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A B S T R A C T

The development of a portable and cost-effective sensor for detecting zinc ions (Zn (II)) in water addresses a
crucial need for real-time monitoring of heavy metal environmental contamination. To this, here, a novel
bismuth-MXene (Bi2S3-MXene) nanocomposite-based sensor is developed for the rapid and selective detection of
Zn (II) ions with a simple procedure. The exceptionally selective nanocomposites were capable of detecting Zn
(II) through the square-wave anodic stripping voltammetry (SWASV) technique in a linearity range of up to 3 µg/
mL, achieving limit of detection (LOD) of 7 ng/mL and limit of quantification (LOQ) of 22 ng/mL with a cor-
relation coefficient of R2 =0.9825. Subsequently, the content of Zn (II) in real tap water and sea water was
successfully determined for sensitivity and practical applicability. The developed sensor demonstrated several
advantages for detecting Zn (II) in water, including a rapid setup process, fast detection times, high sensitivity,
more selectivity and portability. While this study focuses on Zn (II) detection, the developed platform suggests it
could potentially be adapted for detecting other heavy metals in future research. This work broadens the po-
tential applications of portable nanomaterial-based sensors for regular environmental monitoring.

1. Introduction

Water is crucial, for the survival of humanity and its significance
cannot be overstated [1]. It has the potential to harbor contaminants,
including metals like lead (Pb), arsenic (As), zinc (Zn), cobalt (Co),
cadmium (Cd), copper (Cu), mercury (Hg), and nickel (Ni). The presence
of these contaminants mostly depends on the sources of pollution [2].
Human actions, like transportation, industrialization, farming and
mining contribute to the buildup of metal ions, on the Earths surface [3,
4]. The pollution has negative effects [5]. The uncontrolled discharge of

pollutants, chemicals and improper disposal of waste leads to the
introduction of substances, into water sources. According to the UN,
toxic metals released into the environment by humans, threaten clean
drinking water, contaminate water within the EU region, accumulate in
ecosystems [6,7].

Monitoring metals is vital for health as they can dissolve in water,
persist, and accumulate in organisms, leading to cancer and other health
issues. Ensuring water quality is crucial to protect well-being [8].
Among the different metals, zinc despite its presence, in the body can
pose a concern if not properly regulated. Zinc plays an important role for
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enzymes transcription factors and synaptic vesicles in nerve endings that
transmit stimulating signals. Moreover, it is involved in regulating the
transmission of signals, between neurons and impacting cell survival
[9]. Given this dual nature of being both essential and potentially
harmful impact, the urgency of accurate and sensitive detection methods
for Zn (II) becomes evident.

Currently, the detection of Zn (II) is primarily carried out by using
different methods such as inductively coupled plasma optical emission
spectrometry (ICP-OES) [10], atomic absorption spectroscopy (AAS)
[11], fluorescence [12,13] and energy X-ray spectroscopy (EDS) [14].
Although these techniques are important in laboratory and clinical
settings for their sensitivity and accuracy, still there remains a need for
more convenient, selective, and real-time information provided by
cost-effective detection methods due to the technical complexity asso-
ciated with current detection technique [15,16]. In contrast, the use of
electrochemical detection sensors has become more popular as an
eco-friendly solution for applications [16–18]. These sensors combine
accuracy, sensitivity, and sustainability, addressing the challenges of
heavy metal detection.

On the other hand, nanomaterial-based sensors show promise, in
detecting metals due, to their high surface area and excellent adsorption
abilities. These qualities enhance the precision and sensitivity of sensors,
aligning well with our goal for an environmentally friendly and tech-
nologically advanced future [19,20]. Despite the high regulatory limit of
zinc set by regulatory authorities like WHO, FDA, US FDA, and EPA, the
need for ultrasensitive detection of Zn (II) remains significant, particu-
larly in specific contexts such as biological and environmental studies.
As compared to the other metal ions, zinc is reported to be reasonably
safe, still poses health risks when accumulated in high concentrations
over time. Besides this acute intoxication, long-term use of zinc sup-
plements can interfere with the uptake of copper [21].

Researchers have enhanced detection of Zn (II) using electro-
chemical methods, achieving high precision and sensitivity. For

instance, Qin et al. utilized a modified glassy carbon electrode (GCE)
with Hg/CMWCNTs@ZIF-8 to simultaneously detect zinc and copper in
fruit juice. The ZIF-8-based sensor demonstrated excellent reliability and
specificity, with detection limits of 5.23 × 10−3 and 6.52 × 10−3 mg L−1,
respectively [22]. Likewise, Akhtar et al. reported an ultra-sensitive
sensor using MXene/Fe3O4/g-C3N4 for detecting Zn (II), Pb (II), Cd
(II), Hg (II), and Cu (II) in tap water, with low detection limits and high
selectivity [23].

To this, nanostructures metal oxides (MOs) play an important role in
sensing applications with benefits of simple synthesis route, versatile
structure, cost-effectiveness and stability [24,25]. Bismuth sulfide
(Bi2S3) and its nanoparticles are becoming increasingly crucial in elec-
trochemistry due to their n-type semiconductor properties and direct
bandgap (around 1.3 eV). This eco-friendly materials are highly effec-
tive for biosensors due to their melting point and strong affinity for
heavy metal ions, making them suitable for diverse applications in
various electrode-related areas [26–28]. The electrical properties of
nanoparticles change based on their shape, prompting scientists to
prefer two-dimensional materials (2DMs). These 2D materials offer
electron mobility are easy to use and’re ideal, for developing sensors
that produce electrical signals [8]. MXenes, a category of 2D materials
[29,30], offer a solution, with mechanical characteristics, excellent
electron mobility and easy processing capabilities due, to their extensive
surface areas [31]. Moreover MXenes demonstrate excellent conduc-
tivity [32].

