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alkaline media
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In this study, an electrochemical sensor based on TizC,T, MXene functionalized with bimetallic Cu-Ag
nanoparticles was developed for the selective and sensitive detection of nitrate and nitrite ions. Owing to
the high surface area, excellent conductivity, and versatile surface chemistry of TizC,T,, the sensor exhibits
dual linear response ranges for nitrate (0.1-10 mM and 10-100 mM), while enabling simultaneous nitrite
detection across the same concentration intervals of nitrate addition. The detection limits for nitrate were
calculated as 5.2 pM and 124.0 pM, with corresponding sensitivities of 220.75 and 5.095 pA mM™* cm™,
and for nitrite (0.1-1 mM and 1-30 mM), the detection limits calculated were 0.031 uM and 0.211 uM with
sensitivities of 898.12 and 131.35 pA mM™t cm™2, respectively. The sensor further demonstrates remarkable
selectivity against common interfering species and retains electrochemical stability over 100 voltammetry
cycles. Validation through real-sample analysis in soil, lake water, and tap water yielded high recovery rates,
underscoring its practical utility. Overall, this study highlights the successful deployment of MXene-based
electrochemical sensing for nitrate and nitrite ions, extending the scope of MXene applications beyond
conventional reduction processes.

1. Introduction

In recent decades, the pollution of water supplies by industrial
and agricultural activities has emerged as a significant global
problem. Water pollution encompasses a wide range of
chemical, biological, and physical contaminants that
compromise aquatic ecosystems and human health.! In addition
to nitrogen-based species like nitrates and nitrites, common
pollutants include heavy metals (e.g, Pb, Hg, Cd), organic
compounds (e.g., pesticides, pharmaceuticals), and microbial
pathogens.” These substances can originate from industrial
effluents, agricultural runoff, and domestic waste, and often
persist in the environment, leading to bioaccumulation and
chronic toxicity. Among the various water and soil contaminants,
the substances most incriminated are surely nitrate ions (NO;).?
In the food industry, NO;™ ions are used extensively not only in
fertilizers but also as an addition to improve color and flavor or
as a preventative measure against Clostridium botulinum food
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poisoning.* Nitrite ions (NO,") are a widespread contaminant in
agricultural runoff and industrial effluents, similar to NO;". It
poses significant health risks due to its ability to form
carcinogenic nitrosamines and interfere with oxygen transport
in the bloodstream. Regulatory agencies have set strict limits for
NO,™ concentrations in drinking water, necessitating a sensitive
and selective detection method. Nevertheless, a high
concentration of NO;  has several negative consequences for
human health, as it can be transformed into toxic nitrogen
compounds, including NO,", nitric oxide, and N-nitrosamines,
which can lead to liver disease and stomach cancer.” Blue baby
syndrome, usually referred to as neonatal methemoglobinemia,
is likewise caused by an excessive consumption of NO;~.° The
World Health Organization (WHO) and European Directives have
set the maximum contamination level (MCL) of NO;™ in public
drinking water at 50 mg L™ (about 0.8 mM) due to its harmful
effects on human health. Determining the appropriate levels of
NO;", particularly in drinking water, is therefore crucial.
Traditional methods for NO;  and NO, detection include
spectrophotometry, ion chromatography, and GC-MS, each
offering distinct advantages in terms of sensitivity and
specificity. However, these techniques often require complex
instrumentation  and  sample  preparation.”®  Recent
developments in electrochemical sensing, especially those
leveraging nanomaterials, have enabled portable, low-cost, and
highly sensitive platforms for real-time monitoring.
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The detection of nitrogenous pollutants such as NO;~ and
NO,  is of growing importance due to their environmental and
health implications. Transition metals like copper (Cu),
titanium (Ti), and silver (Ag) offer distinct advantages in
electrochemical sensing platforms owing to their unique
physicochemical properties. Cu exhibits excellent redox activity
and facilitates electron transfer, Ti provides structural stability
and photocatalytic potential, while Ag enhances electrical
conductivity and signal amplification.”"® Recent studies have
shown that doping Ti-based frameworks with Cu and Ag not
only narrows the bandgap but also improves charge separation
and catalytic efficiency, thereby enabling sensitive and selective
detection of nitrogenous species. Bagheri et al. developed an
electrochemical sensor based on a composite of Cu
nanoparticles (NPs), multi-walled carbon nanotubes, and
reduced graphene oxide for NO;  detection, achieving a low
limit of detection (LOD) of 20 nM. However, the sensor
exhibited a relatively narrow linear range and required
electrodeposition for sample preparation to enable
simultaneous NO," detection."* Inam et al. reported a flexible
screen-printed electrochemical sensor functionalized with
electrodeposited Cu NPs on an Ag screen-printed electrode,
achieving an impressive LOD of 0.12 pg L' and a linear
dynamic range (LDR) of 0.05-5 mM.'> A. Mahajan et al
introduced a polyvinyl alcohol/copper-nickel co-doped titania
(PCNT) nanocomposite sensor, which demonstrated an LOD of
204.71 uM and a limit of quantification (LOQ) of 620.34 uM."?
More recently, S. Benhaiba et al. fabricated a highly sensitive
NO;  sensor using a hybrid film of poly(1,8-
diaminonaphthalene) and Cu oxide particles, achieving an
LOD of 0.5 uM with a linear range of 2-200 uM.** While these
studies demonstrate significant progress in electrochemical
NO;™ sensing, many involve complex fabrication steps, limited
linear ranges, or require rigid substrates and specialized
deposition techniques. To reduce NO;  and NO,, recent
studies have investigated various metal catalysts, including Cu,
gold (Au), and Ag, which do not require sophisticated
biorecognition elements like enzymes.>">'® When compared
to other metal catalysts, Cu has shown better performance as
an electro-reduced catalyst for NO;~ ion detection due to its
high conductivity (5.8 x 10’ S m™"). The combination of Ag and
Cu reduces NO; in environmental samples in a selective
manner while limiting interference from other competing
species. Ag NPs assist in reducing undesirable side reactions
and improve NO;  selectivity over other anions by facilitating
regulated adsorption-desorption behavior. The synergistic
interaction between Ag and Cu plays a pivotal role in
enhancing the electrochemical sensing of NO;™ and NO, .
Specifically, the presence of Ag NPs modulates the reduction
potential of NO;™, enabling efficient detection at lower applied
voltages. This shift leads to an improved signal-to-noise ratio,
thereby lowering the detection limit and enhancing the overall
analytical performance. Cu-based sensors integrated with Ag
NPs exhibit superior stability, selectivity, and catalytic activity,
along with accelerated electron transfer kinetics. The bimetallic
synergy between Ag and Cu thus creates a robust sensing
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interface capable of high-performance NO;~ detection in both
industrial and environmental settings."”"®

