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A B S T R A C T

Background: Fenitrothion (FT) is a widely used organophosphorus pesticide whose persistent residues in envi
ronmental waters and food systems pose significant risks due to their neurotoxic effects. Therefore, the devel
opment of sensitive and reliable analytical platforms for fenitrothion monitoring is essential for environmental 
surveillance and food safety applications.
Methods: In this study, a praseodymium–molybdate oxide/functionalized multi-walled carbon nanotube 
(PrMo–O@f-MWCNT) hybrid composite was developed as an electrocatalytic sensing platform for fenitrothion 
(FT) detection. The Pr–Mo–O component provides abundant redox-active sites and defect-rich oxygen environ
ments, while the conductive f-MWCNT network enhances electron transport and accelerates interfacial charge 
transfer. The composite was characterized by XRD, FESEM, TEM, EDS mapping, and XPS analyses. Electro
chemical performance of the modified electrode was investigated using cyclic voltammetry (CV), electrochemical 
impedance spectroscopy (EIS), and differential pulse voltammetry (DPV).
Main findings: The proposed sensor exhibited a wide linear detection range of to 1 µM and to 1845 µM, with a low 
detection limit of 0.047 µM. The Pr-Mo-O@f-MWCNT-modified electrode also demonstrated excellent selectivity, 
stability, and reproducibility toward fenitrothion detection. Practical applicability was successfully validated in 
river water, soil, tomato, and cabbage samples, achieving satisfactory recoveries in the range of 98.2–101.4% 
with low RSD values. The simple fabrication strategy and strong analytical performance highlight the potential of 
this platform for integrated environmental surveillance and advanced food safety monitoring of pesticide 
residues.

1. Introduction

The extensive use of synthetic insecticides has played a key role in 
protecting crops and supporting agricultural productivity; however, 
their widespread application has also introduced serious environmental 
and food safety challenges [1–3]. Among these chemicals, organo
phosphorus compounds are of particular concern due to their high 
biological activity and potential toxicity [4,5]. Within this class, Feni
trothion (FT) has been applied for several decades in agriculture, 

forestry, and public health programs because of its strong insecticidal 
efficiency and cost-effectiveness [6]. Structurally, FT contains a phos
phorothioate group linked to a nitrophenyl moiety, a configuration that 
enables effective pest control but also contributes to its chemical insta
bility and formation of toxic transformation products [7–9]. After 
application, FT residues can persist in agricultural soils, adsorb onto 
plant surfaces, and migrate through runoff and leaching into surface and 
groundwater systems [10,11]. These residues may accumulate in edible 
crops and aquatic organisms, increasing the risk of bioaccumulation and 
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trophic transfer [12]. Moreover, FT is known to interfere with enzymatic 
systems in non-target organisms, disrupt aquatic ecosystems, and 
generate degradation byproducts that exhibit equal or greater toxicity 
than the parent compound [13]. Continuous exposure to FT residues 
through contaminated food and water has been associated with adverse 
health effects, raising serious concerns over long-term dietary intake 
[14]. Taken together, the persistence, toxicity, environmental mobility, 
and food chain transfer of FT highlight its significant disadvantages and 
underscore the urgent need for continuous and reliable monitoring to 
ensure food safety, environmental protection, and public health 
preservation.

Conventional analytical techniques such as gas chromatogra
phy–mass spectrometry (GC–MS), liquid chromatography mass spec
trometry (LC–MS) [15], and surface-enhanced Raman scattering (SERS) 
[16] are widely used for pesticide residue analysis because of their high 
sensitivity and accuracy. However, these approaches typically require 
costly instrumentation, complex sample preparation, and extended 
analysis times, limiting their suitability for rapid or on-site food safety 
assessment [17,18]. In response to these limitations, electrochemical 
sensing strategies have gained increasing interest due to their simplicity, 
fast response, low operational cost, and compatibility with portable 
systems [19,20]. The performance of electrochemical sensors is strongly 
influenced by the properties of the working electrode surface, which 
governs electron transfer and analyte interaction. Electrochemical 
techniques such as cyclic voltammetry and differential pulse voltam
metry are commonly employed to probe redox behavior and achieve 
sensitive quantification, making them attractive for trace-level moni
toring of hazardous residues [21–26].

In recent years, Rare-earth-based metal oxides have attracted 
considerable interest in electrochemical applications owing to their 
unique electronic configurations, variable oxidation states, and strong 
chemical stability [27,28]. In parallel, molybdate oxides are recognized 
for their favourable redox activity and efficient electron transport 
properties arising from the Mo–O framework [29]. The integration of 
rare-earth elements with molybdate units offers a rational strategy to 
construct functional oxides with enhanced electrochemical character
istics [30]. In this context, Praseodymium–molybdate oxide (Pr–Mo–O) 
represents a distinctive rare-earth molybdate oxide, in which the 
redox-active molybdenum centers are coupled with the reversible 
valence states of praseodymium, generating multiple electrochemically 
active sites [31]. The Mo–O subunits facilitate rapid electron transfer 
during redox processes, while the Pr3+/Pr4+ couple provides additional 
charge compensation pathways that improve catalytic efficiency [32]. 
Furthermore, the robust oxide lattice of (Pr–Mo–O) ensures high struc
tural stability and resistance to chemical degradation, while oxygen 
vacancies and lattice defects promote strong interactions with electro
active species, leading to enhanced adsorption and efficient signal 
transduction [33].

Carbon-based nanomaterials, particularly multi-walled carbon 
nanotubes (MWCNTs), are extensively employed in electrochemical 
applications owing to their outstanding electrical conductivity, large 
specific surface area, and efficient charge transport characteristics 
[34–36]. The one-dimensional tubular structure of MWCNTs provides 
continuous electron pathways that facilitate rapid signal propagation at 
the electrode interface. However, pristine MWCNTs often suffer from 
strong agglomeration and limited surface functionality, which reduce 
their dispersibility and interfacial interaction with other active mate
rials. Chemical functionalization introduces oxygen-containing groups 
such as carboxyl (–COOH) and hydroxyl (–OH) moieties onto the 
MWCNT surface, significantly enhancing hydrophilicity, dispersion 
stability, and surface reactivity [37,38]. These functional groups pro
mote stronger interfacial bonding, improve electron mobility across 
heterogeneous interfaces, and create additional adsorption sites for 
electroactive species. Consequently, functionalized MWCNTs enable 
improved charge transfer efficiency, enhanced electrode stability, and 
more reliable electrochemical performance [39]. Rare-earth molybdate 

oxides and carbon nanotube-based materials have individually been 
explored in electrochemical systems, their interfacial coupling for feni
trothion sensing remains largely unexplored. In particular, the integra
tion of defect-rich Pr–Mo-O with a functionalized MWCNT network can 
create a synergistic oxide carbon heterointerface that simultaneously 
enhances catalytic activity, analyte adsorption, and long-range electron 
transport.