To address this requirement the mixture integrates Bi2S3 and MXene
nanoparticles leveraging the advantages of each material. Bi2S3 offers
semiconducting properties and a strong affinity for metal ions, while
MXenes add strength, efficient electron transport, and excellent elec-
trical conductivity. The synergy between these two materials enhances
the performance and sensitivity of sensor. In our research, we have
developed an electrochemical sensor using a Bi2S3-MXene nano-
composite. This sensor effectively detects Zn (II), as shown in Scheme 1.

Scheme 1. The schematic illustration depicts the sequence of steps involved in preparation, characterization, and further, making it a versatile tool for environ-
mental monitoring of Zn (II) for electrochemical detection.
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By designing the nanocomposite to meet sensing requirements, we
have improved the reliability and customization potential of the sensor.
These advancements broaden its applications. The development of
electrochemical sensors has been a remarkable achievement, and this
study provides a comprehensive exploration of their underlying
mechanisms.

2. Experimental section

2.1. Chemicals and apparatus

We obtained inks (Ag/AgCl and carbon) from Acheson (Italy). The
chemicals used, include potassium ferricyanide (K3Fe(CN)6), sodium
acetate, sodium chloride, hydrochloric acid, zinc solution (1000 µg/L),
mercury, copper, iron, lead, silver, cadmium, and magnesium were
purchased from Sigma Aldrich (Italy). All the working solutions were
prepared using distilled water (DI) from Millipore. The chemicals used
in this study were of analytical quality and did not require further
processing or changes. To conduct the voltammetric analysis, we uti-
lized a PalmSens 4 potentiostat, The Netherlands. All the electro-
chemical experiments were carried out at room temperature.

2.2. Sensing principle

The Bi2S3-MXene nanocomposite shows promising potential in
sensing applications as a material. Square-wave anodic stripping vol-
tammetry (SWASV) is a widely used electrochemical method for
detecting metal ions like Zn (II). Bi2S3 is used as an electrocatalyst
because it has properties, for electron transfer and can effectively
catalyze a range of reactions [33]. In contrast, MXenes offer a large
surface area [34]. They are also highly conductive, facilitating rapid
charge transfer [35]. The use of Bi2S3 as the electrocatalyst, along with
MXenes as the supporting material, combines their respective advan-
tages. The combination of the surface area and conductivity of MXenes
enhances the functionalities of Bi2S3, which could lead to electro-
catalytic performance through enhanced efficiency. Therefore we used
this attribute as the basis, for developing the proposed biosensor.
Detecting Zn(II) using SWASV, relies on the adsorption, deposition and
removal of metal ions, at the electrodes surface. Within this structure
MXene comprises elements, like hydroxyl and oxygen that create a
surface, for chemical interactions. This enables the movement of Zn2⁺
ions during processes [36,37]. Bi2S3 enhances the sensing process by
forming a fused alloy with Zn(II) ions [38].

The sensing mechanism can be represented by the following
equations:

Adsorption step:
Zn2⁺ + 2e⁻ → Zn(s) (adsorption)

Stripping step:
During the stripping process, an electrode is subjected to a square

wave potential. This reduces the Zn2⁺ ions, which are then oxidized back
to Zn2⁺.

Zn(s) → Zn2⁺ + 2e⁻ (stripping)

The SWASV system’s exceptional sensitivity, in conjunction with the
characteristics of Bi2S3 -MXene nanocomposites, makes it an effective
technique for detecting Zn (II) in water.

2.3. Manufacturing of polyester-based printed strips

Screen printing was used to develop screen printed electrodes (SPEs)
on a polyester substrate. The fabrication process consisted of two steps,
carried out at a temperature. Initially, we employed silver ink (Ag/AgCl)
(Electrodag 477 SS) to print the reference electrode. The electrode was
dried in an oven at 80 ◦C for 40 minutes. After that, the working and

counter electrodes were printed using carbon ink (Elettrodag 421) and
dried in an oven at 80 ◦C for 40 minutes. The working electrode had a
diameter of 0.4 cm, which resulted in an area of 0.07 cm2. Before con-
ducting experiments, we used tape to mark the contact area and ensure
electrical isolation.

2.4. Etching of MXene

To extract Ti3C2Tx from its Ti3AlC2 MAX phase, we employed a
microwave-assisted hydrothermal technique [39]. The Al layer of the
MAX phase was etched using HF. Briefly, a 1 g of Ti3AlC2 was slowly
added to a 20 mL of HF (48–52 %) under constant stirring continuously
for 10 minutes. The mixture was transferred to a Teflon high-pressure
reactor. The mixture was then heated in a microwave hydrothermal
reactor at a rate of 1.5 ◦C/minute, maintaining a temperature of 80 ◦C
for 30 minutes. After rinsing with DI and ethanol to achieve a pH below
5.0 the solution was centrifuged at a speed of 3000 rpm for five minutes.
The resulting Ti3C2-MXene was then freeze-dried and stored in an
amber-coloured bottle at 4 ◦C.

