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Heavy metals (HMs) pose significant environmental risks due to their widespread presence. In particular,
lead (Pb) and cadmium (Cd) can accumulate in the human body through prolonged exposure or
bioaccumulation via the food chain, presenting substantial threats to human health and ecosystems. This

study developed a novel electrochemical sensing platform for simultaneous detection of trace Pb?* and

Cd?* using a bare gold electrode modified with gold nanoclusters (GNPs-Au) through a potentiostatic
method. Through systematic optimization of deposition parameters including 2 mmol per L HAuCly,
0.2 V deposition potential, and 80 s deposition time, the modified electrode exhibited 7.2-fold increased
surface area compared to the bare gold electrode, as confirmed by field emission scanning electron

microscopy (FESEM) and electrochemical characterization. The enhanced surface area provided

abundant electrochemical reaction sites, significantly improving detection sensitivity. Under optimal

detection conditions comprising pH 3.3, —4 V enrichment potential, and 390 s enrichment time, the
modified electrode demonstrated linear responses for Pb?* and Cd?* in the range of 1-250 pg L™ with
a detection limit of 1 ng L™ The spike-recovery test yielded quantitative recoveries ranging from 90.86%
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to 113.47%. The interference experiment confirmed Cu?* has a significant effect on the measurement.

Moreover, the method successfully detected Pb?* and Cd?* in real water samples, with results showing
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1. Introduction

With the rapid development of urbanization, industrialization
and agricultural production activities, the use of a variety of
products containing HMs and the random discharge of indus-
trial wastewater, waste gas, waste residue, etc., has led to the
entry of excessive HMs into the environment; many countries
have strict regulations on the discharge of HMs."* While trace
metals such as copper ions (Cu®") and iron ions (Fe**) are
beneficial to human health, most HMs are present in trace form
in the water. They can cause damage to human health and
cannot be biodegraded.*® The degree of hazard varies
depending on the concentrations and chemical forms in which
they are present.*” In particular, Pb and Cd exist in various

“School of Municipal and Geomatics Engineering, Hunan City University, Yiyang,
Hunan 413000, China. E-mail: yuanpingli@hncu.edu.cn

*College of Environmental Science and Engineering, Hunan University and Key
Laboratory of Environmental Biology and Pollution Control (Hunan University),
Ministry of Education, Changsha 410082, China. E-mail: cyn@hnu.edu.cn

School of Materials and Chemical Engineering, Hunan City University, Yiyang, Hunan
413000, China. E-mail: zhongyihgw@163.com
T Electronic  supplementary  information
https://doi.org/10.1039/d5ra02612a

(ESI) available. See DOI:

© 2025 The Author(s). Published by the Royal Society of Chemistry

minor errors compared to atomic absorption spectroscopy (AAS). These findings demonstrate the robust
potential of GNPs-Au for trace heavy metal ion detection in environmental monitoring.

forms (inorganic, organic or mixed) in the environment, and
long-term exposure or bioaccumulation through the food chain
into the human body can harm the brain, central nervous
system, immune system, kidneys and other organs, resulting in
a variety of acute and chronic diseases."** Rapidly and accu-
rately measuring the concentration of HMs in the aqueous
environments and their existence status is the primary task in
the prevention and control of heavy metal pollution in water.
However, in the aquatic environment, the coexistence of
multiple heavy metal ions, the matrix of water and the
compound pollution of organic matter-heavy metals have great
negative impacts on the accuracy of routine detection and
uncertainty for the selection of pollution management strate-
gies. How to achieve the qualitative and quantitative detection
of HMs in the aquatic environment accurately and effectively is
an urgent problem for researchers to solve, which is of signifi-
cant significance to ensure the accurate acquisition of heavy
metal information.®

Traditional analytical methods for heavy metal detection
include spectrophotometry, inductively coupled plasma mass
spectrometry (ICP-MS), atomic absorption spectrometry (AAS),
atomic fluorescence spectrometry (AFS), X-ray fluorescence
spectrometry, etc.**** However, most of the above methods have
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large equipment, high operating costs, cumbersome and
complex sample pretreatment processes, and most of them can
only perform total amount detection, making it difficult to
individually analyze specific HMs in complex samples, and real-
time online detection is difficult to achieve. Therefore, the use
of highly sensitive and specific sensing detection technology to
analyze HMs has become a new research hotspot, and its
equipment tends to be miniaturized and easy to operate, which
can achieve rapid, efficient, real-time and online detection of
trace HMs in the aquatic environment.

In recent years, sensing analysis techniques for heavy metals
detection have significantly been developed, including electro-
chemical, fluorescence, colorimetric, photoelectrochemical,
surface plasmon resonance, surface Raman spectral scattering,
etc.’* ' The use of specific functional materials includes fluo-
rophores, oxidoreductase enzymes, conjugated polymers,
embedding agents, quantum dot and nanomaterials, etc."”>*
The use of these materials not only enriches the construction
strategies for sensing analyses but also effectively improves the
performance of the sensing and detection strategies due to the
unique and excellent properties of each of them. In comparison,
the colorimetric method is intuitive but not sensitive enough;
the fluorescence technique has better sensitivity, but the fluo-
rescent indicator is susceptible to interference, leading to false-
positive results;*® and although the development of quantum
dots technology can effectively avoid the problem of false-
positive results, further proof is needed to determine whether
quantum dots are a safe indicator;** electrochemical methods
are relatively simple and stable, and also show excellent detec-
tion sensitivity and flexibility in sensor construction and
detection strategies.>**?¢

