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A highly efficient metal oxide incorporated metal
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In this study, a Nd,Os@MIL(Fe)-88A composite was prepared through a hydrothermal method and used to
detect dichlorvos. The XRD result demonstrated that the prepared sensor is highly crystalline in nature. The
affinity of metal oxide and MIL(Fe)-88A could be utilised to overcome low stability and sensitivity owing to
their synergistic and electronic effects. Differential pulse voltammetry (DPV) exhibits the electrocatalytic
behaviour of Nd,Os@MIL(Fe)-88A; it functions at a lower potential at —0.5 to 0.8 V and has a wide linear
range of 1-250 nM. It shows a very low detection limit of 0.92 nM with good sensitivity (4.42 mA nM™?)
and selectivity. The developed Nd,Oz@MIL(Fe)-88A sensor was successfully applied to detect dichlorvos
in real analysis. The recovery range calculated for cabbage and orange extracts was 96-97% and 99.5-
103.4%, respectively, and RSD% calculated for cabbage and orange extracts was from 1.40 to 3.39% and
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1. Introduction

Organophosphorus (OP) pesticides are extremely hazardous
substances that are widely utilized in agriculture due to their
potent insecticidal effects and quick environment mineraliza-
tion.* Dichlorvos (DDVP; 2,2-dichlorovinyl dimethyl phosphate)
is an industrial pesticide with an organophosphate dominating
structure used in pulverization and food processing sectors to
control domestic insects. It operates on acetylcholinesterase,
a protein connected to the insect's nervous system and effi-
ciently damages its neurological framework.”> As a result, it is
frequently used to eradicate pests including cockroaches,
aphids, mosquitoes, caterpillars, and mushroom flies.? It has
several negative effects on the human body, including cyanosis,
paralysis, ataxia, convulsions, headaches, thorax constriction,
dyspnoea, poor eyesight, ocular as well as dermal rawness, nasal
congestion, queasiness, and diarrhoea.** Moreover, research
reports have shown that children are affected with attention
deficit hyperactivity disorder by organophosphate metabo-
lites.*” As a result, the World Health Organization (WHO) has
classed DDVP as very dangerous and is declared illegal in the
European Union (EU).*° Currently, numerous instrumental and
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spectroscopic methods have been discovered for DDVP detec-
tion, including fluorescence, enhanced-functionality liquid
chromatography, spectrophotometry, mass spectrometry, and
other approaches.'**> However, these methods still have several
drawbacks, including being time consuming as well as high-
cost issues. In addition, they include elaborate operational
procedures that need highly qualified staff.’*** Nevertheless,
researchers are focusing their attention on improving good
detection methods that are expedient, inexpensive, faster, reli-
able, and more selective. Due to its advantages over the
methods mentioned above, the electrochemical sensor has
recently attracted the attention of numerous researchers for
studying the detection of DDVP. Low limit of detection, relative
simplicity, reproducibility, quick analysis, competitive prices,
accessibility, and high sensitivity are all features of the
sensor.”*?*> Furthermore, DPV based electrochemical sensors
are extremely sensitive in the determination of very trace
amount of pollutants.>***

In the past ten years, researchers have been interested in
metal-organic frameworks, which are porous crystalline solids
made up of secondary building unit (SBU) metal-containing
nodes, and bridging ligands. Due to the variety of their func-
tional groups on the frameworks, metal organic frameworks
(MOFs) exhibit higher chemical tailorability as compared to
other porous materials including zeolites, active carbon, and
mesoporous silica. To be more precise, the final material's
structure and characteristics are directly impacted by the choice
of both elements.”?*® Various factors in the synthesis process
may be changed to achieve the required qualities in addition to
having the capacity to carefully choose and substitute the
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primary building blocks from among a huge range of metal ions
and organic ligands. Due to their distinctive adjustable char-
acteristics, MOFs have the potential to be used in a variety of
processes, including hydrogen storage, gas separation, catal-
ysis, molecular identification, biological applications, etc.>**
The MIL family of MOFs developed by S. Chevalier and co-
workers,” which is composed of trivalent metal centers and
carboxylate bridging ligands, has drawn a lot of interest due to
its improved stability, tremendous porosity, and extremely large
pores. The MIL(Fe)-88A nanostructure is made up of biocom-
patible components. As a result, MIL(Fe)-88A is a very promising
material for biological and environmental fields.*® Its three-
dimensional system of interconnected pores and cages is
based on oxo-centered trimers of iron(m) octahedra coupled by
the fumarate linker.*"*

