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Abstract

This work reports the synthesis of a novel paraffin-impregnated graphite electrode (PIGE) modified by N- and S-doped carbon
quantum dot (NSCQD)/iron hexacyanoferrate composite for the electrochemical detection of resorcinol (RS), uric acid (UA),
and ascorbic acid (AA). Using pomegranate (Punica granatum) peel as the carbon source, the NSCQDs were synthesized
in an environmentally friendly manner. When combined with FeHCF, the NSCQDs formed a high-performance composite
with enhanced electrochemical properties. The morphology, crystallinity, and chemical composition of the composite were
investigated by X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), and X-ray photoelectron
spectroscopy (XPS) analysis, respectively, which revealed a structure that was clearly defined and contained active spots that
were suitable for redox reactions. Electrochemical tests revealed the sensor’s high sensitivity, measuring 523.4 mA/mol/L
for AA, 451.22 mA/mol/L for UA, and 372.1 mA/mol/L for RS. The sensor has low limits of detection of 2 x 10~° mol/L,
3% 107% mol/L, and 5x 10~° mol/L for AA, UA, and RS, respectively, with a linear detection range of 10 X 10~° mol/L to
8000 x 10~% mol/L for all analytes. Superior conductivity was brought about by the addition of graphene, redox activity
was increased by FeHCF, and enhanced adsorption and catalysis were achieved by the introduction of electron-rich sites by
NSCQDs. The identification of AA in Limcee tablets, UA in Allopurinol tablets, and RS in hair color solutions served as
examples of real-world applicability. The electrode outperformed traditional electrodes in terms of sensitivity and decreased
oxidation potential, and it demonstrated outstanding stability, maintaining 95% of its performance after 50 cycles. This study
demonstrates the NSC/FeHCF-modified PIGE’s potential for real-world uses in environmental monitoring, pharmaceutical
quality assurance, and clinical diagnostics.
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Introduction

Ascorbic acid (AA), also known as Vitamin C, is an impor-
tant nutrient that belongs to the acidic hexose derivative
family and is predominantly obtained from fresh fruits and
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vegetables. It is important for human health because it acts
as a potent antioxidant, lowering the risk of chronic diseases
such as cancer. Inadequate amounts of AA in the human
body can result in scurvy, a condition marked by symptoms
such as anemia, gum disease, and decreased immunity [1, 2].
Uric acid (UA), which is the end product of purine metabo-
lism, leaves the body through urine, feces, and sweat. To
avoid metabolic problems like gouty nephropathy, gout pain,
hyperuricemia, and anemia, it is important to keep the UA
level at a healthy level [3, 4]. Resorcinol (RS), a phenolic
chemical that is used in many consumer goods like drugs,
cosmetics, and glue, is very harmful to the environment and
stays in the environment for a long time. Long-term expo-
sure to RS can hurt people’s health and the health of environ-
ments [5, 6]. The simultaneous detection of AA, UA, and RS
is essential for clinical diagnosis, environmental monitoring,
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and industrial quality control because of their physiological
and environmental significance. The permissible limits of
these analytes are subject to change depending on the spe-
cific application. The recommended daily intake of AA is
65-90 mg, with an upper limit of 2000 mg per day, as per
FDA guidelines. The normal serum concentration of UA in
males is 3.4-7.0 mg/dL, while in females it is 2.4-6.0 mg/
dL. Hyperuricemia is indicated by levels exceeding 7.0 mg/
dL (WHO). In cosmetics, the maximum permissible con-
centration of RS is 0.5% (5 mg/mL) in accordance with EU
regulations. In wastewater, the admissible limit is 0.1 mg/L
(100 pg/L) as per the US EPA. RS is regulated in a variety
of industries. The electrochemical sensor that has been pro-
posed has the ability to detect these analytes at levels that
are significantly lower than their critical thresholds. Conse-
quently, it is highly relevant for environmental, pharmaceuti-
cal, and biomedical applications. However, detecting these
compounds simultaneously presents significant challenges
due to their identical oxidation potentials. These analytes
result in low selectivity and sensitivity because they cre-
ate overlapping anodic peaks on common bare electrodes,
like glassy carbon electrodes (GCEs). Furthermore, efficient
detection is hampered by electrode fouling brought on by
the adsorption of chemical byproducts. Because of these
challenges, better electrode materials that can differentiate
between the redox behavior of AA, UA, and RS while offer-
ing higher sensitivity and selectivity are required. Although
conventional analytical techniques including spectrophotom-
etry and chromatography yield reliable findings, they have
disadvantages including high costs, time consumption, and
intricate instrumentation requirements [7]. Electrochemical
sensing has emerged as a viable option owing to its user-
friendliness, rapid response time, affordability, and high
sensitivity. The electrochemical detection of AA, UA, and
RS relies on their inherent redox activity, facilitating meas-
urement using electrochemical signals [§-10].

In recent years, nanostructured materials have been exten-
sively studied for the development of electrochemical sen-
sors capable of detecting AA, UA, and other biologically
relevant compounds such as dopamine (DA) and RS [11].
Metal hexacyanoferrate (MHCF) composites have received
special attention due to their superior redox characteris-
tics, electron-mediating capacity, and structural plasticity.
These properties make MHCF-based composites very suc-
cessful at increasing sensor sensitivity and selectivity [12,
13]. Furthermore, their capacity to build stable coordina-
tion frameworks with varied metal centers allows for fine-
tuning of electrochemical behavior, which is critical for the
accurate and simultaneous detection of multiple analytes.
Several transition metal hexacyanoferrates (TMHCFs) have
received attention for their potential use in sensing technolo-
gies due to their unique redox characteristics and structural
flexibility. Nickel hexacyanoferrate (NiHCF) is a popular
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choice for dopamine sensors due to its steady redox behavior
and high catalytic efficiency [14]. CuHCF has demonstrated
remarkable performance in heavy metal detection due to its
strong electron-mediating capabilities [15]. Similarly, zinc
hexacyanoferrate (ZnHCF) has been used in electrochemi-
cal sensing for environmental monitoring, but manganese
hexacyanoferrate (MnHCF) is used due to its better elec-
trocatalytic activity in detecting biologically important
compounds [16, 17]. Among these, iron hexacyanoferrate
(FeHCF) stands out for its exceptional redox characteristics,
electron transport capabilities, and environmental sustaina-
bility. FeHCF has Fe (II)/Fe (IIT) redox centers, which enable
efficient electron mediation in electrochemical reactions [18,
19]. The addition of MHCF to advanced nanocomposites,
such as those containing graphene or doped carbon materi-
als, improves electron transport, stability, and overall sensor
performance, making them essential in the field of current
electrochemical sensing.

