Open Access Article. Published on 15 November 2024. Downloaded on 4/7/2026 4:52:00 AM.

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

(cc)

Materials
Advances

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2024,
5, 9809

Received 18th September 2024,
Accepted 14th November 2024

DOI: 10.1039/d4ma00940a

rsc.li/materials-advances

1. Introduction

A novel synthesis of inorganic—organic
nanohybrid based on SiW;;Co@Cu-BTC/
MWCNTs-COOH for electrocatalytic
oxidation of dopaminefy

Zahra Sadeghi and Somayeh Dianat2*

Polyoxometalate (POM)-based inorganic—organic hybrid compounds exhibit a remarkable range of prop-
erties. These compounds are distinguished by their strong acidity, oxygen-rich surfaces, and excellent
redox capabilities. Importantly, they do not share the typical limitations of POMs, such as low specific
surface area and instability in aqueous solutions. In this paper, we present the design of a novel modified
glassy carbon electrode (GCE) using a tri-component nanocomposite consisting of SiW;;039Co(H,0)
(SiW11Co), Cu-BTC (BTC is benzene-1,3,5-tricarboxylate), and carboxyl functionalized multi-walled carbon
nanotubes (MWCNTs-COOH) fabricated through a drop-casting method followed by electrodeposition
reduction. The resulting hybrid nanocomposite (SiW3;Co@Cu—-BTC/MWCNTs-COOH) was characterized
using Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), and transmission electron
microscopy (TEM). Additionally, elemental composition was analyzed via inductively coupled plasma-
optical emission spectrometry (ICP-OES), while surface area and pore volume distribution were measured
using Brunauer—Emmett—Teller (BET) analysis. The morphology, electrochemical properties, and electro-
catalytic activity of the SiW;;Co@Cu-BTC/MWCNTs-COOH/GCE were evaluated through field emission
scanning electron microscopy/energy-dispersive X-ray analysis (FE-SEM/EDX), voltammetry, and ampero-
metry techniques. Under optimized conditions, the sensor exhibited outstanding electrocatalytic activity
toward dopamine (DA), achieving two linear detection ranges of 5-80 uM and 80-600 uM, with a limit of
detection (LOD) of 2.35 uM (S/N = 3) using square wave voltammetry (SWV). Furthermore, the sensor
exhibited high repeatability and reproducibility, ensuring consistent performance across multiple measure-
ments. It also showed robust stability and outstanding selectivity. The sensor’s analytical performance was
further validated by its successful application to real samples.

electrochemical sensing. Despite these advantages, POMs remain
encumbered by inherent challenges such as low specific surface

Polyoxometalates (POMs) are a big family of polynuclear metal-
oxygen clusters formed by d° transition-metals (e.g., V>*, Nb>",
Ta>*, Mo®', and W®")."”” POMs, especially Keggin POMs, because of
their structural diversity, electronic features, and excellent redox
character have applications in the different fields of catalysis,’
optics,” electromagnetism,” biological science,®” energy storage,>’
separation,'”"" and electrochemistry.”>™ One of the intriguing
characteristics of POMs is their ability for anionic clusters to
execute rapid, reversible, and sequential multi-electron transfer
processes while preserving their structural integrity.'®"” This
property makes them desirable in electrocatalysis studies and
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area (SSA below 10 m*> g ') and elevated solubility in aqueous
solutions, which limit their suitability as electrocatalysts within
chemically modified electrodes (CMEs).'"® Encapsulating or load-
ing POMs onto porous materials or non-porous supports with a
significant SSA can significantly mitigate issues such as leaching
and aggregation. This approach enhances the electrochemical
properties and electrocatalytic activities of POMs, thereby improv-
ing their overall performance.'®

Over the past several decades, an increasing number of
micro and nano-porous materials have emerged as viable
supports for POMs, particularly in the form of carbon-based
substances,'®'® silica,?® conducting polymers,*’ and metal-
organic frameworks (MOFs).>'>??* Recently, MOFs have been
the spotlight of porous materials in wide research areas,
particularly in materials science and the chemical industry,
due to their fantastic nature and unique properties. MOFs are
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highly crystalline subsets of nanoporous materials consisting of
metal nodes and multidentate organic ligands (as linkers)
linked together through covalent bonds to fabricate infinite hollow
structures.”® The ability to choose a wide variety of metals and
linkers in the preparation of MOFs can create adjustable structures
with controllable nanopores that make unique properties such as
ultra-high SSA, accessible metal sites, open framework structures,
and designable functionalities in the obtained structures. Such
unique properties can make these compounds promising candi-
dates for application in different areas, like gas storage and
separation,” drug delivery,”>*® proton conduction,”*® solar
cells,**° supercapacitors,®** biomedicine,”*** and especially
catalysis,®” and electrocatalysis.**** Moreover, MOFs are recog-
nized for their exceptional hosting properties due to their high
internal SSA, long-range ordered structure, and the ability to fine-
tune pore size and channel geometry, which contributes to their
versatility in various applications.'® Up to now, a variety of func-
tional materials as guest molecules such as metal nanoparticles,
quantum dots, metal oxides, enzymes, POMs, silica, and polymers
have been effectively integrated with MOFs to produce MOF hybrid
materials.”® In MOF hybrid materials, the properties of both MOFs
(porous structure, chemical versatility, and structural design cap-
ability) and guest molecules (catalytic, optical, electrical, magnetic
activities, and mechanical strength) can be efficiently combined.*’
Additionally, the synergistic interaction between the d-r orbitals of
POM clusters and the delocalized p—r electrons of a MOF can lead
to the emergence of new physical and chemical properties.*" MOF-
199 (Cu-BTC) with the chemical formula of [Cus(BTC),(H,0)s],
(BTC is benzene-1,3,5-tricarboxylate) is one rigid MOF, that can be
simply produced.”” It has a 3D framework with open metal sites
and suitable SSA (1660 m*> g ') and significant pore volume
(0.69 ecm?® g™ ") that allows the chemical functionalization of the
channel inside layer.*" Cu-BTC was synthesized for the first time
in 1999 by Chui et al.** As stated by them, Cu-BTC has a 3D
channel structure with a developed porous network (about 1 nm
pore size). In fact, Cu”>* is the central cation and BTC constitutes
the linker. The Cu-BTC with excellent electrochemical and
electrocatalytic properties have been applied in electrochemical
sensors to determine glucose,** nitrite,” ascorbic acid,*®
hydrazine,*” H,0,,*® ethanol,* NADH,>® etc. The porous Cu-
BTC can allow electrolyte or analytes to enter the channels while
its porous structure is quite well retained.** However, there are
limited studies that reported its performance in the electroche-
mical sensors. Ji et al.>' developed a Cu-BTC modified carbon
paste electrode (CPE) as a novel sensing platform for sunset
yellow and tartrazine at the linearity range of 0.3 to 50 nM and
1.0 to 100 nM with a limit of detection (LOD) of 0.05, and 0.14
nM, respectively. Song et al.** developed a GOD/AuUNPs/Cu-BTC
MOFs/3D-KSCs electrode (GOD: glucose oxidase; AuNPs: gold
nanoparticles; KSCs: macroporous carbon) for glucose detection
with an excellent linearity range of 44.9 pM to 4.0 mM and 4.0 to
19 mM, and the LOD of 14.77 uM. Cao et al.>* fabricated an
electrochemical sensor based on a hierarchical Cu-BTC MOF
material (Cu-BTC/ITO) for glyphosate detection. This Cu-BTC-
based sensor displays a wide linearity range of 1.0 x 107> to
1.0 nM and 1.0 to 1.0 x 10" nM and LOD of 1.4 x 10~ * nM.
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POM@M-BTC materials demonstrate exceptional electro-
chemical performance in sensing applications. Despite their
promising attributes, there remains a need for further explora-
tion into the electrochemical potential of these materials
beyond their conventional applications.

