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ABSTRACT: The development of quick, accurate, and field-deployable detection techniques is required due to the
growing environmental pollution caused by heavy metals, especially lead (Pb) and cadmium (Cd). In this work, bis-
muth silver sulfide (AgBiS;) nanoparticles are synthesized using a simple hydrothermal method aided by biomole-
cules, and they are used as a new modifier forPb(Il) and Cd(II) simultaneous electrochemical detection using screen-
printed electrodes (SPEs). After thorough material characterisation, pure, highly crystalline, quasi-spherical AgBiS,
nanoparticles produced with an average diameter of around 20 nm. The AgBiS,/SPE sensor demonstrated a threefold
decrease in charge transfer resistance, indicating a considerable improvement in electrochemical performance. The
sensor showed outstanding analytical performance under optimal SWASYV, or square wave anodic stripping voltam-
metry conditions, with broad linear ranges and low 0.21 ug/L for Pb(II) and 0.15 pg/L for Cd(II) are the detection
limits, both of which are far below WHO recommendations. Along with demonstrating great selectivity, good repeat-
ability, and long-term stability, The sensor was successfully used to analyze real water samples, highlighting its prom-
ise as an affordable and reliable instrument for on-site environmental monitoring.

KEYWORDS: AgBiS;; chalcogenide; nanoparticles; electrochemical sensor; heavy metals; lead; cadmium;
screen-printed electrode

1 Introduction

One of the biggest environmental problems of the contemporary period is the widespread poisonous
heavy metal poisoning of ecosystems. Because of their severe toxicity, lack of biodegradability, and pro-
pensity to bioaccumulate in living things, lead (Pb) and cadmium (Cd) are the most concerning of these
pollutants [1]. Public health organizations categorize both elements as substances that are known to have
serious negative health impacts, such as reproductive damage and birth deformities. Even at low concen-
trations, lead exposure, a well-established neurotoxic for which no safe threshold has been established, may
cause irreparable brain damage, learning impairments, and a decrease in IQ [2]. Lead exposure is especially
dangerous for children. Cadmium is a known human carcinogen that may cause serious harm to the kidneys,
liver, and bones when exposed over an extended period of time [3]. Anthropogenic activities including
mining, smelting, burning fossil fuels, and using certain fertilizers and pesticides are the main ways that
these metals enter the environment and cause extensive pollution of the soil, water, and food chain. The
development of sensitive, accessible, and dependable techniques for monitoring Pb and Cd levels is vital
for environmental and public health protection due to their persistence and significant health effects.

Traditional analytical methods for detecting trace Detecting heavy metals using techniques like Induc-
tively Coupled Plasma-Mass Spectrometry (ICP-MS) and Atomic Absorption Spectroscopy (AAS) is con-
sidered as the gold standard because they providevery low detection limits, often in the region of parts per
trillion (ppt) [4]. However, there are several barriers that make it difficult to use these techniques in practice
for regular and extensive environmental screening. High initial and ongoing expenses, intricate mainte-
nance needs, and the demand for highly skilled workers to operate them are characteristics of these devices
[5]. They are also solely confined to laboratories because to their size and the strict infrastructure needs of
the lab, including the significant consumption of pure argon gas. For on-site, real-time monitoring applica-
tions, they are inappropriate. due to their intrinsic lack of mobility, which requires sample collection, transit,
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and storage. This not only causes delays in the findings, but also raises the possibility of sample contami-
nation and analytical mistake.

A strong and alluring substitute for conventional spectroscopic techniques, electrochemical sensing
devices successfully meet the need for field-deployable analysis. These sensors are perfect for in-sifu mon-
itoring of environmental contaminants because of their many benefits, which include cheap cost, mobility,
quick reaction times, great sensitivity and user-friendliness [6]. By using nanomaterials to modify the elec-
trode surface, which offer a high surface-area-to-volume ratio and special catalytic properties that promote
more effective analyte interaction and signal transduction, the performance of electrochemical sensors can
be significantly improved [7]. SWASYV, or square wave anodic stripping voltage, is an electrochemical
methods that works well for trace metal analysis. In order to detect at extremely low concentrations, this
technique combines an efficient pre-concentration stage in which target metal ions are reductively deposited
onto the working electrode surface. This is followed by a quick stripping process that produces a very
sensitive analytical signal [8].