2.5. Synthesis of Bi2S3

A 1 mmole of Bi2S3 nitrate pentahydrate (Bi(NO3)3⋅5 H2O) was
dissolve in 60 mL of DI water. A 5 mmole (C2H5NS) thioacetamide was
slowly added to the above solution under constant stirring. The solution
was kept under constant stirring for another 30 minutes and then
transferred to a Teflon tube for microwave synthesis at 180 ◦ C for
10 minutes with a heating rate of 4 ◦ C per minute. After the reaction the
precipitate were collected through centrifugation and it was washed 3
times with DI water. Further, it was kept for freeze drying.

2.6. Synthesis of Bi2S3-MXene nanocomposites

In order to prepare Bi2S3-Mxene nanocompostes, a 1 mmole of Bi
(NO3)3⋅5 H2O was dissolved in 50 mL of DI water followed by addition
of 5 mmole of C2H5NS under constant stirring. A 10 mL of (1 mg/mL) of
MXene dispersion was added dropwise in the above solution under bath
sonication. The mixture was subjected to bath sonication for 30 minutes
with purging of N2 at room temperature. Subsequently, the mixture was
transferred to a Teflon tube for microwave synthesis at 180 ◦C for
10 minutes with a heating rate of 4℃ per minute. The precipitates were
collected and washed with DI water and ethanol using centrifugation,
followed by freeze drying.

2.7. Characterization

The morphological characteristics of the distinctive specimens,
including Bi2S3, MXene, and the Bi2S3-MXene nanocomposite, were
examined using a JEOL scanning electron microscope (SEM) instrument.
X-ray diffraction (XRD) data were obtained using a PANalytical X′Pert3
powder diffractometer with Cu-Kα radiation (λ = 0.15406 nm) at 40 kV
and 30 mA, covering the 2θ range from 5 to 80 degrees. Fourier-
transform infrared spectroscopy (FTIR) analysis used the PerkinElmer
Spectrum IR Version. The surface properties of the Bi2S3-MXene nano-
composite were investigated using the Thermo Scientific K-Alpha X-ray
photoelectron spectroscopy (XPS) instrument. The chamber pressure
was maintained below 5 × 10−9 mbar throughout the procedure. High-
resolution scans and an overview were obtained using the spectrometer
in large-area XL magnetic lens mode, with pass energies set at 150 and
20 eV. Spectra were generated with an electron take-off angle of 90◦

relative to the surface plane. High-resolution peaks were produced using
peak-fitting algorithms from the Advantage software packages (Ther-
moVG). The binding energies were calculated with reference to the in-
ternal C1s peak at 284.9 eV.

S. Singh et al.
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2.8. Preparation of Bi2S3-MXene nanocomposites dispersion

A 1 mg/mL stock solution of Bi2S3-MXene nanocomposites was
prepared by dispersing in DI water. This stock solution served as the base
for the electrode modification process. For modification of electrode,
8 µL of the Bi2S3-MXene nanocomposites dispersion was carefully
pipetted onto the surface of SPEs. Prior to the application of the nano-
composite dispersion, adhesive tape was fixed to the SPEs to define the
area for modification and prevent overflow. Once the dispersion was
applied, the electrodes were placed in an oven set at an appropriate
temperature to facilitate the drying process. This step ensured that the
Bi2S3-MXene nanocomposites formed a stable, uniform layer on the SPE
surface, ready for subsequent electrochemical experiments.

3. Results and discussion

3.1. Morphology

Bi2S3-MXene nanocomposites were synthesized using a straightfor-
ward microwave-assisted hydrothermal method. The SEM image pre-
sented in Fig. 1A illustrates the agglomeration of Bi2S3 nanoparticles.
These nanoparticles exhibit a granular shape with diameters ranging
from 70 to 100 nm.

The agglomeration is likely due to van der Waal forces between the
nanoparticles [40]. The image shows the agglomeration as the bright
clusters of particles. Nanoparticle agglomeration can significantly
impact electrochemical performance by reducing the active surface
area, hindering mass transport, altering analyte accessibility, and
modifying charge transfer dynamics [41,42]. In Fig. 1B, shows the SEM
image of MXene, demonstrating stacked lamellar structure of MXene

after removal of Al layers from MAX phase. These stacked MXene sheets
offer high surface area for the target analyte while the voids among
MXene sheets can facilitate the intercalation of target molecule to access
the inner surface are of MXenes Moreover, higher conductivity of MXene
leads to rapid charge transfer kinetics during a redox event [43,44]. The
SEM image of Bi2S3-MXene nanocomposites is shown in Fig. 1C and 1D
(low and high magnification). It is evident from SEM images that Bi2S3
nanoparticles decorated onto the surface of MXene flakes during mi-
crowave hydrothermal reaction. The uniform growth of Bi2S3 nano-
particles on MXene sheets was due to highly electronegative functional
group moieties (F, and OH) which served as anchoring sites for the
growth of Bi2S3 nanoparticles. Additionally, there is a significant in-
crease in the voids of stacked MXene sheets that might be due to the
effect of microwave irradiations open up the gaps between MXene
sheets. The synergistic effect of Bi2S3 and MXene nanoparticles can
enhance the electrochemical performance. Firstly, the MXene provides a
highly conductive platform for the uniform growth of Bi2S3 nano-
particles. This, leads to the reduction in Bi2S3 nanoparticles agglomer-
ation and higher exposure of detection sites for the target analyte [45].
Secondly the MXene exhibits high conductivity, leading to enhanced
charge transfer, between the Bi2S3 nanoparticles and the electrolyte
[46]. Furthermore the property of oxidation resistance exhibited by
MXene plays a role, in safeguarding the Bi2S3 nanoparticles, against
corrosion [47]. The combination of MXene and Bi2S3 nanoparticles can
result in enhanced performance when detecting Zn (II).

