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Abstract

A novel molecularly imprinted electrochemical sensor is presented based on one-dimensional ultrathin manganese oxide
nanowires/two-dimensional molybdenum titanium carbide MXene (MnO,NWs@Mo,TiC, MXene) for fenitrothion (FEN)
determination. After the synthesis of MnO,NWs@Mo, TiC, MXene ionic nanocomposite was successfully completed with a
facile hydrothermal and the pillaring methods, a new type molecular imprinted electrochemical sensor based on MnO,NWs@
Mo, TiC, MXene was constructed with cyclic voltammetry (CV) polymerization including pyrrole monomer and FEN
target molecule. After the characterization studies including spectroscopic, electrochemical and microscopic methods, the
analytical applications of the prepared sensor were performed. A linearity of 1.0x107°-2.0x1078 mol L~! was obtained
and the values of the quantification limit (LOQ) and the detection limit (LOD) were 1.0x107° mol L™! and 3.0x107'° mol
L™, respectively. The studies of selectivity, stability and reproducibility of the constructed sensor based on MnO,NWs@
Mo, TiC, nanocomposite and molecularly imprinting polymer (MIP) were carried out in detail. Finally, the developed sensor
was applied to white flour samples with the values close to 100%.
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Introduction

After the mid-twentieth century, a significant reduction in
agricultural areas has occurred worldwide. Consequently,
the applications of synthetic fertilizers and agricultural
pesticides have gained momentum to improve yield per
04 Mehmet Liitfi Yola unit area in diminishing agricultural land [1]. As an agri-

mlutfi.yola@hku.edu.tr cultural medicine, the pesticides are the used chemicals to
protect agricultural products from harmful organisms and
increase productivity. However, the contamination of these
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classified as a moderately toxic pesticide, is an organophos-
phorus insecticide and it has been used since 1959 for the
insect control in fruits and vegetables. According to World
Health Organization, the acceptable limit of FEN has been
0.3-0.5 mg kg~ ! in fruits and vegetables and it is banned in
most European countries [6]. Especially, the usage of flour
in the bread preparation poses a significant risk due to the
potential presence of FEN pesticide residues. Processing
steps such as grinding and cooking have been noted to sub-
stantially reduce FEN residues in wheat flour. Some studies
indicate that bread made from white flour contains higher
levels of FEN residues [7, 8]. Hence, the presence of pesti-
cide residues in the flour causes the contamination of animal
products and, consequently, impacting individuals at the top
of the food chain. Therefore, the identification of potential
pesticide residues in white flour is crucial for assessing risks
that may affect a diverse range of food items.

MXene having 2D nanosheets is formulated as Mn*'X T,
(M: transition metal, X: carbon/nitrogen, Tx: surface ter-
mination group including hydroxyl, fluorine and oxygen
and n = 1, 2 or 3). Moreover, MXenes can be grouped into
different classes such as single transition metal or multi-
ple transition metal based MXenes [9, 10]. MXenes have
superior physical properties including high conductivity,
high stability and hydrophilicity, and thus their superior
hydrophilic features and low diffusion barriers can provide
the potential electrode materials for electrochemical sen-
sor applications [11-13]. Nonetheless, MXenes’ restack-
ing property in sensor applications can limit MXenes’ effi-
cient usage in practical applications. Several methods have
been utilized to eliminate the nanosheets’ restacking and to
increase the electrochemical sensor performance. The con-
struction of the curved 2D nanosheets is a known method
to solve this restacking problem. In this method, the access
to parallel channels may not be sufficient [14]. The other
approach is the nanosheets’ vertical growth on substrate via
chemical vapor deposition, providing the parallel channels.
Nonetheless, the deposition of 2D nanosheets may not be
sufficient and the capacitive performance can be reduced
[15]. In recent years, the important approach to increase 2D
MXenes’ performance is the interlayer spacers incorpora-
tion into the nanosheets [16]. The intercalation of MXenes
with transition metal oxide can increase the electrochemical
performance and capacitance in the preparation of electrode
materials [17]. The different metal oxides such as LaFeO,
and ZnO can be used for the intercalation agent [18, 19]. In
addition, manganese dioxide (MnO,) is one of the most used
transition metal oxide materials due to its capacitive perfor-
mance, high theoretical capacity and environment-friendly
nature [20].

