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ABSTRACT: Herein, we introduce an eco-friendly electrochemical sensor based on melamine-enriched nitrogen-doped carbon
nanosheets decorated with gold nanoparticles (Au-CNSm) for arsenic sensing. An extremely facile, low-toxicity, biocompatible, and
affordable hydrothermal technique was adopted for the synthesis of the Au-CNSm nanocomposite. The Au-CNSm-integrated
sensing platform was optimized for electrode composition by cyclic voltammetry (CV). Owing to the synergistic effects of melamine-
enriched carbon nanosheets (CNSm) and gold nanoparticles (AuNPs), the anodic peak current increased in the Au-CNSm-modified
sensing electrode as compared to the CNSm-decorated platform. A wide linear range of 0.0001−100 μM and a low detection limit of
0.0001 μM were obtained. The visual signals can be measured at a very minute concentration of 0.0001 μM (0.1 ppb) on a screen-
printed carbon electrode (SPCE) modified with Au-CNSm. Hence, this electrode system clearly outperformed the previously
reported studies in terms of linear range, limit of detection (LOD), and electrocatalytic activity for arsenic sensing. Interestingly, the
fabricated biosensor can be developed as a point-of-care device for real-time environmental monitoring for public safety. Henceforth,
owing to exceptional attributes such as portability, selectivity, and sensitivity, this device offers great promise in modeling a
revolutionary new class of electrochemical sensing platforms for an ultrasensitive and reliable detection strategy for arsenite
(As(III)).

1. INTRODUCTION
Arsenic contamination in drinking water is a critical global
issue affecting millions of individuals and can have harmful
health consequences, even at low concentrations.1 Arsenic-
contaminated groundwater is jeopardizing the health of more
than 100 million people worldwide.2 According to the World
Health Organization and the United States Environmental
Protection Agency, the concentration of arsenic in drinking
water must be below 10 ppb.3,4 When arsenic-containing
wastewater is discharged directly into rivers through pipes,
perforations, and sinkholes, it culminates in serious ailments
such as lung cancer, skin cancer, myalgia, neuropathy, and
genetic anomalies.5 By comparing the natural forms of arsenic,
we find that As(III) is approximately 60 times more toxic than
As(V) and other organic arsenic groups.6 Therefore,
developing a delicate, quick, and accurate technique for
detecting arsenic in water is subsequently essential. Extensive
research work has been performed for the detection of arsenic;

currently, several analytical methods are used for detecting
arsenic, such as atomic fluorescence spectrometry (AFS),
atomic absorption spectroscopy (AAS), capillary electro-
phoresis, flame AAS, high-performance liquid chromatography
(HPLC), graphite furnace AAS,7 and inductively coupled
plasma mass spectrometry (ICP-MS).8 Their application in
heavy metal detection is impeded by their expensive, time-
consuming, and cumbersome operating techniques, as well as
the difficulty in achieving real-time detection.9 As of present,
high-grade metals like gold and platinum have been discovered
to be among the most effective sensing materials to detect
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arsenic. For example, Zhuang10 and team performed in situ
synthesis of ZnO onto a nanoporous gold microelectrode for
the electrochemical sensing of As(III) in near-neutral
conditions. They have achieved a sensitivity of 1.366 μA
ppb−1 cm−2 with a low limit of detection of 0.30 ppb (S/N =
3) in a concentration range of 1.0−260 ppb, while Ping’s
team11 developed an Fe-MOF/MXene-based ultrasensitive
electrochemical sensor for As(III) measurement by square
wave anodic stripping voltammetry, with a sensitivity of 8.94
μA(ng L−1)−1 cm−2 and a limit of detection as 0.58 ng L−1.
Furthermore, Gunasekaran et al.12 developed electrochemical
sensing of arsenic ions using a covalently functionalized
benzotriazole-reduced graphene oxide-modified screen-printed
carbon electrode (SPCE). Moreover, their inaptness to
constantly monitor a plethora of samples entails the need for
an effective sensing system to subjugate the burgeoning
enigma. Carbon nanomaterials, including carbon nanodots
(CNDs), fullerene, and graphene quantum dots (GQDs)-
based electrodes, aid in the detection of heavy metals;
however, their electrochemical applications in metal sensing
are limited because of their larger surface area, high aspect
ratio, and remarkable properties such as thermal and electrical
conductivity. In this study, we have come up with an
innovative strategy for producing heavy-metal-free electrode
materials with exceptional efficacy in As(III) sensing.
Melamine serves as the primary nitrogen source and is
doped in the base material. During the electrochemical
modification process, it becomes evident that CNSm exhibits
a highly conductive nature, primarily attributed to the active
sites generated by the nitrogen functional groups present on
the CNSm. This research underscores the profound influence
of carbonization temperature on the nitrogen content,
revealing that a modest proportion of nitrogen can exert a
positive influence on the conductive performance of the
resulting materials, thus enhancing their capabilities in As(III)
sensing. It has been demonstrated that a combination of a large
specific surface area and a mesoporous structure plays a
constructive role in its conductive nature.13 This is attributed
to the excellent accessibility of catalytically active sites to the
electrolyte and efficient charge transport facilitated by the
carbon matrix, both of which are advantageous for analyte
detection. We postulate that more effective N-doping can be
achieved by more suitable N-precursors. In our present
investigation, we have delved into the impact of CNSm and
carbonization temperature on the nitrogen content. Further-
more, we have observed that while overall high nitrogen
content is significant, it is not the sole governing factor for
improving the catalytic and conductive nature. The type and
concentration of pyridine nitrogen and pyrrolic nitrogen are
equally pivotal, and both are present in our nanocomposite, as
shown by X-ray photoelectron spectroscopy (XPS) spectra in
Figure 4c. Hence, carbon materials doped with nonmetal
heteroatoms, specifically nitrogen integrated into the funda-
mental carbon structure, are of great interest. Here, we
demonstrate melamine-enriched nitrogen-doped carbon nano-
sheets augmented with gold nanoparticles obtained hydro-
thermally via a simple one-pot hydrothermal method, utilizing
CNSm and auric chloride solution. Notably, CNSm served as a
convenient single source of the precursor, making the synthesis
process easily scalable and environmentally friendly. Remark-
ably, this approach obviated the requirement of catalysts or
organic solvents. CNSm has been revealed to be one of the
most promising nanomaterials for the detection of arsenic from

