7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

A modified MXene composite sensor with sulphur
impurities for electrochemical detection of lead in
the aqueous systemt
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The detection of heavy metal ions, particularly Pb2*, is critical due to their severe environmental and
health impacts. This study introduces a novel sensor based on an alkali-modified Ti-MXene decorated
with bismuth and sulphur (S-Bi@TiMX), designed for the ultra-sensitive electrochemical detection of
Pb2*. Synthesized via hydrothermal deposition, the composite material exhibits a distinctive marigold-like
morphology, enhanced active sites, and robust synergistic interactions between its constituents. These
features mitigate issues like MXene sheet restacking and promote superior electron transfer kinetics. The
composite was drop-cast onto a low-cost, disposable plastic chip electrode (PCE), achieving remarkable
sensitivity and an impressive detection limit of 0.0002 pg L™ Pb2*, well below the WHO safety threshold.
The sensor demonstrated good repeatability (RSD < 2.75%), excellent reproducibility (RSD < 2.8%),
minimal interference from competing ions, and high recovery rates (99.2%-99.6%) in real water samples.
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Optimized parameters like pH, preconcentration potential, and time ensured precise, robust performance
across a broad linear range (0.01-100 ug L™). This work highlights the potential of the S—-Bi@TiMX/PCE
sensor for environmental monitoring and offers a scalable, cost-effective solution for detecting ultra-
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1. Introduction

Heavy metal ions and dyes are the main sources of water pol-
lution. Most heavy metal ions are persistent pollutants and
carcinogens that seriously harm both ecosystems and human
health. The presence of heavy metals in water bodies is
increasing day by day with industrial growth. Lead is a heavy
metal in water, particularly dangerous because it tends to
accumulate in living organisms and strongly binds to biologi-
cal molecules, disrupting essential processes within cells.'
When lead enters the human body, it can mimic important
metals like calcium, iron, and zinc, which are crucial for
various biochemical reactions. By replacing these essential
metals, lead interferes with vital functions, which can damage
organs and systems, especially affecting the brain, kidneys,
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trace Pb2* in diverse aqueous systems.

and blood.”™ Lead toxicity stems from its chemical behaviour
in the body, where it forms stable compounds with proteins
and enzymes, distorting their shape and interfering with pro-
cesses like nerve signalling and cell repair.” Unlike some other
pollutants, lead cannot be broken down or metabolized by
organisms, which means that it builds up over time in both
the environment and biological tissues. Therefore, even low
levels of lead pose long-term health risks, making it essential
to detect it and control its exposure early.® Sources of lead
exposure include mining, smelting, leaded gasoline, and lead-
based paints.” Lead can enter the body through hand-to-
mouth contact or by consuming contaminated food or water.
Detecting trace amounts of lead in water, soil, and other
environmental sources is crucial to preventing harmful
accumulation and protecting public health, highlighting the
need for sensitive, reliable sensors and monitoring tools. The
World Health Organization (WHO) has set the safe limit for
lead in drinking water at 10 ppb (48 nM).® Various methods
are employed to detect trace levels of lead in contaminated
water, with techniques like inductively coupled plasma-mass
spectrometry (ICP-MS) and atomic absorption spectroscopy
(AAS) being particularly effective. These methods offer high
accuracy and can detect even trace amounts of lead within
complex biomolecular samples.” However, their widespread
application is limited by the complexity of their instrumenta-
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tion and the time-intensive nature of their operation, which
restricts their use for rapid ion detection in the field. To
address these limitations, researchers are increasingly explor-
ing electrochemical approaches to detect heavy metals in real
samples, working toward the development of ion-selective elec-
trodes (ISEs) tailored for specific toxic ions. While ISEs are
commonly available for ions like sodium, calcium and can be
further designed for lead, the standard commercial Pb>* ISEs,
such as the HI4112 lead/sulfate combination and HI4012 lead/
sulfate half-cell electrodes, are limited in their sensitivity.'*™>
These electrodes are generally not capable of reliably measur-
ing lead concentrations in the low part-per-billion (ppb) range,
making them more suitable for industrial applications, such
as plant monitoring, rather than environmental testing at
ultra-low levels."* Additionally, when using ISEs to detect lead
in water, potential interference from other ions such as Fe*",
Na®, Ca®*, Mg>", and Cu®" must be carefully managed. Anodic
stripping voltammetry (ASV) is the most commonly used
electrochemical technique for detecting heavy metal ions,
offering a detection limit as low as 107'® M, making it particu-
larly suitable for analyzing trace levels of these elements."
Numerous modifications and advancements have been
reported in electrode materials to enable the detection of
metal ions at extremely low concentrations. Traditional elec-
trode substrates such as glassy carbon electrodes (GCE),**
indium tin oxide (ITO),"® aluminium,'® stainless steel,’” and
gold"® have been engineered with various coatings to enhance
their sensitivity. These modifications include coatings of
metals like bismuth,’® antimony,>® and mercury,** carbon-
based materials such as reduced graphene oxide and carbon
nanotubes (CNTs),**>* boron-doped diamond,* and conduct-
ing polymers (polyaniline, polypyrrole).'”***¢ However, each
of these substrates presents challenges, including environ-
mental toxicity (e.g., Hg), high cost, or complex fabrication pro-
cesses that can hinder their application for ultra-trace
detection.