Li et al.>® have identified a POM-based NENU-5 composited
with ketjenblack (KB) as a high performance electrochemical
sensor for hydrogen peroxide (H,0,) detection. The composite
catalyst has an excellent electrochemical detection efficiency,
including a low LOD (1.03 uM), a broad linearity range (10 uM
to 50 mM), and a high sensitivity (33.77 pA mM '), and also
excellent stability and selectivity.

Zhang et al.>* applied a one-step solvothermal approach to
synthesize immobilized POM/Cu-BTC on carbon cloth (NENU-
3/CC and NENU-5/CC). The homogeneous distribution of the
POM/Cu-BTC across the conductive substrate enhances the
stability and efficiency of electrocatalytic activity. The NENU-3/
CC and NENU-5/CC demonstrated high electro-reduction
of bromate under acidic conditions. Notably, NENU-3/CC
achieved a sensitivity of 45.11 pA cm > mM ' with a detection
limit of 0.55 uM, whereas NENU-5/CC reached a sensitivity of
18.83 pA cm ™2 mM ! and a detection limit of 1.18 pM. Moreover,
the results indicate that the two film electrodes exhibit superior
electrochemical stability and selectivity, positioning them as
effective sensor materials for bromate detection.

Yu et al.>® synthesized a Ag;BW;,0,,@Ag-BTC multifunc-
tional compound and then demonstrated its excellent sensing
performance for H,O, detection. The reported sensors herein
exhibited a wide detection range, extending from 0.4 pM to
0.27 mM and a low detection limit of 0.19 uM. These sensors
also demonstrated excellent selectivity and stability.

Xu et al>® prepared a CozMo0,0,,@Ag-BTC hybrid com-
pound and used it as a H,O, sensor. CozM0,0,,@Ag-BTC
exhibited a comprehensive set of analytical capabilities, featur-
ing a broad detection range (1 pM to 0.43 mM), a low detection
limit (0.33 uM), and an excellent selectivity. Its recovery ability
was validated through its use in detecting H,0, in blood serum.
The recovery value of 98.41% represents its practical utility.

Additionally, the immobilization of POMs on carbon nano-
materials has been extensively documented, which has been
shown to enhance the catalytic and electrocatalytic properties
of these materials.

Over the past decade, carbon nanotubes (CNTs) have been
leveraged to augment the electrochemical efficiency of CMEs
because of their distinctive chemical and physical features.'?
These nanostructures serve as ideal support matrices for POM-
based catalysts, offering benefits such as superior structural
integrity, enhanced mechanical properties, and excellent electro-
nic conduction.'” CNTs are members of the fullerene structural
family, which are involved in single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTSs).”
MWCNTs are particularly appealing for use as electrocatalysts
because of their significant internal SSA, high chemical and
physical stability, extensive electrochemical window, and super-
ior electrical conductivity.'>**>° Until now, no reports are avail-
able of POM@M-BTC/MWCNT nanocomposites.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In this study, an innovative approach to electrode modification
was employed by constructing a novel glassy carbon electrode
(GCE) that is composed of a tri-component inorganic-organic
nanocomposite SiW,,039Co(H,0)@Cu-BTC/MWCNTs-COOH
(SiW3;Co@Cu-BTC/MWCNTs-COOH/GCE) by the drop-casting
method followed by an electrodeposition procedure. The Cu-
BTC is selected for increasing the SSA, active site, stability, and
selectivity, and using MWCNTs-COOH as a conductive substrate
to assist electron-transfer between SiW;;Co@Cu-BTC and the
GCE surface. The modified GCE was then utilized as an electro-
chemical sensor for the quantitative determination of dopamine
(DA) via electrochemical methods. This approach allowed for the
evaluation of electrochemical behavior, selectivity, reproducibility,
repeatability, and recovery in real biological samples, providing a
comprehensive assessment of the sensor’s performance.

2. Experiment

2.1. Materials

The K¢[SiW;,03,Co(H,0)]-nH,0 (SiW;,Co) and Cu-BTC were
synthesized following previously established procedures.®®°"
Tungstosilicic acid (H,SiW;,040-nH,0, HSIW), acetic acid
(HAc), potassium carbonate (K,COj3), potassium acetate (KOAc),
cobalt(u) acetate tetrahydrate (Co(OAc),-4H,0), sodium perchlo-
rate (NaClO,), phosphoric acid (H;PO,), sulfuric acid (H,SO,),
boric acid (H3;BO3), potassium hexacyanoferrate (Kz[Fe(CN)g]),
and DA were of analytical grade. All reagents and materials were
procured from reputable commercial suppliers, specifically
Merck and Sigma, and employed without more purification.
MWCNTs-COOH (SSA 200 m® g~ ') were bought from Tecnan
company, Spain. All solutions were made in deionized water (DI,
18 MQ cm (25 °C), Milli Q, Millipore Inc.). Phosphate buffer
saline (PBS) solution was prepared by dilution of a stock solution
of 0.01 M H3;PO, and subsequent pH adjustment using a
solution of 0.5 M NaOH. Britton-Robinson buffer (BRB) solution
was made by mixing the H;PO, (0.04 M), H3BO; (0.04 M), and
HAc (0.04 M) that is titrated by NaOH (0.2 M) to obtain the
desired pH (pH 3-9). A dopadic ampoule (Caspian Tamin
Pharmaceutical Co., Rasht, Iran) containing 200 mg/5 mL of
DA was used as the DA source of the pharmaceutical sample.
Human blood serum samples were collected from a volunteer in
Hakiman medical diagnostic lab (Bandar Abbas, Iran).

