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High consumption of azo dyes such as sunset yellow (SY), widely used to improve the color and taste of
some food products, is harmful and leads to diseases and problems in humans. Therefore, one of the
important missions of scientists and researchers is to invent a fast and low-cost method to detect the
amount of SY in food products. Here, we synthesized ZnS-SnS,/S—-rGO and modified a carbon paste
electrode to design a sensor for SY determination in an aqueous environment and some real food sam-
ples. The morphology and structure of the ZnS—-SnS,/S—-rGO were investigated by FE-SEM, HR-TEM,
XPS, EDS, ATR-IR, Raman, and XRD techniques. Differentiated pulse voltammetry (DPV), cyclic voltam-
metry (CV), and electrochemical impedance spectroscopy (EIS) methods were used to study the electro-
chemical section. The designed sensor had a detection limit of 140 nM (S/N = 3) and a wide linear range
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of 3-100 puM and was used for SY determination in some real food samples with excellent recoveries
(between 95.09 and 108.28%). This sensor has a high sensitivity and selectivity compared to the analog
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1. Introduction

An essential category of food additives is synthetic colorants,
which, due to their many advantages, such as being cheap,
making the appearance of food more attractive, and their stable
structure, are widely used in food production.’ One of them is
SY, where 2.5 mg kg™ ' bw ' day ' is the maximum allowed
amount of daily consumption recommended by the EU.”
Research indicates that overuse of SY might lead to several
ailments, including bronchial asthma, attention deficit hyper-
activity disorder, allergies, diarrhea, and dermal pruritus.
Consequently, the amount of SY in food is controlled according
to legal limits.® SY can be recognized by employing analytical
techniques like enzyme-linked immunosorbent assay (ELISA),*
capillary electrophoresis,” spectrophotometry, HPLC-mass
spectrometry,” high-performance liquid chromatography
(HPLC) and thin-layer chromatography (TLC),® and electroche-
mical methods.”*® The electrochemical approach has attracted
much interest in detecting SY because of its benefits, which
include low cost, fast reaction, short detection procedure, and
high sensitivity compared to other methods."*
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molecules with a similar structure for SY. It has commendable stability and satisfactory reproducibility.

To detect azo dyes, the electrochemical method employs
electrochemical sensors featuring an optimal electrode char-
acterized by a substantial surface area, superior electrical
conductivity, commendable selectivity, and appropriate pore
architecture.’* Given that SY is an electroactive compound,
the electrochemical approach is suitable for its identification.
However, a challenge arises due to the presence of a mixture of
food colorants, which regrettably interfere with the target food
color (SY) signal on unmodified electrodes, compromising
selectivity. Therefore, modification of the electrode surface is
used to solve the abovementioned problem.°

Graphene, a prevalent material for electrode surface modi-
fication, consists of carbon atoms, resulting in highly stable
chemical characteristics. Simultaneously, it can absorb and
desorb several atoms and molecules, and its properties may
be modified by doping. Among the drawbacks of graphene
oxide-based electrodes, we can point out the low efficiency of
initial colony power and reversible capacities, because its
functional groups contain a lot of residual oxygen or large
surface areas.'” Doping is an efficacious way of solving such
problems. Sulfur doping in graphene oxide sheets enhances
electrochemical activity and electrical conductivity by creating
exterior flaws and boosting specific capacitance via reversibil-
ity. Doping of heteroatoms like phosphorus, sulfur, and nitro-
gen is an effective method to influence the chemical and
physical characteristics of carbon materials, including gra-
phene, by altering electrical properties via defect creation and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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resistance, as well as enhancing interlayer spacing. A group of
scientists showed that sulfur doping can increase the distance
between layers of carbon materials.'® Graphene oxide is known
as one of the most stable chemical materials, but it suffers from
the restacking of functional groups created in its synthesis,
which can be solved by doping heteroatoms. Sulfur doping in
graphene oxide sheets can increase electrochemical activity and
electrical conductivity by increasing the effective surface area.
Fortunately, the inherent properties of graphene oxide, such as
the distance between layers and its resistance, allow oxygen-
containing groups on graphene oxide to be replaced by sulfur
atoms that have similar chemical properties.'”*®

Recently, transition metal sulfides (TMS) such as SnS,,
MoS,, WS,, and CeS, along with their composites, have attracted
considerable attention due to their unique band gap, exceptional
catalytic properties, and high electrical conductivity. Tin(v) is not
categorized as a transition metal; yet, tin disulfide (SnS,) possesses
a crystalline structure similar to that of CdI,-type transition metal
sulfides, distinguished by layers of Sn atoms interspersed between
two layers of closely packed S atoms, held together by weak van der
Waals interactions.'® Because of its low toxicity, affordability, and
durability in non-alkaline environments, tin disulfide (SnS,), an
n-type semiconductor with a visible optical band gap of 2.2 eV,
has garnered much interest.>® However, its electron-hole per-
formance is inadequate due to the fast recombination of
electron-hole pairs, restricting its direct use; graphene might
improve electron transport and hence boost the performance
of Sns,.>H??

