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Abstract

A novel electrochemical sensor based on a NiFe,0,4/(S,N)-doped graphene oxide composite
(NiF/GrO(S,N)) was developed to detect sibutramine (SBT). The composite material was
successfully synthesized and characterized using X-ray diffraction, Raman spectroscopy,
scanning electron microscopy, energy-dispersive X-ray spectroscopy, nitrogen adsorption/
/desorption isotherms, and vibrating sample magnetometry. Results confirmed the forma-
tion of a nanocrystalline NiFe,O, structure uniformly dispersed on S,N-doped graphene
sheets, providing a high surface area and numerous active sites. The NiF/GrO(S,N)-modified
glassy carbon electrode (GCE) showed improved electrocatalytic activity toward SBT
oxidation. Under optimized conditions, differential pulse voltammetry revealed two linear
ranges from 0.5 to 8.9 uM and 8.9 to 19.6 uM, with a detection limit of 0.37 uM. The sensor
also demonstrated good repeatability, reproducibility, and stability, along with effective
anti-interference capabilities against common inorganic and organic substances. The
practical applicability of the proposed sensor was successfully demonstrated by determining
SBT in seven commercial dietary supplement samples. The obtained recoveries ranged from
96.38 to 104.83 %, and the results showed no statistically significant difference compared
with those obtained using the standard HPLC method. These results suggest that the
NiF/GrO(S,N)/GCE sensor is a promising platform for the rapid and reliable detection of SBT
in real samples.
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Introduction

Sibutramine (Ci7H26CIN, SBT) is a synthetic anorectic drug that was previously used as an anti-
obesity agent due to its appetite-suppressing effect, which acts through the inhibition of neuro-
transmitter reuptake in the central nervous system [1]. However, numerous studies have reported
that SBT may cause serious cardiovascular side effects, including hypertension, tachycardia, and
increased risk of heart attack and stroke [2]. As a result, SBT has been banned or strictly regulated in
many countries [3]. Despite these regulations, SBT is still frequently detected as an illegal adulterant in
dietary supplements and weight-loss products, posing significant health risks to consumers [4,5].
Therefore, the development of reliable and sensitive analytical methods for determining SBT in food and
dietary supplement products is of great importance. Several analytical approaches have been reported
for SBT determination, including magnetic solid phase extraction combined with HPLC-DAD (high-
performance liquid chromatography with diode array detection) [6], green HPLC-PDA method [7] and
liquid chromatography-mass spectrometry (LC-MS/MS) [8,9]. Although these techniques provide high
accuracy and selectivity, they generally require sophisticated instrumentation, complex sample
preparation procedures, and relatively long analysis times. In contrast, electrochemical sensing methods
have attracted considerable attention due to their high sensitivity [10], rapid response, simple
operation, and low cost [11], making them promising alternatives for routine analysis [12-14].

The performance of electrochemical sensors largely depends on the properties of the electrode mo-
dification materials. In recent years, graphene-based materials have been extensively studied because
of their excellent electrical conductivity, large specific surface area, and chemical stability [15,16].
Additionally, heteroatom-doped graphene, such as nitrogen- and sulphur-doped graphene, can
introduce additional defects and active sites, significantly enhancing the electrocatalytic activity of the
electrode surface [17].

Conversely, spinel ferrite nanomaterials such as NiFe,O4 have gained increasing interest due to
their unique physicochemical properties, including high catalytic activity, chemical stability, and
magnetic properties [18,19]. Combining ferrite nanoparticles with graphene-based materials can
create hybrid nanostructures that leverage the benefits of both components. In these systems,
graphene offers a conductive network that enhances electron transfer, while ferrite nanoparticles
provide numerous catalytically active sites, leading to improved electrochemical performance [20,21].
Although many graphene-based electrochemical sensors have been developed, the use of NiFe,04/
/S,N-doped graphene composites for detecting sibutramine is rarely reported. Developing such hybrid
materials could generate a synergistic effect, greatly boosting the sensitivity and electrocatalytic
activity of the sensing platform.

In this study, a NiFe,04/S,N-doped graphene oxide composite (NiF/GrO(S,N)) was synthesized
and employed as a novel electrode-modification material for the electrochemical detection of
sibutramine. The electrochemical behaviour of sibutramine at the modified electrode was examined
using cyclic voltammetry (CV) and differential pulse voltammetry (DPV). The analytical performance
of the proposed sensor was assessed in terms of sensitivity, selectivity, repeatability, and stability.
Moreover, the method was successfully applied to detect SBT in commercial dietary supplement
samples, demonstrating its potential for practical use in food and pharmaceutical analysis.
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Experimental

Chemicals

Graphite (C, Merck), nickel chloride hexahydrate (NiCl,-6H,0, 99 %, Merck), and iron(lll) chloride
hexahydrate (FeCls-6H,0, 98 %, Merck) were used as precursors for nickel ferrite synthesis.
Sibutramine (SBT) standard solutions were prepared using distilled water. Britton-Robinson buffer
solution (BRS, 0.1 M), with varying pH levels, was used as the supporting electrolyte. All solutions
were prepared with distilled water.

