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ARTICLE INFO ABSTRACT

Keywords: Background: Environmental contaminants like nitrofurans (NF) can be detected using rapid, sensitive, and effi-
SnBi20s/GO composite cient monitoring techniques. However, ineffective detection systems delay responses, allowing contaminants to
Nitrofurans

persist in the environment, increasing their toxicity, and causing long-term harm to ecosystems and human
health. An alternative is the electrochemical method for NF detection, which is fast, cost-effective, and reliable.
Methods: We developed a low-cost, portable nanocomposite material, Sn-Bi=0s/GO, for the detection of NF,
marking its first reported use. The crystallinity, functional groups, surface structure, and oxidation states of the
materials were analyzed through various analytical and spectroscopic techniques.

Significant findings: SnBi=0s/GO composites modified glassy carbon electrode (GCE) surface was employed to
detect NF using cyclic voltammetry (CV) and differential pulse voltammetry (DPV). Then, the SnBi=0s/GO/GCE
showed outstanding selectivity, even in the presence of interfering substances, with a wide linear detection range
from 0.023 uM to 814.36 pM, a detection limit (LOD) of 0.0124 uM (S/N = 3), and an ultra-sensitivity of 2.857
pA pM~! em~2 Additionally, the SnBi=0s/GO/GGCE successfully detected NF in biofluids and water samples,
demonstrating satisfactory accuracy and recovery.

Electrochemical sensor
Bio-fluids and water samples

in humans and animals [12-14]. The overuse of antibiotics in modern
healthcare has increasingly threatened the environment, with severe

1. Introduction

Environmental pollution has become a pressing concern, with far-
reaching consequences for human health and the ecosystem. The
release of pollutants into the environment can have devastating effects
on aquatic life, soil, and air quality [1-5]. Pollutants can be broadly
classified into two main categories: chemical and biological pollutants.
Chemical pollutants, such as heavy metals, pesticides, synthetic antibi-
otics, and industrial chemicals, can enter the environment through
human activities such as industrial processes, agriculture, and waste
disposal [6-11]. Biological pollutants, on the other hand, include mi-
croorganisms such as bacteria, viruses, and fungi that can cause disease
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consequences for human health and the ecosystem. Antibiotics are
widely used in medicine, livestock, and even agriculture, however, their
improper disposal and misuse have led to their entry into the environ-
ment [15-17]. This occurs primarily through wastewater treatment
plants, agricultural runoff, and surface water. Once in the environment,
antibiotics can persist for extended periods and contaminate soil, water,
and air. Antibiotic exposure has been linked to antibiotic-resistant
bacteria, which can cause serious infections in humans and animals
[18-20]. One class of antibiotics that has been particularly concerning is
nitrofurans (NF), which have been detected in waterways and

E-mail addresses: smchen1957 @gmail.com (S.M. Chen), sivaphy05@gmail.com (M. Sivakumar), sckim07 @ynu.ac.kr (S.-C. Kim).

! These authors contributed equally

https://doi.org/10.1016/j.jtice.2025.106033

Received 28 October 2024; Received in revised form 13 February 2025; Accepted 15 February 2025

Available online 9 March 2025

1876-1070/© 2025 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights are reserved, including those for text and data mining, Al training,

and similar technologies.


https://orcid.org/0000-0002-1822-8674
https://orcid.org/0000-0002-1822-8674
https://orcid.org/0000-0002-1040-3554
https://orcid.org/0000-0002-1040-3554
mailto:smchen1957@gmail.com
mailto:sivaphy05@gmail.com
mailto:sckim07@ynu.ac.kr
www.sciencedirect.com/science/journal/18761070
https://www.journals.elsevier.com/journal-of-the-taiwan-institute-of-chemical-engineers
https://doi.org/10.1016/j.jtice.2025.106033
https://doi.org/10.1016/j.jtice.2025.106033
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtice.2025.106033&domain=pdf

Krishnanpandi Alagumalai et al.

wastewater around the world.

NF are synthetic antibiotics used to treat urinary tract infections, but
they have been shown to persist in the environment for extended pe-
riods, posing a risk to aquatic life [21-23]. The toxicity of NFs is asso-
ciated with their ability to disrupt normal cellular processes, causing
adverse effects on reproduction, growth, and development [24,25].
Moreover, the lack of effective monitoring and detection methods can
lead to a delayed response to pollution incidents, causing irreparable
damage to the environment [5,26]. Therefore, there is a pressing need
for the development of reliable and efficient monitoring and detection
methods to identify pollutants, especially antibiotics, in the environ-
ment. Techniques such as gas chromatography-mass spectrometry
(GC-MS) [27] and liquid chromatography-tandem mass spectrometry
(LC-MS/MS) [28] have been widely used for the detection of pollutants
in environmental samples. Additionally, sensor technologies, such as
electrochemical and optical sensors, have shown significant promise in
real-time pollutant detection [29,30].This current work emphasises
electrochemical sensors.