Carbon dots (C-Dots), a type of zero-dimensional nano-
material, have received a lot of attention due to their unusual
capabilities, which include great photoluminescence, high
biocompatibility, tunable optical features, strong chemical
stability, and exceptional electrical conductivity [20]. These
properties make C-Dots ideal for the development of elec-
trochemical and optical sensors that can detect a wide range
of analytes, including biomolecules, environmental contami-
nants, and dangerous chemicals [21, 22]. Their small size
and high surface-to-volume ratio promote electron transit,
increasing sensitivity and allowing for exact quantification
in sensing devices. Furthermore, their low toxicity, ease of
synthesis, and cost-effectiveness make C-Dots an excellent
candidate for sophisticated sensing applications. Heteroatom
doping has been intensively studied to increase the perfor-
mance of C-Dots. Nitrogen and S co-doped carbon dots
(NSCQDs) have received a lot of attention because of their
synergistic properties. Nitrogen doping enhances electron
density, while S doping adds electron-donating character-
istics, which improves charge transfer, redox activity, and
catalytic performance [23]. NSCQDs provide greater sen-
sitivity and selectivity in sensing applications, as well as
reduced photoluminescence quenching, resulting in lower
detection limits and improved performance in real-world cir-
cumstances [24]. CQDs can be synthesized using a variety
of methods including hydrothermal/solvothermal synthesis
[25, 26], microwave-assisted synthesis [27], and pyrolysis
[28], which rely on the carbonization of organic precursors.
Among these approaches, green synthesis has gained popu-
larity due to its environmental friendliness, cost-effective-
ness, and sustainability. Green synthesis uses renewable and
biodegradable biomass waste to produce highly function-
ing CQDs without the use of toxic chemicals. In this study,
we used a green synthesis technique to create CQDs from
Punica granatum (pomegranate) peel, a commonly available
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and renewable biomass waste. The generated NSCQDs
were combined with a graphene and iron hexacyanofer-
rate (FeHCF) matrix to form a high-performance ternary
composite. Graphene, with its superior conductivity, huge
surface area, and mechanical durability, provides a strong
platform for the composite, while FeHCF contributes good
redox characteristics and selectivity to target analytes. The
incorporation of NSCQDs into this hybrid matrix increases
the composite’s electrochemical activity, allowing for the
simultaneous detection of physiologically and ecologically
relevant analytes. This study demonstrates the potential of
biomass-derived NSCQDs for developing sustainable and
high-performance sensing devices.

This study aims to enhance the efficiency and feasibility
of the simultaneous detection of AA, UA, and RS by syn-
thesizing a single NSCQD/FeHCF-modified PIGE electrode.
These analytes often coexist in biological, pharmacological,
and environmental samples; nevertheless, their overlapping
oxidation potentials pose a significant obstacle to selection.
The composite electrode efficiently addresses this issue by
facilitating distinctly separated oxidation peaks, hence pro-
viding precise detection. Utilizing the redox-active FeHCF,
highly conductive graphene, and electron-rich NSCQDs, the
sensor demonstrates superior electrocatalytic activity, bet-
ter charge transfer, and improved detection thresholds. An
extensive electrochemical assessment was performed utiliz-
ing both cyclic voltammetry (CV) to examine redox behav-
ior and differential pulse voltammetry (DPV) for trace-level
quantification, ensuring accurate and dependable sensing.
This work is scientifically significant as it establishes a cost-
efficient, single-step platform for multi-analyte detection,
hence minimizing material usage, analysis duration, and
apparatus intricacy. This dual-strategy method improves sen-
sitivity, reproducibility, and selectivity, rendering the sensor
a valuable instrument for environmental, pharmaceutical,
and therapeutic applications, fulfilling a significant demand
in electrochemical sensing technology.

Experimental procedure
Materials

The composites were prepared using analytical reagent-
grade chemicals, such as iron (III) chloride hexahydrate
(FeCls-6H,0) (99%), potassium hexacyanoferrate (III)
(Ks[Fe (CN)gD) (99%), thiourea (99%), graphene, sodium
hydroxide, hydrochloric acid, and ethanol. All chemicals
were obtained from SRL Laboratories in Chennai, India.
Paraffin Impregnated Graphite Electrode (PIGE) was
received from M/S Piramal Enterprises, Chennai. Merck
India Ltd. supplied the key acids, bases, and solvents needed

in this study. All compounds were utilized as obtained, with-
out further purification.

Synthesis of N, S co-doped carbon quantum dot
from Punica granatum peels

N and S co-doped carbon quantum dots (NSCQDs) were
synthesized using Punica granatum peel as a carbon source
and thiourea for N and S doping. Due to its high carbon con-
tent, natural precursors, and superior electrochemical prop-
erties, pomegranate peel was selected over other biomass
waste materials. Polyphenols, flavonoids, and amino acids
enhance the production of heteroatom-doped CQDs without
the need for chemical doping. Furthermore, its widespread
availability as a bio-waste material makes it an economi-
cally viable and environmentally sustainable choice. Fresh
pomegranate peels were collected, thoroughly washed with
distilled water, and dried in an oven at 60 °C for 24 h. The
dried peels were ground into a fine powder with a mechani-
cal grinder. One gram of pomegranate peel powder was dis-
persed in 50 mL of distilled water in a Teflon-lined stainless
steel autoclave, and 0.5 g of thiourea was used as a doping
agent. The mixture was rapidly agitated for 30 min to estab-
lish homogeneity and then sealed and heated at 180 °C for
8 h. After naturally cooling to room temperature, the reaction
liquid was filtered to eliminate any unprocessed particles
and impurities. The filtrate was centrifuged at 10,000 rpm
for 15 min to remove bigger particles and contaminants. To
remove excess ions and small molecules, the supernatant
containing NSCQDs was filtered through a dialysis mem-
brane (molecular weight cutoff ~ 1 kDa) against distilled
water for 24 h. The purified NSCQDs were then stored for
characterization and usage in composite construction after
being vacuum-dried at a temperature of 50 °C.

