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Abstract

The increasing use of pharmaceutical medications has serious negative repercussions on the
environment and human health. Here, a hydrothermal technique was employed to generate a single-
crystalline molybdenum trioxide (MoOs)/multi-walled carbon nanotubes (MoOs/-MWCNTSs) nanocomposite
that was then used as a novel electrode material for the electrochemical detection of phenothiazine (PTZ).
Extensive characterization of the MoOs/--MWCNTs nanocomposite is reported by means of spectroscopic
and microscopic techniques. The electrode modified with the MoO3/FMWCNTs nanocomposite displays
superior electrocatalytic activity and lower oxidation overpotential (0.492 V vs.Ag/AgCl) to PTZ compared to
benchmarking electrodes modified with MoOs and ~-MWCNTSs, respectively. Electrodes performance is
evaluated by means of differential pulse voltammetry that reveals a low detection limit (7 nM), more
comprehensive linear response range (up to 226 M), and superior sensitivity (2.04 A uM-' cm2). The
MoOs/-MWCNTs nanocomposite electrode can also detect PTZ in the presence of several biological
compounds and metal ions in various aqueous environments demonstrating the sensing practicality.
Keywords: Single-crystalline; MoOs nanorods; Functionalized carbon nanotubes; Electroactive composite

material; Phenothiazine, Electroanalysis



1. Introduction

In the global environment, active dyes, organic compounds, heavy metals, and pharmaceutical
ingredients can negatively impact ecosystems and cause public health problems [1-3]. Environmental
exposure to pharmaceutical ingredients is among the various pollutants that harm humans and ecosystems.
Phenothiazine (PTZ), which has the chemical formula S(CgH4)2NH, is a heterocyclic molecule that belongs
to the thiazine family and is used in medicinal chemistry. Due to their bioactivity and archetypal
pharmacological features, PTZ compounds have been widely employed to treat various ailments and
diseases. Over the past ten years, hundreds of medications, including promethazine, chlorpromazine, and
prochlorperazine, have been identified from the basic PTZ structure [4,5]. PTZ is one of the most commonly
prescribed psychotropic medicines, as well as a medication used to treat HIV infections [6]. The PTZ is used
for producing organic dyes such as methylene blue, toluidine blue, and azure dye, as well as batteries and
OLED displays. In addition to being used in the production of NADH, PTZ facilitates the production of
polymers through electropolymerization, serves as an electrocatalyst in the determination of NADH, and is
used in microelectronics as a donor unit and as a hole transporter in solar cells due to its electron-rich nitrogen
and sulfur atoms [7-10]. PTZ is a drug that has a variety of medicinal actions, including antimalarial,
anticancer, antihistaminic [11, 12], sedative, anti-tuberculosis [13], anti-psychotic, anti-anesthetic, and
antiemetic activities [14]. Owing to its boat conformation, PTZ possesses both conventional and thermally
activated delayed fluorophores (TADF) with different properties and molecular stuffing motifs. It has also
been used in nucleophilic alkoxylation of alkyl olefins, photo redox-catalyzed C-N, and C-H/C-H cross-
coupling reactions [15]. The prolonged use and excessive dosage of PTZ in various formulations have been
associated with complications, such as cardiac issues, endocrine dysfunction, and reproductive system
damage. A continuous intake of PTZ can also result in central nervous system damage, akathisia, tardive

dyskinesia, hyperprolactinemia, and abnormal weight gain [5, 16-18]. Moreover, PTZ has been extensively



metabolized in the liver via cytochrome P-450 isoforms and mainly supports growth through ring-
hydroxylation, S-oxidation, and N-demethylation [19, 20].

In recent years, developing sensitive and selective techniques for determining PTZ is an important
research topic for various fields. The determination of PTZ can be accomplished using various methods,
including spectrophotometry [21], liquid chromatography [22], and electrochemical methods [14,23]. The
electrochemical method seems to hold the highest potential among these methods due to their fast response
time, high accuracy, high sensitivity, selectivity, and cost-effectiveness. Modifying the electrode surface can
significantly increase the efficiency of these electrochemical procedures, resulting in improved diagnostic
signals that are reliable and sensitive. Consequently, significant efforts have been undertaken to improve
sensor behavior, such as electron transport kinetics and detection limits [24,25]. Nanomaterials can offer
valuable suggestions for electroanalysis by utilizing certain features that are achieved at the nanoscale, as
demonstrated by substantial developments in nanotechnology.