In this work, praseodymium molybdate (Pr–Mo–O) was directly 
combined with functionalized multi-walled carbon nanotubes (f- 
MWCNTs) to construct a synergistic hybrid interface for the electro
chemical detection of the hazardous pesticide fenitrothion. The intimate 
integration of Pr–Mo–O with the conductive f-MWCNT network creates 
a continuous electron-transfer framework and a high-density electro
active surface, enabling efficient analyte adsorption and signal ampli
fication. To the best of our knowledge, this represents the first 
application of a Pr–Mo–O@f-MWCNT composite for fenitrothion 
sensing. The Pr–Mo–O@f-MWCNT-modified glassy carbon electrode 
exhibited wide linear response ranges 1 µM and to 1845 µM, with a low 
detection limit of 0.047 µM. These enhanced analytical performances 
originate from the synergistic integration of Pr–Mo–O with the f- 
MWCNT network, which accelerates interfacial electron transport and 
reinforces analyte electrode interactions. Importantly, the sensor 
exhibited reliable and consistent performance in environmental water, 
soil, and food-derived samples, demonstrating its robustness and prac
tical suitability for pesticide residue determination. This study high
lights the promise of advanced hybrid nanomaterials as effective 
electrochemical platforms for integrated environmental surveillance, 
food quality control, safety assessment, and on-site monitoring of agri
cultural contaminants.

2. Chemicals and methods

All reagents employed in this work were of analytical grade and 
procured from commercial suppliers (Sigma-Aldrich). The chemicals 
were used as received without any additional purification. Compre
hensive details regarding the list of chemicals, preparation of buffer 
solutions, and the instrumentation utilized in this study are provided in 
the Supporting Information Sections S1 and S2.

2.1. Synthesis of Pr–Mo–O

In a typical synthesis, an aqueous solution of praseodymium (III) 
nitrate hexahydrate Pr(NO3)3⋅6H2O was prepared by dissolving the 
required amount in 40 mL of deionized water under continuous mag
netic stirring for 15 min. Separately, NH4MoO4 was dissolved in 20 mL 
of deionized water to obtain a clear molybdate solution. The ammonium 
molybdate solution was then added slowly to the praseodymium nitrate 
solution under constant stirring to ensure homogeneous mixing of Pr3+

and Mo species. Subsequently, an appropriate amount of NH4Cl was 
introduced into the mixed solution and the suspension was stirred for an 
additional 30 min, which facilitated controlled precursor formation by 
regulating the ionic environment. The resulting mixture was transferred 
into a Teflon-lined stainless-steel autoclave and subjected to hydro
thermal treatment at 180 ◦C for 12 h. After natural cooling to room 
temperature, the precipitate was collected by centrifugation, thoroughly 
washed several times with deionized water and ethanol to remove re
sidual ions, and dried at 60 ◦C overnight. The final product was denoted 
as Pr–Mo–O.

2.2. Preparation of functionalized MWCNT (f-MWCNT)

To enhance the dispersibility of multi-walled carbon nanotubes and 
introduce surface oxygen-containing functional groups, pristine 
MWCNTs were subjected to acid functionalization. In a typical proced
ure, MWCNTs were refluxed in a mixed acid solution of concentrated 
nitric acid and sulfuric acid (HNO3:H₂SO4, 1:3 v/v) at 60 ◦C for 2 h under 
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continuous stirring. This oxidative treatment introduced abundant 
oxygenated functional groups, including carboxyl (–COOH), hydroxyl 
(–OH), and carbonyl (C––O) moieties, onto the surface of the nanotubes, 
thereby improving their hydrophilicity, surface reactivity, and electro
chemical activity [40]. After completion of the reaction, the acid-treated 
MWCNTs were thoroughly washed with deionized water until the 
filtrate reached neutral pH, ensuring complete removal of residual acids. 
The resulting functionalized MWCNTs (f-MWCNTs) were dried at room 
temperature and stored for subsequent use in composite preparation.

2.3. Preparation of Pr–Mo–O@F-Mwcnt composite

To fabricate the Pr–Mo–O@f-MWCNT composite, Pr–Mo–O and 
functionalized MWCNTs were combined in an appropriate mass ratio 
(1:1) and dispersed in 40 mL of deionized water. The suspension was 
ultrasonicated for 45 min to ensure homogeneous dispersion and pro
mote intimate interfacial contact between the Pr–Mo–O particles and the 
f-MWCNT network. During this process, the Pr–Mo–O particles were 
effectively anchored onto the surface of f-MWCNTs through electrostatic 
interactions and bonding with surface oxygen-containing functional 
groups. The mixture was then magnetically stirred for an additional 3 h 
to strengthen interfacial coupling and achieve uniform composite for
mation. The resulting hybrid material was collected by centrifugation, 
thoroughly washed with deionized water and ethanol to remove loosely 
bound species, and dried at 50–60 ◦C to obtain the final Pr–Mo–O@f- 
MWCNT composite. The overall synthesis route and composite forma
tion process are schematically illustrated in Scheme 1.

2.4. Preparation of catalyst ink

For electrode modification, the catalyst ink was prepared using the 
as-synthesized Pr–Mo–O@f-MWCNT composite. 2 mg of composite was 
dispersed in 3 mL of deionized water to form a uniform suspension. The 
mixture was subjected to ultrasonic treatment at 200 W for 30 min to 
achieve a stable and homogeneous ink. Ultrasonication effectively dis
perses the composite, prevents agglomeration, and ensures uniform 
distribution of the active material, which is essential for consistent 
electrode coating. The freshly prepared catalyst ink was used immedi
ately for electrode fabrication to maintain reproducibility and avoid 
sedimentation.

