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In this study, a sensitive and accurate non-enzymatic glucose sensor based on a Fe,O3z/CuFe,O4/graphene

nanoplatelet (GNPs) nanocomposite was performed. The nanocomposite was synthesized via a facile
hydrothermal method and characterized using FTIR, XRD, SEM, Raman, XPS, cyclic voltammetry (CV) and

electrochemical impedance spectroscopy techniques. The integration of Fe,Oz and CuFe,O4 with

graphene nanoplatelets

(GNPs)

provides a synergistic effect, enhanced surface area, high

electrochemical conductivity and improved catalytic activity toward glucose oxidation. Electrochemical

measurements using CV and chronoamperometry demonstrated excellent sensing performance, with
high sensitivity of 62.4 pA mM~ cm™2, a lower of detection limit of 0.049 uM (S/N = 3) and a widely

Received 7th October 2025
Accepted 21st October 2025

linear detection range from 5-75 pM and 75-13000 pM. The sensor exhibited outstanding selectivity

against common interfering species (e.g., dopamine, uric acid and ascorbic acid), along with good
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1. Introduction

Glucose monitoring has a critical role in the management of
diabetes mellitus, a chronic metabolic disorder affecting
millions worldwide. Accurate and reliable glucose levels detec-
tion is essential for diagnosis and daily glucose control. Among
various glucose sensing technologies, electrochemical
sensing®*>7*”7 has gained significant consideration due to its
rapid response,®>*’ ease of operation,***® high sensitivity®»*” and
low cost.®** Traditionally, enzymatic glucose sensors based on
glucose oxidase (GOx) have dominated the market. However,
these sensors suffer from several limitations, including poor
stability, high production cost, and susceptibility to different
conditions such as pH, temperature, and humidity.** In recent
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stability and reproducibility. These findings suggest that the Fe,Osz/CuFe,O4/GNPs nanocomposite is
a promising applicant for glucose non-enzymatic sensing in clinical and biomedical applications.

years, non-enzymatic electrochemical glucose sensors have
emerged as promising alternatives. These sensors depend on
direct glucose oxidation on the surface of the electrode, offering
enhanced stability and reproducibility without the need for
biological components. The performance of such sensors is
dependent on the electrocatalytic properties of the electrode
materials.

Transition metal oxides and spinel ferrites have attracted
significant interest due to their brilliant redox activity,*”*
chemical stability,” and catalytic potential.”»”> Among them,
Fe,0; and CuFe,0, are particularly appealing owing to their
abundance, environmental friendliness, and strong catalytic
behavior toward glucose oxidation. However, their inherent low
electrical conductivity limits their standalone performance. To
address this challenge, incorporating conductive carbon-based
materials such as graphene can significantly enhance electron
transport and increase active surface area. CuFe,0,, a transition
metal oxide, has garnered significant attention as an electro-
catalyst in the development of electrochemical sensors, partic-
ularly for non-enzymatic glucose detection, owing to its
excellent structural tunability, electrocatalytic activity, and
compatibility with a wide range of nanocomposite configura-
tions. CuFe,0, employed in sensing other biomolecules. For
example, Atacan ° developed a glassy carbon electrode modified
with a CuFe,0,/rGO decorated with gold nanoparticles, which
approved a good sensitivity and a broad linear range for
detecting 1-cysteine hematite (o-Fe,O3) is extensively utilized in
sensor development due to its favorable semiconducting
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characteristics, excellent chemical stability, and notable cata-
lytic activity. Its natural abundance and environmental friend-
liness further enhance its suitability, particularly for
applications in medical diagnostics and environmental moni-
toring.'” In non-enzymatic glucose detection, Fe,O; offers
a stable, low-toxicity alternative to enzyme-based sensors.
Nanostructures like porous nanorods and nanoparticles,
particularly when combined with materials such as rGO or g-
C;N,4, enhance performance by increasing surface area and
improving electron transfer. These composites allow for sensi-
tive glucose detection at physiological pH, even in complex
samples.*>'°**** Electrochemical methods like CV and DPV are
used to fine-tune these sensors, supporting their potential for
real-world, portable applications.'®** Meanwhile, graphene
nanoplatelets (GNPs) have emerged as key electrode modifiers
in sensor for glucose detection, primarily due to their highly
surface area and excellent electron transport properties. These
features significantly improve glucose adsorption and electro-
catalytic oxidation efficiency.”®*** m-t interactions between
glucose molecules and GNPs enhance molecular adsorption at
the electrode surface, leading to lower detection limits and
improved sensitivity.*® Graphene-based nanocomposites offer
several advantages for enzyme-free glucose detection in alkaline
media, driven by graphene's exceptional electrical conductivity
and physicochemical stability.>® Strategic incorporation of gra-
phene with metal oxides or other conductive nanomaterials can
further amplify sensor performance. Notable examples include
graphene-CuO, graphene sheet/graphene nanoribbon/nickel
nanoparticles (GS/GNR/Ni), and graphene-ZnO-SnO, nano-
composites, all of which leverage synergistic effects to boost
electrocatalytic activity and electron transfer rates.*"**®
Furthermore, graphene derivatives like GNPs are known to
enhance sensor responsiveness by promoting fast electron
mobility and efficient glucose molecule adsorption, thus
significantly improving detection thresholds and response
times.'®** This study highlights the potential of Fe,O3/CuFe,0,/
GNPs nanocomposites as efficient and reliable electrode mate-
rials for non-enzymatic glucose sensing applications. The
synergistic interaction between Fe,O; and CuFe,0,4, combined
with the exceptional conductivity and large surface area of
GNPs, results in a highly sensitive and stable electrode material.
The nanocomposite was synthesized via a simple hydrothermal
route and thoroughly characterized using structural and
electrochemical techniques. The resulting sensor exhibits
excellent electrocatalytic performance, with brilliant sensitivity,
lower detection limit, widely linear range and good selectivity
against common interfering species.

2. Experimental

2.1. Materials and methods

Monohydrate of a-p-lactose (Lac), p-(+)-mannose (Man), b-
(+)-galactose (Gal) and p-(+)-glucose were brought from Fluka
(USA). Fructose, maltose, sucrose, urea, uric acid (UA), r-ascor-
bic acid (AA) were obtained from Sigma (USA). Monopotassium
phosphate (KH,PO,), sodium citrate (NazCsHs0 2H,0),
sodium chloride (NaCl), sodium hydroxide (NaOH), copper(u)
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chloride dihydrate, potassium permanganate (KMnO,) (Pan-
reac), potassium ferricyanide (Ks[Fe (CN)g]), FeCls, (CuCl,-
2H,0), and potassium ferrocyanide (K,[Fe(CN)¢]-3H,0),
graphite powder 20 < pm were obtained from Sigma Aldrich.
Graphene nanoplatelets 5 microns wide x 6-8 nm thick x was
purchased Strem chemicals.

