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Carthage, 7021 Jarzouna Bizerte, Tunisia
dEnvironmental and Structural Molecular C

Faculty of Exact Sciences, University Consta
eDepartment of Chemistry, Faculty of Exact

Constantine 25000, Algeria
fLaboratory of Mechanical Engineering an

University of 20 August Skikda, Skikda

univ-skikda.dz
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nalized Ag–Cu-ferrite
nanocomposite as a high-performance
electrochemical sensor for ascorbic acid detection:
experimental and theoretical exploration

Hana Boucheta,ab Emna Zouaoui,bc Mina Boulkroune,de Hana Ferkous,*fg

Belgacem Bezzina, h Mohammed Rabeh Makhlouf,i Hichem Tahraoui,jk

Hanan Alhussain,l Ahmed Fawzy,m Magdi E. A. Zaki,l Ahmed A. Farag n

and Arafat Toghan *l

The present research introduces an electrochemical detection system constructed from chitosan-

functionalized Ag–Cu-ferrite nanoparticles (Ag0.02Cu0.98Fe2O4@chitosan). This nanocomposite-based

sensor provides an efficient approach for the targeted measurement of ascorbic acid (AA).

Characterization using XRD and FTIR techniques confirmed the effective incorporation of chitosan into

the Ag0.02Cu0.98Fe2O4 spinel framework. Using CV (cyclic voltammetry), the

Ag0.02Cu0.98Fe2O4@chitosan-supported CPE electrode exhibited an oxidation peak at +0.28 V compared

to +0.55 V for bare CPE in phosphate buffer (pH = 7), highlighting its superior electrocatalytic

achievement. The current response exhibited a linear dependence with the square root of the scan rate

(R2 = 0.9895), suggesting that the process is governed by diffusion. Sensitivities of 411.59 mA mM−1 cm2

and 327.31 mA mM−1 cm2 were achieved by the sensor over two distinct linear ranges, 100–300 mM and

300 mM–13 mM. With a high degree of certainty, the limit of detection (LOD) was recorded at 89 mM.

The fabricated electrode displayed high selectivity within the presence of commonly used interferents

(glucose, fructose, sucrose, NaCl, and KCl), as well as impressive reproducibility (RSD = 1.96%) and

repeatability (RSD = 1.15%).It also achieved a superior AA recovery rate of up to 98% in a real sample,

demonstrating its consistency and reliability. DFT computations confirmed AA's chemical reactivity

through a moderate energy gap (DE = 5.42 eV) and identified reactive sites on oxygen atoms using

molecular electrostatic potential (MESP) and Fukui function analysis (FIs). Additionally, Monte Carlo

simulations (MCS) revealed a highly favorable adsorption energy of −26.65 kcal mol−1 for AA on the

Ag0.02Cu0.98Fe2O4@chitosan-CPE surface, validating the strong affinity of the target analyte toward the

modified electrode. Overall, the integration of chitosan into the Ag0.02Cu0.98Fe2O4 nanostructure

significantly improved the electrocatalytic efficiency, selectivity, and stability of the sensor, making it an

excellent option for practical applications in vitamin C detection.
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Guelma 24000, Guelma, BP 401, Algeria
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1 Introduction

Vitamin C (ascorbic acid, AA) is a powerful water-soluble antiox-
idant that neutralizes harmful free radicals (reactive oxygen
molecules) that can damage cells and DNA. It is primarily ob-
tained from fruits and vegetables and is widely present in many
dietary sources.1–4 As a vital nutrient, vitamin C contributes to the
prevention and treatment of several disorders, including skin
conditions, infertility, cancer, and liver diseases.5–7 Unlike most
mammals, the human body is unable to synthesize Ascorbic acid
endogenously, making its dietary intake indispensable to avoid
deciency-related complications.8–10 The recommended daily
amount of vitamin C ranges from 75 to 90mg for adults according
to the institution ofMedicine's RecommendedDietary Allowances
(RDA).11,12 Given its wide biological signicance and importance
in food and health monitoring, the accurate quantication of AA
is crucial for ensuring product quality, safety, and therapeutic
efficiency.13,14 Different approaches have been utilized to nd out
AA levels, including chromatographic, spectroscopic, and
electrochemical techniques.15,16 Owing to their remarkable accu-
racy, low cost, versatility, sensitivity and rapid response, electro-
chemical processes have attracted considerable interest, leading
to the engineering of numerous sensors and electrochemical
platforms for detecting AA in complex matrices16–19

Carbon paste electrodes (CPEs) offer an economical and
adaptable platform for electrochemical sensing owing to their
simple preparation and renewable surface.20–22 To enhance sensor
performance, their surfaces are oen modied with conducting
polymers or nanoparticles (NPs), which improve conductivity,
selectivity, and sensitivity.23–25 Recently, considerable interest has
been devoted to spinel ferrite (Fe2O4)-based materials with the
general formulaM2+Fe2O4 for electrochemical applications, owing
to their structural stability, redox activity, and tunable electrical
properties.26 The nature of the divalent metal ion (M+2) plays
a crucial role in governing charge transport, magnetic behavior,
and electrocatalytic performance. Accordingly, previous investi-
gations have shown that adding Co and Zn to CuFe2O4 leads to an
increase in crystal size and lattice parameters.27 Indeed, among
ferrite-based materials, Cu-ferrite (CuFe2O4) has attracted
increasing attention due to its chemical stability, redox versatility,
and functional adaptability, making it suitable for sensing appli-
cations.28 On the other hand, many conductive polymers, such as
chitosan, polyaniline, and polypyrrole, are frequently used to
modify sensor surfaces by improving the material's conductivity
and surface area, thus providing a selective and efficient interac-
tion for target detection.29,30 Chitosan, in particular, is a natural
polysaccharide derived from chitin, commonly found in shrimp
shells, crabs, and fungi. It exhibits several attractive features such
as non-toxicity, biodegradability, antimicrobial activity, and
excellent lm-forming ability. Furthermore, incorporating NPs
into the chitosan matrix (NPs-based chitosan) enhances sensor
performance.31,32 The hybridmaterial leverages the best properties
of both components, creating a more robust and efficient sensing
platform than either could provide on its own.