groundwater due to its higher adsorption capacity, sensing
nature, and specificity.14,15 Moreover, gold or gold film
electrodes are considered superior in sensitivity towards
arsenic oxidation to silver, platinum, or other electrode
materials.16 Au-CNSm has been employed in electrochemical
sensing by coating it on the surface of electrodes to create an
electrochemical interaction for the adsorption of analytes that
are more sensitive, such as heavy metal ions.17 Here, we
developed Au-CNSm/SPCE having a high limit of detection
(LOD) and a broad linear range toward arsenic in drinking
water. Its sensing effects depend on the ability of arsenic to
adsorb on the surface of the Au-CNSm hybrid, which can
improve the detection limit of arsenic As(III). Electrochemical
methodologies hold significant promise for the detection of
heavy metal ions (HMIs) such as arsenic in environmental
samples. Electrochemical approaches offer swiftness, accuracy,
and accessibility. Upon exposure to variations in the electric
potential, heavy metal ions with redox activity undergo
oxidation on the surface of the working electrode (WE) in
electrochemical systems. This oxidative process results in a
rapid surge of electric current directly correlated to the
concentration of HMI present in the solution. Notably, these
oxidation peaks manifest at distinct oxidation potentials,
facilitating the simultaneous detection and measurement of
multiple HMI signals through a single voltammetric scan.
Among these sensing methods, cyclic voltammetry, an
electrochemical technique, is used for sensing arsenic. CV
enables the electrode potential to be swept over a wide range,
which is significant because arsenic species can undergo a wide
range of redox reactions that cover the complete potential
range in a single scan. It is also excellent for investigating
arsenic’s complicated electrochemical behaviors and has also
gained attention due to its low cost, remarkable portability,
high sensitivity, quick analysis time, and adaptability for the
on-site, real-time study.18 The Au-CNSm-modified electrode
surface provides a more sensitive voltammetry response in
contrast to other metallic electrode systems employed for
arsenic detection.19 The reason is that As and Au form an
intermetallic complex that can boost the effectiveness of
As(0).20 Moreover, AuNPs supported on a carbon substrate
reduce interference from external moieties such as the Cu(II)
ion, allowing for the detection of minute concentrations of
As(III).21 Based on all of these findings, we infer that adding
Au nanoparticles to the surface of carbon materials, including
carbon nanosheets, may provide a possible nanomaterial for
As(III) detection that is highly sensitive.20

