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Abstract

Detection and simultaneous discrimination of dihydroxybenzene (DHB) isomers, particularly
catechol (CT) and hydroquinone (HQ), remain challenging due to their closely similar
electrochemical responses and partially overlapping redox potentials. These difficulties
become more pronounced in binary mixtures, where signal interference complicates analysis
across wide concentration ranges. In this work, we report a carbon black-supported nickel-iron

hydroxide nanocomposite as a low-cost, non-enzymatic electrochemical sensing material

Published on 25 May 2026. Downloaded by University of Kent on 5/30/2026 2:44:33 PM.

operating at neutral pH, implemented on both conventional electrodes and disposable strip
sensors. The optimized sensor showed clear peak separation for CT and HQ, including in
equimolar (1:1) mixtures, and achieved limits of detection down to 0.01 micromolar on the
glassy carbon platform and 0.05 micromolar on the strip sensor. The sensing platform also
showed excellent repeatability over more than 5000 continuous measurements and strong
reproducibility over extended time intervals. In addition, statistical descriptors of the
voltammetric responses, including skewness and kurtosis, are used as complementary tools to
analyze concentration-dependent signal variations. Physicochemical characterization of the
nanocomposite supports the proposed interpretation of the observed -electrocatalytic

performance.
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1. Introduction DOI: 10.1039/DENRO0194G

Catechol (CT) and hydroquinone (HQ) are phenolic compounds and structural isomers of
dihydroxybenzene (DHB). Although they share the same molecular formula, differences in the
relative positions of the hydroxyl groups on the benzene ring result in distinct physicochemical
properties, toxicological profiles, and industrial applications. These compounds can be
absorbed through the skin and mucous membranes, allowing entry into systemic circulation.
Acute exposure may induce toxic effects such as fatigue, headache, dizziness, and pallor, while
prolonged or high-level exposure can lead to nephrotoxic and hepatotoxic outcomes, resulting
in kidney and liver impairment. Additionally, CT and HQ can disrupt normal nervous system
function and cause observable neurotoxic effects.!: 2 Therefore, their accurate, selective, and
simultaneous detection is of significant importance. International organizations, including the
World Health Organization (WHO), the European Union (EU), and regulatory agencies in
China and the United States have classified them as priority pollutants due to their adverse
effects on human health and ecosystems.?> Both compounds are widely used as chemical
precursors in the manufacture of plastics, cosmetics, pesticides, and synthetic dyes,®® and
contamination of water resources frequently occurs through industrial effluents. These
compounds are also considered carcinogenic and may cause damage to the liver and respiratory
system in humans.® !° In aquatic environments, CT and HQ are toxic to living organisms,
disrupt ecological balance, and can contribute to reduced crop yields in agricultural areas.!'!-!3
Moreover, they are often found together in environmental matrices, which complicates their

selective detection and separation.'4 13

Various sophisticated analytical techniques have been reported for the identification of DHB
isomers, including spectrophotometry, fluorescence analysis, mass spectrometry..!®!8 In
contrast, electrochemical analysis offers a promising alternative due to its low cost, rapid
response, simple operation, high sensitivity, and wide linear detection range for monitoring
phenolic pollutants.!-22 Thus, the development of electrochemical sensors is demanding for

the reliable individual and simultaneous determination of DHB isomers.

The efficiency of an electrochemical sensor largely relies on the electrocatalytic properties of
the electrode materials used.?25 In this context, nanostructured transition metal oxides,
hydroxides, as well as p-block metal oxides, have gained considerable attention due to their
versatile physicochemical properties and wide applications?6-° Among them, nickel-iron

hydroxides have emerged as promising electrocatalytic materials owing to their synergistic
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redox activity, tunable surface chemistry, and high environmental stability. The, prigaifiyés s o
nickel-iron hydroxides when combined with conductive nanocarbons, the resulting
nanocomposites exhibit advantageous characteristics, including increased effective surface

area, superior electron transfer kinetics.°

In this study, a novel carbon black-supported nickel-iron hydroxide (hereafter abbreviated as
NFH) nanocomposite was synthesized, systematically characterized, and applied to both
conventional three-electrode configurations and screen-printed sensor platforms for the
simultaneous determination of catechol and hydroquinone. Electrochemical measurements,
including cyclic voltammetry (CV), differential pulse voltammetry (DPV), and square wave
voltammetry (SWV), showed strong analytical performance, with detection limits as low as
0.01 uM on traditional electrodes and 0.05 uM on portable, miniaturized platforms. Statistical
evaluation of the electrochemical signals using skewness and kurtosis analyses was employed
to examine concentration-dependent signal variations. In addition, regression analysis based
on datasets obtained from multiple parametric studies highlights the overall sensing
characteristics of the proposed platform. These results demonstrate the effectiveness of
combining nanocomposite materials with complementary data analysis to achieve selective and
sensitive platforms for DHB isomer detection, with strong potential for rapid on-site

environmental monitoring.
2. Experimental Section

2.1 Synthesis and Structural Characterizations of NFH

Published on 25 May 2026. Downloaded by University of Kent on 5/30/2026 2:44:33 PM.

NFH was synthesized using a modified co-precipitation method, as reported in our previous
work.3! Briefly, stoichiometric amounts of nickel(Il) nitrate hexahydrate (Ni(NOs), 6H,0,
(0.017 mol) and ferric(III) nitrate nonahydrate (Fe(NOs);-9H,0, (0.034 mol) were dissolved in
a minimal volume of ethanol in an Erlenmeyer flask under continuous stirring to ensure
complete homogenization. The molar ratio of Ni:Fe in the precursor solution was therefore 1:2.
Subsequently, a mixed solution containing triethylamine (TEA, 20 mL) and ethanol (10 mL)
was added dropwise (=1 mL min™") to the metal salt solution under continuous stirring at room
temperature (=25 °C), leading to the formation of a precipitate. The reaction medium evolved
from mildly acidic conditions to a basic environment (final pH = 9-10), promoting the
formation of the nickel-iron hydroxide phase. TEA acts not only as a mild base to regulate the
pH, but also as a coordinating agent capable of interacting with Ni?>* and Fe** ions, thereby

influencing nucleation and growth of the hydroxide network. The resulting material was then