However, some Cu-ferrite/based chitosan sensors have been
previously reported for detecting AA and others,31,32 in which
© 2026 The Author(s). Published by the Royal Society of Chemistry
chitosan acts as a binding agent and helps stabilize CuFe2O4 NPs,
ensuring good adhesion of the lm to the electrode surface. In
these systems, although their electrochemical characteristics are
improved by increasing the surface area and/or adsorption prop-
erties, performance and sensitivity still need improvement.
Therefore, the introduction of a small amount of monovalent ions
(e.g. Ag+) with a different ionic radius to partially substitute the
divalent ions (Cu2+) in the CuFe2O4 lattice (forming an Ag-dopped
CuFe2O4-chitosan), may create crystal defects that greatly enhance
its ionic conductivity, and as a result the surface reactivity,
electrocatalytic, and sensing capability are expected to improve.
This compositional tuning, combined with chitosan acting as an
active interfacialmodier rather than a passive binder, is expected
to fundamentally distinguish the present sensor from previously
reported CuFe2O4-chitosan based systems.

To address the above-mentioned challenges, in this work a Ag-
doped CuFe2O4-chitosan nanocomposite modied-CPE (Ag0.02-
Cu0.98Fe2O4@chitosan-CPE) was fabricated, and rst applied to
precisely detect AA. For comparison, electrode-free chitosan was
also prepared and named Ag0.02Cu0.98Fe2O4-CPE, alongside the
bare CPE electrode. The phase structure and interfacial proper-
ties of the mixed-valence engineered materials were investigated
using X-ray diffraction (XRD), and Fourier-transform infrared
spectroscopy (FTIR). In addition, scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDX) were per-
formed to examine the surface morphology and elemental
composition of developed samples. Cyclic voltammetry (CV) was
used to analyze their electrochemical performance towards AA.
This was achieved experimentally by evaluating several key
metrics such sensitivity, linear response range, limit of detection
(LOD), selectivity, repeatability, and reproducibility. Further-
more, computational methods (DFT and Monte Carlo simula-
tions) were used to model the behavior of AA and its interactions
with the modied electrode surfaces, providing a complementary
theoretical insight into the experimental observations.
2 Experimental
2.1 Materials

From BIOCHEM, Fe(NO3)3$9H2O and Cu(NO3)2$3H2O were
purchased. AgNO3, NaOH and CH3COOH were obtained from
AGENOR (Algeria), PROLABO and FLUKA, respectively.
Commercial chitosan and carbon were used as received.
Distilled water and paraffin oil (purchased from ISOPHARM
ALGERIA) were used throughout the experiments, while fruc-
tose and sucrose were obtained from Sigma-Aldrich. Ascorbic
acid (AA), KCl, NaCl and D-glucose were obtained from LABOSI,
PROLAB, BIOCHEM, and TM MEDIA respectively. A 0.1 M PBS
(phosphate buffer) solution at pH 7.0 was prepared from
NaH2PO4 and Na2HPO4 sourced from BIOCHEM.
2.2 Functionalization of Ag0.02Cu0.98Fe2O4

A simple co-precipitation method was employed to synthesize the
Ag0.02Cu0.98Fe2O4 catalyst prior to further processing. In this
procedure, the appropriate amounts of copper nitrate, Fe(NO3)3,
and AgNO3 were dissolved in distilled water. The mixture was
RSC Adv., 2026, 16, 8136–8153 | 8137
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magnetically stirred for the required time, aer which NaOH
solution gradually added drop by drop until reaching pH 11. The
resulting precipitate was then ltered, rinsed thoroughly with
distilled water, and le to dry overnight at 80 °C, then sintered at
750 °C for 4 h. The Ag0.02Cu0.98Fe2O4 functionalized chitosan
composite was prepared following the procedure of Boultif W.
et al.21 Initially, a measured amount of chitosan was solubilized in
5% (v/v) acetic acid with continuous agitation for 24 h. The
synthesized Ag0.02Cu0.98Fe2O4 NPs were then mixed with the
chitosan mixture while continuously stirring. To induce
composite formation, designated as Ag0.02Cu0.98Fe2O4@chitosan,
a 0.5 M NaOH solution was gradually introduced until precipita-
tion occurred. Finally, the precipitate was washed well with water
and le to dry at 100 °C, and the material was thus ready.

2.3 Sensors fabrication

To design the working electrodes (WE's), carbon powder and
paraffin oil were combined manually in an agate mortar for
30 min until a uniform paste was achieved (Scheme 1). To
guarantee electrical contact, the resultant paste was rst placed
into the barrel of a syringe that had been equipped with
a copper wire. It was then allowed to dry naturally. Ag0.02-
Cu0.98Fe2O4 or Ag00Cu0.98Fe2O4@chitosan was added to the
carbon-oil mixture at a ratio of 20 : 65 : 15 (w/w) to create
enhanced electrodes employing the same process. Paper was
used to smooth the electrode surface, and distilled water was
used to clean it before application.33 The labels for the changed
electrode were Ag0.02Cu0.98Fe2O4-CPE, Ag0.02Cu0.98-
Fe2O4@chitosan-CPE, and CPE, accordingly.

2.4 Characterization techniques

XRD analysis was performed using Cu Ka radiation (l= 1.54056
Å) on a Bruker D8 Advance diffractometer to verify the phase
Scheme 1 Schematic diagram of the sensor fabrication steps.