Molecular imprinting is a simple technique for the pro-
duction of template molecule-specific polymeric mate-
rials. This technique suggests the certain nano-cavities
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in compatibility in terms of structure, size and chemical
functions [21]. According to this process, the intermolecu-
lar interactions occur between functional groups, such as
between enzyme-substrate or antibody-antigen. The suitable
monomers, cross-linkers, template and the species contain-
ing the target molecule are present together in the molecu-
lar imprinting method [22, 23]. In general, the molecular
imprinting method basically consists of three steps: (i) pre-
complexation, (ii) polymerization such as UV and electro-
polymerization and (iii) removal of the template (target)
molecule from the polymeric network [21, 24]. In the litera-
ture, we see that MIP-based techniques were used for FEN
separation and recognition. For instance, the molecularly
imprinted solid-phase extraction method, using ethacrylic
acid as functional monomer and ethyleneglycol dimeth-
acrylate as crosslinking agent, was developed and 59%
extraction efficiency was achieved [25]. In other study, a
screen-printed sensor based on MIP was presented for FEN
detection in forest samples. The polymeric film was devel-
oped by CV electro-polymerization of Ni(Il)-phtalocyanine
and the linear range of 3.0x107° to 3.0x10~* mol L~! with a
LOD of 8.0x10~7 mol L™! was obtained with high selectivity
[26]. Finally, MIP based on multi-walled carbon nanotubes
was synthesized for micro-solid-phase extraction of FEN
and the developed method showed a linearity of 5.0-220.0
pg L~! with a detection limit of 1.30 pg L™ [27]. Thus,
molecular imprinting technology appears to be frequently
used and important for FEN analysis and recognition.

In this research, a new type molecularly imprinted elec-
trochemical sensor based on one-dimensional ultrathin
manganese oxide nanowires/two-dimensional molybdenum
titanium carbide MXene nanocomposite was presented for
an organophosphorus pesticide fenitrothion determina-
tion. Because of the long-tail CTA™ cationic surfactant’s
easy intercalation with MnO,NWs between the layers of
MXene, CTAB was utilized for the pre-pillaring of MXene.
In addition, it could form a homogeneous MXene solution
in contrast to ultra-pure water. MnO,NWs’ low conductiv-
ity could be improved via the formation of 1D/2D hetero-
structure including MXene. Thus, the pesticide detection
will be made faster and more accurately by the developed
MIP-based sensor, and the significant concerns about safe
food consumption will disappear in the future.

Experimental
Chemicals

FEN, methyl parathion (METP), malathion (MAL), vin-
clozolin (VIN), hydroquinone (HQ), Mo,TiAlC, MAX,
hydrofluoric acid (HF), potassium permanganate (KMnO,),
potassium chloride (KCl), cetyltrimethylammonium bromide
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(CTAB) and pyrrole (Py) monomer were purchased from
Sigma-Aldrich Merck Group company (St. Louis, Missouri,
USA). Phosphate-buffered saline (pH 4.5, 0.1 mol L™! PBS)
was selected as a supporting electrolyte.

Instrumentation

The used instruments for analytical and structural analyzes
were given in Supplementary Data. GAMRY Reference 600
workstation was also used for electrochemical works such as
electrochemical impedance spectroscopy (EIS), square wave
voltammetry (SWYV) and cyclic voltammetry (CV). Small
amounts of the prepared samples and the whole instruments
for characterization studies were stored in closed environ-
ments to avoid being affected by temperature and pressure
changes.

Synthesis of Mo, TiC,MXene, MnO,NWsand
MnO,NWs@Mo,TiC, nanocomposite

Mo, TiAIC, MAX powder (2.0 g) was firstly suspended in
50 wt% concentrated HF solution (15.0 mL) for 65 h at 60°C
in an oil bath. Then, Mo,TiC, MXene was obtained by the
centrifugation and washed with ultra-pure water three times
at 4000 rpm. Lastly, Mo, TiC, MXene was collected by filtra-
tion and dried at 80°C for 12 h.

A facile hydrothermal method was used for the prepara-
tion of MnO,NWs with high purity and large crystallinity
[28]. KMnO, (240.0 mg) and KCI (40.0 mg) were added in
ultra-pure water (1.0 L) and stirred for 40 min at 25°C. After
that, the suspension was transferred to an autoclave at 180°C
for 20 h. After 20 h, the resultant product was washed with
ultra-pure water three times and MnO,NWs was collected
by filtration and dried at 80°C for 12 h.