2.2. Apparatus and instrumentation

Fourier-transform infrared spectroscopy (FTIR) using a Perki-
nElmer instrument with a range of 4000-400 cm ™" used for the
structure and composition characterization of the samples. X-
ray diffraction (XRD) analysis was produced using an XPERT
diffractometer with Cu Ka radiation (A = 0.15450 nm) to identify
the crystalline phases presented in the nanocomposites fabri-
cation. To analyze the microstructure and surface morphology
of the nanocomposite, a Thermo Scientific Prisma E Scanning
Electron Microscope (SEM) was used, operating at an acceler-
ating voltage of 10 kV. The SEM was coupled with an energy-
dispersive X-ray spectroscopy (EDS) detector to enable
elemental analysis, X-ray photoelectron spectroscopy (XPS)
JEOL, model JPS-9030 was employed to investigate the surface
composition and oxidation states of the sample. The wide-scan
spectra were collected using an Mg Ko radiation source (1253.6
eV) with a step size of 1.0 eV and a pass energy of 50 eV, covering
a binding energy range of (0-1000) eV to identify the elemental
composition of the samples. Raman spectroscopy measure-
ments for the nanocomposite were conducted at room
temperature using Raman Spectroscopy (Confocal Raman
microscope, WITech, alpha-300R, excitation laser 532 nm and
Laser power 1 mW) for the nanomaterials characterizations.
Each spectrum was recorded in the range of 100-4000 cm ™ * and
the sample was examined under multiple magnifications to
capture detailed structural information. Electrochemical data
were obtained from a Biologic EcLab Sp-300 potentiostat at the
Laboratory of Sensors, Instrumentation, and Processes (LCIP),
Khenchela University, with a three-electrode cell configuration.
Reference electrode (Ag/AgCl electrode), Counter electrode (plat-
inum electrode), and working electrode (the metal oxide modi-
fied paste electrode). The electrolyte solution was aqueous NaOH
(0.5 M). Electrochemical impedance spectroscopy (EIS), cyclic
voltammetry (CV), and chronoamperometry (CP) techniques were
conducted for measurements. All stock solutions of glucose were
stored at 4 °C after preparation. For CV measurements the
potential range was —0.8-1.0 V at scan rate of 50 mV s~

2.3. Methods

2.3.1. Synthesis of Fe,03;/CuFe,0, nanocomposite. The
Fe,0;/CuFe,0, nanocomposite was synthesized using a co-
precipitation method. A mixed solution of iron chloride (0.4
M) and copper chloride (0.2 M) was prepared. Subsequently,
sodium hydroxide solution (NaOH, 3 M) was added dropwise to
the mixture at room temperature 2 hours under continuous
magnetic stirring at 700 rpm. The pH of the solution was
carefully monitored and adjusted until it reached a value
between 11 and 12, as described by Kashif Ali, Ali Bahadur," and
Abdul Jabbar." The resulting suspension was then heated to 80 °©
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C and maintained at this temperature for one hour to facilitate
the reaction. Afterward, the mixture was allowed to cool natu-
rally to room temperature (~25 °Cover ~1 hour). The obtained
precipitate was thoroughly washed with deionized water,
ethanol and centrifuged for 10 minutes (3000 rpm) to separate
the solid product from the supernatant. Then, the isolated
precipitate was dried overnight at 80 °C and annealed at 630 °C
for 7 hours, following the procedure reported by Selima and
Khairy.*®

2.3.2. Preparation of un/modified electrodes. The unmod-
ified carbon paste electrode (CPE) was prepared by mixing
paraffin oil with graphene nanoplates (GNPs) and graphite
powder in appropriate proportions.'*'*® For the modified elec-
trodes, varying percentages of the desired modifier (Fe,Os/
CuFe,0,) were incorporated into a mixture containing graphite
powder, graphene, and paraffin oil. Each formulation was
homogenized by grinding in a mortar for at least 20 minutes to
ensure a uniform paste*® and then packed into a plastic syringe
with a copper wire inserted to provide electrical contact. The
surface of the electrode was polished with parchment paper
before electrochemical testing.

2.3.2.1 Electrode composition optimization. A series of
modified carbon paste electrodes (CPEs) were prepared to
investigate the effect of graphene nanoplatelets (GNPs) content
on glucose sensing performance.'®'* Bare graphite (Gt) paste
served as the control (0% GNPs). Modified pastes were fabri-
cated by incorporating GNPs at varying mass percentages rela-
tive to the total carbon content (graphite + GNPs). The tested
GNPs loadings were: (0%, 5%, 10%, 15%, 20%, 25%, 30%, 35%,
40%, 45%, 50%, and 100%).”

2.3.2.2 Preparation of Fe,03/CuFe O 4modified graphite/
graphene electrodes. To evaluate the effect of Fe,03;/CuFe,0,
loading on sensor performance, a series of modified carbon
paste electrodes were prepared using a base matrix composed of
graphite powder and graphene nanoplatelets (GNPs). The
Fe,03/CuFe,0, nanocomposite was incorporated into this
carbon matrix at varying mass percentages: 1%, 3%, 5%, 7%,
9%, and 10% (relative to the total mass of the carbon content).
The surface of each electrode was polished with parchment
paper prior to use. These electrodes were then tested for their
electrochemical response to glucose oxidation.*>**

2.3.3. Electrochemical characterization. Electrochemical
impedance spectroscopy (EIS) and Cyclic voltammetry (CV) were
employed to study the electrochemical properties of both
unmodified and modified electrodes.*® All measurements were
performed in an electrolyte solution containing 0.1 M potas-
sium chloride (KCl) and 5 mM potassium ferrocyanide/
ferricyanide [Fe (CN)e]> *~ as a redox probe.'® CV measure-
ments were produced within a potential range from —0.8 V to
+1.0 V and a scan rate of 50 mV s '.%1% The EIS data were
produced at open circuit potential (OCP) with a small AC
perturbation amplitude of 5 mV, across a frequency range from
100 mHz to 100 kHz (ref. 100) The resulting Nyquist plots were
analyzed using an appropriate equivalent circuit model to
evaluate interfacial properties and charge-transfer resistance,
providing insights into the electrode surface structure and
conductivity.**'* Both unmodified and Fe,O;/CuFe,0,/GNPs-
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modified electrodes were characterized under identical condi-
tions for comparative analysis.?>*°%***

2.3.4. Chronoamperometric analysis of non-enzymatic
glucose sensing. Chronoamperometric measurements were
performed to evaluate the performance of the optimized carbon
paste electrode modified with graphene nanoplatelets (GNPs)
and Fe,0;/CuFe,0, nanocomposite for non-enzymatic glucose
detection.***® The experimental conditions were systematically
optimized, including the applied accumulation potential, ana-
lyte concentrations, and electrode composition.>® A compre-
hensive interference study was also conducted to assess the
selectivity of the sensor in the presence of common electroactive
species.*® Additionally, the sensor was applied to the quantita-
tive analysis of glucose in real human serum samples.

2.3.5. Chronoamperometric analysis of glucose in real
serum samples. The practical applicability of the developed
sensor was validated by measuring glucose concentrations in
human serum samples obtained from both diabetic and non-
diabetic individuals."* For analysis, 100 pL of serum was
mixed with 100 pL of glucose solution and diluted in 20 mL of
0.5 M sodium hydroxide.”” Chronoamperometric measure-
ments were carried out at a fixed applied potential of +0.6 V, and
the current response was recorded over time.***®

To evaluate the accuracy of the sensor, the standard addition
method was employed by spiking known concentrations of
glucose into the serum samples.”” The recovery rates were
calculated to assess precision and reliability.'* The results ob-
tained using the proposed sensor were compared with those
from a commercial glucometer, demonstrating good agreement
and confirming the sensor's potential for real-sample glucose
monitoring."*

3. Results and discussion

3.1. Physical characterization

The FTIR analysis provides compelling evidence for the
successful fabrication of the Gt,GNPs,Gt/GNPs and Fe,O;/
CuFe,O, /GNPs/Gt composite and its subsequent electro-
chemical activity towards glucose oxidation. The spectrum of
the pristine electrode (the composite modified electrode before
detection) confirms the composite’s structure (see Fig. 1A), di-
splaying characteristic bands of the carbon matrix (O-H at
~3450 cm ™' and C=C at ~1630 cm ") alongside a distinct
absorption band in the 500-700 cm ' region,**** which is
a fingerprint for Fe-O bond vibrations in the Fe,0; and CuFe,0,
phases.** Following the electrocatalytic detection of glucose in
a basic medium (the modified electrode after detection),
significant spectral changes are observed. The notable decrease
in the O-H band intensity and, more importantly, the clear
alteration in the shape and intensity of the Fe-O band indicate
a direct involvement of the metal oxide components in the
reaction mechanism. This suggests that the oxidation of
glucose is facilitated by a redox process involving the Fe*/Fe**
couples at the catalyst surface, consistent with the behavior of
spinel ferrites in non-enzymatic sensing>** Furthermore, the
emergence of new features in the 1000-1200 cm ™' region may
be attributed to C-O bonds from adsorbed reaction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FTIR spectrum of (A) FTIR spectra of Graphite, GNPs, Gt/GNPs, Fe,0O3/CuFe,O,4 (nanocomposite), (B) Fe,O3/CuFe,O4 nanocomposite
before and after calcination. (C) Fe,Oz/CuFe,O4/GNPs/Gt before and after glucose detection. (D) XRD spectra of the Fe,Oz/CuFe,Oy4

nanocomposite.

intermediates or products, such as gluconolactone or gluconic
acid. These results collectively verify that the metal oxides serve
as the active sites and undergo specific chemical changes
during the electrocatalytic detection of glucose.