Synthesis of NiF/GrO (N,S) composite

GrO(S,N) was prepared based on the method reported by Marcano et al. [22] with slight modifi-
cations. Briefly, 3 g of graphite powder was slowly added to a pre-mixed solution containing concen-
trated H,SO4 (360 mL) and HsPO4 (40 mL) while stirring continuously. Subsequently, 18 g of KMnO,4 was
gradually introduced into the mixture, resulting in a mildly exothermic reaction. Then, 1.5 g of thiourea
(as a nitrogen and sulphur precursor) was added, and the mixture was continuously stirred for 72 h.
After that, 17 mL of H,0, was slowly added dropwise, and the reaction mixture was allowed to cool to
room temperature. The resulting suspension was centrifuged at 4000 rpm for 10 min, and the
supernatant was discarded to obtain a brownish-yellow solid. The solid was washed several times with
0.1 M HClI solution and deionized water, followed by centrifugation. Finally, the product was dried at
60 °C for 48 h to obtain a black solid, namely nitrogen and sulphur co-doped graphite oxide (GrO(S,N)).

NiF was synthesized according to the method reported by Askari and Salarizadeh [23]. FeCl;-6H,0
(2.16 g) and NiCl,-6H,0 (0.95 g) were dissolved in a mixed solvent of 50 mL deionized water and
30 mL ethanol under magnetic stirring until completely dissolved. Then, 15 mL of 25 % NHjs solution
was added to the mixture, and the mixture was stirred for an additional 60 min. The obtained
mixture was subsequently transferred into a Teflon-lined stainless-steel autoclave and subjected to
hydrothermal treatment at 180 °C for 12 h. After cooling to room temperature, the precipitate was
collected by filtration, washed three times with deionized water and ethanol, and dried at 60 °C for
24 h. The dried product was ground into a fine powder to obtain NiF.

A mixture containing 50 mL of deionized water, 30 mL of ethanol, and 0.3 g of GrO(S,N) was
ultrasonically dispersed for 120 min. The suspension was then stirred magnetically for 15 min before
adding m grams of NiF. The mixture was stirred for an additional 60 min. Afterward, the product
was collected by centrifugation at 4000 rpm, washed three times with deionized water and ethanol,
and dried at 60 °C for 48 h. The obtained solid was ground into fine powder to yield the composites
denoted as (0.5/1)NiF/GrO(S,N), (1.0/1)NiF/GrO(S,N) and (1.5/1)NiF/GrO(S,N), corresponding to NiF
amounts (m) of 0.15, 0.30 and 0.45 g, respectively.

Apparatus

The crystal structures of the prepared materials were analysed using X-ray diffraction (XRD).
Raman spectroscopy was used to investigate the structural characteristics of graphene-based
materials. The morphology and elemental composition were examined using a Nova NanoSEM 450
scanning electron microscope (USA) coupled with energy-dispersive X-ray spectroscopy (EDX). The
specific surface area and pore structure were evaluated using a Micromeritics Tristar 3000. The
magnetic properties of the materials were investigated using a Micro Sense Easy VSM 20130321-02
vibrating sample magnetometer (VSM). Raman spectra were obtained using a Senterra dispersive
Raman spectrometer (Bruker) with a 532 nm excitation wavelength. Fourier transform infrared
spectroscopy (FT-IR) was used to identify the functional groups present, utilizing an IR Affinity-1S

http://doi.org/10.5599/jese.3318 3




J. Electrochem. Sci. Eng. 16 (2026) 3318 NiFe204/(S,N)-doped GO composite as sensor for determination of sibutramine

spectrophotometer (Shimadzu). Electrochemical experiments were performed using a CPA-HH5
workstation (Vietnam), in which a platinum wire, a glassy carbon electrode, and an Ag/AgCIl/KCI3 M
electrode were employed as the counter, working, and reference electrode, respectively.

HPLC was additionally employed to analyse sibutramine in real samples for comparison with the
electrochemical method (DPV). Sibutramine present in the samples (if any) was extracted using a
mixture of acetonitrile and 50 mM ammonium dihydrogen phosphate buffer (pH 6.0) in a ratio of
70:30 (v/v), and the resulting extract was injected into the HPLC system. The HPLC conditions were
as follows: detection was performed using a photodiode array (PDA) detector set at the maximum
absorption wavelength of 223 nm; the mobile phase consisted of acetonitrile and 50 mM
ammonium dihydrogen phosphate buffer (pH 6.0) (70:30, v/v); chromatographic separation was
carried out on a reversed-phase C18 column (250x4.6 mm, 5 um particle size); the flow rate was
maintained at 1.5 mL min%; and the injection volume was 20 pL.

Preparation of modified GC electrode and electrochemical measurements

Prior to modification, the glassy carbon electrode (GCE) was polished with alumina slurry and
thoroughly rinsed with distilled water. A suspension of the NiF/GrO(S,N) composite was prepared
by dispersing the material in distilled water under ultrasonic treatment. A volume of the suspension
(1 to 10 pL) was dropped onto the cleaned GCE surface and allowed to dry at room temperature,
forming the NiF/GrO(S,N) modified electrode. Electrochemical experiments were performed using
cyclic voltammetry (CV) and differential pulse voltammetry (DPV). The measurements were carried
out in 0.1 M BRS buffer solution (pH 3) under optimized conditions.

To determine SBT, the modified electrode was immersed in a supporting electrolyte containing
different concentrations of SBT, and the oxidation peak currents were recorded. The calibration
curve was obtained by plotting the peak current against SBT concentration.