Nanoscale transition metal oxides (TMOs) have gained considerable attention in recent years due
to their chemical, optical, mechanical, semiconductor (n or p-type), and electrical properties, as well as their
potential applications in energy storage devices, sensors, and photocatalysts [26, 27]. Among all TMOs,
molybdenum trioxides (MoO3) possess thermal stability, photocatalytic, and electrocatalytic properties,
including high catalytic activity, low operation potential, and biocompatibility. As a result of these properties,
MoOs is useful in a wide range of applications, such as batteries, sensors, photocatalytic activity,
supercapacitors, dye-sensitized solar cells, and fuel cells [28-33]. Many polymorphous natural properties are
associated with MoOs, among them the orthorhombic a-MoOs, which is thermodynamically stable, and the
hexagonal MoOs is metastable. A MoOs sheet is formed by stacking several MoOs octahedrons with van der
Waals forces, resulting in an anisotropic layered structure [34]. As a result of this nature, molybdenum ions
easily produce oxygen vacancies, making them excellent materials for electrodes in sensors. Nevertheless,

MoOs has some drawbacks, such as aggregation, and is less stable on electrode surfaces. Electrode
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modifications using MoO3 entrapped carbon materials have been used to address the above issue. Carbon-
based materials can be used as conductive materials and supporting matrices for various applications [35-
40]. Multi-walled carbon nanotubes (MWCNTSs) have excellent electrocatalytic properties, such as a large
surface-to-volume ratio, low density, and high conductivity. However, MWCNTs have low solubility and
dispersibility in many solvents, resulting in self-aggregation, and are inherently unsuitable for most
applications. As a result, functionalizing MWCNTs before use ensures homogeneous dispersion and
maximizes the surface properties of MWCNTSs [41-44]. By integrating MoOs on the MWCNTSs surface, the
electrochemical response properties of both MoO3 and -MWCNTSs will be enhanced for the electrochemical
detection of PTZ.

In the current study, we describe for the first time a simple hydrothermal synthesis of a MoOs/f-
MWCNTs nanocomposite for reliable and sensitive electrochemical detection of PTZ. Crystallographic and
spectroscopic studies confirm the successful synthesis of MoOs, FMWCNTs, and MoOs/--MWCNTs
nanocomposite. The various electrode materials' electrochemical performance and electrocatalytic properties
were examined using cyclic voltammetry (CV) and differential pulse voltammetry (DPV). By improving
electron transport kinetics, electrical conductivity, active surface area, and functional active sites, the MoQa/f-
MWCNTs nanocomposite modified electrode performs better for PTZ detection than pristine MoO3 and f-
MWCNTs modified electrode. The MoO3/-MWCNTs nanocomposite electrode-based PTZ sensor exhibits a
low detection limit, a broad dynamic response range, and great sensitivity, selectivity, and repeatability.
Moreover, the developed sensor was used to measure the concentration of PTZ in the human urine and
blood serum samples.

2. Experimental methods
2.1. Materials and methods
Na2Mo004.2H,0, MWCNTs (50-90 nm diameter, >95% carbon basis), Con.HNOs, ethylene glycol, and

phenothiazine are of analytical grade and purchased from Sigma Aldrich. Multiwalled carbon nanotubes with
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an outer diameter of 12-30 nm were purchased from Sigma-Aldrich. Disodium and monosodium phosphates
were purchased from Alfa Aesar chemicals, and all the chemicals are analytical grade and used without
further purification. All required solutions were prepared using double distilled (DD) water.

The structure and crystallinity of the synthesized materials were analyzed using XRD Xpert3 pro-
PAN analytical spectra with Cu Ka radiation (K = 1.54 °A). Functional groups present in the as-prepared
nanocomposites were characterized through Fourier transform infrared spectroscopy (JASCO FT-IR/6600).
The structural fingerprint regions were studied with the help of WITech CRM200 confocal microscopy of the
Raman system with a 488 NM laser. The structural morphology and elemental analysis were done by high-
resolution transmission electron microscope FEI TECNAI T20 G2 attached with energy dispersive X-ray
(EDX). Electrochemical methods such as electrochemical impedance spectroscopy (EIS), CV, and DPV were
performed using the CHI 660E model from the USA. Electrocatalytic and analytical measurements were
performed with a three-electrode system consisting of Ag/AgCl as a reference electrode, platinum wire as a
counter electrode, and electrocatalyst-modified glassy carbon electrode (GCE) as a working electrode.
2.2. Synthesis of MoO3/-MWCNTs Nanocomposite and electrode modifications
For a typical procedure, 30 mL of 1 M sodium molybdate was mixed continuously with 5 mL H2O; solution
for 30 minutes to form a homogeneous suspension. Afterward, 100 mL of HNO3 was slowly added to the
reaction mixture before being transferred to a Teflon beaker and autoclaved with a double-lined stainless
steel tube. The setup was kept in a hot air oven at 180°C for 12 hours during the experiment. After the
reaction completion, the hydration process minimized by means of an autoclave setup was cooled down to
room temperature, and the solution was washed repeatedly with DD water and then rinsed with absolute
ethanol 3 times. The obtained product, MoOs, was dried in a hot air oven at 60°C for 12 hours [31]. The acid
functionalization method was used for the preparation of -MWCNTSs, as reported early [41]. In brief, about
0.5 g of MWCNTSs were stirred with a 1:3 ratio of 40 mL of HNO3/H.SO4 acid mixture at 50°C under continuous