The metal oxide nanoparticles exhibit several unique
qualities, such as the capacity to adsorb biomolecules in
solution while being hard, inert, and having a large electro-
catalytic surface area.**** All of these attributes may contribute
to synergistic electron transport between biomolecules and
the electrode with a decrease in overpotential. The series of
rare earth metal oxides includes neodymium oxide (Nd,O3), an
essential, abundantly reactive element that occurs naturally. It
has a variety of uses in magnetic devices, catalysts, and
dielectrics. The electrical characteristics of materials have
been improved by the introduction of conductive fillers and
dopants like Nd,0;.** A synergistic electron transfer from the
aforementioned biomolecules and vice versa can occur when
neodymium oxide (Nd,O3) is dissolved in a solution and has
an excellent adsorption property. The combinations of two
different metal oxides can be utilized to overcome low sensi-
tivity, and poor stability due to the synergistic effect and the
electronic effect. The electrical characteristics of materials
have been improved by the combination of metals oxides.*®
Due to the advantages of both materials, we selected MIL(Fe)-
88A and Nd,O; as combined together to prepare the sensing
material.

In this work, a simple electrochemical strategy was
proposed with an electrode modified by a Nd,O;@MIL(Fe)-88A
composite. The MOF and the metal oxide were successfully
merged and used for the electrochemical detection of DDVP.
The composite material has large surface area, which can be
able to adsorb DDVP easily. The Nd,O;@MIL(Fe)-88A
composite coated GC electrode shows a high sensitivity, low
detection limit, wide linear range, excellent repeatability,
stability, and high precision towards DDVP. The composite
material (Nd,O;@MIL(Fe)-88A) contains abundant active
surface area compared to Nd,O; and MIL(Fe)-88A for DDVP
adsorption and demonstrates excellent detection perfor-
mance. In addition, the repeatability and anti-interference
ability of modified electrodes for DDVP detection were inves-
tigated and they were used to detect DDVP in actual real
samples of orange and purple cabbage extracts. The findings
indicate that the Nd,O; @MIL(Fe)-88A nanostructure sensor
shows significant promise for electrochemical DDVP detection
in food samples.

5566 | RSC Adv, 2023, 13, 5565-5575

Paper

2. Experimental Details

2.1. Chemicals & reagents

Fumaric acid (99%), ferric chloride (99%), neodymium nitrate
hexahydrate (99.9%), ethanol (EtOH, AR), sodium phosphate
dibasic (AR), sodium phosphate monobasic (AR), and potas-
sium ferricyanide (AR) were purchased from Sigma-Aldrich.
Double distilled water (DDW) was used throughout the whole
study. All additional chemicals and solvents were of analytical
grade, readily available on the market, and used without further
purification.

2.2. Instruments

Cyclic Voltammetry (CV) and Differential Pulse Voltammetry
(DPV) experiments were carried out using a Biologic electro-
chemical workstation (SP-300). A three-electrode setup was
utilized. These electrodes are traditional. In fact, a modified
glassy carbon electrode functioned as the working electrode
(GCE, 3 mm in diameter), and the reference and auxiliary
electrodes were Ag/AgCl and platinum, respectively. In all the
experiments, the distance between the electrodes was kept at
0.5 cm. X-ray photoelectron spectroscopy (XPS) (Physical Elec-
tronics: PerkinElmer Phi 1600 ESCA) with magnesium as the
source of radiation was used to detect the composition and
elemental state of Nd,O;@MIL(Fe)-88A. X-Ray diffraction data
were collected on a BRUKER USA D8 Advance Davinci diffrac-
tometer with Cu K, radiation between 5 and 90°. A high-
resolution scanning electron microscope (Thermo Scientific
Apreo S) was used to study the morphological appearance of
Nd,O;@MIL(Fe)-88A at 20 kV, and a high resolution-
transmission electron microscope (make: JEOL Japan, JEM-
2100 Plus) was utilized to examine the internal morphological

characteristics. The energy-dispersive X-ray spectroscopy
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Scheme 1 Preparation process of Nd,Oz NPs via the hydrothermal
method.
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Scheme 2 Preparation process of Nd,Oz@MIL(Fe)-88A.