In response to these limitations, this work presents the
design of an innovative electrode using a plastic chip sub-
strate modified with MXenes and bismuth. Comprising poly
(methyl methacrylate) (PMMA) and conductive graphite. The
plastic chip electrode (PCE) offers enhanced electron transfer
kinetics and reduced capacitive behaviour over conventional
materials.?” Its scalability and low cost make it ideal for min-
iaturized, disposable sensing devices, enabling ultra-sensi-
tive detection down to parts per trillion (ppt) while providing
a practical alternative to traditional electrodes.”® MXenes,
discovered in 2011, come from a family of 2D metal carbides
and nitrides and are being used in a wide realm of electro-
chemical applications due to their impressive features like
high electrical conductivity, hydrophilicity, and tuneable
surface properties.”® Synthesized by etching the A-layers
from layered MAX phases (M,;AX,, where M is a transition
metal, A is a group IITA/IVA element, and X is C/N), MXene
surfaces are naturally terminated with groups like -OH, -O,
and -F.*° These functional groups enhance their reactivity
and tunability, allowing for tailored interactions with ions
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and molecules. MXenes typically exhibit a laminar, sheet-like
morphology, which can lead to restacking issues, thereby
limiting ion diffusion pathways and reducing performance.
Unmodified Ti;C,T, MXenes have demonstrated remarkable
sensitivity and selectivity for Pb** detection.”® However, the
incorporation of Pb**-sensitive materials offers an opportu-
nity to further enhance their performance. To achieve this,
researchers have explored various modifications, including
functionalization and composite formation. Recent advance-
ments include functionalization with amino and thiol
groups, such as NH,-functionalized MXenes (NH,-Ti;C,T,/
SPCE) and NH,/SH-functionalized MXenes, achieving detec-
tion limits of 0.31 ug L™" (ref. 32) and 2.30 pug L™',** respect-
ively, for Pb®*. Beyond functionalization, MXene composites
with carbon-based materials and metal oxides have been
extensively investigated for improved Pb>" detection due to
their enhanced selectivity and lower limits of detection
(LOD). For instance, a melamine-doped rGO/MXene aerogel/
SPCE demonstrated sensitive detection of Pb*>" with a detec-
tion limit of 0.29 pg L™'.** Similarly, a Ti;C,/Fe;0,4/g-C5Ny4/
GCE nanocomposite exhibited an impressive LOD of 0.02 pg
L' for Pb*>*.**> Other notable examples include the MXene
aerogel-CuO/CC electrochemical sensor with an LOD of
0.2 pg L' for Pb>*3® and the UiO-66-NH,-doped
MXene@rGO composite aerogel, which achieved an LOD of
0.40 pg L™* for Pb>*.*>” Bismuth film electrodes are frequently
noted for their high activity and as practical, mercury-free
alternatives in electrochemical sensing, though they often
require a complex, sensitive electrodeposition process with
various drawbacks. So, instead of Bi films, Bi nanostructures
are expected to be more effective as they provide added active
sites. And the incorporation of these nanostructures onto the
MXene laminar structure eventually solves the problem of
restacking of the MXene sheets and agglomeration of Bi
nanostructures.®

In this work, we design a composite material using the
hydrothermal method to integrate Bi nanostructures onto the
Ti-MXene surface, followed by uneven dispersion of sulphur.
The morphology of the MXene is changed from conventional
sheet like to flower like which subsequently offers a greater
number of active sites. Sulphur’s thiol groups tend to oxida-
tively dimerize, forming disulphides that are expected to
enhance the binding affinity with Pb>" ions and increase the
active surface area. The synthesised composite material is drop
cast onto in-house prepared PCE electrodes which overall
offers a novel combination of a biodegradable and scalable
sensor for lead detection. This configuration merges cost-
efficiency with heightened sensitivity, allowing metal lead
detection down to ppt levels.

2. Methodology
2.1 Materials

For the synthesis of PCE, the graphite powder was obtained
from Qualikems Pvt. Ltd, and Otto Pvt Ltd provided us with
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poly(methyl methacrylate) (PMMA). For the preparation of the
composite material, bismuth nitrate pentahydrate (Bi
(NO3)3-5H,0, 99%) and precursor MAX phase Ti;AlC, were pro-
cured from Sigma Aldrich and from Nano Research Elements
(Haryana, India), respectively. Thiourea was used to impart
sulphur impurities and was purchased from Loba Chemicals.
For the preparation of test solutions, lead chloride (PbCl,)
and perchloric acid were acquired from Merck for use in the
experimental procedures.

2.2 Fabrication of the plastic chip electrode (PCE)

The PCE was prepared by adapting a previously established
method.”” The comprehensive procedure is provided in
Section SI-1 of the ESL.}

2.3 Synthesis of the composite material

2.3.1 Synthesis of alkali-modified Ti-MXene. Alkali-modi-
fied Ti-MXene (TizC,) was prepared following the previously
reported method by our group.’® To summarize, 500 mg
TizAlIC, and 500 g of lithium fluoride (LiF) were weighed and
submerged in 50 mL of 9 M HCI at 60 °C for 48 hours. This
method is an in situ HF generation method for MXene syn-
thesis. After this etching, the solution was centrifuged at 7000
rpm for 10 minutes, and the black precipitate was separated
following the removal of the supernatant. This black precipi-
tate was then treated with 40 mL of 49% HF at 25 °C for
24 hours to eliminate any remaining aluminium moieties. The
final black powder was thoroughly rinsed until the pH became
neutral and dried overnight in a vacuum oven at 60 °C. It was
further treated with alkali and 100 mg of the synthesized Ti;C,
was dispersed in 40 mL of 1 M KOH with 0.7 mL of 30% H,0,.
This mixture was placed in a Teflon-lined autoclave and heated
to 150 °C for 12 hours. Afterward, the product was extensively
washed with deionized water, and the top suspension was

LiF+HCI
—_—

60 °C, 48h

S-Bi@TiMX

Fig. 1 The synthetic route followed for the preparation of S—Bi@TiMX.
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separated by centrifugation and subsequently dried under
vacuum at 60 °C. The obtained product was used as a test
sample and termed TiMX.

