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A challenging task is to study and improve the electrochemical behaviors and sensing performance of Fe-
BTC and Cu-BTC-based electrodes for sensitive detection toward lead(i) ions (Pb?*). In the present work,
particle-shaped Fe-BTC was effectively decorated on the plate-like Cu-BTC substrate to form a 3D-
composite architecture using the microwave-assisted electrochemical method and successfully
detected Pb2* ions for the first time. This hierarchical structure served as a promising candidate for
modifying the working electrode surface, facilitating favorably the electrochemical reaction of Pb?* ions.
The structural and morphological characteristics were thoroughly investigated using scanning electron
microscopy (SEM) and X-ray diffraction (XRD), confirming the successful integration of Fe-BTC and Cu-
BTC phases. Interestingly, the Fe-BTC@Cu-BTC-modified screen-printed electrode (SPE) exhibited
several advantageous features, including enhanced electrical conductivity, increased electroactive
Consequently, the Fe-BTC@Cu-BTC/SPE
demonstrated a low overpotential for Pb?" oxidation, a wide linear detection range, low limit of

surface area, and superior electron transfer kinetics.

detection (LOD), high sensitivity, and excellent selectivity. Its practical applicability was further validated
through successful Pb?* detection in shampoo samples. Besides, this study provided useful insights into
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1. Introduction

Metal-organic frameworks (MOFs) are considered a unique
class of functional inorganic-organic hybrid materials, charac-
terized by their rationally designed architectures and uniform
empty spaces (pores and cavities) at the nanoscale. A large
number of various MOF structures have been reported, con-
firming extremely high surface area and pore volume, flexible
framework, tunable porous structure, unsaturated metal sites,
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and inherent non-toxicity. These attributes often surpass those
of conventional porous materials, including carbonaceous
compounds, metal phosphates, and zeolites."”> Among the
diverse MOF families, Cu-BTC (also known as HKUST-1) and Fe-
BTC have emerged as particularly important due to their
microporous frameworks and unique physicochemical charac-
teristics. These include large specific surface area, high pore
volume, high chemical stability, strong Lewis acidity based on
the high content of open metal sites, and labile coordinated
water molecules. As a result, Fe-BTC and Cu-BTC MOFs have
been widely explored for many different applications, such as
energy storage, catalysis, sensing, adsorption, and biomedical
materials.>®

The topological nature of MOFs is defined by the ordered
arrangement of the blocks between ligands (long organic
molecule chains) and metal nodes. Typically, MOFs are
synthesized by heating metal ions and organic linkers in suit-
able solvents over several hours or days. Post-synthesis, vacuum
treatment is often employed to remove residual solvent mole-
cules trapped within the porous network. Achieving high-

quality MOFs requires precise control over synthesis
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parameters, including the choice of metal precursors, ligands,
solvents, and temperature.” Some various synthetic strategies
have been developed to fabricate MOFs, for example, the solvo/
hydrothermal method, solvothermal synthesis, electrochemical
methods, mechanochemical synthesis, spray-drying, and
microwave-assisted techniques.'®™ Due to the structural
complexity and sensitivity of MOF formation to reaction
conditions-including temperature, pH, solvent type, and kinetic
or thermodynamic factors-these parameters critically influence
the resulting material properties. To create Fe-BTC, Cu-BTC,
and Fe-BTC@Cu-BTC composite structures with high yields
and purity, in this research, the microwave-assisted electro-
chemical synthesis has been first proposed as a low cost, facile,
efficient, and fast method because of its shorter reaction time,
uniform and rapid heating rate, faster kinetics, higher phase
purity, higher yield, and better reliability and reproducibility
than other conventional methods.>****

Investigation of the applicability of the Cu-BTC MOF struc-
tures in electrochemical sensors has been extensively explored
in recent years.**>®'' For example, N. Zalpour et al'
successfully synthesized an ultrathin Cu-BTC layer directly on
a glassy carbon electrode (GCE) using a molecularly imprinted
polymer (MIP) technique. Thanks to this unique hybridization,
Cu-BTC/MIPs structure functioned as a super-adsorbent with
very high selectivity, sensitivity, porosity, and special recogni-
tion sites for pregabalin (PGB) ultra-trace. The resulting GCE/
Cu-BTC sensor demonstrated a remarkable linear detection
range from 0.05-800 pM, corresponding a limit of detection
(LOD) of 0.9 fM. More recently, Cu-BTC-based sensors have
been applied for the sensitive detection of lead(u) ions
(Pb>).131% G. A. Bodkhe et al.*® sucessfully developed a novel
composite material by incorporating gold nanoparticles (Au
NPs) into the Cu-BTC framework. The synergistic effect between
the high surface area of Cu-BTC and the excellent electro-
catalytic activity of Au NPs enabled a highly sensitive and
selective electrochemical response toward Pb>*, achieving
detection limits as low as 1 nM. Beyond heavy metal detection,
Cu-BTC MOF-based electrodes have also been employed for the
electrochemical determination of various analytes, including
sunset yellow/tartrazine," hydroquinone/catechol,® and
ammonia.'” Similar to Cu-BTC, the utilization of Fe-BTC MOF
for electrochemical sensors has attracted significant attention
under the inspiration of the above fascinating properties.”®
Nevertheless, challenges such as poor crystallinity, limited
electrical conductivity, and structural instability have hindered
their direct use in sensor development.>® To overcome these
limitations, researchers have focused on developing Fe-BTC-
based composites and derivatives to enhance -electrode
stability and repeatability.’* M. C. Maridevaru et al.® reported
that the utilization of Fe-MOF nanotextures for identifying bi-
sphenol A (BPA) achieved impressive results arising from the
excellent guest interaction potential of organic ligands and the
substantial surface area of metal. Fe-MOF-modified electrode
displayed a linear sensitivity in the range from 0.1 uM to 15 uM
with an LOD of 0.1 uM, along with excellent recovery and stable
performance over a one-month period. More recently, the
number of studies on bimetallic organic framework (BMOF),
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such as Cu/FeBTC has increased gradually. W. Y. Siew et al.,*’
reported a one-pot green synthesis method for the incorpora-
tion of Fe** into CuBTC at room temperature. This approach
was aimed at modifying the surface morphology and pore
formation via the synergistic effect of the second metal ions. As
a result, the BET surface area was enhanced from 709 m* g™ to
1240 m?* ¢, and the adsorption capacity for methylene blue
increased approximately six times compared to that of CuBTC
alone. Another study, W. Xiang et al.** demonstrated the effec-
tive removal of tetracycline antibiotics from aquatic environ-
ments using Fe/CuBTC composites. By optimizing the Fe/Cu
molar ratio to 1:2, the void ratio of Fe/Cu-MOFs increased to
0.7326 cm® g~ ', with the maximum tetracycline (TC) adsorption
capacity for Fe/CuBTC-1/2 reported at Quax = 1130.23 mg g .
Unfortunately, to the best our knowledge, no report on how
the effective integration of two distinct MOF materials, specif-
ically Fe-BTC and Cu-BTC MOFs into a hierarchical 3D-
composite architecture, and how the electrodes modified with
these MOF structures improve the electrochemical behaviors
and sensing performance toward Pb>" detection, has been re-
ported. Despite the fact that these MOF-based electrodes have
been explored for detecting various target analytes, there
remains a notable gap in comparative investigations and
mechanistic explanations regarding the observed enhance-
ments in performance, particularly for Pb*" sensing. This
research gap is of significant interest, especially given the
growing application of MOF-based composites and derivatives
in electrochemical sensor development. The selection of Cu-
BTC and Fe-BTC in this work is motivated by both the struc-
tural differences in their framework regularity and their broad
applicability in electrochemical sensing. A facile, cost-effective
microwave-assisted electrochemical method was used for the
first time to prepare Fe-BTC, Cu-BTC, and Fe-BTC@Cu-BTC
composite. In addition to the fundamental knowledge,
a comprehensive comparative analysis of their electrochemical
characteristics and sensing performance was conducted. This
includes the evaluation of key kinetic parameters to elucidate
the role of structural integration in enhancing sensor func-
tionality. The findings aim to provide both fundamental
insights and practical guidance for the rational design of MOF-
based materials in advanced electrochemical applications.