3. Results and discussions

3.1. XRD analysis

The crystalline structure and phase purity of the synthesized mate
rials were investigated by XRD, and the corresponding patterns are 
presented in Fig. 1A. The Pr–Mo–O sample exhibits several sharp and 
intense diffraction peaks, indicating the formation of a highly crystalline 
oxide framework. The major diffraction reflections observed at 2θ values 
of approximately 28.3◦, 32.7◦, 47.1◦, and 56.2◦ can be indexed to the 
cubic phase of praseodymium oxide (Pr9O11), corresponding to the 
(222), (400), (440), and (622) crystal planes, respectively, which agree 
well with the standard JCPDS-PDF card No 00–042–1121. In addition, 
several secondary reflections appearing at around 26.8◦, 30.5◦, and 
53.4◦ are attributed to the (112), (004), and (224) planes of praseo
dymium molybdate Pr2(MoO4)3, matching well with PDF Nos. 
00–028–0861 and 00–024–0911. The coexistence of these diffraction 
features confirms the successful formation of a mixed praseody
mium–molybdate oxide structure through strong interfacial interaction 
between Pr–O and Mo–O coordination units. And, no additional 
impurity-related diffraction peaks were detected within the instru
mental limit, indicating the high phase purity of the synthesized 
material.

In contrast, the f-MWCNT pattern displays a broad diffraction band 
centered at 2θ ≈ 25–26◦, attributed to the (002) plane of graphitic 
carbon, along with a weak shoulder near ~43◦ corresponding to the 
(101) carbon reflection. The broad nature of these features reflects the 
disordered graphitic stacking typical of acid-functionalized carbon 
nanotubes, and no additional crystalline peaks are observed, supporting 
the absence of inorganic impurities. For the Pr–Mo–O@f-MWCNT 
hybrid, the characteristic oxide reflections of Pr–Mo–O are retained, 
confirming that the crystalline framework of the Pr–Mo–O phase re
mains intact after integration with f-MWCNT. Meanwhile, the carbon 
(002) band is still observable in the composite, demonstrating successful 
incorporation of the nanotube network. Compared with pristine 
Pr–Mo–O, the composite shows slightly reduced peak intensities and 
mild broadening, which can be attributed to the dispersion of oxide 
domains within the carbon matrix and decreased effective crystallite 
coherence upon hybrid formation.

Scheme 1. Schematic representation of the synthesis of the Pr–Mo–O@f-MWCNT composite, illustrating hydrothermal formation of Pr–Mo–O, acid functionalization 
of MWCNTs.
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3.2. Crystal structure of Pr–Mo–O

Fig. 1B illustrates the representative crystal structure of the praseo
dymium–molybdate oxide phase used for structural visualization. The 
lattice is composed of praseodymium (Pr), molybdenum (Mo), and ox
ygen (O) atoms arranged in a three-dimensional oxide framework. In 
this structure, the Mo centers are coordinated by oxygen atoms to form 
discrete MoO4 tetrahedral units, which act as the primary redox-active 
building blocks. These tetrahedra are interconnected through Pr–O co
ordination polyhedral, where praseodymium ions serve as structural 
linkers that stabilize the lattice and facilitate charge balance. The 
alternating arrangement of MoO4 tetrahedra and Pr–O coordination 
environments generate an open and defect-tolerant framework with 
accessible oxygen sites. Such a structural configuration promotes effi
cient electron transport through Mo–O–Pr pathways and provides 
abundant surface-exposed oxygen atoms that can interact with electro
active species. The oxide framework and interconnected coordination 
network are advantageous for electrochemical applications, as they 
support stable redox activity, facilitate charge transfer, and enhance 
interfacial interactions when integrated with conductive carbon 
supports.

3.3. XPS analysis

The surface chemical states and elemental composition of the 
Pr–Mo–O@f-MWCNT composite were examined by X-ray photoelectron 
spectroscopy (XPS), and the high-resolution spectra are shown in 
Fig. 1C–F. The Pr 3d spectrum Fig. 1C exhibits two characteristic peaks 
at approximately 933–935 eV (Pr 3d5/2) and 953–955 eV (Pr 3d3/2), 
confirming the presence of praseodymium predominantly in the Pr3+

oxidation state, with possible minor contributions from higher-valence 
surface states. The Pr 3d spectrum exhibits characteristic mixed- 

valence features associated with the coexistence of different Pr oxida
tion environments, indicating complex electronic interaction within the 
oxide structure. The coexistence of multiple Pr valence states suggests a 
redox-flexible surface, which is beneficial for facilitating charge 
compensation and electron transfer during electrochemical operation. 
The Mo 3d spectrum Fig. 1D shows a well-defined spin–orbit doublet at 
around 232–233 eV (Mo 3d5/2) and 235–236 eV (Mo 3d3/2), charac
teristic of Mo6+ species in a molybdate-type oxide environment. Slight 
peak broadening indicates the presence of defect-associated Mo sites, 
which can promote reversible redox activity and enhance interfacial 
charge transport. The O 1 s spectrum Fig. 1E can be deconvoluted into 
lattice oxygen at ~530–531 eV, along with higher-binding-energy 
components (~532–534 eV) attributed to surface hydroxyl groups and 
defect-related oxygen species. The broadened O 1 s spectrum and 
asymmetric peak distribution suggest the presence of multiple oxygen- 
related surface environments and chemically non-equivalent oxygen 
species within the Pr–Mo–O framework. These non-lattice oxygen 
components indicate the presence of oxygen vacancies and surface- 
active sites, which play a crucial role in analyte adsorption and elec
trochemical responsiveness.

The C 1 s spectrum Fig. 1F confirms successful incorporation of f- 
MWCNTs, showing a dominant sp2 C–C/C––C peak at ~284.6 eV, 
accompanied by oxygenated carbon species such as C–O (~286 eV) and 
C––O/O–C––O (~288–289 eV) introduced during acid functionaliza
tion. These functional groups enhance interfacial bonding between the 
Pr–Mo–O phase and the carbon framework, enabling efficient electronic 
coupling. Overall, the combined presence of redox-active Pr and Mo 
centers, defect-rich oxygen species, and a conductive, functionalized 
carbon network confirms the formation of a synergistic Pr–Mo–O@f- 
MWCNT interface [41].

Fig. 1. illustrates the structural and surface chemical characterization of the Pr–Mo–O@f-MWCNT composite. (A) XRD patterns of Pr–Mo–O, f-MWCNT, and 
Pr–Mo–O@f-MWCNT confirm the formation of the Pr–Mo–O mixed oxide and its integration with the CNT framework. (B) Representative crystal structure schematic 
of praseodymium molybdate used for structural visualization. (C–F) High-resolution XPS spectra of Pr–Mo–O@f-MWCNT, including Pr 3d, Mo 3d, O 1 s, and C 1 s, 
verifying the chemical states of the constituent elements.