In electrochemical techniques, various materials can be
employed for electrode modification. Metal-organic frame-
works (MOFs), coordination networks formed by metal nodes
bridged with organic linkers, demonstrate effectiveness in
detecting Pb*" and Cd*" in aqueous systems.?”*® Gajanan A.
Bodkhe et al. developed a Au nanoparticle/single-walled carbon
nanotube (SWNT) nanocomposite-incorporated copper
benzene tricarboxylate framework (Au/SWNTs@MOF-199) for
Pb>" detection, achieving a linear range from 0.1 mM to 1 pM
(R* = 0.9958) with a detection limit of 25 pM.?® Zhao et al.
fabricated ZIF-67-derived cobalt/nitrogen-doped carbon poly-
hedrons interconnected with multiwalled carbon nanotubes
(termed Co@NC/MWCNT) for Cd>* detection, demonstrating
a linear response range of 0.12-2.50 uM with a correlation
coefficient of 0.99 (R*).* These studies confirm that MOF-based
sensors achieve both sensitive individual detection of Pb>* and
Cd*" and comparable analytical performance in their simulta-
neous quantification, demonstrating equivalent detection
capabilities in single-ion and co-detection modes. The integra-
tion of zeolitic Imidazolate Framework-8 (ZIF-8) with bismuth
complexes and carboxylated multi-walled carbon nanotubes on
the glassy carbon electrode (GCE) effectively addresses the
inherent conductivity limitations of conventional MOFs,
achieving detection limits for Pb and Cd as low as 0.76 ug L™"
and 0.87 ug L™, respectively. This optimized sensor demon-
strates superior performance in practical applications, enabling
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reliable detection of both HMs in complex aqueous environ-
ments, including lake water and wastewater treatment plant
effluent samples.”® When Ag-doped MOF nanoparticles with
a large specific surface area and conductive network were used
to co-modify pure electrodes with chitosan (CHI), they not only
improved charge transfer on the surface of the imprinted elec-
trode but also modulated the accessibility and selectivity of the
sensor electrode to the target. This enhancement increased
detection capability and sensitivity, achieving a limit of detec-
tion for Pb and Cd in aqueous environments as low as 1.0 X
10'° mol L™*.?”%* The GCE was modified with covalent organic
frameworks (COFs) synthesized from graphene (GR), 2,5-dime-
thoxybenzaldehyde (DMTP), and 1,3,5-tris(4-aminophenyl)
benzene (TAPB) via a deamidation condensation reaction.
This modification enhanced the electrode's specific surface
area, periodic porous network, and the number of effective
binding sites, leading to improved electrical conductivity.
Consequently, the sensor achieved detection limits for Pb and
Cd of 8.747 nM and 0.011 pM, respectively.*” In addition to the
modification of conventional electrodes using MOFs and COFs,
disposable graphite screen-printed electrodes (GSPEs) can be
easily modified through the adsorption of metal ions by the
non-toxic post-transition metal bismuth (Bi). The bismuth
imidazolate-based sensor exhibits linear responses in two
concentration ranges: 10-100 pg L™ and 1-10 pg L™ ".** More-
over, a screen-printed carbon ink electrode modified with
bismuth powder (Bi-SPE) was developed for Cd>" detection,
demonstrating a linear range of 5-50 pug L' and a detection
limit of 4.80 pg L™'.3* Alternatively, gel electrolytes can be
prepared by dissolving pectin in potassium chloride (KCI),
mixed with an Sb(m)-Bi(ur) antimony alloy solution, and casting
onto a paper substrate. And an in situ doped bismuth
nanoparticle-modified screen-printed graphene electrode can
be used to prepare bismuth film electrodes.**?*¢ Its application
in the simultaneous detection of Pb and Cd is environmentally
friendly, stable and exhibits high detection accuracy.’”?**
However, these composite electrodes are difficult to prepare,
highlighting the need for an electrode that is not only easy to
prepare but also highly sensitive for detection.

The application of novel nanofunctional materials as elec-
trode modifications in the field of sensing and analysis is
becoming more and more widespread, which is the current
trend in the development of sensing and analysis technology.
Among them, GNPs with superior electron conductivity and
biomolecular adaptability have attracted much attention.*® The
spatial structure of GNPs can provide a huge contact reaction
specific surface area and spatial sites.*” It has been applied to
construct biosensors such as immunosensors and enzymes,
and has demonstrated good performance.** Therefore, Moha-
mad Nor et al.*> enhanced the performance of indium tin oxide
(ITO) electrodes by functionalizing them with 3-amino-
propyltriethoxysilane (APTES) modifying with gold nano-
particles (AuNPs). This modification leveraged the excellent
electrical conductivity, high electrocatalytic activity, and
substantial surface area of AuNPs to improve the electrode's
efficacy in detecting Pb>* and Cd*" simultaneously. Utilizing
square-wave anodic stripping voltammetry (SWASV), the sensor

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02612a

Open Access Article. Published on 27 May 2025. Downloaded on 3/30/2026 6:33:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

achieved detection limits of 0.90 ppb for Pb and 0.73 ppb for Cd
in water. Additionally, Zhao et al.** developed a sensitive elec-
trochemical sensor by modifying the GCE with a nano-
composite film comprising reduced graphene oxide (RGO) and
gold nanoparticles (AuNPs), followed by a Nafion coating. This
modification enhanced the electrode's surface area and
conductivity, facilitating the simultaneous detection of Pb**
and Cd*" in soil samples. The sensor demonstrated a detection
limit of 0.7 ug L™" for Cd** and 0.3 pg L™ * for Pb*", indicating
high sensitivity and selectivity for these HMs. Zhu et al*
developed a bismuth film-modified GCE by incorporating
a nanocomposite of gold nanoparticles (AuNPs), graphene (GN),
and cysteine (Cys) (Au-GN-Cys). This modification enhanced
the electrode's surface area and electrical conductivity, facili-
tating the deposition of Pb®>" and Cd>'. Under optimized
conditions, the sensor achieved detection limits 0f0.05 pg L™"
for Pb®" and 0.10 pg L~ for Cd*". These studies indicate that
gold nanoclusters (GNPs) have a positive role in enhancing
sensitivity. However, it is rare to see modification of GNPs on
the bare gold electrode for improving the detection sensitivity of
the bare gold electrode. The bare gold electrode is mainly used
to construct deoxyribonucleic acid (DNA), enzymes, biofuel cells
and other biosensors.***” Hence, it can achieve electrochemical
detection of HMs with its advantages of cheapness, repeatable
polishing and use, friendly interface, etc. However, the sensi-
tivity of SWASV for the detection of trace HMs by directly using
the bare gold electrode needs to be improved, and the modifi-
cation of specific functional materials can reduce the detection
limitation.*® Therefore, attempts can be made to modify GNPs
on the bare gold electrode to achieve good simultaneous trace
detection of Pb*" and Cd*" in water.