2. Experimental

2.1. Material

Trimesic acid (H3;BTC, >95%), potassium chloride (KCI),
potassium ferricyanide (K3;[Fe(CN)s]), and potassium ferrocya-
nide trihydrate (K,[Fe(CN)s]-3H,0) were obtained from Sigma-
Aldrich (USA) and Merck KGaA (Germany). N,N-Di-
methylformamide (DMF), sodium chloride (NaCl), and ethanol
were purchased from Xilong Scientific Co., Ltd (China) and
Guangdong Guanghua Sci-Tech Co (China). Sodium acetate
(NaAc), acetic acid (HAc), HCl, NaOH were purchased from
Shanghai Chemical Reagent to prepare acetate buffer solution
(AcB, 0.1 M) as supporting electrolyte. Pb>" standard aqueous
solution was prepared and diluted from stock solution of PbCl,
(Sigma-Aldrich (USA)). All chemicals utilized without any

© 2026 The Author(s). Published by the Royal Society of Chemistry
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further purification. Besides, the commercial carbon screen-
printed electrode (SPE-DS110) was supplied by DS Dropsens,
Spain.

2.2. Method

2.2.1. Preparation of Fe-BTC and Cu-BTC by microwave-
assisted electrochemical method. Unlike conventional
approaches, electrochemical synthesis involves the anodic
dissolution of elemental metal plates, which subsequently react
with organic ligands present in the electrolyte to produce the
desired metal-organic framework (MOF). Additionally,
microwave-assisted heating enhances the nucleation and
crystal rate of MOFs due to uniform thermal distribution. This
method enables efficient and rapid MOF formation with supe-
rior quality, yielding large quantities of homogeneous micro-
and nanocrystals with controlled size and morphology within
a short time frame.

In this study, Fe-BTC and Cu-BTC structures were synthe-
sized using a microwave-assisted electrochemical method.
Initially, 0.585 g of NaCl was dissolved in 200 mL distilled water,
and the solution was magnetically stirred for 30 minutes at
room temperature to prepare the electrolyte solution. For Fe-
BTC synthesis, two iron bars were arranged in parallel inside
a 250 mL glass beaker on a magnetic stirrer, serving as sacrifi-
cial anode and cathode. A direct current (DC) potential of 8 V
was applied to the iron bars for 2 hours under continuous
stirring at room temperature. After the electrochemical reac-
tion, 2.1 g of trimesic acid (H3;BTC) was introduced into the
solution, and stirring was continued for an additional 2 hours
to ensure homogeneity. Herein, the applied electric field facil-
itated electron loss in metallic Fe, leading to Fe*" cation
formation, which subsequently coordinated with BTC ligands
in the solvent to yield a precipitate. The reaction mixture was
then subjected to microwave heating at 80 °C for 10 minutes
using a power of 500 W. The resulting precipitate was collected
by centrifugation, followed by filtration and sequential washing
with dimethylformamide (DMF), ethanol, and distilled water.
Finally, the purified product was dried at 60 °C in air for 12
hours. The synthesis of Cu-BTC MOF material was carried out
using the same procedure.

2.2.2. Preparation of the Fe-BTC@Cu-BTC by microwave-
assisted electrochemical method. The Fe-BTC@Cu-BTC
composites was also synthesized using a microwave-assisted
electrochemical method. A higher proportion of Cu in the
composite (1:3 ratio) was used. The rationale behind this
choice was that Cu-BTC offers better electrical conductivity and
crystal structure, while the low Fe-BTC crystalline structure
contributes significantly to the adsorption capacity. A higher
proportion of Cu in the composite (1: 3 ratio) was expected to
enhance electron transfer kinetics without compromising the
structural integrity and stability. To begin, a homogeneous
mixture was prepared by combining 50 mL of Fe*" ion solution
and 150 mL of Cu®" ion solution, obtained from the previously
described electrochemical synthesis processes. Subsequently,
2.1 g of H;BTC was added to the mixture and stirred for 2 hours
to ensure uniformity and complete reaction between the metal

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ions and organic ligands. The reaction mixture was then sub-
jected to microwave heating at 80 °C for 10 minutes using
a power of 500 W. The resulting precipitate was collected via
centrifugation, followed by filtration and sequential washing
with dimethylformamide (DMF), ethanol, and distilled water,
respectively. Finally, the purified precipitate was dried at 60 °C
for 12 hours in air to obtain the Fe-BTC@Cu-BTC composites.