3.2. Structural analysis of Bi2S3-MXene nanocomposite materials

The XRD patterns for Ti3C2TX (black), Bi2S3 (red line), and Ti3C2TX
-Bi2S3 nanocomposite (blue line) are revealed in Fig. 2A.

Fig. 1. Structural characterizations of (A) Bi2S3; (B) MXene; (C) Bi2S3-MXene nanocomposite@ low magnification; (D) Bi2S3-MXene nanocomposite@ high
magnification.

S. Singh et al.
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It shows that the nanocomposite has a hybrid structure that contains
both Ti3C2Tx and Bi2S3 phases. The Ti3C2Tx phase is evident from the
diffraction peaks at 9◦ and 61◦, which correspond to the (002) and (110)
planes of Ti3C2Tx, respectively [48]. The Bi2S3 phase is evident from the
diffraction peaks at 16◦, 26◦, 32◦, and 52◦, which correspond to the
(111), (200), (221), and (310) planes of Bi2S3, respectively [49]. The
XRD pattern of the nanocomposite reveals successful integration of Bi2S3
into Ti3C2Tx MXene sheets. This is crucial for applications because it
guarantees interaction between the two materials and maximizes the
surface area of the nanocomposite. To achieve the desired effects in
electrochemical detection, it is crucial to consider the following: The
diffraction peaks of the Bi2S3-Ti3C2Tx nanocomposite exhibit slight
shifts when compared to those of the individual Ti3C2Tx and Bi2S3
materials. There seems to be some interaction between the two materials
in the nanocomposite. The diffraction patterns of the Bi2S3-Ti3C2Tx
nanocomposite seem to show a representation compared to those seen in
the Ti3C2Tx and Bi2S3 materials. The smaller crystal size of the Bi2S3--
Ti3C2Tx nanocomposite suggests that it differs from materials. The
fusion of its framework and robust crystallinity suggests that it possesses
potential as a substance for numerous electrochemical uses.

Fig. 2B, shows the FTIR spectrum of Ti3C2TX (black), Bi2S3 (red line),
and Bi2S3-Ti3C2Tx nanocomposite (blue line). The peak at 572 cm−1 is
assigned to the TiO bonding in Ti3C2TX (black). The peak at 1019 cm−1

is assigned to the C-O stretching vibration, which is likely due to the
presence of surface hydroxyl groups on the Ti3C2TX flakes. The peak at
1638 cm−1 is assigned to the O-H bending vibration, which is likely due
to the presence of surface hydroxyl groups on the Ti3C2TX flakes. The
peak at 3456 cm−1 is assigned to the O-H and N-H stretching vibration,
which is likely due to the presence of surface hydroxyl groups and
adsorbed water on the Ti3C2TX flakes. The FTIR spectrum of Ti3C2TX
(black) in the image is consistent with the reported FTIR spectra of
Ti3C2TX in the literature [50,51]. The presence of the peaks at 672 cm−1,
1019 cm−1, 1123 cm−1, 1638 cm−1, and 3456 cm−1 confirms the pres-
ence of TiO bonding, C-O bonding, C-F bonding, O-H bending vibration,
and O-H and N-H stretching vibration, respectively. These peaks are
characteristic of Ti3C2TX [50,51]. The FTIR spectrum of the Bi2S3 (red
line) nanoparticle sample show distinct peaks that align with the
vibrational patterns of the Bi-S bond.

The presence of the Bi-S rocking mode peaks at 547.94 cm−1 and
610 cm−1 confirms the formation of Bi2S3. The interaction between
sulfur-atmospheric carbon and oxygen bonding peak at
1300–1370 cm−1 is likely due to the presence of surface impurities, such
as adsorbed oxygen or carbon dioxide [52]. The O-H bending vibration
peaks at 1532.20 cm−1 and 1638.04 cm−1, and the N-H stretching vi-
bration peaks at 3064.7 cm−1 and 3375 cm−1 are likely due to the
presence of adsorbed water and/or surface hydroxyl groups. The O-H

stretching vibration peak at 3430 cm−1 peak suggests that there is some
surface oxidation of the Bi2S3 powder. This peak suggests that there is
some surface oxidation of the Bi2S3 powder. The FTIR spectrum of the
Bi2S3 nanoparticles in the image is consistent with the formation of Bi2S3
nanoparticles with some surface oxidation and adsorbed water. Surface
oxidation and adsorbed water can have a significant impact on the
properties of Bi2S3 nanoparticles. It is generally desirable to minimize
surface oxidation and adsorbed water on Bi2S3 nanoparticles.

The presence of the peaks at 554 cm−1, 610 cm−1, and
1300–1370 cm−1 confirms the presence of Bi2S3 in the Ti3C2TX -Bi2S3
nanocomposite. The presence of the peaks at 672 cm−1, 1019 cm−1, and
1123 cm−1 confirms the presence of Ti3C2TX in the Ti3C2TX -Bi2S3
nanocomposite. The presence of the peaks at 1638 cm−1 and 3375 cm−1

suggests that there is some surface oxidation and adsorbed water on the
Ti3C2TX -Bi2S3 nanocomposite. Overall, the FTIR spectrum of Bi2S3-
Ti3C2Tx in the image is consistent with the formation of a Bi2S3-Ti3C2Tx
nanocomposite with some surface oxidation and adsorbed water.