2.2. Apparatus

FT-IR spectra were recorded in the range 4000-400 cm * by a
Spectrum Two Spectrometer-PerkinElmer. The crystalline
structures of Siw,;Co, SiW;;Co@Cu-BTC, Cu-BTC, MWCNTs-
COOH, and SiW;;Co@Cu-BTC/MWCNTs were studied using
X-ray diffraction (XRD) on a Panalytical X'PertPro X-ray dif-
fractometer with a Cu Ko radiation source (4 = 1.5418 A).
A transmission electron microscope (TEM, Philips EM208S-
100 kv, Netherlands) was used to examine the morphology of
the Siw;;Co, Cu-BTC, SiW;;Co@Cu-BTC, and SiW,;Co@Cu-
BTC/MWCNTs-COOH compounds. To estimate the percent of
immobilized SiW;;Co@Cu-BTC on the surface of MWCNTs-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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COOH, the tungsten contents of the SiW;;Co@Cu-BTC/
MWCNTs-COOH were detected using inductively coupled
plasma-optical emission spectrometry (ICP-OES) on a PerkinEl-
mer Optima 7300 DV, Waltham, MA, USA. Nitrogen adsorp-
tion-desorption analysis was carried out at 77 K on a BEISORP-
Mini, Microtrac Bel Corp instrument. SSA and pore size dis-
tribution curves of the Cu-BTC, SiW,;Co@Cu-BTC, and SiW,;.
Co@Cu-BTC/MWCNTs-COOH were characterized by the
Brunauer-Emmett-Teller (BET) method, and the Barrett-Joy-
ner-Halenda (BJH) algorithm. The morphology and elemental
analyses of the bare, and modified GCEs (Cu-BTC/GCE, and
Siw;;,Co@Cu-BTC/MWCNTs-COOH/GCE) were characterized
with field emission scanning electron microscopy (FE-SEM,
Zeiss-SIGMA VP model, Germany), coupled with energy disper-
sive X-ray spectrometry (EDX) and EDX-mapping, which pro-
vided detailed insights into the material’s structural features
and elemental composition.

The electrochemical experiments were done by an Autolab
PGSTAT 302N instrument (Eco-Chemie, Netherlands). A GCE
(GR-2S/N, Detect Company, Tehran, Iran, diameter 2.0 mm), a
commercial Ag/AgCl/3 M KCl electrode (Metrohm, Switzerland)
and a Pt rod (IV-EL/EB-2200, Ivium, Eindhoven, Netherlands)
were applied as the working electrode, reference electrode,
and counter electrodes, respectively. All measurements were
recorded with the Autolab NOVA 2.1.5 software. Before the
electrochemical analysis, the electrolyte was saturated with
argon gas (99.999% purity) for 15 minutes and covered by the
argon atmosphere throughout the analysis. Electrochemical
impedance tests were performed on a potentiostat/galvanostat
instrument (EIS, Ivium v11108 Eindhoven, Netherlands) in
[Fe(CN)e]*~"*~ (0.5 mM) solution in 0.01 M PBS (pH 3) contain-
ing KCl (0.1 M) at a frequency range of 0.01-10° Hz. The
electrochemical experiments were executed under controlled
ambient temperature conditions.

2.3. Synthesis of SiW,;;Co@Cu-BTC

Cu(OAc),-H,0 (0.2 g, 1 mmol) and Siw,;Co (0.27 g, 0.092 mmol)
in DI water (10 mL) were stirred for 20 minutes (solution A). The
pH of solution A was carefully adjusted to 3.5 by 1 M HCI
aqueous solution. H3;BTC (0.14 g, 0.67 mmol) was dissolved in
10 mL C,H;OH (solution B). Solution B was gradually added to
solution A with continuous stirring at 25 °C. A blue precipitate
appeared immediately. The obtained precipitate was filtered
and washed with ethanol and DI water (1:1). After drying at
25 °C for 24 h, the crystalline material was obtained.

2.4. Synthesis of SiW;;Co@Cu-BTC/MWCNTs-COOH

A suspension of SiW;;Co@Cu-BTC (5 mg) and MWCNTs-
COOH (5 mg) in DI water (5 ml) was ready. The prepared
suspension was stirred at 45 °C for 1 h and subsequently
sonicated for 5 minutes to achieve a homogenous dispersion
of Siw;;Co@Cu-BTC/MWCNTs-COOH.

2.5. Preparation of Siw;;Co@Cu-BTC/MWCNTs-COOH/GCE

The procedure of electrode modification is shown in Scheme 1. Initially,
10 pL of a suspension of SiW;;Co@Cu-BTC/MWCNTSs-COOH in DI

Mater. Adv,, 2024, 5, 9809-9822 | 9811
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Scheme 1 Schematic diagram of the stepwise electrode modification processes.

water (1.0 mg mL ") was dropped on the bare GCE surface. Next,
the GCE was dried by an IR lamp (250 W) for 30 minutes, and
rinsed with DI water. Then, the GCE was subjected to twenty
cycles within a defined potential range of 0 to —1.4 V with scan
rate 25 mV s~ in a sonicated suspension of SiW,;;Co@Cu-BTC/
MWCNTSs-COOH (1.0 mg mL ") and NaClOy (0.2 M). The modified
GCE was denoted as SiW;;Co@Cu-BTC/MWCNTSs-COOH/GCE
throughout the text.

3. Results and discussion

3.1. Characterizations of the nanohybrid compound

The loading percent of SiW;;Co over the MWCNTs-COOH
surface was estimated to be 0.27% using ICP-OES spectroscopy.
The FT-IR spectra of the Siw,,Co, SiW,;;Co@Cu-BTC, Cu-BTC,
MWCNTs-COOH, and SiW;;Co@Cu-BTC/MWCNTs-COOH are
presented in the ESIf (Fig. S1). The detailed stretching

L%

Relative intensity (arbitary unit)

il

(¢)®Cu-BTC
h h l (b) SiW, ,Co@Cu-BTC

(e) SiW,,Co@Cu-BTC/MWCNTs-COOH
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W
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Fig. 1 XRD patterns of SiW;;Co (a), SiW;Co@Cu—-BTC (b), Cu-BTC (c), MWCNTs-COOH (d), and SiW3;Co@Cu-BTC/MWCNTs-COOH (e).

9812 | Mater. Adv., 2024, 5, 9809-9822

© 2024 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/d4ma00940a

Open Access Article. Published on 15 November 2024. Downloaded on 4/7/2026 4:52:00 AM.

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

(cc)

Materials Advances

(A)

View Article Online

Paper

Fig. 2 TEM images of (A) SiWy;Co (a) and (b), (B) Cu—BTC (a) and (b), (C) SiW;Co@Cu—-BTC (a) and (b), and (D) SiW;:Co@Cu—-BTC/MWCNTs-COOH (a)

and (b) at different magnifications.

frequencies (0 cm™") assignments in the FT-IR spectra are given
in Table S1 (ESIt). The obtained results of FT-IR confirmed that
the Siw;;Co by maintaining the Keggin structure was incorpo-
rated into the Cu-BTC cage, and also the Siw;;Co@Cu-BTC
supported on the surface of MWCNTs-COOH.