The development of electrochemical sensors has revolutionised the
field of analytical chemistry, enabling the detection of various analytes
with high sensitivity and selectivity [31-33]. Electrochemical sensors
utilize a working electrode and a counter electrode to detect changes in
electrical current or potential induced by the presence of target analytes,
such as antibiotics. In recent years, various electrochemical sensors have
been developed for detecting antibiotics in foods, including ampero-
metric [34] and impedimetric sensors [35]. The use of nanomaterials as
coatings for electrochemical sensors has further enhanced their perfor-
mance, allowing for improved detection limits and reduced sample
volumes [36]. Nanoparticles have been increasingly used in electro-
chemical sensors in recent years due to their unique properties, such as
high surface-to-volume ratio, tunable size, and tailored surface chem-
istry. These properties enable nanoparticles to enhance the sensitivity,
selectivity, and stability of electrochemical sensors [37-39]. Several
types of nanoparticles have been explored for electrochemical sensing
applications, including metal nanoparticles (Au, Ag, Pt), metal oxide
nanoparticles (TiO2, SnO,), and carbon-based nanoparticles (CNTs,
graphene) [40,41].

Among the various materials used for electrochemical sensors, tin
bimuth oxide (SnBiyO3) has shown promising results due to its excellent
electrochemical properties, better electrical conductivity, and higher
mechanical strength, which make it an ideal candidate for the devel-
opment of electrochemical sensors and biocompatibility [42,43].
SnBiyO3 is a metal oxide-based material that has been extensively
studied for its potential applications in electrochemical sensing. The
surface morphology, particle size, and crystal structure of the material
influence the sensor’s performance [44,45]. The electrochemical prop-
erties of SnBiyO3 have been studied using various techniques, including
cyclic voltammetry and impedance spectroscopy [46]. These techniques
have revealed that SnBi;O3 exhibits a reversible redox reaction, which is
responsible for excellent electrochemical performance [47,48]. The
detection mechanism of analytes like antibiotics using SnBiyOs-based
sensors involves the oxidation or reduction reaction of the analyte at the
surface of the electrode material [49-51]. While SnBi-Os has several
advantages in electrochemical sensors, such as good catalytic activity
and stability, there are a few potential disadvantages that could arise
depending on the specific application like limited conductivity, aggre-
gation of nanoparticles, slow electron transfer kinetics, and surface
fouling [52,53]. To further improve its electrochemical performance of
SnBiy0O3, combined with graphene oxide (GO) [54]. GO has gained
significant attention in electrochemical applications due to its excep-
tional conductivity, large surface area, and the presence of
oxygen-containing functional groups [55-57]. These functional groups
facilitate better dispersion of nanoparticles and improve electron
transfer processes. When combined with SnBi-Os nanoparticles, GO
serves as an excellent support matrix, offering more active sites for the
electrochemical reaction and enhancing the sensitivity and selectivity of
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NF detection [58]. The composite structure of SnBi-0s/GO provides a
synergistic effect, leading to improved electrochemical response, which
makes it a promising candidate for detecting NF in complex matrices
such as biological and environmental samples [59,60]. Given that no
research has yet focused on this specific composite for NF detection, our
study seeks to fill this gap, providing a new approach to electrochemical
sensor development.

In the present study, SnBipOs nanoparticles were synthesized
through a two-stage procedure. The SnBiyO3/GCE electrochemical
sensor was fabricated using the synthesized nanoparticles, and its
effectiveness was subsequently examined through extensive analytical
testing and measurements. The electrochemical sensor performance was
evaluated through cycliv voltametry (CV) and differential pulse vol-
tammetry (DPV) techniques, followed by electrochemical impedance
spectroscopy. The parameters such as repeatability, reproducibility, and
stability were evaluated across different pH ranges and cyclic voltages.
Additionally, real sample analysis was conducted using, human urine,
and tap water.

2. Experimental section
2.1. Chemicals and reagents

Tin (II) chloride (SnCly), bismuth (III) nitrate pentahydrate (Bi
(NO3)3-5H20), hydroxylamine hydrochloride (NH2OH.HCl) and nitro-
furazone (CcHgN4O4) were bought from Sigma Aldrich. Glucose (GLU),
dopamine (DOP), ascorbic acid (AA), N-acetyl-p-aminophenol (APAP),
chloramphenicol (CAP), potassium (KM, calcium (Ca2+), magnesium
(Mgu), sodium Na™), and zinc (Zn2+) were procured from Sigma-
Aldrich and used and were of analytical grade. For the electro-
chemical experiments, the phosphate buffer solution was made by using
sodium phosphate dibasic anhydrous (NaH2POg4; >99.0 %), sodium
phosphate monobasic dihydrate (NaHyPO4-2H,0; <100 %), with
adjusting 0.1 M HCI (HCl; >37 %) and sodium hydroxide (NaOH; >98
%), Potassium ferricyanide (K3Fe(CN)g, >98 %) and potassium ferro-
cyanide (K4Fe(CN)e-3H20, >99 %) from Duksan (Taiwan). Alumina
powder (a-Aly03; 0.05um) and ethanol (C;HsOH; >95 %) were bought
from Struers (Taiwan) and Taiwan Sugar Corporation. All the chemicals
were utilized in double distilled water to make the required solutions.
All the chemicals were analytical grade and used without further
purification.

