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Abstract

A novel single-walled carbon nanotube (SWNT), silver (Ag) nanoparticle, and zinc benzene
carboxylate (ZnBDC) metal-organic framework (MOF) composite was synthesised and sys-
tematically characterised to develop an efficient platform for mercury ion (Hg?*) detection.
X-ray diffraction confirmed the successful incorporation of Ag nanoparticles and SWNTs
without disrupting the crystalline structure of ZnBDC. Meanwhile, field-emission scanning
electron microscopy and energy-dispersive spectroscopy mapping revealed a uniform
elemental distribution. Thermogravimetric analysis indicated enhanced thermal stabil-
ity. Electrochemical measurements (cyclic voltammetry and electrochemical impedance
spectroscopy) demonstrated improved charge transfer properties. Electrochemical sensing
investigations using differential pulse voltammetry revealed that the SWNTs/Ag@ZnBDC-
modified glassy carbon electrode exhibited high selectivity toward Hg?* ions over other
metal ions (Cd?*, Co?*, Cr3*, Fe3*, and Zn?*), with optimal performance at pH 4. The sen-
sor displayed a linear response in the concentration range of 0.1-1.0 nM (R? = 0.9908), with a
calculated limit of detection of 0.102 nM, slightly close to the lowest tested point, confirming
its high sensitivity for ultra-trace Hg?* detection. The outstanding sensitivity, selectiv-
ity, and reproducibility underscore the potential of SWNTs/Ag@ZnBDC as a promising
electrochemical platform for detecting trace levels of Hg2+ in environmental monitoring.

Keywords: single-walled carbon nanotubes; electrochemical sensor; Hg?* ions; Ag nanoparticles;
metal-organic frameworks

1. Introduction

The increased industrialisation and anthropogenic activities over recent decades have
led to the persistent release of hazardous heavy metal ions (HMIs) into water systems [1-3].
They can exist in the form of metallic, inorganic, or organic mercury (Hg). Among them,
the mercury ion (Hg?*) is of particular concern, even when present at trace levels, due
to its significant risks to human health, including neurological, renal, and developmental
impairments, as well as its notable link to disorders such as Minamata disease. Therefore,
reliable, rapid, and sensitive detection methods are urgently required to monitor Hg?*
levels in environmental samples and mitigate potential health impacts.

Electrochemical sensing techniques have gained increasing interest as effective tools
for HMI detection due to their low cost, simplicity, portability, and excellent analytical
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sensitivity [4]. Among them, differential pulse voltammetry (DPV) is particularly advanta-
geous for trace analysis because of its high current resolution and minimal background
noise. However, the sensitivity and selectivity of electrochemical sensors largely depend on
the properties of the sensing interface, particularly the availability of active sites, electron
transfer capability, and affinity toward target ions [5,6].

To enhance these properties, recent research has focused on integrating conductive
carbon nanostructures with functional metal-organic frameworks (MOFs) [7]. Owing to
their modular structures, high porosity, and versatile surface chemistry, MOFs serve as
excellent platforms for metal ion adsorption. Nevertheless, their poor intrinsic conductivity
can limit electrochemical performance [8-10]. A promising strategy to address this involves
the fabrication of hybrid materials combining MOFs with conductive nanomaterials like
single-walled carbon nanotubes (SWNTs) and catalytically active nanoparticles, such as
silver (Ag) nanoparticles (Ag NPs) [11,12].