Recent advances in MXene-based electrochemical sensors
have demonstrated that surface modification with metals
and carbonaceous materials can dramatically enhance
sensing performance. For example, Ti;C,T, modified with Au
NPs showed superior catalytic activity and stability for
hydrogen evolution reactions.'® Complementing the metal-
based enhancements, MXenes and their hybrid derivatives
offer a highly favorable platform for sensor fabrication due to
their exceptional physicochemical properties. MXenes exhibit
high electrical conductivity, a large specific surface area, and
tunable surface terminations (-OH, -O, -F), which facilitate
functionalization and enhance analyte interaction.”® These
features help overcome common limitations in conventional
sensor devices. MXene NPs serve as excellent modifiers in
electrochemical sensor design, enabling enhanced sensitivity
and selectivity. Their layered, atomically thin structure
supports efficient ion intercalation and charge transfer, while
their quantum confinement effects and nontoxic nature
further contribute to sensor reliability. Beyond sensing,

MXenes have demonstrated versatility across various
applications, including supercapacitors, fuel cells, gas
sensors, biosensors, water purification, and catalysis,

underscoring their potential as next-generation transducer
materials.>’ In contrast, the present work emerges as a highly
efficient and reliable platform, highlighting the previously
underexplored potential of MXene as a functional matrix for
electrochemical NO;~ and NO, sensing using a Ti;C,Ty
MXene matrix uniformly decorated with Cu-Ag NPs on a
disposable carbon electrode strip. This platform not only
simplifies sensor fabrication by eliminating the need for
electrodeposition or polymeric binders but also achieves
competitive sensitivity, a broader linear dynamic range, and
excellent selectivity. This study demonstrates the use of
MXene as a functional matrix for electrochemical NOj;~
detection, marking a significant advancement in the
development of facile, scalable, and high-performance
sensors for real-world environmental monitoring.

2. Experimental
2.1. Materials

For the synthesis of the Ti;C,T, MXene matrix uniformly
decorated with Cu-Ag NPs (TCX-AgCu), a simple chemical
reduction method is employed, without further alteration; all
analytical-grade compounds were used for the synthesis.
Titanium aluminum carbide (Ti;AIC,, Y-Carbon Ltd., Ukraine),
lithium fluoride (LiF, 99.5%, HIMEDIA), silver nitrate (AgNOs,
99%, LOBA Chemie), cupric chloride (CuCl,, 99%, LOBA
Chemie), sodium sulfate (Na,SO,, 99%, SRL), sodium nitrate
(NaNOjz, 99%, EMPLURA), sodium nitrite (NaNO,, 99%,
EMPLURA), sodium borohydride (NaBH,, 98%, SRL), potassium
chloride (KCl, 99.5%, SDFCL), ammonium acetate (CHj-
COONH,, 98%, EMPLURA), manganese sulfate (MnSO,, 98%,
EMPLURA), potassium ferrocyanide (K,[Fe(CN)q], 99%, SRL),

© 2026 The Author(s). Published by the Royal Society of Chemistry
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potassium ferricyanide (K;[Fe(CN)q], 98%, SRL), ferrous sulfate
(FeSO,, 99.5%, EMPLURA), ferric chloride (FeCl;, 98%, SDFCL),
hydrochloric acid (HCl, 37%, SDFCL), sulfuric acid (H,SO,,
analytical grade), isopropyl alcohol (C;HgO, 99%, MERCK),
Metrohm Dropsens SPCE 110 (screen printed carbon electrode),
Palmsens SPE connector (2 mm banana), and distilled water.

2.2. MXene etching procedure

Adopting the HCI/LiF method for etching the Ti;AIC, MAX
phase to the Ti;C,T, MXene phase (TCX), 15 ml of 37% HCI
+ 5 ml H,O is added to 1.2 g of LiF and 1 g of well-ground
Ti3AlC, MAX phase, stirred well, and maintained at the
optimum temperature of 50 °C for 48 hours. The etched TCX
is filtered and washed with deionized (DI) water and ethanol
until a pH of 7 is achieved. It is kept drying in a vacuum oven
(60 °C) for 24 hours.