3
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dried at room temperature and used directly for sensing studies. A portion of the dried sa 00194C
was further calcined at 600 °C for 5 h solely to examine phase evolution, while all
electrochemical measurements were performed using the as-prepared hydroxide material. A
variety of complementary analytical techniques e.g. FTIR, Raman spectroscopy, XRD, TGA,
FE-SEM, and XPS were employed to investigate phase formation, crystalline structure,
microstructural features, and elemental composition of the synthesized NFH. The details of
instruments for structural characterisations and input parameter for measurement are given in

S1.3.
2.3 Electrochemical Measurements

Electrochemical measurements were performed using a standard three-electrode configuration
consisting of a glassy carbon electrode (GCE, 3 mm diameter) as the working electrode, an
Ag/AgCl reference electrode, and a platinum wire counter electrode. Prior to modification,
the GCE surface was mechanically polished using alumina slurries of decreasing particle sizes
(1 pm, 0.3 um, and 0.05 um), followed by rinsing with EtOH and deionized (DI) water to
remove residual impurities and ensure a clean, reproducible surface. To prepare the sensing
materials, carbon black (CB) was incorporated at 10, 20, 30, 40, and 50 wt% to obtain a series
of CB/NFH nanocomposites. Each composite was dispersed in a 3:2 (v/v) isopropyl alcohol
(IPA)/DI water mixture and sonicated for 1 h to achieve uniform dispersion. The resulting ink
was drop-cast onto the electrode surfaces using volumes of 9 puL for the GCE and 4 pL for the
screen-printed carbon electrode (SPCE), followed by drying under infrared light for 1 h prior

to sensing measurements.

All electrochemical experiments were performed in 0.1 M phosphate-buffered saline (PBS,
pH 7), prepared using DI water, as described in the Supporting Information (Figure S1). The
pH was selected based on preliminary optimization studies, which identified pH 7 as providing
the highest electrochemical response while also representing environmentally relevant
conditions (vide infra). CV, DPV, SWV, and amperometric measurements were carried out at
room temperature using a Metrohm Autolab VIONIC electrochemical workstation
(Netherlands). In CV measurements, the anodic peak current (/,4) corresponds to oxidation
processes, while the cathodic peak current (I,¢) corresponds to reduction processes. CV was
used to identify the oxidation potentials of the DHB isomers, which were subsequently used

in DPV and SWV measurements to monitor current responses and evaluate limits of detection

(LODs) for both the GCE and SPCE platforms.


https://doi.org/10.1039/d6nr00194g

Page 5 of 35 Nanoscale

View Article Online

2.4 Implementation of Machine Learning Algorithms DOI: 10.1039/DENR00194C

Machine learning (ML) algorithms, including linear regression, nonlinear regression, random
forest, polynomial fitting, and support vector regression (SVR) with a radial basis function
(RBF) kernel, were employed to model electrochemical signal features such as peak current,
peak skewness, and peak kurtosis as functions of analyte concentration. These features were
extracted from concentration-dependent electrochemical responses obtained for HQ and CT
using both GCE and SPCE electrodes. The data-driven modeling approach provided a
complementary means to interpret the electrochemical signal characteristics associated with
analyte-electrode interactions and to establish correlations between signal descriptors and

analyte concentrations, particularly in cases where simple linear relationships were insufficient.
3. Results and Discussion

3.1. Phase Evolution and Crystallinity of the Nickel-Iron Hydroxide Precursor

The thermal behavior of the synthesized NFH was investigated using TGA, and the results
were correlated with powder XRD (PXRD) patterns of NFH and crystalline nickel ferrite (600
°C), to elucidate phase evolution during thermal treatment. The TGA curve shown in Figure
1a exhibits multiple weight loss stages up to 700 °C. The initial weight loss observed below
150 °C is attributed to the evaporation of surface adsorbed water and residual ethanol.’> A
significant weight loss between 150 and 250 °C is associated with the decomposition of
residual TEA. A further gradual weight reduction up to approximately 400 °C corresponds to

the elimination of remaining organic species and the dehydroxylation of intermediate nickel-

Published on 25 May 2026. Downloaded by University of Kent on 5/30/2026 2:44:33 PM.

iron hydroxide phases. Notably, the thermal event around 400 °C is associated with precursor
decomposition and the initial stages of structural transformation toward the spinel nickel ferrite
phase, rather than definitive crystallization. This interpretation is supported by the PXRD
pattern of the NF-400 sample calcined at 400 °C (see Figure S2), which shows only weak and
broadened diffraction features. In contrast, sharp and well-defined PXRD reflections observed
at higher calcination temperature (600 °C) confirm the formation of a well-developed nickel
ferrite structure. It should be noted that the calcined NiFe,O,4 phase is discussed only to support

structural evolution and was not used for electrochemical sensing measurements.


https://doi.org/10.1039/d6nr00194g

Published on 25 May 2026. Downloaded by University of Kent on 5/30/2026 2:44:33 PM.

Nanoscale

100 4

90 4

- decomposition of residual TEA

Intensity (a.u.)

¥ combustion of remaining organic residues

5 5
< = S
< P 8 ¢
@ ? = 90
— — )
o [ 8 o c
— 80 S ] o O
- o > =
= = E &
=y o © 9o £
9 e O & 5
2 o 0, » 8
E w 2 2
7] b4 _ © H H
i — Q2 o : H
70 g 5 & o {JCPDS card: 0220346}
- - » 3 i Fe(OH), ref. pattern i
2 o ® .S i i
5 S BEne {JCPDS card: 014-0117}
2 g 5 i Ni(OH), ref. pattern |
© J - 1 H 1 1 1 1 1
60 - “ :

| I = L I| 1 |I.‘| A
0 100 200 300 400 500 600 700 20 30 40 50 60 70 80
Temperature (°C) 20 (degree)

Figure 1. (a) TGA of the NFH xerogel (b) PXRD patterns of the as-prepared NFH hydroxide
and the NFH heated at 100 °C (NF-100).