From the FTIR spectrum of the Fe,O3/CuFe,O, hetero-
structure synthesized and annealed at 630 °C presented in
Fig. 1B, the broad absorption bands observed at 3440 cm ™" and
1638 cm ' correspond to the O-H stretching and bending
vibrations, respectively, indicating the presence of adsorbed
water molecules on the surface of the nano-ferrite material.””***
The Two peaks observed in FTIR spectra Fe,O3/CuFe,O,
heterostructure before calcination at 1346 and 1463 cm™ ' may
be due to residual nitrates, acetates, or organic precursors (from
synthesis reagents like metal nitrates, chlorure or citrates).
These bands disappear or weaken, confirming the thermal
decomposition of residual precursors.*

The characteristic metal-oxygen vibrational bands appear in
the low-wavenumber region, which are indicative of the spinel
ferrite phase.* Specifically, the absorption peaks located at
584 cm ' and 468 cm ' are attributed to the stretching vibra-
tions of Fe-O bonds in the tetrahedral and octahedral sites of

© 2025 The Author(s). Published by the Royal Society of Chemistry

the spinel lattice, respectively.?! The peaks in the 400-700 cm ™+

range (attributed to Fe-O and Cu-O bonds) are typically broader
and less distinct, indicating amorphous or poorly crystalline
metal oxide phases. These become stronger and sharper, con-
firming the formation of the spinel crystal structure of CuFe,0,
and Fe,0;. Indicates improved crystallinity and successful
phase formation.>

Furthermore, the FTIR spectroscopy was employed to
investigate the structural and chemical modifications occurring
in the Fe,03/CuFe,0,/GNPs/Gt nanocomposite before and after
glucose detection (Fig. 1C). Prior to glucose exposure, the FTIR
spectrum exhibited a broad absorption band around
3400 cm™ ', which corresponds to the O-H stretching vibrations
of hydroxyl groups present in gum tragacanth and physically
adsorbed water molecules. The characteristic band at
1632 cm ' is attributed to H-O-H bending vibrations or to the
stretching of carbonyl (C=0) groups within the polysaccharide
matrix. The peak at 1388 cm™ " is associated with C-H and C-O
deformation vibrations, while the absorption bands below
600 cm ' correspond to Fe-O and Cu-O stretching modes,
confirming the presence of ferrite phases (Fe,O; and CuFe,0,).

RSC Adv, 2025, 15, 41546-41567 | 41549
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After interaction with glucose, distinct spectral changes were
observed. The appearance of new bands at 2922 cm™' and
2854 cm ' can be ascribed to the asymmetric and symmetric
stretching of C-H bonds in glucose. Moreover, the slight shift of
the 1632 cm ™" band, accompanied by the emergence of new
peaks at 1456 cm™ "' and 1374 cm ™', suggests the formation of
interactions between the hydroxyl (-OH) and carbonyl (C=0)
groups of glucose and the active sites on the nanocomposite
surface. These modifications in peak position and intensity
indicate effective glucose adsorption through hydrogen
bonding or coordination with Fe and Cu ions. Overall, the FTIR
findings confirm the strong affinity and chemical interaction
between glucose molecules and the Fe,O;-CuFe,0,/GNPs/Gt
nanocomposite, highlighting its suitability for glucose sensing
applications.

The X-ray diffraction (XRD) analysis (Fig. 1D) shows that
a heterostructured nanocomposite made of rhombohedral
hematite (a-Fe,O3) and cubic spinel copper ferrite (CuFe,0,)
has been successfully formed.** The diffraction peaks at 20 =
24.13°, 33.12°, 39.22°, 49.42°, 54.01°, 63.97°, and 72.18° match
the (012), (104), (006), (024), (116), (300), and (119) crystallo-
graphic planes of a-Fe,0; (JCPDS card no. 01-089-0596), which
shows that it has a rhombohedral structure. The peaks at 26 =
30.17°, 35.6°, 37.18°, 43.48°, 47.30°, 53.59°, 56.13°, 62.46°,
65.98°, 74.24°, and 75.43° are linked to the (220), (311), (222),
(400), (331), (422), (511), (440), (531), (533), and (622) planes of
cubic spinel CuFe,0, (JCPDS card no. 01-077-0010)."*° Several
peaks show overlapping reflections (for example, 35.6°/35.6°,
43.48°/43.2°, 56.13°/57.13°, 62.46°/62.75°), which means that
both phases are present and that a well-integrated hetero-
structure has formed. The lack of impurity peaks suggests that
the phase is very pure, and the sharp, well-defined peaks
suggest that the crystals are very crystalline, which is important
for better electrocatalytic performance in sensor applications.

The nanocomposite (Fe,Os/CuFe,0,) scanning electron
microscope (SEM) analysis (Fig. 2A) revealed the presence of
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irregularly shaped nanoparticles forming aggregated clusters.®*
The images were captured at an accelerating voltage of 15 kv
with magnifications ranging from 5000x to 100 00x and hori-
zontal field widths (HFW) between 41.4 pm and 82.9 pm,
providing detailed insight into the surface morphology of the
nanocomposite.>®

Complementary Energy-Dispersive X-ray Spectroscopy (EDX)
approved the elemental composition (see Fig. 2B), indicating
62.24 wt% Fe, 15.46 wt% O, and 22.27 wt% Cu.*® The corre-
sponding atomic percentages were 45.85% Fe, 39.74% O, and
14.41% Cu.” The high content of Fe and O is consistent with the
formation of Fe,O;, while the significant presence of Cu
confirms the incorporation of CuFe,O, (ref. 33). These results
collectively verify the successful synthesis of a biphasic Fe,O5/
CuFe,0, nanocomposite, with both phases well-represented in
the final material.