Synthesis of iron hexacyanoferrate (FeHCF)
and NSCQD/FeHCF

Iron hexacyanoferrate was synthesized by preparing two
separate solutions: one containing 0.1 M FeCl;-6H,0 dis-
solved in deionized water and another containing 0.1 M
K;[Fe(CN)g] dissolved in deionized water. The solutions
were mixed and agitated for 2-3 h, resulting in FeHCF pre-
cipitation from the direct interaction between Fe** and [Fe
(CN)6]3' ions. The reaction mixture was matured at room
temperature for 24 h to increase crystallinity and particle
uniformity. The resultant precipitate was centrifuged, exten-
sively washed with deionized water to remove unreacted
precursors, and then dried at 60 °C for 12 h to yield FeHCF
powder. To synthesize the NSCQD/FeHCF composite,
as prepared FeHCF was dissolved in deionized water and
ultrasonically dispersed for 1 h for uniform dispersion. The
produced NSCQDs were then added to it in the ratio of 10:1

@ Springer



lonics

and ultrasonically mixed for 1 h to achieve a homogenous
mixture. The dispersion was transferred to a Teflon-lined
stainless-steel autoclave and heated to 120 °C for 6 h. After
cooling to ambient temperature, the composite was washed
with deionized water and ethanol to remove contaminants
and then dried in a vacuum oven at 60 °C for 12 h. The
resultant sample was labeled as NSCQD/FeHCF.

Fabrication of NSCQD/FeHCF electrode

The NSCQD/FeHCF composite was synthesized as
described above. For electrode fabrication, 2 mL of gra-
phene dispersion was added to enhance conductivity. The
prepared NSCQD/FeHCF composite was dispersed in etha-
nol and ultrasonicated for 30 min to obtain a homogeneous
suspension. A 10 mL of (0.1 mol/L) aliquot of this suspen-
sion was drop-cast onto the polished PIGE surface to ensure
complete coverage. The electrode was then air-dried at ambi-
ent temperature, followed by vacuum drying at 60 °C for 2 h
to enhance stability. The resulting NSCQD/FeHCF-modified
PIGE with graphene was then used for electrochemical anal-
ysis of AA, UA, and RS. The scheme of the overall process
is depicted in Fig. 1.

Characterization

X-ray diffraction (XRD) investigation with a Rigaku
D/MAX 2500 V system furnished with Cu Ka radia-
tion (A=1.5406 A) validated the crystal structures of the
films. To analyze the optical properties of samples, diffuse
reflectance and absorbance spectra were evaluated with a
UV-VIS-NIR Perkin Elmer spectrophotometer. Fourier
transform infrared (FTIR) spectroscopy was performed
using a VERTEX 80v equipped with a HYPERION 2000
microscope (Bruker Optics, Germany). High-resolution
scanning electron microscopy (HRSEM) on an FEI Quanta
FEG 200 system using an accelerating voltage of 20 kV was
used to investigate the morphology of the electrochemically
produced samples. Energy-dispersive X-ray spectroscopy

(EDS) coupled with the HRSEM configuration revealed
elemental composition. An X-ray photoelectron spectrum
(ESCA 3100, Shimadzu) measured elemental analysis of as-
synthesized materials. Electrochemical studies were carried
out using an Eco Chemie Autolab Potentiostat device under
computational control. A standard three-electrode setup was
employed, consisting of the prepared NSCQD-FeHCF com-
posite as the working electrode, a platinum wire as the auxil-
iary electrode, and an Ag/AgCl electrode (saturated in 0.1 M
KCl) as the reference electrode. KCI was chosen over PBS
as the supporting electrolyte due to its high ionic conductiv-
ity, minimal electrochemical interference, and compatibility
with FeHCF-based electrochemical systems, ensuring stable
and reproducible redox responses.

Results and discussion
Crystalline phase analysis

The XRD analysis was employed to investigate the struc-
tural and crystalline properties of the synthesized sam-
ples, as illustrated in Fig. 2, which displays the XRD pat-
tern of the samples. As shown in the figure, the XRD
pattern of NSCQD demonstrates unique structural char-
acteristics, including a broad peak centered at 23.2° that
suggests the presence of amorphous carbon or partially
disordered graphitic layers [29]. The interlayer spac-
ing of graphitic carbon materials is characterized by a
broad peak that is representative of the (002) plane [30].
This peak is larger than that of well-ordered graphite as
a result of doping-induced lattice distortions. Further-
more, the structure is suggested to contain localized
graphitic domains, as evidenced by the presence of two
small but sharp peaks at 25.3° and 26.8°, which corre-
spond to graphitic crystalline regions. These peaks may
be the result of N and S doping, which increases the gra-
phitic nature by introducing defects and crystallinity in
specific regions [31]. The combined nature of NSCQD,
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Fig. 1 Schematic illustration of the fabrication of NSCQD/FeHCF composite for AA, UA, and RS detection
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Fig.2 Powder XRD patterns of (a) NSCQD, b FeHCF, and (c)
NSCQD/FeHCF

which is characterized by the coexistence of amorphous
and crystalline features, is reflected in the combination
of the broad peak and sharp peaks, which contribute to
its distinctive electrochemical properties. This structural
synergy enables the development of active surface sites
and improved conductivity for sensing applications [32].
The diffraction peaks of FeHCF closely correspond with
those of the standard sample (PDF#00-73-0687), affirm-
ing that the material possesses a cubic face-centered
structure [33]. The principal diffraction peaks occur at
roughly 17.2°,22.6°, 24.8°,31.2°, 35.4°, and 44.8°, align-
ing with the (200), (220), (311), (400), (420), and (422)
crystallographic planes, respectively. The XRD pattern
of the NSCQD/FeHCF composite demonstrates notable
structural alterations relative to the individual compo-
nents. Significantly, multiple peaks within the range of
20°-30° 20 are missing, and a peak at 26.7° 26 is not
detected, signifying the amorphous characteristics of the
carbon in the composite. A pronounced peak at 24.8°
26, associated with the (311) crystal plane of FeHCF,
indicates improved crystallinity resulting from the inter-
action between NSCQD and FeHCF, underscoring the
synergistic structural integration within the composite.
The Debye—Scherrer formula was employed to determine
the crystallite size of the synthesized samples [34]. The
abrupt peak at 24.8° 26, which corresponds to the (311)
plane of FeHCF, suggests an estimated crystallite size of
approximately 51 + 3 nm.
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Fig.3 FTIR spectra of (a) NSCQD, b FeHCF, and (c) NSCQD/
FeHCF