2. EXPERIMENTAL SECTION
2.1. Chemical Reagent. Tetrachloroauric acid or auric

chloride (HAuCl4) was purchased from Sigma-Aldrich, India,
and arsenic trioxide (AS2O3, 99%) was purchased from
QualiChem’s Fine Chemical Pvt., Ltd. (Gujarat, India).
CNSm was prepared using the hydrothermal method of
preparation. All chemicals used were of high-quality analytical
grade and used as received. AS2O3 As(III) stock solution was
prepared, and before the experiment, the As(III) solution was
diluted to an appropriate concentration.
2.2. Instrumentation. Scanning electron microscopy

(SEM; JEOL JSM 7500F) was employed to investigate the
samples at an accelerating voltage of 5 kV. Atomic force
microscopy (AFM) analysis was performed at IUAC, New
Delhi, via a Nasoscope IIIa model instrument maintained
under tapping mode. With the aid of a D8 Advance-Powder X-
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ray diffractometer (XRD) and Cu Kα radiation (k = 0.154 nm)
in the θ−2θ range, the structural characteristics of the Au films
were determined. For surface analysis, XPS measurement was
carried out at the Indus-2 beamline at RRCAT Indore with a
double crystal monochromator (DCM) using a pair of Si(111)
crystals. Using a HORIBA-DUETTA spectrophotometer,
absorption spectra in the ultraviolet−visible (UV−vis) region
were obtained in the range of 250−800 nm. Fourier transform
infrared spectroscopy (FTIR) conducted by using an FTIR
(UPD) spectrometer was performed in the 500−4000 cm−1

range. Raman spectra were collected at a 473 nm laser source
on a Raman spectrometer, where the sample was laid on a
metal chip. The beam of the excitation laser was directed at its
surface and tailored to receive an appropriate signal from the
analysis. SPCE, which was designed for the development of
sensors with superior electronic transfer properties, was
utilized in electrochemical studies. The working electrode
(4.0 mm) is composed of carbon, along with the counter
electrode, whereas the reference electrode is made up of silver.

All studies were performed in air at ambient temperature (25 ±
2 °C).
2.3. Synthesis of CNSm. The synthesis of carbon

nanosheets was carried out through a hydrothermal process
using melamine (Merck, 98%) and glycerol (Fisher Scientific,
99%) as starting materials, and the synthesis involved a
hydrothermal procedure utilizing melamine (purity: 98% from
Merck) and glycerol (purity: 99% from Fisher Scientific) as
precursor materials. Specifically, 0.5 g of melamine was
dissolved in 10 mL of glycerol with continuous stirring at
room temperature for 30 min. The resulting mixture was
carefully combined with 10 mL of concentrated sulfuric acid
(purity: 98% from Merck) to form a homogeneous solution.
Subsequently, this solution was transferred into a 50 mL
Teflon-lined stainless steel autoclave (Xiniu Tech, China) and
subjected to hydrothermal treatment at 180 °C for 4 h inside a
hot-air oven. This process facilitated both the carbonization of
melamine and incorporation of essential nitrogen (N)
configurations into the carbon framework, resulting in the

Figure 1. Schematic illustration of the synthesis of Au-CNSm from the hydrothermal reduction method.

Figure 2. SEM of Au-CNSm at (a) 2 μm, (b) 1 μm, and (c) 200 nm. TEM images of Au-CNSm at (d) 200 nm and (e) 50 nm. (f) SAED pattern.
AFM images of Au-CNSm deposited on freshly prepared silicon wafers: (g) 2D topographic view of Au-CNSm, (h) 3D view of Au-CNSm, and (i)
corresponding height profile analysis of Au-CNSm.
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formation of a melamine-enriched carbon nanosheet (CNSm).
The resulting product was thoroughly washed three times
using a solution of acetone and distilled water (in a ratio of
10:90, v/v). Afterward, the collected material was dried at 50
°C to obtain the desired products. Prior to utilization, the as-
synthesized nanomaterials were dispersed in deionized water
for sterility purposes and then subjected to sonication at room
temperature for 45 min to disperse any aggregates.
2.4. Preparation of the Au-CNSm Nanocomposite.

