illustrated in Fig. S5.1 The enhanced photoluminescence (PL)

This journal is © The Royal Society of Chemistry 2025
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(a) UV-Vis spectrum of the synthesized g-CNS; (b) p-NP detection in a linear range of 1-1000 uM concentration; (c) linear regression plot

between fluorescence intensity vs. the concentration of p-NP (1-100 pM); (d) interference study of different analytes with g-CNS (A®*, Co?*, Cr®*,
Cu?*, Fe**, Hg?*, Na*, K*, Mn?*, Ni?*, Pb?*, Zn?*, F~, CL", I, OH~, SO,%~, HSO,~, CO3%~, CH;COO~, CN~, 2-aminophenol, 4-aminophenol, 2,4-
dichlorophenol (DCP), 2,4-dinitrophenol, 2-nitrophenol, phenol, 2,4,6-trichlorophenol, and p-NP); (e) Stern—Volmer plot for the fluorescence
quenching of g-CNS in the presence of p-NP; and (f) time-resolved fluorescence decay profile of g-CNS alone and g-CNS with p-NP.

intensity is primarily attributed to electron-withdrawing nitro-
gen- and oxygen-rich edge functional groups originating from
precursor materials. The fluorescence intensity of the as-syn-
thesized material is known to be affected by the pH of the
solution. Therefore, the effect of pH on the fluorescence inten-
sity of g-CNS in the presence and absence of 1 mM p-NP solu-
tion was investigated in the pH range of 2 to 10. As shown in
Fig. S6,T the fluorescence intensity of g-CNS increases with the
rise in pH up to pH 8; after that, a sharp decline in intensity
was observed. The fluorescence intensity of g-CNS was fully
quenched by adding 1 mM p-NP solution at all pH values.
p-NP is generally found in water and the optimal pH of water

This journal is © The Royal Society of Chemistry 2025

bodies is near 7. Consequently, subsequent fluorometric
investigations were carried out at pH 7.

3.2.2 Utilizing the g-CNS fluorescent activity for the detec-
tion of para-nitrophenol. To evaluate the practical applicability
of the developed fluorescence sensor for the detection of p-NP,
its response to varying concentrations of p-NP was systemati-
cally investigated under optimized conditions. As illustrated in
Fig. 2(b), an increase in the p-NP concentration results in a
progressive decrease in fluorescence intensity over the concen-
tration range of 1 to 1000 pM. A significant red shift in the
emission spectrum accompanies this fluorescence quenching
phenomenon. The observed spectral shift on the increment of

Nanoscale, 2025, 17,13238-13250 | 13241
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p-NP concentrations is likely attributed to the enhanced inter-
action between g-CNS and p-NP via n-7 stacking interactions
between the aromatic rings of g-CNS and hydrogen bonding,
indicative of a static quenching mechanism.

The fluorescence intensity was plotted against the p-NP
concentration, as shown in Fig. 2(c). A linear correlation was
observed within the concentration range of 1.0 to 100 pM, with
an excellent coefficient of determination R* = 0.9923. The limit
of detection (LOD) was determined to be 36.76 nM. The pro-
posed fluorescence sensing approach demonstrates superior
or comparable analytical performance for p-NP detection rela-
tive to previously reported methods (Table S17).

Most of the previously reported material given in the
Table is synthesized by a multistep process, either by compo-
siting with two materials or by doping one element to another.
Furthermore, the reported material mostly relied on expensive
metals (Au, Ag) and hazardous heavy metals like Cd. In con-
trast, our work reports a fairly simple, metal-free g-CNS syn-
thesized via a single-step hydrothermal process as the fluo-
rescent probe. The proposed method using a g-CNS fluo-
rescent probe demonstrated superior sensitivity, as reflected
by the lowest LOD and wide linear dynamic range.

3.2.3 Selectivity assessment of the g-CNS based fluo-
rescence sensor. To evaluate the selectivity of the developed
g-CNS based fluorescence sensor for p-NP, the potential inter-
ference from various environmentally relevant anions, metal
ions, and small organic molecules was systematically investi-
gated. The tested metal ions included AI**, Co*", Cr**, Cu®",
Fe*’, Hg®", Na*, K", Mn**, Ni**, Pb**, and Zn*'. Additionally,
anions such as F~, CI-, I", OH , SO,*>”, HSO,”, COs*",
CH;COO™ and CN™~ as well as small organic phenolic mole-
cules including 2-aminophenol, 4-aminophenol, 2,4-dichloro-
phenol (DCP), 2,4-dinitrophenol, 2-nitrophenol, phenol, and
2,4,6-trichlorophenol were assessed for their potential inter-
ference in p-NP detection.