Real sample preparation and analysis

Five units of each dietary supplement sample were accurately weighed to determine the average
mass per unit, and then finely ground into powder. An appropriate amount of the powdered sample
was transferred into a 100 mL volumetric flask, dissolved in distilled water, and sonicated for 15 min
to ensure complete extraction. The resulting suspension was filtered, and the filtrate was further
diluted 10-fold with distilled water to obtain the stock test solution for electrochemical analysis.

An aliquot of 3 mL of the stock test solution was accurately transferred into the electrochemical
cell, followed by the addition of 0.1 M buffer solution (pH 3) to a final volume of 20 mL. The
measurement was then carried out under the optimized conditions described above to determine
the SBT content of the samples.

Standard addition method (recovery test): An aliquot of 3 mL of the stock test solution was trans-
ferred into the electrochemical cell, followed by the addition of 5 uL of SBT standard solution (1072 M).
The solution was then diluted to 20 mL with 0.1 M buffer (pH 3) and analysed under the same optimized
conditions. The recovery was calculated by comparing the added and measured amounts of SBT.

Results and discussion

Material characterization

The XRD pattern of NiFe,O4 shows characteristic diffraction peaks at about 30.2, 35.5, 43.2, 53.5,
57.1and 62.7°, corresponding to the (220), (311), (400), (422), (511) and (440) crystal planes of cubic
spinel NiFe,O4 (JCPDS No. 10-0325) (Figure 1A). These clear diffraction peaks confirm the successful
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formation of crystalline NiFe,O4 with a typical spinel structure. The GrO sample displays a diffraction
peak cantered at 10.5° and a broad peak cantered at 26° , respectively, which are assigned to the
(001) and (002) planes of graphene oxide [24]. After S,N doping, the diffraction peaks become
broader and weaker, and shift to higher diffraction angles, suggesting an increase in structural
defects and disorder in the graphene framework due to the incorporation of heteroatoms.
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Figure 1. XRD patterns of A - NiF, GrO, and GrO(S,N) and B - NiF/rGO(S,N) composites with different mass ratios;
C - Raman spectra of NiF, GrO, GrO(S,N), and NiF/GrO(S,N) composites (the inset shows the characteristic
Raman modes of NiF); D - FTIR spectra of NiF, GrO, GrO(S,N), and (1.0/1) NiF/GrO(S,N) composites

For the NiFe,04/GrO(S,N) composites with different ratios (0.5:1, 1:1 and 1.5:1), the charac-
teristic diffraction peaks of NiFe,04 remain clearly visible without the appearance of additional
impurity peaks, indicating that the crystal structure of NiFe,04 is preserved after composite
formation (Figure 1B). The characteristic peak of GrO is not clearly observed in the composite due
to its relatively low content and the strong diffraction intensity of NiFe,O,4 or is partially converted
to reduced graphene oxide.

The average crystallite size of NiFe,0, was further estimated using the Scherrer equation
D = KA/f cos® based on the most intense (311) diffraction peak at approximately 35.5°, where
K=0.9, A=0.15406 nm (Cu Ka radiation), f is the full width at half maximum (FWHM) of the
diffraction peak in radians, and @is the Bragg angle. The calculated crystallite size is 11-12 nm, which
is in the nanometre range, confirming the nanocrystalline nature of the synthesized NiFe,04. Such
nanoscale crystallites are beneficial for improving the interfacial contact and charge transfer in the
composite material.

Raman spectroscopy was used to investigate the structural features of NF and its composites. As
shown in Figure 1C, the Raman spectrum of NiF exhibits several characteristic vibrational modes at ap-
proximately 213, 332, 483, 569, 703 cm™, which can be assigned to the Faq, Eg, Fag, F2 and Ag modes of
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the spinel ferrite structure [25]. These peaks are typical Raman-active modes of NiF and confirm the
formation of the spinel phase. For GrO and GrO(S,N), two prominent bands are observed at approxi-
mately 1350 cm™ (D band) and 1580 cm™ (G band), corresponding to the breathing mode of sp? carbon
rings and the in-plane vibration of sp? carbon atoms, respectively [26]. The intensity ratio Ip/ls is
commonly used to evaluate the degree of structural disorder in graphene-based materials. The Ip/ls
ratio increases from 1.86 for GrO to 1.95 for GrO-N,S, indicating that the incorporation of Sand N hetero-
atoms introduces additional defects and distortion in the graphene lattice. After the introducetion of
NiFe,04 nanoparticles, the Ip/ls values further increase to 2.39, 2.46 and 2.53 for the composites with
different NiFe,04 loadings. This result suggests that the interaction between NiFe,04 and the graphene
framework generates more defect sites and structural disorder. Such defect-rich structures are
beneficial for enhancing surface activity and facilitating charge transfer within the composite material.