2.3. Synthesis of the TCX-AgCu composite

Disperse TCX in 10 mL ethanol/water via ultrasonication.
Prepare aqueous solutions of AgNO; and CuCl, at a
concentration of 1 mM. Add 1 mL of each metal solution to the
MXene dispersion. Add 5 mL of newly made ice-cold NaBH,
(0.01 M) dropwise and mix. Stir for 1 hour at 0-5 °C, then
centrifuge and wash. Dry or scatter the TCX-AgCu hybrid in
ethanol. The sample was centrifuged, filtered using ethanol and
DI water, and then dried in a vacuum oven. The precursor
remained constant throughout, while TCX was added to the
solution at varying quantities (5, 25, 50, and 75 mg and denoted
as 5TCX-AgCu, 25TCX-AgCu, 50TCX-AgCu and 75TCX-AgCu).
Fig. 1 illustrates the synthesis of TCX-AgCu.

2.4. Material characterization

X-ray diffraction (XRD) using CuKa radiation with a wavelength
of approximately 0.154 nm was employed to assess the phase
purity and crystallinity of the material within the 26 range of
10-80°, at a scan rate of 1° min™' (Rigaku Ultima IV X-ray
diffractometer, Rigaku Company, Japan). The internal structure,
surface morphology, and elemental composition were analyzed
using field emission scanning electron microscopy (FESEM,
using JEOL JSM 7100F, JEOL Ltd.) (CNMS, Jain University),
transmission electron microscopy (TEM; JEM-2100F, UHR,
JEOL, KBSI), and energy-dispersive X-ray spectroscopy (EDS).
X-ray photoelectron spectroscopy (XPS; PHI Quantera-II, Al Ko

w Ag
37% HCI + LiF AgNO; + CuCl, +NaBH, | @ Cu
TizAIC, Ti,C,Ty Ti;C,T,-AgCu

Fig. 1 Schematic illustration depicting the synthesis route of TCX-
AgCu.
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radiation, Ulvac-PHI) was utilized to investigate the valence
states of the elements and near-surface elemental compositions
(Chungbuk National University).The nanocomposite was
synthesized using an Elmasonic EASY ultrasonic cleaner.

2.5. Surface modification and electrochemical
characterization

Surface modification of electrodes plays a pivotal role in tuning
as it directly influences charge
transfer dynamics and analyte interaction. As discussed by
Sterin et al. (2024), various chemical strategies have been
employed to functionalize electrode surfaces for improved
sensing performance.”* The glassy carbon electrode (GCE) was
initially polished using a piece of microcloth and an aqueous

electrochemical behavior,

suspension of 0.05 um alumina to attain a smooth, mirror-like
finish. Following this, 10 pL of 10 mg mL ™" TCX-AgCu catalyst
ink was drop-cast onto the cleaned GCE surface and
subsequently dried at room temperature. For comparison,
electrodes modified with only TCX were fabricated using the
same procedure. The screen-printed carbon electrode (SPCE)
was cleaned with absolute ethanol, dried, and subsequently
modified by drop-casting, following the same procedure used
for the GCE. All the electrochemical data are obtained via a
CorrTest CS2350 workstation in Wuhan, China; electrochemical
characterizations of produced electrodes, including cyclic
voltammetry (CV), (SWV), and
electrochemical impedance spectroscopy (EIS) have been

square-wave voltammetry

performed, using a sinusoidal potential of 5 mV and a
frequency range of 0.01 Hz to 100 kHz.

3. Results and discussion

3.1. Structural and compositional characterization of 5TCX-
AgCu

To  comprehensively physicochemical
characteristics, the material was subjected to a series of

investigate its

advanced characterization techniques. X-ray diffraction (XRD)
analysis confirmed the successful incorporation of Ag and Cu
NPs within the TCX framework, as referenced in Fig. 2a.

(@) [vTiscar, = 5TCX-AgCu
—~ [2A9 <
= |oCu A<‘
. s & _
s S . - = o _ s8 _°©
2 @ ® o|Ts & ~« 5c
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D) 2 2 Sl o TI o3
2 ES I F F 3
2 TiaCaTy JCPDS No.: 0321383
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l | I/ " | \‘ ;
1'pm
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Fig. 2 (a) XRD pattern; FESEM images of (b) TCX and (c-e) 5TCX-AgCu

at 1 pum magnification; (f) EDAX analysis confirming elemental
composition of 5TCX-AgCu at 2 um magnification.
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Distinct diffraction peaks observed at 26 values of 38.18°,
44.25°, 64.72°, and 77.40° correspond to the (111), (200), (220),
and (311) planes of face-centered cubic (fcc) Ag (JCPDS no. 04-
0783). Similarly, peaks at 43.7°, 50.7°, and 74.3° were assigned
to the (111), (200), and (220) planes of fcc Cu (JCPDS no. 85-
1326). The characteristic peaks at 5.8°, 19.1°, 34.0°, 38.8°, and
60.2° are consistent with the (002), (006), (008), (0010), and
(110) planes of TCX (JCPDS no. 032-1383), indicating the
preservation of the layered structure. Notably, when compared
with the XRD of TCX (Fig. S1), the primary (002) peak observed
at 26 =~ 9.5°, corresponding to a d-spacing of ~9.3 A, shifts
toward lower angles (=5.8°), indicating an expanded interlayer
spacing (~15.2 A), which is attributed to intercalation or
hydration effects during synthesis. According to Fig. 2b, field
emission scanning electron microscopy (FESEM) images reveal
the characteristic stacked morphology of TCX, along with
surface functionalization indicative of successful etching of Al
from the Ti;AlC, precursor. The negatively charged TCX surface
facilitates the electrostatic deposition of positively charged Cu*"
and Ag' ions, resulting in uniform decoration with Cu and Ag
NPs, as shown in Fig. 2(a-e), while energy-dispersive X-ray
spectroscopy (EDS) elemental mapping highlights discrete Ag
signals and uniformly dispersed Cu, corroborating the presence
of distinct metallic species as revealed in Fig. 2f.