2.3.2 Synthesis of the sulphur decorated Bi-MXene compo-
site. The final composite material was synthesized using a
one-step hydrothermal method. First, 40 mg of TiMX was dis-
solved in 100 mL of ethanol and stirred for 45 minutes.
Subsequently, 100 mg of sodium citrate and 430 mg of Bi
(NO3)3-5H,0 were added, and the solution was stirred con-
tinuously for 12 hours to achieve thorough homogenization.
Following this, 1 mL of 0.1 M NaBH, solution was introduced,
and the mixture was stirred for an additional hour at room
temperature. To incorporate sulphur moieties, 20 mg of
thiourea was added to the solution. This mixture was then
transferred to a custom-prepared Teflon-lined 50 mL autoclave
and treated in a muffle furnace at 180 °C for 3 hours. The
resulting product was centrifuged with water and sub-
sequently dried, yielding the final composite material, desig-
nated as S-Bi@TiMX. To assess the impact of TiMX, a control
sample was prepared following the same procedure without
adding TiMX and was labelled as S-Bi. The synthesis scheme
for preparation of TiMX and S-Bi@TiMX has been shown in

(Fig. 1).

2.4 Fabrication of the composite electrode

To prepare the composite electrode, an ink of the S-Bi@TiMX

sample was first formulated as represented in (Fig. 2).
Specifically, 3 mg of S-Bi@TiMX was dispersed in 500 pL of
ethanol, to which 10 pL of Nafion solution was added as a
binder. The ink was ultrasonicated and then drop-cast onto
the exposed active area of the PCE. The electrode was allowed
to dry for 1 hour before being used in all subsequent electro-
chemical experiments.

Bi(NO;) ;- 5H20
_+_

12h Na3C6H5O7
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Fig. 2 The procedure followed to prepare sample loaded PCEs.

3. Characterization
3.1 Compositional and morphological analysis

The structure of the composite and the presence of all the
elements’ bonding nature were confirmed using powder X-ray
diffraction (PXRD). Fourier transform infrared spectroscopy
(FT-IR) was used to characterize surface functional groups
using the PerkinElmer Spectrum GX 2000 FT-IR spectrometer.
Using X-ray photoelectron spectroscopy (XPS), which was made
possible by the Thermo Scientific Nexsa G2 Surface Analysis
System (voltage: 220-240 V; frequency: 50/60 Hz) fitted with
Mg Ka X-ray sources, the oxidation states of elements included
in the sample were measured. Field Emission Scanning
Electron Microscopy (FE-SEM) (JEOL JSM 7100F) was used to
identify the morphology of all test materials at an acceleration
voltage of 200 kV.

3.2 Electrochemical analysis and detection of lead ions

An Autolab PGSTAT M204 Potentiostat running Nova 2.1.6
software was used for all electrochemical assays. The analysis
was conducted in a three electrode set-up in which Ag/AgCl
and platinum wire mimiced as the reference and counter
electrode, respectively whereas, modified PCEs were
employed as working electrode. The interfacial properties
and redox activity of the electrodes were investigated using
cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). CV was performed in a 5.0 mM ferricya-
nide solution with 0.1 M KCI throughout a potential range of
—0.2 V to +0.7 V. Performance of different prepared electro-
des was evaluated with 0.08 M HCIO, containing 10 mg L™
Pb>" at a scan rate of 0.05 V s~ . Interfacial properties of the
electrodes were determined by EIS experiments in 0.08 M
HCIO, electrolyte with 10 mg L™" Pb*>* throughout the fre-
quency range of 10 Hz to 1 MHz at E,.,. The square wave
anodic stripping voltammetry (SW-ASV) method was applied
for the detection of Pb>*. Pb>" ions were preconcentrated on
the electrode interface for 480 seconds at —1.8 V, followed by
a stripping step with a potential step of 2 mV, pulse ampli-
tude of 50 mV, and frequency of 20 Hz over a potential range
of —1.2Vto —0.2V.