S.B. Natarajan et al.                                                                                                                                                                                                                           Journal of the Taiwan Institute of Chemical Engineers 188 (2026) 106890 

4 



3.4. FESEM analysis

The surface morphology of the synthesized materials was examined 
by FESEM, and the corresponding images are shown in Fig. 2A–H. The 
FESEM images of the Pr–Mo–O sample Fig. 2A–C reveal a densely 
packed nanostructured morphology composed of irregular plate-like 
and faceted particles that are closely assembled into compact aggre
gates. These oxide domains exhibit rough surfaces and sharp edges, 
suggesting a high density of exposed crystal facets. and it provides 
abundant active sites and facilitates efficient interaction with electro
active species. The higher-magnification image Fig. 2C further confirms 
the presence of stacked plate-like units, indicating anisotropic growth of 
the Pr–Mo–O phase during hydrothermal synthesis.

The FESEM image of functionalized MWCNTs (f-MWCNTs) Fig. 2D 
displays a highly entangled and interconnected fibrous network, char
acteristic of carbon nanotube assemblies. The nanotubes retain their 
tubular morphology after acid functionalization, while the slightly 
roughened surface suggests the successful introduction of oxygen- 
containing functional groups, which enhance interfacial compatibility 
with metal oxides. The morphology of the Pr–Mo–O@f-MWCNT com
posite is presented in Fig. 2E–H. At low magnification Fig. 2E, a well- 
interwoven hybrid architecture is observed, where Pr–Mo–O particles 
are uniformly distributed throughout the f-MWCNT network. The me
dium- and high-magnification images Fig. 2F–H clearly show that the 
Pr–Mo–O plate-like particles are firmly anchored onto and wrapped by 
the carbon nanotubes, forming intimate oxide–carbon interfaces. This 
hybrid morphology prevents severe agglomeration of the oxide phase 
and ensures continuous conductive pathways through the CNT network. 
The Pr–Mo–O nanostructures were uniformly distributed along the 
interconnected f-MWCNT framework with particle dimensions in the 
nanometer range, providing abundant exposed electroactive sites and 
facilitating efficient electrolyte diffusion.

3.4.1. Elemental mapping and EDX analysis
To further confirm the elemental composition and spatial distribu

tion within the Pr–Mo–O@f-MWCNT composite, EDS elemental map
ping was performed, and the results are shown in Fig. 2I–L. The 
elemental maps demonstrate a uniform and homogeneous distribution 

of praseodymium (Pr) Fig. 2I, molybdenum (Mo) Fig. 2J, and oxygen (O) 
Fig. 2K across the observed region, confirming the consistent presence of 
the Pr–Mo–O phase. The carbon (C) signal Fig. 2L, originating from the f- 
MWCNT matrix, is evenly distributed throughout the composite, indi
cating the formation of a continuous conductive framework. The strong 
spatial overlap of Pr, Mo, O, and C signals confirms the successful 
integration of the Pr–Mo–O oxide with the f-MWCNT network without 
noticeable phase separation or elemental clustering. In addition, the 
corresponding EDX spectrum Fig. S1 further verifies the presence of Pr, 
Mo, O, and C elements, with no detectable impurity peaks, supporting 
the high purity of the synthesized composite.

3.5. TEM analysis

The transmission electron microscopy (TEM) images in Fig. 3(A–J) 
provide detailed insight into the internal structure and interfacial ar
chitecture of the Pr–Mo–O@f-MWCNT composite. The low- 
magnification TEM images of pristine Pr–Mo–O Fig. 3 (A–D) reveal 
densely packed, irregularly shaped nano crystallites assembled into hi
erarchical aggregates. These oxide domains exhibit well-defined faceted 
edges and contrast variations, indicating polycrystalline nature and 
anisotropic growth during hydrothermal synthesis. Such hierarchical 
organization increases the density of exposed crystal facets and inter
particle junctions, which are known to act as highly active electro
chemical sites. The high-resolution TEM image of Pr–Mo–O Fig. 3D 
displays clear lattice fringes with an interplanar spacing of approxi
mately 0.37 nm, confirming the high crystallinity of the oxide phase and 
consistent with the dominant praseodymium–molybdate-related planes 
identified in XRD. The presence of sharp and continuous lattice fringes 
further suggests low structural disorder within individual nanocrystals, 
which favors efficient charge transport across the oxide lattice.

The f-MWCNTs Fig. 3 (E–F) exhibit a characteristic hollow, multi- 
walled tubular morphology with smooth graphitic walls and extended 
one-dimensional continuity. This architecture provides long-range 
conductive pathways and a large interfacial area for oxide attachment, 
enabling rapid electron delocalization along the nanotube backbone. For 
the Pr–Mo–O@f-MWCNT composite Fig. 3 (G–J), the TEM images 
clearly demonstrate that Pr–Mo–O nanocrystals are uniformly anchored 

Fig. 2. shows the FESEM images and elemental mapping of the synthesized materials. (A–C) present the morphology of Pr–Mo–O, consisting of aggregated plate-like 
oxide structures. (D) displays the entangled fibrous morphology of f-MWCNT after functionalization. The Pr–Mo–O@f-MWCNT composite (E–H) exhibits uniform 
anchoring of Pr–Mo–O particles on the CNT network, forming a well-connected hybrid architecture. The corresponding EDS elemental mapping images (I–L) confirm 
the homogeneous distribution of Pr, Mo, O, and C throughout the composite.
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and partially wrapped by the CNT network, forming an intimate oxi
de–carbon heterointerface. The close interfacial contact suppresses 
nanoparticle agglomeration and establishes continuous electronic 
coupling between the redox-active oxide domains and the highly 
conductive carbon scaffold. This structural configuration creates a 
percolation network for electrons, where f-MWCNTs function as fast 
electron highways while the Pr–Mo–O phase supplies abundant 
adsorption and catalytic sites. The resulting hybrid interface is expected 
to significantly lower charge-transfer resistance and enhance interfacial 
electron/proton exchange during analyte redox processes. Collectively, 
the TEM and HRTEM observations provide direct nanoscale evidence of 
a hierarchically integrated, defect-tolerant, and electronically coupled 
Pr–Mo–O@f-MWCNT architecture.