2.2.3. Preparation modified SPEs. For the electrode surface
modification process, Fe-BTC, Cu-BTC, and Fe-BTC@Cu-BTC
was carried out in sequential steps. Prior to surface mod-
ication, commercial SPE electrodes were cleaned using ethanol
and water, then dried in air at room temperature. For the
preparation of the Fe-BTC/SPE electrode, 2.0 mg of Fe-BTC
sample was dispered in 2.0 mL of distilled water and sub-
jected to ultrasonic treatment for 30 min to obtain a homoge-
neous Fe-BTC suspension at a concentration of 1.0 mg mL ™.
The working electrode surface of the SPE was then modified by
carefully dropping the suspension drop by drop until a total
volume of 6.0 pL was reached (drop-casting technique). Finally,
the Fe-BTC-modified electrode was dried at 40 °C for 3 hours in
air. The same procedure was followed for the Cu-BTC-modified
electrode and Fe-BTC@Cu-BTC-modified electrode. Immedi-
ately afterward, 6.0 pL of this suspension was carefully dropped
onto the bare SPE surface and allowed to dry under ambient
conditions.

2.2.4. Real samples preparation. For the preparation of real
samples, a commercially available shampoo, purchased from
a local supermarket in Hanoi, Vietnam, was utilized for the Pb>*
detection. Initially, 1.0 mL of shampoo sample was added to
a beaker containing 8.0 mL of 0.1 M acetate buffer (AcB) solu-
tion. The mixture was homogenized via a vortex mixer and
subsequently subjected to ultrasonic treatment for 15 min.
Following this pre-treatment, Pb®>" was introduced into the
shampoo samples at varying concentrations (5, 10, 25, and 75
ppb) as standard addition samples for analytical evaluation.

2.3. Apparatus

2.3.1. Physical measurements. The structural character-
ization of the synthesized materials was conducted via X-ray
diffraction (XRD) analysis, utilizing a D8 Advance diffractom-
eter equipped with a LYNXEYE detector. The measurements
were performed in Bragg-Brentano geometry, employing Cu-Ko.
radiation with a wavelength of A = 1.54056 A. Raman spectra
were recorded at a laser Raman spectrometer (Macro-Ram,
Raman™) with an excitation wavelength of 785 nm. Further-
more, the surface morphology and spatial distribution of the
materials were examined using a field emission scanning elec-
tron microscope (FE-SEM, Hitachi S-4800, Japan) and energy
dispersive X-ray spectroscopy (EDS, HITACHI).

2.3.2. Evaluation of electrochemical characterizations. All
electrochemical measurements in this study were conducted
using a Palmsens4 electrochemical workstation under ambient
conditions. The electrochemical characteristics of both the bare
screen-printed electrode (SPE) and modified SPEs were analyzed
using cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) in a 0.1 M KCl solution containing 5.0 mM

RSC Adv, 2026, 16, 1833-1847 | 1835
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K;[Fe(CN))/K4[Fe(CN)g)]. CV measurements were performed in
the potential range of —0.3 to 0.6 V and scan rates varying from
20 to 70 mV s~ '. Additionally, EIS measurements were per-
formed using AC potentials across a frequency spectrum
spanning 0.01 to 50 kHz. Furthermore, the electrochemical
performance of Pb*>" detection on various modified electrodes
was systematically investigated in a 0.1 M acetate buffer (AcB)
solution using CV and differential pulse anodic stripping vol-
tammetry (DPASV). In this case, CV measurements were carried
out at different scan rates (20-70 mV s~ ') within a potential
window of —1.0 to 0.0 V. Meanwhile, DPASV measurements
were tested under specific experimental conditions, including:
equilibrium time (Tequitibrium = 20 s), step potential (Egep =
0.006), pulse amplitude (Epjyse = 0.075 V), pulse duration (Tpyise
= 0.2 s), and scan rate of 15 mV s~ ', respectively.

3. Result and discussion

3.1. Microstructure and physical characterizations

Powder X-ray diffraction (XRD) patterns of Cu-BTC, Fe-BTC, and
Fe-BTC@Cu-BTC composites synthesized at room temperature
are displayed in Fig. 1a. The diffraction profiles confirm the
formation of crystalline phases characteristic of metal-organic
frameworks (MOFs), as evidenced by sharp and intense peaks in
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the synthesized samples. Namely, the well-defined diffraction
peaks were located at 9.3°, 11.5°, 13.3°, 17.39°, 18.8°, 21.1°,
25.6°, and 29°, which are corresponding to crystal planes of
(220), (222), (400), (333), (440), (620), (731), and (660), indicating
the formation of good Cu-BTC crystal structure (a face-centered
cubic crystal lattice). Interestingly, XRD analysis indicated that
the absence of extraneous peaks further validates the phase
purity of the synthesized Cu-BTC. Unlike Cu-BTC, the XRD
pattern of Fe-BTC sample shows broad characteristic diffraction
peaks of Fe-BTC at approximately 26 = 10.6°, 18.9°, 24°, and
27.8°, with intensities below 100 a.u., exhibiting a low crystal-
line structure of synthesized Fe-BTC sample. This observation
aligns with previous reports that describe Fe-BTC as a semi-
amorphous structure.'*** Additionally, the co-appearance of
some additional peaks of secondary phase as impurity was
found at around 26 = 35.5°, 42.8°, 53.5°, 57°, and 62°, matching
the standard JCPDS file (PDF No. 65-3107) of Fe;0, phase at Fe-
BTC sample.”® An explanation for the phenomenon was that the
influence of localized instantaneous high heating in the
microwave irradiation process produced local “super hot” dots,
facilitating the natural oxidation and aggregation of iron ions to
grow and form into the Fe;O, phase on the Fe-BTC surface. This
phenomenon has been observed in many previous reports
involving the synthesis of Fe;O, crystals using microwave

(a)

Fe-BTC@Cu-BTC

(b) ——Fe-BTC@Cu-BTC

C-H

u-O/Fe-O

——Fe-BTC

Intensity (a.u)
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(a) Powder XRD spectra and (b) Raman spectra obtained at the Cu-BTC, Fe-BTC, and Fe-BTC@Cu-BTC samples.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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irradiation.”* More importantly, the XRD pattern of the Fe-
BTC@Cu-BTC composite, synthesized with a Fe*"/Cu®" molar
ratio of 1:3, retained the characteristic peaks of both parent
MOFs without significant structural distortion, while, just had
slightly different peak intensity when compared to Cu-BTC and
Fe-BTC structures. It was demonstrated that the nature of iron
ions tends to form a less crystalline compound with H;BTC.
Therefore, the co-introducing both two ions Cu®>" and Fe** into
a crystalline MOF structure might be less favourable as Cu**
centers combined with the BTC ligand to create a highly crys-
talline structure. This confirms the successful integration of
individual phases (Cu-BTC and Fe-BTC) into a composite
material while preserving their crystalline integrity. The coex-
istence of these phases is expected to contribute positively to the
electrochemical performance of the composite electrode.