An electrochemical sensor’s success depends critically on the choice of modifier material. Ternary
bismuth silver sulfide (AgBiS;) nanoparticles are presented in this study as a unique and very efficient
sensing material. Being made up of inexpensive, non-toxic, and earth-abundant elements, AgBiS,, a mem-
ber of the I-V-VI, chalcogenide family, is positioned as an eco-friendly or “green” substitute for widely
used but dangerous semiconductor materials like lead- or cadmium-based quantum dots [9]. The synergistic
electrochemical characteristics of its component parts serve as the foundation for the reasoning for its se-
lection. Because bismuth can form fusible alloys with both lead and cadmium, which facilitates their dep-
osition and improves the subsequent stripping signal, resulting in improved sensitivity and well-resolved
peaks, bismuth-based electrodes are well known for their effectiveness in heavy metal detection [10]. At
the same time, silver is anticipated to provide the nanocomposite strong electrical conductivity, guarantee-
ing quick electron transfer kinetics at the electrode-solution interface. AgBiS, nanoparticles may be a re-
markable platform because of this special combination of properties, for the simultaneous and very sensitive
detection of Pb(II) and Cd(II).

Therefore, the purpose of this study is to use a straightforward hydrothermal process supported by
biomolecules to manufacture and thoroughly analyze unique AgBiS, nanoparticles. A disposable, inexpen-
sive modified screen-printed electrode (AgBiS,/SPE) is then created using these nanoparticles. With the
ultimate goal of creating a useful instrument for on-site environmental analysis, the main objective is to
methodically assess and validate the analytical performance of this innovative sensor for the sensitive, se-
lective, and concurrent electrochemical determination of Pb(II) and Cd(II) ions in aqueous solutions.
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2 Materials and Methods
2.1 Chemicals and Reagents

The materials supplied by Sigma-Aldrich included silver nitrate (AgNOs3, >99.0%), bismuth(I1I) nitrate
pentahydrate (Bi(NO3)3-5H»0, >98.0%), L-cysteine (>98.5%), lead(I) nitrate (Pb(NO3),, >99.0%), and
cadmium(II) nitrate tetrahydrate (Cd(NO3),-4H>0, >98.0%). Hydrochloric acid (HCI, 37%), sodium acetate
(anhydrous, >99.0%), potassium chloride (KCl, >99.0%), potassium ferricyanide (K3[Fe(CN)s], >99.0%),
and potassium ferrocyanide trihydrate (K4[Fe(CN)s]-3H20, >98.5%) were all supplied by Merck. Addition-
ally, Sigma-Aldrich supplied us with N,N-Dimethylformamide (DMF, 99.8%). Analytical-grade chemicals
were all utilized just as supplied, requiring no further purification. Stock solutions of Pb(II) and Cd(II) at
1000 mg/L were made by dissolving the corresponding nitrate salts in ultrapure deionized water. Every
day, the stock solutions were serially diluted to create working solutions with decreasing concentrations.
The supporting electrolyte,By mixing the appropriate quantities of sodium acetate and acetic acid solutions
and adjusting the pH as needed, 0.1 M acetate buffer solution (ABS) was created.

2.2 Synthesis of AgBiS, Nanoparticles

A simple hydrothermal process aided by biomolecules was used to create the AgBiS, nanoparticles
(NPs) [11]. 1.0 mmol of AgNO3 (0.169 g) and 1.0 mmol of Bi(NO3)3-5H>O were dissolved in 40 mL of
deionized water using a conventional procedure. (0.485 g) in a glass beaker while being stirred magneti-
cally. 3.0 mmol of L-cysteine (0.363 g) was added to this clear solution. Through the thermal breakdown
of its thiol group, L-cysteine acts as a sulfide source. It also complexes with metal cations to assist regulate
the nucleation and development of the nanoparticles. For half an hour, the liquid was rapidly agitated until
a uniform suspension was successful. Following that, this suspension was placed in a 50 mL Teflon-lined
stainless-steel autoclave, sealed, and baked for 24 h at 200°C. The autoclave was allowed to naturally cool
to room temperature after the reaction. Centrifugation was used for 10 min at 8000 rpm to collect the re-
sultant black precipitate. The product underwent centrifugation and redispersion procedures after be-
ingwashed twice with deionized water and three times with 100% ethanol to get rid of any unreacted pre-
cursors and soluble byproducts. The purified AgBiS,; NPs were then dried in a vacuum oven for 12 h at
60°C.