2.2. Synthesis of SnBizO3 nanoparticles

The SnBiyO3 nanoparticles were synthesized using a two-stage pro-
cess. In the first stage, 1.0 M bismuth nitrate pentahydrate was dissolved
in 40 mL of deionized (DI) water while stirring vigorously for 15 mins.
Subsequently, 15 mL of a 1.0 M tin chloride solution was added to the
mixture, followed by the addition of 10 mL of 0.5 M hydrochloric acid
(HCI). The reaction mixture was then heated to 60 °C for 20 mins, and
the pH was adjusted to 12 using 1.0 M sodium hydroxide (NaOH). The
resulting brown solution was transferred to a Teflon-lined autoclave for
hydrothermal treatment at 180 °C for 12 h. Afterwards, the precipitated
material was collected via centrifugation, washed with DI water and
ethanol, and dried in a hot air oven at 80 °C for 6 h. Finally, the material
was calcined at 400 °C for 2 h to yield tin bismuth oxide, which is
referred to as SnBi2Os throughout the manuscript, as illustrated in
Scheme 1(a).

2.3. Synthesis of SnBiz03/GO nanocomposites

The SnBi203/GO composite was synthesized using an ultrasonication
technique. Initially, GO was prepared from natural graphite powder
following a modified Hummers’ method [61]. For the composite syn-
thesis, 0.05 g of GO and 0.5 g of SnBi-Os were each separately dispersed
in DI water and subjected to ultrasonication for 30 mins to ensure
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uniform dispersion. The dispersed GO was then combined with the
SnBi20s solution, and the mixture underwent an additional 30 mins of
ultrasonication to achieve thorough integration of the GO with SnBi2Os.
The resulting composite was washed with DI water and ethanol and then
dried at 55 °C (Scheme 1 (b)).

2.4. Fabrication of SnBi»03/GO on GCE

The glassy carbon electrode (GCE) was initially cleaned through
ultrasonication in deionized (DI) water for 5 mins to remove any surface
impurities. Subsequently, the GCE was polished with a 0.05 um alumina
slurry, followed by thorough rinsing with DI water and ethanol to ensure
complete removal of polishing residues. After polishing, the electrode
was dried in a hot air oven, resulting in a smooth, mirror-like surface.
For the preparation of the nanocomposite, 5 mg of SnBi-0s/GO was
dispersed in 1 mL of DI water and sonicated for 20 mins to achieve a
uniform suspension. A 6 pL aliquot of this SnBi=03/GO suspension was
carefully drop-cast onto the cleaned GCE surface and allowed to air dry
at room temperature, facilitating the formation of a stable layer (Scheme
1 (b)). Following the fabrication process, the modified SnBi-0s/GO/GCE
was rinsed with DI water to eliminate any loosely bound particles. This
SnBi>03/GO-modified GCE was then utilized for the electrochemical
detection of NF. For comparative analysis, similar experiments were
conducted using SnBi-0s/GCE and GO/GCE under identical experi-
mental conditions.

2.5. Instrumentation

Powder X-ray diffraction (PXRD) analysis was conducted using a
PANalytical B.V. diffractometer with a monochromatic Cu-Ka source
and a PIXcel3D detector. Fourier transform infrared (FT-IR)
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spectroscopy was performed using a JASCO FT/IR-6600 instrument,
while Raman spectroscopy was carried out using a Raman Dong Woo
500 I (Korea). Field emission scanning electron microscopy (FE-SEM)
images were acquired with a Hitachi S-3000H equipped with an energy-
dispersive X-ray (EDX) spectrometer for elemental mapping. Trans-
mission electron microscopy (TEM) images were obtained from a JEOL-
JEM-2100F, which also provided selected area electron diffraction
(SAED) patterns. X-ray photoelectron spectroscopy (XPS) analysis was
conducted using a Thermo ESCALAB 250 instrument.

Electrochemical impedance spectroscopy (EIS) was performed using
an Admiral Instruments Squidstat Plus Potentiostat (1709 CH1) over a
frequency range of 10-100 Hz with a 10 mV potential in a 5.0 mM [Fe
(CN)6]3'/ 4 solution containing 0.1 M KCl. Electrochemical sensor per-
formance was evaluated using cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) with CHI 1205B and CHI 900 workstations
(CHI Instruments, Inc., USA) under ambient conditions. A three-
electrode setup was employed, consisting of an Ag/AgCl reference
electrode, a glassy carbon electrode (GCE, 0.071 cm? area) as the
working electrode, and a platinum wire counter electrode (ALS Co., Ltd,
Japan). Prior to analysis, the electrolyte solutions were deoxygenated by
purging with nitrogen gas for 15 mins.

3. Results and discussion
3.1. Crystal structure and surface analysis

In Fig. 1A, the XRD patterns of SnBi20s, GO, and SnBi>0s/GO com-
posites were analysed to investigate crystal formation and space group.
The XRD pattern of the synthesized SnBi-Os composite was analysed by
matching the diffraction peaks with reference patterns due to the
absence of a specific JCPDS file for SnBi-Os. The peaks corresponding to

Current (uA)
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Scheme 1. Synthesis process of SnBi;O3 nanoparticle and SnBi;O3/GO nanocomposites for electrochemical detection of NF.
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Fig. 1. (A) Pro-XRD, (B) Raman, (C) FT-IT analysis for SnBi»O3, GO and SnBi,O3/GO. FE-SEM images of (D) SnBi;Os3, (E) GO and (F) SnBi»O3/GO composites.