3.1.1. Raman spectroscopy. Raman spectroscopy was con-
ducted to investigate the structural and compositional evolu-
tion across the synthesized materials (Fig. 3). The spectrum of
graphite (Gt) showed a sharp G-band at ~1580 cm ' and
a negligible D-band at ~1350 em™", reflecting a highly crystal-
line sp> carbon structure with minimal defects.” In contrast,
graphene nanoplatelets (GNPs) exhibited a pronounced D-band
and a broadened G-band with a significantly higher I,/I; ratio,
indicating the introduction of lattice defects and residual
oxygen-containing functional groups during oxidation and the
subsequent incomplete reduction process.”* The Gt/GNPs
hybrid displayed intermediate characteristics, with a notably
increased D-band intensity compared to graphite, suggesting
interfacial strain and defect formation at the junctions between
the graphitic and graphene nanoplatelets domains.>

The Fe,03;/CuFe,0, precursor before calcination showed
only broad, poorly resolved Raman features in the 200-
700 cm ™' range, indicative of amorphous or poorly crystalline
metal-oxygen vibrational modes.*® After calcination, these
features sharpened dramatically into a well-defined set of

o
[ o Fe |cu (B)
Weight% | 15.46 | 62.27 | 22.27 | Fe
Atom % |39.74 | 4585 |14.41 |

VD 15.00kvV 5000x 104mm 829pum 30Pa

Fig. 2 SEM image of (A) the Fe,O3/CuFe,O4 nanocomposite and (B) EDX spectra of Fe,Os/CuFe,Oy.
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Fig. 3 Raman spectra of Graphite, GNPs, Gt/GNPs, Fe,Oz/CuFe,O4 (before and after calcination), and Gt/GNPs-Fe,Os/CuFe,Oy4

nanocomposite.

peaks. A precise spectral assignment confirms the formation of
the target crystalline phases: the peaks at 299, 412, and
613 cm™ ' are unambiguous signatures of hematite (a-Fe,03),
corresponding to E, and A, vibrational modes."** Concurrently,
the peaks at 475, 567, and 682 cm ™" are diagnostic of the spinel
structure, confirming the successful synthesis of copper ferrite
(CuFe,0,).” The coexistence of these distinct bands confirms
the formation of a binary metal oxide system. Additionally, the
calcined sample exhibited a significant fluorescence back-
ground in the higher wavenumber region (>3000 cm ™), attrib-
uted to charge recombination within the semiconductor oxides
and possibly surface -OH groups.’ In the final Fe,0;/CuFe,0,/
GNPs/Gt composite, the carbon D- and G-bands remained
prominent, indicating the survival of the graphene-based
network, albeit with a substantial defect density.**** Crucially,
the Raman spectrum retained the distinct low-wavenumber
bands of both crystalline «-Fe,O; and spinel CuFe,O,,
providing direct evidence for the successful integration of these
metal oxide nanoparticles within the carbon matrix without
phase degradation.**** The further increased D-band intensity
and broadening of the carbon signals, relative to the Gt/GNPs
hybrid, suggest strong interfacial interactions between the
carbon substrate and the metal oxides. This interaction likely
induces local strain and facilitates charge transfer, contributing
to the enhanced disorder.'**

3.1.2. X-ray photoelectron spectroscopy (XPS) analysis. X-
ray photoelectron spectroscopy (XPS) was employed to investi-
gate the surface composition and oxidation states of the Fe,O;/
CuFe,0, nanocomposite immobilized on graphite (Gt) sheets/
graphene nanoplatelets (GNPs) (Fig. 4). The wide-scan spectra

© 2025 The Author(s). Published by the Royal Society of Chemistry

were collected using a Mg Ko radiation source (1253.6 eV) with
a step size of 1.0 eV and a pass energy of 50 eV, covering
a binding energy range of 0-1000 eV to identify the elemental
composition of the samples. The investigated systems included
S01 (Gt/GNPs), S02 (Fe,O3/CuFe,0,), S03 (Fe,03/CuFe,0,/GNPs/
Gt nanocomposite before electrochemical use), and S04 (Fe,Os/
CuFe,0,/GNPs/Gt nanocomposite after glucose detection in
NaOH solution). In addition to the survey scans, high-resolution
spectra were recorded for the Fe 2p, Cu 2p, and O 1s regions.
Peak deconvolution was carried out using Gaussian-Lorentzian
fitting with Shirley background subtraction to resolve chemical
states and distinguish surface oxidation environments,
following established protocols in XPS data analysis' NIST X-
ray Photoelectron Spectroscopy Database. The use of XPS in
nanomaterial characterization has been widely reported, with
recent reviews highlighting its role in probing 2D materials for
oxidation/corrosion protection,*® graphene-based sensing
systems,'"” and carbon nanotube/graphite hybrid structures.'*®
These studies reinforce the significance of XPS as a robust
technique for linking chemical states with functional perfor-
mance in nanostructured composites.

3.1.3. C 1s high-resolution analysis. High-resolution C 1s
spectra provide insights into the carbon bonding environments
as shown in Fig. 5A. For sample (Fig. 5A(a)), likely correspond-
ing to the Gt/GNPS composite, the deconvoluted peaks at
276.61 eV, 285.76 eV, and 284.97 eV are assigned to C-C/C=C
(sp® hybridized carbon),*** C-O (epoxy/hydroxyl groups),12*
and adventitious carbon, respectively, with the dominant peak
at ~285 eV indicating a graphitic structure with oxygenated
defects.>*** In sample (Fig. 5A(b)), peaks at 284.95 eV and

RSC Adv, 2025, 15, 41546-41567 | 41551
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Gt/GNPs-Fe,Os/CuFe,O4 nanocomposite after glucose detection. Overlaid comparison shows attenuation of metal signals in (S04).

285.83 eV suggest a shift toward higher binding energies,
implying increased oxidation or interaction with metal oxides.>
Sample (Fig. 5A(c)) shows a single broad peak at 286.123 eV,
which may reflect further carbon oxidation or contamination
after glucose detection.” These shifts highlight the role of gra-
phene in stabilizing the nanocomposite***® while undergoing
minor surface alterations during sensing.”

3.1.4. Fe 2p high-resolution analysis. As shown in Fig. 5B,
the Fe 2p spectrum in (502, Fig. 5B(a)) exhibits a doublet at Fe
2ps» (~710.8 eV) and Fe 2p;,, (~724 eV) with a satellite at
~718 eV, indicating Fe*" in Fe,0; (FWHM ~2.5 eV)." The 2p
orbital splits into 2p;/, (higher intensity, j = 3/2 state with three
spin orientations) and 2p,,, (lower intensity, j = 1/2 state with
one spin orientation) due to spin-orbit coupling, with a split-
ting energy of ~13 eV typical for Fe' Deconvolution reveals
~68% Fe’" and ~32% Fe®', consistent with spinel CuFe,O,
structures.®* In (S03, Fig. 5B(b)), intensity decreases (~50%) due
to graphite encapsulation, with a minor shift to ~711 eV from
surface OH adsorption.*” In (S04, Fig. 5Bc), further attenuation
(<20% of S02) and shift to ~711.5-712 eV (FWHM ~10 eV)
confirm FeOOH formation (~20% contribution) and increased
Fe”* (~35%), arising from redox cycling during glucose oxida-
tion (Fe,O3 + OH™ — FeOOH + e~ ).” The 2p3/, peak dominates
(~70% of the doublet intensity) as it has higher degeneracy,
providing sensitive probing of Fe oxidation states. The Fe**/Fe**
ratio (~2:1 in S02) decreases to ~1.9:1 in (S03) and ~1.7:1 in
(S04, Fig. 5B(c)), reflecting progressive reduction during acti-
vation and reaction, which enhances catalytic activity by
balancing oxidative power and electron transfer.”>%

41552 | RSC Adv, 2025, 15, 41546-41567

3.1.5. Cu 2p high-resolution analysis. In Fig. 5C, (S02,
Fig. 5C(a)) shows Cu 2p3/, (~933.5 eV) and Cu 2py,, (~952 eV)
with shake-up satellites (~941-943 eV, ~40% intensity), con-
firming Cu®" in CuFe,0, (~80%) with minor Cu* (~20%). The
2p splitting arises from spin-orbit coupling, with 2ps, (j = 3/2,
higher intensity) and 2py,, (j = 1/2, ~50% intensity of 2ps,)
separated by ~19 eV, characteristic of Cu's d'® configuration in
Cu' vs. d° in Cu®" (evident from satellite presence).***” (S03,
Fig. 5C(b)) exhibits reduced intensity (~60%) and a shift to
~934 eV from graphite interaction.'*(S04, Fig. 5C(c)) displays
severe attenuation (<10%) and a shift to ~934.5-935 eV, with
weakened satellites and increased Cu' (~25%), indicating
CuOOH formation (CuO + OH~ — CuOOH + e~ ) and Cu**/Cu**
cycling®