GNPs have garnered growing interest in electrochemical
sensing applications owing to their unique quantum size
effects, which enhance specific surface area, increase accessible
electrochemical active sites, improve electrode conductivity,
and promote efficient electron transfer.**** We propose that the
functionalization of the bare gold electrode with GNPs enables
the fabrication of innovative three-dimensional nanocomposite
electrodes, thereby creating new possibilities for developing
GNPs-Au with enhanced heavy metals' detection precision. This
study presents a novel nanocomposite GNPs-Au utilizing
SWASV for the simultaneous detection of trace Pb>" and Cd*".
Systematic optimization of electrochemical parameters was
conducted to establish optimal analytical conditions. The
GNPs-Au performance was rigorously validated through inter-
ference resistance assessment, standard recovery tests, and
practical detection in environmental water matrices.

2. Materials and methods
2.1 Materials

Electrochemical measurements were conducted using a CHI
660E electrochemical workstation (Shanghai Zhenhua Instru-
ment Co., China). Material characterization was performed on
an MIRA3 field emission scanning electron microscope (TES-
CAN, Czech Republic). Elemental analysis was carried out using
an AA-7000 atomic absorption spectrophotometer (Beijing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Pgeneral Analytical Instrument Co., China). A conventional
three-electrode system comprising a 2.0 mm Au working elec-
trode (Shanghai Zhenhua), Pt wire counter electrode (Shanghai
Zhenhua), and Ag/AgCl reference electrode (3 M KCl filling
solution) was employed.

The Piranha solution was prepared by mixing 98% concen-
trated sulfuric acid and 30% hydrogen peroxide at a volume ratio
of 3:1. The experimental solutions included: 10 mmol per L
HAuCl,; 5 mmol per L K3Fe(CN)g; 100 mmol per L KC; 0.5 mol
per L H,SO,4; 100 mg per L CuSO,4; 100 mg per L MnCl,; 100 mg
per L CrCl; 100 mg per L zinc acetate (Zn(CH3;COO),); 4.83 X
10~* mol per L Pb(NO;),; 8.93 x 10~* mol per L CdCl,; a series of
ABS with pH of 2.3, 2.5, 2.7, 2.9, 3.3, 3.5, 3.9, 4.4, and 4.9 were
prepared by mixing acetic acid (CH;COOH) and potassium
acetate (CH;COOK) in varying mass ratios. All solutions were
prepared using deionized water and analytical-grade reagents.

2.2 Modification and characterization of gold nanoclusters

The bare gold electrode (d = 2.0 mm) was polished with 0.3 and
0.05 um alumina powder from the coarse particle size to the fine
particle size. Then, it was polished in one direction on 2500,
3000, 5000, and 7000 mesh metallographic sandpaper. Finally,
it was polished on the polishing cloth of polymer synthetic
leather. The polished electrode was placed into the Piranha
solution and soaked for 3 h. It was immersed in acetone for 10
minutes and underwent ultrasonic cleaning in acetone for 10
seconds to remove the possible organic impurities on the
surface. The cleaned electrode was placed in 0.5 mol per L
H,S0,. Cyclic voltammetry (CV) scanning (scanning rate of
100 mV s~ ') was conducted in the range of —0.4 V to 1.0 V. The
electrochemical treatment was repeated until the detected
current was stable. After electrochemical treatment, the surface
electrochemical characteristics of the bare gold electrode were
characterized via CV scanning with potassium ferricyanide
solution (5 x 10~ mol per L KzFe(CN)g + 0.1 mol per L KCI) as
the bottom solution to facilitate the subsequent steps of GNPs
modification, heavy metal enrichment, and heavy metal strip-
ping. The results can be compared with the change in electro-
chemical characteristics of the bare gold electrode surface.

The different concentration gradients of HAuCl, (0.005, 0.01,
0.05, 0.1, 0.5, 1, 1.5, 2, and 2.5 mmol L") were used to modify
the activated gold electrode via the potentiostatic method. The
electrochemical properties of each concentration gradient were
characterized by CV at different deposition potentials (—0.5,
—0.3, —0.1, 0.1, 0.3, and 0.5 V). The peak current of each time
was extracted to draw a dual-parameter optimization plot,
which was analyzed to obtain the optimal deposition concen-
tration and potential. The peak currents of cyclic voltammo-
grams at different deposition times (20, 40, 60, 80, and 100 s)
was extracted to optimize the deposition time of GNPs at the
optimal deposition concentration and potential. Each step was
characterized using FESEM and CV.

2.3 Parameter optimization of modified electrode

The use of SWASV for qualitative and quantitative detection of
HMs is the key parameter in pH of the ABS and the enrichment
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of potential and time. The electrochemical detection of GNP-Au
can be considerably influenced. Therefore, pH of the ABS, the
enrichment of the potential and time must be optimized before
the quantitative analysis of heavy metal ions to allow GNPs-Au
to obtain a high current response, sensitivity, and wide detec-
tion range. Moreover, the excellent performance of GNPs-Au
electrochemical detection can be ensured.

The effect of solution pH on current response was system-
atically investigated under controlled electrochemical condi-
tions: a deposition potential of —0.6 V (vs. Ag/AgCl), 100 s
enrichment time, and 50 pg per L Pb**and Cd** standard
solution in 0.2 mol per L ABS with pH adjusted to 2.3, 2.5, 2.7,
2.9, 3.3, 3.5, 3.9, 4.4, and 4.9.

Under optimized conditions including 0.2 mol per L ABS, pH
3.3, 200 s enrichment time, and 100 pg per L Pb*" and Cd**
concentrations, the optimal deposition potential was deter-
mined by measuring elution peak currents across six test
potentials: —5, —4, —3, —2, —1, and +1 V.

Using 0.2 mol per L ABS containing 100 pug per L Pb>* and
Cd*" at pH 3.3 with a deposition potential of —4 V, the optimal
enrichment time was determined by analyzing stripping peak
current through chronoamperometric measurements.

2.4 Qualitative and quantitative detection of heavy metals

Calibration standards containing Pb** and Cd*" (1, 5, 10, 50,
110, 150, 210, 250 pg L") in 0.2 mol per L ABS (pH = 3.3) were
analyzed by standard addition method. All measurements
maintained —4 V deposition potential with 390 s enrichment
time while recording stripping peak current across the
concentration series. In the electrochemical workstation,
SWASV was used to enrich and dissolve the solution. The
SWASV curves under different metal ion concentrations were
obtained, and the stripping peak potentials and currents of Pb>*
and Cd** were recorded. Finally, the linear regression equation
was drawn according to the relationship between peak current
and concentration. Moreover, the mechanism is shown in
Fig. 1.