7232 | Nanoscale, 2025,17, 7229-7243

4. Results and discussion

4.1 Structure and compositional profiling

XRD analysis was done to examine the crystallographic structure
and phase composition of synthesized samples, as depicted in
Fig. 3(a). The diffraction peak observed at 26 = 9.4° corresponds
to the (002) plane of Ti-MXene (TizC,).*° The absence of any
peaks attributable to aluminium suggests the successful removal
of aluminium from the MAX phase during the etching process.
Additional broad peaks at 20 = 29.1° and 49.5° are indexed to
the (006) and (008) planes of TizC,. TiMX sample exhibits a sig-
nificant amorphous character, likely due to the morphological
transformation of the MXene from sheet-like to a ‘marigold
flake’ like structure upon treatment with KOH. This altered mor-
phology enhances the active surface area and minimizes sheet
agglomeration, thus favouring its functional attributes. For the
S-Bi sample, the diffraction peaks are consistent with literature
reports’ and can be indexed to the (101), (310), (410), (421),
(160), (312), and (360) planes of orthorhombic Bi,S; (JCPDS no.
17-0320), appearing at 26 values of 23.7°, 25.2°, 33.1°, 42.6°,
49.01°, 53.04°, and 54.4°, respectively. S-Bi@TiMX composite
reveals a predominantly amorphous structure, as evidenced by
the presence of a broad hump in the 26 range of 16°-38°, which
exhibits higher intensity compared to the individual TiMX and
S-Bi samples. A small broad peak at (002), inherited from the
TiMX phase, is also observed. The incorporation of S-Bi moieties
into the modified MXene structure induces a reduction in crys-
tallinity and an increase in structural disorder. This enhanced
disorder augments the overall exposure of active sites, thereby
facilitating efficient Pb** ion adsorption and improving the
electrochemical sensitivity of the composite. FT-IR spectroscopy
was conducted on all samples to identify surface functional
groups and to elucidate the bonding interactions formed during
the synthesis process. Fig. 3(b) presents the FT-IR spectrum of
TiMX, which exhibits a broad peak at 3321 cm™", attributed to
the surface -OH groups, reflecting the hydrophilic nature of
MXene. Additional -OH associated peaks are observed at
1638 cm™ and 1365 cm™'. A minor peak at 894 cm™" corres-
ponds to characteristic Ti-O and Ti-C bonds typical of MXene
structures.*” Similarly, the S-Bi sample displays a broad peak

This journal is © The Royal Society of Chemistry 2025
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(a) —— S-Bi@TiMX

(002)
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5 15 25 35 45 55 65
260 (Degree)

Fig. 3 (a) Results for XRD and (b) FT-IR of TiMX, S—Bi and S-Bi@TiMX.

indicating O-H stretching vibrations from surface-adsorbed
water. Prominent peaks at 1087 cm™' and 1389 cm™' are
assigned to symmetric vibrations of the SO,>~ group. Peaks at
454 cm™*, 540 em™, and 931 cm™" are attributed to Bi-S reso-
nances, while a weak peak at 602 cm™" corresponds to S-S bond
vibrations.**** In the composite sample, S-Bi@TiMX, charge
localization effects are evident, as peaks observed at 1087 cm™"
and 1389 cm™" in S-Bi are shifted to lower wavelengths. The O-
H stretching band persists but appears less intense or slightly
shifted, suggesting reduced water adsorption or alterations in
surface chemistry due to S-Bi incorporation.*” Bi-S vibrations
from the S-Bi sample are retained but exhibit minor shifts, indi-
cating interactions between S-Bi and TiMX. Peaks corresponding
to Ti-O and Ti-C vibrations (from TiMX) broaden or overlap, sig-
nifying strong interfacial interactions within the composite.
These spectral observations confirm that the S-Bi@TiMX com-
posite integrates the functional characteristics of both TiMX and
S-Bi, demonstrating interactions that likely influence its elec-
tronic and chemical properties.

XPS analysis was carried out to determine the oxidation states
of elements in the synthesised composite. Fig. 4(a) presents the
core-level spectra of Bi 4f, displaying two high-intensity peaks at
binding energies (BE) of 163.0 eV and 156.7 eV, corresponding to
Bi 4f;,, and Bi 4f;),, respectively. These peaks confirm the pres-
ence of Bi in the Bi** oxidation state. Additionally, two significant
peaks at BE = 160.1 eV and 162.0 eV are attributed to the low
binding energy contributions of S 2p,,, and S 2ps,, indicating
the formation of Bi-S bonds.*® Fig. 4(b) shows two distinct peaks
at BE = 162.1 eV and 159.4 eV, corresponding to S 2p*? and S
2p2, which confirm the S*~ state of sulphur. A high-intensity

This journal is © The Royal Society of Chemistry 2025
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peak at 156.1 eV is attributed to Bi-S bonding, while a smaller
peak at 163.1 eV is linked to contributions from thiol groups (R-
S-H bonds).””"*® Fig. 4(c) depicts the Ti 2p spectra, where the
components are deconvoluted into a prominent peak at 464.9 eV
and a smaller peak at 457.0 eV. These peaks are assigned to Ti
ions with a formal valence of +4, corresponding to TiO, and
TiO,F, species formed due to spontaneous surface oxidation. In
the C 1s spectrum, Fig. 4(d), a peak at BE = 282.2 eV is assigned
to the carbide component (Ti-C) and C-C/C-H bonding respect-
ively, while another peak at 285.1 €V arises from C-O bonds,
likely formed during the selective dissolution of Ti during chemi-
cal etching. The O 1s spectrum (Fig. 4(e)) displays a broad peak
at 531 eV, attributed to Bi-O, lattice oxygen suggesting enhanced
interaction between surface oxygen functional groups and Bi
moieties. A sharp peak at 529 eV is observed due to the for-
mation of TiO, through MXene surface oxidation.*’

4.2 Morphological profiling

To gain deeper insights into the morphological characteristics
of the S-Bi@TiMX composite, FE-SEM analysis was performed.
Fig. 5(a) illustrates the conventional sheet-like morphology of
Ti-MXene, which was synthesized through LiF and HCI
etching. Notably, minimum traces of aluminium are present
in Ti-MXene, confirmed by the EDX analysis, as shown in
Fig. 5(e), confirming the successful etching process of the
parent MAX phase. To enhance the catalytic activity and
increase the surface area, an alkalization treatment was
applied to Ti-MXene. This modification induced a significant
transformation in morphology from sheet-like structures to
distinctive “marigold”-like architectures, as shown in Fig. 5(b).
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Fig. 4 XPS core level spectra of the elements present in the S—-Bi@TiMX composite (a) Bi, (b) S, (c) Ti, (d) C and (e) O.