Scientists are interested in zinc sulfide (ZnS), a very promising
metal chalcogenide, because of its inherent properties, which
encompass superior electrical mobility, water insolubility, thermal
stability, cost-effectiveness, and non-toxicity. ZnS is an n-type
semiconductor photocatalyst that demonstrates significant chemical
stability against hydrolysis and oxidation, along with a negative
oxidation potential. ZnS appears in several morphologies,
including cubic (sphalerite) and wurtzite, in a tetrahedral
framework. Semiconductor materials like ZnS exhibit physical
and chemical stability and a substantial band gap.>***

However, single TMSs have limitations such as slow ion
transport kinetics and poor electrical conductivity, which limit
their applications. Therefore, rational designs in the composi-
tion and structure of these compounds can overcome these
limitations. In particular, bimetallic sulfides, consisting of two
metallic elements (Co, Fe, Sn, Zn, etc.), have higher catalytic
activity, mechanical stability, and electrical conductivity due to
their abundant redox sites and possible synergistic effects.>>2¢
Liu and co-workers synthesized the bimetallic sulfide H-Zn ;-
Co, S, by facile co-precipitation and solvothermal sulfidation
methods and used it to design an electrochemical sensor for
dopamine measurement.?” Disouza and colleagues synthesized
the ZnS:SnS,@EGO nanocomposite by a hydrothermal method
and used it for electrochemical measurement of the carcino-
genic pollutant maleic hydrazide.*® Li and colleagues synthe-
sized the MoO;/ZnCdS nanocomposite and used it for the
simultaneous measurement of 4-nitrophenol and Cr(vi) using
a photoelectrochemical sensor. The designed sensor showed
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very good stability, reproducibility, and selectivity, and was
used to measure these compounds in real samples.>®

Heterogeneous structures containing different compounds
can facilitate the reaction kinetics and increase the electron
transfer rate. Considering the advantages and disadvantages of
each of the mentioned materials, we turned to the synthesis of
sulfur-doped graphene oxide (S-rGO) and the heterogeneous
structure of ZnS-SnS, with easy conversion of precursors through
the hydrothermal method, which is an easy and highly efficient
method.*® The ZnS-SnS, microcubes were synthesized by direct
conversion of the cubic precursor ZnSn(OH)s, and for the first
time, the ZnS-SnS,/S-rGO nanocomposite was prepared by dis-
persing sulfide microcubes (ZnS-SnS,) on S-rGO nanosheets. Due
to the extraordinary capabilities of the S-rGO nanostructure, the
combination of bimetallic sulfide with S-rGO resulted in a nano-
composite that was used in the design of a modified electroche-
mical sensor for the determination of SY. Due to the improved
performance and efficiency, and the beneficial properties of this
nanocomposite, the proposed sensor showed excellent perfor-
mance for the detection of SY in some food samples.

2. Experimental section

2.1. Chemicals and instruments

All materials used in this study were purchased from Merck and
were analytical reagent grade, including: graphite powder, nujol
oil, potassium chloride, hydrochloric acid, sodium hydroxide,
potassium ferrocyanide, acetic acid, sulfuric acid, zinc chloride,
tin(v) chloride, sodium hydroxide, sunset yellow, tartrazine, potas-
sium permanganate, hydrogen peroxide, sodium nitrate, sodium
sulfide, ethanol, citric acid, and thioacetamide. The phosphate
buffer solution (PBS, 0.1 M, pH = 7.5) was used as a supporting
electrolyte. All solution preparation was done using double-
distilled water. The used instruments were as follows: a Metrohm
Autolab B. V.® Autolab PGSTAT 101 potentiostat/galvanostat
(Utrecht, UT, the Netherlands) (including a three-electrode cell
system, a bare or modified carbon paste electrode (CPE) as a
working electrode, an Ag/AgCl/saturated KCl as a reference elec-
trode, and a platinum wire as a counter electrode) for electro-
chemical section determinations, a field emission scanning
electron microscope (FE-SEM) with an accelerating voltage of
20 kv (MIRA 3, TESCAN, Czech Republic) and a Philips EM208S
100 kV high-resolution transmission electron microscope
(HRTEM) for morphology investigation, X-ray diffraction (XRD)
with an X’Pert MPD (Philips, Netherlands), a UV-vis spectrophoto-
meter (UV-2600, Shimadzu, Japan) for DRS spectra recording, and
a Tensor 27 (Bruker) with KBr pellets for IR spectra recording.

2.2. Synthesis of cubic-like ZnSn(OH),

Initially, 4 mmol of SnCl, was dissolved in 20 mL of ethanol.
The solution was added to a mixture comprising 4 mmol of
citric acid and 4 mmol of ZnCl, in 140 mL of deionized water.
Subsequently, 20 ml of 2 M NaOH solution was incremen-
tally added to the preceding solution, which was undergoing
vigorous agitation. After 60 minutes, an extra 60 ml of NaOH
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solution was added all at once, leading to the emergence of a
white precipitate after 30 minutes. The resulting product
underwent multiple centrifugation cycles with ethanol and
deionized water, and was thereafter dried in an oven at 60 °C,
and was identified as ZnSn(OH).*"