the SnBi phase were indexed using JCPDS No: 00-027-0899, with
prominent reflections observed at 22.8° (200), 30.5° (101), 40.6° (220),
53.7° (301), 60.0° (400), 61.8° (321), 66.1° (411), 77.4° (312), and
86.6° (520). Additionally, peaks corresponding to SnO2 were identified
and matched with JCPDS No: 01-088-0287, appearing at 26.7° (110),
34.1° (101), 38.1° (200), 40.0° (111), 51.8° (211), 58.0° (002), 70.8°
(202), 79.0° (321), 82.1° (400), and 84.4° (222). The presence of
characteristic peaks from both SnBi and SnO: phases confirms the suc-
cessful synthesis of the SnBi-Os composite, with possible interactions
between the two phases influencing the structural properties of the
material. For GO, peaks were observed at a 20 value of 11.59°, corre-
sponding to the (002) lattice plane, confirming the well-defined oxygen
functionality on the GO nanolayer surface. In the SnBi-03/GO compos-
ite, a slight shift in the 20 peaks was observed, indicating polar-polar
interactions between SnBi-Os and GO, which increased the number of
oxygen molecules in the composite. This shift suggests strong interfacial
bonding between the two components, further supporting the successful
integration of GO within the SnBi-Os matrix [62]. These interactions
may enhance the structural stability and improve the functional
properties.

The Raman spectra of SnBi20s, GO, and SnBi-0s/GO composites are
presented in Fig. 1B. The Bi=Os peak at 116.19 cm™ originates from the
Ag symmetry, primarily due to the participation of Bi atoms. Peaks at
283.91 cm™ and 378.12 cm™ are attributed to the metal state dis-
placements of O atoms in a-Bi-Os and unique Bi-O stretching vibrations,
respectively [63]. The peak at 518.82 cm™ is attributed to the B.g mode,
which is typically associated with bending vibrations within the SnO-
lattice structure, while the prominent peak at 619.63 cm™ corresponds
to the Aig mode, characteristic of symmetric Sn—O bond stretching vi-
brations, a defining feature of the rutile phase of SnO.. For
graphite-derived GO, two prominent peaks were observed at 1373.67
cm™! and 1657.8 cm™, corresponding to an Ip/Ig ratio of 1.2, confirming
the successful formation of GO with oxygen functionality. In the
SnBi-0s/GO composites, the prominent peaks were observed at 104.44

cm™, 184.10 cm™, 300.06 cm™, 464.60 cm™, 548 cm™, 657.43 cm™,
1022.78 cm™, 1385.94 cm™, and 1625.72 cm™. Notably, the charac-
teristic peaks of 518.82 cm™ and 619.63 cm™, corresponding to SnO,
exhibited slight shifts to 548 cm™ and 657.43 cm™, respectively. These
shifts, along with a decrease in peak intensity, can be attributed to the
interactions between SnBi-Os and GO. The disorder introduced by these
interactions suggests the formation of metal-carbon and metal-oxygen
bonds, which confirm the successful integration of SnBi-Os and GO
into a composite structure. This structural modification highlights the
effective hybridization of the components in the SnBi=03/GO composite.

The weak and broad peak observed in the range of 439.7 cm™ to
831.1 cm™ is associated with the formation of metal-oxygen (M-O)
bonds, specifically, Sn-O and Bi-O bonds (Fig. 1C). The peak at 1123.3
cm™ is attributed to the Bi-O stretching vibrations, indicating the
presence of Bi-O bonds within the SnBi2Os structure [64]. Additionally,
the appearance of a weak and broad peak at 1621 cm™ and 3445.6 cm™
is likely attributed to the bending vibrations of adsorbed water mole-
cules and hydroxyl ions residing on the surface of the SnBi-Os [65]. The
FT-IR spectrum of GO exhibits several key characteristic peaks at 3401
cm™, 1398 em™, and 1062 cm™, which correspond to the following
vibrational modes: the broad peak at 3401 cm™ is attributed to the
hydroxyl stretching vibrations (C-OH), the peak at 1398 cm™ is related
to the deformation of OH groups in C-OH and the peak at 1062 cm™
corresponds to the stretching vibrations of C-O. These peaks are indic-
ative of the oxygen-containing functional groups present on the surface
of GO, which are critical for its chemical reactivity and interactions with
other materials [66]. The FT-IR spectrum of SnBi=03/GO exhibits mul-
tiple characteristic peaks, clearly indicating the presence of both SnBi-Os
and GO within the composite. These distinct peaks correspond to the
functional groups and bonds associated with each component, providing
strong evidence of their successful integration. Consequently, the FT-IR
analysis further validates the successful synthesis and formation of the
SnBi20s/GO composite.

The FE-SEM images of SnBi-Os, GO, and SnBi-0s/GO composites
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reveal distinct morphologies shown in Fig. 1(D-F). SnBi-Os nanoparticles
appear well-formed and uniformly distributed. GO exhibits its charac-
teristic ultra-thin, sheet-like structure, highlighting its excellent film-
forming ability. In the SnBi-Os/GO composite, the nanoparticles are
homogeneously dispersed across GO sheets due to ultrasonic agitation
and host-guest interactions [17]. This intermingled structure demon-
strates strong synergy between the materials, enhancing the composites
properties for potential applications.