The fluorescence intensity at 330 nm excitation was
recorded in the absence and presence of potential interferents.
Fig. 2(d) and Fig. S71 demonstrate that only p-NP effectively
quenches the fluorescence of g-CNS among the other interfer-
ents, leading to approximately 50% decrease in fluorescence
intensity with 100 pM p-NP. In addition to metal cations and
anions, the other phenol molecules and nitrophenol isomers
exhibited negligible fluorescence quenching effects, confirm-
ing the sensor’s ability to distinguish p-NP from its structural
analogues. Moreover, none of the tested anions, metal ions, or
phenolic molecules significantly affected the fluorescence
response of the g-CNS, further demonstrating the high speci-
ficity of the developed sensor.

Additionally, competitive selectivity studies were conducted
by analyzing the fluorescence response of g-CNS in the pres-
ence of 100 pM p-NP along with the same concentrations of all
the above-mentioned potential interferents (Fig. S8t). The
results indicate that the presence of these interferents did not
affect the fluorescence quenching behaviour of p-NP, reaffirm-
ing the exceptional selectivity of this sensing platform for p-NP
detection. It is worth mentioning that the synthesized material

13242 | Nanoscale, 2025, 17,13238-13250
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shows interference-free results in the presence of 2-amino-
phenol and 4-aminophenol, which is very similar to p-NP. This
is mainly because synthesized g-CNS already has -NH, groups
in its open-end structure, which plays a key role in the inter-
action between p-NP (-NO, group) and synthesized material
(-NH, group) through hydrogen bonding. However, hydrogen
bonding is not possible with molecules such as 2-amino-
phenol and 4-aminophenol. These findings highlight the
robustness and specificity of the g-CNS based fluorescence
sensor, making it a promising candidate for reliable p-NP
detection in complex environmental matrices.

3.2.4 Understanding the underlying mechanism of p-NP
detection. The Stern-Volmer constant (K,)'**> was calculated
from a plot of Iy/I vs. quencher concentration [p-NP] (Fig. 2(e)).
The resulting plot possesses good linearity in the range of 0 to
90 uM (R* = 0.9975). An excellent K, value of 1.41 x 10* M™*
suggests high sensitivity and better interaction between p-NP
and g-CNS. At higher concentrations of p-NP, the upward cur-
vature remarkably turned into straight growth, indicating that
a stable non-fluorescent complex is formed between the
quencher and fluorophore, often referred to as static
quenching.?®

To further investigate the type of quenching, the time-
resolved photoluminescence (TRPL) and quantum yield (®)
measurements’’ were performed with g-CNS (10 pL mL™")
alone and with p-NP (100 uM) (Table S21). Fig. 2(f) shows the
fluorescence decay curves of the g-CNS before and after the
addition of p-NP. The bi-exponential fitted fluorescence decay
profiles of the g-CNS is almost unchanged with or without
p-NP. The fluorescence decay of g-CNS alone and with p-NP is
almost unaltered, with decay constant values of 0.049 ns and
0.048 ns, respectively. However, quantum yield (&) values were
found to decrease (@ = 1.69 x 10> and 0.40 x 10~ for g-CNS
and g-CNS with p-NP, respectively), confirming substantial
quenching upon the addition of p-NP. The decrease in the
radiative (K;) decay rate constant (34.42 x 10° s7') and slight
increase in the non-radiative (K,,) rate constant (2.03 x 10"°
s7") for g-CNS, in contrast to g-CNS with p-NP (K, = 8.35 x 10°
s~! and K, = 2.08 x 10'° s7!), indicates deactivation via non-
radiative decay paths.*®

The fitting of the Stern-Volmer equation, decreased
quantum yield value, constant lifetime of the quenched
fluorescence, and the modulation of UV-Vis absorbance
suggested the presence of static quenching caused by the for-
mation of a stable non-fluorescent interaction between g-CNS
and p-NP.

3.2.5 Test kit construction. The construction of a test kit
using g-CNS provides a quick, simple, and practically feasible
way to detect p-NP. The procedure for the construction of a test
kit using cotton swabs is schematized in Fig. 3(a). As shown in
the Figure, the blue fluorescence (on state) of the g-CNS
adsorbed cotton swabs was turned off with p-NP, whereas it
was unaffected with other analytes (Fig. 3(b)). Consequently, it
was demonstrated that the addition of p-NP significantly
reduces the blue fluorescence of g-CNS absorbed cotton swabs
which can be visibly used to detect p-NP.