The XRD patterns of Siw;;,Co, SiW;;Co@Cu-BTC, Cu-BTC,
MWCNTSs-COOH, and SiW,;;Co@Cu-BTC/MWCNTs-COOH are
presented in Fig. 1. As displayed in Fig. 1b, SiwW;;Co@Cu-BTC
shows peaks at about 6.7°, and 19.1°, 24.2°, 25.2°, and 29.3°,
which correspond to Siw;,Co (Fig. 1a). However, peaks at about
9.4° 11.6° 13.5°, 21.3°, 22.9°, and 25.9°, can be credited to the

© 2024 The Author(s). Published by the Royal Society of Chemistry

Cu-BTC (Fig. 1c). Fig. 1d shows two characteristic peaks at
25.9° and 42.3°, which correspond to (002) and (100) reflections
of graphite from the MWCNTs-COOH, respectively. These
results are consistent with the previous literature.'® In Fig. 1e,
the characteristic XRD peaks of Siw;;Co@Cu-BTC/MWCNTs-
COOH appeared at nearly similar locations without a signifi-
cant shift in its peak position compared to those of Siw;;Co,
and Cu-BTC. This indicates that Siw,,Co species in the SiW;;.
Co@Cu-BTC/MWCNTs-COOH hybrid nanocomposite still keep
the Keggin structure. Furthermore, the presence of the charac-
teristic peaks at 25.9° (002), and 42.3° (100) confirmed that

Mater. Adv., 2024, 5, 9809-9822 | 9813
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Fig. 3 Nitrogen adsorption—desorption BET isotherms of (A) Cu-BTC, (B)
SiWyCo@Cu-BTC, and (C) SiW;Co@Cu—-BTC/MWCNTs-COOH. The
insets show the BJH-adsorption pore size distributions.

Siw;;Co@Cu-BTC was immobilized on the MWCNTs-COOH
surface.

The morphology of SiW,;;Co@Cu-BTC/MWCNTs-COOH was
compared to SiW;,Co, Cu-BTC, and SiW,;Co@Cu-BTC at two
magnification levels using TEM, as shown in Fig. 2. Fig. 2A
displays Siw;;Co which exhibits a spherical structure. Images a
and b show that SiWw,,Co particles are dispersed, with some

9814 | Mater. Adv,, 2024, 5, 9809-9822
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Table 1 Textural and physicochemical properties of Cu-BTC, SiWyy.
Co@Cu-BTC, and SiW;;Co@Cu—-BTC/MWCNTs-COOH

Total pore Mean pore

BET SSA volume diameter
Sample m?>g™) (em*g™") (nm)
Cu-BTC 81.1 0.6 28.9
Siw,;Co@Cu-BTC 3.7 0.02 25.4
SiW,;Co@Cu-BTC/MWCNTs-COOH  660.3 0.5 2.9

aggregation visible in image b, indicating that the particles are
relatively small, scattered, and likely uniform in size distribu-
tion. Fig. 2B presents TEM images of Cu-BTC at two magnifica-
tions (images a and b), revealing elongated, rod-like crystals
with a uniform shape, typical of MOF morphology. The rods are
clearly resolved in image b, confirming the crystalline nature of
the Cu-BTC. Fig. 2C shows the SiW;;Co@Cu-BTC composite
(images a and b). The morphology changes from rod-like to
hexagonal, suggesting that Siw,;Co is well incorporated into
the pores of Cu-BTC. At higher magnification (image b),
distinct layers are visible, indicating strong interaction and
integration between SiWw,;;Co and Cu-BTC. Fig. 2D depicts the
hybrid composite of SiW;;Co@Cu-BTC/MWCNTs-COOH. In
image a, an entangled network of MWCNTSs is evident, with
Siw;;Co@Cu-BTC particles interspersed on the nanotube sur-
face. Image b provides a closer view, showing a strong inter-
action between the nanotubes and nanocomposite particles,
which could enhance the composite’s stability and electrocata-
Iytic activity.

Fig. 3A-C shows the nitrogen adsorption-desorption iso-
therms of Cu-BTC, SiW;;Co@Cu-BTC, and SiW;;Co@Cu-BTC/
MWCNTs-COOH. As shown in Fig. 3A and C, Cu-BTC and
SiW,;,Co@Cu-BTC/MWCNTs-COOH had type-III and type-I iso-
therms, respectively, which are characteristic of microporous
materials. But the isotherm of the Siw,;Co@Cu-BTC material
exhibits a type-IV isotherm, which is due to the ordered
mesoporous structure in Siw;;Co@Cu-BTC. The isotherm of
Siw;;Co@Cu-BTC displays a H4 hysteresis loop that is fre-
quently linked with narrow slit-like pores (Fig. 3B). The pore
size distribution diagrams (inset of Fig. 3A-C) show that most
of the pore diameters of Cu-BTC, and SiW;;Co@Cu-BTC/
MWCNTs-COOH are smaller than those of Siw;;Co@Cu-BTC,
which confirms the microporous structure in Cu-BTC, and
SiW,;,Co@Cu-BTC/MWCNTs-COOH and mesoporous structure
in SiW;;Co@Cu-BTC. Some textural properties of the synthesis
samples are given in Table 1. As seen, the BET SSA, total pore
volume, and mean pore diameter of SiW;;Co@Cu-BTC are
sharply reduced compared to Cu-BTC, which should be cred-
ited to the occupation of pores of Cu-BTC by Siw,;Co as guests.
This phenomenon also indicates that Siw;,Co is inserted into
the pores of Cu-BTC rather than attached to the surface.
However, the Siw;;Co@Cu-BTC/MWCNTs-COOH shows a con-
siderable increase in BET SSA due to the immobilization of
SiW;;Co@Cu-BTC on the surface of MWCNTs-COOH. It is
believed that the more extensive BET SSA provides many active
sites and more pathways for the diffusion of electrolyte ions,
enhancing the electro-catalytic reaction.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FE-SEM images, EDX pattern, and EDX element mapping of the (A) bare GCE, (B) Cu-BTC/GCE, and (C) SiW;;Co@Cu-BTC/MWCNTs-COOH/GCE.

The morphology and chemical composition of the bare GCE,
Cu-BTC/GCE, and SiW;;Co@Cu-BTC/MWCNTs-COOH/GCE
were analyzed using FE-SEM/EDX. As shown in Fig. 4A, image
a, the bare GCE has a mirror-like surface, which was reformed
to a rough surface with modification by Cu-BTC, and SiW,;.
Co@Cu-BTC/MWCNTs-COOH (Fig. 4B and C, image a).
Furthermore, the EDX spectra of both bare and modified GCEs
are depicted in Fig. 4A-C image b. The EDX patterns and
elemental mappings confirm the presence of carbon (C) and
oxygen (O) within the bare GCE (Fig. 4A, images b-d), Cu, O,
and C in the Cu-BTC/GCE (Fig. 4B, images b-e) and Cu, O, C,
W, Si, and Co elements on the SiW,;;Co@Cu-BTC/MWCNTSs-
COOH/GCE (Fig. 4C, images b-h).

3.2. Electrochemical behavior of Siw,;Co@Cu-BTC/
MWCNTs-COOH/GCE

The electrochemical behavior of the Siw;;Co@Cu-BTC/
MWCNTs-COOH-modified GCE was investigated in 0.04 M
BRB (pH 7) using CV, and the results were compared with those
obtained from the bare GCE, SiW,,;Co/GCE, Cu-BTC/GCE, and
SiW;;Co@Cu-BTC/GCE. The results are shown in Fig. 5, which
has been divided into three parts for better analysis.