To evaluate the structural phase evolution upon heat treatment, PXRD analysis was performed
on the NFH precursor and its thermally treated derivatives. The PXRD patterns presented in
Figure 1b and Figure S2 reveal a clear temperature-driven transformation of the NFH xerogel
into crystalline nickel ferrite. The as-prepared NFH sample exhibits very broad, low intensity
diffraction features with maxima centered around approximately 20 =~ 34.95° and 61.42°. These
reflections coincide with the principal diffraction features of Fe(OH); (JCPDS 022-0346) and
Ni(OH), (JCPDS 014-0117), characteristic of a predominantly amorphous nickel-iron mixed
hydroxide gel network, rather than a well-defined layered double hydroxide (LDH) or
crystalline hydroxide phase formed during the TEA-mediated co-precipitation process.>?
Owing to the highly disordered nature of the material, these broad features are described
conservatively as diffuse scattering associated with short-range ordering, rather than being
assigned to specific crystalline phases. Upon mild thermal treatment at 100 °C (NF-100), a
slight sharpening of the diffuse features is observed, suggesting partial dehydration and local
structural rearrangement within the hydroxide framework. The PXRD patterns of both NFH

and NF-100 therefore confirm that these materials remain dominated by an amorphous nickel-

6
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iron mixed hydroxide gel network, with only short-range structural correlations,, consi$fénts o.oic

with the precursor decomposition regime identified by TGA.
3.2. Vibrational and Chemical Structure Analysis

Raman spectroscopy was employed to probe the structural evolution from the NFH xerogel to
the spinel NiFe,O4 phase. The room-temperature Raman spectrum of the as-synthesized NFH,
shown in Figure 2a, exhibits broad bands centered at approximately 422 and 533 cm™!, which
are attributed to the bending and stretching vibrations of Ni'-O bonds, respectively.?* In
addition, the band observed near 720 cm™ is assigned to Fel'-O or Fe!"-O-Ni!! vibrational
modes characteristic of the mixed-metal hydroxide framework.3* 3> The absence of distinct
low-frequency Raman bands in the 200—400 cm™! region suggests that the formation of a well-
ordered LDH structure is unlikely. Instead, the Raman features are more consistent with a
mixed nickel-iron hydroxide phase with reduced long-range order. While the presence of
highly disordered or turbostratic LDH domains cannot be completely ruled out, the Raman
results support the predominance of a non-LDH-type hydroxide structure, which is favorable
for electrochemical sensing applications due to its potentially enhanced defect density and
accessible active sites.3® Moreover, the high-frequency band observed near 1048 cm™! is
attributed to residual nitrate (NO;~) species originating from the nitrate precursors used during

synthesis.?’

(a) TNPH G (b) fo  TNRSO (c)

—cB
——D band (1368 cm™)
——G band (1586 cm™)
——Fit envelope
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Figure 2. Room-temperature Raman spectra of (a) NFH, (b) NF-600 (c) carban, blacks {d)ssoiomc
Stacked FTIR spectra of NFH, CB, and the 30% CB/NFH composite.

Upon calcination, the Raman spectrum of the NF-600 sample, shown in Figure 2b, displays
several well-defined vibrational modes at 199, 317, 473, 543, and 680 cm™'. These peaks are
assigned to the F,(1), Eg, F54®), F,4®, and A4 modes, respectively, which are characteristic
of the inverse spinel ferrite structure.® The prominent A;; mode at 680 cm™ corresponds to
the symmetric stretching vibrations of oxygen atoms coordinated to Fe—O and Ni—O bonds at
tetrahedral sites within the spinel NiFe,O, lattice. The E; mode observed at 317 cm™! arises
from symmetric bending vibrations of oxygen atoms, while the F5,(!) mode is attributed to the
translational motion of oxygen ions in tetrahedral units. The Fp4® and F,4® modes are
assigned to asymmetric stretching and bending vibrations of Fe—-O and Ni—O bonds,
respectively, primarily associated with octahedral sites.?® The sharpness and clear separation
of these Raman bands, together with the disappearance of hydroxide-related vibrational
features, are consistent with the transformation of the hydroxide precursor into a well-ordered

crystalline spinel NiFe,O4 phase, in good agreement with the PXRD results.

The Raman spectrum of carbon black (Figure 2c¢) exhibits two prominent features at
approximately 1368 cm™! (D band) and 1580 cm™! (G band), corresponding to the disorder-
induced Aq4 breathing mode and the E,4 stretching vibration of sp?-hybridized carbon
domains, respectively. The calculated areal intensity ratio of the D and G bands (Ip/I;) is
approximately 1.51, indicating a moderate degree of structural disorder typical of conductive

carbon black materials.*0

The FTIR spectrum of NFH (Figure 2d) shows a broad absorption feature in the low-
wavenumber region between 600 and 700 cm™!, which can be attributed to combined metal—
oxygen (M—-0) and metal-oxygen—metal (M—O—M) stretching vibrations within the hydroxide
lattice.*! A broad band centered around 3400 cm™! is assigned to O—H stretching vibrations of
hydroxyl groups in the NFH framework. In addition, bands observed at 1388 and 1326 cm™!
are attributed to vibrational modes of surface-associated carbonate (CO327) species,** likely
introduced by atmospheric CO, uptake during synthesis and drying. A distinct band near 1560
cm™! is assigned to C—C stretching vibrations of sp?-hybridized carbon atoms, confirming the
graphitic character of the CB surface. In the 30% CB/NFH composite, the O—H stretching band
becomes broader and shifts slightly toward lower wavenumbers, suggesting the presence of

hydrogen bonding interactions between NFH hydroxyl groups and CB surface functionalities.

8
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Overall, the FTIR and Raman results confirm the successful formation of the composite ifisso:anc
which the individual structural characteristics of NFH and CB are preserved. Carbon black not
only provides structural support but also introduces surface functionalities that promote
stronger interfacial interactions with NFH. These interactions are expected to facilitate charge
transport and increase the density of electroactive sites, thereby contributing to the enhanced

electrochemical performance observed for the 30% CB/NFH composite.*3
3.3. Surface Chemistry and Oxidation States

XPS was then employed to examine the surface elemental composition and valence states of
the constituent elements in the 30% CB/NFH composite. Binding energies were calibrated
against the C Is peak at 284.8 eV as an internal reference. The survey spectrum of the 30%
CB/NFH composite (Figure 3a) confirms the presence of Ni, Fe, O, and C elements within the
composite structure. High-resolution XPS (HRXPS) spectra of Ni 2p, Fe 2p, O 1s, and C 1s
were deconvoluted using a mixed Gaussian—Lorentzian (SGL) line-shape fitting approach with

Shirley background correction, implemented using the XPSPEAK41 software.