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic illustration for the preparation of cotton swab test kit. (b) Fluorometric response of g-CNS adsorbed cotton swab test kits with

the introduction of 100 uM of the following analytes: (1) A*, (2) Co?*, (3) Cr*, (4) Cu*, (5) Fe3*, (6) Hg?*, (7) Na*, (8) K*, (9) Mn?*, (10) Ni?*, (11)
Pb?*, (12) Zn?*, (13) F~, (14) CL, (15) I, (16) p-NP, (17) OH™, (18) SO4%, (19) HSO,™, (20) CO52~, (21) CHsCOO™, (22) CN~, (23) 2-aminophenol, (24)
4-aminophenol, (25) 2,4-dichlorophenol (DCP), (26) 2,4-dinitrophenol, (27) 2-nitrophenol, (28) phenol, and (29) 2,4,6-trichlorophenol. Photographs

were taken under UV light.

3.2.6 Real sample analysis. To assess the practical usability
and reliability of the synthesized fluorescent g-CNS for p-NP
detection in aquatic environments, several parallel tests were
carried out with Ganga River water, tap water, and pond water
samples. Notably, there were no measurable quantities of p-NP
in any of the collected water samples. To confirm the precision
and resilience of the devised fluorescence-based sensing
method, standard addition experiments were conducted by
adding known quantities of p-NP, ranging from 10 pM to
100 pM, to the water samples. Table S31 summarizes the recov-
ery rates for p-NP determination, which ranged from 95.36%
to 98.70%, confirming the method’s strong reliability and
repeatability. As demonstrated by the high recovery rates, the
fluorescence sensor has low matrix interference and can be
used to quantitatively detect p-NP in complicated ambient
water samples.

3.3 Investigating the applicability of g-CNS for the
electrochemical detection of para-Nitrophenol

Electrochemical sensors pose several advantages over fluo-
rescence sensing, including the possibility of on-site detection,
cost-effectiveness, and miniaturization. After using g-CNS as a
fluorescence probe for indirect fluorometric sensing of p-NP,
its applicability was investigated for direct electrochemical
sensing of p-NP. The ability of g-CNS to specifically interact
with p-NP was exploited by using it as a recognition element
for developing the surface-modified sensors.

3.3.1 Electrodeposition of g-CNS and its electrocatalytic
activity optimization. The electrodeposition of g-CNS was
carried out using cyclic voltammetry (CV) in solutions contain-
ing g-CNS, as described in the experimental section. The first
few CV scans give important insights into the electropolymeri-

This journal is © The Royal Society of Chemistry 2025

zation mechanism,*® which involves a sequence of oxidation
stages (Fig. 4(a)). The oxidation of free amino groups is the
fundamental oxidation process, which takes place at about 0.6
V. This is followed by a distinct peak at ~0.95 V, associated
with triazine ring polymerization, and another oxidation peak
at 1.3 V, indicating radical cation generation. The oxidation
peak at 0.6 V steadily decreases with increasing CV scans, indi-
cating the steady loss of free amino groups from unpolymer-
ized triazine units. Concurrently, there is a discernible rise in
peak current at ~0.95 V, demonstrating the growth and devel-
opment of the conducting polymeric g-CNS network. This
finding suggests that unpolymerized triazine units are used as
monomeric precursors throughout the polymerization process,
which promotes the development of an extended polymer
structure on the electrode surface. As polymerization proceeds,
the supply of free monomers decreases, which is further sup-
ported by the drop in the 0.6 V oxidation peak. The CV results
support the effective surface functionalization with electro-
polymerized g-CNS.

The thickness of the deposited g-CNS layer has a major
impact on the electrode’s electrocatalytic activity. Different
¢-CNS suspension concentrations were electrodeposited onto
the electrode surface to establish the optimum thickness.
Square wave voltammetry (SWV) was used to assess the electro-
catalytic activity of the modified electrodes in a 1:1 (v/v) solu-
tion of 1 mM K;[Fe(CN)g] and 1 M KCl.