8138 | RSC Adv., 2026, 16, 8136–8153
and crystal structure of the designed nanostructured. FTIR
spectra (Bruker Vertex 70 spectrometer) were recorder in the
region of 4000–500 cm−1 to identify functional groups and
evaluate inter- and intramolecular interactions. The surface
morphology and elemental composition were examined by
scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray spectroscopy (EDX), using a Thermo Scientic
Prisma E instrument.

2.5 Electrochemical measurements

To conduct all electrochemical tests, a GAMRY Potentiostat/
Galvanostat/ZRA (Reference 3000) was utilized at ambient
temperature. Reference and auxiliary electrodes were copper
wire and Ag/AgCl, respectively. Additionally, Ag0.02Cu0.98Fe2O4-
CPE, Ag0.02Cu0.98Fe2O4@chitosan-CPE, and CPE were used as
WE's. The ability of electrochemical identication was assessed
in 0.1 M of PBS (pH 7.0) both in the presence and absence of AA
(5 mM). CVs were performed in a potential window ranging
from −0.4 V to +0.8 V at a scan rate of 50 mV s−1.

To evaluate the LOD, linearity, and selectivity, serial addi-
tions of different AA levels were made. In the event of common
interfering substances such glucose, fructose, sucrose, KCl, and
NaCl, the modied electrodes' selectivity was further evaluated.
Three separately manufactured electrodes under identical
circumstances were used to test reproducibility, and the same
modied electrode was used to do 15 consecutive tests to test
repeatability.

2.6 Computational studies

2.6.1 DFT calculations. Computations were employed to
model the electronic structure, the chemical reactivity and
intramolecular charge transfer characteristics of AA, with the
specic B3LYP functional and the DNP (double numerical plus
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of pure chitosan, Ag0.02Cu0.98Fe2O4, and
Ag0.02Cu0.98Fe2O4@chitosan composite.
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polarization) basis set. DMol3 soware is used to perform all
calculations.34,35

Subsequently, frontier molecular orbital (FMO) analysis was
conducted to identify the HOMO and LUMO energy levels. Key
descriptors used to evaluate molecular stability and reactivity
include the energy band gap (DEgap), HOMO and LUMO ener-
gies, global hardness (h), electronegativity (c), and global so-
ness (s). Reactivity descriptors equations are as follows:

I = −EHOMO (1)

A = −ELUMO (2)

DEgap = I − A (3)

c ¼ 1

2
ðI � AÞ (4)

h ¼ 1

2
ðI � AÞ (5)

s ¼ 1

h
(6)

These descriptors provide insight into the electronic
behavior and potential reaction mechanisms of the
molecule.36–38

Furthermore, the most reactive atomic sites of AA were pre-
dicted using FIs (fk

−, fk
+and fk

0).39,40

fk
−(for electrophilic attack) = qk(N) − qk(N − 1) (7)

fk
+(for nucleophilic attack) = qk(N + 1) − qk(N) (8)

fk
0ðfor radical attackÞ ¼ 1

2
½qkðN þ 1Þ � qkðN � 1Þ� (9)

The electronic populations of atom k is represented by qk(N)
for neutral, qk(N + 1) for anionic, and qk(N − 1) for cationic
species.41,42

2.6.2 Monte Carlo simulation (MCS). The electrocatalytic
activity of CPE with Ag0.02Cu0.98Fe2O4 and Ag0.02Cu0.98Fe2-
O4@chitosan was systematically examined using MCS calcu-
lations. Additionally, the nature of electrostatic interactions
between AA compounds and both unmodied and modied
CPE surfaces was examined. By closely replicating experi-
mental conditions, these simulations provided detailed
insights into how surface modications alter the electrode's
adsorption properties and charge distribution, thereby inu-
encing the efficiency of AA oxidation. This computational
approach not only elucidates the mechanistic role of each
modication in enhancing sensor performance, but also
guides the rational design of more effective electrochemical
sensors for AA detection.

The Ag0.02Cu0.98Fe2O4 and Ag0.02Cu0.98Fe2O4@chitosan
nanoclusters, alongside the carbon sheet surfaces of the CPE,
were constructed using the build tool in Materials Studio
2017.43 The CPE was represented by a two-dimensional
graphite model comprising two carbon layers aligned along
© 2026 The Author(s). Published by the Royal Society of Chemistry
the (001) crystallographic plane. MCS simulations were per-
formed with the Adsorption Locator module employing
a Universal Force Field44,45 to accurately predict the adsorption
energies and preferred congurations of AA molecules on each
electrode surface. This modeling approach enabled a detailed
comparative analysis of AA interaction dynamics across pris-
tine and modied electrode interfaces, providing crucial
insight into the molecular-level mechanisms governing sensor
performance.

The adsorption energy (Eads) depends on the equation of the
adsorbent/substrate interactions:46,47

Eads = ETot − (ESubstrate + EAdsorbate) (10)

where: ETot = total energy, ESubstrate = energy of substrate and
EAdsorbate = energy of adsorbate.
3 Results and discussion
3.1 Chemistry