3.1.6. O 1s high-resolution analysis. In Fig. 5D, S02
(Fig. 5D(a)) shows lattice O*~ (~529.5-530 eV, ~60%) and
surface-adsorbed OH groups (~531 eV, ~40%)*"'* S03
(Fig. 5D(b)) shifts to ~530-531 eV (~5000 cps) with a significant
increase in the OH component (~50%) resulting from NaOH
activation.*>'** S04 (Fig. 5D(c)) broadens to ~531-533 eV (~6000
cps), deconvoluting to ~25% lattice O>”, ~55% metal-OH
(FeEOOH/CuOOH), ~15% O-C (from adsorbed gluconic acid),
and ~5% H,O0, confirming the role of hydroxide mediation and
organic deposition during the glucose oxidation process.®

3.1.7. Na 1s high-resolution analysis. In Fig. 5E, the high-
resolution XPS analysis of the Sodium (Na 1s) core level
reveals four distinct spectral components (M1-M4), indicating
the presence of sodium in multiple chemical states within the
sample. The most prominent feature is the highly intense M3
peak centered at a binding energy of 1070.7 eV. This value is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A): High-resolution C 1s spectra: (a) (S01), (b) (S03), (c) (S04)

showing deconvoluted components for C-C/C-H (~284.9-285.0 eV)
and C-0O (~285.7-286.1 eV), indicating increased carbon oxidation.
(B): High-resolution Fe 2p spectra: (a) (S02), (b) (SO3), (c) (S04) with
deconvolution showing Fe®" (2pz/» ~710.8 eV, 2py/» ~724 eV), Fe?*,
and FeOOH components. Inset: Spin—orbit splitting diagram for Fe 2p,
with Fe®*/Fe2* ratio evolution. (C): High-resolution Cu 2p spectra: (a)
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characteristic of Na' ions in a stable configuration, strongly
suggesting that this component corresponds to sodium bound
to the gluconate molecule, effectively representing the sodium
gluconate salt which acts as a counterion to the organic
carboxylate group.

The other components are attributed to surface-related
species. The low binding energy component at 1065.4 eV (M2)
are likely associated with highly oxidized species or surface
contaminants, such as NaOH or Na,O. In contrast, the higher
binding energy peaks at 1076.23 eV (M3) and 1079.42 eV (M4)
are often indicative of plasmon loss features or differential
charging effects, though they may also represent Na' ions in
highly electronegative environments or associated with lattice
defects.

This analysis confirms the successful incorporation of the
gluconate salt into the composite structure.

The XPS results demonstrate successful nanocomposite
formation (S03) and surface evolution post-glucose detection
(S04), with metal attenuation and OH/O-C increases indicating
catalytic activity. The 2p;, and 2p,,, peaks provide detailed
insights into oxidation states, with 2p;;'s higher intensity
enabling precise deconvolution of Fe’"/Fe*" and Cu**/Cu®
ratios. Post-use XPS (S04) correlates with enhanced perfor-
mance: OH intermediates (O 1s ~531 eV) mediate oxidation,
while passivation slightly reduces long-term stability but
maintains initial efficiency.

3.2. Electrochemical characterization

Electrochemical characterizations were performed by using CV
and EIS techniques for the different modified electrodes.

3.2.1. Performance of graphene/graphite ratios. Graphene
nanoplatelets (GNPs) was used as a conductivity enhancer in
carbon paste electrodes (CPEs), and its content significantly
influenced the electrode's performance was investigated using
a mixture solution containing 0.1 M KCl and 5 mM
[Fe(CN)s]> /*~ and electrochemical measurements by CV and
EIS techniques. The redox couple was employed to evaluate the
electron transfer behavior of electrodes prepared with various
graphene-to-graphite mass ratios (0, 5, 10, 15, 20, 25, 30, 35, 40,
45, 50, and 100%), as illustrated in Fig. 6.

The electrochemical performance of electrodes with varying
graphene nanoplatelets (GNPs) to graphite ratios was evaluated
to identify the composition with the lowest charge transfer
resistance and highest redox activity. While both graphite and
GNPs are conductive carbon materials, they exhibit different
physical and electronic properties. Graphite provides structural
robustness and moderate conductivity, whereas GNPs offer
high electron mobility,>'® and a large surface area. However,
excessive GNPs content can lead to restacking and aggregation,

(S02), (b) (S03), (c) (S04) with deconvolution showing Cu?* (2ps/,
~933.5 eV, 2py» ~952 eV with satellites), Cu*, and CuUOOH compo-
nents. Inset: Spin—orbit splitting for Cu 2p, highlighting satellite for
Cu?*. (D): High-resolution O 1s spectra: (a) (S02), (b) (S03), (c) (S04)
with deconvolution showing lattice O, OH, O-C, and H,O compo-
nents. (E): High-resolution Na 1s spectra: (S04) with deconvolution.
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Fig. 6
a solution containing 5 mM Fe(CN)¢>~/4~ and 0.1 M KCL.

reducing electroactive surface area and conductivity due to poor
dispersion***®

The unmodified electrode (0% GNPs) exhibited the lowest
redox peak current'®” (Fig. 6A). In contrast, all GNPs-modified
electrodes showed enhanced redox responses'®!” Increasing the
GNPs content resulted in a gradual rise in both anodic and
cathodic peak currents, as summarized in Table 1a."* Notably,
the electrode with a 45:55 GNPs -to -graphite ratio'*® demon-
strated the highest oxidation peak current (290.8 pA) and the
smallest peak potential separation (AE,), indicating rapid
electron transfer kinetics.** Furthermore, the peak current ratio
(Ipa/Ipe) of 1.11 suggests a reversible redox process."* The supe-
rior electrical conductivity of GNPs is likely responsible for the

(A) Cyclic voltammograms (B) Nyquist diagram of different percentages of graphite/GNPs (0, 5, 10, 20, 25, 30, 35; 40, 45, 50, 100 wt%) in

enhanced electrochemical performance of the modified CPEs*
Based on these results, the optimal GNPs-to- graphite ratio for
electrode fabrication was determined to be 45:55.® Nyquist
plots for bare graphite and GNPs/graphite modified with
different wt% were recorded, as shown in Fig. 5B and Table 1a.
Each EIS ** spectrum consists of two regions: a quasi-
semicircular portion at high frequencies and a linear segment
at low frequencies. The diameter of the semicircular region
corresponds to the charge transfer resistance (R.), with a larger
diameter indicating a higher R..'”** Conversely, the near-
vertical linear portion reflects efficient electron transfer at the
electrode interface.*® The R values for various GNPs to graphite
mass ratios (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, and 100%)

Table 1 Electrochemical data from CV and EIS measurements obtained from the electrodes modified with (A) GNPs/graphite ratios and (B)
Fe,Oz/CuFe,O4 Wt%. The data are obtained from the voltammetric and impedimetric experiments (Fig. 5 and 6)