FTIR analysis

The presence of different functional groups in the synthe-
sized samples is confirmed by the FTIR spectrum shown
in Fig. 3. The FTIR spectrum of NSCQD displays key
peaks at 3180 cm™!, corresponding to OH stretching vibra-
tions, 1608 cm™! for NH, bending vibrations, 1432 cm™!
for COO~! stretching vibrations, and 1040 cm~! forC=0
stretching vibrations [35]. Additionally, a prominent peak
at 2051 cm™! suggests the presence of the —SCN group
in the compound. The pristine FeHCF displays distinct
peaks in its infrared spectrum. These peaks are observed
at 2116 cm™! and 2064 cm™! for cyanide (C=N) stretching,
1373 cm™! for symmetric stretching of CO;*~, 1110 cm™!
for Fe—C bonds, and 614 cm™! and 491 cm™! for Fe-N
stretching [36]. Additionally, a broad peak is present in the
range of 33003400 cm™! corresponding to O—H stretch-
ing. The successful integration of NSCQD and FeHCEF is
confirmed by the peaks observed in the FTIR spectrum of
the composite, which are located at 3245 cm™', 2057 cm™!,
1614 cm™', 1345 cm™, 1103 cm™', and 593 cm™". The
presence of O—H stretching is suggested by the prominent
peak observed at 3245 cm™!, whereas the preservation of
the C=N group is confirmed by the peak at 2057 cm™~!. The
peaks observed at 1614 cm™' and 1345 cm™! are associated
with NH, and COO~! groups, while those at 1103 cm™!
and 593 cm™! are assigned to Fe—C and Fe-N stretching,
respectively [37]. These findings confirm the structural
stability of the composite.
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Morphological analysis

The SEM image (Fig. 4a) reveals the morphological struc-
ture of NSCQDs, showing a well-dispersed and uniform
nanoscale distribution. The elemental mapping images
(Fig. 4b, ¢) confirm the successful incorporation of nitro-
gen (N) and sulfur (S) into the CQD framework, with a
homogeneous distribution across the observed region. In
addition to this, EDAX spectra depicted in Fig. 4d confirm
the presence of N and S on the carbon framework. This sug-
gests that the doping process was effective, enhancing the
potential electrochemical properties of NSCQDs. Figure 5a,
b depicts the FESEM images of the NSCQD/FeHCF com-
posite, which were obtained at 2 pm and 200 nm magnifica-
tions and exhibit a hybrid morphology that is defined by
the integration of NSCQD onto the FeHCF framework. The
composite exhibits a relatively uniform distribution of aggre-
gated particles at low magnification, which suggests that the
material exhibits good homogeneity and structural integrity.

The nanoscale features of the composite are emphasized in
high-magnification images, which depict NSCQD as finely
dispersed particles or coatings on the granular FeHCF sur-
face. The surface complexity is enhanced by the intimate
interaction between NSCQD and FeHCEF, as no significant
fractures or voids are observed. The composite’s surface area
and active sites are significantly increased by this hybrid
morphology, rendering it well-suited for advanced applica-
tions. The EDS layered analysis (Fig. 5¢) demonstrates that
essential elements are distributed uniformly, maintaining
composite homogeneity. The elemental mapping (Fig. 5d)
demonstrates the even integration of NSCQD while preserv-
ing the FeHCF framework. Finally, the EDAX spectrum
(Fig. 5e) confirms the presence of all predicted elements,
indicating the material’s purity and stoichiometric com-
position. These findings support the effective synthesis of
the NSCQD/FeHCF composite, which has a well-defined
structure. The TEM image (Fig. 6a, b) depicts the nanoscale
morphology of the NSCQD/FeHCF composite, revealing a

o g
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Fig.4 a FESEM image of NSCQD (b) and ¢ elemental mapping images of NSCQD; d EDAX spectra of NSCQD
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Fig.5 a, b FESEM images of NSCQD/FeHCF at 2 um and 200 nm, respectively; ¢ EDS layered analysis image; d elemental mapping images; e
EDAX spectra of NSCQD/FeHCF

Fig.6 a, b TEM images of
NSCQD/FeHCF; ¢ HRTEM
image of NSCQD/FeHCF;

d SAED pattern of NSCQD/
FeHCF

homogeneous distribution of NSCQD particles across the  of FeHCF, coupled with amorphous patches attributable
FeHCF matrix. The HRTEM image (Fig. 6¢) shows well-  to NSCQD, confirming the composite’s hybrid structure
defined lattice fringes corresponding to the (311) plane  and strong interface. The SAED pattern (Fig. 6d) supports
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the crystalline structure of FeHCF, with diffraction rings
indexed to the (200), (220), and (311) planes, as well as
the amorphous contribution from NSCQD. These findings
support the effective synthesis and structural integrity of the
NSCQD/FeHCF composite.