(EDXS) system of ISIS300 was used to identify the profile of
elements such as neodymium, iron, carbon, and oxygen on the
Nd,0;@MIL(Fe)-88A surface. The stretching frequency of
functional groups was observed using Fourier Transform-
Infrared (FT-IR) spectroscopy with an operating range of 400-
4000 cm ™~ '(SHIMADZU, IRTRACER 100).

2.3. Synthesis of Nd,O; nanoparticles

To synthesise Nd,0; nanoparticles (NPs), 4.5 g of CO(NH,), and
0.5 g of Nd (NOs);-6H,0 are dissolved in 120 mL deionized
water. Then the mixture was transferred into a Teflon-lined
autoclave made of stainless steel and the solution was heated
up to 160 °C for 12 hours. At the end of the hydrothermal

......
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Nd,O,@MIL (Fe)-88A

Scheme 3
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reaction, the solution was allowed to cool naturally. The
centrifuge was spun to separate the precipitates at 6000 rpm.
The precipitates were gradually rinsed in ethanol and deionized
water. The hydrothermally produced product Nd,(OH); was
then dried for 2 hours at 70 °C in an oven. The recovered sample
was first crushed into powder using an agate mortar, and then
the mixture was annealed at 650 °C for 2 hours in a muffle
furnace to create whitish-brown Nd,O; NPs (Scheme 1).

2.4. Synthesis of Nd,O;@MIL(Fe)-88A

The metal oxide @ MOF (Nd,O;@MIL(Fe)-884) is successfully
synthesised via the hydrothermal method (Scheme 2). Firstly,
the Nd,0; NPs were sonicated in 10 mL of DMF (solution A). In
another beaker, 4.5 mL of ethanol was added to 1.949 g of
fumaric acid (solution B). Following that, solution A was poured
into the beaker containing solution B. The resulting solution
was gradually added with 4.544 g of ferric chloride and stirred in
a magnetic stirrer for 1 hour. Then the hydrothermal step was
carried out in a Teflon-lined autoclave (50 mL) at 150 °C for 15
hours. A product was formed and washed with DMF and
ethanol, and then dried for at least 12 hours at 80 °C to get pure
Nd,O;@MIL(Fe)-88A powder. Finally, the neodymium oxide
was successfully deposited on the surface of MIL(Fe)-88A to
form the Nd,O;@MIL(Fe)-88A composite. In this synthesis
process 10% Nd,O; was merged with MIL(Fe)-88A to synthesise
Nd,0;@MIL(Fe)-88A.

2.5. Fabrication of the Nd,O;@MIL(Fe)-88A modified
electrode

Before electrochemical testing, the glassy carbon electrode
(GCE) was carefully polished with alumina powder and then
sonicated with ethyl alcohol and distilled water. Afterward, 8 L
of pre-prepared ethanol dispersed 0.2 mg of Nd,O;@MIL(Fe)-
88A composite material was directly coated on the surface of
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(a) Fabrication of Nd,Oz@MIL(Fe)-88A and (b) the electrocatalytic performance toward DDVP sensing in real samples.
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the GCE. Then, the GCE was dried in a hot air oven. As a result,
a consistent layer-coated electrode (Nd,O;@MIL(Fe)-88A/GCE)
was formed. The prepared material fabricated GCE is the
sensing probe and it was used as a working electrode for the
following studies (Scheme 3a). The electrocatalytic performance
toward DDVP sensing towards real samples is shown in Scheme
3b.