Such morphological changes are indicative of increased active
sites and improved surface properties. The SEM image in
Fig. 5(c) reveals the formation of spherical clusters in the S-Bi
sample. These spheres are observed to be uniformly deposited
onto the alkali-modified Ti-MXene framework, as evidenced in
Fig. 5(d), thereby confirming the successful synthesis of the S-
Bi@TiMX composite. Furthermore, the EDX analysis con-
firmed the presence of all the elements in the composite
matching with the obtained XPS results shown in Fig. 5(f).
This unique structural configuration is anticipated to result in
a pronounced synergistic interaction between S-Bi and TiMX,
significantly enhancing the material’s performance in lead
detection applications.

4.3 Electrochemical behaviour of bare PCE and PCE
composite electrodes

CV of bare PCE, TiMX/PCE, S-Bi/PCE, and S-Bi@TiMX/PCE
electrodes was performed using a 5 mM K,[Fe (CN),] solution
containing 0.1 M KCl as the supporting electrolyte and 0.08 M
HClO,4 with 10 mg L™ Pb**, to evaluate their electrochemical
activity in the voltage range of —0.2 V to 0.7 V with 50 mV s™*
scan rate as illustrated in Fig. 6(a and b). The results demon-
strated a gradual increase in both anodic and cathodic peak
currents across the series of electrodes. Bare PCE exhibited the
lowest peak currents due to its limited electroactive surface
area and intrinsic conductivity. Incorporating MXene signifi-
cantly enhanced the current response, attributed to its high
electrical conductivity, modified flower-like structure, and

7234 | Nanoscale, 2025,17, 7229-7243

increased active sites for electron transfer. S-Bi led to a notice-
able improvement in peak currents, suggesting enhanced elec-
tron transfer kinetics due to the synergistic effect of semicon-
ducting properties in S-Bi and its interaction with the redox
species. The S-Bi@TiMX composite demonstrated the highest
anodic and cathodic peak currents, indicating superior electro-
chemical performance. This enhancement can be ascribed to
the combined effect of the conductive network of TiMX and
active sites of S-Bi, which collectively facilitate efficient charge
transfer and increased electroactive surface area. Additionally,
CV measurements were performed at varying scan rates
(10-200 mV s7') to investigate the reaction mechanism, as
shown in Fig. S1.T A strong linear relationship was observed
between the peak currents and the square root of the scan
rate, confirming that redox processes at all electrodes are
diffusion-controlled. The S-Bi@TiMX/PCE composite exhibi-
ted the highest slope in these plots, further emphasizing its
superior diffusion characteristics and charge transfer
efficiency. The slopes of the corresponding calibration curves
were used to evaluate the active surface area of all the samples
using the Randles-Sevcik equation (eqn S(i)}).>° The active
surface area was calculated as 0.009, 0.012, 0.015, and
0.028 cm?® for bare PCE, TiMX, S-Bi, and S-Bi@TiMX/PCE,
respectively. To calculate the resistance offered at the elec-
trode-electrolyte interface, all test samples were subjected to
EIS, and the findings are illustrated in Fig. 6(c). The Nyquist
plot reveals a straight line for all three samples, indicating that
the charge transfer process is not dominant in the given acidic

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 SEM images of (a) laminar Ti-MXene, (b) alkali modified Ti-MXene, (c) S—Bi and (d) S—-Bi@TiMX. EDX analysis of (e) TiMX and (f) S—-Bi@TiMX/
PCE.

medium. Instead, the impedance is primarily governed by 28.14, and 43.43 Q, respectively. These results support the
diffusive processes. The Ry values were calculated by magnify- faster kinetics of S-Bi@TiMX/PCE electrodes, and these find-
ing the obtained plot (inset Fig. 6¢), where S-Bi@TiMX/PCE, ings collectively establish S-Bi@TiMX/PCE as a highly efficient
S-Bi, TiMX, and bare PCE show R, values of 16.27, 22.43, material for electrochemical sensing.
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Fig. 6 CVs of bare PCE, TiMX/PCE, S—Bi/PCE, and S—-Bi@TiMX/PCE at 50 mV s~* in (a) 5.0 mM (K4[Fe (CN)g]) solution with 0.1 M KCL, (b) 0.08 M
HCLO, containing 10 mg L™ Pb?*, (c) EIS, and (d) SWASV responses of bare PCE, TiMX/PCE, S—Bi/PCE, and S—Bi@TiMX/PCE in 0.08 M HClO, solution

containing 50 pg L™ Pb?*.

SW-ASV was conducted using all synthesised electrodes to
evaluate their performance for detecting 50 pg L™" Pb>". The
results demonstrate a continuous increase in stripping peak
currents in the order bare PCE, TiMX/PCE, S-Bi/PCE, and S-
Bi@TiMX/PCE, as shown in Fig. 6(d). Bare PCE exhibited the
lowest peak current, reflecting its limited sensitivity and lack
of active sites for Pb>" adsorption. TiMX showed improved
peak currents compared to PCE, indicating enhanced electro-
chemical activity. S-Bi further increased the peak currents due
to its semiconducting properties and affinity of electronegative
sulphur for Pb>". Finally, the S-Bi@TiMX composite displayed
the highest peak currents, attributed to the synergistic effect of
abundant active sites of S-Bi and the excellent conductivity of
TiMX due to the large surface area. These findings highlight
the superior detection capability of the S-Bi@TiMX composite
for Pb>", making it a promising material for sensitive electro-
chemical applications.