2.3. Preparation of ZnS-SnS,

To produce ZnS-SnS,, 5 mL of acetic acid was slowly introduced to a
solution containing 3 g of precipitate (ZnSn(OH)) and 5 mmol of
thioacetamide in 25 mL of deionized water while continuously
stirring. The obtained solution was transferred to an autoclave and
subjected to an oven temperature of 160 °C for 10 hours, yielding a
yellow precipitate. The resulting solution was subjected to centrifu-
gation with deionized water and ethanol many times, and thereafter
it was dried at 60 °C in an oven, and designated as ZnS-SnS,.*"

2.4. Preparation of S-rGO

Graphene oxide was initially manufactured by the modified
Hummers process, and for sulfur doping, 3 mg of graphene
oxide was distributed in 5 mL of deionized water. After this
step, 1 mL of 0.5 M Na,S solution was included and subjected
to sonication for 15 minutes. A further 15 minutes was con-
ducted in a 100 °C water bath. The procedure was reiterated,
and the resultant precipitate was subjected to centrifugation
with deionized water many times, thereafter it was dried at
60 °C in an oven, and designated as S-rGO.*

2.5. Preparation of ZnS-SnS,/S-rGO

To do this, 0.12 g of S-rGO was dispersed in 40 mL of deionized water,
whereas 0.24 g of ZnS-SnS, was distributed in 3 mL of deionized
water, with both solutions sonicated separately for 15 minutes. The
two scattered solutions were thereafter combined and stirred for
10 minutes. Subsequently, it was placed into an autoclave at 170 °C
for 4 hours. The resulting precipitate was subjected to centrifugation
with ethanol and deionized water many times, and thereafter dried at
80 °C in an oven, and designated as ZnS-SnS,/S-rGO.*

2.6. Fabrication of the sensor

To make a uniformly consistent paste, 70% graphite powder
and 30% nujol oil were initially combined manually for 15 to
30 minutes. A copper wire was then put into the cut insulin
syringe (d = 3.5 mm) to establish electrical contact with the
electrode after this homogeneous mixture had been fully com-
pressed. In this way, a bare CPE is ready.*® For the preparation
of the modified CPE, namely ZnS-SnS,/S-rGO/CPE, it was done
in this way: 0.08 g ZnS-SnS,/S-rGO was dispersed in 2 mL
ethanol for 10 min, and then 60 pL of it was dropped on the
bare CPE surface and allowed to dry to be ready for use. A
schematic of these steps is presented briefly in Scheme 1.

3. Results and discussion
3.1. Characterization of ZnS-SnS,/S-rGO/CPE

FE-SEM images of ZnSn(OH), with different magnifications are
demonstrated in Fig. 1(a and b). According to this figure, the
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Scheme 1 Schematic illustration of ZnS—SnS,/S—-rGO/CPE preparation
for SY determination.

Fig.1 FE-SEM images of (a) and (b) ZnSn(OH)e precursor, (c) and (d) ZnS—
SnS,, and (e) and (f) ZnS—SnS,/S-rGO.

ZnSn(OH)e precursor has high monodispersity and a homo-
geneous cube architecture. These microcubes have an average
diameter of around 2 pm. The ZnS-SnS, sample is shown in
Fig. 1(c and d) as microcubes that are packed with stacks of
two-dimensional ultrathin nanoparticles and a few small nano-
particles, and have an average size of 1.7-2.0 pm. Fig. 1(e and f)
shows the SEM image of the ZnS-SnS,/S-rGO composites at
different magnifications, and it can be seen that ZnS-SnS,
microcubes are present along with S-rGO ultrathin sheets.
Charges and ion transport may be efficiently improved by
conductive and flexible S-rGO nanosheets.

Fig. Sla-c (ESIt) shows the EDX spectrum of ZnSn(OH)s,
ZnS-SnS,, and ZnS-SnS,/S-rGO, respectively. In Fig. Sla (ESIt),
the presence of O, Sn, and Zn elements; and in Fig. S1b (ESIY), S,
Zn, and Sn elements; proved the successful synthesis of ZnSn(OH)s
and ZnS-SnS,, respectively. Fig. Sic (ESIT) demonstrates the effec-
tive synthesis of the ZnS-SnS,/S-rGO nanocomposite, as evidenced
by the presence of all constituent elements: Zn, Sn, C, O, and S.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) and (b) Low and high magnification TEM of ZnS—-SnS,, (c) HR-
TEM micrograph of ZnS-SnS,, (d) and (e) low and high magnification TEM
of ZnS-SnS,/S-rGO, (f) HR-TEM micrograph of ZnS-SnS,/S-rGO, and
(g) and (h) SAED pattern of ZnS—SnS, and ZnS-SnS,/S—-rGO, respectively.