3. Results and Discussion

3.1. Characterization of Nd,0;@MIL(Fe)-88A

We evaluated the crystallinity of the hybrid Nd,O;@MIL(Fe)-
88A nanostructure using XRD and FT-IR (Fig. la and b).
Fig. 1a shows the XRD spectra of Nd,O; MIL(Fe)-88A, and
Nd,0;@MIL(Fe)-88A and the existence of sharp diffraction
peaks confirms the crystalline properties of the obtained
products. The diffraction peak of pure hexagonal phase of
Nd,O; appears at 26 = 26.9°, 29.7°, 30.7°, 39.5°, 47.5°, 52.4°,
57.5° and 61.8° (JCPDS No. 01-072-8425) shown in Fig. 1a(I).*
MIL(Fe)-88A has strong diffraction peaks at 26 = 7.0°, 8.7°,
10.4°,11° and 12.9° shown in Fig. 1a(II).*® However, with the
introduction of Nd,Os;, the intensity of diffraction peaks of
MIL(Fe)-88A changes. It can be inferred that the introduction of
Nd,O; has a certain function in controlling the crystal orien-
tation of MIL(Fe)-88A. It shows that doping Nd,O; may change
the dominant crystal plane exposed by the material. Therefore,
the hexagonal phase of Nd,0; was well indexed to MIL(Fe)-88A
nanocrystals with highly crystalline nature appearing at 26 =
7.0°, 8.7°,10.4°,11°,12.9°, 26.9°, 29.7°, 30.7°, 39.5°, 47.5°, 52.4°,
57.5°, and 61.8° shown in Fig. 1a(III).

The FTIR spectra of Nd,O;@MIL(Fe)-88A show the prom-
inent peaks appearing at 3461 cm™ ', 1680 cm ™', 1600 cm *,
1380 ecm™', 1218 cm ™, 749 ecm™' and 561 cm ™' shown in
Fig. 1b(IlI). The FTIR spectra of MIL(Fe)-88A are shown in
Fig. 1b(II). The carboxyl group of fumarates served as the
bridging ligand of the MOF, producing the absorption peaks at
about 1380 and 1600 ¢cm ' in symmetric and asymmetric
vibration modes, respectively.***® The two peaks at 1218 and

Paper

1680 cm ™ indicate the presence of stretching of C-O mode and
C=0 mode linkages of carboxylic acids, respectively.** The
maximum intensity peak that appeared at 3461 cm ™' corre-
sponds to the -OH stretching frequency, which is typical,
whether existing in the molecular structure or due to water
adsorption** and 561 cm™' (Fe-O) is due to the stretching
frequency of the metal-oxygen bond.”* The FTIR spectra of
Nd,Oj; are shown in Fig. 1b(I). The peak appearing at 749 cm ™"
corresponds to the Nd-O bond stretching frequency and
3461 cm ! corresponds to traces of O-H present in the sample
due to atmospheric water molecules.*

The outer surface morphology of Nd,O;@MIL(Fe)-88A was
investigated by using HR-SEM as shown in Fig. 2. The Fig. 2a
shows that the Nd,O; NPs is in the form of clusters and
aggregated state. The outer surface morphology of MIL(Fe)-88A
in the shape of a hexagonal rod is shown in Fig. 2b. The Nd,O3
NPs were well settled on the hexagonal rod surface of the
MIL(Fe)-88A as shown in Fig. 2c. According to the SEM images
of Nd,O; and MIL(Fe)-88A, the particle size was calculated. The
average particle size of Nd,O; and MIL(Fe)-88A was 11.8 and
50.6 nm, respectively. Further the inner morphology of Nd,O3,
MIL(Fe)-88A, and Nd,O;@MIL(Fe)-88A was investigated by
using HR-TEM. In the HR-TEM images, the Nd,O; nano-
particles are in a cluster form at the magnification of 50 nm
(Fig. 2d). Fig. 2e shows the internal morphology of MIL(Fe)-88A
at the magnification of 200 nm. Fig. 2f shows an internal view of
Nd,O;@MIL(Fe)-88A at the magnification of 100 nm. This
image shows that Nd,O; NPs were well settled on the MIL(Fe)-
88A with highly crystalline nature. Furthermore, the EDX
spectra of Nd,O;@MIL (Fe)-88A with weight percentage are
shown in Fig. 2g, which confirms the existence of Nd, Fe, O, and
C in the Nd,0;@MIL(Fe)-88A structure. Besides, the mapping of
elements also approves the distribution of the elements Nd, Fe,
O, and C present in Nd,O;@MIL (Fe)-88A, as shown in Fig. 2(h-
k). Finally, we conclude that the Nd,O; NPs are successfully
deposited on the MIL(Fe)-88A structure.