4.4 Optimization of S-Bi@TiMX/PCE operational parameters
for detection of Pb**

Operational parameters, such as solution pH, preconcentra-
tion potential, and preconcentration time, play a crucial role in
augmenting the electrochemical performance of the developed
electrode and the detection of Pb>". For an enhanced electro-

7236 | Nanoscale, 2025,17, 7229-7243

chemical signal, a key requirement is achieving an efficient
and complete reduction of Pb>" at active sites of the S-
Bi@TiMX/PCE surface. When Pb** undergoes full reduction at
the electrode, a measurable current is generated, which corre-
lates with the concentration of Pb>". The complete reduction
of present Pb®>" maximizes response intensity, thereby improv-
ing the sensitivity of detection. Optimization ensures that each
parameter is balanced to maximize the electrode’s perform-
ance, allowing for precise quantification of ions even in
complex sample matrices. Essentially, parameter optimization
enhances the reliability, reproducibility, repeatability, robust-
ness, and sharpness of peaks of Pb** in electrochemical detec-
tion, which makes it essential for applications like environ-
mental monitoring and medical diagnostics where precision is
crucial. All SW-ASV experiments were performed in a 20 ml
solution of 0.08 M HCIO, electrolyte containing 50 pg L™*
Pb*".

The solution pH influences the chemical environment
around the electrode, impacting the stability, charge, and
availability of target ions. At too high and too low solution pH,
ions may either precipitate or undergo other reactions, leading
to inconsistent detection. Therefore, optimal pH improves sen-
sitivity by maximizing ion concentration at the electrode
surface and selectivity by minimizing interference from other

This journal is © The Royal Society of Chemistry 2025
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species. For optimization of solution pH, the concentration of
perchloric acid varied from 0.02 M to 0.12 M (pH value of 1.7
to 0.9), as displayed in Fig. 7(a and b). At pH values higher
than 1.1, Pb** hydrolyzed to form the hydroxide precipitate,
which reduced the availability of Pb®" at the electrode surface
and resulted in gradual decay in the stripping peak current.>®
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At very low pH values, the presence of more hydrogen ions pro-
motes the hydrogen evolution reaction, and the generated
hydrogen bubbles lead to the blocking of active centers of the
electrode surface. Additionally, the hydrogen evolution reac-
tion lowers the enrichment of Pb** at the electrode surface by
competing for active centers, resulting in a decrease in the
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Fig. 7 SWASV responses and corresponding stripping peak currents of S—Bi@TiMX/PCE showing the impact of (a) and (b) solution pH, (c) and (d)
preconcentration potential, and (e) and (f) preconcentration time in 0.08 M HCLO, solution containing 50 pg L™t pp3+.
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stripping peak current of Pb*" at low pH.>*> Hence, 0.08 M
HClO, (pH 1.1) was chosen as the optimal pH for further
experiments.

Preconcentration potential also plays a significant role in
the sensitive electrochemical detection of heavy metal ions. A
significant negative potential attracts Pb>" electrostatically,

View Article Online
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which maximizes the reduction of Pb®>" at the electrode
surface, resulting in an enhanced stripping peak current of
Pb>". To find out the optimal potential, SW-ASV was performed
at potentials ranging from —1.2 V to —2.2 V vs. Ag/AgCl as
shown in Fig. 7(c and d). For Pb*" detection, the stripping
peak current increased with increasing applied negative poten-
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Fig. 8 SWASV responses of S—Bi@TiMX/PCE and the corresponding linear

calibration plots of Pb?* in 0.08 M HCLO, solution, (a) and (b) 0.01 ug L™

to 100 pg L™, (c) and (d) 0.01 pg L * to 1 pg L™, and (e) and (f) 1 pg L™ to 100 pg L™ Pb2*.
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tial. At lower negative potential, low peak responses indicate
insufficient enrichment of Pb*" at the electrode surface. As
deposition potential increased towards a negative direction,
peak responses increased due to significant enrichment of
Pb>" at the electrode surface.>® Additionally, at a higher poten-
tial than —1.8 V, hydrogen bubbles generated from hydrogen
evolution affect the reproducibility and repeatability of the
signal. Therefore, to achieve sensitive, reproducible, and
precise detection of Pb>" at the electrode, —1.8 V was the favor-
able preconcentration potential.

Optimal preconcentration time balances sufficient ion
accumulation for a strong current signal with minimal noise
or interference. This ensures that the electrode provides a
stable, reproducible response that accurately reflects the Pb**
concentration in the contaminated sample. For assessment of
optimal preconcentration time, reduction of Pb*" at the elec-
trode surface was performed over a period from 60 seconds to
600 seconds. With a longer preconcentration time, more Pb>*
accumulates on the electrode surface, resulting in an
enhanced signal and improved sensitivity, as shown in Fig. 7(e
and f). This heightened accumulation helps to detect lower
concentrations of Pb*", as it maximizes the amount of analyte
available for the electrochemical reaction. However, after 480
seconds, the stripping peak current becomes saturated for
further increment in deposition duration. At prolonged pre-
concentration time, active centers of the electrode surface get
saturated due to the overabundance of Pb** at the electrode
surface.”® Hence, 480 seconds was found to be the optimal
time for a stable and reproducible current signal.