3.3. X-ray photoelectron spectroscopy

In Fig. 3, we can observe the chemical bonding on the surface of the
Bi2S3-MXene nanocomposite. This analysis helps us understand the
structure of the components and their valence states. To ensure curve
resolution, we matched the high-resolution XPS deconvolution spectra
at the core level with respect to their background. In Fig. 3A, we can see
the chemical bonding occurring on the surface of the Bi2S3-MXene
nanocomposite.

This analysis assists us in embracing the structure of the components
and their valence states. To ensure curve resolution, we compared the
high-resolution XPS spectra at the core level to their background [53].
These peak binding energies closely align with metallic Bi2S3. Further-
more, the presence of Ti 2p and O 1 s peaks serves as compelling evi-
dence for the existence of MXene in the nanocomposite, as their binding
energies are consistent with those of titanium and oxygen in MXene
[54]. Moreover, the strong presence of S 2p and S 2 s peaks indicates
that there are probably sulfur-containing groups on the surface of the
nanocomposite. The XPS spectrum of the Ti 2p1/2 peak shows a single
peak at 458.7 eV, indicating Ti4+ in TiO2 (Fig. 3B) [55]. The sharpness
of this peak suggests a well-defined chemical environment. The Ti 2p1/2
peak at 458.7 eV hints at an oxygen-terminated TiO2 surface, in line
with expectations. Two peaks are observed in the binding energy values
at 163.7 and 158.4 eV. This binding energy is consistent with the Bi
4f7/2 peak of metallic Bi2S3 (Fig. 3C). Our results are in agreement with
the available literature, there isn’t a change in the binding energy of the
peaks, which suggests that Bi2S3 is present in its +3 oxidation state [56].
The XPS spectrum of the oxygen 1 s, in the image you provided, shows

Fig. 2. (A & B) Experimental XRD patterns and FTIR of Ti3C2TX (black), Bi2S3 (red line), and Bi2S3-Ti3C2Tx nanocomposite (blue line).
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two peaks: one at 530.0 eV, which represents oxygen atoms bonded to
metal atoms (M-O bonds) and another at 531.6 eV, indicating oxygen
atoms bonded to oxygen atoms (O-O bonds) (Fig. 3D). The XPS spectrum
of fluorine 1 s (F 1 s) in the image displays a single peak at 687.6 eV,
which is consistent with fluorine (Fig. 3E) [57]. In the C 1 s spectrum of
the Bi2S3-MXene nanocomposite, there is a peak at 285.0 eV (Fig. 3F)
[58]. Here, XPS plays a role in providing the information needed to
understand the chemical structure of the Bi2S3-MXene element being
studied. This valuable data reveals a noteworthy relationship between
MXene and Bi2S3 alone and its nanocomposites, which enhances elec-
tron conductivity and facilitates electron transfer. These discoveries
align perfectly with the supporting evidence from IR, XRD and XPS
analysis.

3.4. Electrochemical measurements

First, to analyse the performance of the SPE and modified electrodes
(SPE, MXene/SPE, Bi2S3/SPE, Bi2S3-MXene nanocomposites/SPE), we
conducted electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV) experiments. Further, to carried out EIS and CV
measurements, a PalmSens 4 potentiostat was used. The experiment
involved drop casting of 100 µL of solution containing 5 mM potassium
ferricyanide/potassium ferrocyanide [Fe(CN)6]3−/4− dissolved in 0.1 M
KCl on top of the strip. Based on the results, we selected Bi2S3-MXene
nanocomposites dispersion for further experiments. We used 0.05 M
acetate buffer with 0.05 M NaCl at pH 4.7 for SWASV to detect Zn(II).
The experiments involved detecting Zn (II) concentrations up to 3 µg/
mL with the optimised parameters.

3.4.1. Evaluation of electrocatalytic performance by EIS and CV responses
in [Fe(CN)6]3−/4− solution

EIS and CV were used as an electrochemical characterization tech-
nique for Bi2S3-MXene nanocomposites. It provides valuable insights
into the redox behavior, electrochemical stability, and charge transfer

kinetics of the material. To achieve this, we first modified the SPE
electrodes using different nanomaterial dispersions, specifically MXene,
Bi₂S₃, and Bi₂S₃-MXene nanocomposites, employing an 8 µL drop-casting
technique. To compare their effectiveness, we evaluated SPEs developed
using carbon-based ink. For both (EIS & CV), we utilized 5 mM [Fe
(CN)6]3−/4− solution dissolved in 0.1 M KCl. This particular electrolyte
was chosen to evaluate the characteristics features of the electrode.
Fig. 4A and B presents the findings from the EIS and CV experiments.

The EIS plot (Fig. 4A) shows that the bare SPE (green curve), exhibits
the highest impedance, indicating significant resistance to electron
transfer. The MXene/SPE (blue), displays lower impedance compared to
the bare electrode, suggesting enhanced electron transfer properties due
to the conductive nature of MXene. The Bi2S3/SPE (black), also shows
reduced impedance compared to the bare electrode, which can be
attributed to the catalytic properties of bismuth. The Bi2S3-MXene
nanocomposite/SPE, (shown in red, on the graph) exhibits the reduced
impedance compared to all electrodes, highlighting the synergistic effect
of combining MXene and Bi2S3. The performance is greatly improved by
reducing the resistance to charge transfer and boosting the conductivity
of the surface. This enhancement is vital, for applications that need
electron transfer procedures.