I (mA) I (mA) Eoxd (V) Erea (V) Eip (V) Ry (Q) Ree (Q) Q uF w (Q)
(A) GNPs/Graphite ratio
0 0.163 —-0.171 0.380 —0.1712 0.104 148.6 1675 24.49 1453
5:95 0.152 —0.171 0.447 —0.1713 0.137 282.5 2110 21.26 725
10:90 0.143 —0.156 0.415 —0.1562 0.129 197.9 977.7 47.88 351.8
15:85 0.154 —0.164 0.372 —0.1647 0.103 106.1 586.1 67.44 304.7
20:80 0.153 —0.164 0.381 —0.1643 0.108 66.06 660.8 57.27 266.6
25:75 0.190 —0.206 0.384 —0.206 0.089 80.05 931.9 95.21 495.0
30:70 0.179 —0.193 0.375 —0.1936 0.090 42.13 2983 65.26 1784
35:65 0.210 —0.204 0.353 —0.204 0.074 71.32 261.9 287.8 480.6
40:60 0.180 —0.184 0.374 —0.184 0.095 146.6 436.7 253.6 598.7
45:55 0.290 —0.260 0.330 —0.2606 0.035 32.04 151.2 245.6 194.6
50:50 0.225 —0.227 0.318 —0.2272 0.045 56.7 259.0 140.9 432.6
(B) Fe,03/CuFe,0,-wt%
1 0.2096 —0.2083 0.3752 0.0656 0.2204 46.14 269.7 246.9 182.8
3 0.2204 —0.2281 0.3723 0.0618 0.2170 41.08 285.6 215.0 286.3
5 0.271 —0.2551 0.327 0.09277 0.2098 26.29 181.1 291.2 303.3
7 0.2451 —0.2464 0.3715 0.05369 0.2125 31.02 451.7 306.2 589.6
9 0.213 —0.2229 0.3767 0.05091 0.2138 39.19 367.4 213.3 296.4
10 0.2721 —0.2325 0.3202 0.1279 0.2240 42.37 77.7 230.5 266.4
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containing 5 mM Fe(CN)¢®> ™4~ and 0.1 M KCL.

electrodes were recorded as shown in Table 1. The electrode
with a 45:55 GNPs-to-graphite ratio demonstrated the lowest
R value (151.2 Q) which matched with the CV measurements.
In contrast, the GNPs/graphite modified electrode (45 :55%)
significantly enhanced electron transfer kinetics.

The optimized ratio of 45 : 50 (GNPs : graphite) was found to
balance these effects.” This composition lies near the percola-
tion threshold, where a continuous conductive network forms
due to optimal GNPs interconnectivity while maintaining
structural support from graphite.'””®"¢ Compared to the 50: 50
ratio, the 45 : 55 ratio yielded slightly lower R, values and better
peak current responses, suggesting improved electron mobility
and charge transport efficiency. Ratios with higher GNPs
content (>60%) led to unstable electrochemical responses,
likely due to poor dispersion.*® These findings indicate a syner-
gistic effect between graphite and GNPs, enhancing both
mechanical integrity and electron transport within the
composite. Moreover, the EIS interpretation (i.e. semicircle —
R, is consistent with analogous results in composite.*

3.2.2. Electrochemical performance of Fe,0;/CuFe,0, ratio
in Fe,0;3/CuFe,0, /GNPs/Gt nanocomposites. To optimize the
amount of active metal oxide phase, various loadings of Fe,O5/
CuFe,0, (1-10 wt%) were incorporated into the carbon matrix.
The electrochemical behavior of a GNPs/graphite nano-
composite (mass ratio 45:55) modified with varying amounts
(1, 3,5, 7,9, and 10 wt%) of Fe,03/CuFe,O, was investigated
using CV and EIS in redox solution ferro/ferri cyanide. CV
measurements at a scan rate of 50 mV s~ * for bare Gt, Gt/GNPs,
andFe,0;/CuFe,0,/GNPs/Gt composites are shown in Fig. 7A
and Table 1b.

The peak-to-peak separation (AE,, see Table 1) for GNPs/
graphite electrode decreased compared with bare graphite
electrode, reflecting improved electrical conductivity due to the
presence of GNPs."”'"” Among the tested materials, the Fe,O;/
CuFe,0,/GNPs/Gt composite exhibited the lowest AE;, and the

© 2025 The Author(s). Published by the Royal Society of Chemistry

highest peak current (I,), indicating enhanced electron transfer
kinetics. This improvement is attributed to the excellent
electrocatalytic'* properties of Fe,O3/CuFe,O,, which, when
optimally incorporated into the composite, significantly boosts
the electrochemical response of the electrode.*”

Nyquist plots for GNPs/graphite modified with (1, 3, 5, 7, 9,
and 10 wt%) Fe,O;/CuFe,0, were recorded, as shown in Fig. 7B
and Table 1b. The GNPs/graphite modified with (10 wt%) Fe,O5/
CuFe,0, exhibited the lowest R value (77.7 Q), indicating
significantly enhanced electron transfer kinetics. At lower
loadings (e.g., 5% and 7%), the catalytic surface area was
insufficient to generate a significant current, resulting in higher
R values. At higher loadings (e.g., 12.5% and 15%), the metal
oxide nanoparticles tended to agglomerate, obstructing the
carbon network and impeding electron flow.*”” This led to
increased charge-transfer resistance and reduced electro-
chemical performance. The 10 wt% loading strikes an optimal
balance between catalytic activity and conductive pathway
integrity. The observed trend highlights a synergistic interac-
tion between the metal oxide particles and the conductive
carbon network, where sufficient redox-active sites are available
without compromising the electron mobility across the elec-
trode surface.

These EIS findings are in good agreement with the cyclic
voltammetry results, further validating the improved electro-
chemical performance of the modified electrodes.**

To enhance the understanding of the electrochemical
performance, the effective electrochemically active surface area
(EASA) was determined for unmodified graphite electrodes,
graphite/GNPs electrodes, and those modified with Fe,O;/
CuFe,0,/GNPs/Gt nanocomposites.'*

This evaluation was conducted by studying the influence of
scan rates ranging from 10 to 250 mV s~ ', as illustrated in
Fig. 8(A-C).
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The relationship between the peak current and the square
root of the scan rate was analyzed to assess the diffusion-
controlled electrochemical behavior.”® The active surface area
for each electrode was calculated using the Randles-Sevéik eqn
(1).*®* Which is commonly applied for reversible redox
systems:**

Ip =2.69 x 10° x /nx A x VD x C x /v 1)

where I, is the voltammetric peak current, n is the number of
electron transfer, A is the electrochemical active surface area
(em?), D is the diffusion coefficient (cm® s~ ), C is the concen-
tration of the electrochemical redox species [Fe (CN)g]**" (mol
17"),and » means the scan velocity (V s~ ).

By plotting I, versus the square root of the scan rate (»*%), the
electroactive surface areas were calculated for each electrode
type. The unmodified graphite electrode had an active area of
0.249 cm?, while the graphite/GNPs and Fe,O;/CuFe,04/GNPs/
Gt modified electrodes showed larger areas of 0.453 cm” and
0.511 cm?, respectively.®**® This indicates that modification

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2 mM glucose. The electrolyte is 0.5 M NaOH and the scan rate is 50 mV s,

with the nanocomposite significantly enhances the effective
surface area available for electron transfer.”

Moreover, the nearly linear relationship between I, and v,
particularly in the nanocomposite-modified electrode, suggests
a diffusion-controlled process.*” The observed peak separation

also supports a quasi-reversible redox behavior.*

3.3. Optimization of NaOH concentration as electrolyte

The electrochemical activity of carbon paste sensors based on
Fe,0;/CuFe,0,/GNPs/Gt composites was evaluated using cyclic
voltammetry (CV) Fig. 9 in varying concentrations of NaOH
(0.01, 0.02, 0.05, 0.1, 0.2, and 0.5 M), both in the presence of
2 mM glucose.” Measurements were conducted at a scan rate of
50 mV s~ using an Ag/AgCl reference electrode, following the
method reported by Yanwu Zhang®>**®

As shown in Fig. 9, the anodic current increased with higher
NaOH concentrations, which is attributed to the generation of
more high-potential hydroxyl radicals that facilitate glucose
oxidation.®*"* Among the tested concentrations, 0.5 M NaOH
produced the highest anodic response, a trend consistent with
literature findings on the critical role of alkaline media in non-
enzymatic glucose sensing.* Therefore, selected as the optimal
alkaline electrolyte for further electrochemical studies.

© 2025 The Author(s). Published by the Royal Society of Chemistry

In All experiments were performed in alkaline solution
50 mM with and without the addition of 2 mM glucose. In the
potential range —0.8 to 1 V at a scan rate of 50 mV s~ .