2.3 Fabrication of the Modified Electrode (AgBiS/SPE)

Using a straightforward drop-casting technique, the AgBiS;-modified screen-printed electrode (Ag-
BiS,/SPE) was created [12]. The first step included mixing 5.0 mg of the as-synthesised AgBiS, NPs with
5.0 mL of DMF to create a stable nanoparticle dispersion. After 30 min of ultrasonication, the mixture
formed a uniform black dispersion with a 1.0 mg/mL concentration. Commercial screen-printed carbon
electrodes contained a silver pseudo-reference electrode, a carbon counter electrode, and a carbon working
electrode (4 mm diameter). (SPEs, DropSens DRP-110) that were used as the substrate. Before being al-
tered, the working electrode’s surface was cleaned with ethanol and deionized water and let to dry. The
active region was then thoroughly covered by gently pipetting a 5 uL aliquot of the AgBiS, NP dispersion
over the carbon working electrode’s surface [13]. A homogenous and stable layer of AgBiS, nanoparticles
formed on the electrode surface as a consequence of the electrode being put in an oven set at 50°C for 15
min. This process allowed the DMF solvent to evaporate gradually. The prepared AgBiS,/SPEs were kept
at room temperature and in a dry, dark place when not in use. SPEs that had not been altered (bare) served
as a control in every experiment.

2.4 Electrochemical Measurements

At room temperature, all electrochemical measurements were conducted using three electrodes in a 25
mL electrochemical cell. An Ag/AgCl electrode (3 M KCl) served as the reference electrode, bare SPE or
AgBiS,/SPE served as the working electrode, and platinum wire served as the counter electrode. The fun-
damental electrochemical properties of the electrodes were examined using Electrochemical Impedance
Spectroscopy (EIS) and Cyclic Voltammetry (CV). These investigations were conducted using a 5.0 mM
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[Fe(CN)6]3—/4— solution with 0.1 M KCl as the supporting electrolyte. CV scans were acquired between
—0.2 V and +0.6 V at a scan rate of 50 mV/s. To test EIS at the formal potential of the redox probe, a
sinusoidal AC voltage with an amplitude of 10 mV was supplied between 100 kHz and 0.1 Hz [14].

The simultaneous detection of Pb(Il) and Cd(Il) in 0.1 M acetate buffer (pH 5.0) was accomplished
using SWASV. The SWASV method consisted of two main stages: stripping and deposition. The solution
was continuously swirled for 180 s while a voltage of —1.2 V was applied to the working electrode to
encourage the deposition of target metals onto the electrode surface. After the deposition, the stirring was
halted, and the system was given ten seconds to settle down and equilibrate.

3 Results and Discussion
3.1 Physicochemical Characterization of AgBiS> Nanoparticles

Utilizing X-ray diffraction, the crystalline structure was investigated. and phase purity of the hydro-
thermally produced AgBiS; nanoparticles. Several distinct diffraction peaks with 26 values of 27.5°, 31.8°,
45.5°,53.9°, and 56.4° are seen in the XRD pattern, which is shown in Fig. 1. The cubic rock-salt (Schap-
bachite) phase of AgBiS, contains the following crystal planes: (111), (200), (220), (311), and (222)
(JCPDS Card No. 17-0456). [15] correspond to these peaks, respectively. The high phase purity of the
synthesized product is confirmed by the lack of any noticeable peaks that would indicate binary sulfides
(such as Ag>S or Bi»S5) or other contaminants. A high degree of crystallinity is indicated by the diffraction
peaks’ sharpness and intensity. The average crystallite size (D) was calculated from the full width at half
maximum (FWHM) of the most intense (200) diffraction peak using the Debye-Scherrer equation, D =
KM(BcosB). This equation, The symbols K, A, B, and 0 represent the Scherrer constant (0.9), X-ray wave-
length (0.15406 nm), FWHM (in radians), and Bragg angle, respectively. The material’s nanocrystalline
structure was confirmed by the computed average crystallite size of around 18 nm [16].
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Figure 1: High crystallinity and phase purity are confirmed by the XRD pattern of hydrothermally produced AgBiS,
nanoparticles, which displays distinctive diffraction peaks indexed to the cubic rock-salt phase (JCPDS No. 17-0456).