Fig. 5A shows that the bare GCE exhibits no significant
peaks. In contrast, the SiW,;;Co/GCE displays two distinct
cathodic peaks (I and II) at —0.35 V and —0.97 V, corresponding
to the sequential electron transfer processes of W*" — W°" —

© 2024 The Author(s). Published by the Royal Society of Chemistry

W**. An anodic peak (I') at —0.15 V, related to the W>* — W*®"
electron transfer, is also observed, with a AE;, of 0.20 V for the I/
I’ redox couple.

Fig. 5B illustrates the electrochemical behavior of Cu-BTC/
GCE, which shows two well-defined redox couples (I/I' and II/
II') with AE, values of 0.23 V and 0.25 V, respectively. These
correspond to the sequential electron transfer processes of
Cu”*/Cu” and Cu'/Cu’.

As shown in Fig. 5C, the Siw,;Co@Cu-BTC/GCE exhibits two
cathodic peaks at —0.21 V (peak I) and —0.75 V (peak II), along
with two anodic peaks at —0.04 V (peak I') and —0.53 V (peak IT').
These redox couples have lower AE,, values (0.17 V and 0.22 V for
I/I' and II/IT', respectively) compared to the Cu-BTC/GCE, indi-
cating that the synergistic effect between Siw,;Co and Cu-BTC
facilitates electron transfer more efficiently.

For the SiW;;Co@Cu-BTC/MWCNTs-COOH/GCE (Fig. 5C),
similar to SiW,;;Co/GCE, two cathodic peaks (I, II) and
an anodic peak (I') are observed at more positive potentials:
—0.21V, —0.56 V, and 0.0 V for peaks I, II, and I’, respectively.
ip is lower than that of SiW;;Co/GCE but higher than that
of Cu-BTC/GCE and SiW;;Co@Cu-BTC/GCE, which can be
attributed to the presence of MWCNTs-COOH in the
modified structure. The higher i, suggests that MWCNTs-
COOH acts as an efficient catalyst, enhancing electron trans-
fer between the electrode surface and the Siw,;Co@Cu-BTC
compound.
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GCE in 0.04 M BRB (pH 7) and scan rate of 50 mV s %.

Table 2 Electrochemical parameters extracted from CVs, for the 1I/I’ redox couple on the bare and modified GCEs in the presence of 0.5 mM
[Fe(CN)gl> /4~ in 0.01 M PBS (pH 3) containing 0.1 M KCl as supporting electrolyte

Electrode AEp/mV + SD* lipe|/nA £+ SD* ipa/MA £ SD*
Bare GCE 70.81 £ 1.2 1.40 £+ 0.18 1.44 + 0.13
SiW,,Co/GCE 126.95 £ 1.1 0.96 £ 0.06 0.83 £ 0.08
SiW,;Co@Cu-BTC/GCE 87.89 £ 2.1 3.35 £ 0.17 3.86 £ 0.14
Cu-BTC/GCE 90.33 £ 0.9 2.73 £ 0.15 4.19 £ 0.12
MWCNTs-COOH/GCE 102.54 £ 1.1 4.38 £ 0.19 4.56 £+ 0.17
SiW;;Co@Cu-BTC/MWCNTs-COOH/GCE 80.57 £ 1.4 23.82 £ 0.16 22.78 £ 0.18

% SD: Standard deviation (from 3 data point).

Given the proximity of the observed peak potentials for Siw,;.
Co@Cu-BTC/GCE and SiW;;Co@Cu-BTC/MWCNTs-COOH/GCE to
the corresponding peaks in SiW,;;Co/GCE and Cu-BTC/GCE, these
peaks are likely associated with the sequential electron transfer
processes of W** — W*" — W*" and Cu** —» Cu" — Cu’. The
absence of the W*" — W*"and Cu® — Cu" electron transfer process
in the Siw;;Co@Cu-BTC/MWCNTs-COOH/GCE is likely due to the
high background current from the MWCNTs-COOH.

[Fe(CN)6]>/*~ serves as a standard redox couple to assess
the electron-transfer characteristics at the interface of the bare

9816 | Mater. Adv, 2024, 5, 9809-9822

and different modified GCEs. Fig. S2-A (ESIY) illustrates that
the bare GCE, SiW;Co/GCE, and MWCNTs-COOH/GCE
demonstrated a single redox couple (I/I') corresponding to the
Fe*'/Fe*" electron transfer. In contrast Cu-BTC/GCE, SiWj,.
Co@Cu-BTC/GCE, and SiW;,;Co@Cu-BTC/MWCNTs-COOH/
GCE exhibited two redox couples (I/I' and II/II). The I/I' redox
couple is likely associated with Fe**/Fe*" and Cu®*/Cu” electron
transfers, while the II/II' couple is attributed to Cu*/Cu® elec-
tron transfers.®” However, the peak current (i,) and peak-to-
peak potential separation (AEp) for the I/I' redox couple of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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bare GCE were altered after modification. The electron-transfer
kinetics of the Fe(CN)s>"*~ redox couple at the surface of the
modified GCEs is influenced by the electronic structure and
thickness of the modifier layer.

As shown in Fig. S2-A (ESIY), the bare GCE exhibits a well-
defined redox couple with a AE;, 70.81 mV, and i, 1.40 pA in
0.5 mM Fe(CN)s> ™ solution (pH 3) (curve a). However, a
greater AE, (126.95 mV) originates accompanied by decreasing
inc (0.96 pA) at the Siw,;Co/GCE (Fig. S2-A, curve b, ESIt). The
Siw,;;Co modifier acting as a protective barrier on the GCE
effectively obstructs the electron-transfer process between the
surface of the electrode and [Fe(CN)¢]>”*~ redox probe.
The SiW;;Co@Cu-BTC/GCE (Fig. S2-A, curve c, ESIT) shows a
smaller AE, (87.89 mV) and more extensive i (3.35 pA) than
the Siw,;;Co/GCE and Cu-BTC/GCE (Fig. S2-A, curves b and d,
ESIYt). The better electrochemical behavior of the Siw;;Co@Cu-
BTC/GCE versus Siw,,Co, and Cu-BTC films can be credited to
the synergistic interaction between the POM, and MOF blocks.
As illustrated in Fig. S2-A, curve e (ESIt), the MWCNTs-COOH/
GCE exhibits a substantial background current with more AE,
(102.54 mV) than the bare GCE. But with immobilizing the
SiW;;Co@Cu-BTC on the MWCNTs-COOH substrate, AE,
decreases and i, increases (Fig. S2-A, curve f, ESIt). Therefore,
the SiW;;Co@Cu-BTC/MWCNTs-COOH/GCE demonstrates
superior electrochemical performance due to the synergistic
influence of the POM, MOF, and MWCNTs-COOH substrate.
The extracted electrochemical parameters from these voltam-
mograms for the I/I' redox couple are tabulated in Table 2.