The Au-CNSm nanocomposite was crafted with a hydro-
thermal method (in Figure 1). In a typical procedure, 15 mg of
freshly prepared CNSm was mixed with 10 mL of deionized
water and subjected to ultrasonication for 1 h to assist the ionic
interaction. In 5 mL of water, 6 mg of HAuCl4·3H2O having a
concentration of 1 mM was added to the aforementioned
solution and further sonicated for 30 min to obtain an
appropriate dispersion of CNSm with auric chloride solution.22

We observed that the color of the mixture shifted from yellow
to dark yellow, indicating the introduction of the Au-CNSm
formation. This suspension was kept at room temperature for
about 40 min and stirred to assist the gold ions’ interaction
with the CNSm surface. The solution was then transferred in a
50 mL PTFE-lined stainless steel autoclave and heated at 140
°C for 5 h to create the Au-CNSm nanocomposite. The
reaction mass was centrifuged and cooled with distilled water
before being used.
2.5. Electrode Modification Using an Engineered Au-

CNSm Nanocomposite. Cyclic voltammograms were

recorded in a three-electrode cell system at 50 mV s−1 using
SPCE in which the carbon electrode acts as the working
electrode, Ag/AgCl as the reference electrode, and a platinum
wire as the counter electrode in a 5 mM K3Fe(CN)6/5 mM
K4Fe(CN)6 solution as a redox probe. The SPCE system was
rinsed with water and then modified by coating it with Au-
CNSm. After that, 50 μL of the Au-CNSm nanocomposite
suspension was drop-cast on SPCE and left overnight. The
electrochemical investigation was then carried out on the
modified electrode to determine various parameters. The
analytical performance of the modified electrode was assessed
by testing its response to different concentrations of arsenic
solution, ranging from 0.0001 to 100 μM.

3. RESULTS AND DISCUSSION
3.1. Characterization of the Au-CNSm Nanocompo-

site. 3.1.1. Morphological Analysis. The morphology of as-
synthesized Au-CNSm was examined by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). As given in Figure 2a, the SEM images describe the
bright Au nanoparticles with a mean size of around 70−80 nm,
which are uniformly distributed on CNSm, corroborating the
successful fabrication of the AuNPs on CNSm. Figure 2b
clearly shows the thin and wrinkled nanosheet of the CNSm
material in which AuNPs are distributed in a heterogeneous
manner, while in Figure 2c, a thin layered morphology of
CNSm can be observed. The dispersion of AuNPs over CNSm
within the nanocomposite was investigated by TEM. In Figure

Figure 3. Characterization of Au-CNSm by (a) XRD, (b) Raman, (c) FTIR, and (d) UV−visible absorption spectra.

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

https://doi.org/10.1021/acsomega.3c07805
ACS Omega 2023, 8, 48360−48369

48363

https://pubs.acs.org/doi/10.1021/acsomega.3c07805?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07805?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07805?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07805?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07805?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2d, the TEM image shows the sheet-like structures of CNSm
on which AuNPs are distributed. In Figure 2e, the TEM image
reveals that AuNPs are well dispersed within the nano-
composite. Figure 2f exhibits a high-magnification TEM image
of the Au-CNSm nanocomposite, showing a completely
polycrystalline and ordered structure confirmed from the
selected area electron diffraction pattern (SAED) image.
Figure 2f depicts the SAED distribution of Au-CNSm. The
steady patterned circle of polycrystalline carbon inside the
SAED image (Figure 2f) explicitly demonstrates the creation of
prevalent hexagonal symmetry, which is symbolic for
turbostratic layers, specifying that CNSm has indeed been
transformed into graphite and AuNPs have been stacked into
the graphite layer, affirming the nucleus of Au-CNSm. The
SAED pattern validates the polycrystalline nature of the Au-
CNSm nanocomposite by displaying four concentrating rings,
and d-spacings of 0.23 and 0.12 nm are consistent with the
(111) and (311) lattice of the face-centered cubic form of
AuNPs, respectively. The predicted crystal planes and d-
spacing values are compared with XRD data and found to be in
good agreement. The atomic force microscopy (AFM) of the
nanocomposite (Figure 2g) demonstrates the two-dimensional
(2D) view of Au-CNSm. Figure 2h represents the three-
dimensional (3D) view of the Au-CNSm nanocomposite, and
Figure 2i shows the corresponding height profile graph of the
Au-CNSm nanocomposite in which the red cap represents the
height of the CNSm sheet to be 12.706 nm, the green cap
indicates the height of AuNPs as 8.472 nm, and the black cap
denotes the diameter of AuNPs of approximately 41.314 nm.
Furthermore, energy-dispersive X-ray (EDX) analysis confirms
the formation of AuNPs on the CNSm surface. Figure S1(a)
displays the EDX spectra of the Au-CNSm composite in which
the C, O, S, and Au element peaks are visible, serving as proof

of the chemical compositions of Au-CNSm. According to the
integral area of each characteristic peak, the weight ratios of C,
O, S, and Au are estimated to be 58.40, 23.40, 2.13, and
16.07%, respectively. The atomic ratios of C, O, S, and Au are
approximately 75.12, 22.60, 1.03, and 1.26%, respectively,
confirming that AuNPs were successfully electrodeposited on
the Au-CNSm-modified SPCE surface.