magnetic stirring for 8 h. Finally, the resultants were washed and centrifuged with plenty of water until the
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neutral pH (7.0) was reached. The obtained black precipitate was dried in a hot air oven at 80°C for 12 h.
The MoO3/-MWCNTs nanocomposite was prepared using the sonochemical methodology, in which MoOs3
and -MWCNTSs (1:1 ratio) were dispersed in 1 mL of DD water using a 30 min ultrasonic treatment. Scheme
1 shows the schematic representation for the detailed synthesis procedure of MoO3 nanorods (A), MWCNTs

(B), and MoO3/-MWCNTs nanocomposite (C).
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Scheme 1. The detailed synthesis procedure for MoO3z nanorods (A), -MWCNTSs (B), and MoOz/-MWCNTs
nanocomposite (C).

The unmodified GCE surface was cleaned using an alumina powder with the help of a polishing kid.
Then, the pre-cleaned GCE was rinsed with DD water and sonicated for 3 minutes in a water/ethanol mixture.
About 8 pL of the as-prepared MoOs/-MWCNTs nanocomposite was dropped on the pre-cleaned GCE
surface and dried at an ambient temperature. Then, the MoO3/f-MWCNTs nanocomposite GCE was gently
dipped for few times and rinsed with DI water to remove loosely attached composites on the electrode

surface. The as-prepared electrode was used for further electrochemical studies and stored at room



temperature. A similar procedure was adopted to fabricate MoOs and ~MWCNTs modified GCEs, in which 4
ML of MoOsand -MWCNTS coatings were used on the GCE.
3. Results and Discussion
3.1. Physical, structural, and morphological analysis

The crystal structure, phase compositions, and purity of -MWCNTSs (a), MoOs (b), and MoOs/f-
MWCNTSs nanocomposite (c) were studied using XRD. As shown in Fig. 1A, the well-defined diffraction peaks
at 26.55° and 43.20° correspond to the (002) and (110) planes of -MWCNTSs, as reported elsewhere [45].
The obtained results are correlated with JCPDS data (00-026-1076) of a hexagonal phase arrangement of
nanotubes. Meanwhile, pristine MWCNT shows peaks of 42.5°, 43.7°, 53.6°, and 77.6° that correspond to
the (002),(100),(101),(004),(1110) planes of the catalytic impurities present on the surface of pristine
MWCNT, as we reported previously [46]. Additionally, those above diffraction peaks related to impurities
were not observed on the XRD pattern of -MWCNTSs, indicating MWCNT's acid functionalization has been
successful. On the other hand, the XRD analysis of MoO3; shows prominent diffraction peaks at 12.79°,
23.37°, 25.64°, 27.40°, 33.75°, 35.49°, 38.94° 46.06°, 49.36°, 52.71°, 55.24°, 56.30°, 58.88°, 64.75° and
69.67° and the corresponding lattice planes (020), (110), (040), (021), (111), (041), (060), (210), (002), (211),
(112), (042), (081), (190) and (202) ascribed to confirm the formation MoOs. According to these results,
orthorhombic crystals are strongly associated with JCPDS data (00-005-0508) without any impurities [47].
Based on the above-obtained values, the MoOs/-MWCNTs nanocomposite contains both MWCNTs and
MoOQs diffraction patterns, confirming the formation of the MoOs/f-MWCNTSs nanocomposite. Furthermore, no

peaks related to impurities in the MoO3/~-MWCNTs nanocomposite confirmed its pure form.
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Figure 1. (A) XRD patterns (B) FT-IR spectrum and (C) Raman spectrum of (a) FMWCNTs, (b) MoOs, and
(c) MoO3/--MWCNTSs nanocomposite (D) XPS survey spectrum of MoO3/-MWCNTs nanocomposite. D) High-

resolution XPS spectra Mo (E) and O (F).