Moreover, EIS serves as a robust analytical tool for examin-
ing the interfacial properties of electrochemical sensors.®®
Fig. S2-B (ESIY) displays the Nyquist plots for the bare GCE,
SiW,,Co/GCE, and SiW,;;Co@Cu-BTC/MWCNTs-COOH/GCE.
The bare GCE and SiW,;;Co@Cu-BTC/MWCNTs-COOH/GCE did
not exhibit any semi-circle in the Nyquist plot, likely due to the
high electrical conductivity of these surfaces and the specific
solution conditions. However, the charge-transfer resistance (R)
values for the bare and modified GCEs were calculated by fitting
an equivalent electrical circuit. Upon modification with Siw,;Co,
a semi-circle appeared in the Nyquist plot of Siw,;Co/GCE, and
the R, value increased significantly from 780 Q to 121 kQ. This
substantial increase is attributed to the low electrical conductivity
of Siw;;Co and the electrostatic repulsion between the negatively
charged SiW,;Co and the [Fe(CN)sJ> "*~ redox probe. Notably,
after modification with Siw;;Co@Cu-BTC/MWCNTs-COOH, the
R, decreased to 430 Q. This decrease indicates the formation of a
conductive adsorbed layer, which enhances electron transfer
between the redox couple and the electrode surface. The reduced
R, for Siw;;Co@Cu-BTC/MWCNTs-COOH/GCE compared to
SiW,;;Co/GCE can be attributed to the superior conductivity and
electronic properties of the Cu-BTC and MWCNTs-COOH
components.

3.3. Electro-active surface area of Siw,;;Co@Cu-BTC/
MWCNTs-COOH/GCE

The electro-active surface area of the SiW;;Co@Cu-BTC/
MWCNTs-COOH/GCE was calculated and then compared with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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bare GCE, SiW,;Co/GCE, Cu-BTC/GCE, SiW,;Co@Cu-BTC/GCE,
MWCNTs-COOH/GCE, and using the Randles-Sevcik equation
(Eqn (1)) by the CV method in 0.5 mM [Fe(CN)e]>/*~ solution in
0.01 M PBS (pH 3) containing 0.1 M KCI at various scan rates.*%
CVs were presented in the ESI,T Fig. S3 (ESIt).
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Fig. 6 Responses of SiW;;Co@Cu—-BTC/MWCNTs-COOH/GCE for the
determination of DA in 0.04 M BRB (pH 7) by (A) CV; scan rate 50 mV s,
dashed lines show shifts in peak potentials (B) SWV; step potential 1 mV,
amplitude potential 20 mV. The inset shows a corresponding calibration plot
of DA determination (peak I1), and (C) chronoamperometry at the optimum
potential of +0.25 V. The inset shows a corresponding calibration plot of the
steady-state currents obtained against concentrations of DA.
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Table 3 Comparison between the present study and other literature studies for the determination of DA

Modified electrode Sweep mode pH E (V vs. Ag/AgCl) linearity range (uM) LOD (uM) Ref.
Pt-CNT-GR“/GCE DPV? 7.0 0.12 0.1-30 0.01 66
rGO/PAMAM/MWCNT/AuNP/GCE DPV 4.0 0.36 10-320 3.33 67
Pd-NC‘/rGO/GCE I-t 7.4 0.25 20-220 7.02 68
LiMnPO,/f-MWCNT/GCE DPV 7.0 0.16 0.1-49 0.019 69
NAf/MWCNTs—B—CDg/GCE DPV 7.0 0.14 0.01-1 0.005 70
1-10
GCE-ERGO/polyCoTAPc DPV 7.4 0.012 2-100 0.095 71
[P,W,,V/CS]/ITO-GCE It 7.0 0.57 0.01-300 0.18 72
HKUST-1"/GCE DPV 6.0 0.39 0.5-100 0.15 73
MOFs/ERGO-GCE DPV 6.0 0.2 0.2-300 0.013 74
Fe-MOF/GCE DPV 7.0 0.22 10-90 3.34 75
SiWCo/Cu-BTC/MWCNTs-COOH-GCE SWV 7.0 0.20 5-80 2.35 Present study
80-600
It 0.25 10-650 2.68

“ Graphene. ? Differential

pulse
" Cu,(BTC),.

- / 12,1/
ip = 2.69 x 10°n*?A4Do"*1"?C,

(1)

where i, (A) is the peak current (peak I' here), n is the number of
transferred electrons in the redox reaction (1 = 1 here), A (cm?) is
the electro-active surface area, D, (cm® s~ ') is the diffusion
coefficient of [Fe(CN)s]>*~ (7.6 x 107° em? s7%), M (V s~ )% is
the square root of scan rate, and C, (mol cm ™) is the concentration
of the probe solution (5.0 x 10~* mol cm ™ here). The electro-active
surface area of the SiW,;Co@Cu-BTC/MWCNTs-COOH/GCE was
determined to be 92.65 cm?, according to the linear equation of
ipa = 34.35600" - 66.6530 (R> = 0.9852) (Fig. S3-F, ESIf), which is
approximately 150 times greater than that of the bare GCE
(0.604 cm?®) with a linear equation of i,, = 0.2241"* + 0.0435
(R* = 0.9989) (Fig. S3-A, ESIt). Moreover, the electro-active surface
area of the SiW;;Co@Cu-BTC/MWCNTs-COOH/GCE is higher
than SiW;;Co/GCE (0.228 cm?), Cu-BTC/GCE (0.766 cm’),
SiW,,;Co@Cu-BTC/GCE (0.973 em?), and MWCNTs-COOH/GCE
(1.66 cm?) with linear equations of 7,, = 0.08461'> + 0.2891 (R* =
0.9932), iy = 0.28400"> + 2.4952 (R* = 0.9918), iy, = 0.36100" +
13600 (R* = 0.9972), and i, = 061770/ — 0.2293 (R* = 0.9835),
respectively (Fig. S3-B-E, ESIf). This observation underscores the
beneficial influence of MWCNTs-COOH on the electro-active surface
area and overall electrochemical performance of the modified GCE.