Published on 25 May 2026. Downloaded by University of Kent on 5/30/2026 2:44:33 PM.
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Figure 3. (a) XPS survey spectrum of the 30% CB/NFH composite and peak-fitted high-
resolution XPS spectra of (b) Ni 2p, (c) Fe 2p, (d) O 1s, and (e) C 1s
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The high-resolution Ni 2p spectrum (Figure 3b) is dominated by Ni?* species. The maj 00194C
located at binding energies of approximately 854.36 eV and 872.35 eV are assigned to the Ni
2ps3; and Ni 2p;; core levels of Ni2*, respectively. A weak shoulder feature observed at lower
binding energy around 846.84 eV is attributed to the Fe 2s orbital. In addition, two satellite
peaks appearing at 860.66 and 879.41 eV correspond to characteristic shake-up features
associated with the Ni 2ps,, and Ni 2p;, orbitals, respectively.** While the presence of minor
higher-valence Ni species cannot be completely excluded, no distinct spectral features
attributable to Ni** are resolved within the detection limit of the present XPS measurements.
The XPS survey spectra yield the following atomic percentages: C 1s (25.22 at. %), O 1s (65.53
at. %), Fe 2p (4.83 at. %), and Ni 2p (4.42 at. %). The surface Ni:Fe ratio is 4.42:4.83 (0.92),
indicating a relatively Fe-enriched surface, although closer to equimolar than the nominal

precursor composition (Ni:Fe = 1:2).

The HRXPS spectrum of Fe 2p (Figure 3¢) was deconvoluted into the characteristic spin—orbit
split Fe 2p3, and Fe 2p;,; components, both corresponding to Fe3* species in the 30% CB/NFH
composite. The binding energies of the Fe’" main peaks are observed at 710.19 eV (2p3,,) and
723.59 eV (2p12), while the corresponding satellite peaks appear at 715.72 and 731.18 eV, in

good agreement with reported literature values.*> 46

The HRXPS spectrum of O 1s (Figure 3d) was resolved into three components centered at
approximately 530.23, 532.36, and 534.37 eV. The low binding energy peak is assigned to M—
O bonds, the dominant intermediate peak corresponds to metal-hydroxyl (M—OH) species, and

the high binding energy component is attributed to surface-adsorbed oxygen-containing species

Published on 25 May 2026. Downloaded by University of Kent on 5/30/2026 2:44:33 PM.

such as H,O or carbonate and residual nitrate species.*¢

The C 1s spectrum (Figure 3e) was fitted into three peaks corresponding to C—C (284.79 eV),
C-0 (287.12 eV) and O—C=0 (289.21 eV ) functionalities, consistent with the carbon black
component within the 30% CB/NFH composite.*” Overall, the XPS results indicate that the
surface composition is dominated by Ni?>* and Fe3* species and support the chemical integrity
of the CB/NFH composite, while allowing for possible minor higher-valence contributions

within the detection limits of XPS.
3.4. Morphology and Elemental Distribution

FESEM micrographs (Figure 4) reveal that NFH exhibits a highly porous, agglomerated
morphology composed of interconnected nanoparticle clusters. Figures 4a—c clearly show a

sponge-like surface architecture, suggesting the formation of three-dimensional aggregates

11
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with pronounced surface roughness and a high effective surface area. Such a hierarchitals o
structure is advantageous for electrochemical sensing, as it facilitates efficient electron transfer
and enhanced analyte adsorption. Distinct variations in particle packing and porosity across
different micrographs can be attributed to localized sample heterogeneities, yet the overall

granular texture persists throughout the examined regions.

NiLa.2

Figure 4. FESEM images of (a) NFH, (b) carbon black, and (c) the 30% CB/NFH composite.
(d) EDS elemental mapping and (e) EDS spectrum of the 30% CB/NFH composite, showing
the spatial distribution of individual elements: (f) Fe, (g) C, (h) Ni, and (i) O.

Figure 4d presents a composite overlay image for EDS elemental mapping of the sample,
highlighting the presence of C, O, Fe, Ni, and trace Cu. The individual elemental map panels
(Figures 4f—i) demonstrate a homogeneous and uniform distribution of all major elements,

with Fe, Ni, and O signals appearing as evenly dispersed features across the imaged area.

In addition to morphological and compositional analysis, the textural properties of the CB/NFH
composites were evaluated using nitrogen adsorption—desorption measurements (see Figure
S3). The 30% CB/NFH sample exhibits the highest specific surface area among the
investigated compositions, together with increased pore volume and mesoporous features (~3—
4 nm). In contrast, lower CB content results in reduced accessible surface area, while higher

CB loading leads to partial pore blocking and aggregation effects. The optimized surface area
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and pore structure of the 30% CB composite are therefore consistent with its, ephaticeds .o

electrochemical response.
3.5 Electrochemical Performance of CB/NFH-Modified Electrodes

The CB/NFH/GCE electrode was evaluated for the electrochemical detection of hydroquinone
(HQ) and catechol (CT) in a standard three-electrode configuration using 0.1 M PBS at pH 7.0
and a scan rate of 50 mV s~!. Cyclic voltammetry measurements using the bare GCE exhibited
negligible current responses within the potential window of —0.4 to 0.6 V versus Ag/AgCl,
indicating minimal electrochemical activity toward HQ and CT oxidation. In contrast, the
CB/NFH-modified GCE displayed well-defined oxidation peaks at approximately 0.09 V for
HQ and 0.19 V for CT. The appearance of these peaks indicates that the CB/NFH
nanocomposite effectively promotes the electrocatalytic oxidation of both analytes, resulting

in enhanced sensitivity and selectivity compared to the unmodified electrode.
3.5.1 Optimization and Fundamental Electrochemical Behavior

To identify the most efficient composite composition, all prepared CB/NFH nanocomposites
were tested for the electrochemical detection of 50 uM catechol, as shown in Figure Sa. The
comparison revealed that the electrode containing 30% CB exhibited the highest peak current
among all tested compositions (Figure 5b), indicating superior electrocatalytic activity under
these conditions. This behavior can be rationalized by considering the balance between
conductivity and active-site accessibility within the composite. At lower CB contents, the

conductive network is not sufficiently developed, leading to reduced electron transfer

Published on 25 May 2026. Downloaded by University of Kent on 5/30/2026 2:44:33 PM.

efficiency. In contrast, higher CB loadings may promote partial aggregation and limit exposure
of catalytically active NFH sites, as well as reduce effective mass transport. The 30% CB
composition therefore provides an optimal balance between electrical conductivity and
accessible active surface area, consistent with both the electrochemical response and textural
analysis. Consequently, CV measurements were carried out using the 30% CB/NFH/GCE
electrode at scan rates ranging from 10 to 130 mV s™ ina 0.1 M PBS buffer solution containing
both HQ and CT. As the scan rate increased, the oxidation and reduction peak currents of HQ
and CT increased proportionally, accompanied by slight shifts in peak potentials (Figure Sc).