Chemical composition and surface state analysis

The chemical states and elemental composition of the sam-
ples were examined using XPS analysis to investigate their
chemical characteristics and interactions. The survey scan
spectrum depicted in Fig. 7a shows Fe, C, N, S, and O com-
ponents in the NSCQD/FeHCF composite, confirming suc-
cessful integration. Strong signals from Fe and N indicate
the structural integrity of the FeHCF framework, whereas
S and C confirm NSCQDs’ participation. Composite phase
purity is confirmed by the absence of unexpected peaks.
The high-resolution Fe 2p spectra depicted in Fig. 7b show
two peaks at 711.0 eV (Fe 2p;,,) and 724.5 eV (Fe 2p, ),
indicating the Fe>* oxidation state in the FeHCF lattice
[38]. In addition, the presence of satellite peaks supports
iron oxidation and chemical stability in the composite struc-
ture. As shown in Fig. 7c, the deconvoluted C 1 s spectrum
displays peaks around 284.6 eV (C-C/C=C), 286.0 eV
(C-0), and 288.5 eV (C=0), indicating the presence of
graphitic and oxygenated carbon species from NSCQDs
[39]. The characteristic sp> hybridized carbon peak confirms
the conductive nature of the composite, which is beneficial

for electrochemical applications. The N 1 s spectra show
peaks at 398.5 eV (Fe-N=C) and 400.1 eV (graphitic-N),
indicating nitrogen-coordinated Fe centers from FeHCF
and nitrogen doping from NSCQDs. NSCQDs and FeHCF
interact strongly, which may improve electron transport [40]
(Fig. 7d). The S 2p spectra show peaks at 163.8 eV (S 2p5,)
and 165.1 eV (S 2p, ), suggesting sulfur in the NSCQD-
derived thiol or thiophene-like structure (Fig. 7e) [41]. The
XPS results collectively confirm the successful formation
of the NSCQD/FeHCF composite with proper elemental
incorporation. The strong interaction between NSCQDs
and FeHCF enhances electron transfer efficiency, making the
composite highly suitable for electrochemical applications.

CV analysis for detection of AA, UA, and RS by NSC/
Gr/FeHCF-modified PIGE

The electrochemical oxidation efficacy of AA was assessed
using the NSCQD/FeHCF-modified PIGE through CV
measurements in 0.1 M KCl electrolyte (pH 7.0). The poten-
tial window ranged from— 1.0 V to+ 1.0 V, with a scan rate
of 50 mV/s. The electrode was subjected to 50 continuous
cycles to evaluate its stability and reproducibility. The oxi-
dation peak for AA, which was recorded in KCl containing
0.002 mol/L AA, was located at 0.521 V on the unmodi-
fied PIGE. In the absence of AA, no peak was observed
for the NSC/Gr/FeHCF-modified PIGE in KClI as a control
experiment, thereby confirming the electrode’s inactivity in
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the absence of the analyte. On the other hand, an oxida-
tion peak for AA was substantially augmented at 0.192 V
over the NSC/Gr/FeHCF-modified PIGE at a scan rate of
50 mV/s (Fig. 8a). The CV spectra show two separate sets of
redox peaks, particularly, first oxidation peak at~0.6 V with
a corresponding reduction peak at~0.55 V and a second
oxidation peak at~0.1 V with a reduction peak at~0.0 V.
The redox pair at~0.6 V and~0.55 V is due to the Fe (I[)/
Fe (IIT) transition in FeHCF, which enhances the electron
transport mechanism. Meanwhile, the redox peaks at 0.1 V
and 0.0 V are mostly due to electron-rich locations in NSC-
QDs and graphene, which allow for efficient charge transport
and analyte interactions. The oxidation peak at~0.6 V is
used for calibration curve fitting because of its great current
response, sensitivity, and linearity in electrochemical detec-
tion. The FeHCF-mediated electron transfer at this potential
enables effective analyte oxidation, resulting in better sensor
performance and reproducibility. The modified electrode’s
superior catalytic activity was evident in the peak current,
which increased by approximately 20-fold in comparison to
the unmodified PIGE. This enhancement is due to the NSC/
FeHCF composite’s synergistic effect between its compo-
nents, which enables a faster diffusion and an enhanced elec-
tron transfer rate [42]. The NSC//FeHCF-modified PIGE’s
superior efficacy in the electrochemical detection of AA is
underscored by the substantial increase in peak current and
the reduced oxidation potential. The conductive nature of
graphene, the high redox activity of FeHCF, and the syn-
ergistic integration of nitrogen and sulfur functionalities in

the composite are likely the reasons for the enhanced elec-
trocatalytic activity, as demonstrated by these results [43].
In addition, the concentration of AA ranged from 10x 1076
to 10~% mol/L, and the associated CV profiles demonstrated
a gradual increase in oxidation peak current with rising AA
concentration. The linear correlation between peak current
and AA concentration underscores the heightened sensitivity
and extensive detection range of the NSC/FeHCF-modified
PIGE, rendering it appropriate for both trace-level detection
and practical applications (Fig. 8b). The regression equa-
tions for the AA oxidation peak current (Ipa) and reduction
peak current (Ipc) were determined as follows:

Ipa = 0.5234([AA]/uM) — 3.1245(R? = 0.9963)
Ipc = —0.1746([AA]/uM) + 0.9023(R? = 0.9971)

Here, the slope values (0.5234 for Ipa and — 0.1746 for
Ipc) indicate the sensitivity of the electrode to AA concen-
tration, while the high correlation coefficients (R>> 0.99)
confirm excellent linearity. These equations further dem-
onstrate the reliability of the NSC/FeHCF-modified PIGE
for quantitative analysis of AA. The findings validate the
electrode’s exceptional electrocatalytic performance and
effective electron transfer kinetics for AA oxidation. In
addition, NSC/FeHCF-modified PIGE was used to identify
UA and RS. Figure 9a, b shows CV profiles acquired at
various concentrations of UA and RS with the NSCQD/
FeHCF-modified PIGE, illustrating the sensor’s elec-
trochemical response and sensitivity to these analytes.
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Fig.8 a Cyclic voltammograms of AA detection at NSCQD/FeHCF-modified PIGE in 0.1 M KCl (pH 7.0) within a potential window of — 1.0 V
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Fig.9 a, b Cyclic voltammograms of UA and RS detection at
NSCQD/FeHCF-modified PIGE in 0.1 M KClI (pH 7.0), with a poten-
tial window of —1.0 V to+1.0 V, using a scan rate of 50 mV/s and