In this study, we present a hybrid material, SWNTs/Ag incorporated zinc benzene
carboxylate (ZnBDC) MOF composite (SWNTs/Ag@ZnBDC), designed for the selective and
sensitive detection of Hg?* using DPV at pH 4. The ZnBDC MOF serves as a stable, porous
matrix with favourable coordination sites for Hg?*, while AgNPs enhance electron transfer
and electrocatalytic response [13,14]. The inclusion of SWNTs significantly improves
electrical conductivity and surface area, facilitating rapid charge transport and enhanced
signal amplification. The synergistic combination of these components creates a highly
responsive and stable sensing interface capable of operating under mild acidic conditions.
We also investigate the electrochemical behaviour of this composite toward Hg?* detection
and optimise critical parameters, including deposition time, deposition voltage, pH of the
supporting electrolyte, and the potential range. The prepared SWNTs/Ag@ZnBDC /GCE-
based sensor demonstrates excellent analytical performance, including a low detection
limit, a wide linear range, high repeatability, and excellent selectivity in the presence of
potentially interfering metal ions. Compared to conventional mercury-film and bismuth-
film electrodes, which offer good sensitivity but pose environmental and handling concerns,
the SWNTs/Ag@ZnBDC composite provides a mercury-free platform with enhanced
selectivity, superior conductivity, and structural stability. Traditional electrodes often lack
molecular recognition capabilities, whereas MOF-based hybrids can be tailored for specific
interactions, enhancing sensitivity and reproducibility. This work provides valuable insight
into the design of multifunctional MOF-based hybrid sensors for environmental monitoring
and real-world water quality applications.

2. Experimental
2.1. Reagents and Materials

Zinc nitrate hexahydrate, cadmium nitrate tetrahydrate, cobalt nitrate hexahydrate,
mercuric chloride, iron(IIl) nitrate nonahydrate, lead nitrate, AgNPs, copper nitrate trihy-
drate, N, N-dimethylformamide (DMF), potassium chloride (KCl), sulfuric acid (H,SO4),
and standard pH buffer solutions were purchased from Molychem, Mumbai, India. SWNTs
were obtained from Techinstro Industries, Nagpur, India. Terephthalic acid (H,BDC) was
procured from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Synthesis of ZnBDC and SWNTs/Ag@ZnBDC Composites

ZnBDC MOF was prepared following a previously reported procedure with slight
modifications [15]. In a typical synthesis, 1.296 g of H,BDC and 5.824 g of zinc nitrate
hexahydrate were separately dissolved in 140 mL DME. The two solutions were combined
and stirred for 30 min at room temperature to ensure complete homogenisation. The
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mixture was then kept in a 250 mL Teflon-lined autoclave and heated for 24 h at 120 °C in
an oven.

For the preparation of the SWNTs/Ag@ZnBDC composite, 400 mg of AgNPs and
2 mg of SWNTs were first dispersed separately in 3 mL of DMF and sonicated for 60 min to
achieve a uniform dispersion. The ratio of 400 mg AgNPs to 2 mg SWNTs was selected
based on prior literature [16], where similar compositions were found to provide improved
electrical conductivity and uniform particle dispersion within MOF composites. These
AgNP and SWNT dispersions were then added to the ZnBDC precursor solution, followed
by further stirring and sonication. The combined mixture was transferred to a separate
250 mL Teflon-lined autoclave and subjected to the same heating conditions (120 °C, 24 h).

After automatic cooling to room temperature, the resulting white crystalline products—
ZnBDC and SWNTs/Ag@ZnBDC—were collected and washed thoroughly with DMF. To
facilitate solvent exchange, the samples were soaked in chloroform. Finally, the materials
were dried in an oven at 60 °C and activated at 120 °C to remove any residual solvent
molecules. The activated composites were stored in airtight containers until further use.

2.3. Fabrication of Electrochemical Sensor and Electrode

Electrochemical sensor probes were fabricated by modifying glassy carbon electrodes
(GCE) with either pure ZnBDC or SWNTs/Ag@ZnBDC composites. Before modification,
the GCE surfaces were polished sequentially using alumina slurries of 0.1, 0.3, and 0.05 pm
particle sizes to achieve a mirror-like finish. The polished electrodes were thoroughly rinsed
with deionised (DI) water, followed by sonication in acetone and DI water to remove any
residual contaminants.

The electrodes were then electrochemically activated by cyclic voltammetry (CV) in
0.5 M aqueous H,SO; solution, scanning from —0.4 to 1.5 V at a scan rate of 0.05 V/s.
Activation was continued until stable and reproducible voltammograms were obtained.
For sensor fabrication, a suspension of ZnBDC or SWNTs/Ag@ZnBDC (5 mg/mL) was
prepared by dispersing the material in a 4:1 (v/v) mixture of acetone and Nafion. A 5 uL
aliquot of the suspension was drop-cast onto the pretreated GCE surface and allowed
to dry at room temperature. The modified electrodes were then used for all subsequent
electrochemical measurements.