3.6. Electrochemical characterization

3.6.1. Electrochemical impedance spectroscopy (EIS) analysis
Electrochemical impedance spectroscopy was performed in 0.1 M 

KCl containing 5 mM [Fe(CN)₆]3-/4− to evaluate the interfacial charge- 
transfer behavior of the bare and modified electrodes. The Nyquist 
plots Fig. 4A exhibit a well-defined semicircle in the high-frequency 
region corresponding to the charge-transfer resistance (Rct), followed 
by a linear tail in the low-frequency region associated with Warburg 
diffusion. The bare GCE displays the largest semicircle, with an Rct of 
approximately 790 Ω, reflecting sluggish electron-transfer kinetics at the 
unmodified carbon surface. Upon modification with Pr–Mo–O, the 
semicircle diameter decreases markedly to 370 Ω, indicating that the 
redox-active Pr/Mo centers and defect-rich oxygen environment 
enhance interfacial conductivity and facilitate electron exchange with 

Fig. 3. TEM and HRTEM images of Pr–Mo–O, f-MWCNT, and the Pr–Mo–O@f-MWCNT composite. (A–C) Low- and high-magnification TEM images of Pr–Mo–O 
showing aggregated nanocrystalline oxide domains. (D) HRTEM image of Pr–Mo–O displaying clear lattice fringes with an interplanar spacing of ~0.37 nm. (E–F) 
TEM images of f-MWCNTs revealing the multi-walled tubular morphology and extended graphitic walls. (G–J) TEM images of the Pr–Mo–O@f-MWCNT composite 
illustrating uniform anchoring and intimate interfacial contact between Pr–Mo–O nanocrystals and the CNT network.

Fig. 4. Electrochemical characterization of bare GCE and modified electrodes. (A) Nyquist plots obtained from EIS measurements in 0.1 M KCl containing 5 mM [Fe 
(CN)₆]3-/4− . (B) Corresponding comparison of charge-transfer resistance (Rct) values for different electrode configurations. (C) Cyclic voltammograms of bare GCE, f- 
MWCNT, Pr–Mo–O, and Pr–Mo–O@f-MWCNT-modified electrodes. (D) Comparison of anodic and cathodic peak currents. (E) CV responses of the Pr–Mo–O@f- 
MWCNT electrode at varying scan rates (0.02–0.30 V s− 1). (F) Linear dependence of peak currents on the square root of scan rate, indicating diffusion-controlled 
electron-transfer behavior.
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the redox probe. A further and more pronounced reduction in Rct is 
observed for the Pr–Mo–O@f-MWCNT composite, reaching a value of 21 
Ω, which demonstrates the superior charge-transport capability of the 
hybrid interface. This improvement arises from the intimate coupling 
between the conductive CNT network and the Pr–Mo–O phase, where f- 
MWCNTs act as rapid electron highways while the oxide domains pro
vide abundant electroactive and adsorption sites. The resulting oxi
de–carbon heterointerface lowers the interfacial energy barrier and 
promotes fast electron percolation across the electrode surface. The 
three-dimensional impedance representation Fig. 4B highlights the 
descending Rct trend in the order bare GCE > f-WWCNT > Pr–Mo–O >
Pr–Mo–O@f-MWCNT, confirming the synergistic enhancement of 
interfacial electron transfer induced by composite formation. The lower 
charge-transfer resistance indicates faster interfacial electron-transfer 
kinetics at the Pr–Mo–O@f-MWCNT-modified electrode compared 
with the individual components and bare GCE.

3.6.2. Cyclic voltammetry (CV) analysis
Cyclic voltammetry was carried out under identical electrolyte 

conditions to further probe the redox behavior and electroactive surface 
properties of the modified electrodes Fig. 4C. The bare GCE exhibits 
broad and weak redox peaks with a large peak-to-peak separation ΔEp 
≈160 mV, indicating slow and quasi-irreversible electron-transfer ki
netics. After modification with f-MWCNT Pr–Mo–O, the redox currents 
increase noticeably and ΔEp decreases to approximately ΔEp ≈130 mV 
and ΔEp ≈100 mV, confirming improved surface conductivity and 
enhanced redox mediation by the Pr/Mo centers. Notably, the 
Pr–Mo–O@f-MWCNT-modified electrode delivers the highest anodic 
and cathodic peak currents with the smallest ΔEp of about ΔEp ≈70 mV, 
reflecting rapid and more reversible charge-transfer behavior. This 
performance enhancement is attributed to the synergistic electronic 
coupling between the oxide phase and the CNT framework, which es
tablishes a continuous conductive network and facilitates efficient 
charge delocalization and ion diffusion at the electrode–electrolyte 
interface. To examine the kinetic regime, CV were recorded at scan rates 
ranging from 0.02 to 0.20 V s− 1 Fig. 4E. The peak currents increase 
linearly with the square root of the scan rate, indicating a predominantly 
diffusion-controlled electron-transfer process with stable quasi- 
reversible behavior. The smaller peak-to-peak separation observed for 
the Pr–Mo–O@f-MWCNT electrode indicates improved electron-transfer 
reversibility and accelerated electrochemical kinetics. The correspond
ing linear plots of anodic and cathodic peak currents versus ν Fig. 4F 
show strong correlation coefficients R² ≈ 0.9774 and 0.9804, confirming 
robust and reproducible interfacial redox kinetics. The enhanced current 
response and reduced ΔEp for the Pr–Mo–O@f-MWCNT electrode 
further suggest an enlarged electroactive surface area and accelerated 
charge-transfer dynamics.

3.7. Electrochemical behavior and optimization studies

3.7.1. Electrochemical reaction mechanism of fenitrothion
During electrochemical sensing, fenitrothion bearing the nitro 

functional group (FT–NO₂) undergoes a proton-coupled electron transfer 
(PCET) process at the Pr–Mo–O@f-MWCNT modified electrode inter
face. The initial cathodic step involves a concerted four-electron and 
four-proton reduction of the –NO2 moiety, Pr–Mo–O phase provides 
electron-rich Pr/Mo redox-active sites that facilitate the proton-coupled 
reduction process and accelerate interfacial charge transfer. to the for
mation of the corresponding hydroxylamine intermediate (FT–NHOH). 
Surface oxygen vacancies and defect-rich regions in the Pr–Mo–O lattice 
further promote fenitrothion adsorption and improve electron exchange 
at the electrode–electrolyte interface. This transformation is promoted 
by the electron-rich Pr–Mo–O catalytic domains and the highly 
conductive f-MWCNT network, which together lower the interfacial 
energy barrier and facilitate rapid charge transport. The Pr3+/Mo6+

redox centers provide transient electron-donation pathways, while 

surface oxygen vacancies and functional groups (–OH/–COOH) on the f- 
MWCNTs stabilize the adsorbed fenitrothion molecules through 
hydrogen bonding and π–π interactions. The proposed sensing pathway 
is consistent with previously reported electrochemical reduction 
mechanisms of nitroaromatic organophosphorus compounds [42]. 
Scheme 2 illustrates this detailed reaction pathway, showing the elec
trochemical behavior of FT on the proposed sensing platform.