The electronic structure of the Nd,O;@MIL(Fe)-88A was
characterized by using XPS as shown in Fig. 3. The survey
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Fig. 2 HR-SEM images of (a) Nd,Os, (b) MIL(Fe)-88A, and (c) Nd,Os@MIL(Fe)-88A, HR-TEM images of (d) Nd,Os, (e) MIL(Fe)-88A, and (f)
Nd,Os@MIL(Fe)-88A, (g) XEDS spectra of Nd,Oz@MIL(Fe)-88A, and (h—k) elemental mapping of Nd,Os@MIL(Fe)-88A.

spectrum (Fig. 3a) of Nd,O;@MIL(Fe)-88A obviously reveals the
existence of C, O, Fe, and Nd elements. There are no contami-
nants or extra elements in the survey spectrum, suggesting that
the sample is pure. The high-resolution carbon (1s) spectra
(Fig. 3b) were deconvoluted into three peaks at 288.5, 286.1 and
284.6 eV, corresponding to O-C=0, C-O-C and C-C, respec-
tively.*>** The O 1s displayed in Fig. 3c at 533.4, 531.9 and
530.1 eV corresponds to O-H, C-O-Fe & Nd-O and Fe-O-Fe,
respectively.*** The Fe 2p core-level spectra of Nd,O;@MIL
(Fe)-88A are depicted in Fig. 3d, and they reveal two distinct
peaks at 725.3 and 712.0 eV, which stand for the binding
energies of Fe 2p,/, and Fe 2pj;/,, respectively.**® The spin-orbit
peaks for Nd 3ds, and Nd 3d;, are oriented at 982.5 and
1004.1 eV, respectively*® (Fig. 3e).

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.2. Electrochemical activity of Nd,O;@MIL(Fe)-88A

To find out the electrocatalytic properties of DDVP, the elec-
trochemical properties of unmodified GCE, Nd,0;, MIL(Fe)-
88A, and Nd,0;@MIL(Fe)-88A modified electrodes must be
investigated. Electrochemical Impedance Spectroscopy (EIS)
was used to assess the electrode-electrolyte interfaces and
charge transfer resistance of unmodified and modified elec-
trodes.”””*® Fig. 4a shows the EIS spectra of the bare GCE,
MIL(Fe)-88A/GCE, Nd,0;/GCE and Nd,0;@MIL(Fe)-88A/GCE in
KCl (0.1 M) with [Fe(CN)s>*(0.01 M) mixture, with the
frequency range applied from 0.1 Hz to 100 kHz and fixed AC
applied potential to be 10 mV. The equivalent semicircle was
fitted by a Nyquist plot. From Fig. 4a, R values detected for the

RSC Adv, 2023, 13, 5565-5575 | 5569
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Fig. 3 XPS spectra of Nd,Oz@MIL(Fe)-88A: (a) survey, (b) C 1s, (c) O 1s, (d) Fe 2p, and (e) Nd 3d.

bare GCE, MIL(Fe)-88A/GCE, Nd,03/GCE, and Nd,O;@MIL(Fe)-
88A/GCE are about 131.7, 105.2, 98.6 and 95.7 Q, respectively.
When compared to the above mentioned other modified elec-
trodes, the bare GCE displays a huge semicircle with a very high
resistance value of 131.7 Q because of its poor electron trans-
port behaviour. The charge transfer resistance value of the
Nd,O;@MIL(Fe)-88A composite was 95.7 Q, which was signifi-
cantly lower than that of the other modified electrodes and bare
GCE, demonstrating that the material had superior electron

5570 | RSC Adv, 2023, 13, 5565-5575

transfer behaviour. Utilizing both modified and bare electrodes,
CV was employed to support the electron transit action and
active surface area.

The Randles-Sevcik equation was used to determine the
active surface area of the Nd,O;@MIL(Fe)-88A composite
electrode.

I, = (2.69 x 10°) n’?ACD"*'? (1)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the relationship between current response and scan rates (mV s7Y).

I, is the peak current response, n is the number of electrons
engaged in the electron transfer, A is the active surface area, C is
the concentration, D is the diffusion coefficient of the electro-
Iyte system, and »"/* is the sweep rate. By using eqn (1), the
active surface area was calculated to be 0.045, 0.077, 0.128 and
0.166 cm? for the bare GCE, MIL(Fe)-88A, Nd,O; and Nd,0;@-
MIL(Fe)-88A, respectively. The above findings show that the
Nd,O;@MIL(Fe)-88A composite exhibited good electrochemical
properties and a larger electroactive surface area. So, it was
a suitable option for an electrochemical study.