Fig. 4(b) shows that electrodes treated with 100 pL of g-CNS
solution showed lower current responses after 15 CV cycles,
whereas electrodes treated with 250 pL, 500 pL, and 1000 pL of
g-CNS solution showed comparable current responses. These
results led to 250 pL being chosen as the optimal solution
volume for additional electrodeposition optimization. Then,
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(a) Electrodeposition cyclic voltammogram of g-CNS on GCE. Comparative SWV current responses of 1 mM Kz[Fe(CN)¢] solution recorded

using g-CNS modified with (b) varying concentrations of g-CNS suspension and (c) different numbers of CV cycles. (d) HR-SEM image. (e) C 1s and

(f) N 1s XPS spectra of the electrodeposited g-CNS|GCE interface.

the influence of varying numbers of CV cycles on the electro-
catalytic activity was examined, and the associated current
responses were measured in the prepared Ks[Fe(CN)g] in KClI
solution. The current response began to increase as the
number of CV cycles increased, peaking at 15 cycles, as seen in
Fig. 4(c). After this, the current responses for cycles 25 and 30
were constant, suggesting that the electrocatalytic interface
was saturated. Thus, 250 pL of g-CNS solution and 15 CV
cycles were considered as the optimal electrodeposition con-
ditions, offering the best possible compromise between film
thickness and electrocatalytic activity.

The electrocatalytic performance of the electrodeposited
2-CNS interface was systematically compared with the conven-
tional drop-casting technique. The electrochemical responses
of the bare GCE, drop-casted g-CNS modified GCE, and electro-
deposited g-CNS modified GCE were analysed. As depicted in
Fig. S9,t the electrodeposited interface demonstrated a mark-
edly higher current response, indicating improved electron
transfer kinetics and superior electrocatalytic activity.
Conversely, the drop-casted g-CNS film exhibited even lower
current responses than bare GCE, which can be attributed to
material agglomeration, non-uniform deposition, and
inadequate interfacial contact, together impeding the charge
transfer.”® In contrast, electrodeposition provides precise
control over the film thickness through adjustable deposition
cycles and suspension concentration, resulting in a uniform
surface growth of the modifier.”"**> Due to its enhanced
electrochemical performance and structural homogeneity, the
electrodeposited g-CNS coated scaffold (g-CNS|GCE) was

13244 | Nanoscale, 2025, 17, 13238-13250

selected for further characterization to investigate its compo-
sitional, morphological, and topographical attributes.

3.3.2 Surface characterization of g-CNS modified interface.
To examine the morphological transformations induced by the
electrodeposition of g-CNS, high-resolution scanning electron
microscopy (HR-SEM) images were obtained for the bare and
modified GCE electrodes. Compared to the bare GCE
(Fig. S107), the HR-SEM image in Fig. 4(d) distinctly reveals
the uniform deposition of g-CNS over the electrode surface.
This optimized and homogeneous coating of g-CNS is a key
factor contributing to the enhanced electrocatalytic perform-
ance. To gain a better understanding of the elemental compo-
sition of the coated surface, an X-ray photoelectron spec-
troscopy (XPS) study was performed on the g-CNS|GCE
surface. Fig. 4(e) shows high-resolution XPS spectra of the C 1s
region, with three distinct peaks with binding energies of
285.3 eV, 287.1 eV, and 288.8 eV.**"*> The signal at 285.3 eV is
due to graphitic sp>-hybridized carbon (C=C), which indicates
the presence of graphitic structures. The signal at 287.1 eV rep-
resents the distinctive triazine ring arrangement in graphitic
carbon nitride, specifically the double-bonded carbon (N-
CH=N) associated with g-CNS. Furthermore, the peak at 288.8
eV is ascribed to sp>-hybridized carbon atoms inside the aro-
matic ring that are bound to both primary and secondary
amines, notably carbon atoms coordinated with three nitrogen
neighbours (N=C-(N)-NH, N=C-(N)-NH,). Fig. 4(f) shows
the high-resolution XPS spectra of the N 1s region, which indi-
cates three distinct peaks with binding energies of 399.6 eV,
400.6 eV, and 401.8 eV.”® The 399.6 eV peak indicates nitrogen

This journal is © The Royal Society of Chemistry 2025
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atoms trigonally bound to three sp>hybridized carbon atoms
in the C-N network (N-(C);). The peak at 400.6 eV can be
attributed to the open-ended -NH, functional group in the
2-CNS structure. Furthermore, the signal at 401.8 eV is attribu-
ted to oxidised nitrogen species or quaternary nitrogen. The O
1s spectra show three peaks at binding energies of 531.5 eV,
532.9 eV and 536.5 eV, as shown in Fig. S11.7 The first two
peaks are similar to synthesized material peaks, while the
third peak is mainly due to the strong binding of oxygen with
the glassy carbon electrode. The combined examination of the
C 1s and N 1s XPS spectra reveals that g-CNS is uniformly
decorated on the GCE surface.