2.4. Electrochemical Measurements

Electrochemical impedance spectroscopy (EIS) and CV analyses of the ZnBDC and
SWNTs/Ag@ZnBDC sensor probes were conducted using a CHI 660C electrochemical
workstation (CH Instruments, Bee Cave, TX, USA). Both measurements were performed
in 0.1 M KCl solution. EIS data were recorded using a 5 mV AC amplitude at an initial
potential of 0 V across a frequency range of 0.01 to 100 kHz. CV measurements were
performed at a scan rate of 0.1 V/s within a potential window of —0.8 to 0.5 V. Sensing
experiments were carried out using the DPV technique in 0.1 M acetate buffer (pH 4.0), a
solution selected to match the optimal redox potential range for each targeted HMI. DPV
measurements were conducted using an increment potential of 4 mV, a pulse amplitude of
50 mV, a pulse width of 50 ms, a sampling width of 16.7 ms, and the accumulation time
was set to 300 s over a potential window from —0.1 V to 0.7 V.

2.5. Material Characterisations

Fourier-transform infrared (FTIR) spectroscopy measurements were performed in the
range of 500-4000 cm~! using a Bruker Alpha FTIR spectrometer (Bruker, Rheinstetten,
Germany) equipped with a ZnSe-ATR accessory. X-ray diffraction (XRD) patterns were
collected on a Bruker D8 Advance diffractometer (Bruker) in Bragg—Brentano reflection
geometry, employing Cu-Ko radiation (\Cu = 1.54 A) with a Cu tube current of 40 mA
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and an accelerating voltage of 40 kV. Surface morphology and elemental composition were
analysed by field emission scanning electron microscopy (FESEM) using a MIRA3 LMH
microscope (TESCAN, Brno, Czech Republic) coupled with energy-dispersive X-ray spec-
troscopy (EDS) (Oxford Instruments, Abingdon, UK). Prior to measurement, the samples
were degassed at 155 °C for 8 h. All electrochemical characterisations and sensing measure-
ments were carried out using a CHI 660C electrochemical workstation (CH Instruments,
Bee Cave, TX, USA). Thermogravimetric analysis (TGA) was performed with a DTG-60H

analyser (Shimadzu Corp., Kyoto, Japan) under a nitrogen atmosphere at a heating rate of
10 °C/min.

3. Results and Discussion
3.1. Material Analysis

The FTIR spectra of ZnBDC MOF and SWNTs/Ag@ZnBDC composite are shown in
Figure la. In the spectrum of ZnBDC MOF, distinct absorption bands are observed at 1376
and 1574 cm ™!, corresponding to the symmetric and asymmetric stretching vibrations of
Zn?*-coordinated carboxylate (C-O) groups, respectively [17]. The region between 640 and
900 cm ™! exhibits characteristic peaks associated with out-of-plane bending vibrations of
aromatic C-H bonds from the H,BDC linker [17]. Additionally, sharp bands between 941
and 1254 cm ! are attributed to in-plane bending vibrations of the linker [17].
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Figure 1. (a) FTIR spectra, (b,c) TGA/DTA curves, and (d) XRD spectra of ZnBDC and SWNTs/Ag@ZnBDC.

After the formation of the SWNTs/Ag@ZnBDC composite, most of the basic vibra-
tional peaks of the pure ZnBDC MOF are largely preserved, which shows that the structural
integrity of the framework remains intact. However, several notable changes are evident.
A shift in the symmetric stretching band from 1376 to 1382 cm ™! and in the asymmetric
stretching band from 1574 to 1600 cm ! is observed, which suggests the interactions be-
tween the carboxylate groups of MOFs and the AgNPs. Moreover, the C-O stretching
band shifts from 1282 to 1291 cm ™!, further supporting the involvement of Ag in the
coordination environment. New peaks appearing at 1433, 1453, 1543, 1558, and 1650 cm !
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in the composite spectrum provide additional evidence of chemical interactions between
AgNPs and the ZnBDC framework. In the lower wavenumber region (640-900 cm 1), a
reduction in intensity and slight shifts in the out-of-plane C-H bending peaks are observed,
indicative of perturbations in the aromatic ring environment, likely due to m—m stacking
interactions with SWNTs. Broadening and baseline elevation in the 941-1254 cm ™! region
further suggest that the incorporation of SWNTs and AgNPs induces disorder in the local
vibrational environment of the MOF. Collectively, these spectral changes confirm the suc-
cessful formation of the SWNTs/Ag@ZnBDC composite while maintaining the essential
framework of ZnBDC MOEF.