3.1.2. Chemical Characterization of the Au-CNSm Nano-
composite. XRD analysis deduces the mechanistic elucidation
of the Au-CNSm configuration from the precursor CNSm via
the hydrothermal route based on modifications in the
crystalline and amorphous phases. Similarly, the Au-CNSm
XRD estimation of the specimen substantiates our theory
concerning the influence of temperature on the crystallinity
degree of the material. CNSm exhibited some amorphous
nature, with a cyclohexane monoclinic carbon phase at 31.6°
having (2′11) planes (JCPDS file 48-1960) and a cubic phase
at 36.16° having (210) planes (JCPDS file 18−0311).23 In the
case of Au-CNSm, the cyclohexane monoclinic carbon phase
declined significantly after the hydrothermal process in
conjugation with AuNPs, with a concomitant increase and
textured growth of the gold phase. The XRD pattern for Au-
CNSm, however, is in good agreement with the reference
pattern for cubic Au (JCPD 89−3697), which demonstrates all
of the major peaks of Au at 38.3° (111), 44.5° (200), 64.7°
(220), and 77.6° (311), confirming the decoration of AuNPs
on the CNSm surface. The sharp peaks and low fwhm in
Figure 3a indicate that the synthesized nanocomposite (Au-
CNSm) has high crystallinity. The XRD patterns of Au-CNSm
showed a gradual decrease in peak heights with a concurrent
increase in peak width, which corroborated the gradual
decrease in particle size.24 Moreover, during XRD analysis of
Au-CNSm, peaks exhibiting the impurities of the material were

Figure 4. Survey XPS spectra of CNSm (a) and (b) Au-CNSm. High-resolution deconvoluted spectra of N 1s CNSm (c) and Au 4d spectrum of
Au-CNSm (d). Normalized Au L3-edge XANES spectra of the Au-CNSm sample with the Au foil [Au(0)] as a reference (e) and (f) Fourier
transformed Au L3-edge EXAFS spectra χ(R) versus R for Au-CNSm and Au foil.
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not present, supporting pristine composite formation among
selected moieties. The quantitative and qualitative evaluation
of structural defects, such as functional groups, doping, grain
boundaries, and voids, was performed using Raman spectros-
copy.25,26 Structural changes that occurred due to the
functionalization of CNSm over AuNPs can be observed by
changes in Raman spectroscopy bands.27 According to Wang
et al.,28 the Raman spectra of CNSm show two bands: the G
band at 1588 cm−1, which occurs from the first order scattering
of the E2g phonon of sp2 carbon atoms demonstrating graphitic
carbon, and other is the D band at 1370 cm−1, which indicates
the presence of disorder as well as the edges due to breathing
mode of k-point photons with A1g symmetry. In the Raman
spectra of the Au-CNSm nanocomposite, the D band, which is
localized at about 1339 cm−1, is correlated to the vibrations of
sp3-bonded carbon atoms with defects and disorder, while the
G band, which arises at around 1595 cm−1, corresponds to the
vibrations of sp2-bonded carbon atoms in a hexagonal lattice.
As can be seen from Figure 3b, their intensity ratio (ID/IG) is
often used as a measure of the degree of carbon disruption.
The D and G modes were characterized by the Au-CNSm’s
Raman spectra along with two distinct peaks at 1339 and 1595
cm−1, respectively, and the strength of the G band is higher
than that of the D band. The combined investigations
conclude that the intensity ratio of (ID/IG) increased from
0.91 to 0.93, indicating a considerable reduction in the extent
of the in-plane sp2 domain and an increase in disorder. The
FTIR spectra of Au-CNSm shown in Figure 3c depict how the
number of functional groups associated with each other
provide stability by capping them. In the FTIR spectra, the

absorption peak at 1700 cm−1 due to the carbonyl C�O
group confirms the presence of the −COOH group, while the
signal at 3000−3400 cm−1 is related to −OH groups.28

Triazine fingerprints between 1400 and 1600 cm−1 were found
in CNSm samples, revealing that CNSm comprises triazine
rings that were originally found in melamine and also an
aliphatic chain at around 2900 cm−1 due to glycerol, as shown
in spectra. When we analyze the FTIR spectra of Au-CNSm
with AuNPs embellished on the CNSm, an extra peak at 1388
cm−1 is attributed to the C−N stretching vibration of aromatic
amines and the C−OH stretching of the secondary alcohol,
which was also observed. Figure 3d shows the UV−visible
absorption spectra of Au-CNSm; AuNPs exhibit a dominant
absorption band at 260 nm corresponding to π−π* transitions
of carbon−carbon bonds and n−π* transitions of carboxyl
bonds.
XPS analysis infers the interaction between CNSm and Au-