The internal structure and morphology of the ZnS-SnS, and
ZnS-SnS,/S-rGO nanocomposites were examined using selected
area electron diffraction (SAED) patterns, high-resolution TEM
(HR-TEM), and conventional transmission electron microscopy
(TEM). Comprehensive HR-TEM and TEM images of ZnS-SnS,
are shown in Fig. 2(a-c). A high magnification TEM picture
(Fig. 2b) confirms the micro cube structure with a thin brim seen
in Fig. 2a. A considerable region of the black shadow suggests
that this nanocomposite is composed of nanoplates and nano-
particles, which is consistent with the SEM morphology. The
embedding of nanoparticles in S-rGO is confirmed by typical
TEM images of the nanocomposite ZnS-SnS,/S-rGO (Fig. 2(d
and e)). Fig. 2c and f shows lattice-resolved HR-TEM images of
the ZnS-SnS, and ZnS-SnS,/S-rGO nanocomposites, respec-
tively. According to Fig. 2(c and f), the interplanar spacings of
0.163 and 0.161 nm correspond well with the (311) plane of ZnS,
and the d-spacings 0.307 and 0.306 nm correspond to the (111)
plane of ZnS (PDF# 77-2100), while the d-spacings of 0.271 and
0.215 nm correspond to the (101) and (102) planes of SnS,,
respectively (PDF# 23-0677). The HR-TEM data show good agree-
ment with the XRD and SEM results. A set of distinct diffraction
rings is produced using SAED patterns (Fig. 2(g and h)). These
rings are completely indexed to the (111) and (311) planes of ZnS
and the (101) and (102) planes of SnS,, respectively.>"3%3°

The materials’ crystalline phase and grain size were described
using powder X-ray diffraction (XRD) measurement. The XRD
patterns of the ZnSn(OH)s, ZnS-SnS,, S-rGO, pure GO, and
ZnS-SnS,/S-rGO nanocomposite are shown in Fig. 3. The XRD

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD patterns of GO, S—rGO, ZnSn(OH)g, ZNS-SnS,, and ZnS—-SnS,/
S-rGO.

pattern of GO displays the characteristic (001) plane at 20 =
11.5° with a distance of 0.77 nm, signifying the presence of
oxygenated functional groups such as carboxyl, epoxy, and
carbonyl. The peak at 20 = 41.57° represents the carbon’s
hexagonal structure.’®?” Fig. 3 illustrates that the XRD pattern
of S-rGO displays a broad peak for graphene planes in the 20 =
23° area, attributed to reduced oxygenated groups and the
decreased interplanar distance (0.40 nm) between the (002)
planes. This finding confirms the reduction of graphite oxide,
as evidenced by the removal of the pronounced peak in the
11.5° area.’®*® Fig. 3 illustrates that the XRD pattern of the
produced ZnSn(OH)s microspheres displays specific diffraction
peaks corresponding to the cubic phase of ZnSn(OH)s (JCPDS
No. 73-2384). The distinct peaks, devoid of any extraneous
peaks, signify the great purity and exceptional crystallinity of
the precursor.

The XRD patterns of the ZnS-SnS,/S-rGO nanocomposite
closely align with those of the pristine ZnS-SnS, sample,
exhibiting 260 values of 28.5° 33.1°, 47.4° 56.3°, and 76.0°,
which correspond to the (111), (200), (220), (311) and (331)
crystal planes of cubic ZnS, respectively (PDF# 01-077-2100).
The peaks at 20 values of 15.0°, 28.2°, 32.1°, 41.9°, 49.9°, 52.4°,
54.9° 60.6°, and 70.3° correspond to the (001), (100), (101),

Mater. Adv,, 2025, 6, 4378-4388 | 4381
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Fig. 4 The XPS (a) survey spectrum, (b) C 1s, (c) O 1s, (d) S 2p, (e) Zn 2p,
and (f) Sn 3d high-resolution XPS spectra of the ZnS—-SnS,/S—rGO.
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(102), (110), (111), (103), (201), and (113) crystal planes of SnS,,
respectively (PDF# 00-023-0677). On the other hand, the XRD
spectrum of the ZnS-SnS,/S-rGO nanocomposite peaks at
about 23°, mainly due to the presence of S-rGO.*" The strong
XRD peaks denote orthorhombic SnS, and cubic ZnS structures,
signifying enhanced crystallinity and grain growth.®**> The nano-
composite pattern exhibits distinct peaks corresponding to ZnS-
SnS, and S-rGO, therefore confirming the effective synthesis of
the ZnS-SnS,/S-rGO nanocomposite.