Scanning and transmission electron microscopy were used to further analyze the AgBiS,; NPs’ shape
and microstructure. The result is composed of quasi-spherical nanoparticles that tend to form bigger ag-
glomerates, as is typical for nanoparticles synthesized using hydrothermal techniques without strong cap-
ping agents, according to FESEM images taken at various magnifications (Fig. 2a,b). TEM examination
was done to get a closer look at each individual nanoparticle. The nanoparticles’ approximately spherical
form and relative monodispersity are confirmed by the TEM images (Fig. 3a,b). The average diameter of
the particle size distribution histogram, which was created by measuring more than 100 particles from the
TEM pictures, is around 20 nm, which is quite consistent with the crystallite size as derived from the XRD
data. The crystalline quality of a single nanoparticle may be inferred from the high-resolution TEM
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(HRTEM) picture (Fig. 3c). With a measured interplanar the (200) plane of the cubic AgBiS; crystal struc-
ture, which is separated by 0.285 nm, distinct and well-ordered lattice fringes are evident [17]. The (111),
(200), (220), and (311) planes of cubic AgBiS,. The selected area electron diffraction (SAED) pattern (Fig.
3d) displays diffraction rings. The unique ring pattern attests to the synthetic material’s polycrystalline
nature [18].

Figure 2: AgBiS; nanoparticles shown in FESEM pictures: Semi-spherical shape is shown in (a) the low-magnifica-
tion view; aggregation of nanoparticles is seen in (b) the higher-magnification picture.

Figure 3: Identification of AgBiS, nanoparticles by TEM: (¢) HRTEM picture with lattice fringes (d-spacing 0.31
nm, (200) plane); (d) SAED pattern verifying polycrystalline nature; (a,b) monodisperse spherical particles.

Using X-ray photoelectron spectroscopy, the chemical valence states and surface elemental composi-
tion of the generated AgBiS, NPs were investigated. Ag’s presence, Bi, and S, as well as adventitious
carbon (C 1s) and oxygen (O 1s), which are often seen as a result of surface adsorption from the surrounding
environment, is evident in the XPS survey spectrum (Fig. 4a). To ascertain the oxidation states, high-reso-
lution XPS spectra were captured for the core levels of Ag 3d, Bi 4f, and S 2p. The Ag 3d spectra decon-
volutes into two separate peaks with 368.1 eV and 374.1 eV binding energies, which represent the Ag 3d5/2
and Ag 3d3/2 spin-orbit doublets, respectively, as shown in Fig. 4b. These 6.0 eV separates the peaks,
which is indicative of the Ag" oxidation state. Two peaks located at 158.5 ¢V and 163.8 eV are ascribed to
the Bi 417/2 and Bi 4f5/2 core levels in the high-resolution Bi 4f spectrum (Fig. 4c). Bismuth is confirmed
to be present in the Bi*" oxidation state by thedivide between spin and orbit of 5.3 eV [19]. With binding
energies of 161.3 eV and 162.5 eV, respectively, the doublet in the S 2p spectrum (Fig. 4d) represents S
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2p3/2 and S 2p1/2. The sulphide anion (S*7) was found in metal sulfide compounds exhibits these values.
The ternary complex AgBiS, is formed with the elements in their anticipated Ag’, Bi*", and S*" valence
states, and the XPS findings are completely consistent with this.
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Figure 4: Analysis of AgBiS; nanoparticles using XPS: (a) survey spectrum displaying Ag, Bi, and S signals. (b) Ag
3d spectrum demonstrating Ag"® state; (¢) Bi 4f spectrum verifying Bi** state; (d) S 2p spectrum attributed to S*
species;

The function of L-cysteine as the sulfur source in the hydrothermal synthesis was verified by FTIR
spectroscopy. The FTIR spectra of the as-synthesised AgBiS, NPs and pure L-cysteine are shown in Fig.
5. L-cysteine’s spectra shows a number of distinctive absorption bands, including a noticeable peak at
around 2550 cm™! that is associated with the thiol (-SH) group’s stretching vibration. This -SH peak is
totally missing from the AgBiS, NPs spectra. This discovery clearly suggests that during the hydrothermal
process, the thiol group of L-cysteine was broken down, releasing sulfide ions that then interacted with the
Ag" and Bi** cations to generate the AgBiS, product [20]. The AgBiS; spectrum also shows a considerable
reduction or absence of other typical peaks of L-cysteine, such as those associated with the amine (-NH,)
and carboxyl (-COOH) groups. This suggests that the majority of the organic precursor was either degraded
or successfully eliminated during the washing process. The C-H stretching from trace residual organic mat-
ter is responsible for the remaining weak bands, which are located between 2920 cm™' and 2850 cm ™.