3.7.2. Electrochemical response of fenitrothion at Pr–Mo–O@F-MWCNT- 
modified electrodes

The electrochemical behavior of FT on the bare and modified elec
trodes was systematically investigated to elucidate the synergistic 
contribution of each functional component Fig.(5A–B). The bare GCE 
exhibits a weak and broad cathodic response with a low peak current of 
approximately − 13.2 µA, reflecting limited adsorption sites and sluggish 
electron-transfer kinetics. Upon modification with f-MWCNT, the peak 
current increases to about 14.7 µA, owing to the enhanced electrical 
conductivity and enlarged electroactive surface area provided by the 
conductive CNT network. Further improvement is observed for the 
Pr–Mo–O-modified electrode, which delivers a higher reduction current 
of approximately 17.4 µA, indicating that the redox-active Pr/Mo cen
ters and surface oxygen defects facilitate stronger FT adsorption and 
promote catalytic electron transfer. Notably, the Pr–Mo–O@f-MWCNT 
composite electrode exhibits the highest cathodic current response of 
around − 19.2 µA, confirming the formation of an efficient oxide–carbon 
heterointerface. The bar comparison Fig. 5B highlights the progressive 
increase in peak current in the order Bare < f-MWCNT < Pr–Mo–O <
Pr–Mo–O@f-MWCNT, underscoring the interfacial synergy of the hybrid 
architecture.

3.7.3. Effect of composite loading on electrode performance
The influence of the Pr–Mo–O@f-MWCNT loading amount on the 

electrochemical response toward FT was examined by varying the drop- 
cast volume from 2 to 8 µL Fig. (5C–D). The peak current increases 
gradually with increasing loading and reaches a maximum at approxi
mately 6 µL, corresponding to a well-formed, thin, and conductive 
composite layer that maximizes surface coverage and facilitates efficient 
analyte diffusion. At higher loading levels 8 µL, a slight decrease in 
current is observed, likely due to excessive film thickness that impedes 
mass transport and increases internal charge-transfer resistance. 
Therefore, 6 µL was selected as the optimal loading volume, providing a 

Scheme 2. illustrates the proposed multi-step reduction–oxidation pathway, 
highlighting the dominant four-electron/four-proton conversion of FT–NO2 to 
FT–NHOH as the primary electroanalytical signal-generating step.
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balance between active site density, electrical conductivity, and me
chanical stability. The bar plot in Fig. 5D further corroborates this trend, 
demonstrating a clear current maximum at the optimized loading 
condition.

3.7.4. Effect of pH on electrochemical response
The effect of solution pH on the electrochemical detection of FT was 

investigated over a pH range of 3–11, as shown in Fig. 5E. The cathodic 
peak current gradually increased with increasing pH and reached its 
maximum response at approximately pH 7, followed by a noticeable 
decrease under alkaline conditions. These results indicate that proton 
participation plays an important role in the electrochemical reduction 
process of FT. At lower pH values, excessive proton concentration may 
influence the adsorption behavior and interfacial electron-transfer pro
cess, resulting in reduced electrochemical response. In contrast, under 
alkaline conditions, the decrease in current response may be associated 
with reduced proton availability and changes in analyte adsorption 
behavior at the electrode interface. The near-neutral environment pro
vides favorable conditions for interfacial charge transfer and stable 
interaction between FT and the Pr–Mo–O@f-MWCNT sensing surface 
through hydrogen-bonding and π–π interactions. Furthermore, the 
experimentally obtained slope value − 0.035 V/pH suggests that the 
electrochemical reduction process involves proton-coupled electron 
transfer but does not strictly follow ideal Nernstian behavior, possibly 
due to interfacial adsorption effects and the heterogeneous surface na
ture of the hybrid composite. The linear relationship between peak po
tential and pH. Fig. 5F, described by the fitted equation Eₚ = − 0.035 pH 
+ 0.40 (R² ≈ 0.985), further confirms the direct involvement of protons 
in the electrochemical reaction pathway. These results identify pH 7 as 
the optimal condition for achieving high sensitivity, signal stability, and 
reliable FT detection.

3.8. Quantitative electrochemical response toward fenitrothion

3.8.1. Effect of analyte concentration
The quantitative sensing capability of the Pr–Mo–O@f-MWCNT- 

modified electrode toward FT was evaluated by CV in 0.1 M PBS (pH 
7.0) over a concentration range of 20–100 µM at a fixed scan rate of 50 
mV s− 1 Fig. 6A. The cathodic peak current increases systematically with 
rising FT concentration while the peak potential remains nearly un
changed, indicating a stable and rapid interfacial electron-transfer 
process governed primarily by surface-mediated adsorption rather 
than kinetic polarization. The corresponding calibration plot Fig. 6B 
exhibits a strong linear relationship between peak current and FT con
centration R2 ≈ 0.98, confirming the high quantitative reliability and 
sensitivity of the sensing interface. This enhanced analytical response 
originates from the synergistic coupling between the redox-active 
Pr–Mo–O phase and the highly conductive f-MWCNT network. The 
defect-rich oxygen lattice and exposed Pr/Mo coordination sites pro
mote strong molecular adsorption of FT, while the one-dimensional CNT 
framework provides continuous pathways for rapid electron delocal
ization. This dual functionality establishes a highly efficient oxi
de–carbon heterointerface that amplifies faradaic charge transfer and 
suppresses resistive losses, enabling sensitive current transduction even 
at low analyte levels.

3.8.2. Effect of scan rate and reaction kinetics
The influence of scan rate on the electrochemical behavior of FT was 

examined in the range of 0.02–0.20 V s− 1 Fig. 6C Both anodic and 
cathodic peak currents increase progressively with increasing scan rate, 
reflecting enhanced mass transport and accelerated charge exchange at 
the electrode surface. The linear dependence of peak current on the scan 
rate Fig. 6D, R² ≈ 0.99 indicates that the electrochemical process is 
predominantly diffusion-controlled, with a stable quasi-reversible elec
tron-transfer regime. At higher scan rates, a slight negative shift in the 
cathodic peak potential is observed, suggesting the emergence of kinetic 
limitations associated with interfacial charge accumulation and finite 
electron-transfer rates. Nevertheless, the preserved linearity and high 
slope values confirm strong electronic coupling across the Pr–Mo–O@f- 
MWCNT interface. The nanostructured architecture facilitates rapid 
electrolyte penetration and efficient ion accessibility, while the oxi
de–carbon junction lowers the activation barrier for electron migration. 