Transmission electron microscopy (TEM) further confirms
the homogeneous distribution of NPs across the TCX surface
(Fig. 3). As demonstrated in Fig. 3a, high-resolution
transmission electron microscopy (HRTEM) analysis provides
further structural insights. Lattice fringes with interplanar
spacings of 0.239 nm were attributed to the (111) plane of fcc
Ag, respectively, confirming the crystalline nature of the Ag NPs.
Furthermore, nanoclusters measuring approximately 3-5 nm in

220)
‘A Cu200)
Cu(l11)

10 1/nm

Fig. 3 (a) HRTEM image; (b) SAED; (c)-(i) TEM image and element
mapping of 5TCX-AgCu.
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proximity to Ag NPs displayed a lattice spacing of 0.205 nm,
consistent with the (111) crystallographic plane of fce Cu. This
observation was corroborated through particle size comparison
studies (Table S1). Importantly, no evidence of Cu-Ag alloy
formation was observed, suggesting independent nucleation
and growth of Ag and Cu on the TCX surface. This behavior is
likely driven by strong interactions between the abundant
surface terminations (-F and -OH) of TCX and the metal
precursors, promoting selective nucleation and spatial
separation of Ag and Cu species with Ti, C, OH, and F, as
evidenced by the TEM imagery and corresponding elemental
mapping shown in Fig. 3(c-i). The selected area electron
diffraction (SAED) patterns presented in Fig. 3b reveal distinct
lattice fringes with interplanar spacings corresponding to the
fcc phases of Cu and Ag, which are consistent with the
diffraction peaks observed in the XRD analysis. Inductively
coupled plasma (ICP) spectroscopy was employed to
quantitatively assess the elemental composition of the 5TCX-
AgCu material. As a highly sensitive and precise technique, ICP
enables accurate determination of the actual loading of metallic
species. The analysis confirmed the successful incorporation of
Ag and Cu into the TCX matrix, yielding loadings of
approximately 52.20 wt% for Ag and 26.86 wt% for Cu. These
values are in close agreement with the targeted synthesis ratios,
thereby validating the effectiveness of the loading strategy
(Table S1).

X-ray photoelectron spectroscopy (XPS) was employed to
elucidate the surface chemistry and electronic structure of the
5TCX-AgCu composite. The survey spectrum (Fig. 4a) confirmed
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Fig. 4 (a) XPS survey spectrum; XPS spectra of (b) Ti 2p, (c) C 1s, (d) F
1s, (e) O 1s, (f) Ag 3d and (g) Cu 2p of 5TCX-AgCu.
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the presence of Ti, (titanium), C (carbon), F (fluorine), Ag, and
Cu. The XPS analysis also revealed Ag 3ds,, and Ag 3d;,, peaks
at 368.2 eV and 374.2 eV, respectively, consistent with metallic
Ag® (Fig. 4f). The Cu 2p;,, peak at ~934.5 eV and Cu 2p,,, peak
at ~952.5 eV, together with shake-up satellites near ~942 eV,
confirm the presence of Cu** species. These redox-active Cu
sites contribute directly to the enhanced electrochemical activity
of the electrode (Fig. 4g). The spatially isolated distribution of
Ag and Cu NPs, along with the presence of electronegative —F
and -OH terminations on the TCX surface, suggests a possible
charge transfer from the metal nanoparticles to the TCX
substrate through C interactions (Fig. 4c-e). This electronic
interaction results in the partial oxidation of Ag and Cu,
forming Ag’" and Cu®" species, which are believed to enhance
the electrocatalytic activity toward NO;~ and NO, reduction.
The Ti 2p spectrum (Fig. 4b), upon deconvolution, exhibited
multiple oxidation states including Ti-F,, TiO,, Ti**, and Ti*',
confirming the mixed-valent nature of titanium in the
composite and the presence of surface functional groups critical
for catalytic function. TCX was synthesized via a minimally
intensive etching route using HCI and LiF, which typically yields
-F, -OH, and -O surface terminations. Although CI is present
in the etching medium, thorough washing and centrifugation
effectively removed residual Cl species. XPS analysis showed no
detectable CI 2p signal, indicating the absence (or sub-detection
presence) of Cl terminations. This aligns with prior reports that
Cl terminations are thermodynamically unstable and are readily
replaced by more favorable groups during aqueous
processing.*

3.2. Electrochemical studies

3.2.1. Optimization of electrochemical conditions for
sensitive detection. To achieve optimal sensitivity for NO;~ and
NO,™ detection, a systematic optimization of the electrochemical
system was undertaken, focusing on the selection of a suitable
electrolyte and conditioning the electrode material to enhance its
electroreductive performance. Initially, various electrolyte systems
and material compositions were evaluated to determine the best-
performing combination with the modified electrode. Among five
different composite formulations, namely 75TCX-AgCu, 50TCX-
AgCu, 25TCX-AgCu, and 5TCX-AgCu, the 5TCX-AgCu variant
exhibited superior performance, attributed to its enhanced
conductivity and uniform dispersion of Ag and Cu NPs (Fig. S2b).
For all GCE and SPCE investigations, a consistent mass loading
of 10 mg mL™" was maintained (Fig. S2a), and the optimal
accumulation time for NO; detection was established as 30
seconds. Preliminary optimization studies, including screening of
all electrolytes and compositions, were conducted using the GCE
platform to assess the electrochemical response toward NO;.
Among the tested electrolytes, 0.1 M sodium sulphate (Na,SO,,
pH 7.0), 0.1 M potassium chloride (KCl, pH 7.0), and 0.1 M
phosphate buffer solution (PBS, pH 7. 0), Na,SO, provided the
highest peak current response in the presence of 20 mM NO;",
denoted by responses of 1.372, 0.842, and 0.635 mA for Na,SOy,,
KCl, and PBS, respectively (Fig. S2b). Based on these findings, 0.1