The FTIR spectra of GrO, GrO(S,N), NiF and the NiF/GrO(S,N) composites are shown in Figure 1D.
For GrO, the broad band at ~3416 cm™ is attributed to O-H stretching vibrations, indicating the
presence of hydroxyl groups and adsorbed water. The peak at ~1782 cm™ corresponds to C=0
stretching of carboxyl groups, while the bands at ~1215 and ~1048 cm™ are assigned to C-O-C (epoxy)
and C-OH (hydroxyl) vibrations, respectively, confirming the successful oxidation of graphite [27].
After doping, the FTIR spectrum of GrO(S,N) exhibits noticeable changes. The band in the region of
~1200 to 1300 cm™ may arise from overlapping contributions of C-N and C-O vibrations, suggesting
possible incorporation of nitrogen-containing functional groups into the graphene oxide
framework [28]. Additionally, a band observed around ~600 to 700 cm™ can be tentatively associated
with C-S vibrations; however, overlap with metal-oxygen vibrations cannot be excluded [29]. For NiF,
characteristic absorption bands at ~596 and ~396 cm™ are observed, corresponding to Fe-O and Ni-O
vibrations at tetrahedral and octahedral sites, respectively, confirming the formation of the spinel
NiFe,O, structure. In the NiF/GrO(S,N) composites, the coexistence of characteristic bands from both
GrO(S,N) and NiF is clearly observed. Slight shifts and changes in the intensity of several bands,
particularly in the regions associated with oxygen-containing groups and metal-oxygen vibrations,
indicate possible interfacial interactions between NiFe,04 and the doped graphene oxide matrix.

The textural properties of the materials were evaluated using N, adsorption-desorption measure-
ments. As shown in Figure 2A, the adsorption-desorption isotherms display typical type IV behaviour
with a sharp increase at high relative pressure (P/Py > 0.8), indicating the presence of mesoporous
structures. The specific surface area of GrO is 78.0 m? g™, while that of GrO(S,N) decreases to
13.7 m? g™, likely due to partial restacking of graphene sheets during the doping process (Table 1).
Pure NiFe,04 exhibits a moderate surface area of 29.2 m? g™'. After forming composites with
GrO(N,S) the surface areas increase significantly to 77 to 82 m? g™, indicating that the dispersion of
ferrite nanoparticles effectively prevents graphene restacking and generates additional porous
structures. The coexistence of micro- and mesopores facilitates mass transport and provides
abundant active sites. The magnetic properties of the materials were investigated using vibrating
sample magnetometry (VSM) at room temperature (Figure 2B). The magnetization curves exhibit
typical S-shaped hysteresis loops, confirming the ferrimagnetic nature of the materials. Pure NiF
shows a saturation magnetization (M;) of 48.8 A m? kg™', with a remanent magnetization (M) of
2.1 Am? kg™ and coercivity (Hc) of 1878.6 A m™. After hybridization with graphene-based materials,
the M values decrease to 16.4 to 29.7 A m? kg™, a decrease attributable to the presence of non-
magnetic graphene components (Table 1). Nevertheless, the composites exhibit clear magnetic
responses and relatively low coercivity (~1711.4 to 1854.7 A m™), indicating typical soft magnetic
behaviour characteristic of nanoscale materials.
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Figure 2. A - N, adsorption-desorption isotherms of NiF, GrO, GrO(S,N) and NiF/GrO(S,N) composites with
different mass ratios and B - magnetic hysteresis loops of NiF and NiF/GrO(S,N) composites measured at room
temperature (the inset shows the enlarged view of the low-field region)

Table 1. Structural, textural and magnetic properties of GrO, GrO(S,N), NiF and NiF/GrO(S,N) composites

Materials Crystallite size, nm* Sger;m? 81 Smicropore / M2 81 Smesopore / M? g1 /A mT kg M,j'\: kg HoJAm
GrO - 78.0053 2.5163 75.489 - - -
GrO(S,N) - 13.7121 - 13.7121 - - -

NiF 11.64 29.1629 5.7251 23.4378 48.8 2.1 1878.6
(0.5/1)NiF/GrO(S,N) 11.10 79.0962 31.1862 47.91 16.4 0.7 1854.7
(1.0/1) NiF/GrO(S,N) 11.57 77.426 13.4746 63.9514 26.5 1.1 17114
(1.5/5) NiF/GrO(S,N) 11.56 81.9682 15.7761 66.1921 29.7 1.2 1799.0

*Crystallite size from Scherrer equation (311 peak)

The elemental distribution of the NiF/GrO(S,N) composite was further analysed using EDX
(Figure 3) and EDX elemental mapping (Figure 4). As shown in Figure 4, the mapping images display
the presence and spatial distribution of Ni, Fe, O, C, N, and S across the examined area. The
homogeneous distribution of Fe and Ni suggests a uniform dispersion of NIF nanoparticles within the
composite. The C signal (14.44 wt.%) stems from the graphene framework, while the O (22.65 wt.%),
Fe (44.4 wt.%) and Ni (17.96 wt.%) signals mainly relate to the metal-oxygen bonds in the ferrite
structure and residual oxygen-containing groups in graphene. Additionally, the S (0.40 wt.%) and N
(0.15 wt.%) signals, although present at low levels, are clearly detected and spread over the graphene
sheets, indicating successful incorporation of heteroatoms into the graphene structure.
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Figure 3. EDX spectrum of the NiF/GrO(S,N) composite. Spc_001 denotes the selected analysis area (Spectrum
001) used for EDX measurement
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Figure 4. EDX elemental mapping images of the NiF/GrO(S,N) composite showing the spatial distribution of
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The morphologies of the synthesized materials were investigated by SEM and are presented in
Figure 5. As seenin the SEM image in Figure 5A, the GrO sample displays typical wrinkled and crumpled
sheet-like structures, confirming the successful formation of graphene oxide. After S,N doping, the
(GrO) sheets become rougher and more defective, potentially providing more active sites (Figure 5B).