3.1.1 XRD measurements. The phase structure of
commercial chitosan, Ag0.02Cu0.98Fe2O4, and Ag0.02Cu0.98-
Fe2O4@chitosan was determined by XRD (Fig. 1). Chitosan
exhibited a typical broad diffraction peak at z20.17°, con-
rming its semi-crystalline nature.48 The diffraction pattern of
the Ag-doped sample (Ag0.02Cu0.98Fe2O4) conrmed the forma-
tion of a tetragonal Cu-ferrite phase (JCPDS card no. 01-072-
1174). The main diffraction peaks were observed at the 2q
values: 18.34°, 29.87°, 34.50°, 36.04°, 37.17°, 41.43°, 44.04°,
54.13°, 57.22°, 58.17°, 62.06°, 64.05°, and 74.83°. These peaks
correspond to the (101), (112), (103), (211), (202), (004), (213),
(312), (303), (321), (224), (400), and (413) planes of the spinel
ferrite structure, respectively. Weak reections are also detected
at 2q = 38.13°, 43.82°, 64.45°, and 77.40°, which are attributed
to the (111), (200), (220), and (311) planes of AgO (JCPDS card
no. 03-065-8428), indicating a low content of Ag species in the
manufactured system. For the Ag0.02Cu0.98Fe2O4@chitosan
composite, the characteristic reections of the spinel ferrite
RSC Adv., 2026, 16, 8136–8153 | 8139
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Fig. 2 Comparison of FTIR spectra of pure chitosan, Ag0.02Cu0.98-
Fe2O4, and Ag0.02Cu0.98Fe2O4@chitosan composite.
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phase are preserved, indicating that chitosan functionalization
does not alter the crystal structure of the ferrite. However, slight
peak shis and additional peak broadening are observed, which
can be ascribed to interfacial stress and surface interactions
between the ferrite NPs and the chitosan matrix. The coexis-
tence of a broad peak at z20.3° and the peaks of Ag–Cu-ferrite
NPs provides clear evidence for a successful fabrication of
chitosan-functionalized Ag–Cu-Ferrite nanocomposite.

By applying the Debye–Scherer equation to several well-
dened diffraction peaks of the ferrite phase, the average
crystal of the Ag-doped sample (Ag0.02Cu0.98Fe2O4) was esti-
mated to be size 18.7 nm.49,50 To further evaluate lattice
distortion, the microstrain was calculated using the Wil-
liamson–Hall method, resulting in a strain value of 1.20× 10−3.
The crystal size calculated using the Williamson–Hall method
was 21.2 nanometers, consistent with Shearer's estimate, thus
conrming the reliability of the analysis. Interestingly, the
observable peak broadening in XRD and lattice stress can be
attributed to the ionic radius mismatch between Ag+ and Cu2+,
leading to local lattice distortion and the resulting improve-
ment in ionic transport properties.

3.1.2 FT-IR. The FTIR spectra provide valuable insights into
the chemical structure and conrm the functionalization of
Ag0.02Cu0.98Fe2O4 with chitosan through the presence of char-
acteristic vibrational bands. Recorded in the 4000–400 cm−1

range (Fig. 2), the spectra of both chitosan and Ag0.02Cu0.98-
Fe2O4@chitosan show a broad absorption band at 3288 cm−1,
corresponding to N–H stretching vibrations,22 along with a band
at 2872 cm−1 attributed to C–H stretching.51–54 Peaks at 1645,
1563, and 1312 cm−1 are assigned to C]O stretching of amide I,
N–H bending of primary amines, and C–H bending, respec-
tively.20,21,55 The band near 1024 cm−1 indicates C–O stretch-
ing,56 while absorption bands in the 500–800 cm−1 region are
linked to Ag–O, Cu–O, and Fe–O stretching vibrations, con-
rming the integration of the metal oxide phase into the
composite.
8140 | RSC Adv., 2026, 16, 8136–8153
Comparative analysis of the spectra for chitosan and Ag0.02-
Cu0.98Fe2O4@chitosan reveals a decrease in peak intensities in
the latter, indicating strong interactions between the chitosan
matrix and the Ag0.02Cu0.98Fe2O4 NPs.22,26 In addition to the
intensity variations, the persistence and modication of the
chitosan characteristic bands aer functionalization indicate
a change in the local chemical environment of the –NH2 and –

OH groups. Such behavior is consistent with coordination and
hydrogen-bonding interactions between these functional
groups and surface metal ions (Fe3+/Cu2+/Ag+) of the Ag-doped
sample (Ag0.02Cu0.98Fe2O4). In the case of a simple physical
mixture, a superposition of the individual FTIR spectra without
noticeable intensity changes or band perturbation would be
expected. Therefore, the observed spectral features provide
evidence of chemical interaction at the chitosan-ferrite inter-
face rather than mere physical mixing.

3.1.3 SEM-EDX. The surface morphology and elemental
composition of the fabricated materials were identied by SEM
and EDX. Fig. 3 shows SEM images of Ag0.02Cu0.98Fe2O4 (Fig. 3b)
compared to pure CuFe2O4 NPs (Fig. 3a), demonstrating the
successful incorporation of Ag species on the surface of
CuFe2O4. The SEMmicrograph of native CuFe2O4 NPs shows an
irregular clustering of varying diameters, a result of their
inherent magnetic characteristics.57,58 Whereas, the SEM image
of the silver-doped sample (Ag0.02Cu0.98Fe2O4) clearly showed
the clustering of spherical Ag species.59 The corresponding EDX
analysis for CuFe2O4 and Ag0.02Cu0.98Fe2O4 is displayed in
Fig. 3c and d. The EDX spectrum conrmed the presence of Ag
alongside Fe, Cu, and O, consistent with the intended compo-
sition. The detected Ag content corresponds to a low doping
level, which is expected given the nominal Ag0.02-composition
and the semi-quantitative nature of EDX for trace elements.
Interestingly, no Ag-rich secondary phases were detected, and
the homogeneous elemental distribution supports successful
incorporation rather than surface segregation. These ndings
align with previous studies indicating the presence of a single-
phase spinel structure.60
3.2 Sensing of AA