The CV curves for the bare SPE are used as a reference to compare
with modified electrodes: MXene/SPE, Bi2S3/SPE, and Bi2S3-MXene
nanocomposite/SPE (Fig. 4B). These comparisons reveal the enhanced
electrochemical performance due to modifications with Bi2S3, MXene,
or their nanocomposite, indicating improved electrochemical behavior
over the bare SPE. These enhancements include increased currents,
modified redox potentials, improved electrochemical stability, and
efficient charge-transfer kinetics. CV experiments provide evidence of
two peaks, both in shape and intensity, observed for each modified
electrode. These findings align with the reversibility of the redox probes
used in the study [59,60].

We compared all the electrodes by measuring the peak heights and
the potential difference between anodic peaks. The results showed that

Fig. 3. XPS spectra of (A) Bi2S3 -MXene nanocomposite; (B) Ti 2p1/2 peak; (C) Bi 4 f7/2 (D) oxygen 1 s; (E) fluorine 1 s; (F) carbon 1 s peak.
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each electrode configuration displayed responses in our CV analysis. The
bare SPE exhibited a peak current (Ipa) of 38 µA and a peak potential
separation (ΔE) of 0.282 V. These values serve as a baseline for com-
parison with the modified electrodes. The introduction of MXene to the
SPE resulted in an increase in the peak current to 52 µA, indicating
improved electrochemical activity. Furthermore, there was a decrease,
in the separation of peak potentials to 0.245 V, which suggests a shift in
the redox potentials. This indicates that the presence of the MXene
component has an impact, on the behavior by aiding charge transfer and
altering the electronic characteristics of the electrode. Similarly, the
electrode that was modified with Bi2S3 exhibited enhancements in its
functionality. Bi2S3/SPE exhibited a peak current of 62 µA with peak
potentials measuring 0.265 V. The higher peak current indicates that the
electrochemical activity has improved because of Bi2S3, which could
serve as a material. A notable improvement was seen in the Bi2S3-MXene
nanocomposite/SPE, with a peak current of 86 µA and a greater sepa-
ration in peak potential of 0.339 V. The integration of Bi2S3 and MXene
together, results in improvement of electrochemical behavior with
higher peak current, charge transfer due to availability of larger surface
area for electron mobility. Hence, on the basis of peak currents and the
separation between peak potentials, we choose Bi2S3-MXene nano-
composites as a material for detection of Zn (II).

3.5. Optimization of experimental factors for detection of Zn (II)

The optimization of pH and other experimental conditions in SWASV
for detecting Zn (II) ions is an important that affect the accuracy,
sensitivity, and reproducibility of the technique. This optimization en-
sures a controlled electrochemical environment, minimizes interference,
and maximizes the analytical performance of SWASV, enabling reliable
detection of Zn(II).

3.5.1. Optimization of pH
The optimization of pH for Zn(II) detection was carried out at three

different pH i.e. 3.7, 4.7, and 5.7 using SWASV technique and current
response was measured. The results indicated that the current response
increased with increase in pH from 3.7 to 5.7 acetate buffer. The current
was observed to be less at pH 3.7 (3.4 µA), it signify that the sensor is less
sensitive. Among the other two pH study, stable, and reproducible
platform was observed at pH 4.7 (8.6 µA) with less deviation, where as
incase of pH 5.7 (10 µA) having more deviation was observed. So based
on stability and reproducibility, we selected pH 4.7 in our study as

shown in (Fig. 5A).

3.5.2. Optimization of deposition time
Selecting the right deposition time is crucial in SWASV since it

directly impacts the quantity of Zn (II) deposited on the surface.
Increasing the deposition time allows for an accumulation of Zn (II),
resulting in a signal response during the subsequent stripping process.
We assessed deposition times ranging from 100 s to 400 s and the cor-
responding currents (µA). Among the tested deposition times, the cur-
rent values obtained at 300 s (11 µA) indicated a significant increase
compared to the shorter deposition times (100 s and 200 s). However,
the current value at 400 s (12 µA) did not substantially improve
compared to 300 s. Furthermore, the current at 300 s is relatively stable
and exhibits less deviation than at 400 s. A stable and consistent current
response is desirable as it ensures reliable and reproducible measure-
ments. The lower deviation at 300 s suggests a reduced noise level and
better control over the Zn (II) deposition process, as shown in Fig. 5B. A
deposition period of 300 s was employed for the experiments.

3.5.3. Optimization of deposition potential
When depositing metals electrochemically, it is expected to explore a

range of deposition potentials to identify the optimal conditions for the
desired outcome. The potential at which the highest current density is
achieved typically indicates the most favourable conditions for deposi-
tion. Based on the given data, it appears that the Zn (II) deposition po-
tential (-1.5 V) was selected for the study because it demonstrated a
higher current (13 µA) and less noise compared to other tested poten-
tials (-1.2 V, −1.3 V, and −1.4 V) and making it the preferred choice for
the study as shown in Fig. 5C. The selected deposition potentials offered
a solution ensuring both the sensitivity of the peak and a controlled
background response.