The HR-SEM image and the electrochemical response indi-
cate a significant increase in the number of electroactive sites
on the electro-functionalized substrate. This enhancement is
expected to contribute to an increased electrochemical surface
area and improved charge transfer kinetics. To quantitatively
assess the electroactive surface area, a comparative evaluation
was conducted for both the g-CNS|GCE and the bare GCE.

Cyclic voltammetry (CV) measurements were recorded by
varying the scan rate from 5 to 100 mV s~ ' in a 1:1 (v/v)
mixture of 1 mM Kj;[Fe(CN)s] and 1 M KCl. The corresponding
voltammograms depicted in Fig. S12(a and b)f exhibited two
well-defined redox peaks, indicative of the reversible oxidation
and reduction of the Fe*'/Fe*" couple. The absence of a signifi-
cant potential shift at higher scan rates suggests that the redox
process is diffusion-controlled and follows a reversible electron
transfer mechanism.

The Randles-Sev¢ik equation was applied at a controlled
temperature of 25 °C to further quantify the electrochemically
active surface area:*

I, = 2.69 x 10°n*2AD"? Cu'/?

where I, represents the peak current (4), n is the number of
electrons transferred, A denotes the electroactive surface area
(cm?), D is the diffusion coefficient of K;[Fe(CN),] in KCI solu-
tion (7.4 x 107® ecm® s7'), C is the probe molecule concen-
tration (mol cm™), and v is the scan rate (V s™).

By evaluating the slope of the linear plot of I, versus v''?,
the electroactive surface area of the bare GCE was calculated to
be 0.0431 cm®, while the electrodeposited g-CNS|GCE exhibi-
ted an increased electroactive surface area of 0.0533 cm?,
approximately 1.24 times larger than that of the unmodified
electrode. This enhancement in electroactive surface area
directly contributes to the observed increase in current
response following electrodeposition. The increase in available
electroactive sites facilitates improved charge transfer kinetics,
thereby enhancing the overall electrocatalytic efficiency of the
modified electrode.

3.3.3 Analytical assessment of the modified electrode for
P-NP detection. Comprehensive surface characterization and
electrochemical assessments demonstrate that the g-CNS|GCE
composite significantly enhances electrocatalytic activity,
resulting in improved electroanalytical sensitivity. These
advantageous properties of g-CNS|GCE were subsequently
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employed for the qualitative and quantitative detection of
p-NP.

Cyclic voltammetry (CV) was used to compare the electro-
catalytic behaviour of the g-CNS coated surface to the bare
GCE for detecting p-NP. Fig. 5(a) shows the electrochemical
reactions of 100 pM p-NP recorded using bare and g-CNS
modified GCE. Both electrodes showed three distinct
peaks:***° R; (~—0.76 V), O; (~0.14 V), and R, (~0.08 V),
which are consistent with earlier studies. In particular, the O,
and R, peaks had reversible behavior, whereas the R, peak was
irreversible. The R, signal is related to the reduction of p-NP to
hydroxyaminophenol by the four electron (4e”) and four
proton (4H") transfer (Scheme 1). Alternatively, the O; and R,
peaks constitute a redox pair that represents the reversible con-
version of hydroxylaminophenol to nitrosophenol. During the
forward potential sweep, the hydroxylamine group (-NHOH) is
oxidized (0,) by the transfer of 2e~ and 2H', forming the
nitroso group (-NO). During the reverse sweep, the nitroso
group is reduced to hydroxylaminophenol (-NHOH) at peak R,
via the identical 2e~ and 2H" transfers. The g-CNS modified
GCE exhibits noticeably higher catalytic activity than the bare
GCE. This is evidenced by increased current responses at all
three peaks (R;, O; and R,), indicating more efficient electron
transfer and faster redox processes. Several factors contribute
to the increased catalytic activity of the g-CNS coated electrode,
including n-7 stacking interactions between the aromatic rings
of g-CNS and p-NP, hydrogen bonding between the -NH,
groups of g-CNS and the -NO, groups of p-NP, electrostatic
interactions, and larger surface area. These parameters aid in
the effective diffusion of p-NP to the coated interface, increas-
ing electron and proton transfer processes and overall electro-
chemical performance.