© 2026 The Author(s). Published by the Royal Society of Chemistry
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M Na,SO, was selected as the supporting electrolyte for further
studies. Subsequent pH-dependent experiments, as shown in Fig.
S2c¢ and d, revealed that the modified electrode exhibited the
most pronounced electrocatalytic activity under alkaline
conditions (pH 11.0) attained with the required addition of 1 M
NaOH solution. CV was employed to investigate the redox
behavior of NO;~ on bare and modified electrodes at a scan rate
of 50 mV s in 0.1 M Na,SO, containing 10 mM NO;". The
comparative study using the bare GCE, GCE/TCX, and 5TCX-
AgCu modified GCE demonstrated a progressive increase in
cathodic peak current (I,,.), as illustrated in Fig. S3a. The bare
GCE exhibited a relatively low I,. (-0.190 mA), indicative of poor
electron transfer efficiency. In contrast the TCX-modified
electrode exhibited enhanced electrocatalytic activity, with a I, of
-0.327 mA, due to the improved conductivity and surface
reactivity of TCX. Notably, the GCE/5TCX-AgCu electrode
delivered the highest I, (-6.508 mA), highlighting the synergistic
effect of Cu and Ag NPs in facilitating NO; and NO,™ reduction.
To further assess the reliability and precision of the electrode,
concentration-dependent studies were performed using CV over a
potential window ranging from 0 V to —1.3 V. As illustrated in
(Fig. 5a), the forward CV scan reveals four distinct
electrochemical events (E1-E4), corresponding to sequential
reduction processes. The reverse scan displays additional redox
peaks (E5 and E6), indicative of partial reversibility within the
system. The initial reduction steps (E1-E3) are predominantly
governed by Ag(0) active sites, which facilitate the early-stage
electroreduction of NO;™. In contrast, Cu(0) sites play a pivotal
role in stabilizing intermediate NO,™ species and promoting their
further reduction to ammonia (NHj) in later stages. These
outcomes reveal the synergistic and bifunctional catalytic
behavior of 5TCX-AgCu, enabling a stepwise and efficient
transformation of NO;  to NH;. A similar electrochemical
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Fig. 5 (a) CV profiles of the GCE/5TCX-AgCu electrode in 0.1 M Na,SO,4

(pH 11.0), recorded in the absence and presence of 10 mM NOsz to
evaluate the analyte response and proposed reaction mechanism; (b) SWV
profiles of the SPCE/5TCX-AgCu electrode in 0.1 M Na,SO4 (pH 11.0),
recorded in the absence and presence of 5 mM NOs; to evaluate the
analyte response and proposed reaction mechanism.
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pathway is observed for the SPCE/5TCX-AgCu electrode (Fig. 5b),
where the initial peaks E1 and E2 correspond to the reduction of
Cu®" and Ag" to their metallic states, which subsequently catalyze
the reduction of NO;™ to NO,™ (E3), followed by the conversion of
NO,™ to NHj (E4).**

The observed response of GCE/5TCX-AgCu is 34.25 times
higher than the bare GCE, and GCE/TCX is 1.72 times higher
than the bare GCE (Fig. S3a). These results underscore the
superior  electrocatalytic ~ behavior of the modified
electrocatalyst, which demonstrates that 5TCX-AgCu modified
SPCE facilitates electron transport more efficiently than SPCE/
TCX and SPCE. The TCX provides long-term stability and
maintains the dispersion of NPs, which serve as a conductive
scaffold for intricate NO; reduction reactions and facilitate
electron transfer. While Ag NPs catalyze initial NO;  reduction
and lower the onset potential, and Cu NPs bind to the
intermediates and boost the catalytic current, which helps
promote the reduction of NO, to NH;. Electrolyte media also
play an important role in the sensitivity and selectivity for the
target analyte because 0.1 M Na,SO, (pH 11.0) is an alkaline
background electrolyte that minimizes the migration effect
during NO; ™ reduction, and promotes ion mobility while
retaining electrochemical stability in the electrode.>® Alkaline
conditions keep NO;  stable, reduce the parasitic HER
(hydrogen evolution reaction), stabilize the electrode surface,
and promote NH; production over nitrogen (N,)."” A summary
of the general reactions that can occur during the
electrocatalytic reduction of NO;™ in alkaline medium is given

by eqn (i)—(iv).
NO; + H,O +2e” — NO, +20H~ (i)
NO,” + 5H,0 + 6e” — NH; + 70H~ (ii)

NO,™ + 4H,0 + 4¢” — NH,OH + 50H"

(iii)
NH,OH + H,0 + 2e” — NH; + 20H" (iv)

A higher density of catalytically active sites leads to
improved electrochemical conversion of NO;™ to detectable
products, as Ag NPs alter the electronic structure of Cu NPs,
shifting its d-band center and enhancing the adsorption
affinity for NO;~ and its intermediates. The Cu-Ag interface
offers bimetallic active sites, which stabilize reaction
intermediates and create favorable conditions for NOj;~
reduction. Cu's long-term stability in electrochemical
applications may be impacted by its propensity to oxidize
and generate CuO or Cu,O. Ag serves as a protective layer, as
it is more resistant to oxidation, which prevents Cu from
degrading quickly and keeps the sensor stable over time.**?”