The electrochemical detection of AA in PBS (pH 7.0) using both
modied and unmodied CPE is illustrated in Fig. 4. In the
absence of AA, no redox peaks were observed, conrming that
the developed nanosensor is electrochemically stable under the
experimental conditions and does not undergo spontaneous
oxidation or reduction (Fig. 4a). Fig. 4b demonstrates
a comparison of the sensitivity performance of the developed
sensors, Ag0.02Cu0.98Fe2O4-CPE and Ag0.02Cu0.98Fe2O4@-
chitosan-CPE, with the bare CP electrode in detecting AA. When
5 mM AA was added to the cell, a very slight current response
was observed on the bare CPE surface, which was somewhat
enhanced in the synthesized Ag0.02Cu0.98Fe2O4-CPE. Interest-
ingly, the Ag0.02Cu0.98Fe2O4@chitosan-CPE polymerized nano-
sensor exhibited a sharp redox peak for ascorbic acid,
conrming its superior efficacy. Specically, a pronounced
anodic peak appeared at +0.28 V with a catalytic current of 432
mA, compared to a less dened anodic peak at +0.55 V. Scheme 2
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM-EDX analysis of: pure CuFe2O4 NPs (a and c), and doped Ag0.02Cu0.98Fe2O4 nanostructured (b and d).
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illustrates the electrochemical oxidationmechanism of ascorbic
acid on the fabricated electrode surface. It was observed to be
oxidized to dehydroascorbic acid (DHA).61 Indeed, the absence
of a corresponding reduction peak aer the electro-oxidation
peak in the CVs of AA indicates that the oxidized product
(DHA) is not electro-reduced back to AA under the experimental
conditions, suggesting that the oxidation process is irreversible.

These ndings demonstrate the superior electrocatalytic
performance of the Ag0.02Cu0.98Fe2O4@chitosan-modied
electrode toward AA oxidation, attributed to the synergistic
interaction between the nanocomposite and the chitosan
matrix, which contributes to enhance electron transfer and
improved conductivity of the sensor surface.62–64

3.2.1 Scan rate impact. It is used to further examine the
electrochemical mechanism of the engineered chitosan-based
nano-sensor. As shown in Fig. 5a, increasing the scan rate
(from 25 to 200 mV s−1) caused the anodic peak potential to
© 2026 The Author(s). Published by the Royal Society of Chemistry
shi to more positive values. This was accompanied by
a proportional increase in the anodic peak current (Ipa). Inter-
estingly, the anodic peak current scaled linearly with the square
root of the scan rate (n1/2) and with a high coefficient of deter-
mination (R2 = 0.9895), as depicted in in Fig. 5b. These results
conrm that the electrocatalytic oxidation is controlled
primarily by the analyte's (AA) diffusion from the solution to the
electrode (Ag0.02Cu0.98Fe2O4@chitosan-CPE) surface under the
tested conditions.65–67

Fig. 5c shows a graph of the logarithm of the anodic peak
current (Ipa) and the logarithm of the scan rate (n). A straight
line with a slope of 0.3734 is obtained, conrming that the
process is indeed under diffusion control, as this line deviates
slightly from the theoretical value of 0.5 for such a process.68

Furthermore, Laveron's formula (eqn (11)) was applied to
determine the electron transfer coefficient (a) and the number
of electrons (n) involved in the redox process.68
RSC Adv., 2026, 16, 8136–8153 | 8141
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Fig. 4 Cyclic voltammograms acquired on the CPE, Ag0.02Cu0.98-
Fe2O4-CPE and Ag0.02Cu0.98Fe2O4@chitosan-CPE at 50mV s−1 sweep
rate in: PBS solution (pH = 7.0) without AA (a), and the existence of AA,
5 mM (b).

Scheme 2 AA electrochemical oxidation mechanism.
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Epa = E0(RT/anF) + ln(RTk/anF) + (RT/anF)ln v (11)

where R = 8.314 J K−1 mol−1, F = 96485C mol−1, and T = 298 K.
The slope (m) of the linear plot of the anodic peak potential (Epa)
versus ln(v) as shown in Fig. 5d, corresponds to the term RT/anF.
Therefore, the value of a can be found from experimental
measurements as follows:

a = RT/mnF (12)

For a process involving n = 2 (Scheme 2) and m = 0.05392 V,
the value of a was estimated to be 0.2381.
8142 | RSC Adv., 2026, 16, 8136–8153
The diffusion coefficient (D) for AA was calculated using the
Randles–Ševcik equation:69

Ipa = 2.69 × 105 n(3/2) D(1/2) AC n(1/2) (13)

Ipa = Peak current (A), C = AA concentration (mol cm−3), A =

electrode surface area (cm2). The value of D was then calculated
to be 1.06 × 10−6 cm2 s−1.

3.2.2 Effect of concentration. To further evaluate the
performance of the designed sensor, the effect of varying AA
concentrations was examined. Using different doses of AA (100
mM to 13 mM) in 0.1 M PBS solution, where the sensitivity,
linearity response window, and LOD of the newly synthesized
ferrite NPs functionalized with chitosan-modied CPE were
determined. The detection limit was estimated as follows: LOD
= 3s/m, (s = standard deviation of blank signal and m = slope
of calibration curve, expressing sensitivity). As illustrated in
Fig. 6a, the oxidation peak current of AA increased linearly,
while the oxidation peak potential shied to a more positive
outlook, with increasing AA concentration. This strong linear
relationship (R2 z 1) depicted in the calibration curve (Fig. 6b),
indicates that the sensor is highly effective and suitable for
quantifying the analyte (AA) across a broad range (from 100 mM
to 13 mM). The sensor exhibited two distinct linear ranges, each
with its own sensitivity: (i) 411.59 mA mM−1 cm2 in the range of
100–300 mM (lower concentration range), and (ii) 327.31 mA
mM−1 cm2 in the range of 300 mM–13 mM (higher concentra-
tion range).The LOD of the sensor was found to be 89 mM,
highlighting its excellent sensitivity and suitability for trace-
level AA detection. To further validate its performance, Table
1 compares the results of this sensor with previously reported
electrodes for vitamin C detection.