3.5.4. Optimization of square wave frequency
In the optimization study on square wave frequency and current in

µA, four frequencies were tested: 25 Hz, 50 Hz, 75 Hz and 100 Hz. At
25 Hz, the current was measured to be 12 µA. As the frequency increased
to 50 Hz, the current slightly increased to 12 µA. This indicates a min-
imal change in current between 25 Hz and 50 Hz. However, when the
frequency was further increased to 75 Hz, the current noticeably
increased to 14 µA. At 100 Hz, we observed a rise in the current
measuring at 16 µA. The frequency of 50 Hz appears to exhibit saturated
output, which indicates that the conditions at this frequency are

Fig. 4. Electrochemical performance of bare SPEs (green), MXene/SPE (blue), Bi2S3 /SPE (black), and Bi2S3-MXene nanocomposite/SPE (red) comparison by
techniques (A) Nyquist plots of the EIS data; Experimental conditions: Frequency range from 0.1 Hz to 100000.0 Hz with 59 points measured; (B) Bar graph showing
the peak current responses for each electrode configuration Insert: CV curves of each electrode. Experimental conditions (for CV): t equilibration=0 s, E begin =
−0.8 V; E vertex1 = −0.8 V; E vertex2 = 0.8 V; E step = 0.01 V; scan rate = 0.05 V/s. EIS and CV was measured in a solution containing 5 mM potassium ferri-
cyanide/ferricyanide 5 mM [Fe(CN)6]3−/4− dissolved in 0.1 M KCl.
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conducive to the desired process, potentially resulting in enhanced ef-
ficiency and reliability, as illustrated in Fig. 5D.

3.5.5. Optimization of square wave step potential
In our research on improving the efficiency of square wave step

potential and current, we investigated four-step potentials: 2 millivolts
(mV), 5 mV, 10 mV and 20 mV. At 2 mV, the measured current was

found to be 1 µA. As the step potential was raised to 5 mV, the current
rose to 2 µA, indicating an enhancement in flow. Further increasing the
step potential to 10 mV resulted in a current of 6 µA, signifying an
improvement compared to the steps. However, at 20 mV there was a
significant rise in current reaching a value of 13 µA. It’s evident that by
increasing the step potential, there is an increase in the current. The
current values, at 20 mV, showed an improvement as compared to the

Fig. 5. Optimization of experimental parameters: (A) Effect of pH on the detection of Zinc at varying pH levels (3.7, 4.7, and 5.7); (B) Optimization of Zn (II)
deposition time (100–400 s), Experimental parameters: E dep = −1.5 V, frequency = 50 Hz, E amp = 0.02 V, E step = 0.02 V, t eq = 0 s; (C) Optimization of Zn (II)
deposition potential (-1.5, −1.4, −1.3 and −1.2 V), Experimental parameters: t dep = 300 s, frequency = 50 Hz, E amp = 0.02 V, E step = 0.02 V, t eq = 0 s; (D)
Optimization of square wave frequency (25, 50, 75 and 100 Hz), Experimental parameters: E dep = −1.5 V, t dep = 300 s, E amp = 0.02 V, E step = 0.02 V, t eq =
0 s; (E) Optimization of square wave step potential (2, 5, 10 and 20 mV), Experimental parameters: E dep = −1.5 V, t dep = 300 s, E amp = 0.02 V, frequency =
50 Hz, t eq = 0 s; (F) Optimization of the equilibrium time (0, 10, 20 and 40 s), Experimental parameters: E dep = −1.5 V, t dep = 300 s, frequency = 50 Hz, E amp =
0.02 V, E step = 0.02 V. All the measurements were carried out in triplicate in presence of 1 µg/mL Zn (II) in 0.05 M acetate buffer containing 0.05 M NaCl (pH 4.7).
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other tested step potentials, as depicted in Fig. 5E.

3.5.6. Optimization of the equilibrium time
During the optimization study to determine the time and current for

equilibrium, we optimised at four different time points: 0 s, 10 s, 20 s,
and 40 s. At 0 s, the current was measured to be 12 µA. As the equilib-
rium time increased to 10 s, the current slightly increased to 13 µA.
However, at 20 s, the current decreased. Finally, at 40 seconds, the
current increased slightly to 14 µA. After analyzing the results, we
decided to focus on the equilibrium time of 0 s for investigation. The
rationale for selecting 0 s was based on the system to achieve equilib-
rium upon initiation with a more stable current, as shown in Fig. 5F.

3.6. Analytical sensing performances for Zn (II) in standard solutions by
SWASV

SWASV technique was used to improve the sensitivity. Through this
study, we observed defined peaks that demonstrate precision in both
their shape and place. Such precision is crucial for ensuring concentra-
tion measurements. The correlation between the current and concen-
tration is a characteristic of an ideal analytical method. It simplifies the
calibration process and further endorses quantification. This relation-
ship guarantees that the current measured is directly proportional to the
concentration, making it easier to determine analyte levels without
complications. The observed interdependence between the current and
concentration is linear up to 3 µg/mL, as depicted in Fig. 6, in an acetate
buffer at pH 4.7. A relationship between the current (µA) and the con-
centration of Zn (II) (µg/mL) was established using the equation y=
(12.8x - 1.5), resulting in an r2 value of 0.9825. The limit of detection
(LOD) has been determined as 3σB/s, where σB represents the deviation
calculated for measurements and s is the slope of the calibration curve.
The limit of quantification (LOQ) is calculated as 3.3 times the LOD
value. For this analysis, the standard deviation calculated for blank
measurements and LOD was 7 ng/mL and LOQ was 22 ng/mL.