2.5 Recovery experiment

According to the linear detection range of Pb>* and Cd*", the
concentration gradients of 4, 8, 40, 100, and 200 ug per L Pb**

P Ag/AEC
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Fig. 1 Detection procedure of Pb?* and Cd®* via GNPs-Au.
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Fig.2 Cyclic voltammogram of the bare gold electrode (in solution of
0.5 mol per L H,SOy4; vs. Ag/AgCl reference electrode).

and Cd>" solutions were prepared for the recovery experiment.
All electrochemical measurements were strictly conducted in
0.2 mol per L ABS (pH = 3.3) with controlled parameters: —4 V
enrichment potential and 390 s enrichment time.

2.6 Interference experiment

In 0.2 mol per L ABS (pH = 3.3), the enrichment potential was
—4V, and the enrichment time was 390 s. The effects of other
heavy metal ions on the Pb*>" and Cd>" stripping peaks were
investigated. In solutions with Pb®>" and Cd** concentrations of
40 ug L', 40 pg L' of Zn*", Cr**, Mn®" and Cu** were added to
study the changes in the peak potentials and peak currents of
Pb>" and Cd*". Then, solutions with a concentration gradient of
4, 40, and 160 pg L' were prepared using Cu”’, the metal ion
with the greatest interference. It was agreed to keep the Pb**
and Cd** concentrations at 40 pug L. This method is intended
to study the effect of increasing the concentration of Cu**, the
metal ion with the greatest interference, on the stripping peaks
of Pb>" and Cd*".

2.7 Real water sample collection and spectrophotometric
measurement

Water samples were collected from 4 sampling sites in Xiang
River Basin, China. Table S11 shows the sampling locations and
the measured pH.

Four samples of the real water were pretreated via the
suction filtration method. Assemble the filter extraction device
and place the filter membrane in a Brinell funnel with appro-
priate trimming. The filter paper was moistened with drops of
distilled water so that the filter paper was tightly attached to the
Brinell funnel. The pump was switched on, and four water
samples were filtered one by one. The filtered water samples
were stored in volumetric flasks for subsequent testing.

The standard solutions of Pb** and Cd>" at the concentra-
tions of 1, 5, 10, 50, 110, 150, 210, and 250 ug L~ ' were prepared
using ultrapure water and ABS (pH = 3.3), respectively. Under
the working conditions (Table S27), the absorbance values of
the standard solutions in ultrapure water were measured, and
the calibration curves were drawn to analyze Pb*>* and Cd** in
real water samples. The absorbance values of the standard
solutions in ABS (pH = 3.3) were measured, and the calibration
curves were drawn to analyze the standard addition (100 ug L)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of Pb** and Cd*" in real water samples (adjust the pH at 3.3).
The recovery was also calculated.

3. Results and discussions
3.1 Activation of gold electrode

The cleaned gold electrode was placed in 0.5 mol per L H,SO,
for CV scanning. The scanning potentials range was 0.3-0.8 V,
and the scanning rate was 100 mV s~ *. The scanning curve with
high repeatability was obtained by repeated scanning. The
detection current was stabilized by repeated electrochemical
treatment to remove the oxide layer on the electrode surface and
expose the active sites on the electrode surface. As shown in
Fig. 2, the CV curve has good repeatability, and an obvious
oxidation peak and reduction peak of gold can be observed. The
high coincidence degrees of the CV curves at the 7th, 9th, and
11th turns indicated that the oxide layer on the electrode
surface was completely removed. The bare gold electrode can be
used for further experiments.

3.2 Optimization of gold nanoclusters modified on the bare
gold electrode

3.2.1 Gold nanoclusters modification concentration and
deposition potential. Potentiostatic method was used to char-
acterize the effect of different concentrations of HAuCl, on the
bare gold electrode surface modification by electrodeposition.
The GNPs deposition potential was optimized under different
concentration gradients. Fig. 3 shows the changes of peak
currents under different concentrations and potentials. The
current value obtained the maximum when the HAuCl, was 2 x
1073 mol L%, and the potential was 0.2 V. The current response
value gradually increased with the increase of HAuCl, concen-
tration, indicating that the GNPs deposited on the surface of the
bare gold electrode gradually increased. The response signal
tended to be saturated when the concentration of HAuCl,
reached 2 x 10> mol L™ *. Thus, 2 x 10> mol per L HAuCl, was
chosen as the optimal GNPs modification concentration. The
current response value and the peak current value tended to
decrease when the deposition potential was 0.2 V. According to

Fig. 3 Dual-parameter optimization of HAuCl, concentrations and
deposition potentials.
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classical electrodeposition theories (the Butler-Volmer equa-
tion and the diffusion control model, e.g.), the maximization of
the peak current relies on balancing the thermodynamic driving
force with the kinetic limitations, and the optimal deposition
voltage is a manifestation of this balance, whereas deviations
from this voltage lead to a decrease in the current either by
reducing the amount of effective deposition, introducing side
reactions, or lowering the efficiency of the electron transfer.**->*
Fig. 3 shows that there is the highest peak current at the optimal
deposition voltage of 0.2 V, exhibiting the best electron transfer,
indicating that the GNPs reach the maximum coverage and the
best electron transfer efficiency on the electrode surface. If
deviating from this voltage, the peak current decreases. Thus,
0.2 V was chosen as the optimal gold nanoclusters deposition
potential.

3.2.2 Surface morphology analysis of the modified elec-
trode. FESEM was used to analyze the surface morphology of
GNPs-Au. FESEM images showed that, unlike the traditional
plane structure electrode, a steric structure was formed on the
micro interface of the bare gold electrode surface after GNPs
deposition. GNPs were arranged on the bare gold electrode
surface to form a base layer. A layer of GNPs was deposited,
thereby providing a growth basis for GNPs formation in
subsequent experiments and facilitating the stable formation of
GNPs on the electrode surface. Its nonplanar structure could
provide sufficient reaction sites and reaction space for the
enrichment and stripping of HMs. This scenario was conducive
to the entry of heavy metal ions into the reaction area. It also
increased the site reactivity and the probability that the pre-
concentration and stripping electrochemical signals were
captured.”® In theory, these factors improve the detection
sensitivity of GNPs-Au. The observation was consistent with the
conclusion that the peak current value of the CV curve increased
by 131% after the GNPs were modified.