This suggests efficient and stable electron transfer at the electrode surface.
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Figure 5. (a) Cyclic voltammograms (CVs) and (b) corresponding peak current values obtained
using CB/NFH-based electrodes for the detection of 50 uM catechol. (c) CVs recorded at
different scan rates for HQ and CT mixtures using the 30% CB/NFH composite. (d) Linear
relationship between peak current and the square root of scan rate. (¢) CVs recorded at different

pH values and (f) corresponding bar plot of peak current responses.
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A clear linear relationship between the peak current and the square root of the sgan, gates¥aS:ooionc
observed (Figure 5d), suggesting that the redox reactions of HQ and CT are predominantly
controlled by diffusion of electroactive species from the bulk solution to the electrode surface.
Using the Randles—Sevéik equation for a diffusion-controlled process, the diffusion coefficient

was estimated to be on the order of 1076 cm? s7! (see Supporting Information for details),
assuming a two-electron oxidation process consistent with phenolic compounds. Moreover, the

small potential separation between anodic and cathodic peaks is consistent with a quasi-
reversible redox process. The high regression coefficients (R* = 0.96—0.98) further demonstrate

the good electrochemical performance and reliability of the 30% CB/NFH/GCE electrode for

HQ and CT detection.*% 4°

To further distinguish the kinetic regime, a log—log plot of peak current (Ip) versus scan rate
(v) was constructed as shown in Figure S4. The obtained linear relationship exhibited a slope
of 0.63, which is close to the theoretical value of 0.5 expected for a diffusion-controlled
process. This result indicates that the process is predominantly diffusion-controlled, with

possible minor contributions from surface effects.

Additionally, the electrochemically active surface area (ECSA) was estimated from the double-
layer capacitance (Cdl) obtained by cyclic voltammetry in the non-Faradaic region. The Cdl
values were 9.09, 1.36, and 8.47 mF cm for CB, NFH, and CB-NFH (30% CB), respectively
(Figure S5). Both CB and CB-NFH exhibited significantly higher ECSA than NFH, with the
composite showing a surface area comparable to CB. The incorporation of NFH mainly

provides additional catalytic sites that enhance electron-transfer kinetics and peak separation,

Published on 25 May 2026. Downloaded by University of Kent on 5/30/2026 2:44:33 PM.

rather than significantly increasing the surface area.

The CV response of the 30% CB/NFH/GCE electrode toward 50 uM HQ and CT was examined
over a pH range of 5.0-8.0 at a scan rate of 50 mV s! (Figure 5e). As the pH increased from
5.0 to 7.0, the oxidation and reduction peak potentials for both analytes shifted toward more
negative values, confirming proton involvement in the redox reactions and consistent with
Nernstian behavior typical of phenolic compounds.’® HQ and CT undergo a two-electron, two-
proton (2e/2H") oxidation process, consistent with prior reports.’!- 32 The anodic peak currents
increased progressively with pH, reaching a maximum at pH 7.0, and then decreased at pH 8.0
(Figure 5f), indicating optimal electrocatalytic activity under near-neutral conditions. The

corresponding measurements show good repeatability, with relative standard deviation (RSD)

15


https://doi.org/10.1039/d6nr00194g

Published on 25 May 2026. Downloaded by University of Kent on 5/30/2026 2:44:33 PM.

Nanoscale Page 16 of 35

values below 5% for both CB-content optimization and pH studies. At pH 7.0, redUeeds o
protonation of electrode surface sites and DHB isomers enhances analyte adsorption and
electron transfer kinetics.33-5 At higher pH values, deprotonation of phenolic hydroxyl groups

leads to the formation of negatively charged phenolate ions, while the electrode surface also

E,+E,

becomes increasingly negatively charged. The E[] values were calculated using E, = >

and plotted against pH (Figure S6). A linear relationship with a slope of approximately —26
mV pH-! was obtained, which is close to the theoretical value of 29.5 mV pH! (59/2 mV) at
25 °C. This suggests the involvement of two electrons and one proton in the rate-determining
step, indicating a proton-coupled electron transfer process with non-ideal proton participation.
This may induce electrostatic repulsion, which can limit analyte adsorption and contribute to a
decrease in peak currents. Additionally, elevated OH~ concentrations can destabilize the

analytes, further suppressing their oxidation responses.>3: 36
3.5.2 Individual Detection of Catechol and Hydroquinone

Figure 6a presents the CV plots recorded at the 30% CB/NFH-modified GCE in the presence
of CT concentrations ranging from 10 to 400 uM. The corresponding anodic and cathodic peak
currents extracted from Figure 6a exhibit a linear dependence on CT concentration, as
illustrated in Figure 6b. Similar variations in peak currents are observed during the detection
of HQ (Figure 6c¢), and the corresponding linear relationship between peak current and HQ
concentration is shown in Figure 6d. In both cases, the redox peak currents increase
proportionally with analyte concentration, with good linearity and high correlation coefficients
(R?), demonstrating the reliable quantitative response of the 30% CB/NFH-modified electrode
toward both DHB isomers.

16


https://doi.org/10.1039/d6nr00194g

Page 17 of 35 Nanoscale

View Article Online

20 4 30 (b) BO46-1639/56HR00194G
20
104 Q ] ]
<« =
= = 104 R? =0.9249
S =
‘E 04 L - ]
oy
W oy
- = 04
‘5 o
O 104 = o
A 10 R? = 0.9460
=20 —20 -
-0.2 0.0 0.2 0.4 0.6 0 100 200 300 400
Potential (V) Concentration (uM)
3] 40
wi(d)
P
20
~ 10 <=_ 1
< = R?=10.9563
= - 104 =
= o = *
W
5 E oo
i: —10 1 =
= ; -10 *
O 20 = "
S R? =0.9797
A —20-
_30 .
-30
—40 4
T - r : r -40 . T . r .
-0.2 0.0 0.2 0.4 0.6 0 100 200 300 400
Potential (V) Concentration (uM)

Figure 6. (a) CVs recorded at the 30% CB/NFH-modified GCE for catechol (CT) at different
concentrations. (b) Corresponding calibration plot showing the variation of anodic and cathodic

peak currents with CT concentration. (c) CVs illustrating the concentration-dependent response
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of hydroquinone (HQ). (d) Corresponding calibration plot showing the variation of anodic and

cathodic peak currents with HQ concentration.
3.5.3 Simultaneous Detection of DHB Isomers on GCE and SPCE

A range of electrochemical techniques, including CV, differential pulse voltammetry (DPV),
and square wave voltammetry (SWV), was systematically employed to assess the sensing
performance of 30% CB/NFH-modified GCE and SPCE toward DHB isomers. Among them,
DPV was primarily used for quantitative detection owing to its higher sensitivity and superior

peak resolution compared to CV.