3.2.3 Reproducibly/repeatability/stability. To further
conrm the performance of the designed sensor, its stability
and repeatability were systematically examined. Three Ag0.02-
Cu0.98Fe2O4@chitosan-modied CPE electrodes, fabricated
under identical conditions, were employed to detect 5 mM AA in
0.1 M PBS using the CV technique. In addition, one electrode
was subjected to 15 consecutive measurements of AA (5 mM) to
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) CV curves ofAg0.02Cu0.98Fe2O4@chitosan-CPE in PBS solution (0.1 M) containing 5mM of AA at different scan rates (25 to 200mV s−1),
(b) correlation of Ipa and the n1/2. (c) A graph of the log(Ipa) vs. log(n), and (d) the linear plot of the anodic peak potential (Epa) vs. ln(v).

Fig. 6 (a) CVs of Ag0.02Cu0.98Fe2O4@chitosan-CPE recorded at various concentrations of AA (100 mM to 13 mM) in 0.1 M PBS solution, (b)
calibration curve (with error bars) of anodic peak current (Ipa) vs. AA concentration.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 8136–8153 | 8143
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Table 1 Comparing the performance of different electrodes with the new modified chitosan-based sensor towards AA detectiona

Electrode Technique LOD (mM) Linear range (mM) Ref.

MWCNT-AONP@SPCE SWV 0.14 0.04–0.64 70
CF/ZnO CN-ME DPV 156.7 0.6–1800 71
Pd-PPy/Si CV 200 500–10000 72
(Ag/CNT-CPE) DPV 12 30–2000 16
Graphite screen printed electrode modied with NiFe2O4NPs DPV 0.1 0.5–100.0 17
Ag0.02Cu0.98Fe2O4@chitosan-CPE CV 89 100–300 This work

300–13000

a DPV = differential pulse voltammetry, and SWV = square wave voltammetry.
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evaluate repeatability. The results showed relative standard
deviations (RSD%) of 1.96% for reproducibility and 1.15% for
repeatability. These low RSD values conrm the excellent
stability and reliability of the Ag0.02Cu0.98Fe2O4@chitosan-CPE
sensor during the AA detection process, highlighting its
robustness for practical applications. The long-term stability of
Ag0.02Cu0.98Fe2O4@chitosan-modied CPE was also evaluated
by measuring its current response aer one week under
ambient conditions. The oxidation peak current retained
95.06% of its initial value, demonstrating the good long-term
stability of the electrode.73

3.2.4 Interferences. Selectivity is a critical parameter in
dening the effectiveness of electrochemical sensors. To ensure
accuracy and selectivity, the designed
Fig. 7 Selectivity evaluation of AA (0.5 mM) in the existence of 50 mM
of different potential interferents.

Table 2 Determining AA in real beverage samples

Orange juice sample Added concentration (mM)

Natural 0.15
0.50
1.0

Commercial 0.15
0.50
1.0

8144 | RSC Adv., 2026, 16, 8136–8153
Ag0.02Cu0.98Fe2O4@chitosan-CPE sensor response was evalu-
ated in the existence of other chemicals that might interfere
with AA signal during an electro-oxidation process. For this
purpose, the electro-analytical response of the sensor towards
a very low concentration of AA (0.5 mM) in the presence of
different potential interferents (interf), each at a higher
concentration (50 mM) such as glucose (GL), fructose (Fr),
sucrose (Suc), KCl, and NaCl, all prepared in 0.1 M PBS, was
investigated (Fig. 7). Surpassingly, ndings demonstrated that
these interfering species produced no signicant effect on the
oxidation current of AA, thereby conrming the excellent
selectivity and strong anti-interference capability of the Ag0.02-
Cu0.98Fe2O4@chitosan-modied sensor system.74,75

3.2.5 Real sample applications. In a real-world example,
the new sensor was used to identify and quantify the target
analyte (AA) in complex environments. Therefore, two different
samples of orange juice, natural and commercial, were exam-
ined to accurately assess the sensor's performance. This appli-
cation step veries the effectiveness, capability, selectivity, and
accuracy of the developed nanosensor despite the presence of
other interfering components, ensuring its reliability and
usefulness outside of a controlled laboratory environment.
Prior to electrochemical measurements, the samples were
centrifuged for 15 min to remove the pulp and suspended
solids, followed by ltration process, and appropriately diluted
with phosphate buffer solution (PBS, 0.1 M, pH 7.0) at a dilution
ratio of 1 : 10 (v/v) to reduce matrix effects. To minimize matrix
effects from sugars, organic acids, and other electroactive
compounds commonly preset in orange juice, the quantica-
tion was performed using the standard addition method, which
is considered a reliable strategy for compensating matrix effects
in electrochemical measurements. Recovery studies were
carried out by spiking know concentration of AA into the
Measured concentration (mM) Recovery (%)

0.147 98.0
0.490 98.0
0.979 97.9
0.146 97.3
0.487 97.4
0.974 97.4

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Ascorbic acid computed descriptors

Area (Å2) Volume (Å3) ELUMO (eV) EHOMO (eV) DEgap (eV) A (eV) I (eV) c (eV) s (eV−1) h (eV)

177.00 169.13 −1.09 −6.51 5.42 6.51 1.09 3.800 0.369 2.710

Fig. 8 Optimized structure, (HOMO, LUOMO) distribution and MESP map of AA.
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pretreated samples, and all measurement were performed in
triplicate.76

As summarized in Table 2, the new sensor achieved good
recovery rate of 97–98%. This signies high accuracy and effi-
ciency, as only a very small percentage of the target analyte was
lost or interfered with by the complex components of the orange
juice matrix during the detection process.77,78 Since the current
modied electrode can now be efficiently applied to measure AA
in real-world samples, this highlights the success of the modi-
cation process in overcoming the limitations of bare elec-
trodes, e.g., CPE, and thus may contribute to a future industrial
renaissance.
3.3 Computational explorations

3.3.1 DFT calculations. The geometric and electronic
descriptors calculated from the AA optimized structure (Fig. 8)
have been listed in Table 3. The moderate value of (DEgap) and
volume area of AA conrm its reactivity and receptivity. The
reactivity of this molecule has been proved by its high soness
value and low hardness value.