As shown in Fig. 4a, at an HAuCl, concentration of 0.5 mmol
L', GNPs exhibit an average diameter of approximately 10 nm,
with a 60% surface coverage on the bare gold electrode (Fig. 4a).
When the concentration of HAuCl, was 1 mmol L™, the average
diameter of GNPs was approximately 15-20 nm, with a 70%
surface coverage on the bare gold electrode (Fig. 4b). The
average diameter of GNPs was approximately 30 nm, with a 90%

Fig. 4 FESEM images of GNPs-Au surface formed by different
concentrations of HAUCl, ((a) 0.5 mmol L™, (b) 1 mmol L2, (c) 2 mmol
L™, (d) 4 mmol L% (e) 7 mmol L7, () 10 mmol LY.
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surface coverage on the bare gold electrode when the concen-
tration of HAuCl, was 2 x 107> mol L™" (Fig. 4c). When the
concentration of HAuCl, was 4 x 107> mol L', the average
diameter of GNPs was approximately 50 nm, with a 90% surface
coverage on the bare gold electrode, and an obvious sense of
particle existed (Fig. 4d). The average diameter of GNPs was
approximately 100 nm, with a 95% surface coverage on the bare
gold electrode when the concentration of HAuCl, was 7 x
10~% mol L™ (Fig. 4e). When the concentration of HAuCl, was 1
x 1072 mol L™, the average diameter of GNPs was approxi-
mately 150 nm, the steric structure was obvious like a poly-
hedron with large particles and thickness, and the surface
coverage on the bare gold electrode was more than 95% (Fig. 4f).
The average diameter of GNPs on the surface of the bare gold
electrode was directly proportional to the HAuCl, concentra-
tions, and GNPs formation was very stable. GNPs with a small
average diameter could provide a large specific surface area of
contact reaction, reaction activity sites, and reaction space. This
characteristic was conducive to sensor quantum size effects
improvement.* In the trade-off between particle size and
spatial site resistance, the optimized strategy of 30 nm GNPs
and moderate modification density was chosen, which can
maximize the active sites and minimize diffusion limitation,
and avoid the nanoclusters as well as the impediment of mass
transfer caused by the over-dense modification.***+*>%

GNPs deposited on the bare gold electrode surface could
considerably improve the specific surface area of the sensing
electrode and increase the reaction site because of their steric
structure when the HAuCl, concentration was the optimal
modification gradient of 2 x 10> mol L™" (Fig. 4c). The average
diameter of gold nanoclusters was 30 nm. In theory, a bare gold
electrode with a diameter of 2 mm can hold approximately 4.44
x10° GNPs. Assuming that 90% of the surface area of the bare
gold electrode was covered with gold nanoclusters and the
length of gold nanoclusters was 60 nm. The calculation indi-
cated that, in this case, the specific surface area of the electrode
surface increased by 7.2 times after the GNPs were modified.

A high HAuCl, concentration (1 x 10~> mol L™") formed
large GNPs (Fig. 4f). The steric structure was obvious. The
HAuCl, concentration was 5 times the optimal concentration of
2 x 10~° mol L *. However, the electrochemical response signal
was only increased by 7%. Therefore, the surface morphology of
GNPs was not the main factor in determining the electro-
chemical signal. Instead, the key was the coverage of GNPs on
the electrode surface and the increase of specific surface area
caused by particle size. The results of the electrochemistry
signal and FESEM images, when the HAuCl, concentration was
2 x 10* mol L™, showed that the specific surface area of GNPs
was increased by 7.2 times, which met the need for a greatly
enhanced electrical signal transmission. The further increase of
HAuCl, concentration slowed down the growth rate of GNPs
coverage on the electrode surface, increased the particle size,
and made the surface morphology increasingly steric. However,
the increase of electrical signal slowed down.” Thus, the
excessively dense structure might hinder the stripping of Pb>*
and Cd?*'. Therefore, the HAuCl, concentration of 2 x
10® mol L' was taken as the optimal modification
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Fig. 5 (a) FESEM image of the bare gold electrode (b) FESEM image of
the bare gold electrode was modified with gold nanoclusters with
0.5 mmol per L HAUCly (c) FESEM image of GNPs-Au enrichment of Pb
and Cd with 0.5 mmol per L HAUCl,.

concentration, which had high comprehensive cost perfor-
mance. At this time, GNPs-Au had a highly sensitive electro-
chemical response, which was consistent with the above
conclusion.

The FESEM image of the bare gold electrode from the
deposition of GNPs with a HAuCl, concentration of 5 x
10~* mol L' to further enrich Pb and Cd is shown in Fig. 5. The
FESEM image of the bare gold electrode was shown in Fig. 5a.
When Pb and Cd were not enriched, GNPs were evenly distrib-
uted on the surface of the bare gold electrode (Fig. 5b), like four
corners of a quadrilateral. GNPs dispersed in the four corners
were pulled to the center to form agglomerates when Pb and Cd
fell into it. Pb and Cd grow on the surface of GNPs and form
branches like dendritic growths. Following Pb and Cd enrich-
ment, agglomerates formed on the electrode surface (Fig. 5c).
Two mechanisms were speculated to exist. One is a mechanism
like that shown in Fig. 5b. The other mechanism was that the
GNPs surface grew Pb and Cd, which looked like branches and
leaves. The length of the branch could easily pull the
surrounding GNPs, forming agglomerates. The morphology of
Pb and Cd had no obvious difference because the sizes of Pb,
Cd, and GNPs were very small. The steric structure had no
obvious difference when the magnification was 100 000 times.

The high HAuCl, concentration of 1 x 107> mol L™ was
selected to observe the changes in the surface morphology of
GNPs with the advancement of electrochemical detection steps.
As shown in Fig. 6a, GNPs were enriched on the bare gold
electrode surface, with an average diameter of 150 nm, high
coverage, and uniform distribution of particles. As shown in
Fig. 6b, the bare gold electrode surface of GNPs-Au enriched
with Pb and Cd had a more steric particle structure than GNPs-
Au, and the agglomeration phenomenon became obvious. The
exposed part of the bare gold surface had fine particle distri-
bution because of agglomeration. This observation was similar

Fig. 6 (a) FESEM image of the bare gold electrode modified with
10 mmol per L HAuCl, (b) FESEM image of enrichment of Pb and Cd on
the modified electrode (c) FESEM image of Pb?* and Cd?* stripping
from the modified electrode.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to the FESEM images of copper plating. The subsequent inter-
ference experiments showed that Cu®" had obvious interference
with the stripping detection of Pb>" and Cd*".*® It also over-
lapped with the stripping peak of Pb*>" and made the stripping
peak of Cd** drift away. Cu®* was speculated to form alloy easily
on the gold nanoclusters surface. This assumption was
consistent with the conclusion that Cu®>" had interference in the
Pb>" and Cd>" detection. As shown in Fig. 6¢, the FESEM images
of stripping after GNPs-Au enriched with Pb and Cd show that
GNPs are like polyhedrons, the particles are agglomerated, and
the coverage rate changes slightly. Compared with Fig. 6b and c
shows no noticeable change in the surface morphology. This
observation indicated that the GNPs were stable in structure,
which was consistent with the conclusion that the GNPs-Au
sensing electrode was kept at room temperature and used for
electrochemical detection many times within 3 days. However,
the response signal had no apparent attenuation.