The thermal stability of the ZnBDC MOF and the SWNTs/Ag@ZnBDC composite was
assessed by TGA and differential thermal analysis (DTA), and the results are shown in
Figure 1b,c. The TGA curves reveal an initial weight loss below 170 °C for both samples,
corresponding to the removal of physisorbed water and residual solvent molecules. The
ZnBDC MOF exhibits gradual decomposition up to 450 °C, followed by a sharp weight
loss between 450 and 530 °C, indicative of the breakdown of the organic linker and collapse
of the MOF. A residual mass of approximately 44% remains at 800 °C, attributable to the
formation of ZnO. In comparison, the SWNTs/Ag@ZnBDC composite shows a similar
dehydration stage but undergoes decomposition at slightly lower temperatures, with sig-
nificant weight loss occurring between 440 and 500 °C. The residual mass of the composite
is reduced somewhat, consistent with the presence of AgNPs and SWNTs influencing the
thermal degradation process.

The DTA profiles further support these observations (Figure 1c). Both materials exhibit
an initial endothermic event below 170 °C, attributed to solvent loss. The pristine ZnBDC
MOF exhibits a sharp exothermic peak at temperatures ranging from 480 to 530 °C, corre-
sponding to the combustion of the organic framework. For the composite, the exothermic
peak shifts slightly to 470-510 °C with reduced intensity, suggesting that the incorpo-
ration of SWNTs and AgNPs moderates the decomposition behaviour. The TGA/DTA
results confirm that the composite retains substantial thermal stability; the presence of
nanomaterials slightly lowers the decomposition temperature and modifies the thermal
degradation pathway.

The XRD patterns of the pure ZnBDC MOF and the SWNTs/Ag@ZnBDC composite
are presented in Figure 1d. The diffraction peaks observed for ZnBDC are well indexed
to the known crystal planes (400), (420), (331), (333), (440), (442), (531), (533), and (551),
consistent with previously reported ZnBDC structures, confirming the successful synthesis
of a highly crystalline MOF [18,19]. Upon the incorporation of AgNPs and SWNTs, the
composite (SWNTs/Ag@ZnBDC) maintains the characteristic diffraction peaks of ZnBDC,
indicating that the overall framework structure remains intact. Notably, a new diffraction
peak appears at 38.2° (inset), corresponding to the (111) plane of face-centred cubic (fcc)
AgNPs, which confirms the successful embedding of AgNPs within the ZnBDC matrix [20].
The slight broadening and reduced intensity of the Ag (111) peak (~38.2°) suggest fine
dispersion of AgNPs within the ZnBDC matrix. This is consistent with prior reports,
where peak broadening is attributed to reduced crystallite size and uniform nanoparticle
distribution due to strain and finite domain effects [17,20,21]. A comparative analysis
reveals a slight reduction in crystallinity in the SWNTs/Ag@ZnBDC composite compared
to pristine ZnBDC MOF, indicating minor lattice distortion upon the incorporation of
AgNPs and SWNTs. Additionally, the crystallite size is expected to increase slightly,
reflecting the presence of metallic nanoparticles embedded within the MOF structure. Thus,
the XRD analysis confirms that the ZnBDC framework retains its structural integrity post-
modification, while the successful introduction of AgNPs is evident through the emergence
of Ag-specific diffraction peaks.
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The FESEM images (Figure 2) reveal well-defined rectangular plate-like crystals of
ZnBDC MOF with smooth surfaces and sharp edges, indicating high crystallinity and
morphological integrity [18]. The incorporation of SWNTs can be seen in the enlarged
image (Figure 2b inset), and AgNPs do not visibly alter the primary morphology of the MOF
(Figure 2a,b). Elemental mapping by EDS confirms the uniform distribution of carbon, zinc,
and oxygen elements of the MOF structure (Figure 2c—f). Notably, Ag is detected as discrete,
sparsely distributed spots across the particle surface, indicating the successful incorporation

of AgNPs without disrupting the crystal architecture. These observations confirm that the
SWNTs/Ag@ZnBDC composite maintains the structural features of ZnBDC MOF while
integrating functional nanomaterials.