Functional groups present in as-synthesized nanocomposite were studied using FTIR spectroscopy.
The observed results for ~MWCNTSs (a), MoOs (b), and MoO3/-MWCNTs nanocomposite (c) are displayed
in Fig. 1B. For ~MWCNTs, the strong peak for C=C obtained in 1537, 1600 cm-'- and the peaks at 1775 and
1307 cm ' resemble C-O-C and C-O, which confirms the successful functionalization of MWCNTSs. The peak
obtained at 2921 cm-'is attributed to the (C-H) vibration of FMWCNTSs. The presence of stretching vibrations
of OH in carboxyl groups was observed at 3401-3414 cm-'. For the FTIR spectrum of MoOs, additional peaks
were obtained at 971 and 908 cm! attributed to the stretching vibration of Mo = O. Also, the symmetric and
asymmetric vibration of the Mo-O-Mo bond was obtained at 525 cm-!. These characteristic features confirm
the formation of as-synthesized MoOs in a hexagonal structure [48]. An FTIR spectrum of the nanocomposite
showed a new bond at 809 c¢cm!, confirming that f-MWCNTs were interlocked with MoOs in a stacking
arrangement. The as-synthesized composite material was analyzed by Raman spectroscopy to confirm
fingerprint regions and band formation. The Raman spectrum of the as-prepared -MWCNTSs, (a), MoOs (b),
and MoOs/-MWCNTs nanocomposite (c) are shown in Fig. 1C. In graphitic materials, the G band is
associated with the stretching mode of sp? carbon atoms. On the other hand, the D band is characterized by
sp3 hybridized carbon, which lacks in-plane symmetry with graphene. The ratio between the Ip and Ig bands
is commonly used to determine the degree of disorder of graphitic materials [49]. The ~MWCNTSs have two
prominent peaks at 1352 and 1590 cm, corresponding to defect-rich graphitic carbon (D band) and bonded
carbon's sp2 vibration mode (G band). According to our earlier report, the Ip/lg intensity ratio of pristine
MWCNT has a higher degree of structural disorder (amorphous carbon) than -MWCNT [46]. Additionally,
decreased D and increased G bands are observed on ~MWCNT, indicating increased graphitic ordering [46].
The Raman spectrum of MoOs has an intensity peak at 997 cm-! ascribed to the stretching vibration of the
Mo-O bond. Also, the peak at 821 cm-is attributed to the formation of intermediate bridging of the O-Mo-O

bond. The broad peak observed at 681 cm-' corresponds to the asymmetric stretching vibration bond of Mo-
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O-Mo and the bonds at 40-319 cm! due to several bending vibrations [29]. Further, the MoO3/f-MWCNTs
nanocomposite contains both the fingerprints of FMWCNTs and MoOs.

The elemental confirmation and oxidation state of the elements present in the prepared MoOs/f-
MWCNTSs nanocomposite were documented with the help of XPS, and the obtained XPS survey spectrum is
displayed in Fig. 1D. The survey spectrum proved that Mo, O, and C elements are present in the MoOa/f-
MWCNTs nanocomposite. The emission peaks of C 1s at a binding energy of 284.2 eV are intensive and
confirm the formation of -MWCNT. The Mo 3d oxidation states are finely divided into the Mo 3da»2, and 3ds
orbitals of molybdenum (V1) positioned at 235.7 and 232.6 eV binding energies, correspondingly ascribed to
the existence of hexavalent molybdenum categories (MoOs) in the prepared nanocomposite. Additionally,
the C 1s and O 1s peaks display asymmetrical shapes owing to the oxygen functionalities that covalently
accompany the surface of carbon atoms of the MWCNT. The O 1s core-level spectrum can be split into
deconvoluted constituents such as Mo-O bonds in the binding energy of 530.4 eV and C-O bonds at 532.3
eV. Fig. 1E and F illustrate the high-resolution XPS spectra of Mo 3d and O 1s. The Mo3d spectra show two
peaks at 233.9 and 237.3 eV related to Mo 3ds,, and Mo 3ds2 binding energy, respectively. In addition, O 1s
spectra showed peaks at 530.3 and 532.2 eV, attributed to oxygen atoms in the lattice of MoOs. It was found
that binding energy values observed with spin-orbit splitting of 3.4 eV indicated the presence of oxidized Mo
(VI). These characteristics proposed that the carbon atom of ~MWCNT is probably attached to the oxygen
atom in the MoQO3 [50].

The  structural  morphology of the as-synthesized MoOs, FMWCNTs,  and MoOs/f-
MWCNTSs nanocomposite was examined using TEM and displayed in Fig. 2. Typical tubular morphology was
observed in the TEM image of pristine MWCNTs (A) and ~MWCNTs (B). The TEM image of MoOs (C)
appeared as a multilayer stack rod-like structure built from planar nanoplates. A stack of MoOs rods with a
length of 1-3 m and a diameter of 50 nm was visible on the surface of the MWCNT in the TEM image of

the nanocomposite (D). The HRTEM image of a MoOs/MWCNTs nanocomposite reveals compact
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arrangements of MoO3 nanorods on -MWCNT surfaces and a d-spacing between the orthorhombic MoOs

planes (200) and (002) with nanobelt growth occurring in the [001] direction.
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Figure 2. TEM images of MWCNTSs (A), FMWCNTSs (B), MoOs (C), and MoO3/~-MWCNTs (D and E). F) The
SAED pattern and EDX spectra (G) of MoOs/f~MWCNTs nanocomposite.