The effect of the pH of the electrolyte on the reduction peak
of 45 pM p-NP was investigated. As the pH increases, the
reduction peak shifts towards a more negative potential and
gives a maximum peak current at pH 7, as shown in
Fig. S13(a).t On plotting peak potential as a function of pH
(Fig. S13(b)}), we obtained a linear plot with a linear
regression equation as given below:

E, = —0.047 pH— 0.35 (R*>=0.99)

The obtained slope is in good agreement with the Nernst
equation at 25 °C. For the equal number of electron and
proton transfers, the theoretical slope is predicted as —0.059 V/
pH. Hence, the pH study is in good agreement with the pre-
viously reported 4e~ and 4H" transfer mechanism for the con-
version of the -NO, group to the -NHOH group.>®

A scan rate analysis was carried out for a 100 pM p-NP solu-
tion in phosphate buffer (pH 7) with scan rates ranging from
0.02 Vs~ to 0.2 Vs ' to obtain additional understanding of
the underlying mechanisms and processes. Fig. 5(b) shows
that the current for all three p-NP peaks increases as the scan
rate increases. For all three peaks, a linear relationship
between the peak current (I,) and the square root of the scan
rate (v*) was found, suggesting that the electrochemical
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OH OH OH
HAH + de- 2H - 2¢ process is diffusion-controlled (Fig. S14(a—c)7). To further com-
—>i prehend the behaviour occurring at the g-CNS coated interface,
H2H" +2¢ a scan rate study was recorded again in the range of the R,
NO, NHOH NO peak (Fig. S14(d)}), and a plot of log I, versus logv was con-

structed as shown in Fig. 5(c). According to theoretical

-Nitrophenol
p--Nitrop models,”*

p-(Hydroxyamino)phenol p-Nitrosophenol

the slopes of the logl, vs. logv plots for pure

Scheme 1 Electrochemical reduction mechanism of p-NP. diffusion-controlled and pure adsorption-controlled processes
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are expected to be 0.5 and 1, respectively. The process is classi-
fied as pure adsorption-controlled if the slope is between 0.75
and 1.0, mixed adsorption-diffusion-controlled if the slope is
between 0.5 and 1, diffusion-controlled if the slope is between
0.2 and 0.5, and mixed diffusion-adsorption if the slope is
between 0.6 and 0.75. The slope found in the present study is
0.24, indicating that the reduction process occurring at peak
R, is diffusion-controlled. To calculate the number of electron
transfers during the irreversible reduction process Ry, a graph
is plotted between Egr; and the natural logarithm of the scan
rate (Fig. S15%). The linear regression equation between Eg,

and In(v) was obtained as follows:
Ery(pnp)/V = —0.0301In(v) — 0.76  (R* = 0.99)

The above linear equation was compared with Nicholson’s
equation,”>*® which is generally used for the irreversible reac-
tion and is given below:

E, = E° —M[0.78 + 1n<1)%1<s—1> - 0.51nM} —05MIn v

For the oxidation process:

_RT
~ anF
For the reduction process:
RT
M=—F-
(1 —a)nF

where E° is the standard potential, R is the universal gas con-
stant, T is the temperature in Kelvin, F is the Faraday constant, n
is the number of electron transfers during the electrochemical
process, a is the electron transfer coefficient, D is the diffusion
coefficient, and K; is the electron transfer rate constant.

After comparing the slope value for the reduction process
R; and substituting the R, 7, and F values for 25 °C, we
obtained the value of (1 — a)n, which equates to 0.43. For an
irreversible process, the value of o can be calculated with the
help of the following given formula:**

1.857RT  0.0477
By — By o] = LE7RT_ 008
Using the CV measurement conducted at 0.2 V s, the
values of E, and Ep, are obtained as —0.7180 and —0.6647,
respectively. Inserting these two values in the above equation,
we obtain the value of @ = 0.894. Inserting this value of a in
(1—a)n, which is 0.43, results in the 4 electron transfers. From
the pH study, it is already clear that the number of electron
transfers is equal to the number of proton transfers.

For reversible processes (0; and R,), the values of |E, —
Eyp»| are independent of the scan rate, and the value of n can

be determined using the following equation:>*

2.2RT  0.0565

|EP7EP/Z|: nF n

Taking the CV peak of the 0.2 V s™* scan rate from Fig. 5(b)

into consideration, the value of Ep and Ey,, for O, is obtained
as 0.143 and 0.110, respectively and that for R, is obtained as

This journal is © The Royal Society of Chemistry 2025
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0.99 and 0.132, respectively. Putting these values in the above
equation, the number of electron transfers for both the oxi-
dation and reduction processes equals 1.71. The number of
electron transfers will always be an integer. Hence, we can con-
clude that the number of electron transfers is 2 for both the O,
and R, processes. The pH study and scan rate study confirms
the p-NP reduction using the above-proposed mechanism.