3.3. CV investigation of the Nd,O;@MIL(Fe)-88A modified
electrode

Electrochemical investigations are carried out using a three-
electrode system, where Nd,O;@MIL(Fe)-88A/GCE acts as the
working electrode, Pt acts as the counter electrode and satu-
rated Ag/AgCl acts as the reference electrode in an aqueous
solution of 0.1 M phosphate buffer (PB) solution being
employed as the electrolyte. The stock of PB solution was
prepared from the mixture of sodium phosphate dibasic,
sodium phosphate monobasic and water. Electrochemical
characteristics of MIL(Fe)-88A/GCE, Nd,O3/GCE and

© 2023 The Author(s). Published by the Royal Society of Chemistry

Nd,O0;@MIL(Fe)-88A/GCE modified electrodes were investi-
gated under CV analysis and similarly, the bare GCE electrode
was analysed before modification on electrodes for comparison
with modified electrodes. Fig. 4b shows the cyclic voltammo-
grams of the bare GCE, MIL(Fe)-88A/GCE, Nd,0;/GC, and
Nd,O;@MIL(Fe)-88A/GCE electrodes in 0.1 M PB (pH = 7.0)
solution in the presence of 0.01 M DDVP scanned between
within the potential range of —0.5 V and 0.8 V at a fixed sweep
scan rate of 50 mV s~ . It can be observed from Fig. 4b that the
bare GCE shows a redox peak with low intensity. On the contrary
after modification with MIL(Fe)-88A/GCE, Nd,0;/GCE and
Nd,O;@MIL(Fe)-88A/GCE a prominent peak appears, where an
oxidation peak corresponding to DDVP oxidation is observed at
0.41 V and the reduction peak associated with the reduction of
iron appears at —0.01 V. These results indicate that Fe present
in the composite exhibits a reduction property. The peak
current of the Nd,O;@MIL(Fe)-88A/GCE showed a sharp
increase after Nd,O; decoration, demonstrating the significant
synergistic development of the Nd,O; to MIL(Fe)-88A peak
signal. In Nd,O;@MIL(Fe)-88A/GCE, MIL(Fe)-88A can provide
a significant amount of active carboxyl groups in the terminal,
a compact matrix for the covalent bonding of Nd,O3; thus, the
surface area would permit Nd,O; deposition. By doing this, the
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surface modification effect of Nd,O;@MIL(Fe)-88A/GCE was
improved, whereas the electron conductivity of the prepared
material was increased. These results clearly show that the
Nd,0;@MIL(Fe)-88A/GCE electrode possesses higher electro-
catalytic activity towards DDVP oxidation.

3.4. Different scan rates

CV was used to examine the impact of the scan rate (mV s—') on
the peak current of Nd,O;@MIL(Fe)-88A/GCE in order to study
the dynamics of the electron carrier system of the electrode;
Nd,O;@MIL(Fe)-88A/GCE displayed a few redox waves, as seen
in Fig. 4c. When the scan rate was increased from 10 to 80
mVs~', both the anodic peak currents (I,) and the cathodic
peak currents (I,c) enhanced linearly, indicating the stability of
the modified electrode. When graphing the peak current and
scan rate, a linear response was determined, as illustrated in
Fig. 4d. From Fig. 4d, the regression equation for the redox
reaction of DDVP is y (Ip,) = 0.7050x + 36.31 and y (I,c) =
—0.7408x — 67.26, with coefficient (R?) values of 0.9971 and
0.9924, respectively, which indicates that it is an adsorption-
controlled mechanism.

Paper

3.5. Effect of pH

When using electrochemical sensing, pH has a significant
impact on the electron exchange phenomenon. Therefore, CV
was performed on the analyte in different pH ranges (3 to 10)
using a Nd,O;@MIL(Fe)-88A nanostructure coated glassy
carbon electrode (Fig. 5a). From Fig. 5a, the anodic peak current
enhanced to a maximum at pH 7 and then gradually decreased
above pH 7. This visibly displays that pH 7 was effective for the
detection of DDVP. Thus, pH 7 was selected as the best pH for
detection of DDVP.