3.2.2. Electrochemical activity of the modified electrode.
The intrinsic charge transfer capability of the synthesized
nanomaterials, intended for electrode surface modification, was
systematically assessed through a range of electrochemical
characterization techniques. CV and EIS are valuable tools for
determining oxidation-reduction peak (ORP) current, charge-
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Fig. 6 (a) CV comparison of bare SPCE, SPCE/TCX, and SPCE/5TCX-

AgCu electrodes; (b) EIS comparison in Zobell's solution for ORP
assessment; (c) scan rate-dependent CV analysis of SPCE/5TCX-AgCu;
(d) corresponding calibration plot for SPCE/5TCX-AgCu.

transfer properties, and diffusion rate on the modified SPCE
surface and GCE surface.

The high-frequency semicircular start corresponds to the
charge-transfer resistance (R.), whereas the low-frequency
linear area represents the diffusion process. Fig. 6b depicts
the EIS curves of bare SPCE, SPCE/TCX, and SPCE/5TCX-AgCu
measured in Zobell's solution (equimolar 0.5 mM potassium
ferri-ferrocyanide in 0.1 M KCl) throughout the frequency
range of 100 MHz to 1 kHz. The acquired impedance maps
are fitted to a Randle circuit. The Randle circuit yields data
for solution resistance (Rg), R., and double-layer capacitance
(Ca1). The R values for SPCE, SPCE/TCX, and SPCE/5TCX-
AgCu are 1007 Q, 803.6 Q, and 413 Q, respectively, which are
significantly lower than those when observed for GCE, GCE/
TCX, and GCE/5TCX-AgCu (Fig. S4b). This highlights the
enhanced electron transfer kinetics of the SPCE/5TCX-AgCu
configuration. Further, the modified electrode's charge
transfer rate constant (k,) was calculated using eqn (1),*

Rt = RTIN*F°ksC (1)

where R (gas constant = 8.314 J mol " K™), T (temperature =
25 °C), n (number of electrons transferred), F (Faraday
constant = 96485 C mol™), C (concentration), and k, (charge
transfer rate). According to eqn (1), the calculated ks for
SPCE, SPCE/TCX, and SPCE/5TCX-AgCu are 30.0, 49.5, and
70.3 cm s7', respectively.

Comparative electrochemical studies were performed using
TCX individually modified with Ag (5TCX-Ag) and Cu (5TCX-
Cu), as well as with both metals simultaneously (5TCX-AgCu).
CV conducted in Zobell's solution revealed that while SPCE/
5TCX-Ag and SPCE/5TCX-Cu exhibited distinct redox activity,
the SPCE/5TCX-AgCu system demonstrated markedly enhanced
anodic peak current (I,,) and Ip,.. This improvement indicates a
synergistic effect arising from the co-presence of Ag and Cu,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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which surpasses the performance achievable by either metal
alone (Fig. S4c). To further illustrate (Fig. 6a), CV analyses were
conducted in Zobell's solution to assess the electrochemical
characteristics of the three electrodes. Among them, SPCE/
5TCX-AgCu exhibited the highest I, and I,.. Specifically, I, for
SPCE, SPCE/TCX, and SPCE/5TCX-AgCu were 0.94, 1.57, and
2.21 mA, respectively, while the corresponding I, were -0.88,
-1.49, and -2.08 mA. These results confirm that the modified
SPCE/5TCX-AgCu electrode delivers the most pronounced
current response, indicating superior electrochemical
performance that notably surpasses that of GCE, GCE/TCX, and
GCE/5TCX-AgCu as illustrated in (Fig. S4a). To further
investigate its electrochemical behavior, CV was performed at
varying scan rates using SPCE/5TCX-AgCu, as depicted in
Fig. 6c. The data reveal a consistent increase in redox peak
currents with increasing scan rate, demonstrating a linear
dependence on the square root of the scan rate. This linearity,
highlighted in Fig. 6d, suggests the coexistence of adsorption
and diffusion-controlled electron transfer mechanisms.

The electrochemically active surface area (EASA) was
determined using the Randles-Sevcik equation:*®

I, = 2.69 x 10°n**AD">Cv'? (2)

where I, is the peak current, n represents the number of
transfer electrons, A denotes the surface area of the electrode,
D stands for the diffusion coefficient, and C represents the
reactant concentration. Based on this analysis, the EASA
values were calculated as 387.60 cm® for the unmodified
SPCE, 525.22 cm” for SPCE/TCX, and 690.54 cm? for SPCE/
5TCX-AgCu. These findings suggest that the combination of
Ag and Cu NPs with TCX yields the largest EASA values,
promoting the electrochemical interaction between the
electrode surface and the electrolyte solution. This increased
surface area and interaction contribute to the enhanced
electrochemical performance, which is evidenced by the
highest peak redox currents shown in Fig. 6. This highlights
the superior surface area and electron transfer capabilities of
SPCE/5TCX-AgCu, making it a promising candidate as an
electrode active material for electrochemical applications.
3.2.3. Influence of scan rate. As Fig. 7a illustrates, the
electrochemical kinetics of the 5TCX-AgCu nanocomposite

(@6 (),
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Fig. 7 (a) CV profiles recorded in 0.1 M Na,SO4 (pH 11) containing 20

mM NOs™ at varying scan rates (10-100 mV s™); (b) linear dependence
of peak current on the square root of scan rate for 5TCX-AgCu in the
detection of NO3™ and NO, .
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were systematically investigated by varying the scan rate
between 10 and 100 mV s in 0.1 M Na,SO, electrolyte (pH
11.0), with 20 mM NO; for the GCE-based system. The
electrocatalytic behavior was evaluated by monitoring the
current response associated with the irreversible reduction
peak (E3) of NO;™ and (E4) of NO, . A progressive increase in
I,. was observed with increasing scan rates for both
substrates, indicating enhanced electron transfer kinetics.