Also, the nanocomposite's HRTEM and the corresponding SAED patterns (Fig. 2E) confirmed
the single-crystal nature of as-synthesized MoOs. The SAED patterns confirmed the presence of (002), (202),
and (200) crystallographic planes, classified as orthorhombic MoOs. Results from the above analysis agree
with those from the XRD analysis. Despite maintaining individualistic structural integrity, the constant
connectivity between MoOs and -MWCNT actively transfers electrons. Additionally, the EDX spectra of the
nanocomposite were examined using EDX; as shown in Fig. 2H, the observed signals indicate the presence
of Mo, O, and C with atomic weight percentages of 36.81%, 28.88%, 8.69%, and 25.63%, respectively. These
results are consistent with the XRD and FT-IR results and show MoO3/-MWCNTs nanocomposite to be the
purest form.

3.2. Electrochemical Properties of MoO3;/~-MWCNT nanocomposite
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Electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), and differential pulse voltammetry
(DPV) were employed to evaluate the electrocatalytic properties of the as-synthesized MoOs/-MWCNTs
nanocomposite. Various electrodes were fabricated and evaluated using EIS to determine the charge transfer
resistance (Rct). An electrode's total impedance equals the Rt when the double-layer capacitance (Cq) and
Warburg impedance (Zw) are added together. The EIS was performed using a three-electrode system
containing 5 mM [Fe(CN)e]*#*-in 0.1 M KCl at a fixed potential of 10 mV. Fig. 3A shows the Nyquist plots of
the various modified electrodes, such as bare GCE, MoOs/GCE, -MWCNTs/GCE, and MoOs/f-
MWCNTs/GCE. From these Nyquist plots, the Rct values of bare GCE, MoO3/GCE, -MWCNTs/GCE, and
MoO3/-MWCNTs/GCE were calculated as 250 Q, 1591 Q, 58 Q, and 34 Q, respectively. Notably, the bare
GCE has an Rct of 250 Q, indicating the excellent surface conductivity of the electrode. MoO3/GCE displays
a higher Rt value of 1591 Q and is higher than -MWCNTs/GCE (58 Q) and MoO3/f-MWCNTs/GCE (34 Q).
This is due to the more significant availability of oxygen functions on the materials, resulting in inferior charge
transport performances. However, the Rt value of MoOs/-MWCNTs/GCE is much lower (34 Q) than that of
MWCNTs/GCE. By incorporating nano rod-like morphology over the ~MWCNTSs, tight binding and
synergistic interactions are achieved, enhancing electron transferability between electrolyte and electrode
surfaces. As a result of the higher diffusion properties of MoOs/--MWCNTSs, the modified GCE demonstrated

good electrical conductivity and is more suitable for the electrochemical detection of PTZ [51].
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Figure 3. A) EIS and (B) CV responses of the fabricated electrodes in the presence of 5 mM [Fe(CN)s]3-/4-
containing 0.1 M KClI solution. Inset shows the model used to fit the EIS data. C) CV responses of MoOs/f-
MWCNTs nanocomposite GCE at various scan rates (10 — 200 mV/s) and (D) Linear plot for redox peak
current vs. square root of scan rate.

The electrochemical activity of the as-synthesized and MoO3s/-MWCNTs nanocomposite was
examined further using CV in the presence of 5 mM [Fe [Fe(CN)s]3-4- containing 0.1 M KCI solution as shown
in Fig. 3B. When compared to MoO3/GCE, the bare GCE exhibits better peak to peak separation, which was
explained by the cleanness of the surface, which promotes electron migration to the electrode-electrolyte
interface and produces pseudo-reversible nature. The MoO3/GCE, on the other hand, has a shallow peak-

to-peak separation and a weak redox couple due to the oxygen moieties and lattice vacancies present, which
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limit the passage of electrons from the electrolyte to the electrode interface. It should be noted that the f-
MWCNTs/GCE exhibits a respectable redox peak response as a result of the carbonaceous material's
connections with acid functional groups, which improve the interfacial characteristics. Compared with these
modified electrodes, MoO3/--MWCNTs/GCE has the highest redox peak response (130 pyA) with a lower
peak-to-peak potential (AEp) of 118 mV owing to higher active sites and excellent electron
transfer. Electrochemical active surface area (ECAS) of the MoO3/f-MWCNTs/GCE was calculated from CV
responses of [Fe (CN)g]3-4- with various scan rates from 10 to 200 mV/s (Fig. 3C). Fig. 3D shows the linear
relationship between peak currents and the square root of scan rates, indicating robust redox peak responses
and excellent linearity for MoOs/-MWCNTs/GCE. The Randles-Sevcik equation (below) was used to
estimate the ECAS for various modified and bare electrodes.