Fig. 5. Optimization of electrochemical response of the Pr–Mo–O@f-MWCNT-modified electrode toward FT. (A) CV responses of bare GCE, f-MWCNT, Pr–Mo–O, and 
Pr–Mo–O@f-MWCNT electrodes. (B) Comparison of peak currents for different electrode configurations. (C) Effect of composite loading volume (2–8 µL) on the 
electrochemical response. (D) Corresponding bar plot showing the optimized loading amount. (E) Influence of solution pH (3–11) on the DPV response. (F) Linear 
relationship between peak potential and pH, indicating a proton-coupled electron-transfer mechanism.
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Fig. 6. Cyclic voltammetric (CV) response of the Pr–Mo–O@f-MWCNT-modified electrode toward FT. (A) CV curves recorded at increasing FT concentrations 
(20–100 µM). (B) Corresponding calibration plot of peak current versus FT concentration. (C) CV responses at different scan rates (0.02–0.20 V s− 1). (D) Linear 
dependence of cathodic peak current on scan rate, indicating diffusion-controlled electron-transfer behavior.

Fig. 7. Differential pulse voltametric (DPV) performance of the Pr–Mo–O@f-MWCNT-modified electrode toward FT. (A) DPV responses recorded at increasing FT 
concentrations (1–1845 µM). (B) Corresponding calibration plot showing two linear regimes. (C) DPV curves in the presence of common interfering species. (D) Bar 
comparison of current responses for FT and interferents. (E) Repeatability test using a single electrode over five consecutive runs. (F) Reproducibility evaluation 
across five independently prepared modified electrodes.
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Collectively, these features underpin the fast redox cycling and robust 
quantitative performance of the proposed platform, highlighting its 
suitability for advanced food monitoring and trace-level pesticide 
analysis.

3.9. Differential pulse voltammetry sensing performance, selectivity, 
operational stability, and reproducibility

3.9.1. Differential pulse voltammetric (DPV) performance toward 
fenitrothion

The quantitative electrochemical performance of the Pr–Mo–O@f- 
MWCNT-modified electrode toward FT was evaluated by DPV in 0.1 
M PBS (pH 7.0) over a wide concentration window Fig. 7A A progressive 
and well-defined increase in the cathodic peak current is observed as the 
FT concentration rises from 1 µM to 1845 µM, indicating stable 
adsorption and efficient faradaic charge transfer at the hybrid interface. 
The absence of peak distortion or noticeable potential drift across the 
entire range confirms the structural integrity of the sensing layer and the 
rapid electron-exchange kinetics enabled by the oxide–carbon junction. 
The corresponding calibration plot Fig. 7B reveals two linear regimes the 
first linear region at lower fenitrothion concentrations is attributed to 
the abundant availability of electroactive sites and rapid adsorption- 
assisted electron transfer at the Pr–Mo–O@f-MWCNT interface. At 
higher concentrations, gradual occupation of active sites and diffusion- 
related limitations lead to a second linear region with a different slope, 
reflecting a transition from surface-dominated adsorption at low con
centrations to diffusion-governed transport at higher analyte levels. The 
regression coefficients remain high R² ≈ 0.94 and 0.99, demonstrating 
excellent analytical linearity. The LOD was calculated using the stan
dard Eq. 1, the limit of detection (LOD) is estimated to be 0.047 µM. This 
superior analytical response is attributed to the defect-rich Pr–Mo–O 
lattice, which provides strong molecular affinity toward FT, combined 
with the one-dimensional f-MWCNT network that establishes contin
uous, low-resistance electron pathways. Together, these features create 
a high-density interfacial charge-transfer network that amplifies the 
electrochemical signal while suppressing resistive losses. The lower 
concentration region was designed to evaluate the trace-level detection 
capability of the proposed sensing platform under environmentally 
relevant conditions, where FT residues are generally present at low 
concentrations [26]. 

LOD = 3σ/slope (1) 

where σ is the standard deviation of the blank and s is the slope of the 
calibration curve.

3.9.2. Selectivity and interference assessment
The selectivity of the proposed sensor was examined in the presence 

of common electroactive and inorganic species, including ascorbic acid, 
uric acid, carbendazim, glucose, Co2+, nitrofurantoin, furazolidone, 
nitrofurazone, and Mg2+ Fig. (7C–D). The selected interferents were 
chosen based on their structural similarity, electrochemical activity, and 
possible coexistence with fenitrothion in environmental and food- 
derived samples. During the anti-interference evaluation, the interfer
ents were intentionally introduced at concentrations 10–50 times higher 
than that of FT to examine the robustness and competitive sensing 
behavior of the proposed Pr–Mo–O@f-MWCNT platform under severe 
interference conditions. Even at these elevated concentrations, the 
fenitrothion reduction signal remained clearly distinguishable with 
signal deviations below 2%, indicating stable anti-interference behavior 
of the sensing interface [43–45]. The maintained electrochemical 
response is likely associated with adsorption interaction between feni
trothion and the defect-rich oxygen-containing Pr–Mo–O surface 
together with π–π interactions between the aromatic structure of FT and 
the graphitic domains of the functionalized MWCNT network, which 
collectively promote preferential electron-transfer interaction toward 

FT compared with coexisting electroactive species. Although more 
complex matrix interferents such as humic substances and natural pig
ments were not investigated in the present study, the obtained results 
still demonstrate the reliable interference tolerance capability of the 
proposed sensing platform under competitive experimental conditions.

3.9.3. Operational, repeatability, and reproducibility, stability
The operational stability of the Pr–Mo–O@f-MWCNT-modified 

electrode was evaluated through five consecutive DPV measurements 
using the same electrode Fig. 7E. repeatability evaluated using five 
independently prepared electrodes showed RSD was found to be 0.29%, 
indicating excellent signal repeatability and minimal surface fouling 
during repeated redox cycling. This stability is attributed to the strong 
interfacial anchoring of the oxide nanocrystals within the CNT network, 
which prevents material detachment and preserves active site accessi
bility. Reproducibility was further assessed using five independently 
fabricated electrodes under identical conditions Fig. 7F. The reproduc
ibility evaluated using five independently prepared electrodes showed 
resulting current responses exhibited a low RSD of 0.36%, confirming 
the high uniformity of the synthesis process and consistent dispersion of 
the hybrid nanostructure across the GCE surface. The robust electrode- 
to-electrode performance highlights the scalability and reliability of 
the proposed fabrication strategy for practical sensing applications.