The flatness of the bare gold electrode base was relatively
poor. Enriching the GNPs in the gully was complicated. GNPs
modification might also weaken the enrichment and stripping
of heavy metal ions in the basement gullies, leading to signal
instability. In the future, the polishing machine can be used to
polish the electrode to improve the flatness of the base.

3.2.3 GNP deposition time. After the electrode was acti-
vated in 0.5 mol per L H,SO,, GNPs were electrodeposited in 2 x
10~% mol per L HAuCl, at 0.2 V via potentiostatic method. The
deposition time from 20 s to 100 s was investigated. After the
modification, CV was performed in 5 x 10~ mol per L
K3Fe(CN)s and 0.1 mol per L KCI solution. The test curve is
shown in Fig. 7. The increase of deposition time increased the
peak current. The increased current may be due to the start of
proton reduction at the negative potential where the scanning
begins, indicating that GNPs deposition had different degrees.””
The longer the deposition time was, the more GNPs were
deposited and the larger the surface area of the bare gold
electrode was. The peak current of reduction increased obvi-
ously with the increase of deposition time. After 80 s, the peak
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Fig. 7 Cyclic voltammograms of gold nanoclusters deposited on bare
gold electrode for different deposition times (vs. Ag/AgCl reference
electrode).
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current tended to be saturated. Compared with the peak current
of the bare gold electrode, the peak current of the bare gold
electrode increased by 131% after 80 s. According to the fact
that the essence of current saturation is the mechanism of
combining mass transfer limitation (diffusion control) and
surface position depletion, it is necessary to optimize the
deposition time to avoid invalid deposition.”*** The optimal
deposition time of GNPs was 80 s.

3.3 Optimization of the modified electrode to enrich Pb>*
and Cd**

3.3.1 pH. Optimizing the pH of the electrochemical detec-
tion solution is beneficial in maintaining the stability of GNPs-
Au to capture the perfect response signal. In the case where both
Pb®>" and Cd*" exist in the reaction substrate, the response
currents of Pb*>" and Cd*>" under different acidic conditions
varies with pH, as shown in Fig. 8. Moreover, the peak current of
Pb>" reaches the maximum when pH is 2.3 at the time of
simultaneous stripping. Then, the response current of Pb**
drops when pH increases. Fig. 8 also shows that the response
current of Cd*" increases when the pH increases. The growth
rate starts to slow down when the pH is 4.7. The possible reason
based on analysis is that the high H" concentration based on
low pH causes a reduction reaction on GNPs-Au surface, which
competes with Cd**. This high H" concentration affects the Cd**
deposition on the electrode surface, resulting in a low cadmium
stripping peak current value. Despite the competition between
H" and Cd " at low pH, Cd * can still be preferentially deposited
at moderately negative potentials.>***>* The OH™ near the
electrode surface may easily undergo a complexation reaction
with Pb®>" with the increase of pH, thereby affecting the Pb**
deposition on the electrode surface.**** When the pH is higher
than 4, the metal ions are hydrolyzed, resulting in a reduced
current signal.”* This scenario leads to a drop in the Pb*"
stripping peak current. With every factor considered thor-
oughly, the interference of H" and OH™ on the electrode surface
is relatively slight when pH reaches 3.3, and the stripping peak

1.6 I’h2+

B o

Current / pA

0.2 4

0.0 4
23 2.5 2.7 2.9 3.3 3.5 3.9 44 4.7

pH

Fig.8 Variation of Pb?* and Cd®* peak currents as different pH (vs. Ag/
AgCl reference electrode).
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currents of Pb*" and Cd*' are both considerable. Thus, the
optimal performance of the reaction substrate solution and the
stability of the electrochemical detective system are well guar-
anteed. Therefore, the optimal pH for simultaneous stripping
detection is 3.3.

3.3.2 Enrichment potential. During the electrochemical
conversion process, enriched heavy metal ions such as Pb*>" and
Cd*>* undergo sequential reduction to their metallic states, fol-
lowed by re-oxidation to ionic states. This redox cycling gener-
ates distinct current peaks. The peak potential corresponding to
the peak current is the characteristic peak potential.®” As shown
in Fig. 9, a stripping peak appeared near +0.32 V when 50 pg
per L Pb*>" was detected by SWASV. After adding 40 pg per L Cd>*
continually, a remarkable new stripping peak appeared near
—0.05 V. Therefore, the stripping peak of Pb>" was preliminarily
determined to be approximately +0.32 V, whereas the stripping
peak of Cd>* was approximately —0.05 V. The former was in the
positive pressure direction of the latter. According to the
comparison between the redox potential of the elements and
the stripping peak curve, the stripping peak of Pb®>" was near
+0.35 V, and that of Cd** was near —0.05 V. Moreover, the peak
potentials of Pb>" and Cd*" were quite different, and the two
ions could be measured simultaneously.