CNSm along with their chemical composition. The XPS survey
spectra over a broad range of binding energies (0−1200 eV)
for both CNSm (in Figure 4a) and Au-CNSm (in Figure 4b)
indicate a small C 1s peak at 284.5 eV, an O 1s peak at 532.5
eV, a N 1s peak at 400 eV, a S 2p peak at 167.5 eV, and a Au
4d peak at 355 eV. Figure 4b illustrates the broad-scan XPS
spectrum of Au-CNSm, which reveals that the fabricated
hybrid material comprises blended Au, C, O, N, and S
elements. Figure 4c displays the deconvoluted spectrum of N
1s, which features two distinct convoluted peaks at 398.5 and
399.8 eV; the peak at 398.5 eV is represented by pyrrolic-N,
while the other is resulted by pyridinic-N.29 Figure 4d
illustrates sharp peaks at 335.9 and 354.5 eV in the Au 4d

Figure 5. Cyclic voltammograms of (a) CNSm/SPCE in a 5 mM potassium ferricyanide (K3Fe(CN)6)/5 mM potassium ferrocyanide
(K4Fe(CN)6) solution with 100 μM As(III) at a scan rate of 50 mV s−1 and (b) CNSm/SPCE at various concentrations of As(III) from 0.0001 μM
to 100 μM with the 5 mM K3Fe(CN)6/5 mM K4Fe(CN)6 solution at a scan rate of 50 mV s−1. (c) CNSm/SPCE shows the corresponding
variation of current density as a function of concentration of As(III). Cyclic voltammograms of (d) Au-CNSm/SPCE in the 5 mM K3Fe(CN)6/5
mM K4Fe(CN)6 solution with 100 μM As(III) at a scan rate of 50 mV s−1 and (e) Au-CNSm/SPCE at various concentrations of As(III) from
0.0001 to 100 μM with a ferri/ferro solution at a scan rate of 50 mV s−1. (f) Au-CNSm/SPCE displays the relevant current density change as a
function of the concentration of As(III).
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deconvoluted spectrum.30 Correspondingly, Au 4d spectra
were indexed for the two main peaks 4d3 (354.5 eV) and 4d5
(335.9 eV), which is significant to metallic gold owing to the
dominance of AuNPs over CNSm, which is in corroboration
with the FTIR results, emphasizing the 2D structure of the
carbon nanosheets of sp2 carbon and triazine structures. S and
O atoms appeared from H2SO4 and adsorbed SO2 gas, which
were the byproduct of the reaction. Figure 4e shows the
extended X-ray absorption fine structure (EXAFS) and X-ray
absorption near edge spectroscopy (XANES) data, confirming
the structure and properties of AuNPs in these materials.31 Au
L3-edge XANES and scanning extended edge X-ray absorption
fine structure (XAFS) spectra were obtained at the BL-9
(EXAFS) Indus-2 beamline. The XAFS spectra of Au samples
were taken in transmission mode. The beamline is completely
fabricated of a collimated Rh/Pt-wrapped meridional cylin-
drical mirror and a Si (111)-premised double crystal
monochromator to select the excitation energy. The XANES
clearly reveals both oxidized and reduced Au species. Figure 4
depicts four distinct edge characteristics. The fragile peak near
11,940 eV, which is the characteristic peak of AuNPs originally
seen in the XANES, but the two peaks between 11,940 and
11,980 eV seem to be more structure-dependent. The peaks
between 11,925 and 11,980 eV imply that XANES is affected
by parameters such as the concentration of AuNPs and the
structure of the host element. The energy range of XAFS was
calibrated using a Au metal foil at 11,919 eV. Figure 4e shows
the normalized Au L3 edge spectra of CNSm. From XANES
measurements, one may observe that the CNSm sample has a
Au(0) oxidation state. Figure 4f shows the Fourier transform
(FT) of the XAFS spectra of CNSm samples in comparison
with the Au metal. In the Fourier transform of the extended X-
ray fine structure (EXAFS) signal, the first peak of Au-CNSm
appears at 2.48 Å, which is slightly lower than the interatomic
distance (R) value of the reference Au foil complex. It emerges
due to the presence of different characteristics of gold ligands.
Owing to the inherent constraints of the analytical technique
and the inadequate data integrity for EXAFS quantification, it
is difficult to distinguish the prevalence of tiny gold clusters or
other multimetallic complexes from the X-ray absorption data.
The existence of these small gold clusters could be highlighted
by the modest peaks at 2.54 and 2.94 Å in Figure 4f, but all
these peaks may also originate from other compounds and
nanostructures in the sample. Moreover, the R-space spectra of
the Au L3-edge reveal a similar configuration as that of the gold
foil, which clearly indicates that the gold atom is metallic with
zero valence. Moreover, the intersite distance32 between gold
nanoparticles is less as compared to the gold foil, as confirmed
by the Y-axis of Figure 4f. All of this evidence indicates that the
gold nanoparticles are successfully formed in N-rich carbon.