3.4. Electrocatalytic properties of Siw;;Co@Cu-BTC/
MWCNTs-COOH/GCE

Fig. 6A shows the CVs of the SiW,;;Co@Cu-BTC/MWCNTs-
COOH/GCE in 0.04 M BRB (pH 7) containing DA at different
concentrations (0 to 2.0 mM) in the 0.75 to —0.75 V potential
range. The findings reveal that the Siw,;;Co@Cu-BTC/MWCNTs-
COOH/GCE exhibits significant potential for DA detection, as
evidenced by the progressive increase in two anodic peak
currents (peaks I’ and II') with rising DA concentrations. Peaks
I’ and II' correspond to two consecutive one-electron transfer
processes of W** — W>" — W°" along with Cu® —» Cu" — Cu**
electron transfer processes. These electron transfers facilitate the
oxidation of DA, confirming a reciprocal electrocatalytic inter-
action between the modifier and DA. Moreover, with the addi-
tion of DA, a new redox pair (I, I' peak) appears, which
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voltammetry. ¢ Poly(amido-amine). ¢

Au  nanoparticle. ¢ Palladium  nanocube./ Nafion. ¢ B-cyclodextrin.

demonstrates a reciprocal electrocatalytic interaction between
the modifier and DA.
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Fig. 7 (A) CVs of SiWy;;Co@Cu-BTC/MWCNTs-COOH/GCE in 0.04 M

BRB (pH 7) (A) in the presence of 0.5 mM DA at different scan rates from
5 to 300 mV s~%. The inset shows variations of the anodic and cathodic
peak currents (peaks |, I’) with scan rate. (B) In the presence of 200 uM DA
at different pHs (pH 3-9); scan rate 50 mV s~ The inset shows the
variation of the anodic peak potentials (Ep,) with pH.
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However, the CV method, despite being a widely used
technique for electrochemical analysis, is unable to satisfy the
required conditions for quantitative analysis due to inherent
limitations such as low sensitivity and high LOD. Utilizing
square wave voltammetry (SWV) and chronoamperometry
methods, which offer advantages such as low LOD and high
sensitivity, ensured precise measurements for the DA sensing at
the SiW;;Co@Cu-BTC/MWCNTs-COOH/GCE.

3.4.1. Voltammetric determination of DA. The responses of
the SWV at the Siw;;Co@Cu-BTC/MWCNTs-COOH/GCE to DA
in 0.04 M BRB (pH 7) are displayed in Fig. 6B. The calibration
plot for the quantification of DA was established by graphing
the correlation between peak II current and DA concentration
under optimal experimental conditions, as depicted in the inset
of Fig. 6B. The peak I did not show a regular response to DA.
Therefore, it was not included in the quantitative measure-
ments. The relative increase of the i, (peak II) with the rise in
DA concentration was demonstrated across two linear ranges of
5-80 uM and 80-600 pM with linear equations of i, (uA) =
0.0852[DA] (uM) + 0.3573 (R* = 0.9906), and 7, (1A) = 0.0105[DA]
(uM) + 6.1025 (R* = 0.9879) with LOD of 2.35 uM, LOQ of
7.84 uM, and sensitivity of 85.2 pA mM~'. The LOD and LOQ
were calculated using the equations LOD = 3S,/m and LOQ =
10S,/m, where Sy represents the standard deviation of the
twenty responses of the blank solution responses, and m is
the slope of the regression line.

3.4.2. Amperometric determination of DA. Amperometric
analysis was employed to evaluate the sensing capabilities of
the Siw;;Co@Cu-BTC/MWCNTs-COOH/GCE in detecting DA,
with corresponding data plotted in Fig. 6C. A rapid increase in
current response was observed when DA was added to the
0.04 M BRB (pH 7) at an optimal potential of +0.25 V. This
progressive increase in current with continued DA additions,
indicates a highly effective electron-transfer rate of the modifier
and the fast diffusion of DA from the electrolyte to the surface
of the modified electrode. The calibration curve displayed in
the inset of Fig. 6C indicated that Siw;; Co@Cu-BTC/MWCNTs-
COOH/GCE shows a linear response range from 10 to 650 pM
with a linear equation of ip, (LA) = 0.0463[DA] (uM) + 1.1752
(R* = 0.9934), LOD of 2.68 uM, LOQ of 8.93 uM, and sensitivity
of 46.3 pA mM . However, at higher concentrations of 650 uM,
the noise of the amperometric signal increases, and the current
stabilization takes longer and longer until no straight line is
achieved anymore.

In Table 3, a comparison is made between the LOD, linearity
range values, pH and potential of the present sensor and other
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literature studies for the determination of DA. The tabulated
results display that although the LOD of Siw,;;Co@Cu-BTC/
MWCNTs-COOH/GCE is slightly higher than some studies, it
responds to DA in a wider linear range.

3.5. Electro-oxidation mechanism of DA

The mechanism of DA electro-oxidation at the Siw,;Co@Cu-
BTC/MWCNTs-COOH/GCE was proposed by examining the
effects of scan rate and pH on the 7, and E,, respectively.
Fig. 7A shows the CVs of 0.5 mM DA in 0.04 M BRB (pH 7) at
the SiW;;Co@Cu-BTC/MWCNTs-COOH/GCE, recorded at var-
ious scan rates (5-300 mV s '). The anodic and cathodic peak
currents (peaks I, I') of DA exhibited a linear relationship with
the square root of the scan rate (v*?) (inset of Fig. 7A). The
linear regression equations for the anodic and cathodic peak
currents were ip,(HA) = 0.33140"> (mV'?s™ %) + 1.6664 (R* =
0.9962) and 7p(pA) = —0.2641"% (mv'? s7%) — 0.7704 (R* =
0.9934), respectively. These results support the conclusion that
the electro-oxidation of DA at the SiW;;Co@Cu-BTC/MWCNTs-
COOH/GCE is a diffusion-controlled redox process, where the
oxidation reaction is governed by the diffusion rate of DA from
the electrolyte to the electrode surface.

The influence of pH on the Ej,, of 200 uM DA was studied by
the CV method over a pH range from 3 to 9 in a BRB solution, as
depicted in Fig. 7B. The results show a progressive shift of the Ei,,
towards more negative values as the pH increased from 3 to 9.
This finding confirms that DA oxidation at the SiW;;Co@Cu-
BTC/MWCNTs-COOH/GCE involves a proton-mediated catalytic
process.”® A pronounced relationship was discerned between the
Ep, and pH with the linear equation of E, (V) = —0.0576 pH +
0.7135 (R* = 0.9994) (inset of Fig. 7B). The obtained slope value of
57.6 mV pH " is near the theoretical value of 59.2 mV pH . This
confirms that the electro-oxidation of DA at the SiW;;Co@Cu-—
BTC/MWCNTs-COOH/GCE is balanced, with equal contributions
from protons and electrons. Additionally, as shown in Fig. S4 (ESIt),
both the POM and MOF components contribute to the electro-
oxidation of DA. The proposed mechanism of DA electro-oxidation
is shown in Scheme 2. For simplicity and clarity, only the relevant
part of the modifier involved in the electron transfer is represented
in the mechanism. Moreover, the oxidation states of W and Cu
atoms are specified to provide a clearer illustration of the electron
transfer process within the modifier. However, DA electrocatalytic
oxidation at the nanohybrid-modified GCE can be explained as
follows: the [SiW,'W,"'Co@Cu,'Cu,"-BTC] portion of the modifier
undergoes electro-oxidation to [SiW; W' 'Co@Cu,._,'Cuy,,"-BTC],

1) [SiW,YW,"'Co@Cu,'Cu,"-BTC] = [SiW;YW;""Co@Cu,.,'Cu,.,"-BTC]+ 2¢"