The performance of the Bi2S3-MXene nanocomposite was found to be
better, in terms of both sensitivity and accuracy, compared to the SPE, as

well as SPEs modified with MXene and Bi2S3. The regression equations,
correlation coefficient (r2), slope and standard error for these materials
are presented in Supplementary material.

The regression equations and r2 values provide evidence that the
Bi2S3-MXene nanocomposite shows promise as a material for electro-
chemical sensing applications. It offers improved sensitivity, accuracy
and represents a significant advancement in the field of electroanalytical
chemistry. Additionally, we compared the properties of Bi2S3-MXene/
SPE with Zn (II) sensors mentioned in previous studies. For an overview
of these properties, please refer to Table 1.

3.7. Detection of Zn (II) in tap water and seawater

In our study, we performed a comprehensive validation of our
analytical methods for assessing sensitivity, accuracy, precision, and
bias (Table 2).

To determine the effectiveness and accuracy of the selected tech-
nique, a recovery rate is close to 100 % for both tap water and sea water
at 0.5–1.0 µg/mL with % recovery of 99.5–106 %, which is almost close
with the true value. Hence, it shows the technique provide good accu-
racy and approach is reliable. Further, to measure the precision, relative
standard deviation (RSD %) was calculated. There was some variability
in RSD % for tap water (0.5 µg/mL; RSD =17 %) as compared to 1.0 µg/
mL with 7.10 % RSD. Where as in case of sea water shows better pre-
cision with 3 % and 1.4 % RSD at 0.5 µg/mL and 1.0 µg/mL, respec-
tively. Systematic error was obtained by Bias (%). In case of tap water at
0.5 µg/mL has a bias of 6 %, while at 1.0 µg/mL, the bias is −0.5 %.
Whereas incase of sea water bias values were 0.5 % and 5.7 % for
0.5 µg/mL and 1.0 µg/mL. The comparative bias % results among tap
and sea water shows acceptable LOD and LOQ are critical parameters in
determining the sensitivity of the method. The LOD for tap water was
found to be 19 ng/mL and LOQ (63 ng/mL), subsequently for sea water
LOD was found to be 25 ng/mL and LOQ (84 ng/mL).

In summary, the outcome of results of Table 2 demonstrates that the
analytical methods are reliable with good recovery and precision for
both tap water and sea water particularly at the higher concentration.
The sensitivity of the developed sensor was observed good for both and
indicated by the LOD and LOQ.

3.8. Selectivity study

The graph presented in Fig. 6 is focus on the detection of Zn (II) and
evaluating if any interference caused by the presence of other metal ions
such as Cu, Hg, Fe, Pb, Ag, Cd, and Mg. To this, separate solution of 1 µg/
mL of each metal (Zn, Cu, Hg, Fe, Pb, Ag, Cd, and Mg) was prepared and
further the experiment was carried out by using Bi2S3-MXene/SPE.
Under optimised conditions, response such as changes in current or
voltage, was observed for each metal. From the graph, prominent strong
and clear signal/ or peak for Zn (II) was observed, while there is no
response for the other metal. The outcome of the result suggest that the
material is highly selective and sensitive to Zn (II) detection. The ma-
terial and method is reliable, making the method suitable for applica-
tions where selective detection of Zn is required.

4. Conclusion

In this study, a novel electrochemical sensing platform is developed
by using Bi2S3-MXene nanocomposite. The shape, composition and
electrical characteristics of the prepared composites and their modified
electrodes were investigated using SEM, XRD, XPS, and various elec-
trochemical techniques. Subsequently, the detection of Zn (II) was per-
formed using the SWASV electrochemical technique under optimal
parameters. As shown in the experimental results, the technique is
highly sensitive and selective for Zn (II) with LOD of 7 ng/mL and LOQ
was 22 ng/mL in the linearity range up to 3 µg/mL. The applicability of
the system was further evaluated using real environmental samples,

Fig. 6. Calibration curve of peak current value plotted against Zn (II) con-
centrations up to 3 µg/mL. Inset (i) shows the stripping voltammograms per-
formed by Bi2S3-MXene nanocomposite/SPEs in presence of Zn (II)
concentrations up to 3 µg/mL; Experimental parameters: E dep = −1.5 V, t dep
= 300 s, frequency = 50 Hz, E amp = 0.02 V, E step = 0.02 V, t eq = 0 s;
Measurements were carried out in 0.05 M acetate buffer containing 0.05 M
NaCl (pH 4.7); Inset (ii) Stripping voltammograms performed in presence of
different heavy metals. Experimental parameters: E dep = −1.5 V, t dep =
300 s, frequency = 50 Hz, E amp = 0.02 V, E step = 0.02 V, t eq = 0 s; Mea-
surements were carried out in triplicate in presence of 1 µg/mL Zn (II) in 0.05 M
acetate buffer containing 0.05 M NaCl (pH 4.7).
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specifically tap water and sea water. The results of the analysis of these
real samples demonstrated the practical applicability of the sensor.
Compared to other detection methods, the novel electrochemical
detection assay offers a low-cost, user-friendly platform for detecting Zn
(II). This approach is anticipated to replace complex and labor-intensive
analyses, showing significant potential for future advancements.
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