4. ELECTROCHEMICAL CHARACTERIZATION
The electrical conductivity of a material is determined by its
capacity to carry charge carriers and the ease with which these
carriers can move from one layer to another. Addressing this
issue, current versus potential measurements were conducted
for CNSm and Au-CNSm.
4.1. Adsorption Mechanism of As(III) on Au-CNSm.

Upon modification of the SPCE with the Au-CNSm
nanocomposite in the presence of 100 μM As(III) within a
5 mM K3Fe(CN)6/5 mM K4Fe(CN)6 solution, a noticeable
difference in the electrochemical response was observed. In
Figure 5d, the unmodified SPCE exhibited a modest current

response, approximately 0.10 mA. However, following the
nanocomposite (Au-CNSm) modification, a significant in-
crease in peak current (0.3 mA) was evident. This enhance-
ment in current can be attributed to the excellent conductivity
of Au-CNSm. This enhanced conductivity is primarily
attributed to the formation of an intermetallic complex
between arsenic (As) and gold (Au), which, in turn, amplifies
the effectiveness of As(0).20 The formation of gold nano-
particles is further substantiated by the extended X-ray
absorption fine structure (EXAFS) data presented in Figure
4e,f. This collective evidence strongly supports the successful
formation of gold nanoparticles within the nitrogen-rich
carbon matrix.
4.2. Electrochemical Behavior of As(III) at the Base

Material CNSm-Modified Electrode. The electrochemical
presence of CNSm/SPCE to As(III) was investigated by using
cyclic voltammetry. Figure 5a displays the cyclic voltammetry
response for bare SPCE, CNSm, and CNSm with 100 μM
arsenite in a 5 mM K3Fe(CN)6/5 mM K4Fe(CN)6 solution.
Bare SPCE shows an oxidation peak current of ∼0.98 mA.
After the deposition of CNSm, a considerable peak current of
∼1.33 mA was attained due to the high conductivity of CNSm.
The peak current value for CNSm in the presence of arsenite
was obtained as ∼1.62 mA, indicating that the oxidation of the
working electrode increased from As(0) to As(III). In the case
of reverse scanning, the reduction peak for CNSm with
arsenite was observed at −1.54 mA, while it was observed at
−0.91 mA with bare SPCE. This study mainly focuses on the
oxidation peak rather than the reduction peak, as the oxidation
peak is more vulnerable to changes. The working electrode
shows an optimum current response in the presence of As(III)
due to an increase in its catalytic properties toward As(III).
4.3. Effect of Different Concentrations on the CNSm/

SPCE Electrode. Various concentrations of the arsenic analyte
were studied in a range from 0.0001 to 100 μM to study the
electrochemical behavior and properties of arsenic species in a
solution. To study the concentration effect on an electrode
surface, the electrochemical CV technique was carried out. By
varying the concentration of arsenic species in the solution, we
can examine how the rates of electron transfer and reaction
kinetics are affected. Different concentrations lead to changes
in reaction rates, which can provide insights into the
mechanisms and pathways of redox reactions involving arsenic.
All of the evaluations were performed in a 5 mM K3Fe(CN)6/
5 mM K4Fe(CN)6 solution with a scan rate of 50 mV s−1.
Figure 5b illustrates the CV graph for varying concentrations,
where the current value was enhanced in the case of a higher
concentration, whereas it decreased with the decreasing
concentration. The highest current value (1.62 mA) was
obtained at the maximum concentration (100 μM) due to the
increased catalytic activity at the modified sensing platform. A
calibration curve was also generated for arsenic concentrations
from 0.0001 to 100 μM in Figure 5c. The results proved that
CNSm/SPCE responded linearly between the working
electrode current value and the As(III) concentration. LOD
determined by CV was 0.0001 μM, and the fitted linear
equation obtained was y = 0.0893x + 1.479 with a correlation
coefficient of 0.9034.
4.4. As(III) Electrochemical Performance at the Au-