The structural and bonding characteristics of the synthe-
sized samples were further investigated using Raman spec-
troscopy, as shown in Fig. 1b. The spectra exhibit distinct bands
in the low-frequency region (below 600 cm™ "), corresponding to
vibrations of the coordination bonds between the metal centers
(Cu or Fe) and oxygen atoms of the organic framework.>?* For
the Fe-BTC sample, double peaks observed at 231 and 365 cm ™"
are attributed to Fe-O stretching modes. Similarly, the bands at

IMS-NKL 5.0kV 6.2mm x20.0k SE(M)
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261 and 459 em™ " correspond to Cu-O stretching vibrations in
the Cu-BTC sample. In the higher-frequency region (600-
2000 cm ™), characteristic bands associated with the BTC ligand
were recorded across all three samples. Specifically, peaks at
1011 and 1600 cm ™" are assigned to C=C stretching modes of
the benzene ring, while peaks at 742 and 896 cm™* correspond
to in-plane bending and out-of-plane C-H bending vibrations,
respectively. Additionally, the peak at around 1480 cm ™' was
ascribed to the symmetric stretching modes from the carbox-
ylate groups of BTC, which are labeled as C-O,. The presence of
these characteristic Raman features confirms the successful
synthesis of Cu-BTC, Fe-BTC, and their composite materials,
consistent with previously reported results."**>*

The surface morphology and size of the synthesized mate-
rials were examined using scanning electron microscopy (SEM),
as illustrated in Fig. 2a. The Cu-BTC sample, prepared via
a microwave-assisted electrochemical method, exhibited a well-
defined plate-like morphology characterized by a smooth and
uniform surface, aligning with the well-defined peaks in the
XRD patterns for Cu-BTC sample. The good agreement between
the SEM images and XRD results demonstrates that the well-
shaped crystals observed in SEM originate from a well-
crystallized framework, as confirmed by the XRD peak

4 5 6 7
Energy (KeV)

Fig. 2 FESEM images of (a) Cu-BTC, (b) Fe-BTC, (c) Fe-BTC@Cu-BTC samples; and (d) EDS analysis of Fe-BTC@Cu-BTC composites.
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sharpness, peak intensity, and phase purity. Although Cu-BTC
typically crystallizes in an octahedral form, the utilization of
microwave irradiation facilitated rapid and homogeneous
heating, which significantly enhanced the nucleation rate and
nuclei concentration throughout the solution. This simulta-
neously accelerated crystal growth process led to the formation
of plate-like crystals with an average size of several micrometers,
deviating from the conventional octahedral geometry.>** In
contrast, the Fe-BTC sample displayed poorly-ordered particle-
shaped morphology in which irregular particles aggregated
into clusters with an average size of approximately 400-500 nm.
This behavior aligns with the weak and broadened diffraction
peaks observed in the XRD pattern and may be attributed to
surface functional groups that enhance interparticle interac-
tions and hinder well-defined crystal growth. For the Fe-
BTC@Cu-BTC composite, SEM analysis revealed a more
distinct morphology with reduced particle dimensions. Fe-BTC
particles were distributed across the Cu-BTC surface, resulting
in a smaller particle size ranging from 200 to 300 nm. Mean-
while, the Cu-BTC plates served as an effective template,
enabling homogeneous dispersion of Fe-BTC and minimizing
agglomeration. This structural coupling is anticipated to
enhance the physicochemical properties of the composite,
particularly by increasing the overall surface area and empty
space volume within the composite structure. Moreover, the
synergistic interaction between the two MOF components
promises to improve the depth, transfer, and accessibility of
targeted molecules to electroactive sites inside; a powerful tool
for fast and efficient electron transport in electrochemical
applications.

The elemental composition and distribution of the synthe-
sized samples were examined in detail using energy-dispersive
X-ray spectroscopy (EDS) within a selected region. Elemental
mapping images confirmed the presence and uniform distri-
bution of the characteristic elements of Cu-BTC and Fe-BTC,
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namely Fe, Cu, O, and C (Fig. S1). Quantitative analysis
revealed that the Fe-BTC@Cu-BTC composite sample consisted
primarily of 15.72% Fe, 3.81% Cu, 46.23% C, and 34.24% O
(Fig. 2d). These findings validate the successful synthesis of the
individual MOFs and their composite structure.

3.2. Electrochemical investigations

CV measurement was performed to first test and evaluate the
electrochemical properties of newly developed electrochemical
sensors modified with Cu-BTC, Fe-BTC, and Fe-BTC@Cu-BTC.
Fig. 3a presents the CV curves recorded for all electrodes in
0.1 M KCI solution containing 5.0 mM [Fe(CN)s]*~"*~. All elec-
trodes exhibited a pair of obvious reversible redox peaks, cor-
responding to the standard redox reaction of [Fe(CN)g]*™/
[Fe(CN)s]/*~ probe. Among the proposed electrodes, the Fe-
BTC@Cu-BTC/SPE exhibited the highest reduction response
current (261 pA), followed by Fe-BTC/SPE (224 pA), Cu-BTC/SPE
(194 pA), and bare SPE (110 pA). These results clearly indicate
that the electrochemical behaviors were considerably improved,
particularly at Fe-BTC@Cu-BTC/SPE, which increased by
around 2.3-fold compared to bare SPE. To further elucidate the
observed enhancement, peak-to-peak potential separation (AE,)
was analyzed for each electrode. The following trend was
observed: bare SPE (317 mV) > Fe-BTC@Cu BTC/SPE (306 mV) >
Fe-BTC/SPE (258 mV) > Cu-BTC/SPE (218 mV). Given that AE, is
inversely proportional to electron transfer kinetics, the reduced
separation at as-prepared electrodes suggests superior electron
transfer efficiency.*®** The electrode interface and electronic
transmission properties of the proposed electrodes were also
investigated in detail via electrochemical impedance spectros-
copy (EIS) in 5.0 mM [Fe(CN)s]*"*~ aqueous solution contain-
ing 0.1 M KCL. It can be inferred from Fig. 3b that modification
with MOF structures significantly reduced the semicircle
diameter in the high-frequency region of the Nyquist plots,
indicating lower charge-transfer resistance (R.). Based on