The enrichment potential was optimized in 0.2 mol per L
ABS (pH = 3.3), which contained 100 pg per L Pb** and 100 pg
per L Cd*". The enrichment potentials ranged from —5V to 1 V.
The SWASV curves at different enrichment potentials are shown
in Fig. 10. When the enrichment potentials were —1, —2, —3, —4

Ph Sopg/L
pb s cat sopgi

18 4 P2Ts ca?t

100pgL

N

y r T
04 02 0.0 02 04 0.6
Potential/V

6
44
2

24 <

Fig. 9 Stripping voltammogram of Pb®* and Cd®* at varying
concentrations in agueous solutions (vs. Ag/AgCl reference electrode).
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Fig. 10 Effect of enrichment potentials on stripping peaks of Pb* and
Cd?* in aqueous solutions (vs. Ag/AgCl reference electrode).
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and —5 V, an abnormal interference peak could be observed
near the stripping peak potential, which was +0.45 V. The
position of the interference peak overlapped with the stripping
peak of the Pb>", Thus, the stripping peak current of the Pb**
would be considerably affected, and the quantitative analysis of
Pb>* would be interfered with. The possible reason for this
interference peak was that the substances in the solution were
oxidized to some intermediates at a positive potential, and the
interference peak was formed by a reduction near +0.45 V
during the forward scanning. The interference peak dis-
appeared when the enrichment potential increased to —4 V.
When the potential is too low, it tends to reduce other ions on
the electrode, especially H', which will impair the deposition
efficiency.®® At this point, two evident stripping peaks could be
observed. The peak currents of Pb>* and Cd>" on the stripping
voltammetry curve were measured. In general, the stripping
peak currents of Pb*>" and Cd** increased with the increase of
the enrichment potential, and the different enrichment poten-
tials affected the reduction rates of Pb>" and Cd*" during the
enrichment process, thereby affecting the total amount of HMs
that eventually accumulated on the surface of GNPs-Au. This
scenario results in the change of the stripping peak current
during the stripping process. The maximum stripping peak
current of Cd** appeared when the enrichment potential was
—3 V. However, an interference peak existed at +0.45 V. The
stripping peak current of Cd** decreased sharply with the
increase of the enrichment potential to —4 and —5 V. However,
the stripping peak current of Pb>" continued to increase slowly.
Thus, —4 Vwas adopted as the optimal enrichment potentials to
ensure that the peak currents of Pb** and Cd>" reached the
optimal value simultaneously. Under this enrichment potential,
the peak currents of Pb>* and Cd** were both large, and they did
not have an interference peak, which was conducive to the
subsequent electrochemical detection.

3.3.3 Enrichment time. The enrichment time was opti-
mized in 0.2 mol per L ABS (pH = 3.3) containing 100 pg per L
Pb** and 100 pg per L Cd**. The optimization range of enrich-
ment time was 30 seconds to 420 seconds. The enrichment
potential was set to —4 V. The SWASV curves under different
enrichment time conditions are shown in Fig. 11. The stripping
peaks of Pb>* and Cd** could be observed in the SWASV curves,
and no interference peak existed near the stripping peak. The

50

Current / pA

Potential/V

Fig. 11 Optimization of enrichment time for Pb?* and Cd?* detection
via SWASV (vs. Ag/AgCl reference electrode).
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stripping peak current increased with the enrichment time
when the enrichment time was from 30 seconds to 390 seconds.
The stripping peak currents of Pb*>" and Cd>" in the SWASV
curves could be extracted, and the enrichment time-peak
current curves were drawn, as shown in Fig. 11. The stripping
peak currents of Pb®" and Cd** increased linearly when the
enrichment time was from 30 seconds to 390 seconds. However,
the stripping peak currents of Pb** and Cd>" obviously
decreased in sensitivity when the enrichment time increased
from 390 s to 420 s. Moreover, the current intensity decreased
with the increase of time. The reason might be that the elec-
trode was saturated when the enrichment time was too long,
affecting the detection of stripping peak current.®*”® The
decrease in current signal observed after 390 s was attributed to
limited adsorption, reduced electron transfer, and electrode
saturation, which limits adsorption and detection and may lead
to desorption. The available active sites at the electrode inter-
face were saturated.*® Therefore, the enrichment time of 390 s
was selected for subsequent electrochemical analysis with the
consideration of the time consumption of voltammetric detec-
tion, sensitivity change, detection range, working electrode
saturation, and other factors.

3.4 Application of the modified electrode in qualitative and
quantitative detection of heavy metals

Quantitative analysis of Pb** and Cd** in 0.2 mol per L ABS at
pH = 3.3 was conducted using optimized parameters with —4 V
enrichment potential and 390 s enrichment time in combina-
tion with the standard addition method. Pb*" and Cd*" stan-
dard solution was added to ABS gradually, and the range from
low concentration to high concentration was investigated.
Different SWASV curves were obtained with the change in heavy
metal concentrations. Moreover, the peak current of Pb>" and
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Fig. 13 Linear regression curve of Cd?*.
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Table 1 Electrochemical detection of Pb?* and Cd?* standard recovery (buffer solution)

Measured concentrations

Coefficients

Standard
deviation

Average measured
concentrations

Tested Tested

Tested

Measured

Recovery

of variation

sample 2 sample 3

sample 1

concentrations

Concentrations

Elements

107.54%
100.45%

4.89%
4.78%
10.66%

0.412

8.439
9.031
10.58

8.86

8.036
9.475
10.343
12.253
13.923

8.421

7.847
8.990
11.644

Pb2+

0.432

8.612
11.808
13.266
13.137

9.006

90.86%
93.16%
91.93%
113.47%
112.86%

1.128
1.008
0.774
0.254

9.589
11.249
12.375

40
100
200

8.23%
5.89%
14.71%

12.256
13.145

13.155
14.298

1.728
2.786

1.522 2.012 1.65

3.028
4.406

5.788

1.523
2.468

+

Q
=]
&)

7.53%
6.91%
11.19%
14.05%

0.210

2.677

2.653

94.96%
107.84%
105.12%

0.306
0.713

4.429
6.378
7.211

4.746 4.135

6.175
6.196

4.664

40
100
200

7.171
8.222

5.914
6.860

1.013

7.215
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Cd*" increased with the increase in heavy metal concentration.
The stripping peak currents of Pb>* and Cd>* was extracted, and
the concentration peak current curve was drawn. As shown in
Fig. 12, the stripping peak current shows a good linear growth
with the increase of Pb*" concentration, the linear detection
range of Pb*" is 1-250 ug L™, and the linear regression equation
is I = 2.5769In C — 0.1338. As shown in Fig. 13, the linear
detection range of Cd>" is 1-250 pg L™, and the linear regres-
sion equation is I = 1.3642 In C — 0.3683. The lowest detection
limits of Pb>* and Cd*" are 1 ng L~ '. The average relative
standard deviations of Pb®>" and Cd*" in the same sample are
3.1% and 5.8%, respectively. This method has high sensitivity,
wide linear detection range, and good reproducibility.