The cyclic voltammograms of bare graphite, graphite/
graphene, and Fe,0;/CuFe,0,/GNPs/Gt electrodes, recorded in
the absence and presence of 2 mM glucose, are presented in
Fig. 10(A-C). The bare graphite electrode exhibited a very low
oxidation current for glucose, indicating limited electrocatalytic
activity.®4**°

In contrast, the graphite/GNPs-modified electrode demon-
strated a notably higher oxidation current, which can be
attributed to the enhanced electrical conductivity of gra-
phene.>**"*® Furthermore, the Fe,03/CuFe,0,/GNPs/Gt elec-
trode showed a significant increase in the oxidation peak
current, along with the appearance of a distinct shoulder peak
around 0.6 V. This suggests improved electrocatalytic behavior
due to the incorporation of the Fe,03/CuFe,0,
composite®*®®> Additionally, the electrocatalytic oxidation of
2 mM glucose on the Fe,03/CuFe,0,/GNPs/Gt modified elec-
trode in 0.5 M NaOH was investigated across scan rates ranging
from 50 to 500 mV s ' (Fig. 11A). The resulting linear rela-
tionship between the peak current and scan rate (see Fig. 11B)
confirms that the glucose electrooxidation process is surface-
controlled under these conditions.®* Overall, the results

nano-
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Fig. 11

(A) Cyclic voltammograms of Fe,Oz/CuFe,O4/GNPs/Gtin 0.5 mM NaOH solution with 02 mM Glucose at different scan rates; from inner

to outer: 10, 20, 40, 50, 60, 80, 100, 120, 140, 160, 180, 200, 300, 400 and 500 mV s~ *. Inset shows the plots of (B) peak current versus the square

root of scan rate.

confirm that the presence of graphene is essential for improving
the conductivity and sensitivity of the electrode, while the
Fe,03/CuFe,0, nanocomposite contributes to enhanced
electrocatalytic activity. The Fe,O;/CuFe,O,/GNPs/Gt electrode
thus benefits from a synergistic effect between graphene and
the metal oxide nanocomposite.*®

3.3.1. Electron transfer kinetics and proposed catalytic
mechanism. To gain deeper insight into the kinetics of glucose
oxidation on the Fe,O;/CuFe,0,/GNPs/Gt nanocomposite,
cyclic voltammetry (CV) was conducted at varying scan rates
(10-100 mV s~ ') in 0.5 M NaOH containing 2.0 mM glucose. As
shown in Fig. 11C, the anodic peak current (I,) increased line-
arly with the log square root of the scan rate (»), indicating that
the glucose oxidation process is primarily diffusion-controlled.
However, the shift in peak potential with increasing scan rate
suggests quasi-reversible kinetics, which are appropriately
described by Laviron's equation for quasi-reversible redox
systems.>*

41558 | RSC Adv,, 2025, 15, 41546-41567

To further analyze the electron transfer process at the Fe,O3/
CuFe,0,/GNPs/Gt electrode, Laviron's eqn (2) for quasi-
reversible redox systems was applied:*’

E, = Ey+ RT/(1 — a) nFIn(RTko/(1 — a)nF)
+ RT/(1 — aynFlnv (2)

where E,, is the peak potential (V), » is the scan rate (Vs '), n is
the number of electrons transferred, « is the charge transfer
coefficient (assumed to be 0.5), k, is the standard rate constant,
and R, T, and F are universal gas constant, absolute tempera-
ture, and Faraday constant respectively. A plot of E, versus Igv
(Fig. 11D) showed a linear trend with a slope of approximately
30 mV per decade. Using the slope expression from Laviron's
formalism, Slope = RT(1 — «)nF, and substituting R = 8.314 ]
mol 'K 'R=8.314] mol 'K, T=298 K, F= 96485 C mol %,
and the observed slope of 0.032 V, the number of electrons
transferred was calculated as approximately n = 2.05.'°> This
value indicates that the glucose oxidation process at the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrode surface involves the transfer of two electrons,
consistent ~with  the conversion of glucose to
gluconolactone.®>**

The efficient electrocatalytic performance of the Fe,Os;/
CuFe,0,/GNPs/Gt composite electrode can be ascribed to the
synergistic interaction among its redox-active constituents.
Copper ions play a central catalytic role, wherein Cu®" is elec-
trochemically oxidized to Cu®*, which then chemically oxidizes
glucose to gluconolactone, following an EC (Electrochemical-
Chemical) mechanism:*'*

Cu*t - Cut + e

Cu** + glucose — Cu®" + gluconolactone

This redox cycling facilitates sustained catalytic turnover and
electron transfer. Additionally, iron centers from both Fe,O;
and CuFe,O, may contribute to the redox process either
through direct participation or by assisting in the regeneration
of Cu”* species via internal electron shuttling.* The inclusion of
Graphene Nanoplatelets (GNPs) further enhances performance
by providing a highly conductive network that accelerates
charge transport, minimizes charge transfer resistance (R.),
and prevents nanoparticle agglomeration, thereby maximizing
the exposure of active sites.'** Collectively, these factors result in
enhanced electron transfer kinetics, reduced overpotential, and
a heightened anodic response during glucose oxidation. In
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(A) Chronoamperometric responses and (B) the linear relationships between the catalytic current and the concentration of Fe,Oz/

CuFe,04/GNPs/Gt electrode upon the successive addition of glucose into gently stirred 0.5 M NaOH at 0.6 V.
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Fig. 11A, a distinct shoulder peak appears at approximately
0.6 V prior to the main oxidation peak (~0.75 V). This feature is
attributed to the initial adsorption and partial dehydrogenation
of glucose molecules on the Fe,0;/CuFe,0,/GNPs/Gt surface. In
alkaline media, non-enzymatic glucose oxidation proceeds
through multiple steps, beginning with the formation of
a glucose-derived intermediate, such as gluconolactone or
enediol species. This step is facilitated by the electrochemically
generated Cu®" or Fe®" species, which act as active catalytic
centers. The shoulder peak therefore corresponds to the
oxidation of glucose to an intermediate, while the subsequent
peak represents further oxidation to the final product. Similar
multi-step oxidation behavior with shoulder peaks has been
reported in literature for Cu- and Fe-based glucose sensors,
confirming the complex surface-controlled reaction
mechanism."**

3.3.2. Effects of applied potential. The applied potential
significantly affects the chronoamperometric electrochemical
sensor's signal response.*® Therefore, the effect of different
applied potential on the glucose response of the Fe,O;/
CuFe,0,/GNPs/Gt modified electrode was investigated. The
chronoamperometric measurements were conducted in 0.5 M
NaOH by successive injections of 10 pL glucose at 120 seconds
intervals, under various applied potentials ranging 0.40-0.65 V,
as illustrated in Fig. 12A and B.

The current response increased progressively with rising
detection potential, reaching a maximum at 0.60V." However,
further increasing the potential to 0.65 V resulted in a decline in
current response, likely due to the non-specific oxidation of
interfering species or by-products at higher potentials.***!
Therefore, +0.60 V was selected as the optimal detection
potential for subsequent glucose sensing due to its balance
between sensitivity and selectivity.
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3.4. Calibration curve

To evaluate the sensitivity and detection limit of the non-
enzymatic glucose sensor based on the Fe,O;/CuFe,0,/GNPs/
Gt modified electrode, chronoamperometric measurements
were performed under optimized conditions in 0.5 M NaOH
solution.* Successive injections of varying glucose concentra-
tions were introduced over a broad concentration range. The
corresponding chronoamperometric responses are shown in
Fig. 13A.