Figure 2. (a,b) FESEM images of pure ZnBDC and SWNTs/Ag@ZnBDC composite showing preserved
plate-like MOF crystals with slight. (c—f) EDS elemental maps of C, Zn, O, and Ag, confirming uniform
distribution of framework elements and discrete AgNPs decoration.

The electrochemical properties of the ZnBDC MOF and the SWNTs/Ag@ZnBDC com-
posite were evaluated by CV and EIS in 0.1 M KCl electrolyte (Figure 3). The CV curves
of the ZnBDC MOF exhibit a near-rectangular shape, characteristic of electric double-
layer capacitance behaviour at moderate current densities (Figure 3a). In contrast, the
SWNTs/Ag@ZnBDC composite shows a similar capacitive profile but with significantly
higher current densities across the entire potential window, indicating an enhanced charge
storage capability. The CV curves exhibit distinct redox peaks associated with the redox ac-
tivity of Ag, including an anodic peak near 1.4 V corresponding to the oxidative dissolution
of Ag. These features suggest the presence of pseudocapacitive contributions arising from
the electroactive Ag component within the composite. The increase in the current response
of the SWNTs/Ag@ZnBDC composite is attributed to the synergistic effects of SWNTs and
AgNPs, which enhance electrical conductivity and provide additional electroactive sites,
thereby facilitating faster electron transport and ion diffusion [22].
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Figure 3. (a) Cyclic voltammogram and (b) electrochemical impedance spectra of ZnBDC and
SWNTs/Ag@ZnBDC.

The EIS measurements further corroborate these findings (Figure 3b). The Nyquist
plot of the ZnBDC MOF displays high impedance values, with Z’ reaching up to 10 k(,
reflecting considerable charge transfer resistance and slow ion diffusion. The slope of
the Nyquist plot at low frequencies exceeds 45°, which indicates that the charge transfer
process is influenced by ion diffusion limitations. In contrast, ideal capacitive behaviour
would be characterised by a slope approaching 90°, representing efficient charge storage
with minimal diffusion resistance. At high frequencies, the Nyquist plots of the pristine
ZnBDC and the SWNTs/Ag@ZnBDC composite overlap, indicating similar charge transfer
resistance. However, in the low-frequency region, the composite exhibits a markedly lower
impedance, reflecting improved ion mobility and capacitive characteristics contributed by
the presence of SWNTs and AgNPs. Together, these electrochemical results confirm that the
SWNTs/Ag@ZnBDC composite exhibits superior electrochemical performance compared
to the pristine ZnBDC MOEF, making it a promising candidate for capacitive energy storage
and sensing applications.

3.2. Electrochemical Sensing Performance of SWNTs/Ag@ZnBDC/GCE

To evaluate the electrochemical sensing performance of prepared SWNTs/Ag@ZnBDC/
GCE, DPV was employed for the selective and sensitive detection of various HMIs, in-
cluding Cd?*, Co?*, Cr®*, Fe?*, Hg?*, and Zn?* under different pH conditions ranging
from pH 3 to 10, as shown in Figure 4a—h. The SWNTs/Ag@ZnBDC/GCE exhibited a
comparatively distinctive oxidation peak toward Hg?* (Figure 4h) than Cd?*, Co?*, Cr**,
Fe3*, and Zn?* (Figure 4a-g), clearly indicating its high selectivity for Hg?* ions. The pH of
the supporting electrolyte has a significant influence on the chemical speciation, solubility,
and electrochemical activity of Hg?" ions. At lower pH values, Hg?" exists predominantly
in its free ionic form, which is more electrochemically active and readily interacts with the
sensor surface. Conversely, at higher pH levels, Hg?* tends to hydrolyse and precipitate
as Hg(OH),, thereby reducing its solubility and availability for redox interactions, which
suppresses the sensor signal.