The sample was then analyzed using X-ray photoelectron
spectroscopy (XPS) to look into the elemental status and
chemical composition of each species. Fig. 4a shows the full
XPS spectrum of ZnS-SnS,/S-rGO, further illustrating the
co-existence of Zn, Sn, C, O, and S elements. In the XPS
spectrum of C 1s (Fig. 4b), four main peaks with the binding
energies at 285.94 eV, 287.44 eV, 288.53 eV, and 289.69 €V are
assigned to C—C, C-S/C-O, C—=O, and O—C-O bonds,
respectively.”® As presented in Fig. 4c, the high-resolution
O 1s spectrum can be fitted into three peaks at 532.97 eV,
534.16 eV, and 535.30 eV, which are assigned to the C=O,
0-C, and O-C=0, respectively.** As exhibited in Fig. 4d, the
high-resolution spectrum of S 2p, is separated into S 2p*? and
S 2p*? at 163.69 eV and 165.49 eV, respectively.*® The high-
resolution spectrum of Zn 2p (Fig. 4e) shows peaks of Zn 2p*/>
and Zn 2p*? at 1046.95 eV and 1023.85 eV, respectively.
The distance between these Zn 2p peak positions is 23.1 eV,
which can be attributed to the state of Zn>* and agrees well
with previous reports.*®*” In the high-resolution XPS spec-
trum of Sn 3d (Fig. 4f), Sn 3d** and Sn 3d*? peaks are
detected with binding energies at 498.06 eV and 488.58 eV,
respectively.*®
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FTIR spectra of GO, S-rGO, ZnS-SnS,, and ZnS-SnS,/S-rGO
were recorded and the obtained results are shown in Fig. 5. The
FTIR spectra of the pristine GO sheets reveal the presence
of several functional groups, including C=O0 stretching from
the carbonyl, broad -OH stretching, and carboxyl vibrations,
and C=C skeletal stretching vibrations at 1713, 3418, and
1621 cm ™', respectively. Also C-O stretching peaks of alkoxy
and epoxy at 1049 cm ™' and 1225 cm ™" were observed.*® Also,
when comparing S-rGO to GO, the relative intensities of ~-OH,
C—0, C-OH, and C-O become weak or almost nonexistent,
showing that the oxygen-containing groups are massively elimi-
nated during the reduction treatment.’>*' For the S-rGO
spectrum, the peak at 1123 cm ! corresponds to the vibrations
of C-S-C.*>*® In the S-rGO spectrum, the C-O-C bonding
signal was not present; this result indicates that the epoxide
group of GO converted into C-S-C or C-S. Moreover, the
pronounced absorption bands between 500-660 cm ™" for
ZnS-SnS, and ZnS-SnS,/S-rGO were associated with the vibra-
tional characteristics of Zn-S and Sn-S. The resonance inter-
action among the vibrational modes of sulfide ions within the
crystal lattice was proved by group peaks near 1000 cm ™ '.>*?>

Because Raman spectroscopy is highly sensitive to the
electrical structure, degree of hybridization, crystal disorder,
and quantity of chemical changes of carbon nanostructures, it
may be used to gain important information about graphene
and its derivatives. Fig. 6 shows the Raman spectra of GO,
S-rGO, ZnS-SnS,, and ZnS-SnS,/S-rGO. The four characteristic
peaks in the spectrum are the D, G, 2D, and D + G peaks. The D
and G bands were found at 1348 and 1594 cm™ ' in pristine GO,
respectively. While the G band originates from the vibrations of
sp® carbon atoms in graphitic hexagonal lattices, the D band is
associated with the vibrations of sp® carbon atoms associated
with defects and disorder.”®®” Moreover, the D + G peak is
a combined scattering peak, and the 2D peak represents
the second-order disorder mode due to an alternate in-plane

ZnS-SnS,/S-rGO

/

Zn-S and

/

Transmittance (%)

+~O0-H c=0~"

2900 2400 1900 1400 900
Wavenumber / cm!

Fig. 5 FT-IR of GO, S-rGO, ZnS-SnS,, and ZnS—-SnS,/S-rGO.

3900 3400 400
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1100

vibration.>® All of the peaks in S-rGO showed a minor redshift
(leftward shift), with the D and G bands showing up at 1343 and
1579 cm ', respectively. This was explained by structural
reordering that occurred during the reduction and sulfonation
process. In S-rGO, the intensity of the D band was higher than
that of the G band, signifying a structural degradation of the
sp® carbon lattice due to the reduction of oxygen functions in
graphene oxide; moreover, the induced sulfur ions promote
further disorder. The D band of the ZnS-SnS,/S-rGO nanocom-
posites, beside GO, exhibited a blue shift at 1351 cm™ ', whereas
the G band had a little red shift at 1578 cm™'. These shifts in
the Raman spectra suggest the presence of interactions
between ZnS-SnS, and GO.”®*° The intensity ratio of the D
and G bands (Ip/Ig) for GO, S-rGO, and ZnS-SnS,/S-rGO is 0.99,
1.21, and 1.22, respectively.®® The results show that the oxygen
functions of GO have been partly decreased, and sulfur ions
have been incorporated into the carbon lattices.®® The Raman
spectra for ZnS-SnS, and ZnS-SnS,/S-rGO display additional
bands indicative of the presence of ZnS-SnS, in the composite
material.®>®®* Hence proving the coexistence of both compo-
nents in the hybrid structure.

3.2. Electrochemistry of ZnS-SnS,/S-rGO/CPE

The electrochemical properties of ZnS-SnS,/S-rGO/CPE were
measured using the redox probe. For this purpose and electro-
active surface area determination, CVs were recorded in 1 mM
[Fe(CN)e]>*~ in 0.1 M KCI solution in the scan rate range of
10-100 mV s~ * for the bare CPE, ZnS-SnS,/CPE, S-rGO/CPE,
and ZnS-SnS,/S-rGO/CPE and are shown in Fig. S2(a-d) (ESIY),
respectively. The calculation employed the Randles-Sevcik
eqn (1):*

I, = (2.69 x 105)n*”ACD"*v"? (1)

I, denotes the peak current, D represents the diffusion
coefficient of [Fe(CN)e]*"*~ (6.2 x 10~° ecm? s~ %), A indicates
the electroactive area (cm?), n signifies the number of electrons,
v refers to the scan rate (V s~ '), and C is the concentration
of [Fe(CN)s]>*~ (M). The electroactive surface areas were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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calculated to be 0.21, 0.03, 0.35, and 1.33 cm? for the bare
CPE, ZnS-SnS,/CPE, S-rGO/CPE, and ZnS-SnS,/S-rGO/CPE,
respectively. The surface area obtained with the ZnS-SnS,/
S-rGO/CPE was 6.33-fold higher than the value for the CPE.
The findings demonstrated that the incorporation of ZnS-SnS,
and S-rGO enhanced the electroactive surface area of the
electrode, hence augmenting the peak current intensity.**