Chalcogenide Lett. 2025;22(12) 1037

CH, (sym.)

COO (sym.) /
CH

-/
/ COO (asym.)
CH, (asym.)

CH, (sym.)

Transmittance

AN CH, (asym.)

/L
7/

1 1 1 1
3600 3200 2800 1600 1400

Wavenumber (cm™)
Figure 5: FTIR spectra of L-cysteine and AgBiS, NPs.

UV-vis absorption spectroscopy was used to examine the AgBiS,; NPs’ optical characteristics. Fig. 6a
displays the wide and strong absorption spectra of the nanoparticles dispersed in toluene, which extends
from the ultraviolet through the whole visible spectrum and into the near-infrared region [18]. AgBiS; is a
potential material for a variety of optoelectronic applications, including photovoltaics and photodetectors,
because to its wide absorption [21]. With the use of The Tauc relation for semiconductors with a straight
band gap. The visible band gap (Eg) of the substance is (ohv)*= A(hv—Eg), where a is the absorption coef-
ficient, hv is the photon energy, and A is a constant. semiconductor nanoparticles was calculated from the
absorption data. The direct optical band gap was calculated to be about 1.35 eV when (chv)? is plotted
versus hv and the linear portion of the curve to the energy axis (Fig. 6b). This number, which is referred to
as a “blue shift,” is far more than the stated band gap for bulk AgBiS, (around 0.9 eV). The effective
production of nanoparticles is further shown by this shift, which is a direct result of the quantum confine-
ment effect, which happens when the particle size is equal to or less than the exciton Bohr radius.
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Figure 6: The AgBiS; nanoparticles’ UV—vis absorption spectrum (a) demonstrates wide absorption over UV—vis—
NIR regions; (b) a tauc plot is utilized to estimate a direct band gap of around 1.35 eV.

The specific surface area of the AgBiS, NPs was measured using nitrogen adsorption-desorption tests
at 77 K. porosity. According to the [IUPAC classification, the resultant isotherm, shown in Fig. 7, is a Type
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[T isotherm. Non-porous or macroporous materials with weak adsorbate-adsorbent interactions are charac-
terized by this kind of isotherm [22]. Using The specific surface area was found to be 25.2 m%/g using the
Brunauer-Emmett-Teller (BET) method [23]. The only one that tiny particle size directly contributes to the
comparatively large specific surface area, which is very beneficial for electrochemical sensing applications.
Enhancing the sensor’s sensitivity and overall functionality should be accomplished by a bigger region as
it provides more easily accessible active spots for the electrochemical deposition process and stripping of
the target heavy metal ions.
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Figure 7: AgBiS, nanoparticles’ nitrogen adsorption—desorption isotherm, which shows a type III isotherm.

3.2 Electrochemical Characterization of the Modified Electrode

With the [Fe(CN)s]* " redox pair, CV and EIS were used to examine the electrochemical character-
istics of the naked SPE and the AgBiS,/SPE. The cyclic voltammograms obtained at both electrodes are
shown in Fig. 8a. With a wide peak-to-peak separation (AEp) of 195 mV and two broad redox peaks, the
bare SPE shows slow electron transport kinetics. AgBiS,/SPE, on the other hand, shows considerably im-
proved electrochemical performance. The AEp drops to 115 mV, and the anodic and cathodic peak currents
are much greater. While the reduced AEp is a definite sign of easier electron transport at the electrode-
solution interface, the rise in peak current indicates a greater electroactive surface area and/or quicker ki-
netics [24].