Ip = (2.69 x 105) n32ACD"2y'/2
Using this equation, the ECAS for MoOs/--MWCNTs/GCE, MoO3/GCE, and -MWCNTs/GCE were calculated
to be 0.401 cm?, 0.163 cm? and 0.221 cm?, respectively. ECAS values for nanocomposite-modified
electrodes are higher than those for other modified electrodes because of the high electron transfer properties
of the nanocomposite and enlarged active sites. Synergistic interactions between MWCNTs and MoO3
produce improved electrochemical properties due to their distinct nanostructured counterparts. Thus, the
MoO3/-MWCNTs/GCE can be used to detect PTZ more effectively.
3.3. Electrochemistry of PTZ at MoO3/-MWCNTs/GCE
The electrochemical oxidation of PTZ was studied at a 50 mV/s scan rate using various modified electrodes
in pH 3. Fig. 4A illustrates the typical CV pattern for the redox behavior of PTZ using MoOs/f-
MWCNTs/GCE. Anodic peaks at 0.492 V for O4, 0,92 V for Oz, 0.383 V for O3, and 0.175 V for O4 have
corresponding peak current responses of 7.303, 6.04, 4.08, and 2.92 uA, respectively. The equivalent
cathodic peaks were also observed at 0.471, 0.37, and 0.152 V, corresponding to cathodic peak current

responses of -2.793, -3.121, and -5.831 A, respectively. As a result of the removal of one electron from
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nitrogen and the sequential ejection of a second electron from sulfur, the O+, and Oz peaks were formed
(Scheme 2). The reversible nature of peak O made it possible to see the cathodic peak R+ during the reverse
scan. Additionally, Os, Os4, Rz, and Rs were associated with readily oxidized molecules formed by the
oxidation of PTZ. CV patterns for -MWCNTs/GCE and MoO3/GCE are similar, with slight variations in peak

potential and current response.
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Figure 4. A) CV response of bare (a), MoOg3 (b) FMWCNTs (c), and MoOs/--MWCNTs (d) modified GCEs in
pH 3.0 in the presence of PTZ (200 uM), and B) the corresponding bar graph for the current responses
obtained on bare (1), MoOs (2) MWCNTSs (3) and MoO3/f~MWCNTSs (4) modified GCEs. C) CV responses

were obtained for the MoO3/f-MWCNTs/GCE in various concentrations of PTZ (50-200 uM).
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While the oxidation peak current of PTZ on bare GCE was 1.6 folds lower than those observed
using -MWCNTs/GCE [11]. Fig. 4B shows the corresponding bar charts for the oxidation peak responses of
PTZ on various modified electrodes. The MoOs/-MWCNTs/GCE has higher catalytic activity towards PTZ
than other modified electrodes. We examined the catalytic activity of a modified electrode for detecting
varying concentrations of PTZ. As shown in Fig. 4C, the modified GCE with MoOs/-MWCNTSs exhibits well-
defined redox for 50 uM PTZ addition, and anodic and cathodic current increases with increasing PTZ
addition. According to CV results, the modified electrode demonstrated excellent electrocatalytic activity
towards PTZ. Additionally, the redox peak current vs. PTZ concentration calibration plot can be written as lpa
= 0.0316x + 2.12; lpc = -0.0174x - 1.065, and the correlation coefficients (R?) are 0.9925 and 0.9916,

respectively. A linear plot slope indicates that PTZ's oxidation is governed by first-order reaction kinetics.

C[]@ e [T
-H, -2¢

+
s S

phenothiazine phenothiazine

Scheme 2. Electrochemical redox pathway of PTZ on MoO3/-MWCNTs modified GCE.
3.4. Effect of scan rate and supporting pH

The electrochemical determination of PTZ is heavily influenced by scan rate. Hence, the MoOs/f-
MWCNTs modified GCE was analyzed using scan rates ranging from 10 to 300 mV/s in pH 3 with 200 yM
PTZ. According to Fig. 5A, the scan rate and redox peak currents increase linearly with slight potential
changes. Moreover, it has been confirmed that PTZ is detectable by electrocatalysis reversibly. Furthermore,
Fig. 5B shows calibration plots for redox peak current responses as a function of scan rate with linear

regression equations lpa = 0.0819x + 2.5954; Ipc = -0.0434x — 0.37 and R? of 0.9952 and 0.9986,
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respectively. From these results, we can conclude that the electrochemical analysis of MoOs/f-

MWCNTs/GCE was surface controlled electrochemical process.
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Figure 5. A) CV response of MoOs/-MWCNTs/GCE at different scan rates in 200 yM PTZ. B) Calibration
plot of redox peak current vs. scan rate. C) CV curve of modified electrode for 200 uM PTZ at different pH at
a scan rate of 50 mV/s, and D) the corresponding combined plot of pH vs. PTZ peak current and peak
potential of MoOs/-MWCNTs/GCE.