To evaluate the electrochemical activity of the bare CPE,
ZnS-SnS,/CPE, and ZnS-SnS,/S-rGO/CPE, both electrochemical
impedance spectra (EIS) and CV results are presented. Fig. 7a
illustrates the CV curves of the bare and modified CPE in a
0.1 M KCI solution containing 1 mM [Fe(CN)¢]>/*~ at a scan
rate of 100 mV s~ '. The peak potential difference (AE,) for the
bare CPE, ZnS-SnS,/CPE, and ZnS-SnS,/S-rGO/CPE were mea-
sured at 0.48 V, 0.41 V, and 0.11 V, respectively. Modifying the
CPE surface with ZnS-SnS,/S-rGO enhanced the redox peak
current and reduced the peak potential difference (AE,). The
anodic peak current of ZnS-SnS,/S-rGO/CPE was almost
6.11 times greater than that of the bare CPE. The high redox
peak current of the ZnS-SnS,/S-rGO/CPE nanocomposite can
be attributed to its substantial specific surface area, the
enhanced number of active sites by sulfur-doped RGO, and
quick electron transfer; these characteristics indicate that the
ZnS-SnS,/S-rGO nanocomposite possesses unique electrocata-
lytic activity.

The interfacial electron transport properties of several mod-
ified electrodes were examined by electrochemical impedance
spectroscopy (EIS). Fig. 7(b and c) shows the Nyquist plots of
electrochemical impedance spectra of the bare CPE, ZnS-SnS,,
and ZnS-SnS,/S-rGO modified CPE in 1 mM [Fe(CN)qJ*/*~
containing 0.1 M KCI under 0.15 V. As shown in Fig. S3 (ESIT),
the EIS curves obtained from the experiment were examined by
fitting them to the standard Randle’s equivalent circuit.
The impedance data of the bare GCE and other modified GCEs
had two components. One segment is linear, while the other
is semi-circular; the linear segment is associated with the
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Fig. 7 (a) CVs, (b) and (c) Nyquist plots from 10° Hz to 10~! Hz frequencies
in 0.1 M KCl solution containing 1.0 mM KzFe(CN)e; and (d) DPVs of 0.1 mM
solution of the SY in 0.1 M PBS (pH = 7.5) at the GO, S-rGO, ZnS-SnS,, and
ZnS-SnS,/S-rGO.
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restricted diffusion process, while the semi-circular segment
pertains to electron transfer throughout the reaction, with its
diameter corresponding to the charge transfer resistance (R).
The resistance (R.) results from the faradaic interaction
between the electrode and the electrolyte. The bare CPE, ZnS-
SnS,/CPE, and ZnS-SnS,/S-rGO/CPE exhibited the R, values
6270 Q, 15900 Q, and 1100 €, respectively. Furthermore, the
ZnS-SnS,/S-rGO/CPE demonstrated a very low R value in
comparison to the unmodified CPE and other modified CPEs,
attributable to the integration of ZnS-SnS, nanostructures with
S-rGO nanosheets, which facilitated the electron transfer process.
The synergistic effects between ZnS-SnS, and S-rGO further
improved the electrocatalytic efficacy of the ZnS-SnS,/S-rGO
nanocomposite. As a result, our suggested sensor material
demonstrated low resistance, swift electron transit, improved
conductivity, and advantageous catalytic activity. Moreover, the
low resistance and high electrical conductivity of ZnS-SnS,/
S-rGO/CPE are expected to render it suitable for the develop-
ment of an electrochemical sensor for the determination of SY.

3.3. Electrochemical behavior of SY on different electrodes

DPV is an effective method for examining the electrochemical
characteristics of modified electrodes. Fig. 7d shows the DPV
curves of 100 mM SY in 0.1 M PBS solution (pH = 7.5) on the
surfaces of different electrodes. The response is extremely weak
at the bare electrode’s surface (bare CPE), but the modification
of the carbon paste electrode’s surface with the produced
nanocomposite resulted in an enhanced intensity of the SY
peak current. This increase in current can be seen as the
increase in the number of active sites resulting from the
placement of the sulfide compound between the S-rGO layers.
Heterogeneous structures of the ZnS-SnS, sulfide compound
used in electrode modification can facilitate the reaction
kinetics and increase the electron transfer rate, although to
increase the conductivity, a graphene compound is still required.
In S-rGO by sulfur doping in the GO sheets, electrochemical
activity and conductivity have increased, and increasing the
distance between layers prevents re-accumulation of layers and
disruption of electron transfer. Also, ZnS-SnS,/S-rGO has a
larger surface than the previous layers, providing sensor access
and better electron transfer. Modifying the electrode with each
alone cannot increase the oxidation current of SY, while the
combination of the two as a composite significantly increases
the intensity of the peak current because it covers other weak-
nesses and has a synergistic effect on each other. As a result,
according to the explanations given and the results obtained
from DPVs, it can be said that the modified electrode with ZnS-
SnS,/S-rGO compared to S-rGO or ZnS-SnS, is better than the
rest of the electrodes and can be used as a sensor to detect SY.