Optimized structure, frontier molecular orbitals (HOMO and
LUOMO) distribution and MESP map of AA have been depicted
in Fig. 8. As it appears, the HOMO and LUMO orbitals are
extended over the cyclic part and their attached hydroxyl and
carbonyl groups of AA molecule, indicating the reactivity of
these parts.
Fig. 9 Iso surfaces of the electrophilic, nucleophilicand radical FIs of AA

© 2026 The Author(s). Published by the Royal Society of Chemistry
MESP analyses map the electron density around the surface
of a molecule, revealing regions of positive and negative
potentials to identify reactive sites, predict interactions, and
understand molecular behavior. Noteworthy, this visual tool
helps to locate the nucleophilic (electron-rich) or electrophilic
(electron-poor) attack.79 This is achieved by mapping the elec-
trostatic potential onto the molecular surface using a color
code: red regions correspond to areas of high electron density
and strong negative potential, indicating likely sites for elec-
trophilic attack, while blue regions represent electron-decient
zones with positive potential, prone to nucleophilic attack;
intermediate potentials are shown in green. In the case of AA,
MESP mapping reveals that the oxygen atoms (especially O6)
exhibit pronounced negative potential (red), highlighting them
as key active sites for electrophilic interactions, whereas the
hydrogen atom of the alcohol group (H19) displays a positive
potential (blue), marking it as a nucleophilic site. This spatial
distribution of electrostatic potential not only claries the
molecule's reactive hotspots but also informs on its interaction
tendencies in various chemical environments, thereby under-
pinning mechanistic insights into its chemical behavior and
reactivity.80,81

3.3.2 Local descriptors (Fuckui indices, FIs). The FIs are
signicant indicators for evaluating the most reactive atoms
within a molecule. These indices help predict whether a mole-
cule acts as an electron donor, an electron acceptor, or both. In
this context, the FIs of AA (f−, f+, and f0) have been evaluated.
.
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Table 4 FIs of AA

Atom
N° f− f+ f0

Atom
N° f− f+ f0

O1 0.046 0.074 0.060 C11 0.152 0.083 0.118
O2 0.019 0.019 0.019 C12 0.052 0.162 0.107
O3 0.132 0.086 0.109 H13 0.033 0.051 0.042
O4 0.006 0.006 0.006 H14 0.013 0.015 0.014
O5 0.167 0.055 0.111 H15 0.007 0.008 0.008
O6 0.097 0.177 0.137 H16 0.010 0.012 0.011
C7 0.022 0.027 0.024 H17 0.008 0.011 0.010
C8 0.011 0.015 0.013 H18 0.034 0.025 0.030
C9 0.124 0.134 0.129 H19 0.008 0.008 0.008
C10 0.004 0.006 0.005 H20 0.054 0.027 0.040

Table 5 Conformational search parameters of chitosan and AA

Parameters Chitosan AA

Average energy(kcal mol−1) 123.111 28.398
Average RMSD (Å) 0.168 0.327
Minimum energy
(kcal mol−1)

123.105 28.397

N° of torsion angles 13 2
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Their distributions are illustrated in the Fig. 9, and their
quantitative values are listed in the Table 4.

The FIs results (Table 4) show that the atoms most suscep-
tible to electrophilic attacks (acting as electron donors) are O5
and C11, due to their highest values of f−. Conversely, the atoms
most susceptible to nucleophilic attacks (acting as electron
acceptors) are O6 and C12, owing to their highest values of f+. It
is also observed that these same atoms exhibit the highest
values of f0, indicating that they are the most sensitive to radical
attacks.82

Generally, the three FIs are distributed on the studied
molecule's cyclic part and their attached hydroxyl and carbonyl
groups, indicating that these parts are the most susceptible for
Fig. 10 Conformational search of (a) chitosan and (b) AA.

8146 | RSC Adv., 2026, 16, 8136–8153
electrophilic and nucleophilic attacks therefore they are
responsible for electronic exchange.83–85

3.3.3 MCS simulation. Initially, the most stable structures
of chitosan and AA molecules were determined by conforma-
tional analysis using the Conformers option in Materials Studio
2017, combining the random sampling method with the
Universal Force Field. The lowest-energy structures of chitosan
and AA, along with the conformer search results (1000
conformers), are shown illustrated Fig. 10, while the confor-
mational search parameters are summarized in Table 5.

Analysis of the ndings in Table 5 conrms that AA is the
most stable compound than Chitosan due to its lowest energy
and torsion angles values. MC simulations were applied to
investigating the adsorption behavior of ascorbic acid (AA) on
three distinct carbon paste electrode (unmodied CPE, Ag0.02-
Cu0.98Fe2O4-modied CPE, and Ag0.02Cu0.98Fe2O4@chitosan-
modied CPE) systems under conditions mimicking experi-
mental setups. The graphite (CPE) model consisted of a box
formed by two carbon sheets oriented along the (001)
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Initial structures used in the MC simulation (a) AA, (b) Ag0.02Cu0.98Fe2O4cluster and (c) chitosan. (d) Side view of a two-dimensional
graphite box composed of two carbon sheets oriented in the (001) direction and (e) a top view of a single graphite layer (with dimensions).
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crystallographic plane. The initial structures of AA, chitosan
molecules, and the Ag0.02 Cu0.98 Fe2O4 cluster used in the
simulations, along with top and side views of the two-
dimensional graphite box, are depicted in Fig. 11.