HO,

HO HyN

2) [SiW;YWy"'Co@Cuy.,'Cuy "-BTC]+ DA

SiW;;Co@Cu-BTC= SiW;,Co@Cu-BTC/MWCNTs-COOH/GCE

(3

[0)

HoN

o

DQ +[SiW, W, "'Co@Cu,'Cu,-BTC] +2H"

Scheme 2 Electro-oxidation mechanism of DA at the SiW;;Co@Cu—-BTC/MWCNTs-COOH/GCE.
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Fig. 8 (A) Stability of SiWy;Co@Cu-BTC/MWCNTs-COOH/GCE in 0.04 M

BRB (pH 7) containing 100 pM DA by chronoamperometry (/-t) at the
fixed-potential of +0.25 V, (B) long-term stability of SiW;;Co@Cu—-BTC/
MWCNTs-COOH/GCE in 0.04 M BRB (pH 7) during 30 days, and (C) effect
of interfering species on the detection of DA at a potential of +0.25 V at
SiW1;Co@Cu-BTC/MWCNTs-COOH/GCE in 0.04 M BRB (pH 7).

which subsequently facilitates the oxidation of DA to dopamine-
quinone (DQ).

3.6. Repeatability, reproducibility, and stability studies

The repeatability, reproducibility, and stability of the modified
GCE were investigated under the optimal conditions.

9820 | Mater. Adv, 2024, 5, 9809-9822
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Table 4 Results of the recovery analysis of DA spiked in real samples (n = 3)

Originally Added Found Recovery RSD

Sample (uM) ™M) (M) (%) (%)
Dopadic 55 0 55.23 100.42 2.51
50 106.26  101.20 3.24
100 156.13 100.73 4.22
200 254.21 99.69 3.65

Human blood serum® — 0 ND? — —
10 10.13 101.30 2.67
20 20.57 102.85 2.49
40 40.85 102.12 3.61

¢ Human blood serum (female, 32 years old). * Not detected.

Repeatability and reproducibility are vital indicators of the
quality of experiments and analyses. To evaluate the repeat-
ability of the sensor, six different CVs with one modified GCE
were performed in 0.04 M BRB (pH 7) containing 0.5 mM DA.
The reproducibility has been studied by six modified GCEs
under similar conditions. The obtained results are given in the
ESIt (Fig. S5-A and B, ESIt). The relative standard deviation
(RSD) of the obtained voltammetry peak current for the repeat-
ability and reproducibility were 3.61% and 4.39%, respectively,
indicating that the prepared sensor has excellent precision.

Developing stable sensors and biosensors is one of the most
essential objectives of analytical chemists. The modified elec-
trodes based on POMs are generally known for their instability
in aqueous media, which can lead to detachment from the
electrode surface and subsequent dissolution in the electrolyte.
Consequently, the stability of the SiW;;Co@Cu-BTC/MWCNTs-
COOH/GCE is a critical factor for the assessment to ensure
reliable electrochemical performance.

Fig. 8A shows the stability of the sensor by the amperometry
method in 0.04 M BRB (pH 7) containing 100 uM DA. Moreover,
in Fig. 8B the long-term stability of the sensor was displayed in
air at ambient temperature (25 & 2 °C) over a period of 30 days.
The peak I’ current of the Siw,; Co@Cu-BTC/MWCNTs-COOH/
GCE shows a progressive increase, a 5% increase after 7 days,
followed by a 7% increase after 14 days, a 19% increase after
21 days, and a final 28% increase after one month. These
results confirmed that the SiW;;Co@Cu-BTC/MWCNTs-
COOH/GCE has excellent stability that can be credited to the
encapsulation of the Siw;;Co on Cu-BTC framework and also
immobilization of the SiWw;;Co@Cu-BTC compound on the
MWCNTs-COOH  surface, which contributes to stabilizing
POMs in aqueous media and improves the electrochemical
performance of the modified GCE.

3.7. Interference study

Selectivity is a crucial attribute for sensors, as it denotes the
sensor’s ability to distinguish the target analyte from other
species in a complex mixture. The chronoamperometry method
was employed to investigate the potential effects of interfering
species on the detection of 10 uM DA by injecting these
substances into a 0.04 M BRB (pH 7) at an optimum potential
of +0.25 V. As displayed in Fig. 8C, no significant changes in
current are observed for each addition of ascorbic acid (AA) at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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100-fold, uric acid (UA) at 10-fold, glucose (Glu) and glutathione
(GSH) at 5-fold, and alanine (Ala), arginine (Arg) and trypto-
phan (Trp) at 2.5-fold concentrations of DA. However, a
noteworthy increase in the current was recorded with more
injection of DA (20 and 30 uM), which shows the excellent
selectivity of the proposed sensor. The SiW,;;Co@Cu-BTC/
MWCNTs-COOH/GCE exhibits superior selectivity in the oxida-
tion of DA due to the unique structural features of the modifier
and the optimization of the operating conditions, such as pH
level and oxidation potential.

3.8. Analytical application

The analytical applicability of the SiW;;Co@Cu-BTC/MWCNTs-
COOH/GCE was evaluated through the detection of different
concentrations of DA in a dopadic ampoule, and human blood
serum samples. The preparation of the dopadic sample involved
the injection of 2 pL of this sample into 10 mL of a 0.04 M BRB
solution (pH 7.0). In the following, the prepared solution was
transferred directly into the electrochemical cell without any
pretreatment procedures. For the preparation of the blood serum
sample, first for deproteinization of serum, 0.5 mL HCIO, (2 M)
was added to 1.0 mL of the sample and stirred for 1 minute.”” In
the next step, the prepared sample was centrifuged at 1500 rpm
for 10 minutes, and then diluted 20-times with 0.04 M BRB (pH
7.0) and transferred into the electrochemical cell.

Then the prepared samples (dopadic and human blood serum)
were used for analysis of dopamine by SWV at the applied
potential of —0.4 to +0.8 V using the standard addition method.
The obtained data from the experiments are listed in Table 4. The
recovery values approach near 100% with RSD less than 5%
showing that this sensor is suitable for DA detection in biological
fluids and the precise control of DA concentration in drugs.

4. Conclusions

A novel sensor based on a tri-component nanocomposite
(Siw;;Co@Cu-BTC/MWCNTs-COOH/GCE) was designed, char-
acterized, and employed as an efficient catalyst for the electro-
oxidation of DA. The sensor offers several key advantages,
including rapid and simple fabrication, low LOD, a wide linear
range, outstanding stability, and excellent repeatability, repro-
ducibility, and selectivity. These superior properties are attrib-
uted to the enhanced electroactive surface area of the
Siw,;Co@Cu-BTC/MWCNTs-COOH/GCE (92.65 sz), resulting
from the synergistic effect of Siw,,Co, Cu-BTC, and MWCNTs-
COOH, combined with its porous structure. Furthermore, this
sensor can be effectively used for precise DA measurement in
biological fluids and pharmaceutical samples, making it highly
suitable for high-performance DA detection.
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of figures and tables in the manuscript.
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