To further investigate the electrodes’ interfacial characteristics, EIS was used. A useful tool for exam-
ining charge transfer processes is the Nyquist plot, which shows the connection from the hypothetical (—Z"")
to the actual (Z") components of this impedance. The Nyquist plot for both electrodes, as shown in Fig. 8b,
has a linear portionThe charge transfer resistance (Rct) is shown as a semicircle at high frequencies, while
the diffusion process is linked to low frequencies. A direct indicator of Rct is the semicircle’s diameter. A
sizable semicircle with an estimated Rct of around 1480 Q is seen in the bare SPE. The semicircle diameter
is much lower for the AgBiS,/SPE, resulting in a Rct value of only 750 Q. The AgBiS, nanoparticle mod-
ification produces a highly conductive surface that greatly speeds up how quickly electrons move between
the electrode and the redox probe in solution, as shown by the threefold reduction in charge transfer re-
sistance [25]. For voltammetric sensing applications to achieve high sensitivity, this improved conductivity
and kinetic facility are essential. A distinct structure-function relationship is established by the combined
findings of the thorough physicochemical and electrochemical characterization: the synthesis process yields
pure, highly crystalline nanoparticles with a large surface area and exceptional Conductivity of electricity,
which in turn produce an excellent electrochemical interface for sensing applications.
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Figure 8: Electrochemical analysis of AgBiS,/SPE and bare SPE: (a) [Fe(CN)s]* /4~ CV curves in; (b) Nyquist plots
from EIS demonstrating decreased charge transfer resistance upon modification.

3.3 Optimization of SWASV Parameters

A mixture with fifty micro grams per liter of each metal ion was used to systematically tune a number
of important experimental parameters of the SWASYV technique to get the greatest possible analytical per-
formance for the simultaneous detection between the metals Cd(II) and Pb(II). Because it influences both
the condition ofthe metal ion speciation in solution and the electrode surface, and pH of the supporting
electrolyte is a crucial component. Using 0.1 M acetate buffer, the impact of pH was examined throughout
the range of 3.5 to 6.0. The stripping peak currents for Pb(II) and Cd(II) both rose when the pH was elevated
from 3.5 to 5.0, peaking at pH 5.0, as shown in Fig. 9a. Lower pH levels cause the metal cations to compete
with the higher concentration of protons (H+) for active sites on the electrode surface, which prevents them
from depositing and results in reduced signals [6]. On the other hand, peak currents started to drop at pH
values higher than 5.0. This is because metal hydroxide complexes (Pb(OH), and Cd(OH),) formed, which
decreased the concentration of free, electroactive ions available for deposition. Therefore, the ideal pH for
all next studies was determined to be 5.0.

The pre-concentration step’s efficiency is directly impacted by the deposition potential. By changing
the potential from —0.9 V to —1.4 V for a given deposition duration of 180 s, its impact was investigated.
As the deposition potential becomes more negative, the stripping peak currents for both metals rise, plat-
eauing at around —1.2 V, according to the findings, which are shown in Fig. 9b. The analytical signal did
not significantly rise when potentials more negative than —1.2 V were applied; however, the background
current did increase, most likely as a consequence of the hydrogen evolution process starting on the elec-
trode surface [26]. In order to guarantee effective metal deposition while preserving a minimal background
signal, —1.2 V was determined to be the ideal deposition potential [27].

The quantity of analyte deposited on the electrode surface is determined by the deposition period,
which is also directly correlated with the measurement’s sensitivity. At the ideal deposition potential of
—1.2 V, and the effects of deposition time were investigated between 30 and 300 s. The peak currents The
growth of both Pb(II) as Cd(II) levels is linear in relation to deposition time up to 240 s, as shown in Fig.
9c. This linear connection shows that, within this range, the quantity of metal deposited is proportionate to
the accumulation time. The rate of growth slows down for durations more than 240 s, indicating that the
electrode surface is getting close to saturation [28]. For the quantitative analysis, 180 s of formation time
were employed to order to balance attaining high sensitivity with keeping a realistic analysis time.
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3.4 Analytical Performance of the AgBiS/SPE Sensor

The analytical capabilities offered by AgBiS,/SPE for Pb(Il) and Cd(Il) simultaneous detection was
assessed underdetails ideal experimental circumstances (pH, 5.0, 180-s formation duration, —1.2 V for-
mation prospective). details SWASYV responses for increasing concentrations of both metal ions are shown
in Fig. 10a. At potentials ofThe oxide formation of both lead and zinc is represented by values of about
—0.85 V & —0.60 V, respectively, two separate and well-defined anodic stripping peaks are seen. The sen-
sor’s appropriateness for quantitative analysis is shown by the peak currents for both metals rising system-
atically with increasing concentration.