4.5 Electrochemical detection of Pb*>* by the S-Bi@TiMX/
PCE sensor

The linear range and sensitivity of the developed S-Bi@TiMX/
PCE sensor for Pb>" detection were evaluated under optimized
conditions. SW-ASV was performed using the S-Bi@TiMX/PCE
sensor across varying Pb>" concentrations, revealing a gradual
increase in stripping peak current with rising Pb** levels, as
shown in Fig. 8(a and b). The sensor exhibited a dual-linearity
response, effectively adapting to detect Pb** across distinct
concentration ranges. Fig. 8(c and d) show that at ultra-trace
levels (0.01 pg L™" to 1 pg L), the sensor demonstrated a
strong linear behaviour with exceptional sensitivity, described
by linear regression eqn (i). Beyond this range, a second linear
response was observed for the concentration of Pb*" from 1 pg
L~" to 100 pug L™ with regression eqn (ii), as depicted in Fig. 8
(e and f). The corresponding regression equations from cali-
bration plots are as follows:

L(mAcem™") = 0.28571C(pgL™") + 0.00518(R?
=0.99523)(0.01to1pg L) (i)

I,(mAcem™) = 0.02586C(ug L") + 0.36805(R*
=0.99707)(1to 100 pg L™ 1). (ii)

Using the first calibration equation, the limit of detection
(LOD) was calculated to be 0.0002 pg L™ (LOD = 3SD/S, where

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

SD is the standard deviation of the blank signal, and S is the
slope of the calibration curve).’® The sensitivities of the S-
Bi@TiMX/PCE sensor were found to be 285.71 yA L cm™> pg™*
(001 pg L to 1 pg L") and 25.86 pAL cm 2 pg ' (1 pg L' to
100 pg L), respectively. Notably, the LOD is well below the
WHO’s stipulated drinking water threshold of 10 pg L7%,
underscoring the capability of the developed sensor for real-
world applications. The observed dual linear behaviour of S-
Bi@TiMX/PCE can be attributed to surface heterogeneity. At
ultra-low concentrations of Pb>*, sulphur present on the com-
posite’s surface likely reacts efficiently. However, at higher con-
centrations, the bulk species of the composite become active,
enhancing overall surface diffusibility and interacting differ-
ently with Pb**. This shift in interaction dynamics due to
surface heterogeneity explains the dual linear response exhibi-
ted by the electrode across varying concentrations.’® The dual-
linear behavior of the sensor highlights its high sensitivity and
wide dynamic range, making it a robust and reliable platform
for Pb>" detection, from ultra-trace monitoring to high-level
quantifications in diverse environmental and analytical
scenarios.

A comparison of the electrochemical performance of the
developed S-Bi@TiMX/PCE with previously reported bismuth
and MXene-based electrodes for Pb*>* detection was performed
(Table 1). According to this study, fabricated S-Bi@TiMX/PCE
has the least LOD values, broad linear detectable ranges, and,
most importantly, the best sensitivity for the Pb** ions under
investigation.

4.6 Repeatability, reproducibility, and selectivity of the S-
Bi@TiMX/PCE sensor

The repeatability of the S-Bi@TiMX/PCE sensor was evaluated
by performing multiple consecutive cycles. The S-Bi@TiMX/

Table 1 Comparative data of analytical performance of S—Bi@TiMX/
PCE with previously reported bismuth and MXene-based electrodes for
the detection of Pb?*

Detection Linearity LOD (pg
Working electrode  method range (ugL™") L7 Ref.
NH,-Ti;C,T,/SPCE  DPASV 5-500 0.31 32
3D MGMA"/SPCE DPASV 3-900 0.29 34
Ti;Cy/Fe;0,/ DPASV 1-100 0.02 35
g-C3N,/GCE
UiO-66-NH,- DPASV 1-600 0.40 37
Ti,;C,T,@rGO/GCE
AIK%Ti;C,/GCE SWASV 20.7-310 8.5 38
BiNPs/Ti;C,T,/GCE SWASV 12.4-124.3 2.24 57
Ti;C,@N-C/GCE SWASV 10.4-414 0.228 58
H-C3N,YTi;C,T,/  SWASV 2-310 0.124 59
GCE
Bi@d-Ti;C,“/MSA*  SWASV 1-20 0.2 60
Bi-MOF-SH/Mx/Bi-  DPASV 0.03-20 0.012 61
MOF-SH/GCE
S-Bi/TiMX/PCE SWASV 0.01-100 0.0002 This

work

“MGMA: 3D melamine-doped rGO/MXene aerogel; Alk: alkalization;
H-C3N,: protonated carbon nitride; Bi@d-TizC,: delaminated MXene-
bismuth; MSA: microelectrode assembly.
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PCE sensor attained considerably good repeatability up to 7
consecutive cycles with a relative standard deviation (RSD) of
2.75% for the detection of 50 pg L™' Pb**, as shown in
Fig. 9(a). The reproducibility of the S-Bi@TiMX/PCE sensor
was inspected for 10 identically fabricated electrodes by oper-
ating SW-ASV measurements under similar working con-
ditions as presented in Fig. 9(b), which shows excellent repro-
ducibility with an RSD value of 2.8%. For stability assessment
of the developed sensor, S-Bi@TiMX/PCE was stored under
ambient conditions for up to 8 weeks. SW-ASV measurements
for Pb>* were recorded every 2 weeks, revealing minimal degra-
dation over time. As illustrated in Fig. 9(c), the sensor main-
tained stability throughout the 8-week period under these
conditions.