3.6. Effect of modifier amount

The amount of modifier on the GCE plays a vital role in the
current intensity of the DDVP sensor; various amounts of
modifier were studied by CV to monitor their effects on the
DDVP detection. As shown in Fig. 5b, 8.0 pL is good for DDVP
detection with the highest current intensity. When the modifier
material amount was larger than 8.0 pL, the larger coating and
film constrained the mass transport and electronic conductivity
of DDVP current. When the modifier volume was less than 8.0
pL, the Nd,O;@MIL(Fe)-88A partially covered the surface of the
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GCE. Hence, the suitable volume of the coating Nd,O;@-
MIL(Fe)-88A material was selected to be 8.0 pL.

3.7. Differential pulse voltammetry analysis of DDVP

DPV is a highly sensitive detection method and is regularly used
to examine the detection of various biomolecules and pesti-
cides. Fig. 5c¢c demonstrates the DPV response of Nd,O;@-
MIL(Fe)-88A in the existence of 0.1 M PB solution at different
concentrations of analyte (pH 7.0). As shown in Fig. 5¢, the peak
current increases with the increase of DDVP concentration. For
the anodic peak current value and varied concentrations of
DDVP, a good linear plot was achieved, shown in Fig. 5d. I,, =
0.3143x + 28.4039 and R*> = 0.9895 were the linear regression
equation and coefficient derived, respectively. The LOD was
found to be 0.92 nM by using the formula LOD = 3¢/S, where
“S” - slope from the calibration plot, and “o”- standard devia-
tion value found from the three-blank signal. Also, as shown in
Table S1,} the LOD of the Nd,0;@MIL(Fe)-88A sensor for DDVP
detection was compared to previously reported articles. The
sensitivity of the Nd,O;@MIL(Fe)-88A composite electrode to
DDVP is high (4.42 mA nM ™ "). The LOD and linear range of the
proposed Nd,O;@MIL(Fe)-88A sensor are lesser and broader
than those of previously described sensing materials, as can be
observed.

3.8. Effect of interferences

The selectivity of Nd,O;@MIL(Fe)-88A/GCE toward DDVP was
examined by DPV in the presence of 15 nM DDVP with a 5-fold
higher concentration of interferent molecules such as methyl-
parathion, amitrole (chemical herbicide), deltamethrin (pyre-
throid), and triazolone (triazole fungicide). The Nd,O;@-
MIL(Fe)-88A sensor has strong anti-interference nature for the
selective determination of DDVP in the presence of other
interferent molecules, as shown in Fig. S1(a).t The bar diagram
of peak current response variations in the presence of various
co-existing compounds is shown in Fig. S1(b).t Finally, this
study confirmed that the selectivity of the Nd,O;@MIL(Fe)-88A
modified electrode was not affected by the other co-existing
molecules.

3.9. Repeatability and stability

The repeatability test was carried out by taking three measure-
ments with 100 nM DDVP in 0.1 M PB solution at the same
Nd,0;@MIL(Fe)-88A/GCE, which retained excellent sensor
response (Fig. S2at). The RSD was calculated at =2.5%, showing
a high repeatability nature of the developed sensor system. The
bar diagram of the repeatability test is shown in Fig. S2b.}
Furthermore, the storage stability of Nd,O;@MIL(Fe)-88A elec-
trodes was tested from 0 to 5 days using a developed sensor
modified electrode in response to DDVP (100 nM) (Fig. S2c¥).
For storage stability experiments the electrode was stored in
a refrigerator at 5 °C. It demonstrates the excellent stability of
the Nd,O;@MIL(Fe)-88A sensor.
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3.10. Pre-treatment of real samples

By measuring DDVP concentrations in real samples, the appli-
cability of the Nd,O;@MIL(Fe)-88A/GCE sensor was evaluated.
To prepare the juice extracts, the vegetable (cabbage) was
initially soaked in water and afterward air-desiccated. Then,
100 g of chopped cabbage was mixed with 100 mL of PB solution
(0.1 M, pH 7) at room temperature in a homogenizer. After
centrifuging the cabbage homogenate at 8000 rpm for 15
minutes, the supernatant solution was collected.

A fine mesh sieve was used to filter the orange juice before
measurement. The orange juice was then centrifuged for 15
minutes at 8000 rpm, and the supernatants were collected and
stored at 4 °C for later use. After pre-treatment, three known
concentrations of DDVP (Table S2+) were spiked into the juice
samples. The average recovery range was between 96-97% and
99.5-103.4% for purple cabbage and orange extracts, respec-
tively. These recovery values show that the Nd,O;@MIL(Fe)-88A/
GCE sensor can be well applied for real-sample analysis.