The DPV responses for CT detection using the CB/NFH-modified GCE are shown in
Figures S7a-b, with the concentration of HQ maintained at a constant value. In these

measurements, the CT concentration was varied from 0.03 uM to 200 uM. Similarly,
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Figures S7c—d present the DPV responses for HQ detection using the same elegtrode, Wil o o
keeping the CT concentration constant. In all cases, the anodic peak current increased
progressively with increasing analyte concentration, consistent with diffusion-controlled
electrochemical behavior and effective electrocatalytic activity of the 30% CB/NFH
composite. The presence of well-defined and clearly separated oxidation peaks for CT and HQ
demonstrates the ability of the modified electrodes to reliably distinguish between the two

isomers, even in mixed solutions.

In addition to DPV and SWV, CV was employed to examine the redox characteristics and
concentration-dependent current responses of CT and HQ using the 30% CB/NFH-modified
SPCE. The corresponding CV curves are presented in Figures S8a and S8c. A near-linear
increase in peak current with increasing analyte concentration was observed. However, owing
to inherent limitations of SPCEs, including higher background noise and lower current
sensitivity compared to GCEs, DPV signals became less stable at very low analyte
concentrations. Consequently, SWV was employed for low-concentration measurements,
providing improved signal resolution and lower detection limits, as shown in Figures S8b
and S8d. The SWYV responses exhibit well-defined current peaks at low micromolar to sub

micromolar concentrations, highlighting the high sensitivity of the 30% CB/NFH/SPCE sensor.

Analysis of the complete electrochemical dataset reveals that the oxidation peak currents of
both CT and HQ increase proportionally with analyte concentration. For the 30%
CB/NFH/GCE, a linear response range of 0.03 uM to 200 pM was obtained, whereas the 30%
CB/NFH/SPCE exhibited a linear working range between 0.15 uM and 200 uM. The limit of
detections (LoDs) for CT and HQ over the 30% CB/NFH/GCE and 30% CB/NFH/SPCE are
estimated to be 0.01 uM and 0.05 uM considering the LoD is 3 times lower than limit of
quantification. The slightly higher detection limit observed for the SPCE can be attributed to
its smaller electroactive surface area relative to the GCE. Nonetheless, both electrode platforms
demonstrate good stability, reproducibility, and selectivity toward individual DHB isomers.
These results indicate that the 30% CB/NFH-modified electrodes effectively combine high
electrocatalytic activity with strong signal reproducibility, enabling sensitive and simultaneous

determination of catechol and hydroquinone in complex matrices.

In practical environmental scenarios, catechol and hydroquinone often coexist in water
samples, making it essential to evaluate the ability of the sensing platform to distinguish

between these isomers under competitive conditions. To this end, interference studies were
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conducted by monitoring the electrochemical response of one analyte while maintaiping theé: .o
concentration of the other at a fixed level. The results further support the selectivity and
simultaneous detection capability of the 30% CB/NFH-modified electrodes toward DHB

isomers.

Under optimized experimental conditions, the 30% CB/NFH-modified GCE was evaluated
using both CV and DPV. For CV measurements, a potential window from —0.2 V to 0.6 V was
applied, while for DPV analysis the range was slightly narrowed to —0.1 V to 0.5 V to improve
signal resolution. As shown in Figures 7a and 7b, the anodic peak current corresponding to
HQ oxidation increased proportionally with increasing concentration, exhibiting a wide linear
range from 0.1 uM to 400 uM. The presence of well-defined and clearly separated oxidation
peaks indicates that the 30% CB/NFH/GCE electrode can sensitively detect HQ even in the

presence of CT, demonstrating strong anti-interference capability.
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Figure 7. (a) CV (b) DPV responses for detection of different concentrations DHB isOfi&ts o ouc
mixtures over 30% CB/NFH-modified GCE (¢) CV (d) SWV responses for detection of
different concentrations DHB mixture over 30% CB/NFH/SPCE.

Similarly, the 30% CB/NFH-modified SPCE electrode was employed for the analysis of binary
CT and HQ mixtures using both CV and SWV, as shown in Figures 7c¢ and 7d. For CV
measurements, the applied potential window ranged from —0.25 V to 0.4 V, while for SWV a
window of —0.2V to 0.5V was selected to ensure clear separation of the oxidation peaks
corresponding to the two isomers. The SPCE platform enabled efficient detection of CT and
HQ in mixed solutions over a linear range of 0.5 uM to 250 uM. The gradual and proportional
increase in oxidation peak currents with analyte concentration indicates stable and reproducible

electrocatalytic activity of the 30% CB/NFH composite on SPCE surfaces.

Overall, these results demonstrate that both 30% CB/NFH/GCE and 30% CB/NFH/SPCE
electrodes exhibit high selectivity and sensitivity for the simultaneous determination of CT and
HQ. A comparison with recently reported DHB isomer sensors is provided in Table S2
(Supporting Information), confirming that the present platform offers competitive detection
limits together with the advantage of a portable SPCE configuration. ¢ 3762 The clear peak
separation and broad linear detection ranges highlight the strong potential of these modified
electrodes for practical applications in monitoring DHB isomers in environmental and

wastewater samples.

3.5.4 Reproducibility, Stability, Spike Recovery, and Selectivity of the 30% CB/NFH-
Modified GCE

Figure 8a shows the DPV responses of the 30% CB/NFH-modified GCE toward HQ (50 pM)
and CT (50 uM) recorded over 25 consecutive measurements. Figure 8b illustrates the long-
term electrochemical stability of the electrode, evaluated by CV over 5000 continuous cycles
in the presence of 250 uM of DHB isomer mixtures. In both cases, the DPV and CV profiles
remained largely unchanged, with no significant variation in the oxidation peak currents of HQ

and CT, indicating efficient short-term reproducibility and long-term electrochemical stability.
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Figure 8. (a) DPV response of 30% CB/NFH-modified GCE towards 50 uM HQ and CT (50
uM) over 25 consecutive measurements. (b) CV response of 30% CB/NFH-modified GCE
towards 250 uM HQ and CT over 5000 consecutive cycles. (c) Repeatability and long-term
stability evaluation of the 30% CB/NFH/GCE for detection of 50 uM CT over a period of 1-7
days. (d) DPV responses of the 30% CB/NFH/GCE towards 50 uM HQ and CT in presence of
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a five-fold excess of potential interfering species, including m-NP, p-NP, o-NP, Glu, PH, NO,",
NO;-, H,O,, BPA, and RS, recorded in 0.1 M PBS solution (pH 7.0).