The survey spectrum of the SnBi20s/GO composites, shown in
Fig. 2A, confirms the presence of elemental components. Elemental
fitting analysis verifies the interactions between metal states and

Journal of the Taiwan Institute of Chemical Engineers 171 (2025) 106033

functional groups with metal and heteroatoms. In Fig. 2B, the Bi 4f
spectrum displays two major peaks: at 166.2 eV and 165.1 eV (Bi 4f5,3)
and at 160.9 eV and 159.2 eV (Bi 4f;,,), respectively. Fig. 2C shows the
Sn 3d fitting, with two main peaks at 488.5 eV (Sn 3ds,2) and 496.9 eV
(Sn 3ds/2), confirming the formation of the Sn 3d state with a peak
difference of 8.4 eV. Likewise, the GO component, as seen in Fig. 2D,
exhibits peaks at 285.9 eV and 287.6 eV, corresponding to the C—C and
O=C—O0 bonding positions. In Fig. 2E, the oxygen peaks at 530.8 eV and
531.9 eV are attributed to metal-oxygen (O-M) and carbon-oxygen
(0—C) interactions, respectively. These findings confirm the elemental
composition and interactions in the SnBi-0s/GO composites.
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Fig. 2. (A) Survey spectrum of SnBi,03/GO, Individual XPS spectrum of (B) Bi 4f, (C) Sn 3d (D) C 1 s, (E) O 1s.
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3.2. Electrochemical application

3.2.1. Electrochemical impedance spectroscopy studies

EIS was employed to evaluate the electrical conductivity of Bare-
GCE, SnBiy03, GO, and the SnBi303/GO composite, using a 5 mM so-
lution of [Fe(CN)g]®/# in 0.5 M KCl as the supporting electrolyte. In
Fig. 3A presents the Nyquist plot (Ziy vs. Z.) for Bare GCE, SnBiyO3/
GCE, GO/GCE, and SnBi»,03/GO/GCE. The semicircle observed in the
low-frequency region corresponds to the charge-transfer resistance (R.,),
while the high-frequency region represents the electrolyte diffusion
process. Generally, the radius of the semicircle is directly related to the
material’s resistance. Based on the EIS data, critical parameters such as
series resistance (Ry), charge transfer resistance (R, and capacitance
(C) were evaluated and presented in Table 1 [67,68]. Among the elec-
trodes examined, the SnBi-0s/GO/GCE demonstrated the lowest R,
indicating superior conductivity and significantly improved charge
transfer efficiency compared to Bare GCE, SnBi-03/GCE, and GO/GCE
individually.

The electrochemical properties of the Bare GCE, SnBi20s/GCE, GO/
GCE, and SnBi-03/GO/GCE electrodes were investigated using CV ina 5
mM [Fe(CN)s]* /4 solution with 0.5 M KCl as the supporting electrolyte.
The different redox peaks (I,o/Iy;) were observed for the Bare GCE (I,o/
Ic = 0.963), GO/GCE (Ipa/Ipc = 0.980), SnBi203/GCE (Ipe/Ic = 1.002),
and SnBi20s/GO/GCE (Ipo/I,c = 0.978), as seen Fig. 3B. Among these,
the SnBi>03/GO/GCE electrode exhibited the highest redox peak cur-
rents, indicating superior electrochemical activity. This enhanced per-
formance can be attributed to the SnBi-0s/GO composite providing a
greater number of electroactive sites compared to SnBi-Os or GO alone.
The well-dispersed SnBi-Os nanoparticles within the GO matrix facilitate
more efficient electron transfer and offer an increased number of reac-
tive sites for the electrochemical process. Furthermore, the electroactive
surface area of Bare GCE, SnBi-0s/GCE, GO/GCE, and SnBi-0s/GO/GCE
were calculated by Randles Sevcik Eq. (1) [69].
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Table 1

Electrochemical impedance parameters of various electrodes.
Name of modified electrode Ry(Q) Ret(Q) A(cm?) v(m V/s)
Bare GCE 117 871 0.114 0.05
SnBi;03,/GCE 117 652 0.117 0.05
GO/GCE 149 510 0.115 0.05
SnBi;03,/GO/GCE 146 248 0.141 0.05

L = 2.69 x 105AD1/2n3/2v1/2C (€8]

I,,means the peak current (uA), A signifies the active surface area
(ecm®), D is the diffusion coefficient of the electrolyte solution, n repre-
sents the number of electrons transferred (n = 1), v indicates the scan
rate (V/s), and C stands for the concentration of the electrolyte solution
(5 mM)) was used to calculate the active surface area of the modified
electrodes using the anodic slope from the linear plot, as seen in Fig. S1
(A-H). Using this equation, the estimated electroactive surface area
(EASA) was found to be 0.114, 0.117, 0.115, and 0.141 cm? for the Bare
GCE, SnBi20s/GCE, GO/GCE, and SnBi-03/GO/GCE, respectively. These
results indicate that the SnBi-0s/GO/GCE exhibits the highest EASA and
the most efficient electron transfer among the tested electrodes.