The CV profiles obtained for various UA concentrations
(Fig. 9a) exhibited a well-defined oxidation peak at around
0.352 V, which moved and increased correspondingly with
increasing UA concentration. The NSC/FeHCF-modified
PIGE has a significantly lower oxidation potential than
the untreated PIGE, indicating improved electrocatalytic
activity. The improved reaction can be attributable to the
synergistic interplay between the graphene matrix, which
allows for quicker electron transmission, and the FeHCF
component, which promotes efficient UA oxidation [44].
The oxidation peak current (Ipa) showed a strong linear
connection with the concentration of UA, indicating the
sensor’s great sensitivity (Fig. 9b). The regression equa-
tion for UA oxidation was determined as follows: IPA
(UA)=0.4512([UA]/uM) — 2.6743 (R>=0.9958). The
slope value (0.4512) shows the electrode’s great sensitivity
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with 50 continuous cycles with a linear relationship of Ipa and Ipc vs
UA, RS concentration

to UA, and the high correlation coefficient (R*=0.9958)
supports the sensor’s accuracy and reliability for UA quan-
tification. These findings support the NSCQD/FeHCF-
modified PIGE’s superior performance in the selective and
sensitive detection of UA in complicated samples. The
NSCQD/FeHCF-modified PIGE was also evaluated for the
detection of RS. The CV profiles exhibited a strong oxida-
tion peak at around 0.457 V, with a progressive increase
in peak current as the RS concentration increased. This
improvement reflects the improved electrode’s capacity to
detect RS with high sensitivity but low detection potential.
The interaction of RS with the active sites provided by
FeHCF and the conductive graphene matrix leads to effi-
cient electron transfer, which contributes to the electrode’s
outstanding performance [45]. The linear regression inves-
tigation of the oxidation peak current for RS resulted in the
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following equation: Ipa (RS)=0.3721 ([RS]/uM) — 1.9864
(R*=0.9967). The slope value (0.3721) indicates the elec-
trode’s sensitivity to RS, and the high R? value (0.9967)
reveals a good correlation between RS concentration and
electrochemical response. This result demonstrates the
electrode’s good capability for quantitative detection of
RS complex materials. The scan rate investigation for AA,
UA, and RS was carried out independently utilizing the
NSCQD/FeHCF-modified PIGE, and the associated CV
profiles are shown in Fig. 10a—c. Each analyte was ana-
lyzed at different scan rates in a solution containing 50 mL
of KCI and 1 mL of the analyte in question. The CV pro-
files for AA showed a significant rise in peak current (jpe,y,
with increasing scan rate, showing a high dependence on
the diffusion of AA molecules to the electrode surface,

as shown in Fig. 10a. AA also had the greatest peak cur-
rents of the three analytes, indicating a robust interaction
with the active sites of the NSCQD/FeHCF composite and
improved electron transfer kinetics [46]. For UA, the CV
profiles in Fig. 10b showed a linear connection between
peak current and the square root of scan rate, suggesting
a diffusion-controlled redox mechanism. UA’s peak cur-
rents were moderate, lower than those of AA but higher
than those of RS, indicating an effective but less noticeable
interaction with the electrode as compared to AA. For RS,
the CV profiles illustrated in Fig. 10c had the lowest peak
currents, indicating diffusion-controlled behavior based on
the linear connection between peak current and scan rate.
These findings demonstrated the electrode’s capacity to
detect all three analytes efficiently while also emphasiz-
ing its higher catalytic activity for AA and UA oxidation.
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Fig. 10 Cyclic voltammetry profiles of the NSCQD/Gr/FeHCF-modified PIGE for a ascorbic acid, b uric acid, and ¢ resorcinol recorded at vary-
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DPV analysis for detection of AA, UA, and RS
by NSCQD//FeHCF-modified PIGE

The NSCQD/FeHCF-modified PIGE was used to perform
DPYV analyses for the detection of AA, UA, and RSin 0.1 M

KCl electrolyte (pH 7.0). The applied potential window
was—1.0 V to+ 1.0 V, with a pulse width of 50 ms, pulse
height of 50 mV, and step time of 0.5 s to ensure accurate
peak current measurements. As demonstrated in Fig. 11a,
AA exhibited a clear oxidation peak at 0.192 V, with peak
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Fig. 11 DPV responses for a AA, b UA, and ¢ RS detection at NSCQD/FeHCF-modified PIGE in 0.1 M KCI (pH 7.0) over a potential window
of —4.0 V to+4.0 V, with a pulse width of 50 ms, a pulse height of 50 mV, and a step time of 0.5 s
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current increasing linearly with concentration. The low oxi-
dation potential and increased peak current indicated the
electrode’s great sensitivity and catalytic activity for AA
oxidation. Similarly, the DPV study of UA revealed a well-
defined oxidation peak at 0.352 V, as illustrated in Fig. 11b,
with the peak current increasing linearly with UA concentra-
tion. This demonstrated the electrode’s efficacy in detecting
UA with low oxidation potential and great dependability. For
RS, the DPV profile revealed an oxidation peak at 0.457 V,
as shown in Fig. 11c, with peak current increasing linearly
with concentration. Although the peak current for RS was
smaller than for AA and UA, the linear trend demonstrated
that the electrode was capable of detecting RS with high
sensitivity [47]. Strong electrochemical activity was indi-
cated by the DPV response, which showed comparatively
high peak currents at low concentrations (10 x 1076 mol/L).
Additional DPV studies were carried out at lower concen-
trations (0.5 x 107% mol/L) in order to further refine the sen-
sor’s detection limit. The linear fit curve that resulted from
these experiments has been included in Fig. 11a—c. A more
accurate assessment of the sensor’s sensitivity in ultra-low
concentration detection is made possible by the wider con-
centration range. These findings demonstrated the NSCQD/
FeHCF-modified PIGE’s capacity to detect each analyte
effectively and selectively, indicating increased electrocata-
lytic activity and appropriateness for multi-analyte elec-
trochemical sensing. The linear correlations between peak
current and analyte concentration were further investigated,
and regression equations were developed for AA, UA, and
RS [48]. The regression equation for AA was found to be Ipa
(AA)=0.5234([AA]/uM) — 3.1245 (R*=0.9963), suggest-
ing great sensitivity and precision with a high correlation
coefficient. The regression equation for UA detection is Ipa
(UA)=0.4512([UA]/uM) — 2.6743 (R*=0.9958), indicating
the electrode’s high sensitivity and reliability. The regression
equation for RS was Ipa (RS)=0.3721([RS]/uM) — 1.9864
(R*=0.9967), indicating a dependable response with slightly
lower sensitivity than AA and UA. The linear responses
of the NSCQD/FeHCF-modified PIGE were validated by
strong correlation coefficients (R*>0.99) for all three ana-
lytes, demonstrating its precision and reproducibility. The
electrode’s capacity to detect trace levels was proved by
its broader detection ranges and low limits of detection for
AA (~2 uM x 107 mol/L), UA (~3x107% mol/L), and RS
(~5%107° mol/L). These findings emphasized the modi-
fied electrode’s adaptability and efficiency for multi-analyte
electrochemical sensing, bolstering its potential for use in
clinical diagnostics and environmental monitoring.