To further assess operational durability, DPV measurements were performed for CT (50 uM)
over several consecutive days. The day-wise DPV responses, presented in Figure 8c, clearly
illustrate the consistent peak current intensities and stable peak potentials throughout the testing
period, indicating excellent temporal stability and robustness of the 30% CB/NFH/GCE for

detection of DHB isomers.

The selectivity of the sensor was evaluated by introducing common potential interferents into
PBS containing HQ and CT. As shown in Figure 8d, DPV responses were recorded in the

presence of a five-fold excess of various interferent species, including meta-nitrophenol (m-
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NP), para-nitrophenol (p-NP), ortho-nitrophenol (o-NP), glucose (Glu), phenol (BH), niftite: o
(NO;"), nitrate (NOj;"), hydrogen peroxide (H,0,), bisphenol A (BPA), and resorcinol (RS).
The oxidation peak currents corresponding to HQ (50 uM) and CT (50 uM) remained unaltered
upon the addition of these interferents, indicating good selectivity and anti-interference

capability of 30% CB/NFH/GCE during simultaneous electrochemical detection.

The selective sensing of HQ and CT can be attributed primarily to two key factors. First, the
carbon black component of the nanocomposite consists of highly carbonized domains rich in
aromatic rings, which may promote preferential adsorption of HQ and CT through n—=n
interactions. Second, the oxidation potentials of HQ and CT, typically occurring between 0
and +0.4 V, are significantly lower than those of the tested interfering phenolic and redox-
active species, resulting in well-separated and interference-free oxidation peaks.5* Overall,
these results indicate that the 30% CB/NFH nanocomposite provides a stable, selective, and

reliable electrochemical platform for the simultaneous sensing of DHB isomers.

To evaluate the practical applicability of the developed sensor, spike-recovery experiments
were carried out using real water samples. The collected samples were filtered and spiked with
known concentrations of the target analyte within the linear detection range (10—45 pM). The
electrochemical measurements were performed under identical experimental conditions, and
the concentrations were calculated using the calibration equation obtained from the CV
analysis. The calculated recovery values ranged from approximately 75% to 118% (see
Supporting Table S3), reflecting matrix effects and possible interferences present in real
samples. Despite this variability, the results suggest that the sensor is capable of detecting the
analyte in complex environmental matrices, highlighting its potential applicability for

environmental monitoring.
3.6 Peak-Shape Analysis and Machine-Learning-Assisted Modeling

The previous section demonstrated that DPV enables the detection of HQ and CT at
significantly lower concentrations than CV. This observation is consistent with prior reports,®
which have shown that DPV offers enhanced sensitivity and improved peak resolution
compared to CV. Furthermore, DPV is particularly effective at resolving overlapping signals
arising from multicomponent systems. Owing to these advantages, DPV signals were further

analyzed to extract additional concentration-dependent features.

DPV measurements were recorded over a wide range of analyte concentrations, and the

resulting peaks were analyzed in terms of peak current (Figure 9a), peak skewness (Figure
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9b), and peak kurtosis (Figure 9c). While peak current directly correlates with, andlyte: oic
concentration and forms the basis of calibration, peak skewness and kurtosis provide additional
information related to electrode—analyte interactions and signal characteristics. These peak
characteristics are influenced by redox kinetics, diffusion and convection processes, and

surface adsorption phenomena occurring at the electrode—electrolyte interface.
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Figure 9. Scatter plots (black circles) showing the variation of (a) peak current, (b) peak
skewness, and (c) peak kurtosis as a function of hydroquinone concentration. The experimental
data are fitted using different machine-learning models, including linear regression, polynomial
regression, random forest, and support vector regression (SVR) with a radial basis function

(RBF) kernel.

As shown in Figure 9a, the DPV peak currents for HQ exhibit noticeable fluctuations at
concentrations below 50 uM. Such variations can be attributed to factors including low signal
intensity, background noise, and non-uniform adsorption of the analyte on the electrode surface
at low surface coverage. As the concentration increases beyond 50 puM, the peak current
initially rises in a nonlinear manner before approaching a saturation regime. This nonlinear
increase may reflect contributions from both diffusion and surface-related processes, where

interfacial effects become more pronounced. At higher concentrations (above 200 uM), the
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current response reaches a quasi-saturation region, which may arise from surfacesSHe:;ooic

saturation, mass-transport limitations, or partial electrode fouling.

Overall, this progression reflects a transition from noise-dominated behavior at low
concentrations, to kinetically influenced response at intermediate concentrations, and finally to
diffusion-limited behavior at high concentrations. These results suggest that the fabricated
electrode provides reliable quantitative estimation of HQ at concentrations above 50 uM, while
earlier results indicate that qualitative detection remains feasible in the submicromolar

concentration range.

For quantitative evaluation of electrode performance, analysis of peak skewness is used to
describe the symmetry of DPV peak shapes. Peak skewness reflects asymmetry in the
electrochemical response: positive values correspond to right-tailed peaks, typically associated
with slower diffusion or electron-transfer processes, whereas negative values indicate left-
tailed peaks, which may arise from adsorption effects or overlapping electrochemical
processes. Similar to the behavior observed for peak current, the skewness values of the DPV
peaks for HQ exhibit pronounced fluctuations at concentrations below 50 uM, reflecting poorly
defined peak symmetry caused by low signal intensity and increased surface noise. As the
concentration increases beyond 50 uM, the skewness values progressively stabilize within the
range of —0.5 to —0.6, indicating the emergence of a consistent left-tailed asymmetry in the
peak profile. The stabilization of negative skewness is consistent with increased contributions
from adsorption or preconcentration processes at higher analyte concentrations, resulting in

more uniform electrochemical responses.