Linear relationships were observed between I,. and the
scan rate (v), as shown in Fig. 7b for the GCE
configurations. The regression equations for NO;~ and NO,~
exhibited high correlation coefficients (R* = 0.993 and 0.982,
respectively), confirming the electrochemical stability and
reproducibility of the electrode system. Notably, the linearity
between I, and v was superior to that between I,. and the
square root of v (v*?), indicating that the redox process is
predominantly surface-controlled rather than diffusion-
controlled. Since a slope of 0.5 typically characterizes a
diffusion-limited process, the higher observed value strongly
supports an adsorption-controlled mechanism for both NO;~
and NO,™ reduction at the SPCE/5TCX-AgCu and GCE/5TCX-
AgCu interface. This behavior is attributed to the high
surface area and electronic conductivity imparted by the
bimetallic Cu-Ag decoration on the TCX framework, which
promotes effective adsorption of NO;~ and NO, ions and
also facilitates their interaction with catalytically active sites.
This interaction contributes to the enhanced redox current
responses for both GCE/5TCX-AgCu and SPCE/5TCX-AgCu
configurations.

To quantitatively assess the surface concentration (/) of
electroactive sites, the Brown-Anson model was applied using
the following equation:*’

Ipe = W°F’T" X Av/4RT 3)

where I,. is the cathodic peak current, I" is the surface
concentration, v is the scan rate (mV s™'), A is the electrode
surface area (SPCE = 0.1256 cm?), and n, F, R, and T represent
their usual physical constants. Based on this model, the
calculated I" for SPCE/5TCX-AgCu was determined to be 0.5 X
10® mol cm™. These values indicate a high density of
catalytically active sites, which significantly contribute to the
observed electrocatalytic performance for NO;~ and NO,~
reduction.

3.2.4. Influence of analyte concentration. The electrocatalytic
sensing performance of the 5TCX-AgCu nanocomposite was
systematically investigated using two electrode platforms for
NO;™ detection: GCE (Fig. S3(b-d) and S5(a—c)) and SPCE
(Fig. 8). Electrochemical measurements were conducted over
NO;™ concentration ranges of 0.1-20 mM for GCE/5TCX-AgCu
and 0.1-100 mM for SPCE/5TCX-AgCu. In both cases, the
recorded electrochemical responses were attributable to the
stepwise reduction of NO;  to NO,, followed by further
reduction to NHj, confirming a sequential and continuous
electrochemical conversion pathway. For NO, sensing, SPCE/
5TCX-AgCu was evaluated across a concentration range of 0.1-
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Fig. 8 SWV of SPCE/5TCX-AgCu in 0.1 M Na,SO4 (pH 11.0) within the
linear range of (0.1, 0.3,0.5,0.7,1, 2, 3,4,5,6, 6,7, 8,9, 10, 30, 50, 70,
100 mM) of NOs concentrations (a), (c); linear relationship curve (b)
NOz™ and (d) NO;~; (e) SWV of SPCE/5TCX-AgCu in 0.1 M Na,SO4 (pH
11.0) with the linear range of (0.1, 0.3, 0.5, 0.7, 1, 2, 3, 4, 5,6, 7, 8, 9,
10, 20, 30 mM) of NO,™ ion concentrations; (f) linear relationship curve
of NO,™.

Concentration (mM)

30 mM, wherein the progressive increase in cathodic current
corresponding to the reduction of NO, to NH; validated its
effective electrocatalytic activity.

Under optimized conditions, SWV was employed for the
sensitive detection of NO;~ using both electrode configurations
and NO, detection using SPCE only, as shown in Fig. S5a
(GCE), Fig. 8a and ¢ (SPCE) for NO;", and Fig. 8e for NO, . The
SWV profiles exhibited well-defined, concentration-dependent
cathodic peaks, confirming the reliable and responsive behavior
of the modified electrodes toward NO; and NO, within the
evaluated ranges.

The incremental enhancement in peak current with
increasing NO;~ concentration indicates effective surface activity
and electrochemical affinity of the 5TCX-AgCu composite.

View Article Online
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Fig. 8(b and d) presents the calibration plot correlating NO,~
and NO,~ concentration with the reduction peak current, which
demonstrates two distinct linear response regions for the SPCE/
5TCX-AgCu sensor. For NO;  detection, within the lower
concentration range (0.1-10 mM), the sensor demonstrated
excellent linearity, yielding correlation coefficients of 0.987 for
NO; and 0.985 for NO, . At higher concentrations (10-100
mM), the calibration plots continued to exhibit strong linear
responses, with slightly improved correlation coefficients of
0.992 for NO;~ and 0.994 for NO, . For NO,™ detection (Fig. 8f),
correlation coefficients of 0.990 in the lower range (0.1-1 mM)
and 0.983 in the higher range (1-30 mM) were obtained,
demonstrating the sensor's reliability across a broad dynamic
window.

The sensitivity and LOD*® for both GCE/5TCX-AgCu and
SPCE/5TCX-AgCu platforms were calculated using the
standard analytical expressions, and the results are detailed
in the subsequent section.

LOD = 3 x Standard deviation/Slope (4)
Sensitivity = Calibration line slope/Surface area (5)

Using the equations outlined above, the LOD and sensitivities
for NO;~ and NO, were evaluated for the GCE/5TCX-AgCu
system within the 0.1-20 mM of NO;  concentration range
employing CV and SWV techniques. Similarly, the SPCE/
5TCX-AgCu system was evaluated across two distinct ranges:
0-10 mM and 10-100 mM for NO;™ (Table 1), 0-1 mM and 1-
30 mM for NO, (Table 2). Tables S2 and S3 offer a
comparative analysis of previously reported electrochemical
NO; and NO, sensors based on various modified electrode
configurations,'™374*

3.2.5. Interference study. The ability to achieve selective
detection is essential to validate the functionality of a sensor.
In this study, the potentiostatic method was conducted with
the overpotential of —0.89 V to evaluate the performance of
SPCE for detecting NO;  and NO, in the presence of
potential interfering molecules (Fig. S6a). The potentiostatic
method included CH,COO , NH,", Fe**, Fe*', Mn>", and
adding again NO;~ and NO,  to observe if the material is still
highly selective towards the target analyte in the presence of
interference (Fig. S6b).