Calibration curves were created using the connection between the analyte concentration and the strip-
ping peak current, as shown in Fig. 10b. Excellent linearity is shown by the sensor throughout a broad
concentration range. With a linear regression equation of ICd (nA) = 0.85 x Ccq (ug/L) + 0.5 and a corre-
lation coefficient (R?) of 0.998, the linear range ranges from 0.5 pg/L up 100 g per liter for Cd(1I). 0.5 pg/L
is the linear range of Pb(II). to 120 pg/L, an R? 0f 0.999, and a regression equation of Ip, (WA) = 0.60 x Cpp,
(ng/L) + 0.3. Within these ranges, a strong linear connection and excellent accuracy are shown by the high
correlation coefficients. The formula LOD = 36/S was used in order to establish the detection limit, where
o is the calibration curve’s standard deviation and S is the sensitivity, or slope. blank signal (n = 10). Re-
garding Pb(II) and Cd(II), the determined LODs were 0.21 pg/L and 0.15 pg/L, in that order. The one that
World Health Organization’s (WHO) maximum allowable values. Cd and Pb levels in drinking water are
3 ug/L and 10 ug/L, respectively, are far higher than these detection limits. This great sensitivity highlights
the AgBiS,/SPE’s potential for useful environmental monitoring.
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Figure 10: (a) SWASYV responses of AgBiS,/SPE for simultaneous detection of Pb(II) and Cd(II) at increasing con-
centrations and (b) corresponding calibration curves showing excellent linearity for both metals.

3.5 Validation of the Sensor and Mechanistic Discussion

An electrochemical sensor’s selectivity is a crucial factor in real-world samples, which often include
a complicated matrix of coexisting ions. By measuring the SWASV response to Pb(Il) and Cd(II) solutions
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with 20 pg/L each in the surroundings of a 100-fold excess of various potentially interfering ions commonly
found in natural waters, such as Na', K*, Mg?", Ca*", Zn?', and Cu?", the anti-interference capability of the
AgBiS,/SPE was evaluated. The bar chart in Table 1 provides a summary of the findings. The presence had
little impact on the Pb(II) and Cd(I) stripping signals.common alkali and alkaline earth metals, with signal
variations of less than 3%. The signal fluctuation was less than 5% even for otherIn particular, Zn*" and
Cu”" are heavy metal ions that are known to possibly interfere via the creation of intermetallic compounds.
This exceptional selectivity is a natural property of the material design and is not a result of chance. Bis-
muth’s high thermodynamic inclination to create fusible alloys, particularly with lead and cadmium, is the
source of the performance. The deposition and nucleation of Pb and Cd on the bismuth sites inside the
AgBiS; nanoparticle surface are made possible by this strong chemical affinity, which efficiently outcom-
petes other ions. This inherent selectivity makes the sensor more useful for on-site analysis by minimizing
matrix effects and lowering the requirement for masking chemicals, which streamlines the analytical pro-
cess.



1042 Chalcogenide Lett. 2025;22(12)

Table 1: Effect of interfering ions on the SWASV response of 20 pg/L Pb(Il) and Cd(II) at the AgBiS,/SPE.

Concentration Ratio (Inter- Signal Change for

Interfering Ion Signal Change for Cd(II) (%)

ferent: Analyte) Pb(l) (%)
Na* 100 -1.8 -1.5
K* 100 2.1 -1.9
Mg?" 100 -2.5 2.2
Ca2* 100 23 —2.6
7n2* 100 —4.1 -3.8
Cu?’ 100 43 45

To determine the sensor’s dependability, its stability and repeatability were also examined. Five sepa-
rate AgBiS,/SPEs were prepared, and their SWASV response to a mixture with 50 pg/L of Cd(II) and Pb(II)
was measured in order to ascertain the manufacturing reproducibility. The relative deviations from average
(RSDs) for Pb(II) and Cd(II) are 4.1% and 3.8%, respectively. were obtained from the measurements, as
shown in Fig. 11a, demonstrating exceptional consistency and dependability in the electrode construction
procedure. A single AgBiS,/SPE was stored at 4°C and measurements were taken at regular intervals for
four weeks in order to examine its long-term stability. After 28 days, the electrode maintained 96.5% of its
original response regarding the amount of Cd(II) and 95.6 percent for Pb(Il), as per the data displayed in
Fig. 11b. This remarkable stability shows how durable the AgBiS; nanoparticle layer is on the SPE surface
and how well-suited it is for long-term storage or frequent usage.
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Figure 11: (a) AgBiS,/SPE’s reproducibility for the simultaneous detection of Cd(Il) and Pb(Il) with low RSD values;
(b) the sensor’s long-term stability test over a 28-day period, which retained over 95% of the original response.