1000
(b)
800 |-
600 |-
S
f\| 400 -
200 + —a— Cu-BTC/SPE
—o— Fe-BTC/ISPE
—a— Fe-BTC@Cu-BTC/SPE
ol —v— Bare SPE
0 400 800 1200 1600 2000
Z'(Q)

Fig. 3 (a) CV profiles at scan rate 50 mV s~ and (b) Nyquist diagrams of EIS in 0.1 M KCl containing 5.0 mM [Fe(CN)gl>~/4~ of various proposed

electrodes.
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fitting with the Randles equivalent circuit, the R.. values were
determined to be 1100 Q (bare SPE), 330 Q (Cu-BTC/SPE), 216 Q
(Fe-BTC/SPE), and 117 Q (Fe-BTC@Cu-BTC/SPE), confirming
enhanced conductivity and interfacial charge transfer.
Afterwards, the effect of the scan rate on the redox response
intensity was also investigated via CV measurements in the
same electrolyte system, with scan rates ranging from 20 to
70 mV s~ . As described in Fig. 4a-c, the response current (I,))
increased with the increase of the scan rate (v). In addition, the
good linear relationship between current (I,) and the square
root of scan rate (v'/?) was observed, obeying the linear regres-
sion equations: I, (1A) = 18.26v" + 83.19 (R* = 0.998) for Cu-
BTC/SPE, I, (nA) = 21.36v"> + 83.64 (R> = 0.998) for Fe-BTC/
SPE, and Iy, (nA) = 22.550"7 + 112.15 (R* = 0.999) for Fe-
BTC@Cu-BTC/SPE, respectively. This confirmed that the elec-
tron transfer reaction of Fe(CN)s*> '*~ and mass transport on the
proposed electrodes is regulated by a diffusion-controlled
mechanism. To determine the electrochemical active area (A),
the Randles-Sevcik equation at the room conditions (25 °C) was
used:* I, (nA) = 2.69 x 10°n*?AD"*»">C; where n = 1 (the
total number of electrons transferred in redox reaction), D = 6.5
x 10~° (diffusion coefficient cm® s™'), and C is the bulk
concentration. According to that, the value of electrochemical
active area (4) was calculated approximately 0.180 cm? for the
bare SPE and 0.253, 0.293, and 0.341 cm? for the modified
electrodes (Cu-BTC/SPE, Fe-BTC/SPE, and Fe-BTC@Cu-BTC/
SPE), respectively. From that, the electron transfer rate
constant (k) was directly determined using R.. and A by the
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equation:® k. = RT/n*FPACyR.. As expected, considerable
increases in k.. values were found around 0.0006, 0.0008, and
0.002 for Cu-BTC/SPE, Fe-BTC/SPE, and Fe-BTC@Cu-BTC/SPE,
compared to bare SPE (0.0003). From these obtained results,
it can be concluded that the modification with MOF materials
led to the impressive enhancements in terms of electron
transfer, the electrochemical active area (4), and the electron
transfer reaction kinetics at the electrode/electrolyte interface.
Particularly, benefiting from the smallest peak separation and
the lowest charge transfer resistance R, and the largest A as
well as k.. values, Fe-BTC@Cu-BTC/SPE exhibited the highest
current intensity, promising the expected enhancement of
sensing performance in the next section.

3.3. Electrochemical behaviors of Pb>* on the proposed
electrodes

As a first step in evaluating the sensing performance of the
proposed electrode, the electrochemical behavior of Pb*" was
investigated using CV and DPASV measurements. CV curves
were recorded at a scan rate of 50 mV s~ in 0.1 M AcB buffer
solution (pH 4), both in the absence and presence of 10 ppm
Pb>" (Fig. 5a). In the presence of Pb**, a pair of well-defined
redox peaks was observed at around —0.71 V (oxidation peak)
and —0.81 V (reduction peak), consistent with the known redox
behavior of Pb>'. In contrast, no distinct redox peaks were
detected in the absence of Pb**, aside from a minor reduction
peak attributed to hydroxyl groups on the electrode surface.
More importantly, the oxidation current signal at —0.71 V
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Fig.4 (a—c) CV profiles of modified electrodes at various scan rates (20-70 mV s™3) in 0.1 M KCl containing 5 mM [Fe(CN)g]*~4~; and (a'~c’) the
corresponding linear plots of reduction peak current response (/5-pA) and sqrt. of scan rate )
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SPE and modified electrodes, respectively.

exhibited a higher and more sensitive current response
compared to the corresponding reduction peak at —0.81 V, and
was therefore selected as the quantitative signal for Pb**
detection. To further assess electrode performance, the oxida-
tion peak currents were compared across different electrode
configurations, as shown in Fig. 5b. The Fe-BTC@Cu-BTC/SPE
demonstrated the highest current intensity, which was
approximately 1.7 and 2.1 times greater than those of Fe-BTC/
SPE and Cu-BTC/SPE, respectively, and nearly 5 times higher
than that of the bare SPE. Additionally, in-depth observation
can conclude that the trend of peak potential shift was also
observed when the anodic peak rose at a lower potential around
—0.47 V for the Fe-BTC@Cu-BTC/SPE, meanwhile, that at
—0.71 V for the bare SPE, indicating improved electron transfer
kinetics. These results suggest that the Fe-BTC@Cu-BTC
composite significantly enhances the electrochemical activity
of Pb>* at the electrode/electrolyte interface, confirming its
suitability as a high-performance platform for Pb>* sensing.