3.2.6. Reproducibility, repeatability, and stability. To
further assess the reproducibility of the electrode, repeated
NO;~ detection experiments were conducted using a single

Table 1 LOD and sensitivity of GCE/STCX-AgCu and SPCE/5TCX-AgCu for NOs~ detection

Sensitivity
-1 -2
Analyte concentration LOD (uM) (LA mM™ cm ™)
Substrate Technique (mM) NO;~ NO,~ NO;~ NO,~
GCE CvV 0 to 20 600 305.5 7 21
SWV 0 to 20 84.7 52.8 10.1 16.6
SPCE SWvV 0to 10 5.2 1.7 220.75 139.13
10 to 100 124.0 64.0 5.095 3.68
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Table 2 LOD and sensitivity of SPCE/5TCX-AgCu for NO, detection

View Article Online

Paper

Substrate Technique Analyte concentration (mM) LOD (uM) Sensitivity (1A mM ™' cm ™)
SPCE SWV 0to1 0.031 898.12

1t0 10 0.211 131.35
electrode subjected to successive measurements with 4. Conclusions

increasing concentration of NO; . The resulting RSD of
approximately 3.5% suggests a minor decline in current
response, potentially due to surface saturation or partial
fouling of the active sites. The repeatability of the SPCE/
5TCX-AgCu sensor was evaluated using SWV across four
independently  fabricated electrodes under identical
experimental conditions (Fig. S7c and d). The calculated
relative standard deviation (RSD) of 1.9% demonstrates
excellent consistency in the electrochemical response among
the different electrodes. Minor fluctuations in the reduction
peak current were observed, which can likely be attributed to
slight variations electrode preparation and
conduct. Moreover, the long-term electrochemical stability of
the modified electrode was investigated by subjecting the
modified electrode to 100 consecutive CV scans at a scan rate
of 50 mV s™' in 0.1 M Na,SO, (pH 11.0) containing 20 mM
NO;", as demonstrated in (Fig. S7a). The SWV responses
recorded before and after CV cycling exhibited minimal
changes, thereby confirming the robust stability of the
electrode under continuous operation (Fig. S7b). Collectively,
the repeatability, reproducibility, and electrochemical
stability assessments indicate that the SPCE/5TCX-AgCu
sensor exhibits excellent reliability and is well-suited for
practical applications in NO;~ and NO,™ detection.

3.2.7. Real sample analysis. The practical applicability of the
SPCE/5TCX-AgCu based electrochemical sensor was evaluated
through SWV for the detection of NO;™ in real environmental
water samples, including soil water, lake water, and tap water
collected from Harohalli, India. Before analysis, the samples
were centrifuged and filtered to remove particulate matter and
suspended solids, ensuring matrix compatibility —with
electrochemical measurements. Preliminary analyses of the
untreated water samples revealed no detectable levels of NO;~
within the sensor's detection limit. To assess the sensor's
quantitative performance in real matrices, known concentrations
of NO;~ were spiked into the pretreated soil, lake, and tap water
samples (pretreatment involved washing the soil sample with
deionized water, followed by centrifugation of the resulting
supernatant until residual soil particles were fully removed). The
resulting data, summarized in (Table S4), demonstrate the
sensor's ability to quantify NO;~ concentrations across various
water types accurately. The calculated recovery rates, ranging
from 85.6% to 94.8%, reflect the high accuracy and reliability of
the SPCE/5TCX-AgCu sensor in complex environmental samples.
These conclusions affirm that the 5TCX-AgCu nanocomposite-
modified electrode is a promising candidate for the development
of practical electrochemical sensing platforms for NO;~ and
NO, detection in real-world water sources.

in manual

© 2026 The Author(s). Published by the Royal Society of Chemistry

The current study produced a straightforward, reusable, and
simple electrochemical sensor based on the SPCE/5TCX-AgCu
composite. The Cu and Ag NPs decorating the TCX surface
are required to achieve the optimal sensing performance for
the one-step dual detection of NO;~ and NO, . Additionally,
because soil has an alkaline pH system, a 0.1 M Na,SO,
solution at pH 11 was utilized as the electrolyte, allowing for
the direct measurement of the NO;  concentration in soil
samples. SEM, EIS, and SWV were employed to characterize
the surface alteration, along with the analytical performance
of the modified electrodes. The sensor's stability,
repeatability, selectivity, sensitivity, and reproducibility have
all been established. The devised analytical method was
successfully used to determine the amount of NO;™ in soil
and freshwater samples from actual environments. This
sensing technology is a promising alternative approach for
its integration into portable sensing platforms for NO;~
detection in water because of its features, which include
simplicity and speed of fabrication and analysis, as well as
good performance and stability over time at room
temperature. In future studies, we aim to extend the
applicability of the 5TCX-AgCu sensor by performing high-
performance liquid chromatography (HPLC) for rigorous
validation with complex real samples. Additionally, long-term
stability assessments under varied environmental conditions,
into portable sensing platforms, and
exploration of multiplexed detection strategies will be
pursued. These efforts will help translate the current proof-
of-concept robust, field-deployable devices for
sustainable environmental and agricultural monitoring.

miniaturization
into
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