SWV was used for the quantitative p-NP detection. Fig. 5(d)
shows the SW voltammograms for a 100 pM p-NP solution
using both bare and modified GCE. The comparative analysis
of the square wave voltammograms revealed that the current
response for the g-CNS|GCE was approximately 1.7 times
higher than that for the bare GCE. Moreover, the g-CNS|GCE
exhibited a p-NP peak at —0.66 V, compared to —0.74 V for the
bare GCE. This shift of approximately 0.08 V underscores the
accelerated redox process, thereby demonstrating the electro-
catalytic effect of g-CNS. The enhanced electroactive surface
area of the electrode, coupled with the unique n—x interactions
between the g-CNS and the aromatic ring of the p-NP mole-
cule, and the hydrogen bonding contribute to the significant
increase in current and potential shift. For a more detailed
quantitative analysis, a calibration curve was constructed by
examining the correlation between the p-NP concentration and
the corresponding current responses for the bare and modi-
fied GCE electrodes. The results revealed a linear increase in
the peak current with rising p-NP concentrations for g-CNS|
GCE electrodes, as illustrated in Fig. 5(e and f). The relation-
ship between peak current (I,) and p-NP concentration (C) was
found to follow the linear regression equations provided
below.

I, (4A) = —0.0632 C[1 — 100 uM]; R* = 0.9831 : g-CNS|GCE

The results revealed that the g-CNS|GCE demonstrated a
significantly lower LOD of 218 nM. To further assess the
advantages of the newly developed sensor, its performance was
compared with several previously reported p-NP electro-
chemical sensors, which utilized g-CNS or other similar
surface modifications. As detailed in Table S4,t the proposed
sensor exhibited superior attributes in terms of ease of fabrica-
tion and sensitivity. Additionally, while all methodologies
reported in the literature involve the separate synthesis of
various components followed by their combination and drop-
casting onto the electrode, the proposed approach enhances
repeatability, practicality, and scalability by employing a
single-step electrodeposition technique, allowing precise
control over the layer thickness.

3.3.4 Selectivity assessment of the g-CNS|GCE based
electrochemical sensor. To evaluate the selectivity of the devel-
oped g-CNS|GCE interface for p-NP, the potential interference
from relevant anions, metal ions, and small organic molecules
was investigated. To do so, five different samples were pre-
pared with 45 uM p-NP and the same concentration of interfer-
ents. In these five samples, a total of 25 different potential
interferents (anions: F~, CI~, OH™, S0,%~, CH;COO™ and CN~;
cations: AI**, Co*", Cr**, cu®', Fe*", Hg**, Na*, K*, Mn*", Ni*",

Nanoscale, 2025,17,13238-13250 | 13247
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(a) Long cycle CV stability of g-CNS|GCE electrode. (b) Repetitive SWV current response. (c) Reproducibility study at different GCE's after

modification with g-CNSina 1:1 (v:v) solution of 1 mM Kz[Fe(CN)g] and 1 M KCL.

Pb>", and Zn**; small organic molecules: phenol, 2,4-dichloro-
phenol (DCP), 2,4,6-trichlorophenol, 2-aminophenol, 4-amino-
phenol, 2-nitrophenol, and 2,4-dinitrophenol) were investi-
gated with the same concentration of p-NP. Fig. S167 shows
the SWV responses of the interference test. The SWV demon-
strated that the addition of interfering species exhibited no
substantial change in the peak current and peak potential of
p-NP, indicating the high selectivity of g-CNS|GCE for p-NP
detection.