CNSm Nanocomposite-Modified Electrode. To evaluate
the electrochemical response of Au-CNSm/SPCE toward
As(III), the cyclic voltammetry study has been carried out.
Figure 5d shows the cyclic voltammetry response for
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modification of SPCE with the Au-CNSm nanocomposite in
the presence of 100 μM As(III) in the 5 mM K3Fe(CN)6/5
mM K4Fe(CN)6 solution. In the figure, the bare electrode
(SPCE) showed a current response of ∼0.10 mA. After
modification with the nanocomposite (Au-CNSm), a signifi-
cant increase in peak current was obtained (0.28 mA) due to
the high conductivity of Au-CNSm. After the addition of 100
μM As(III), a spike in the peak current value was observed
(∼0.3 mA). In the case of reverse scanning, the reduction peak
appeared at ∼−0.25 mA for Au-CNSm with arsenite, while
with bare SPCE, it is observed at ∼−0.13 mA. The results
showed that a significant increase in peak current was obtained
in the case of the Au-CNSm nanocomposite as compared to
the CNSm-doped material alone.
4.5. Effect of Different Concentrations on the Au-

CNSm/SPCE Electrode. The effect of different As(III)
concentrations on the Au-CNSm-coated SPCE was inves-
tigated in the range of 0.0001−100 μM. A cyclic voltammetry
(CV) study was conducted in a 5 mM K3Fe(CN)6/5 mM
K4Fe(CN)6 solution to determine the minimum detectable
concentration using the modified electrode at a scan rate of 50
mV s−1. As(III) solution concentrations ranging from 0.0001
to 100 μM were drop-cast on SPCE containing the Au-CNSm-
modified electrode. Different concentrations are tested to
determine the LOD and limit of quantification (LOQ) for
arsenic detection. These parameters define the lowest
concentration at which reliable measurements can be made.
This process was allowed for all different concentrations of
As(III), and electrodes were washed every time before
proceeding with the electrochemical experiments. Figure 5e
illustrates the CV graph for varying concentrations. It was
evaluated that the current value is enhanced in the case of
increasing concentration, whereas it decreases with decreasing
concentration. A calibration curve was also generated for
arsenic concentrations from 0.0001 to 100 μM in Figure 5f,
showing the results that Au-CNSm/SPCE responds linearly
between the working electrode current value and the As(III)
concentration. A higher current value (0.22 mA) was obtained
at a maximum concentration (100 μM) due to the surge in the
catalytic activity of the electrode. The proposed sensor showed
a linear range from 0.0001 to 100 μM and an LOD of 0.0001
μM.
Table 1 presents a comparison of the analytical perform-

ances of different metal/metal oxide-decorated modified
electrodes for calculating LOD and linear range value for
As(III), where it shows that our Au-CNSm/SPCE-based
sensor used for As(III) has higher LOD and linear range values
than other previously reported modified electrode systems.

5. CONCLUSIONS
This study presents a method for synthesizing Au-CNSm
through the utilization of an aqueous solution of HAuCl4 and
CNSm. The hydrothermal technique played a crucial role as a
reducing agent, ensuring the stabilization of metal nano-
particles (NPs). Moreover, the synthesized particles demon-
strated long-term stability. To circumvent the flaws in existing
heavy metal sensing methods, an electrochemical sensor with
gold nanoparticle-adorned CNSm was fabricated, an electro-
chemical sensor modified with a Au-CNSm nanocomposite
device, which is fast, inexpensive, and convenient. Further-
more, cyclic voltammetry experiments suggest that Au-CNSm/
SPCE operated well for As(III) analysis with a detection limit
of 0.0001 μM (0.1 PPb), which was appropriate to analyze
As(III) at levels lower than the WHO-recommended level (10
PPb). The electrode exhibits a promising utilization
perspective for quick real-time analysis of samples without
the interference of Cu(II) ions, with a very minuscule
percentage of As(III). The results obtained from Au-CNSm/
SPCE were incredibly precise and stable. The Au-CNSm/
SPCE-based sensor devised for As(III) sensing exhibits
superiority over other metal/metal oxide-decorated carbon
nanosheet-modified electrode detectors. The intriguing results
can be attributed to the potential benefit of the Au-CNSm/
SPCE hybrid sensing platform for detecting As(III) in water.
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