3.2.2. Electrochemical behaviour of SnBi»03/GO/GCE towards NF

Fig. 3C illustrates the CV response of various modified electrodes,
including Bare GCE, SnBi;03/GCE, GO/GCE, and SnBi>03/GO/GCE, in
0.05 M PBS (pH 7.0) containing 250 pM NF at a scan rate of 50 mV/s.
The SnBiy03/GO/GCE electrode exhibited the highest reduction peak
current of approximately —11.83 pA at a potential of —0.46 V, compared
to Bare GCE, SnBiyO3/GCE, and GO/GCE, which showed peak currents
of —8.66 pA, —9.06 pA, and —10.68 pA at potentials of —0.44 V, —0.45
V, and —0.46 V, respectively. However, the individual BiO3 and SnO,
were combined with GO (Biz03/GO and SnO»/GO) and examined under
the same experimental working conditions, as seen in Fig. S2. The results
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Fig. 3. (A) EIS spectrum of Bare GCE, GO/GCE, SnBi.0s/GCE, and SnBi>0s/GO/GCE in 0.5 M KCl and 5 mM Ka[Fe(CN)s]>~/* solution and (B) CV plots of the same
electrodes under the same conditions. (C) CV responses of film comparison from Bare GCE, GO/GCE, SnBi20s/GCE, and SnBi-0s/GO/GCE in 0.05 M PBS (pH 7.0)
with 250 pM NF, scan rate at 50 mV/s. (D) CV curves showing the effect of varying SnBi-0Os/GO volumes (2, 4, 6, 8, and 10 pL) on modified GCE in 0.05 M PBS (pH
7.0) in the presence of 250 uM NF, scan rate at 50 mV/s. (E) CV studies of SnBi=0s/GO/GCE in 0.05 M PBS at different pH values (3.0 to 11.0) with 250 pM NF, scan
rate at 50 msV/s, and (F) The corresponding calibration plots of pH vs. Ipc (uA) and Epc (V).
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consistently demonstrated that the SnBi-0s/GO/GCE electrode exhibi-
ted superior electrochemical behaviour, including higher peak currents,
enhanced sensitivity, and better stability. This can be attributed to the
synergistic effect, increased surface-active sites, larger surface area,
presence of functional groups, unique structural features, and enhanced
physicochemical properties. The irreversible cathodic peak corresponds
to the reduction of the nitro group (R-NO:2) to hydroxylamine (R-
NHOH), involving the transfer of four electrons and four protons [70].
Furthermore, during the reverse scan, an anodic peak is observed,
indicating the oxidation of hydroxylamine, as seen in Scheme 2.

To optimize the electrode composition, SnBi-0s/GO electrodes were
prepared with varying SnBi=0s-to-GO ratios (0.1 g/0.5g, 0.2 g/0.5 g, 0.3
g/0.5 g, 0.4 g/0.5 g, and 0.5 g/0.5 g). Their electrochemical perfor-
mance was evaluated in a 0.1 M PB (pH 7.0) using CV at a scan rate of 50
mV/s, as seen in Fig. S 3. The objective was to determine the optimal
SnBi-0s loading for achieving enhanced electrochemical response.
Among the tested ratios, the 0.5 g/0.5 g composition exhibited the
highest electrochemical performance, indicating that a well-balanced
proportion of SnBi-0s and GO significantly improves electrode sensi-
tivity and overall efficiency. The performance of the modified electrode
was optimized by varying the drop volume of active materials in 0.05 M
PBS (pH 7.0) with the presence of 250 uM NF solution, with a scan rate
of 50 mV/s in Fig. 3D. We tested different drop volumes (2, 4, 6, 8, and
10 uL) of a 6 mg/mL active materials suspension on the clean GCE
surface. The resulting peak currents were noticed at 2 uL (—10.09 pA), 4
uL (—11.48 pA), 6 pL (—11.86 pA), 8 uL (—11.06 pA), and 10 pL (—9.14
pA), respectively. The peak current increased with drop volumes from 2
to 6 uL, indicating improved NF detection. However, drop volumes of 8
and 10 uL led to a decrease in peak current, likely due to an increased
thickness of the active layer and less availability of active sites, which
reduced interaction with the NF analyte. Thus, the optimal drop volume
of 6 uL was selected, as it provided the most efficient response for NF
detection. This optimized drop volume was used in all subsequent
electrochemical studies.

In Fig. 3E, the effect of pH on the SnBi=03/GO/GCE electrode for NF
detection was studied across different pH levels, with measurements
taken at a scan rate of 50 mV/s. The detection response of the SnBi>0s/
GO/GCE electrode was evaluated in acidic, neutral, and basic condi-
tions. The peak current values for NF detection were —10.62 pA, —10.69
uA, —11.86 pA, —10.67 pA, and —8.57 pA at pH 3.0, 5.0, 7.0, 9.0, and
11.0, respectively. In acidic conditions (pH 3.0 and 5.0), the NF detec-
tion current response varied by approximately + 2 %. In contrast, in
basic conditions (pH 9.0 and 11.0), the variation was about + 3 %. The
reduced response in basic conditions may be attributed to decreased
interaction between the electrolyte and analyte due to increased nega-
tive charge. Therefore, the SnBi-03/GO/GCE electrode exhibited the

SnBi,0,/GO

Electrochemicalreaction
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best performance for NF detection at a neutral pH of 7.0. Moreover,
Fig. 3F illustrates the effect of different pH levels on potential values and
peak currents. The linear regression equation for the cathodic peak
potential (E,.) vs different pH was calculated to be E,.= 0.0034 V/ pH -
0.049,R? = 0.971. The slope value of 56 mV/pH unit for NF is close to
the Nernstian theoretical value of 59 mV/pH unit, implying that an
equal number of protons and electrons are transported onto the surface
of the electrode, which is matched with previous studies. The data
clearly show that the neutral pH 7.0 provides the most consistent and
superior response compared to acidic and basic conditions. Conse-
quently, pH 7.0 was used for all consequent electrochemical
experiments.