The resulting calibration curves (Fig. 13B) demonstrate
excellent linearity and sensitivity. The sensor exhibited high

Table 2 Evaluation of the proposed glucose sensor and the others modified electrodes in the literature®

Limit of detection Sensitivity

Modification type of sensor Linear range (uM) (pAmM ™! em™?) Ref.
Nickel foam electrode modified with 20 uM to 5 mM 0.22 mM, 22 uM 1239 111
CuFe,0, nanotubes 500 uM to 25 mM 219 for H,O,
Cu-Doped ZnO nanoparticles 1 nM to 100 uM 0.7 nM — 74
RGOs-Cu,0 nanocomposites 0.01 to 6 mM 0.055 uM 185 121
CuFe,0,/PPyCore-shell nanoparticles 0.1-7.5 mM 1uM 1824 93
Ni/NiO/graphene 00.299-6.44 mM 1.8 uM 1997 118
Hexagonal Co ;0 ,/reduced graphene oxide sheets 0.001-0.5 mM 0.4 yM 1315 105
C03;0,/Cu0 nanorod array supported on carbon cloth Fast response time of 1.9 s 0.38 uM 405 20
Cu(OH),/3D porous graphene foam (PGF) 0.0012-6 mM 1.2 pM 3360 91
g-C3Ny/o-Fe,0; 0.002-2.4 mM Not specified — 57
CoNi,Se,/rGO 1-4 mM 0.65 UM 18 890 3
Zn0/Co3;0,/reduced graphene oxide (rGO) 0.015-10 mM 0.093 UM 1551.38 44
nanocomposite
NiO/Fe,0, 50 uM to 2.867 mM 3.9 uM 230.5 58
Ni-NPs/Ppy/GRE-based 1-1000 pM 0.4 uM 2873 29
Fe,03/CuFe,0,/GNPs nanocomposite 5-75 uM 0.049 UM 624 This work
75-13 000 pM 25 uM

“ GCE glassy carbon electrode, MWCNT multi-walled carbon nanotubes CuFe,0, copper ferrite,rGO reduced graphene oxide nanocomposite, Au

gold nanoparticles, PPy core-shell nanoparticle polypyrrole core-shell nanoparticle, GRE graphite rod electrode.

41560 | RSC Adv, 2025, 15, 41546-41567
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Table 3 Validation of the Fe,Os/CuFe,O4/GNPs/Gt sensor against
a standard commercial glucose meter

Glucose concentration mM

The proposed The commercial RSD Recovery
sensor instrument (%) (%)

2.26 2.31 2.42 97.83
4.84 4.82 0.92 100.41
7.74 7.64 1.38 101.31
9.36 9.49 2.96 98.63

sensitivities of 0.062 pA uM ! em ™2 and 0.001329 pA pM ™~ ' cm ™2
within the respective concentration ranges.** The proposed
sensor reveals two distinct linear response ranges: from 5.0 to
75 uM and from 75 to 1000 pM pM with R* = 0.9983. The limit of
detection (LOD) was calculated using the [UPAC-recommended

© 2025 The Author(s). Published by the Royal Society of Chemistry

formula LOD = 30/S, where o is the standard deviation of the
blank (n = 7) and S is the slope of the calibration curve. The
resulting LOD was 0.049 uM, indicating very high analytical
sensitivity under laboratory conditions. It is important to note,
however, that this value reflects performance in buffered stan-
dard solutions and may differ in complex biological matrices
due to sample interference or electrode fouling. Comparatively,
recent reports on non-enzymatic glucose sensors have achieved
LODs in the range of 0.055-10 pM. Our result is among the
lowest reported, which we attribute to the synergistic conduc-
tivity and catalytic activity of the Fe,03/CuFe,0,/GNPs/Gt
nanocomposite.

Moreover, the rapid and consistent responses—observed for
the modified sensor every 120 seconds following each glucose
addition—highlight the strong electrocatalytic synergy provided
by the nanocomposite materials.

RSC Adv, 2025, 15, 41546-41567 | 41561
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A comparison with previously reported electrochemical
glucose sensors is provided in Table 2. Notably, the current
system demonstrates superior sensitivity relative to many other
non-enzymatic detection approaches.

3.5. Selectivity

To evaluate the real-world applicability of the sensor, selectivity
tests were repeated using clinically relevant concentrations:
5 mM glucose and 0.1 mM interferents (AA, UA, urea, fructose,
mannose, lactose, galactose,maltose, and sucrose).**** As
shown in the updated Fig. 14, the sensor response to glucose
remained dominant, while the signal change due to interferents
was negligible (<5%), confirming excellent selectivity in a phys-
iologically relevant matrix. Additionally, NaCl was included not
as an electroactive interferent but to simulate physiological
ionic strength, as its presence can influence the electrochemical
environment.” The stable current response in the presence of
NaCl further confirms the robustness of the electrode under
biological conditions.***°

3.6. Stability, repeatability, and reproducibility

The stability of the non-enzymatic Fe,03/CuFe,0,/GNPs/Gt
sensor was evaluated via cyclic voltammetry in 0.5 M NaOH
containing 2 mM glucose over 20 continuous cycles. As shown
in Fig. 15a, the oxidation current in the 20th cycle retained
86.87% of its initial value, indicating good electrochemical
stability during repeated use.** To assess repeatability,*® the
same electrode was tested six consecutive times under identical
conditions (Fig. 15b), yielding a relative standard deviation
(RSD) of 1.09%, which demonstrates excellent short-term
consistency.'” Reproducibility was further examined using six
independently fabricated electrodes tested with 2 mM glucose
under the same conditions (Fig. 15c¢). The resulting RSD was
2.36%, confirming the reliability** and consistency of the sensor
fabrication process.

3.7. Real sample examination

The evaluation of human serum samples using the newly
developed non-enzymatic glucose sensor is summarized in
Table 3. The relative standard deviation (RSD) values ranged
from 0.92% to 2.96%, with an average of 1.92%, indicating
strong measurement precision and reproducibility.’®” These
results closely matched those obtained from a commercial
glucose biosensor used in a local hospital, demonstrating that
the sensor's performance is not limited to standard glucose
solutions. Instead, it is reliably applicable to real human serum
samples, confirming its potential for practical clinical use.
Similar studies have also reported high precision and accurate
detection of glucose in human serum using non-enzymatic
sensors based on metal oxide/graphene composites: Haghpa-
ras' et al. demonstrated effective detection with RSD values
below 3% in human serum samples using CuO/ZnO hollow
microstructures,***** and Hussein, B,* et al. confirmed good
recovery and stability in serum and practical real sample anal-
ysis using ZnO/Co3;0,4/rGO/GCE.
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4. Conclusion

In this study, a simple synthesized methods for Fe,O3/CuFe,0,
nanocomposite was evaluated. Then, a novel non-enzymatic
glucose sensor based on a  Fe,0;/CuFe,0,/GNPs
nanocomposite-modified electrode was successfully developed
and characterized. The optimized composition (graphene:
graphite ratio of 45 : 55 with 10% Fe,O3;/CuFe,0,) demonstrated
excellent electrocatalytic activity, high conductivity, and
enhanced electron transfer kinetics, as confirmed by cyclic
voltammetry and electrochemical impedance spectroscopy. The
sensor exhibited high sensitivity, a low detection limit, and
a wide linear range for glucose detection under optimal condi-
tions in 0.5 M NaOH.The electrode showed outstanding
stability, repeatability, and reproducibility, with minimal signal
loss over repeated use and consistent performance across
multiple fabricated sensors. Selectivity tests confirmed the
sensor's ability to distinguish glucose in the presence of
common interfering species. Furthermore, the sensor demon-
strated strong agreement with commercial glucose biosensors
in the analysis of real human serum samples, highlighting its
potential for clinical and point-of-care applications. Overall, the
developed sensor offers a promising, low-cost, and reliable
platform for non-enzymatic glucose detection, with practical
applicability in biomedical diagnostics and glucose monitoring.
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