3.5 Analysis of recovery experiment

Five concentration gradients of Pb** and Cd** (4, 8, 40, 100, and
200 pg L") were selected within the linear detection range, and
each concentration gradient was detected three times in
parallel. The recovery rates are shown in Table 1. The recovery
rate of each concentration gradient was in the range of 90.86—
113.47%, indicating that the detection method had great
precision and accuracy.

3.6 Analysis of interference experiment

Fig. 14 shows the influence of the stripping peaks of Pb** and
Cd** by different heavy metal ions based on the interference
experiment results when the concentrations of Pb*>" and Cd**
are both 40 pg L', Zn** and Cr’** interfere minimally and have
almost no effect on the stripping peak potential and stripping
peak current of Pb>". Zn>* causes the peak current of Pb>" to
decrease sharply and disappear. Cr** makes the peak potential
of Cd** drift in a negative direction, affecting the peak current.
The presence of Mn>" decreases the stripping peak current of
Pb>" and Cd*>* to a certain extent. The interference of Cu®" is
maximum. Its stripping peak potential is very close to that of
Pb**, considerably increasing the peak current of Pb** while
causing the peak currents of Pb>" and Cd>" to disappear. The
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Fig. 14 Interference effects of coexisting heavy metal ions on the
stripping peaks of Pb?™ and Cd?* (vs. Ag/AgCl reference electrode).
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Fig. 15 Stripping peaks of Pb®* and Cd?* under varying Cu?®*
concentrations (vs. Ag/AgCl reference electrode).

reason may be related to the fact that the redox potential of Cu**
is close to that of Pb>*.%”* Moreover, some metal oxides that are
not conducive to stripping analysis are generated, and they
affect the electrochemical signal and the stripping peak
potential.”> Furthermore, adding Cu®" causes hydrogen evolu-
tion, which is not conducive to heavy metal ion analysis. A
corresponding masking agent can be added to the water to
precipitate the interference ions, thereby eliminating the
influence of interference ions on the detection and analysis.

The interference degree of Cu®" was further investigated. All
the other conditions remain unchanged. The influence of Cu**
concentrations of 4, 40, 80, and 160 pg L' on the stripping
peaks of Pb*>" and Cd>" was investigated. The experiment data
indicated that the increase of Cu*" concentrations strengthens
the interference degree to the peak currents of Pb>* and Cd*", as
shown in Fig. 15. Therefore, the selection of a suitable masking
agent or complexing agent is expected to reduce or eliminate
the interference of Cu®*, but in such a way as not to affect the
detection sensitivity of Pb®>" and Cd**.7>"

3.7 Real water sample analysis

The absorbance values of Pb>* and Cd** standard solutions were
measured by atomic absorption spectrophotometry, and the
corresponding calibration curves are shown in Fig. S1.f The
regression equations and correlation coefficients of Pb>* and
Cd*" calibration curve (Table S37).

The results of the electrochemical method applied in the real
water sample are shown in Table 2. The comparison of Tables 2
and 1 indicated that the same electrochemical method was used
to test real water samples and ABS, and the recoveries were
slightly different in the two cases, which was mainly caused by
the fact that the real water samples contained complex
components, and different water samples had different
components. Further qualitative determination of the compo-
nents of the real water samples and optimization of experi-
mental parameters are needed to improve the detection
accuracy.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparative analysis of Pb2* and Cd?* detection in four real water samples: electrochemical method vs. atomic absorption spec-

trophotometry (AAS)

Electrochemical method

Atomic absorption spectrophotometry

Sample Metal ions Added (pg L) Found (ug L") Recovery (%) Added (ug L) Found (ug L) Recovery (%)
Real water 1 Pb** 100 114.32 114.32 100 118.91 118.91
cd** 116.35 116.35 120.03 120.03
Real water 2 Pb>* 110.14 110.14 106.56 106.56
cd** 109.46 109.46 90.45 90.45
Real water 3 Pb** 109.67 109.67 118.91 118.91
cd** 116.32 116.32 120.03 120.03
Real water 4 Pb** 85.36 85.36 106.56 106.56
cd** 119.32 119.32 116.34 116.34

As shown in Table 2, the comparison of the experimental
results of the real water sample recovery by the electrochemical
method and that by atomic absorption spectrophotometry
indicated that the results of the two methods were basically the
same. This electrochemical method has good application
prospects in detecting heavy metal trace in the water environ-
ment, particularly acidic wastewater.>

4. Conclusion

This study established a high-performance three-electrode
detection system through rational optimization of GNPs, inte-
grating material engineering with analytical method innova-
tion. Field emission scanning electron microscopy and
electrochemical analyses demonstrated that precisely deposited
gold nanoclusters with a HAuCl, concentration of 2 mmol LY,
a deposition potential of 0.2 V, and a deposition time of 80 s
increased the electrode's effective surface area by 7.2-fold,
significantly enhancing electrochemical active sites and detec-
tion sensitivity. Coordinated optimization of electrolyte pH =
3.3 and square wave stripping parameters including a —4 V
enrichment potential and 390 s enrichment time enabled ultra-
trace quantification of Pb*>" and Cd**, achieving a broad linear
range from 1 to 250 pug L', an unprecedented detection limit of
1 ng L', and satisfactory recovery rates spanning 90.86% to
113.47%. This method has been rigorously verified through
analysis of real water samples and shows high consistency with
atomic absorption spectrophotometry. The systematic param-
eter optimization—spanning morphology control, interfacial
reaction kinetics modulation, and signal amplification
strategy—establishes a universal framework for electrochemical
detection system development, providing a rapid, sensitive, and
field-applicable solution for heavy metal monitoring in aquatic
environments, with significant potential to supplement
conventional spectroscopic techniques.

In conclusion, this study has developed an ultrasensitive
detection platform through the innovative integration of GNPs-
Au architecture with advanced electrochemical sensing proto-
cols. GNPs-Au demonstrates exceptional performance in
simultaneous quantification of trace-level Pb** and Cd**
contaminants in aqueous environments, achieving detection

© 2025 The Author(s). Published by the Royal Society of Chemistry

limits comparable to conventional spectroscopic methods while
significantly improving detection limit. This advancement
establishes a robust analytical framework for elucidating the
speciation dynamics and transport mechanisms of heavy metal
contaminants in environmental matrices. Furthermore, the
proposed methodology provides critical technical support for
deciphering complex synergistic effects in multi-contaminant
systems, thereby paving the way for systematic investigations
into compound pollution remediation mechanisms.
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