The concentrations of Pb(I) and Cd(II) in actual environmental samples, namely tap and river water,
were measured in order to confirm the proposed sensor’s practical application. The conventional addition
procedure was used to evaluate the samples after they had been filtered. The initial Both samples’ levels of
Pb(II) and Cd(I) were under the sensor’s detection limit, according to the data, which are compiled in Table
2. The sensor produced readings with low RSDs (<4.5%) and outstanding recovery rates, ranging from
97.5% to 104.2%, after spiking the samples with known concentrations of the metal ions. ICP-MS analysis
was performed on the same spiked samples to confirm the electrochemical method’s accuracy. The accu-
racy and dependability of the suggested sensor for practical uses were confirmed by the AgBiS,/SPE find-
ings, which showed excellent agreement with the ICP-MS analysis results.

Table 2: Determination of Pb(I) and Cd(II) in spiked real water samples using the AgBiS,/SPE sensor and validation
with ICP-MS (n = 3).
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Found by Ag- Found by
Sample Analyte Spiked (pg/L) BiSy/SPE (ne/L Recovery (%) RSD (%) ICP-MS
iS: (ng/L) (/L)
Cd(In) 10.0 9.75+0.41 97.5 4.2 9.88 £0.35
Tap Water 50.0 51.24+2.30 102.4 4.5 50.6 +2.12
Pb(IT) 10.0 10.42 £ 045 104.2 43 10.21 £ 0.40
50.0 49.6 £2.08 99.2 4.2 50.9+1.98
cdq) 10.0 10.15+£0.39 101.5 3.8 10.33 £ 041
River Water 50.0 52.0+2.13 104.0 4.1 51.5+2.05
Pb(II) 10.0 9.89+0.43 98.9 43 10.05 £ 0.38
50.0 50.8 +£2.23 101.6 4.4 51.2+2.10

4 Conclusion

This work concludes by providing a clear example of how to develop and use a novel galvanic sensor
that uses bismuth silver sulfide nanomaterials for the simultaneous identification of both cadmium and lead.
To create high-purity, crystalline, quasi-spherical AgBiS; nanoparticles with an average diameter of around
20 nm, a simple, affordable, and environmentally benign hydrothermal technique supported by biomole-
cules was used. created. The intended structural, compositional, optical, and surface characteristics of the
nanomaterial were validated by a comprehensive suite of characterization methods, including XRD, TEM,
XPS, FTIR, UV-vis, and BET. These AgBiS; nanoparticles were added to a disposable screen-printed elec-
trode using a simple drop-casting technique. A threefold decrease in charge transfer resistance as compared
to the bare electrode demonstrated the resultant AgBiS,/SPE sensor’s markedly increased electrochemical
activity. The sensor showed exceptional analytical performance for the simultaneous determination of
Pb(II) and Cd(II) under optimal SWASYV conditions. In addition to having broad linear ranges, good selec-
tivity against common interfering ions, good reproducibility (RSD < 4.5%), and robust long-term stabil-
ity—retaining more than 95% of its initial signal after four weeks—it provided low detection limits of 0.21
ug/L and 0.15 pg/L for Pb(Il) and Cd(II), respectively. By analyzing actual water samples that had been
spiked, the sensor’s practical usefulness was successfully confirmed. The findings showed good correlation
with the conventional ICP-MS technique and high recovery rates. The AgBiS; nanoparticles’ synergistic
effect, which combines the strong electrical conductivity of silver with the exceptional alloying capabilities
of bismuth for lead and cadmium, is responsible for the sensor’s remarkable performance. The proposed
AgBiS,/SPE sensor is a very promising and useful instrument for the quick, Because of its high sensitivity,
superior selectivity, low cost, and ease of production using non-toxic materials, on-site monitoring of haz-
ardous heavy metals is used in environmental and water quality applications.
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