1840 | RSC Adv, 2026, 16, 1833-1847

These findings are further supported by electrochemical studies
conducted in 0.1 M KCl containing 5.0 mM Fe”*/Fe*" redox
probe molecules.

To further study on the electrochemical behaviors as well as
kinetics of the modified electrodes toward Pb*" detection, CV
technique was used under the scan rate ranging from 20 to
70 mV's~ ' in 0.1 M AcB buffer (pH 4) solution contaning 10 ppm
Pb**. For all modified electrodes, as the scan rate increased, the
oxidation peak current increased gradually (Fig. 6). Notabily,
there was a good linear relationship between peak current (I-pA)
and scan rate (»-mV s~ '), implying the targeted Pb>* ions exist
and transfer process in an adsorption state at the electrode/
electrolyte interface. The regression equation was obtained as
follows:

I, (A) = 0.436y (mV s~ ') + 20.61 (R> = 0.995) at Cu-BTC/SPE

I, (RA) = 0.568v (mV s~') + 22.73 (R* = 0.993) at Fe-BTC/SPE

© 2026 The Author(s). Published by the Royal Society of Chemistry
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I, (1A) = 1.205» (mV s~ ') + 34.55 (R* = 0.998) at
Fe-BTC@Cu-BTC/SPE

According to that, the adsorption capacity (I') of the
electroactive sites of the modified electrode surface can be
determined from the slope value of the equation between I, vs.
scan rate by using the Brown-Anson model, which was based on
the following equation:**** I, = n’F°vAT'/4RT, where n is the
total number of electrons transferred (n = 2) in the electrode
reaction, F is the Faraday constant (96485C mol '), T is
adsorption capacity (mol cm™?), A is the surface area of the
electrode, v is the scan rate, R is the gas constant (8.314 ] mol
per K), and T is the absolute temperature (298 K). The adsorp-
tion capacity (I') of Pb*>" at Fe-BTC@Cu-BTC/SPE was equal to
about 1.48 x 107° mol ecm™?, which was considerably higher
than that of Cu-BTC/SPE and Fe-BTC/SPE (8.92 x 10~ ** and 9.29
x 107'° mol em™?). Furthermore, it was observed that there
were slight shifts of reduction peak potential towards more
negative values at higher scan rates, which was explained due to
the formation of a diffusion layer on the electrode surface,
causing the transfer limitation of charge and electrons. Partic-
ularly, the correlation between the anodic peak potentials (Ey;,)
and In(») was determined in good linear relationships of Ep, (V)
= —0.0209 In(r) (mV s ') - 0.628 (R* = 0.99) for Cu-BTC/SPE and
Epa (V) = —0.0233 In(v) (mV's™ ') - 0.6 (R*> = 0.99) for Fe-BTC/SPE,
and E,, (V) = —0.0503 In(») (mV s ') - 0.29 (R* = 0.99),
respectively (Fig. S2). Based on the Laviron theory, the linear
relationship between E, and In(») in an adsorption-controlled
irreversible process can be estimated by the following

equation:*+%*3

E, = Ey + (RT/anF) x In(RTky/anF) — (RT/anF) x In(v)

Following this, the charge transfer coefficient value («) of Fe-
BTC, Cu-BTC, and Fe-BTC@Cu-BTC/SPE was determined from
the slope value, corresponding to RT/anF. Herein, the total
number of electrons transferred (n) in the electrochemical
stripping of Pb® atoms and Pb>" ions reduction was equal to 2.
By this, the calculated values of o were near 0.407, 0.454, and
0.979 for Cu-BTC, Fe-BTC, and Fe-BTC@Cu-BTC/SPE,
respectively.

The above-discussed analysis and the obtained result prove
that the effective integration of Fe-BTC and Cu-BTC MOF
materials significantly enhanced the electrochemical charac-
teristics and sensing performance towards Pb>" detection
compared to their individual counterparts. To explain this, first
of all, the dual application of microwave and electrochemical
processes not only helped create a high-purity ion-rich solution,
but also provided a fast and uniform heating process. These
conditions promoted the formation of homogeneous MOF
structures with distinct morphological features. Beyond
synthesis, the composite's geometric configuration played
a crucial role. The good distribution of Fe-BTC particles on the
plate-like Cu-BTC surface, as described SEM images, demon-
strated the outstanding efficiency in preventing the agglomer-
ation of the poor-defined shape Fe-BTC particles and in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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decreasing the material's size. The strong compatibility
between Fe-BTC and Cu-BTC resulted in a stable, open three-
dimensional framework. This 3D-geometric assembly of the
composite remarkably contributed to an increase in in-depth
surface area and accessibility of electroactive sites, improved
the conductivity and functionality of surface material active
responsive local sites, as well as promoted the transfer of the
electrolyte ions. Notably, the point-to-face exposure of these two
MOF structures is also considered to be essential for the rich in
the transfer of electron conduction and supports the rapid
charge mobility.

The insight electrochemical activity and the high capacity of
targeted Pb** ions adsorption were also deeply understood
through structural and compositional analysis of the as-prepared
electrodes. According to that, the large difference in the calculated
adsorption capacity (I') values provided compelling evidence of
the difference in adsorption ability between modifying materials
used. Returning to the material characteristics of Fe-BTC and Cu-
BTC, they are known for their porous frameworks and abundance
of electrochemically active sites, arising from the partially naked
metal centers (Cu and Fe) with unsaturated coordination envi-
ronments. These open unsaturated metal centers are critical for
interacting with target analytes such as Pb** ions. More impor-
tantly, when comparing the adsorption capacity (I') value between
Cu-BTC/SPE and Fe-BTC/SPE, the adsorption capacities were
relatively close 8.92 x 107 and 9.29 x 10™'° mol ecm 2, respec-
tively. This behaviour was ascribed to the higher polarizing power
of Fe*" ([Ar] 3 d°) in comparison to Cu** ([Ar] 3 d°), due to its
higher charge, as supported by prior studies.>** Remarkably, the
Fe-BTC@Cu-BTC/SPE exhibited a 1.6-fold increase in adsorption
capacity relative to the individual MOFs. This enhancement is
credited to the coexistence of both Cu and Fe metal centers within
the composite's pore surfaces, as well as its 3D-open framework
with ordered transport channels, higher surface area, and greater
pore uniformity. These features collectively facilitated more effi-
cient Pb*>" ions adsorption and improved overall sensing perfor-
mance. As a result, Fe-BTC@Cu-BTC/SPE exhibits a suite of
favorable characteristics that position it as a promising candidate
for sensing applications. These include enhanced surface area
and pore volume, improved electronic conductivity and charge
transport efficiency, elevated adsorption capacity, superior ion
diffusion dynamics, and robust interaction capability with Pb**
ions. Collectively, these attributes contribute to its high-
performance potential in electrochemical detection systems.