B

500 nm 500 nm

Figure 5. SEM images of: A - GrO; B - GrO(S,N); C - NiF and D - NiF/GrO(S,N) composite
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The SEM image in Figure 5C shows that NiF consists of aggregated quasi-spherical nanoparticles
measuring tens of nanometers. In the Ni/GrO(S,N) composite, NiF nanoparticles are evenly
anchored on the surface of the GrO(S,N) sheets (Figure 5D). The two-dimensional graphene network
effectively prevents ferrite nanoparticle aggregation and creates a conductive pathway, which
enhances electron transfer and supports electrochemical applications.

Electrochemical determination of SBT using NiF/GrO(S,N)

Electrochemical behaviour of different electrodes

Figure 6A presents the cyclic voltammograms recorded for SBT oxidation at different modified
electrodes. Compared with the bare GCE, all modified electrodes exhibited enhanced anodic
currents, indicating that the introduction of graphene-based materials and NiFe,04 nanoparticles
improves the electrocatalytic oxidation of SBT. The oxidation peak current increased from approxi-
mately 2.1 pA at GCE to 4.9 pA at GrO and 6.4 pA at GrO(S,N), demonstrating the beneficial effect
of N,S co-doping (Figure 6B). Although GrO(S,N) possesses a considerably lower BET surface area
(13.71 m2 g™ ") than GrO (78.01 m? g™"), its electrochemical response is significantly higher. This result
suggests that electrocatalytic activity is governed not solely by the physical surface area but also by
heteroatom-induced defects and active sites, which facilitate electron transfer and analyte
adsorption. Upon incorporation of NiFe,0,4, the oxidation current increased substantially owing to
the synergistic interaction between the conductive GrO(S,N) matrix and the redox-active NiFe;04
nanoparticles. As shown in Figure 6B, the peak current increased from 11.2 pA for (0.5/1)NiF/
/GrO(S,N) to 15.0 pA for (1.0/1)NiF/GrO(S,N), before decreasing to 13.1 pA for (1.5/1)NiF/GrO(S,N).
The enhanced performance of the composite electrodes can be attributed to the combination of
efficient charge transport from GrO(S,N) and the abundant catalytic centers provided by NiFe,0,.
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Figure 6. A - Cyclic voltammograms of GCE and different modified electrodes in 0.1 M BRS buffer solution
(pH 3) containing 10 uM SBT at a scan rate of 0.1 V s™"; B - comparison of peak currents obtained at
different electrodes (n = 3)

To further elucidate the origin of this behaviour, the electrochemically active surface area (ECSA)
was determined using the Randles-Sev¢ik equation [30] (Figures S1 and S2 of Supplementary
material). The ECSA values increased from 0.0348 cm? for GCE and 0.0634 cm? for GrO(S,N) to
0.0820 cm? and 0.0890 cm? for (0.5/1)NiF/GrO(S,N) and (1.0/1)NiF/GrO(S,N), respectively, before
decreasing to 0.0771 cm? for (1.5/1)NiF/GrO(S,N). Notably, the variation in peak current closely
follows the ECSA trend, indicating that the electrochemical response is primarily governed by the
number of electrochemically accessible active sites rather than by the total physical surface area. A
comparison between BET and ECSA data provides additional insight into the structure-performance
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relationship. Although (1.5/1)NiF/GrO(S,N) exhibits the highest BET surface area (81.97 m? g™) and
mesoporous surface area (66.19 m? g™), its oxidation current and ECSA are lower than those of
(1.0/1)NiF/GrO(S,N). This discrepancy indicates that a larger nitrogen adsorption surface area does
not necessarily translate into a larger electrochemically active surface. At excessive NiFe,0, loading,
partial aggregation of nanoparticles and coverage of conductive graphene domains may occur,
reducing the fraction of electrochemically accessible sites and hindering charge transfer. Consequently,
only a portion of the physical surface area effectively participates in the electrochemical process.
Furthermore, the mesoporous structure appears to play a crucial role in facilitating electrolyte
penetration and analyte diffusion. The mesoporous surface area increases markedly from 13.71 m2? g™’
for GrO(S,N) to 47.91 to 66.19 m? g™ for the NiFe,04-containing composites, thereby improving mass
transport toward the catalytic sites. Among the investigated materials, (1.0/1)NiF/GrO(S,N) provides the
most favourable balance between mesoporosity, electrochemically active surface area, and catalytic site
density. Therefore, this composite exhibits the highest oxidation current toward SBT and was selected
as the optimal electrode material for subsequent electroanalytical investigations.