The long-term storage stability of the Pr–Mo–O@f-MWCNT-modified 
electrode was evaluated over a 28-day period, with the corresponding 
DPV profiles provided in Fig. S2. The peak current and potential show 
negligible variation from Day 1 to Day 28, indicating strong retention of 
electrochemical activity and minimal surface degradation. The electrode 
maintained >94% of its initial response after prolonged storage, which 
can be attributed to the robust interfacial coupling between the 
Pr–Mo–O phase and the f-MWCNT network that suppresses material 
detachment and surface passivation. A comparison with recently re
ported fenitrothion electrochemical sensors is presented in Table 1. 
Compared with previously reported sensing systems, the proposed 
Pr–Mo–O@f-MWCNT platform exhibits a wider linear detection range, 
low detection limit, and good practical applicability in both environ
mental and food-derived samples. The improved sensing performance 
can be attributed to the synergistic interaction between the redox-active 
Pr–Mo–O phase and the conductive f-MWCNT network, which together 
enhance charge-transfer kinetics, active-site accessibility, and analyte 
adsorption behavior.

Table 1 
Performance comparison of fenitrothion electrochemical sensors in complex 
matrices.

S. 
No

Electrode Detection 
Method

Linear 
Range 
µM

LOD 
nM

Ref

1. ITO/MnPc-TA/N3- 
PANI

SWV 0.120–15.0 49.0 [46]

2. AuNp/en-rGO/ 
GCE

DPV 0.360–22.5 129 [47]

3. EC-pretreated GCE SWV 0.400–50.0 78.0 [48]
4. MWCNT/GCE SWV 0.200–60.0 80.0 [49]
5. P(Arg)-GO/PGE SWV 0.69–20.2 173 [50]
6. Poly (safranine)/ 

CPE
LSV 1–15 100 [51]

7. FCP/GCE DPV 0.001–850 38 [42]
8. Nano TiO2/Nafion DPV 0.200–4.00 90 [52]
9. AgNp-MWCNT/ 

GCE
ADPSV 3.60–20.22 54.0 [53]

10. PGO/SPCE SWV 0.02–250 61.0 [54]
11. Pr–Mo–O@f- 

MWCNT
DPV 1 ¡1845 47 This 

Work
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3.10. Real sample analysis

3.10.1. Real-sample validation and matrix-tolerant performance
To demonstrate the practical applicability and robustness of the 

Pr–Mo–O@f-MWCNT-modified electrode for FT detection, recovery 
studies were conducted using river water, soil extract, tomato, and 
cabbage samples as representative environmental and food matrices 
(Fig. 8A–H). These matrices were selected to emulate the full exposure 
pathway of pesticide residues from environmental reservoirs to edible 
crops, thereby challenging the sensor under realistic conditions 
involving variable ionic strength, natural organic matter, pigments, and 
suspended particulates.

3.10.2. Sample preparation and spiking protocol
River water was collected from a local river (Taipei Taiwan), filtered 

through a 0.22 μM membrane to remove suspended solids, and adjusted 
to PBS (0.1 M, pH 7.0) prior to analysis.

Soil samples were air-dried, sieved (<2 mm), and extracted by 
shaking 5 g of soil with 10 mL acetonitrile for 10 min, followed by 
centrifugation. The supernatant was diluted with PBS to minimize 
organic solvent content before spiking Soil samples were air-dried, 
sieved, and extracted using acetonitrile followed by centrifugation and 
dilution with PBS prior to analysis. Tomato and cabbage samples were 
homogenized (10 g), extracted with 10 mL acetonitrile, and subjected to 
a simple salting-out cleanup (MgSO4/NaCl). After centrifugation, the 
organic phase was diluted in PBS to obtain a clear, electrochemically 
compatible extract. For each matrix, known concentrations of FT 
(5,10,15, and 25 μM) were added using the standard addition method, 
while unspiked aliquots served as negative controls. The presence of 
organic compounds, dissolved ions, and suspended species in real 
matrices may influence electrochemical response; however, the pro
posed sensor maintained stable and accurate signals, indicating strong 
matrix tolerance.

3.10.3. Electrochemical response and analytical performance
The DPV responses of the unspiked samples exhibited negligible 

background currents, confirming the absence of electroactive interfer
ents native to the matrices. Upon FT addition, well-defined cathodic 
peaks emerged and increased proportionally with concentration across 
all samples Fig. 8A, C, E, and G, demonstrating stable and matrix- 
tolerant electron transfer at the hybrid interface. The corresponding 
calibration plots Fig. 8B, D, F, and H showed strong linearity R² ≈

0.98–0.99, confirming reliable quantification in both environmental and 
food-derived extracts. The high recovery values 98.2–101.4% with low 
relative standard deviations < 2.2%, Table S1 highlight the excellent 
precision and reproducibility of the sensing platform. Although direct 
comparison with conventional instrumental techniques such as HPLC or 
GC–MS was not performed in the present work, the obtained recovery 
and reproducibility results demonstrate the practical applicability of the 
proposed sensing platform. Real-sample validation is a critical step for 
translating laboratory-scale sensors into deployable analytical tools. The 
consistent performance observed across chemically diverse matrices 
demonstrates the sensor’s resistance to ionic competition, organic 
fouling, and pigment interference factors that often compromise elec
trochemical measurements in food and environmental samples.

4. Conclusion

In this work, a Pr–Mo–O@f-MWCNT hybrid composite was rationally 
designed and demonstrated as an efficient electrochemical sensing 
platform for fenitrothion. XRD, FESEM/TEM, and XPS analyses 
confirmed the formation of a crystalline praseodymium–molybdate 
oxide phase with defect-rich oxygen species and its uniform integration 
within the conductive CNT network, establishing a strongly coupled 
oxide–carbon heterointerface. This architecture significantly enhanced 
interfacial charge transfer and redox reversibility, enabling highly sen
sitive DPV detection with wide linear detection range of to 1 µM and to 
1845 µM, with a low detection limit of 0.047 µM. The practical appli
cability of the sensor was validated in river water, soil, tomato, and 
cabbage samples, achieving high recoveries and stable responses, 
demonstrating strong matrix tolerance and operational robustness. The 
synergistic combination of rare-earth molybdate redox centres and 
MWCNT electron pathways provides a promising strategy for devel
oping next-generation electrochemical platforms that bridge environ
mental surveillance and food safety monitoring of pesticide residues.
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