The investigation of the optimized electrochemical response
of the proposed electrode in terms of pH and equilibrium time
values is considered as one of the most crucial steps in eluci-
dating the electrochemical behavior at the electrode/electrolyte
interface and establishing ideal conditions for Pb** detection.
According to that, a series of experiments was conducted on Fe-
BTC@Cu-BTC/SPE against different pHs from 3 to 8 and varying
equilibrium times from 30 to 150 s. Differential pulse anodic
stripping voltammetry (DPASV) measurements were used to
evaluate the current intensity (I,) as a function of pH and
equilibrium time, as illustrated in Fig. 7a and b. The anodic
peak intensity of Pb>* reached its maximum at pH 4, followed by
a gradual decline as pH increased from 4 to 8. This behavior is
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Fig. 6 (a—c) CVs responses of 10 ppm Pb?* at the modified SPE in 0.1 M AcB buffer (pH 4) solution at different scan rates, corresponding to the
calibration plots (a'-c’).

explained due to the protonation of amino groups (—NH,) on  Similarly, the oxidation peak current of Pb** increased contin-
MOF under very strongly acidic solutions, as well as the wuously with increasing equilibrium time until the current
hydrolytic instability of Pb** in less acidic environments. intensity attained the highest value at 90 s before declining.
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solution (pH 4) containing 1 ppm Pb?* (inset: DPASV curves with different pH). Scan rate of 15 mV s7%; (c) the plots of peak current (Io) vs. various
deposition potentials in 0.1 M AcB buffer solution (pH 4) containing 10 ppm Pb?*.

This trend may be explained by considering that the absorption
of Pb** by -NH, onto the MOF materials reached a saturation
point at high Pb** concentrations. Based on the obtained results,
it is noted that pH 4 and an equilibrium time of 90 s were chosen
to be appropriate parameters for the electrochemical oxidation
reaction process of Pb>'. Besides, the effect of deposition
potential was investigated by recording current response from
DPASV measurements at various deposition potential values, as
shown in Fig. 7c. The oxidation of Pb>* was highly dependent on
the time for pretreating the electrode surface since the adsorp-
tion controlled the oxidation of Pb**. In Fig. 7c, the peak intensity
initially increased and then decreased, achieving a maximum
value at an electric potential of —0.9 V. Consequently, —0.9 V was
identified as the optimal deposition potential and was employed
in subsequent experiments.

Under the above-optimized experimental conditions, the
electrochemical sensing performance of the proposed electrode
for Pb** detection was evaluated using DPASV measurements.
The sensing mechanism involves main steps: pre-enrichment

© 2026 The Author(s). Published by the Royal Society of Chemistry

and stripping, which can be described by the fundamental
reaction: Pb>" + 2e~ < Pb°

Step 1: Pre-enrichment (Reduction reaction)

Pb>" ions are attracted and strongly adsorbed onto the Fe**
and Cu”" coordinatively unsaturated sites of the Fe-BTC@Cu-
BTC-modified electrode. These adsorbed Pb** ions accept elec-
trons at the electrode surface and are reduced to metallic Pb°,
accumulating on the modified electrode.

Step two: Stripping (Oxidation reaction)

Upon applying a reverse (anodic) potential, the pre-enriched
Pb° is re-oxidized to Pb>" and released back into the electrolyte.
The electrons generated during this oxidation process return to
the electrode, producing a characteristic stripping peak current,
which is used for quantitative detection.

Step three:

The redox couples within the Fe-BTC@Cu-BTC serve as
electron-transfer mediators, facilitating charge exchange
between the electrode and Pb**/Pb’. This redox cycling
enhances the kinetics of the Pb®>' redox reactions, lowers

RSC Adv, 2026, 16, 1833-1847 | 1843
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charge-transfer resistance, and ultimately amplifies the strip-
ping current. As a result, the Fe-BTC@Cu-BTC/SPE sensor
exhibited improved sensitivity and detection performance
toward Pb>",

From the perspective of an electronic structure, in this work,
the presence of coordinatively unsaturated metal sites (Cu®*
and Fe*") in Fe-BTC@Cu-BTC composite plays a central role in
the redox process due to their strong interactions with Pb>". In
this heterostructure, the Fe*" centers act as strong Lewis-acidic
adsorption sites, while the Cu®>" centers enhance electron
transfer and mobility. This combination creates more energet-
ically favorable Pb*" adsorption compared with either Fe-BTC or
Cu-BTC alone. Furthermore, the synergistic electronic interac-
tion between the two frameworks induces interfacial charge
redistribution, which provides faster charge-transfer pathways
and more effective binding sites when Pb®" interacts with the
composite surface. The coexistence of Fe and Cu clusters also
opens multiple electron-transfer pathways, reducing the overall
charge-transfer resistance. In addition, the 3D open-framework
architecture with shorter and more ordered electron-transport
pathways, larger surface area, abundant exposed metal sites,
and improved pore uniformity remarkably reduces charge-
transfer resistance. These structural advantages also enhance
electron exchange at the active adsorption sites and facilitate
the pre-enrichment of Pb**, ultimately improving the electro-
chemical detection performance of the composite.