The pH of the electrolyte solution affects the electrochemical performance of MoO3/f-MWCNTs/GCE
towards sensing of PTZ. In addition, PTZ shapes, potentials, and characteristic peak currents are all
influenced by the pH of the electrolyte. Therefore, pH measurements were used to identify the

electrochemical determination of PTZ at MoOs/-MWCNTs/GCE. As shown in Fig. 5C, the effects of pH were
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investigated using pHs ranging from 1.0 to 9.0 at 50 mV/s sweep rates. As can be seen that the peak current
gradually increases from 1.0 to 3.0 after 3.0 to 9.0 and then decreases due to the existence of heterocyclic
ring compounds. Likewise, Fig. 5D displays the combined plot for pH vs. peak current and peak potential. As
a result of these results, we selected pH 3.0 as the best pH for all electrochemical experiments since the high
peak current occurred at pH 3.0 with a narrow peak potential.
3.5. Electrochemical determination of PTZ at MoOs/~MWCNTs/GCE

The DPV technique is an efficient tool for analyzing biological compounds at a low level. The
electrocatalytic performance of MoO3/f-MWCNTs/GCE towards the determination of PTZ was analyzed with
the help of the DPV. Fig. 6A shows the DPV curves of MoOs/f-MWCNTs/GCE in pH 3.0 with PTZ
concentrations from 0.1 uM to 226 uM. With increasing concentrations of PTZ, the peak current response to
oxidation increases. Fig. 6B shows the calibration plot for the concentration of PTZ against the oxidation
peak current. This calibration plot illustrates the broad dynamic response range with a linear regression
equation Ipa = 0.0378x + 0.6181 and an RZ = 0.9949. Calculation of the detection limit (LOD) and sensitivity
for electrochemical oxidation of PTZ is based on the slope value found on the calibration plot. Based on the
equation below, the LOD was calculated.

LOD =30/S 1

Based on the calibration plot, S represents the slope, and o represents the standard deviation (S/N = 3). As
a result of the above equation, the LOD and sensitivity for MoOs/-MWCNTs/GCE are calculated to be 7 nM

and 4.712 pAuM-' cm-2, respectively.
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Figure 6. A) DPV responses of MoO3/f-MWCNTs/GCE upon the successive addition of PTZ concentration
(0.01- 226 uM) in pH 3.0. Inset is the lower concentration additions of PTZ up to 50 uM. B) The calibration
plot of oxidation peak current vs. [PTZ]. Linear plot for [PTZ] up to 38 uM vs. current response (inset). C)
DPV response of MoO3s/-MWCNTs/GCE toward PTZ in the presence of an excess concentration of co-
interfering compounds and D) corresponding relative error bar graph of interfering compounds vs. relative
peak current in percentage.

Moreover, the obtained LOD, wide dynamic response range and sensitivity are correlated with
formerly reported electrochemical determinations towards PTZ, as summarized in Table 1. According to

these table results, MoOs/--MWCNTs/GCE exhibits lower LOD, a wider dynamic range, and excellent
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sensitivity toward PTZ sensing than previously reported modified electrodes based on carbon nanomaterials
and metal oxide composites [14, 52-55].

Table 1. Comparison of analytical merits of the fabricated PTZ sensor with previously reported PTZ sensors.

Materials Methods Linear Range (uM) LOD (uMm) Ref
f-CNF/EroMoOs DPV 0.025-80 0.008 [14]
GZO/~SWCNT DPV 0.01-98.51 0.05 [52]
MWCNT-0SOsH Amperometry 0.62- 5000 0.15 [53]
FTO Amperometry 2.0-100 0.26 [54]
DyCoO3/MoS; DPV 0.002-695.6 0.05 [55]
MoOs/-MWCNT DPV 0.01 - 226 0.007 This Work