Furthermore, Fig. 4A shows the CV curves depicting the effect of
varying NF concentrations on the SnBi2O3/GO/GCE electrode. As the NF
concentration increased from 50 to 250 uM, the oxidation peak current
also increased. The peak current shifted negatively, which can be
attributed to the increasing internal solution resistance caused by the
higher NF concentration and the formation of an adsorption layer of NF
on the electrode surface. Fig. 4B presents a calibration plot of NF con-
centration vs peak current response, yielding correlation coefficients of
R? = 0.994 for reduction and R? = 0.9707 for oxidation. These results
indicate that the SnBi»O3/GO composite material is highly efficient and
sensitive to the electrochemical reduction of NF.

The CV curves of SnBi=03/GO/GCE were recorded at different scan
rates (20 to 200 mV/s) in the presence of 250 uM NF in 0.05 M PBS (pH
7.0). Fig. 4C shows that as the scan rate increases from 20 to 200 mV/s,
the background current increases linearly, with a slight negative shift in
peak potentials. The calibration plots of the square root of the scan rate
vs. redox peak currents resulted in the following equations: (R1) y =
—27.074x - 3.352, R? = 0.9951, and (07) y = 11.701x + 0.7809, R? =
0.9911, as shown in Fig. 4D. These results indicate that the analyte
detection on the SnBi-0s/GO/GCE surface is diffusion-controlled pro-
cess. The SnBi-03/GO/GCE demonstrates stable surface properties,
making it an excellent candidate for further NF detection developments.
Eq. (2) is used to determine the number of electrons involved in the
irreversible electrode reaction [71,72]:

2.303RT, RTK°

B=E+ — o5 8 F

2.303 RT
onF

@

Where E° is formal potential, v is scan rate (Vs'l), R corresponds to the
molar gas constant of 8.314 JK™!, T is designated to the temperature
(298 K), and n is standing for the number of electrons, k’is the hetero-
geneous rate constant. As shown in Fig. S4, the log v vs. Ep graph shows
good linearity for NF. The slope of the plot is 2.303RT/anF, giving an an
= 3.80 for NF. For an irreversible electrode process, a is equal to 0.5.
Using Eq. (2), the estimated number of electrons involved in the

Scheme 2. The electrochemical reduction of NF over SnBi,O3/GO/GCE.
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responding linear plot of the square root of scan rate vs. redox peak current (O1/R;, nA).

reduction of NF is approximately 3.81, which is close to four. The
reduction of NF involves the transfer of the equal number protons (4H*)
and electrons (4e”).

3.2.3. Detection response of NF from SnBizO3/GO/GCE

The DPV response of the SnBi»03/GO/GCE composite toward NF
reduction was investigated by applying a constant potential (Epc)
ranging from +0.2 V to —0.6 V. NF was incrementally added to a
nitrogen-saturated 0.05 M PBS solution (pH 7.0), and the corresponding
reduction current was recorded. A stepwise increase in the reduction
current, correlating to NF reduction, was observed, as shown in Fig. 5A.
The inset figure, marked by an arrow, highlights the rapid response of
SnBiy03/GO/GCE within 40 seconds to a very low concentration of NF.
The resulting linear range of detection was determined to be 0.023 to
814.36 uM. The regression equation for current (Ipc) vs. NF concentra-
tions were determined as Ipc = —0.0197 C(mM) + 3.197, with a cor-
relation coefficient (R?) of 0.9839. From this calibration curve, the
sensitivity was calculated as 273.61 pA mM™ cm™2 (From Eq. (3)), and
the limit of detection (LOD) was found to be 0.0124 uM (From Eq. (4)).
Furthermore, the selectivity of the SnBi-0s/GO/GCE composite, which is
critical for efficient electrode performance in sensing applications, was
evaluated and compared to previously report modified electrode per-
formances, as summarized in Table 2.

Slope of regression equation

Sensitivity —
ensitivity Working surface area of GCE

3

LOD = 36/ x @

In this context, ¢ and & represent the standard deviation of the blank,
where 30 corresponds to three standard deviations, and 10z corresponds
to ten standard deviations. The symbol x denotes the slope derived from
the linear regression equation.

In Fig. 5C presents the DPV curve recorded in the presence of NF and
various potential interferents such as GLU, DOP, UA, APAP, CAP, and
metal ions like K*, Ca?*, Mg?*, Na™, and Zn?" in the nitrogen-saturated
0.05 M PBS (pH 7.0) solution. The SnBi203/GO/GCE exhibited a distinct
response to NF, while no significant response was observed for other
interferents. These selective behaviours, as shown in Fig. 5D, confirm
the electrode’s specificity toward the target analyte.