Effect of the suspension volume

The effect of the suspension volume of (1.0/1)NiF/GrO(S,N) on the electrochemical response toward
SBT was investigated by cyclic voltammetry. As shown in Figure 7A, the oxidation peak current gradually
increases as the suspension volume increases from 1 to 5 plL, indicating that a larger amount of active
material on the electrode surface provides more catalytic sites for the electrochemical reaction. When
the suspension volume exceeds 5 pL, the peak current slightly decreases. This behaviour can be
attributed to the formation of an excessively thick modifier layer on the electrode surface, which may
hinder electron transfer and mass transport of the analyte. As summarized in Figure 7B, the maximum
peak current is observed at 5 L, suggesting that this volume provides the optimal balance between the
number of active sites and electron-transfer efficiency. Therefore, 5 ulL was selected as the optimal
suspension volume for the preparation of the modified electrode in subsequent experiments.
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Figure 7. A - Cyclic voltammograms obtained at the (1.0/1)NiF/GrO(S,N) modified GCE with different
suspension volumes (1-10 uL) in 0.1 M BRS buffer solution (pH 3) containing 10 uM SBT at a scan rate of
0.1 Vs B - dependence of the oxidation peak current on the suspension volume (n = 3)

Effect of pH

The influence of solution pH on the electrochemical oxidation of SBT at the (1.0/1)NiF/GrO(S,N)/
/GCE was investigated in 0.1 M BRS buffer solution over the pH range of 2 to 9, as shown in Figure 8A.
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The oxidation peak current initially increases with pH and reaches a maximum at pH 3, then gradually
decreases at higher pH values (Figure 8B). The decrease in peak current at higher pH may be attributed
to reduced proton availability and changes in the protonation state of SBT, which can affect electron
transfer. Therefore, pH 3 was selected as the optimal pH for subsequent electrochemical measure-
ments.

In addition, the oxidation peak potential shifts negatively with increasing pH, indicating that
protons participate in the electrochemical oxidation process. As shown in Figure 8C, a linear
relationship between the peak potential (E,) and pH is obtained using Equation (1):

Esgr = (0.802 + 0.010) + (-0.050 + 0.002) pH; R?=0.993 (1)

The slope of approximately 0.050 V pH™ is close to the theoretical Nernst value of 0.059 V pH™,
suggesting that the number of protons involved in the reaction is equal to the number of electrons.
Therefore, the electrochemical oxidation of SBT at the (1.0/1)NiF/GrO(S,N)/GCE likely involves one
electron and one proton in the rate-determining step.
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Figure 8. A - CVs of (1.0/1)NiF/GrO(S,N)/GCE in

0451 0.1 M BRS buffer solution with different pH values

0.404 (2 to 9) containing 10 uM SBT at a scan rate of
0.35 0.1 Vs™" B - dependence of the oxidation peak
1 2 3 4 5 6 7 8 9 10 current on the solution pH (n = 3); C - relationship
pH between the oxidation peak potential (E,) and pH

Effect of scan rate

The effect of scan rate on the electrochemical oxidation of SBT at the (1.0/1)NiF/GrO(S,N)/GCE
was investigated by cyclic voltammetry in the scan rate range of 0.050 to 0.400 mV s™, as shown in
Figure 9A. As the scan rate increases, the oxidation peak current gradually increases, indicating a
faster electrochemical response. As shown in Figure 9B, a good linear relationship is obtained
between the oxidation peak current and the square root of the scan rate: I, = (-2.456 + 0.363) +
+(40.694 + 0.819)v"2 (R? = 0.997), suggesting that the electrochemical process is mainly diffusion-
controlled [30,31].
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To further clarify the electrochemical mechanism, the relationship between log / and log v was
analysed (Figure 9C), yielding Equation (2):
log I, = (1.620 £ 0.014) + (0.611 + 0.016) log v (R* = 0.994) (2)
The slope of 0.611 is close to the theoretical value of 0.5, indicating that the electrochemical oxi-
dation of SBT is predominantly diffusion-controlled, with a partial contribution from adsorption [32].
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Figure 9. A - Cyclic voltammograms of (1.0/1)NiF/GrO(S,N)/GCE in 0.1 M BRS buffer solution (pH 3) containing
10 uM SBT at different scan rates (0.05 to 0.40 V s™"); B - linear relationship between the oxidation peak

current and the square root of the scan rate (v'*); C - plot of log | versus log v; and D - dependence of the
oxidation peak potential (E,) on In'v

Furthermore, the relationship between the oxidation peak potential and the natural logarithm of
the scan rate is shown in Figure 9C:

Essr = (0.758 + 0.006) + (0.052 + 0.003) In v; R>= 0.973 (3)

According to Laviron’s theory for irreversible electrochemical processes [31], the slope of 0.0512 V
obtained from the plot corresponds to an na value of 0.49. For an irreversible system, the charge
transfer coefficient (a) is often assumed to be 0.5 [33]; therefore, the number of electrons (n) involved
in the rate-determining step is estimated to be approximately 0.98 (about 1). This result indicates that
one electron participates in the electrochemical oxidation process. Additionally, the pH-dependent
study shows that the slope of E,, versus pH is close to the theoretical Nernstian value, suggesting that
n equals the number of protons (p). Consequently, the electrochemical oxidation of SBT is inferred to
involve one electron and one proton. Based on these findings, the oxidation mechanism of SBT at the
modified GCE can be attributed to protonation of the tertiary amine group, followed by electron
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transfer. In this mechanism, one amine group of the SBT molecule is oxidized, losing one electron and
one proton, consistent with previously reported results [34], as shown in Scheme 1.
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Scheme 1. The proposed oxidation mechanism of SBT

Optimized operational parameters

Several important instrumental parameters, including accumulation potential, accumulation
time, pulse amplitude, and potential step, were systematically optimized. The results indicate that
the optimal conditions are an accumulation potential of 0.4 V, an accumulation time of 5 s, a pulse
amplitude of 0.10 V, and a potential step of 0.007 V. Under these conditions, a high and stable peak
current was achieved, as illustrated in Figures S3 to S6. These optimized parameters were used for
all subsequent experiments.