Practical and real-world setting analysis

CV was used to test the NSCQD/FeHCF-modified PIGE in
real-world applications, with Limcee (Vitamin C tablet) for

AA detection, Allopurinol tablets for UA, and a hair pig-
ment block solution for RS. Sample concentrations ranged
from 5x 107® mol/L to 5000 10~® mol/L, suitable for
high-concentration and trace-level detection applications.
To establish consistency and eliminate any interferences,
the samples were dissolved, sonicated, and filtered. Each
Limcee tablet contains 500 mg of Vitamin C, which was
dissolved in 100 mL of deionized water and serially diluted
to the desired quantities. Each Allopurinol tablet contains
300 mg of UA, which was ground into dispersed in deion-
ized water, sonicated for 15 min, and then filtered before
dilution. The hair color block solution was diluted tenfold
with ethanol, then further diluted with deionized water to
get the RS concentration into the electrochemically detect-
able range. The results shown in Fig. 12a, b reveal sepa-
rate oxidation peaks for AA at 0.192 V, UA at 0.352 V, and
RS at 0.457 V, with peak currents increasing linearly with
analyte concentration, validating the modified electrode’s
high sensitivity and accuracy even in complex matrices.
Consistent oxidation potentials, linear responses, and high
peak currents across all three analytes show that the NSC/
FeHCF-modified PIGE has higher selectivity and sensitivity.
Furthermore, the electrode demonstrated little interference
from coexisting compounds, strong repeatability, and good
stability, demonstrating its suitability for pharmaceutical,
biomedical, and cosmetic industry applications. Recovery
percentages validated the sensor’s accuracy, ranging from
97.2 to 102.5% for AA, 96.8 to 101.4% for UA, and 95.6 to
103.1% for RS. These findings demonstrate the flexibility
and dependability of the NSC/Gr/FeHCF-modified PIGE in
real-world electrochemical sensing applications.

Surface area and kinetic analysis

The electroactive surface area of the NSCQD/FeHCF-modi-
fied PIGE was estimated using the Randles—Sevcik equation:

Ip = (2.69 x 10°)n3/2AD'/2Cy'/?

where Ip is the peak current (4), n is the number of electrons
transferred, A is the electroactive surface area (cm?), D is the
diffusion coefficient of the analyte (~7.6x 107% cm?/s for Fe
(CN)63'/Fe (CN)64'), C is the analyte concentration (mol/
cm?), and v is the scan rate (V/s). The modified electrode’s
surface area was estimated to be approximately 0.23 cm?,
which is considerably greater than that of the bare PIGE
(~0.05 cm?), as determined by experimental CV data. This
increase in the electroactive surface area serves as a confir-
mation of the composite’s improved electrocatalytic activ-
ity and charge transfer. Moreover, Tafel slope analysis was
employed to analyze the kinetics of the electrode reaction
from CV data. The logarithmic plot of the anodic peak cur-
rent vs. potential revealed a Tafel slope of approximately
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Fig. 12 CV profiles of the NSCQD/Gr/FeHCF-modified PIGE tested for real-world applications: a detection of AA in Limcee and b detection of

RS in hair dye block solution

90-110 mV/dec, suggesting a rapid charge transfer process
(Fig. 13a). In addition, the iR decrease observed in CV
measurements was used to estimate the solution resistance
(Rs) of the PIGE, which was determined to be approximately
12 Q. The modification predominantly improves charge
transfer kinetics, as evidenced by the stable Rs value, rather
than increasing solution resistance.

Selectivity and interference study

Electrochemical responses in the presence of possibly interfer-
ing compounds were recorded in the NSCQD/FeHCF-mod-
ified PIGE under constant primary analyte concentration in
order to assess the selectivity of this modification. The influ-
ence of dopamine (DA), glucose (Glu), Na*, K*, CI", NOg",
and SO42' on the electrochemical detection of AA, UA, and

RS was investigated in this work. Figure 13b shows the results
of the interference study in which an equimolar or tenfold
excess concentration of interfering species (e.g., | mM DA,
Glu, Na*, and K*) evaluated the current response of 100x 10~
of AA, UA, and RS. Glucose and inorganic ions revealed no
appreciable interference (<3% signal deviation), therefore
verifying the stability of the sensor in physiological and envi-
ronmental settings. However, DA exhibited a noticeable inter-
ference effect on UA detection (~7.7% response deviation) due
to overlapping oxidation potentials. To quantify the relative
interference effects, the response deviation was calculated as
follows:
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The interference effects were determined to be AA
(1.8%), UA (7.7%), and RS (4.9%), with dopamine gen-
erating the greatest variation in UA detection. To further
study the interference effect, DPV studies were performed
in the presence and absence of DA, which caused the largest
interference in UA detection. Figure 13c depicts the DPV
responses of AA, UA, and RS, both with and without DA.
The results reveal that the oxidation peak of UA at 0.35 V
showed a modest shift and peak suppression (~7.7%) when
DA was added, demonstrating mild interference. However,
the AA (0.2 V) and RS (0.45 V) peaks were largely unaf-
fected, confirming the sensor’s strong selectivity for these
analytes in the presence of DA.