3.3.5 Real sample analysis. To test the real-world applica-
bility of the g-CNS|GCE interface, the analysis of p-NP in three
different water samples (Ganga River water, pond water, and
tap water) was attempted. p-NP was not found in any of the
water samples. Therefore, a recovery test was performed by pre-
paring four different concentrations of p-NP (20, 30, 40, and
60 pM) using these water samples, and their responses were
investigated using SWV (Fig. S171). In all the samples, p-NP
exhibited a peak at —0.66 V, matching the responses observed
for the standard solution. No substantial effect of the real
matrix on the peak potential indicated the possibility of the
g-CNS|GCE interface for qualitative sensing of p-NP in real
samples. For quantitative analysis, the current responses
obtained from SWV were used to back-calculate the p-NP con-
centration with the help of the deduced linear regression
equation. The results presented in Table S5t show that the cal-
culated concentration of p-NP is well-matched with the actual
concentration of p-NP, exerting an error margin of no more
than 7.74%. Therefore, it was concluded that the g-CNS|GCE
interface is capable of qualitative and quantitative detection of
p-NP in real samples.

3.3.6 Stability test of the g-CNS|GCE modified interface.
The long-term stability of the g-CNS|GCE interface was evalu-
ated by performing multiple cyclic voltammetry (CV) scans in a
phosphate buffer solution at pH 7. Fig. 6(a) shows that the
g-CNS|GCE electrode exhibits overlapping voltammograms
even after 150 CV cycles, demonstrating its excellent endur-
ance over extended usage. To further assess the stability and
reusability of the modified surface, 40 consecutive square wave
voltammetry (SWV) measurements were conducted in a 1:1
(v:v) solution of 1 mM Kj[Fe(CN)g] and 1 M KCl. The peak
current responses obtained from the first 40 SWV cycles using

13248 | Nanoscale, 2025, 17, 13238-13250

the same g-CNS|GCE are presented in Fig. 6(b), confirming the
stability of the electrode during repeated measurements. The
stability studies were also carried out in the presence of p-NP.
Fig. S18(a)f presents the 15 consecutive SWV of 45 uM p-NP in
pH 7 phosphate buffer using g-CNS|GCE. There was no sub-
stantial decay in the current or shift in the potential, indicat-
ing the stability of g-CNS|GCE for multiple scans.

To verify the reproducibility of the electrodeposition
method, SWV measurements were performed on three separ-
ate GCE electrodes simultaneously modified with g-CNS using
the same electrodeposition protocol. The electrochemical
responses of the modified GCE were recorded using 1 mM
K;[Fe(CN)¢] solution with 1 M KCl and a 45 pM p-NP with a
phosphate buffer solution of pH 7, respectively. The current
responses obtained using three different electrodes are shown
in Fig. 6(c) and Fig. S18(b).f The SWV demonstrates excep-
tional reproducibility, validating the reliability of the proposed
electrodeposition protocol for consistent and uniform modifi-
cation of the GCE.

4. Conclusions

This study presents the synthesis and dual-mode application
of a graphitic carbon nitride sheet (g-CNS) for the detection of
p-nitrophenol (p-NP). The synthesized g-CNS material was
extensively characterized using various analytical techniques
to confirm its properties. The manuscript is organized into
two primary sections: fluorescence-based and electrochemical-
based p-NP detection.

For fluorescence detection, the fluorescence properties of
g-CNS were first optimized by adjusting key experimental para-
meters: excitation wavelength, slit width, and pH. The g-CNS
exhibited the most intense fluorescence at an excitation wave-
length of 330 nm and a slit width of 2 nm. The fluorescence
intensity of g-CNS was found to decay in the presence of p-NP,
leading to its indirect fluorometric sensing, demonstrating a
limit of detection (LOD) of 36.76 nM. The detection mecha-
nism, interference studies, and analysis of real samples were
comprehensively discussed.

This journal is © The Royal Society of Chemistry 2025
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In the electrochemical detection approach, a step-by-step,
optimized electrodeposition protocol was employed to modify
the working electrode, offering an advantage over the conven-
tional drop-casting method. The surface, chemical compo-
sition, and electrochemical behavior of the modified electrode
revealed successful electrodeposition of g-CNS exhibiting
enhanced electrochemical characteristics. The p-NP reduction
peak at —0.66 V in SWV enabled direct voltammetric sensing
of p-NP using g-CNS modified GCE. The proposed method
resulted in a significantly lower LOD of 218 nM in a linear
dynamic range of 1-100 pM. Furthermore, the modified elec-
trode was also tested for p-NP sensing in real water samples
and in the presence of 25 interfering species. The proposed
electrodeposition protocol demonstrated superior stability, re-
usability, and reproducibility, making it a promising candidate
for reliable and consistent detection of p-NP.

In conclusion, the g-CNS based sensors offer a practical
and sensitive platform for p-NP detection, combining fluo-
rescence and electrochemical techniques with superior per-
formance, high reproducibility, and practical applicability in
real-world samples.
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