3.6. Selectivity of the PTZ sensor at MoO3/-MWCNTs/GCE

Based on anti-interference property studies, the practical applicability of the proposed sensor was optimized.
The DPV technique scrutinized the selectivity of the MoO3/f-MWCNTs/GCE, and the observed DPV results
are displayed in Fig. 6C. Selectivity studies are conducted using a variety of interfering species, including
similar structural materials, biological compounds, and anionic and cationic molecules. We added 10-fold
excess concentrations of biological compounds such as ascorbic acid (AA), dopamine (DA), and uric acid
(UA) to evaluate the selectivity studies. Likewise, a 20-fold excess of cation and anion and similar structured
species such as Ca2*, NOs, prochlorperazine (PCP), sulfamethoxazole (SFM), and thioridazine
hydrochloride (TRH) was also investigated. Fig. 6D illustrates the corresponding relative peak current
percentage vs. potential interfering compounds. A similar structural material or biological compound and
anionic or cationic molecules did not affect PTZ's DPV response. The results support the use of MoOs/f-

MWCNTSs for selective detection of PTZ.
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Figure 7. DPV responses of (A) reproducibility and B) storage stability of the fabricated PTZ sensor for

response to 50 uM PTZ in pH 3.0. DPV signals for determining PTZ in the C) human blood serum and D)

urine samples.

3.7. Reproducibility and Real sample analysis

A reproducibility study was conducted using four different versions of MoO3/f-MWCNTs modified electrodes
in the presence of 50 uM PTZ in pH 3, and the observed results are shown in Fig. 7A. The relative standard
deviation (RSD) was determined to be 2.38. This indicates a reasonable reproducibility of the prepared
MoO3/-MWCNTs/GCE concerning the PTZ sensor. A further evaluation of the proposed sensor's storage

capability was carried out by DPV in 50 uM PTZ containing pH 3, and the results are shown in Fig. 7B. The
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MoO3s/-MWCNTs/GCE maintains 98.3% and 97.6% of its initial peak current after 10 and 20 days,
respectively. The above-obtained reusability and durability results are more comparable with those previously
reported carbon nanomaterials and metal oxide-based sensor electrodes for PTZ determination [52-55].
Based on these observed results, MoOs/-MWCNTs modified electrode provides superior selectivity,
reproducibility, and storage stability when determining PTZ electrochemically.

We investigated whether MoO3/f-MWCNTs/GCE could be used to measure PTZ in real biological
samples such as human blood serum and urine samples. Blood serum and urine samples were collected
from a healthy individual and did not contain PTZ traces. The pH of the received human serum and urine
samples was initially adjusted to 3.0 by diluting them. A known concentration of PTZ was spiked into diluted
solutions during real-sample analysis. Fig. 7C and D illustrate the DPV responses for PTZ detection in human
blood serum and urine samples using the standard addition method. Based on the results found in Table 2,
we could determine the concentration and recovery of PTZ. Using the Table, we found that human blood
serum could be recovered with 97.5-99.6 % accuracy, and human urine could be recovered with 94.6-99.8
% accuracy with an RSD of 2.3%. Our findings demonstrate the suitability of the proposed sensor for practical
applications.

Table 2. Determination of PTZ in human blood serum and urine samples.

Sample Added (uM) Found (uM) Recovery (%) ‘

5 4.97 99.4

10 9.75 97.5

Human blood serum 15 14.87 99.1
20 19.80 99.0

25 24.90 99.6

5 4.88 97.6

10 9.46 94.6

Human urine 15 14.95 99.7
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20 19.90 99.5
25 24.96 99.8

4. Conclusion

In conclusion, a very efficient hydrothermal technique, followed by ultrasonication, was used to create the
MoOs/-MWCNTs nanocomposite. The structural purity and morphological analysis were assessed using
XRD, FTIR, Raman, HR-TEM, and EDX techniques. The results show that MoOs/f-MWCNTs
nanocomposites can be produced effectively without any impurities. The MoO3s/FMWCNTs modified GCE
showed better electrocatalytic response towards PTZ detection, which has a low detection limit and a broad
linear response range than previously reported carbon nanomaterials composite-based modified electrodes.
In addition, the suggested sensor displays acceptable repeatability, stability, and exceptional selectivity in
the presence of biological substances. Furthermore, real samples such as human blood and urine samples
were used to assess the practical feasibility of MoOs/f-MWCNTs/GCE, and the observed average recovery
results (99.6% & 99.8%) are satisfactory. The new nanocomposite material possesses excellent
electrocatalytic determination of PTZ due to the solid hydrothermally synthesized single-crystalline MoOs
nanorods embedded over FMWCNTSs. Future usage of the created MoOs/-MWCNTs nanocomposite as a
sensitive electrode material for detecting PTZ in biological fluids is possible. However, the sensor has some
limitations, including issues with the selective detection of PTZ when large amounts of similarly structured

compounds with similar electroactivity are present.
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