Linear range and limit of detection

The analytical performance of the (1.0/1)NiF/GrO(S,N)/GCE toward SBT detection was evaluated
using differential pulse voltammetry (DPV). As shown in Figure 10A, the oxidation peak current
gradually increases with increasing SBT concentration from 0.5 to 19.6 uM, indicating a clear
electrochemical response of the modified electrode toward SBT. As presented in Figure 10B, two
linear ranges are obtained. In the lower concentration range of 0.5 to 8.9 uM, the peak current
exhibits a linear relationship with SBT concentration described by Equation (4):

I,=(2.978 +0.075) + (1.584 + 0.014) Csgr (R? = 0.999) (4)
In the higher concentration range of 8.9 to 19.6 uM, the calibration Equation (5):
I, =(13.561 + 0.048) + (0.377 + 0.003) Csgr (R* = 0.999) (5)
75 -
A 20 4
70 - @ (B)
19.6 uM
65 4 0 164
m— 0.5 pM
§ 60 }12-
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Figure 10. A - DPVs of (1.0/1)NiF/GrO(S,N)/GCE in 0.1 M BRS buffer solution (pH 3) with different concen-
trations of SBT (0.5 to 19.6 uM), B - calibration plot of the oxidation peak current versus SBT concentration

The decrease in slope at higher concentrations can be attributed to partial saturation of active
sites on the electrode surface and diffusion limitations. The limit of detection (LOD), estimated
according to the 3SD/b criterion (where SD is the standard deviation of the regression and b is the
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slope of the calibration curve), was found to be 0.37 uM, indicating that the proposed sensor
exhibits good sensitivity for SBT detection. The analytical performance of the proposed sensor was
compared with that of previously reported electrochemical methods for determining the target
analyte. As summarized in Table 2, the detection limit achieved in this work is comparable to or
lower than those reported in earlier studies.

Table 2. Comparison of analytical performance with previous reports

Electrode Method Linear range, UM LOD, uM Samples Ref.
Carbon graphite screen-

printed electrode (SPE-Gr) AdSDPV 2.0t0 120.0 0.3 Slimming tea beverages [35]
Mercury working electrode Beverages and pharmaceutical
(HMDE) DPV 5.0t0117.9 1.4 formulations [36]
. . N S
Slbutramlne (SBT") ion Flow |nJe<;t|on 10 to 1000 7.9 Pharmaceutical formulations [37]
selective electrode (ISE) analysis
Boron-doped diamond SWV 17.9t0 178.7 0310 6.9 Nfat.ural _products and [38]
(BDD) multivitamins supplements
Paper-based electro- Capsules, slimming coffee pow-
chemical device (ePAD) SWV 9.0t0299.1 8.8 ders and nutraceutical beverages [39]
NIF/GrO(S,N)/GCE DPV 0.5t08.9;89t019.6 0.37 Dietary supplement products lersk

Repeatability, reproducibility and long-term stability

The reliability of the proposed sensor was evaluated with respect to repeatability, reproducibility,
and long-term stability (Figure 11).
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Figure 11. DPVs at (1.0/1)NiF/GrO(S,N)/GCE in BRS 0.1 M (pH 3) with Csgr, A- 5.0, B-8.9 and C-19.6 uM
(differently coloured curves represent individual replicate scans recorded under identical experimental
conditions) and D - interfering study for 12 substances

The repeatability of the proposed (1.0/1)NiF/GrO(S,N)/GCE sensor was evaluated by performing
ten consecutive DPV measurements at three different SBT concentrations (5.0, 8.9, and 19.6 uM).
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The corresponding peak currents were recorded, and the relative standard deviations (RSD) were
calculated and compared with the RSD of the Horwitz function (RSDH). At a concentration of 5.0 uM,
the average peak current was 11.84+0.57 pA with an RSD of 4.85 %, which is lower than »ARSDH
(7.61 %), indicating good repeatability of the measurement. For 8.9 uM SBT, the average peak
current was 16.51+0.37 A, giving an RSD of 2.24 %, which is also smaller than 4ARSDH (6.97 %). At
the higher concentration of 19.6 uM, the average peak current was 20.19+0.41 pA, with an RSD of
2.01 %, again lower than %:RSDH (6.19 %). These results demonstrate that the developed (1.0/1)NiF/
/GrO(S,N)/GCE sensor exhibits good repeatability and reliable analytical performance for SBT
determination. The low RSD values obtained at different concentrations indicate that the proposed
sensor provides stable and consistent electrochemical responses.

The reproducibility and long-term stability of the (1.0/1)NiF/GrO(S,N)/GCE sensor were further
evaluated using SBT at an 8.9 uM concentration in 0.1 M BRS buffer solution (pH 3). To assess the
reproducibility of electrode fabrication, seven modified electrodes were independently prepared
using the same modification procedure and tested under identical conditions (Figure 12A).