On the other hand, at excessively low pH, hydrogen evolution reactions may interfere
with the electrochemical response. Therefore, optimising the pH was essential to ensure
Hg?* remains in a stable and detectable ionic form while avoiding interference from
background processes. The optimised sensor exhibited a clear dependence of the oxidation
peak current on the pH of the supporting electrolyte, with the most intense and well-defined
peak observed at a pH of 4. This suggests that the coordination between Hg?* ions and
the active sites of ZnBDC, as well as the conductivity enhancement provided by SWNTs, is
maximised under mildly acidic conditions. This enhanced sensing activity at pH 4 can be
attributed to several factors. At lower pH, Hg?* ions remain predominantly in their free
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ionic form, which is more electrochemically active and readily interacts with the electrode
surface. In contrast, at higher pH levels, Hg?* tends to hydrolyse or precipitate as Hg(OH),,
thereby reducing its availability and suppressing the sensor response. Thus, pH 4 provides
an optimal balance between sufficient proton concentration for efficient proton-coupled
electron transfer, minimal background interference, and favourable redox kinetics [23-26].
Therefore, pH 4 was selected for subsequent quantitative detection experiments. Although
a background current originating from the redox activity of Ag is present, it does not
significantly interfere with the detection of Hg?*. This is attributed to the preferential
coordination of Hg2Jr ions with the active sites of the ZnBDC framework, which facilitates
selective sensing despite the presence of electroactive Ag components.

Furthermore, under optimised conditions, the SWNTs/Ag@ZnBDC/GCE was sub-
jected to DPV measurements with increasing concentrations of Hg?* ranging from 0.1 to
1 nM, as shown in Figure 5a. A progressive increase in peak current was observed with
increasing Hg?* concentrations, confirming a strong, concentration-dependent electro-
chemical response and efficient interaction between Hg?* ions and the sensing interface.
Figure 5b shows the corresponding calibration, which exhibits excellent linearity with a cor-
relation coefficient (R? = 0.9908) close to unity, demonstrating its reliability for quantitative
analysis. Furthermore, a plot of the current response calculated as (I — Iy)/Iy x 100, where
Iy is the baseline current, against Hg?* concentration [27], including error bars (Figure 5c),
validated the reproducibility and consistency of the measurements. Figure 5d presents the
calibration curve for Hg?* detection using prepared SWNTs/Ag@ZnBDC /GCE at different
accumulation times.
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Figure 4. (a) SWNTs/Ag@ZnBDC/GCE sensor probe cyclic voltammogram under different pH
conditions. pH-dependent selectivity of SWNTs/Ag@ZnBDC/GCE sensor probe for (b) Cd?*,
(c) Co**, (d) Cr3*, (e) Fe3*, (f) Hg?", (g) Zn?*, and (h) Hg?* ions using differential pulse voltammetry
(DPV) for 1 uM concentration.
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Figure 5. (a) Sensor DPV response toward Hg?* ions at pH 4 in the 0.1-1 nM range. (b) Calibra-
tion plot for Hg?* ions. (c) Scatter plot showing normalised sensor response (%), with error bars
representing + standard deviation (SD; n = 3). (d) Sensor response at different accumulation times
with error bars representing + SD (n = 3).

For practical applications, accumulation time is a key parameter that influences
sensitivity and can be optimised depending on the required detection limit and re-
sponse time. Figure 5c presents the optimisation curves for Hg?" detection using the
SWNTs/Ag@ZnBDC/GCE at different accumulation times. Accumulation time refers
to the duration of the preconcentration step before the DPV scan. With increasing ac-
cumulation time up to approximately 300 s, there is a significant increase in the current
response, as a longer accumulation period allows more Hg?" ions to interact and bind
with the active sites of the electrode surface. However, extending the accumulation time
beyond the optimal point leads to overcrowding of Hg?" ions on the electrode surface,
resulting in saturation, where no further increase in current is observed despite higher ion
availability. Thus, the observed linear response up to approximately 300 s demonstrates the
effective surface binding kinetics and optimal charge transfer, making this accumulation
period ideal for balancing high sensitivity with reasonable analysis time in practical sensing
applications. Using these results, the limit of detection (LOD) and limit of quantification
(LOQ) were calculated using the standard IUPAC method [28,29]:

30
LOD = - (1)
LOQ = 100 2)
m

where ¢ represents the standard deviation of the blank and m is the slope of the calibration
curve. The SWNTs/Ag@ZnBDC/GCE exhibited an impressively low LOD of 0.1 nM
and LOQ of 0.39 nM, underscoring its ultra-sensitive detection capability compared to
other reported sensors, as shown in Table 1. These values are well below the safety limits
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defined by environmental agencies for Hg?* in drinking water, confirming the suitability
of this platform for real-world applications. Table 1 depicts the comparative analysis of
the LOD for various electrochemical sensors developed for Hg?* detection. This sensor
performance shows the effectiveness of integrating SWNTs and AgNPs within the ZnBDC
framework, enhancing electron transfer and providing abundant active sites for Hg?*
detection. Notably, while the Ag-La-succinate/GCE sensor achieved an LOD of 0.1 nM, the
SWNTs/Ag@ZnBDC/GCE sensor offers comparable sensitivity with the added benefits
of improved stability and reproducibility due to the synergistic effects of its composite
materials. The linear calibration range was observed between 0.1 and 1.0 nM (Figure 5b),
while the LOD was calculated to be below 0.1 nM using the IUPAC method, confirming
the sensor’s high sensitivity even at sub-nanomolar concentrations. Although the sensor
demonstrates excellent sensitivity within a narrow linear range (0.1-1 nM), this limited
range may constrain its applicability in samples with broader concentration variability.
Future studies will focus on expanding the detection range through further electrode
optimisation and extended preconcentration times.

Table 1. Comparison of the LOD obtained for the SWNTs/Ag@ZnBDC/GCE sensor with other
sensors reported for the electrochemical detection of Hg?*.

Sensing Material Technique LOD (nM) Reference
GCE/Cu-MOF nanocubes DPV 0.0633 [30]
MB-UiO-66-NH, /MWCNTs/GC DPASV 6.42 [31]
Amino-enriched Zn-MOFs SWASV 2.5 [32]
Cu-MOF SWASV 1.7 [33]
Ag/SWNTs@CuBTC MOF DPV 3.03 [16]
AuNPs/mpg-C3Ny/GCE DPSV 10.3 [34]
La-doped ZIF+L-cystine Drv 52 [35]
Ag-La-succinate/GCE EIS 0.1 [36]
SWNTs@ZnBDC/GCE Ccv 6.74 [37]
UiO-66-NHC(S)NHMe/3D-KSC SWASV 94 [38]
GA-UiO-66-NH, DPV 2.0 [39]
Hg-film electrode SWASV 0.84 [40]
Bi-film electrode DPASV 5.0 [41]
Bare GCE SWASV 68-87 [42]

SWNTs/Ag@ZnBDC/GCE DPV 0.102 This work

4. Conclusions

In this study, a SWNTs/Ag@ZnBDC composite was successfully synthesised and
characterised, demonstrating preserved ZnBDC crystallinity with the incorporation of
AgNPs and SWNTs. The composite exhibited enhanced structural stability and im-
proved conductivity, as confirmed by XRD, FTIR, FESEM, EDS, TGA/DTA, CV, and EIS
analyses. Electrochemical sensing evaluation using the DPV method revealed that the
SWNTs/Ag@ZnBDC/GCE electrode exhibited high selectivity and sensitivity toward Hg?*
ions, with an optimal sensing performance at pH 4. The sensor exhibited a linear response
to Hg?* concentrations in the range of 0.1-1.0 nM, with a strong correlation coefficient
(R? = 0.9908). The LOD and LOQ were determined to be 0.102 nM and 0.39 nM, respectively,
demonstrating high sensitivity comparable to or better than many previously reported
electrochemical sensors. Furthermore, the sensor demonstrated reliable reproducibility
and stability, highlighting the synergistic contribution of SWNTs and AgNPs in enhancing
electron transfer and providing a large number of active sites. These results establish the
SWNTs/Ag@ZnBDC composite as a promising candidate for the sensitive and selective
detection of Hg?* ions in environmental monitoring applications.
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