Stability, reusability, and comparative analysis
with existing electrodes

The NSC/FeHCF-modified PIGE’s stability and reusability
were assessed through repeated CV and DPV analyses over
a period of 50 cycles. The electrode’s long-term stability
was demonstrated by its capacity to retain more than 95%
of its initial current response. Additionally, the electrode’s
consistent performance and the robustness of the fabrication
process were demonstrated by the relative standard devia-
tion (RSD) of less than 3% in reproducibility experiments
conducted with three independently fabricated electrodes.
These results confirm the electrode’s suitability for practical
applications that necessitate long-term use. Additionally, the
NSC/FeHCF-modified PIGE was evaluated in comparison to
electrodes that had been previously reported for the detection
of AA, UA, and RS (Table 1) [49-58]. The modified PIGE
exhibited substantially reduced oxidation potentials for AA

(0.192 V), UA (0.352 V), and RS (0.457 V), in contrast
to conventional electrodes. This underscores its improved
catalytic activity. Confirming the synergistic effects of its
composite structure, these values are significantly lower
than those observed in unmodified PIGE or other state-
of-the-art electrodes. Furthermore, the modified electrode
proved superior at detecting several analytes across a range
of sample matrices due to its increased sensitivity and wider
detection range.

Mechanism of enhanced electrocatalytic activity
in NSC/FeHCF-modified PIGE

The synergistic interaction between the composite compo-
nents of the NSC/FeHCF-modified PIGE facilitates efficient
charge transfer, analyte adsorption, and redox reactions,
which is the reason for the enhanced electrocatalytic activ-
ity. The graphene (Gr) matrix functions as a highly conduc-
tive substrate, reducing the resistance to electron transfer
and providing a plentiful number of active sites for analyte
adsorption as a result of its extensive surface area [59]. The
FeHCF component introduces numerous redox-active cent-
ers, including Fe(II)/Fe(III) and C=N bonds, which directly
participate in electron transfer processes. This directly
enhances the catalytic efficiency for analyte detection and
reduces the oxidation potential. Furthermore, the elec-
trode’s performance is further enhanced by the nitrogen and
sulfur functionalities in the nitrogen-sulfur-doped carbon
(NSC), which generate electron-rich regions that increase
the density of active sites and improve analyte adsorption
[60]. Electron density and catalytic activity are enhanced
by nitrogen dopants, such as pyridine and graphitic N, while

Table 1 Comparison results of present work with previously published work towards AA, UA, and RS detection applications

Sensor material Analyte Detection limit Sensitivity Linear range Reference
NiHCF/graphene AA 0.29 uM 7.029 pA uM™! 0.1-125 uM [49]
Nickel hexacyanoferrate/ AA, UA 0.034 and 0.037 uM 50.31 uA uM~! 600-1000 uM and 600— [50]
poly(1,5-diaminonaphtha- 1000 uM
lene)
NiHCF composite UA 20 uM 33x1077M 1.0x107°Mt02.6x10M  [51]
Ni-CoHCF/graphene AA 2.2nM - 0.5 to 200 [52]
Graphene/cobalt hexacyano- RS - 3.5% 1077 mol/L 1.0x107°-2.0x 1076 [53]
ferrate
Cd-glutathione RS 0.2 uM - 1-14 yM [54]
NiHCF/MWCNT UA 50 nM - 0.1 to 18 pM [55]
YrHCF/graphene AA 20 UM 433 pA uM~! em™ 0.5-1.5 uM [56]
Prussian blue/poly(4-amino-  UA 3.0 M - 10 to 200 uM [57]
salicylic acid)/uricase
Cobalt-iron selenides RS 1.3 M 2.1x107° mol/L 5-350 uM [58]
NSCQD-graphene/iron hexa- AA, UA,RS 2 uM, 3 uM, and 5 uM  0.5234 uA/uM for AA, 10 uM to 8000 This work

cyanoferrate

0.4512 pA/uM for UA, and
0.3721 pA/uM
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S dopants facilitate interactions with analytes, particularly
through their functional groups [61]. The oxidation potential
is significantly reduced, peak currents are enhanced, and
charge transfer kinetics are improved as a consequence of the
synergistic integration of Gr, FeHCF, and NSC functionali-
ties. The FeHCF redox-active centers, which catalyze elec-
tron transfer, enable oxidation at lower potentials (0.192 V
for AA, 0.352 V for UA, and 0.457 V for RS) for AA, UA,
and RS. The mechanism entails the diffusion of analytes
to the electrode surface, adsorption onto the NSCQD/Gr/
FeHCEF active sites, electron transfer facilitated by FeHCF,
and the subsequent desorption of oxidized products [62, 63].
This integration of components guarantees the electrode’s
high adaptability, selectivity, and sensitivity for multi-ana-
lyte electrochemical sensing.

Conclusions

This study effectively created an NSC/FeHCF-modified
PIGE with excellent electrochemical performance for
the simultaneous detection of AA, UA, and RS. The sen-
sor was highly sensitive, measuring 523.4 mA/mol/L for
AA, 0451.2 mA/mol/L for UA, and 372.1 mA/mol/L for
RS. It also had low detection limits of 2 x 107% mol/L,
3% 107® mol/L, and 5 x 10~ mol/L, respectively. The device
has a wide linear detection range of 10X 107® mol/L to
8000 107% mol/L for all three analytes, making it suitable
for trace-level quantification and high-concentration appli-
cations. Excellent reproducibility was confirmed by stabil-
ity testing, which showed that the electrode was stable and
retained 95% of its initial current response after 50 cycles
with a relative standard deviation (RSD) of less than 3%.
Using real-world sample analysis, the electrode was further
verified by detecting AA in Limcee tablets, UA in Allopu-
rinol tablets, and RS in hair dye solutions with recovery
rates higher than 95%. Faster electron transfer, better analyte
adsorption, and effective redox reactions were made pos-
sible by the synergistic integration of graphene, FeHCF,
and NSCQDs, hence enhancing the electrocatalytic activ-
ity of the electrode. This resulted in a viable solution for
use in clinical, pharmaceutical, and environmental settings.
Expanding its application in biological fluids and incorporat-
ing it into portable devices for real-time monitoring are the
goals of future research.
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