According to that, the relationship between oxidation peak
intensity measured by DPASV at a scan rate of 6 mV s~ ' and Pb**
concentration, was investigated. As illustrated in Fig. 8, the
peak intensity increased proportionally with rising Pb>"
concentration and there is a good linear relationship between
the peak current intensity and different Pb** concentrations
starting from 1 ppb to 1000 ppb (Fig. 8b). For the lower Pb**
concentration range, the linear regression equation was deter-
mined to be I, (uA) = 0.03C (uM) + 0.05 with a correlation
coefficient of 0.994, indicating excellent linearity. The limits of

1844 | RSC Adv, 2026, 16, 1833-1847

detection (LOD) and quantitation (LOQ) for Pb>" were calcu-
lated based on signal-to-noise ratios of 3 and 10, yielding values
of 0.396 ppb and 1.32 ppb, respectively. To benchmark the
analytical performance of the Fe-BTC@Cu-BTC/SPE sensor,
a comparative analysis was conducted against previously re-
ported electrodes modified with various MOF-based materials,
including those incorporating precious metals. As summarized
in Table 1, the proposed sensor demonstrated superior perfor-
mance in both linear detection range and LOD. Notably, it
achieved these results using low-cost materials and a simple,
scalable synthesis method. These findings highlight the Fe-
BTC@Cu-BTC/SPE sensor as a highly sensitive, selective, and
economically viable platform for trace heavy metal analysis,
with strong potential for practical deployment in environmental
and consumer product monitoring.

For practical applications, the repeatability and selectivity are
critical parameters for evaluating the reliability of the proposed
Fe-BTC@Cu-BTC/SPE sensor. In which, the repeatability was
evaluated by conducting ten consecutive DPASV measurements
under identical experimental conditions. The relative standard
deviation of the peak intensity was calculated to be 1.141%,
indicating excellent repeatability. Furthermore, to test the selec-
tivity, the current response of Fe-BTC@Cu-BTC/SPE toward Pb>*

Table 1 Comparison of Fe-BTC@Cu-BTC/SPE performance with
other modifed electrodes reported for Pb?* detection

Modified electrodes Linear range (uM) LOD (M) Ref.

Cu-MOF/GCE 0.01-1 4.9 x107° 36
Au NPs@Cu-BTC 0.01-1000 1x107° 15
MIL-100(Cr)/GCE 0-10 4.8x10°°% 37
NH,-MIL-53(Cr)/GCE 0.4-80 3.05 x 10°% 38
NH,-MIL-88(Fe)-TGO/GCE 0.01-0.3 1x10°° 39
Ni-MOF/GCE 0.5-6 5.08 x 1077 40
Fe-BTC@Cu-BTC/SPE 0.005-4.83 1.9 x 107°  This work

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) The repeatability and (b) anti-interfering ability of Fe-BTC@Cu-BTC/SPE toward Pb?* detection in 0.1 M AcB buffer (pH 4) solution

containing 50 ppb Pb?* by DPASV measurements.

Table 2 Determination results of Pb?* in spiked shampoo samples using DPASV measurements (n = 4)

Electrode Amount spiked (ppb) Amount found (ppb) Recovery (%) RSD (%)
Fe-BTC@Cu-BTC/SPE 75 70.69 94.25 1.00

25 23.59 94.36 1.10

10 9.36 93.56 1.06

5 4.56 91.11 1.35

detection in the presence of various potential interferents,
including Na*, Cu®*, Mn**, Ni**, Fe®*, NO; ™, SO,*>”, and glucose
was recorded. As exhibited in Fig. 9b, the Pb*>" oxidation peak
current remained largely unaffected, even when these inter-
ferents were present at high concentrations. The percentage
recoveries for Pb>* detection exceeded 86% across most tested
species, confirming the sensor's strong anti-interference capa-
bility and high selectivity in complex sample matrices.

To further evaluate the practical applicability of the proposed
Fe-BTC@Cu-BTC/SPE sensor, Pb*" concentration in a commer-
cial shampoo sample was determined using the standard addi-
tion method. The shampoo sample served as a blank matrix, and
known quantities of Pb>" standard solution was added to prepare
spiked samples. As summarized in Table 2, the sensor success-
fully detected Pb>" at ppb levels. The recovery rates for the spiked
samples ranged from 91.11% to 94.36%, while the RSDs were
between 1.00% and 1.35%. These results underscore the sensor's
potential for environmental and consumer product monitoring,
offering a reliable, sensitive, and cost-effective platform for trace
Pb** detection in complex systems.

4. Conclusions

In this study, Cu-BTC, Fe-BTC, and Fe-BTC@Cu-BTC compos-
ites were successfully synthesized via a microwave-assisted

© 2026 The Author(s). Published by the Royal Society of Chemistry

electrochemical method in the presence of NaCl/H,O and
H;BTC solutions. After microwave irradiation, the formation of
particle-shaped Fe-BTC and plate-shaped Cu-BTC was observed.
Notably, the Fe-BTC@Cu-BTC composite was obtained with Cu-
BTC plates serving as an effective substrate for the uniform
distribution of Fe-BTC particles. This spatial arrangement is
likely driven by hydrogen bonding interactions between func-
tional groups inherent to the MOF frameworks. The new
electrochemical sensors for the detection of trace Pb>" were
developed using the proposed MOFs-modified SPEs. All three
modified electrodes exhibited good electrochemical character-
istics and high responses for Pb®>" compared to the bare SPE.
Among them, Fe-BTC@Cu-BTC/SPE could be considered as
a promising electroanalytical sensory platform owing to the
synergistic effects arising from the synergistic integration of Fe-
BTC particles and Cu-BTC plates, such as the good electric
conductivity, high electrochemical active surface area, and
impressive transfer kinetics. As a result, the Fe-BTC@Cu-BTC/
SPE sensor exhibited a low overpotential for Pb>" oxidation,
a broad linear detection range, low LOD, high sensitivity, great
selectivity, and high possibility for practical applicability in
shampoo sample analysis. Specifically, the sensor achieved
a linear detection range from 1 and 1000 ppb Pb**, and the LOD
as low as 0.396 ppb (S/N = 3). In real sample analysis, the sensor
demonstrated high recovery rates ranging from 91.11 to
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94.36%, confirming its practical applicability for Pb>* detection
in shampoo matrices. Owing to its excellent analytical sensi-
tivity, straightforward fabrication, and cost-effective design, the
Fe-BTC@Cu-BTC/SPE sensor presents significant potential for
monitoring Pb®>" contamination in consumer products.
Furthermore, this work introduces a rapid and scalable strategy
for synthesizing MOF materials with tailored microstructures
and provides valuable insights into the structural and compo-
sitional factors that govern their electrochemical behavior and
sensing capabilities.
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