This work utilized three surface congurations for analysis.
The rst (AA-CPE) have been constructed by packing one
molecule AA on graphite surface, the second have been built by
packing one molecule AA on (Ag0.02Cu0.98Fe2O4cluster +
graphite surface) system and the third have been constructed by
packing one molecule AA on (Ag0.02Cu0.98Fe2O4cluster + two
Chitosan unit + graphite surface) system. In the last case, the AA
structure has been highlighted in yellow to make it easier to
distinguish from other structures. The interaction between AA
and each electrode systems is quantied by Adsorbate–
substrate systems' adsorption energy (Eads). Therefore, macro-
scopic results from electrochemical measurements can be
systematically compared with microscopic insights from Monte
Carlo (MC) simulations to bridge experimental observations
with atomic-scale mechanisms in the three electrode systems.

All calculated adsorption energies (Eads) were negative,
unequivocally demonstrating that the interaction between the
AA molecule and the various electrode surfaces is both spon-
taneous and strongly attractive. Among the electrodes studied,
the Ag0.02Cu0.98Fe2O4-functionalized chitosan-modied carbon
paste electrode (Ag0.02Cu0.98Fe2O4@chitosan-CPE) exhibited
a notably higher adsorption energy magnitude of
−26.65 kcal mol−1 compared to other electrodes (Fig. 12). This
substantial adsorption energy indicates signicantly enhanced
electrostatic interactions and superior stabilization of the AA
© 2026 The Author(s). Published by the Royal Society of Chemistry
molecule on the electrode surface. The presence of nanoclusters
functionalized chitosan not only provides abundant active sites
but also promotes favorable hydrogen bonding and electrostatic
attractions, which collectively strengthen the adsorbate–
substrate complex. Such pronounced binding affinity highlights
the critical role of chitosan modication in optimizing the
electrode interface, thereby facilitating more efficient molecular
adsorption. This enhancement directly translates to improved
electrocatalytic activity and sensitivity of the sensor, making the
Ag0.02 Cu0.98 Fe2O4@chitosan-CPE system particularly effective
for the selective and robust detection of AA in electrochemical
applications. These atomic-level ndings, in good agreement
with macroscopic electrochemical results.

The adsorption energy distribution proles obtained from
the MC simulations (Fig. 13) provide valuable insights into the
strength and uniformity of AA adsorption on the three investi-
gated electrode surfaces: AA/CPE, AA/Ag0.02Cu0.98Fe2O4-CPE,
and AA/Ag0.02Cu0.98Fe2O4@chitosan-CPE. In these simulations,
the adsorption energy (Eads) reects the total energy change
accompanying the adsorption process, with more negative
values indicating stronger interactions and greater stability of
the AA-metal surface system; however, a high sensitivity of
detection is observed. The results clearly show that the energy
distributions of the AA/Ag0.02Cu0.98Fe2O4@chitosan-CPE elec-
trode shied towards more negative energy values compared to
the other two electrodes, indicating its high sensitive detection.
This behavior suggests that the chitosan-modied electrode
surface provides a higher density of active sites, improving the
adsorption affinity and uniformity of AA/electrode binding74,75
RSC Adv., 2026, 16, 8136–8153 | 8147
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Fig. 13 Adsorption energy distributions of AA on the three electrodes examined during MC simulation.

Fig. 12 Optimal adsorption sites and their adsorption energies (Eads).
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4 Conclusions

In this investigation, a high-performance electrochemical
sensor based on Ag0.02Cu0.98Fe2O4NPs functionalized with chi-
tosan for the effective detection of AA is effectively fabricated
and characterized. Structural (XRD) and vibrational (FTIR)
evaluations conrmed the effective integration of chitosan,
which signicantly enhanced the material's physicochemical
properties. SEM and EDX were also used to analyze the surface
morphology and elemental composition of the designed nano-
structured. The electrochemical tests revealed that the Ag0.02-
Cu0.98Fe2O4@chitosan-CPE exhibited a remarkable shi in
oxidation potential from +0.55 V to +0.28 V, along with an
improved current response of 432 mA, indicating excellent
electrocatalytic activity. A wide dynamic range was observed,
consisting of two linear segments between 100–300 mM and 300
mM–13 mM, with high sensitivities of 411.59 mA mM−1 cm2 and
327.31 mAmM−1 cm2, respectively. The LOD was estimated to be
89 mM, placing this sensor among the most efficient systems
reported in recent literature. The sensor showed excellent
stability (RSD = 1.15%), reproducibility (RSD = 1.96%), and
anti-interference capacity, even when typical interferents are
present in signicant amounts. The designed sensor has proven
to be an accurate, sensitive, selective, and reliable method for
measuring AA in a real-world environment. Theoretical inves-
tigations using DFT highlighted the reactive nature of AA,
particularly at oxygen-rich sites, supported by FIs and MESP
analyses. Furthermore, Monte Carlo simulations revealed
notably high adsorption energy of −26.65 kcal mol−1 for AA on
the modied electrode, underscoring the strong binding inter-
actions and synergistic effect of the chitosan functionalized
nanomaterial. Altogether, the integration of Ag0.02Cu0.98Fe2O4

NPs with chitosan not only improved the electrochemical
performance but also provided theoretical validation for
enhanced molecular interactions, thereby offeringa powerful,
selective, and sensitive platform for real-time detection of bio-
logically important molecules such as AA. Future work may
focus on extending this approach to detect other electroactive
biomolecules and integrating the sensor into portable devices
for eld applications.
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