3.4. Optimization of the experimental conditions

3.4.1. Optimization of the ratio of S-rGO to ZnS-SnS, for
CPE modification. The ratio of S-rGO to ZnS-SnS, significantly
affects CP modification. To examine this influence, the ratio
was varied from 1:1, 1:1.5, and 1:2, to 1:3 during CP
modification. Subsequently, DPVs were recorded in a 1 mM
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[Fe(CN)e]>"*~ solution in 0.1 M KCl, with the results presented
in Fig. S3a (ESIT). As you can see, the best result was observed
when the S-rGO to ZnS-SnS, ratio was 1:2. Consequently, it
was employed as the ideal ratio in the CP modification.

3.4.2. Optimization of the kind of solvent for drop casting.
To obtain the best performance, the solvent used for droplet
application was investigated. For this purpose, 0.8 g of the
intended modifier was dissolved in 2 ml of water, ethanol,
Nafion, and DMF solvents, and then droplet application was
performed to modify the electrode surface. Then DPVs were
recorded in 1 mM [Fe(CN),]*"*~ in 0.1 M KCl solution, and you
can see the obtained results in Fig. S3b (ESIt). Because the
highest signal and the best performance were obtained in the
presence of ethanol solvent, and no problems such as the
falling of dried drops on the surface of the electrode were seen
in the solution, it was used as the optimal solvent in the droplet
application in the rest of the experiments.

3.4.3. Optimization of the amount of drop-casting. The
quantity of modifiers in drop casting on the carbon paste
electrode surface substantially influences the voltammetric
results. Modified electrodes are recommended due to a weak
signal at the unaltered electrode surface. Electrodes incorpor-
ating 30, 60, 80, and 90 pL modifiers were fabricated, followed
by the recording of DPVs of 100 pM SY in 0.1 M PBS solution
(pH = 7.5). The results are presented in Fig. S3c (ESIt). The
modified electrode with 60 pL modifiers yielded the highest
current, thus, it was designated as the optimal electrode and
utilized in all subsequent tests.

3.5. Effect of pH

The DPV behaviors of SY in 0.1 M PBS with different pH values
(5.0-8.5) were recorded and are shown in Fig. 8a. With the
pH increasing, the oxidation peak potential (E,,) shifted to
more negative values, and the slope of E,,-pH plot was about
35 mV pH ', indicating that the number of protons transferred
in SY oxidation was not equal to the electrons (Fig. 8b). Because
the highest SY signal was observed in pH = 7.5, it was used to
determine SY.

3.6. Effect of scan rate

To investigate the effect of the scan rate on SY behavior, it was
done as follows: first, a 100 uM SY in 0.1 M PBS solution (pH =
7.5) was prepared, and then it was taken at different scan rates
of 10-100 mV s~ * from it on the surface of the ZnS-SnS,/S-rGO/
CPE, and the results are shown in Fig. 8c. As can be seen,
by increasing the scan rate, the anodic peak current of SY
increased and its oxidation potential shifted to more positive
values, which is because there was not enough time for SY to
reach the ZnS-SnS,/S-rGO/CPE surface and carry out the oxida-
tion process, and therefore, at high scan rates, a higher
potential is needed for its oxidation. The results demonstrated
that the peak current of SY oxidation displayed a linear correla-
tion with the square root of the scan rate (Fig. 8d), confirm-
ing the diffusion-controlled process for the electro-oxidation
reaction of SY.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Cyclic voltammograms of 0.1 mM solutions of SY at the ZnS—

SnS,/S-rGO/CPE surface in 0.1 M PBS solution at different pH values (5.0
to 8.5) at a scan rate of 50 mV s, (b) dependence of peak potential and
peak current on pH; (c) CVs of 0.1 mM solutions of the SY at the ZnS-SnS,/
S—-rGO/CPE surface in 0.1 M PBS solution (pH 7.5) at various scan rates,
and (d) the corresponding plots are the square root of scan rate and the
redox peak currents from the cyclic voltammograms.

3.7. Performance of the sensor

3.7.1. Calibration curve. Fig. 9a illustrates SY typical DPVs
at the ZnS-SnS,/S-rGO/CPE surface in optimum conditions.
Increasing the SY concentration also increased the peak cur-
rent. The variation in peak current establishes a strong correla-
tion within the concentration range of 3-100 uM, shown by the
regression equation I, (1A) = 0.092C (uM) + 1.3665 (R* = 0.9913),
with a detection limit of 140 nM (S/N = 3) (Fig. 9b). To compare
this sensor’s performance, we also contrasted its detection
limit and linear dynamic range with those of the other sensors
listed in Table 1. By comparing the results, it can be concluded
that the fabricated sensor performs satisfactorily.
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Fig. 9 (a) DPVs by increasing the concentration of SY from 3.0 uM to
100 pM in 0.1 M PBS solution (pH 7.5) at the ZnS—SnS,/S-rGO/CPE
surface; (b) the calibration curve; (c) effect of various interferents on the
SY sensing response of ZnS—SnS,/S—-rGO/CPE. Error bars indicate the
standard deviations of three repeated measurements.
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3.7.2. Selectivity, reproducibility, and repeatability of the
prepared sensors. One of the most important characteristics of
a sensor is its selectivity and anti-interference. To study this
character, three food dyes, including brilliant blue (30 uM),
quinoline yellow (40 pM), and tartrazine (40 uM), and two
species of glucose (80 uM) and fructose (80 puM) were used.
DPVs were recorded by ZnS-SnS,/S-rGO/CP electrodes in two
different conditions: when the solution contained 40 pM of SY
alone, and when the species mentioned above were also present
at the specified quantities (Fig. 9c). All these species caused a
shift in the peak SY current of less than £5, indicating accept-
able selectivity and anti-interference of the sensor.