Apart from high sensitivity and rapid detection of target
ions, the effectiveness of the developed sensor depends on its
ability to resist interference from potentially interfering ions.
Environmental water samples are complex, containing a wide
range of coexisting ions at varying concentrations. Some ions,

(a)1.8
RSD =2.75%
% 1.5 *~— 0
£ 18 =
< Eas] s A
é 1.2 1 <‘<’ '
= 12
s 094 209
© g 06
o < -
£ 061 803
o 3
£ 04
3 031 07 06 05 04 03

E (V vs Ag/AgCl)

0 1 2 3 4 5 6 7 8
Number of cycles (n)

(c)2.0

S

§

< 1.51

3 = ® *

> A = h

31.0- 3 3 &

(]

[}

©

© 0.51

5

o

0-
0 2 4 6 8

Number of weeks (n)

View Article Online

Nanoscale

such as Na*, K, Ca**, and Mg?*, are commonly present at high
concentrations, reaching up to hundreds of ppm, while others,
including Fe*", Mn**, AI*", zn**, and Co®", are found at lower
levels, typically up to tens of ppm. To simulate realistic con-
ditions, Na®, K*, Ca®", and Mg>" (each in 10 mg L' concen-
tration, which is 200-fold higher than Pb*" concentration) were
added to a 0.08 M HCIO, solution containing 50 pg L™ Pb*",
Additionally, Fe**, Mn**, AI**, Zn**, and Co** (each in 1 mg L™*
concentration, which is 20-fold higher than the Pb*" concen-
tration) were introduced into the test solution. The minimal
interference due to Na*, K', Ca®*, Mg?", Fe*", Mn*", AI**, and
Zn*" was observed, as shown in Fig. 9(d). The addition of Co**
results in a decreased response, with the stripping current
retaining only 81.6% of the initial signal. This reduction in
response for Pb>" in the presence of Co>* may be attributed to
competition for active sites.®” The results showed that the S-
Bi@TiMX/PCE sensor possessed appreciable resistance to
other metal matrices. These outcomes confirm the excellent
reproducibility, good repeatability, and selectivity of the devel-
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Fig. 9 (a) SWASV responses of S—Bi@TiMX/PCE for (a) 7 successive measurements and (b) 10 freshly prepared electrodes, (c) stability over time, and
(d) SWASV responses of S—Bi@TiMX/PCE in 0.08 M HClO, solution containing 50 ug L™ Pb?* in the presence of interfering ions (Na*, K*, Ca?*,

Mg?*, Fe?*, Mn?*, Al3*, Zn?*, and Co?*).
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Table 2 Analytical performance of the S—Bi@TiMX/PCE sensor in tap
water samples

Samples  Spiked (ug L™") Found (ugL™") Recovery (%) RSD (%)
Tap water 30 29.78 99.3 1.73

40 39.67 99.2 2.05

60 59.80 99.6 2.56

oped S-Bi@TiMX/PCE sensor for the detection of Pb*>" in a
complex matrix.

4.7 Real sample analysis with the S-Bi@TiMX/PCE sensor

Real sample testing was observed to establish the practical
applicability of the S-Bi@TiMX/PCE sensor for the detection
of Pb*" in tap water, which was first diluted 4-fold to reduce
matrix effects. Then, known concentrations of Pb** (30, 40,
and 60 pg L™') were added into 0.08 M HCIO, solution of
diluted samples, and detection was carried out using SW-ASV
under optimized conditions. The measured concentrations
were in good agreement with the spiked values, demonstrating
the accuracy of the method. The calculated recovery percen-
tages ranged between 99.2% and 99.6%, indicating minimal
interference from the sample matrix. Furthermore, the RSD
values for three replicate measurements were below 3%, con-
firming the reliability and reproducibility of the results. The
detailed recoveries and RSD values for each concentration are
briefed in Table 2.

5 Conclusion

This study demonstrates the successful synthesis of an alkali-
modified Ti-MXene doped with bismuth and sulphur moieties
tailored for the effective electrochemical sensing of Pb*" in
both laboratory-prepared and tap water samples. The alkali-
modified MXene exhibits a distinctive “marigold-like” mor-
phology, which facilitates the enhanced deposition of bismuth
species. The strong electronegativity of sulphur imparts a high
affinity for Pb>*, thereby significantly enhancing the electro-
de’s activity. The synthesized composite material was drop-cast
onto an in-house prepared PCE, offering multiple advantages
such as disposability, economic feasibility, and excellent stabi-
lity. The distinctive network architecture of the S-Bi@TiMX/
PCE composite significantly improves the electron transfer
kinetics of the electrode, offers plentiful binding sites for Pb*",
and promotes effective accumulation on the sensing interface.
The developed sensor displayed exceptional sensitivity (25.9 pA
L cm™? pg™"), a remarkable detection threshold of 0.0002 pg
L7, and a broad dynamic detection ability from 0.01 pg L™" to
100 pg L', making it highly suitable for detecting ultra-low
concentrations of Pb*" in aqueous systems with outstanding
accuracy. Furthermore, repeatability and reproducibility tests
performed across seven cycles and ten different electrodes,
respectively, yielded low RSD values of 2.75% and 2.8%. The
sensor showed good resistance to the presence of potential

This journal is © The Royal Society of Chemistry 2025
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interfering ions (e.g., Na*, K*, Ca**, Mg**, Fe**, Mn>*", AI*",
Zn**, and Co**) on the stripping peak current of Pb>". Real
water testing for different concentrations of Pb*>" with accepta-
ble recoveries (99.2%-99.6%) proved that S-Bi@TiMX/PCE is a
potential alternative for onsite monitoring. This work under-
scores the potential of alkali-modified MXene composites in
advancing electrochemical sensing technologies, particularly
for environmental monitoring of heavy metals. The sensor’s
remarkable sensitivity and stability highlight its applicability
in real-world scenarios, contributing to sustainable and cost-
effective solutions for water quality assessment.
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