3.2.4. Repeatability, reproducibility and stability

The CV studies were conducted to assess the repeatability, repro-
ducibility, and storage stability of the SnBi;03/GO/GCE electrode. First,
the repeatability of the sensor was assessed by performing five consec-
utive measurements, yielding a relative standard deviation (RSD) of
2.14 % (Fig. 6A). The CV curve, shown in Fig. 6B, was recorded for the
SnBi303/GO/GCE electrode in Na-saturated 0.05 M PBS (pH 7.0) con-
taining 200 uM NF. The measurements were performed using five
independently prepared electrodes, resulting in a relative standard de-
viation (RSD) of 2.46 %, indicating good repeatability. For storage sta-
bility in Fig. 6(C), the modified electrodes were stored at room
temperature for one week. Afterwards, the peak current response for
200 uM NF was measured at 6-day intervals, showing an RSD of 2.33 %,
with 95.81 % of the initial response retained. These results confirm the
excellent stability of the SnBi303/GO composite on the GCE. Overall, the
SnBiy03/GO/GCE electrode exhibited a well-defined electrocatalytic
response towards NF.

3.2.5. Real sample analysis

To assess the performance and applicability of the SnBi-03/GO/GCE
sensors for the electrochemical detection of NF in real samples, mea-
surements were conducted without and with human urine and tap
water. The analysis was performed using DPV under phosphate buffer
(pH 7.0) at a potential of 0.389 V. First, the control sample (unspiked
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Fig. 5. (A) DPV responses of SnBi20s/GO/GCE in 0.05 M PBS (pH = 7.0) for different NF concentration ranges, and (B) the corresponding calibration plot of NF
reduction peak current (R1, pA) vs. concentration (uM). (C) DPV plots from interference studies showing the effect of various interfering molecules (at 20-fold
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Table 2
Comparison of SnBi203/GO/GCE sensors with previously reported materials for
NTF detections.

Modified electrode Method  Linear range (1M)  LOD (uM)  Ref.
NSO/GCE i-t 0.006-466.67 3 [58]
rGO/Fe304/GCE DPV 0.1-100 0.083 [73]
AuNPs/Gr/TFGE DPV 0.2-4800 0.13 [74]
LMNSs/SPCE DPV 0.010-144 0.072 [75]
DUT-67/T-PPY DPV 9.08-1004.4 8.7 [76]
DS-DNA DPV 2.5-37.5 0.8 [77]1
Au-AuNR i-t 3.0-500 0.18 [78]
Sg-C3N4/CuWO0,4/GCE DPV 50-610 6.51 [79]
SnBi,03/GO/GCE DPV 0.023-814.36 0.0124 This work

sample/without biological sample) concentrations of NF were con-
ducted, and the sensor response for each control sample (Fig. 6D). The
recovery percentage was calculated from the calibration of the detected
current, yielding values between 99.86 % and 98.65 %, demonstrating
the successful detection of NF, as seen in Table 3. Then, human urine
samples were collected from Chang Gung Memorial Hospital (CGMH),
Taiwan, adhering to the guidelines of the Chang Gung Biosafety Com-
mittee (contract number: 20210161B0) and in compliance with appli-
cable laws and protocols and stored at 4 °C for use. Prior to analysis, the
urine samples were centrifuged at 5000 rpm for 10 mins to remove any
particulates and debris. The supernatant was diluted 1:10 (v/v) with
deionized water to match the working concentration range of the sensor.
The diluted urine sample was spiked with known concentrations of NF
for the standard addition method and used directly for electrochemical
analysis (Fig. 6E). Tap water was collected from a local source and
filtered through a 0.22 ym membrane filter to remove suspended par-
ticles and impurities. The filtered tap water was used as is. Known

concentrations of NF were spiked into the tap water samples for stan-
dard addition experiments (Fig. 6F). Both the prepared urine and tap
water samples (spiked) were subjected to electrochemical analysis using
the developed SnBi-0s/GO-modified electrode. Both urine and tap water
samples were analysed using DPV to measure the sensor response. For
each sample, triplicate measurements were performed to ensure accu-
racy and reproducibility. The recovery percentage was calculated from
the calibration of the detected current, yielding values between 99.15 %
and 97.14 % (Table 3), demonstrating the successful detection of NF in
human urine and tap water with the SnBi-03/GO/GCE sensor.

4. Conclusion

In summary, SnBi-Os nanoparticles and GO nanolayers were suc-
cessfully synthesized using hydrothermal methods. The SnBi-0s/GO
nanocomposite was effectively prepared using an ultrasonication
method. The physicochemical properties of the synthesized Sn-Bi-Os
nanoparticles, GO nanolayers, and SnBi-0s/GO nanocomposite were
characterized using various spectroscopy techniques. The different
modified electrodes were tested for NF detection, and the SnBi-0s/GO
nanocomposite demonstrated high performance, selectivity, a wide
linear range, and acceptable limits of detection. Additionally, SnBi=Os/
GO/GCE showed good performance in spiked real samples of human
urine and tap water, with DPV curves indicating reasonable response to
additions. The SnBi=03/GO/GCE exhibited excellent recovery perfor-
mance in real sample analysis. We are developing SnBi-0s/GO/GCE for
applications in the pharmaceutical industry.
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Table 3
Real sample analysis of NF without and with urine and tap water (N = 3).
Sample Added (pM/0.01 M) Found (uM) Recovery (%)
NF 0 — —
5 4.97 99.57
10 9.86 98.65
15 14.86 99.09
20 19.93 99.66
NF + Human urine 0 — —
5 4.91 99.15
10 9.85 98.72
15 14.91 99.57
20 19.24 98.17
NF + Tap water 0 — —
5 4.74 98.3
10 9.03 97.64
15 14.39 98.76
20 19.68 98.62

*N-Replication.
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