Four distinct ZnS-SnS,/S-rGO/CP electrodes were con-
structed to assess the sensor’s reproducibility under identical
circumstances. DPVs were obtained utilizing four electrodes,
with a relative standard deviation (RSD) of 5.12%, signifying
acceptable reproducibility.

For the repeatability test, one ZnS-SnS,/S-rGO/CP electrode
was prepared, and the 100 uM SY peak current was recorded
after 1, 5, 10, and 15 min by the DPV method and the obtained
RSD value of 2.41%, manifesting the acceptable repeatability of
the sensor.

3.8. Real sample analysis

In the last stage of this research, to validate the practical
application of the sensor designed for measuring SY developed
by our research group, the sensor’s results for various real food
samples, including Fanta, orange-flavored jelly powder, and
orange juice (utilizing the DPV method), were compared and

Table 1 Comparison of some characteristics of the ZnS—SnS,/S-rGO/
CPE sensor and previously reported sensors for electrochemical detection
of SY

Linear

range Detection
Electrode Technique (uM) limit (nM) Ref.
Au/rGO/GCE DPV 0.002-109.14 2 65
PLPA/GCE® DPV 0.4-14.01 40 66
Poly(-cysteine)/GCE DPV 0.008-0.7 4 67
NiO/Ag/RGO/GCE DPV 0.1-450 13 68
SiO,@MIP PDA NPs/CPE? DPV 0.0045-9.1 1.5 69
Cu@Cu,0-BNPC/GCE*® DPV 0.01-8.0 2.4 70
MWCNT/GCE? DPV 0.55-7.0 120 71
B-CD—PDDA_—GI‘/GCEe DPV 0.05-20 12.5 72
ERGO/GCF DPV 0.05-1.0 19.2 73
Au-Pd/rGO/GCE DPV 0.686-331.686 1.5 74
Chitosan-graphene/GCE  DPV 0.2-100.0 66.6 75
Gr/GCE? LSV 1.0-100.0 300 76
CTAB-Gr/Pt/GCE" DPV 0.08-10.0 4.2 77
ZnS-SnS,/S-rGO DPV 3.0-100.0 140 This

work

“ poly(i-phenylalanine)/glassy carbon electrode. ? Silica@molecularly
imprinted polydopamine nanoparticles/carbon paste electrode. ¢ Cu@
Cu,O nanoparticle-decorated B and N codoped porous carbon/glassy
carbon electrode. ¢ Multi-walled carbon nanotubes/glassy carbon electrode.
¢ B-Cyclodextrin-coated poly(diallyldimethylammonium chloride)-functio-
nalized graphene/glassy carbon electrode. / Electrochemically reduced
oxide/glassy carbon electrode. ¢ Graphene/glassy carbon electrode.
" Hexadecyltrimethylammonium  bromide-graphene/platinum/glassy
carbon electrode.
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Table 2 Determination of SY in real samples by the modified electrode and UV-vis (n = 3)

Added (uM) Found by a modified electrode (uM) (%RSD) Recovery (%) Found by UV-vis (uM) (%RSD) Recovery (%)

Sample

Orange-flavored jelly powder — 15.67 (0.93)
10 24.41 (0.03)
30 49.45 (3.85)

Orange juice — 25.38 (6.56)
10 35.98 (5.72)
30 57.31 (1.69)

Fanta — 15.55 (1.36)
10 25.30 (0.75)
30 46.00 (0.59)

analyzed against the UV-vis spectrophotometric method. The
recovery rates ranged from 95.09% to 108.28%, confirming
the sensor’s efficacy for real food samples and indicating its
potential for the development of portable electrochemical
sensors for SY determination. The findings are summarized
in Table 2.

4. Conclusion

In this work, the ZnS-SnS,/S-rGO nanocomposite was first
synthesized by chemical and hydrothermal methods and then
characterized. After that, this nanocomposite was used to
design a sensor for the selective determination and measure-
ment of SY in real food samples. Under the optimal conditions,
the detection limit and linear response range were obtained at
140 nM (S/N = 3) and 3-100 puM, respectively; then the selec-
tivity, reproducibility, and repeatability were evaluated, and in
general, the obtained results indicate the excellent performance
of the sensor with acceptable accuracy and precision for the
determination of SY.
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— 15.18 (0.14)

95.09 25.86 [0.41) 102.70
108.28 47.10 (0.18) 104.25
— 25.45 (0.05) —
101.70 36.06 (0.08) 101.72
103.48 56.52 (0.01) 101.93
— 16.10 (0.32) —

99.02 26.82 (0.40) 102.76
100.99 47.28 (0.05) 102.56
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