The peak current obtained was 14.10+0.68 pA, with a relative standard deviation (RSD) of 4.85 %,
indicating good reproducibility of the electrode preparation process. The long-term stability of the
sensor was investigated over 7 days (Figure 12B). The peak current obtained during this period was
14.73+0.86 A, with an RSD of 5.86 %, demonstrating that the modified electrode maintains stable
electrochemical performance during storage. After 7 days, the peak current decreased by approxi-
mately 15 %, confirming the acceptable stability of the (1.0/1)NiF/GrO(S,N)/GCE sensor. These
results indicate that the proposed sensor exhibits good reproducibility and satisfactory long-term
stability, making it suitable for practical electrochemical detection of SBT.
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Figure 12. Peak current responses for 8.9 uM SBT in 0.1 M BRS buffer solution (pH 3) obtained at
(1.0/1)NiF/GrO(S,N)/GCE: A - reproducibility test using seven independently prepared electrodes;
B - long-term stability test over seven days

Interference study

The selectivity of the (1.0/1)NiF/GrO(S,N)/GCE sensor for SBT detection was assessed by evaluating
the effects of various potential interfering substances on its performance. The interference study was
conducted in a 0.1 M BRS buffer solution (pH 3) with SBT, and peak current changes were recorded in
the presence of different interfering compounds at various concentration ratios compared to SBT. The
tested substances included NaCl(C1), ZnCl,(C2), (NH4):SO4(C3), NH4NOs(C4), KySO4 (C5),
Ca(HPO,), (C6), urea (C7), saccharin (C8), caffeine (C9), sodium benzoate (C10), D-glucose (C11) and
ascorbic acid (C12).
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As shown in Figure 11D, most inorganic salts such as NaCl, (NH4),S04, NH4NOs, K;SO4, and
Ca(HPO,), exhibit negligible influence on the SBT peak current, even at concentration ratios up to
200 times higher than that of SBT, with signal deviations generally less than 5 %. Similarly, organic
compounds such as urea, caffeine, sodium benzoate, and D-glucose cause only minor changes in the
peak current, indicating weak interference.

However, saccharin and ascorbic acid exhibit relatively stronger interference effects at higher
concentration ratios, resulting in noticeable decreases in peak current. This behaviour may be
attributed to their possible electrochemical activity or competitive adsorption on the electrode
surface. Overall, the results demonstrate that the proposed (1.0/1)NiF/GrO(S,N)/GCE sensor
exhibits good selectivity for SBT detection, with most common interfering substances exerting only
minimal influence on the analytical signal.

Determination of SBT in real samples

The applicability of the proposed (1.0/1)NiF/GrO(S,N)/GCE sensor for practical analysis was
evaluated by measuring SBT in seven commercial dietary supplement products. The results were
compared with those from the reference HPLC method, and the accuracy of the proposed method
was further validated using the standard addition technique. As shown in Table 3, the SBT contents
measured by the DPV method closely match those obtained by HPLC, indicating the reliability of the
electrochemical approach. The SBT levels in the tested products ranged from 10.10 to 20.18 mg per
package, depending on the product formulation. To assess accuracy, a known amount of SBT
(2.798 pg) was added to the sample solutions. The recoveries ranged from 96.38 to 104.83 %, with
acceptable standard deviations. These results fall within the typical range for analytical methods (90
to 110 %), confirming the method's accuracy. Overall, the results demonstrate that the (1.0/1)NiF/
/GrO(S,N)/GCE sensor offers reliable and precise detection of SBT in real dietary supplement
samples without significant matrix interference, highlighting its potential for practical use in food
and pharmaceutical testing.

Table 3. Determination of SBT in commercial dietary supplement samples using the proposed DPV method
and comparison with the HPLC method. The amount of STB added was 1.3990 ug

SBT content + SD, mg per package

Sample HPLC* DPV** Found mount of STB + SD, ug Recovery, %
#1 20.18 £0.45 20.36 £ 0.44 1.4546 +0.0321 103.98
#2 16.64 +0.28 16.40+0.52 1.4369 + 0.0463 102.71
#3 10.41+0.31 10.11+0.31 1.3503 £ 0.0386 96.52
#4 10.69 £ 0.15 10.83 +0.23 1.3638 + 0.0293 97.49
#5 15.18 +0.39 14.78 £ 0.52 1.4316 + 0.0452 102.33
#6 13.67 £0.26 13.86 +0.36 1.4567 +0.0488 104.13
#7 14.84 £+ 0.54 15.14 +0.58 1.3756 + 0.0564 98.25

*determined by the reference HPLC method; **determined by the proposed DPV method using NF-(N&S)GO/GCE

Conclusion

In this work, a NiFe;04/S,N-doped graphene oxide composite (NiF/GrO(S,N) was successfully
synthesized and used as an electrochemical sensing material for SBT detection. Structural and
physicochemical characterizations confirmed the formation of nanocrystalline NiFe,O, particles
uniformly anchored on S,N-doped graphene sheets, yielding a hybrid structure with increased
surface area and abundant active sites.

The NiF/GrO(S,N)/GCE-modified electrode showed significantly improved electrocatalytic activity
toward SBT oxidation compared to other modified electrodes. The proposed sensor offered a wide
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linear range, low detection limit, good repeatability, reproducibility, and reliable long-term stability.
Additionally, the sensor demonstrated good selectivity against common interfering substances. The
developed method was successfully used to measure SBT in commercial dietary supplement
products, and the results closely matched those obtained with the reference HPLC method.
Therefore, the proposed NiF/GrO(S,N)/GCE sensor is a simple, sensitive, and reliable electro-
chemical platform for detecting SBT in real samples and has potential uses in food and pharma-
ceutical analysis.
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