DDVP was detected in purple cabbage and orange extracts
using the developed Nd,O;@MIL(Fe)-88A sensor. PB solution
was used to dilute the samples before varying concentrations of
DDVP were added (pH 7.0). DDVP displays a distinct oxidation
peak at 0.26 V on the suggested Nd,O;@MIL(Fe)-88A modified
electrode. DDVP was detected in purple cabbage and orange
extracts at considerable levels. As indicated in Table S2,} posi-
tive recoveries are obtained, demonstrating the suggested
sensor's suitability for real sample analysis.

3.11. The possible electrochemical mechanism for DDVP
detection

The electrochemical as well as spectral investigations outlined
above may help us fully understand the mechanism underlying
the DDVP detection procedure. Due to the presence of an elec-
tron withdrawing group from phosphate ester and a Cl~ atom
on its molecules, DDVP has a partly positive charge and has
turned into an electron acceptor (Fig. 6a). Numerous m-7
electrons present in Nd,O;@MIL(Fe)-88A composites may be
utilized as electron donors to electrostatically receive DDVP
molecules. Due to electrostatic attraction, DDVP was able to be
absorbed into the surface of MIL(Fe)-88A during the initial
electrode reaction, where it carried out the redox response with
MIL(Fe)-88A as seen in Fig. 6b. The redox response on the
electrode surface altered the redox signal, which changed the
electrochemical behaviour of MIL(Fe)-88A. Nd,O;@MIL(Fe)-
88A/GCE would grow enriched in DDVP as a consequence of
innovative processes like hydrogen binding and electrostatic
deposition. These reactions, in contrast with generating an
extremely responsive action to DDVP, enhanced impedance,
inhibited the electron transport between the electrode and
Nd,O;@MIL(Fe)-88A, and thus yielded a sensitive response
toward DDVP. Based on the study above, the reaction mecha-
nism model between Nd,O;@MIL(Fe)-88A/GCE and DDVP is
displayed in Fig. 6c.

Nd,O;@MIL(Fe)-88A produced a significantly higher oxida-
tion peak in the potential window between —0.5 and 0.8 V. This
is due to the effective two electron transfer with the help of the
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(a) Molecular arrangement of DDVP and its resonance hybrid level, (b) redox electron transmission between Fe-MOF and DDVP, and (c)

the reaction mechanism model of Nd,Os@MIL(Fe)-88A/GCE with DDVP.

Nd,O;@MIL(Fe)-88A composite as a good mediator, which
increased the electrochemical activity. When dichlorvos is
introduced into the detection system, the coordination between
the composite (Nd,O;@MIL(Fe)-88A) and the phosphorus
group in the dichlorvos through m-conjugation results in the
formation of a Nd,0;@MIL(Fe)-88A-dichlorvos complex, which
results in the easy oxidation of dichlorvos into dichlorvos®".
Thus, it produces a high intensity peak at a lower potential.

4. Conclusion

In this study, an excellent Nd,O;@MIL(Fe)-88A sensor was
synthesised through the hydrothermal method to detect the
DDVP pesticide. The proposed Nd,O;@MIL(Fe)-88A sensor’s
electrical conductivity results from the synergetic effect of
Nd,0; and MIL(Fe)-88A. The EIS spectra exhibit a very low R,
value of 95.7 Q for Nd,O;@MIL(Fe)-88A/GCE in the applied
frequency range from 0.1 Hz to 100 kHz. The active surface area
of the Nd,O;@MIL(Fe)-88A sensor was found to be high, 0.166
cm?, compared to other modified sensors. The Nd,O;@MIL(Fe)-
88A modified electrochemical sensor for detecting DDVP
exhibited a wide linear range between 1 and 250 nM and a low
detection limit of 0.92 nM with an excellent sensitivity of 4.42
mA nM " by the DPV technique, which is among the best values
described in the literature. The relative standard deviation was
calculated at =2.5%, showing high repeatability nature of the

5574 | RSC Adv, 2023, 13, 5565-5575

developed sensor system, and also the proposed DDVP sensor
was successfully utilised to examine the DDVP in real samples.
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