On the other hand, kurtosis in DPV signals describes the sharpness of the peak profile, where
higher values are generally associated with narrower and more defined redox responses, while
lower values correspond to broader peaks that may arise from diffusion-limited or mixed
electrochemical processes. Consistent with the trends observed for peak current and peak
skewness, the kurtosis values of the hydroquinone DPV peaks exhibit pronounced fluctuations
at concentrations below 50 uM, reflecting poorly defined peak shapes due to low analyte
response and increased background noise. With increasing concentration, the kurtosis values
gradually increase from approximately —1.2 to —0.65, indicating a progressive narrowing and
stabilization of the peak profiles. This transition from strongly negative to moderately negative

kurtosis is consistent with improved signal definition as the signal-to-noise ratio increases.
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Overall, the observed kurtosis trends indicate improved consistency of the electrode respotses o.aic

under conditions of sufficiently high signal-to-noise ratio.

In contrast to HQ, the peak current response for CT does not exhibit significant fluctuations
even at concentrations as low as 10 uM, indicating a more stable electrochemical response
across the investigated concentration range (Figure 10a). The skewness values display
noticeable variability at concentrations below 25 uM, followed by convergence toward a
relatively constant negative value as the concentration increases (Figure 10b). Beyond 25 uM,
the stabilized negative skewness corresponds to the formation of a reproducible left-tailed peak
profile, consistent with adsorption-influenced or preconcentration effects becoming more
dominant at higher analyte levels. This transition from fluctuating to stable skewness reflects
improved signal definition and a more consistent electrochemical response once sufficient

analyte coverage is achieved at the electrode surface.
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Figure 10. Scatter plots (black circles) showing the variation of (a) peak current, (b) peak
skewness, and (c) peak kurtosis as a function of catechol concentration. The experimental data
are fitted using different machine-learning models, including linear regression, polynomial
regression, random forest, and support vector regression (SVR) with a radial basis function

(RBF) kernel.
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A similar trend is observed for kurtosis. At concentrations below 25 puM, kurtosis values
fluctuate substantially, indicating poorly defined peak shapes associated with low signal-to-
noise ratio and weak faradaic response. As the concentration increases beyond 25 puM, the
kurtosis values stabilize around approximately —1.2 (Figure 10c), corresponding to
consistently broader and flatter peak profiles relative to a Gaussian distribution. Such
platykurtic behavior is commonly associated with diffusion-influenced or overlapping
electrochemical processes and indicates a steady, reproducible peak shape at higher analyte
concentrations. Overall, the stabilization of both skewness and kurtosis above 25 pM reflects

improved signal consistency and reproducible electrochemical behavior for catechol detection.

Consistent with the HQ analysis, the CT peak descriptors were further modeled using multiple
machine-learning algorithms. Owing to the reduced signal fluctuations relative to HQ,
improved R? coefficients were obtained, particularly for polynomial regression and random
forest models. These fitted relationships may serve as useful calibration functions for

quantification of CT.

To characterize the electrochemical response of the SPCE electrode, SWV data obtained under
experimental conditions were analyzed in detail. Multiple SWV scans were recorded over a
range of analyte concentrations for both CT and HQ, and all resolved peaks were systematically
evaluated to extract characteristic parameters. For CT, peak current (Figure S9a) exhibited a
linear dependence on concentration, enabling quantitative calibration. Peak skewness (Figure
S9b) was analyzed to describe peak asymmetry associated with surface interactions and
heterogeneous electron-transfer processes, while peak kurtosis (Figure S9¢) was used to assess

deviations from an ideal Gaussian peak shape arising from electrode—analyte interactions.

Similarly, for HQ, peak current (Figure S10a) showed a proportional response to
concentration, supporting quantitative determination. Peak skewness (Figure S10b) reflected
changes in peak asymmetry that may be associated with adsorption or electrostatic interactions
at the electrode surface, while peak kurtosis (Figure S10c¢) indicated variations in peak width
related to mass-transport effects. Although peak current primarily reflects concentration-
dependent faradaic processes, analysis of skewness and kurtosis provides additional descriptors
related to electron-transfer kinetics, diffusion, and convection effects, allowing a more

complete assessment of SPCE response characteristics toward phenolic analytes.

3.7 Proposed Sensing Mechanism
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Based on the combined electrochemical and structural analyses, a plausible sensing mechatii§itis o o
can be proposed. The carbon black component acts as a conductive network that facilitates
efficient electron transfer, while the Ni-Fe hydroxide phase provides catalytically active sites
for the oxidation of CT and HQ. The oxidation process is predominantly diffusion-controlled,
as supported by scan-rate analysis and diffusion coefficient estimation. Adsorption of the
aromatic analytes onto the carbon surface via n—m interactions may contribute to enhanced
sensitivity. The presence of two well-separated oxidation peaks is consistent with differences

in the redox potentials of the isomers, enabling their simultaneous discrimination.
4. Conclusions

The present work reports the development of a carbon black-supported nickel-iron hydroxide
nanocomposite as an effective sensing material for the electrochemical detection and
discrimination of dihydroxybenzene (DHB) isomers, specifically catechol (CT) and
hydroquinone (HQ). Comprehensive physicochemical characterization using XRD, TGA,
FTIR, Raman spectroscopy, XPS, and FESEM supports the formation of a nanocomposite
structure with favorable electroactive features. Electrochemical evaluations employing CV,
DPV, and SWV, conducted on conventional glassy carbon electrodes (GCE) and screen-
printed carbon electrodes (SPCE), show high sensitivity and selectivity toward both analytes,
including in binary mixtures. The sensing platform achieved limits of detection of 0.01
micromolar for CT and HQ using GCE, and 0.05 micromolar when implemented on SPCE,
indicating suitability for trace-level analysis. In addition, the incorporation of machine-

learning-based data analysis provided complementary tools for signal interpretation and
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discrimination between isomeric species, supporting quantitative performance. Overall, the
results indicate that the proposed multi-technique sensing platform enables rapid,
reproducible, and sensitive analysis of DHB isomers. The demonstrated performance across
both laboratory-scale and portable sensing formats suggests potential applicability for
environmental monitoring applications, where reliable detection of structurally similar

organic pollutants is required.
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Data Availability Statement DOL: 10.1039/D6NROO184G

The data supporting this article have been included as part of the Supplementary Information.
Supplementary information: Additional experimental details include descriptions of
materials and methods used in the study, such as preparation of phosphate buffer solution (PBS)
with controlled pH and composition. Electrochemical measurements using CV, DPV, and
SWYV are described in detail. ML-based analysis of the SPCE data is also presented. Further
characterization of the synthesized materials using complementary techniques is included to
support the main findings. Additional results on sensor selectivity toward potential interfering
species, as well as stability and repeatability evaluated through repeated measurements, are
provided. Calibration plots used to determine sensor sensitivity and linear response ranges are

also included.
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