A facile liquid-phase pre-pillaring and pillaring tech-
niques were utilized for the preparation of MnO,NWs@
Mo,TiC, nanocomposite to provide the high perma-
nent porosity, thermal stability and catalytic feature [29].
Mo, TiC, MXene (50.0 mg) was suspended in 0.2 wt% CTAB
solution (50.0 mL) 50°C for 6 h. After that, MnO,NWs (50.0
mg) was sonicated in ultra-pure water (50.0 mL) and trans-
ferred slowly in the prepillared CTAB @Mo,TiC, suspen-
sion for 15 min. Thus, the resulting product MnO,NWs@
Mo, TiC, nanocomposite was washed with ultra-pure water
three times and dried at 80°C for 12 h [30].

Preparation of MnO,NWs@Mo,TiC, modified glassy
carbon electrode (MnO,NWs@Mo,TiC,/GCE)

The cleaning procedure of the glassy carbon electrode
(GCE) surface was given in detail in our previous work
[31]. After the cleaning procedure, aqueous MnO,NWs@
Mo, TiC, suspension (30.0 pL, 0.30 mg mL ") was dropped

on the clean GCE and dried under IR lamp (MnO,NWs@
Mo, TiC,/GCE). The other two modified electrodes such as
Mo, TiC, MXene/GCE and MnO,NWs/GCE were prepared
by using the same modification procedure.

Development of FEN imprinted electrode
and the removal from electrode surface

After the 25.0 mmol L™ FEN and 100.0 mmol L~! Py mon-
omer solution prepared in 0.1 mol L™! PBS was transferred
to the electrochemical cell, the nitrogen gas was passed
to remove dissolved oxygen for 10 min. After 10 min, the
polymerization peaks occurring at approximately +0.70 V
were monitored by applying a high potential in the 0.0/4+1.0
V potential range by CV method. CV method was used to
create FEN-imprinted nano-cavities on the electrode surface.
After 25 scans, the electrode was removed from the elec-
trochemical cell. After the prepared electrode was washed
with ultra-pure water three times and stored at 25°C (MIP/
MnO,NWs@Mo,TiC,/GCE). The preparation protocol of
NIP/MnO,NWs@Mo,TiC,/GCE was applied by using the
same procedure above without FEN molecule. Scheme 1
demonstrated the protocol of MnO,NWs@Mo,TiC,/GCE
nanocomposite preparation and MIP/MnO,NWs@Mo, TiC,/
GCE development.

0.1 mol L~! NaCl was used as the desorption solution to
break the electrostatic/hydrogen bond interactions between
the FEN molecule and the monomer on the electrode sur-
face. For this removal procedure, the electrode was placed
in a conical flask containing 0.1 mol L~! NaCl (25.0 mL).
Then, the electrode was kept in the shaking bath system for
20 min and the electrode was dried at 25°C.

Sample preparation

White flour samples (1.0 g), purchased from a local mar-
ket, were suspended in a mixture of ethyl alcohol:ultra-pure
water (20.0 mL, 1:1, v/v) and then centrifuged (5 min at
10000 rpm). After the centrifugation process, the clear part
was transferred to another tube and diluted with 0.1 mol L™!
PBS (pH 4.5) to fall within the calibration range.

Results and discussion
Characterizations of the synthesized nanomaterials

To highlight the structural features of the synthesized nano-
materials including MnO,NWs@Mo, TiC, nanocomposite,
Mo, TiAIC, MAX, Mo, TiC, MXene and MnO,NWs, XRD
measurements were firstly performed (Fig. 1A). According
to XRD pattern of MAX phase, the peaks at 9.27°, 19.54°
and 28.93° corresponded to (002), (004) and (006) planes,
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Fig. 1 A XRD pattern and B Raman spectra of MnO,NWs@Mo,TiC, nanocomposite, Mo,TiAlIC, MAX, Mo,TiC, MXene and MnO,NWs

respectively. After the preparation of MXene structure, XRD
peaks belonging to MAX phase were shifted to lower angles
at 6.37°, 14.53° and 18.07° attributing to (002), (004) and
(006) planes, respectively [30, 32]. The shifts to lower XRD
angles indicated that the parameters including d-spacing and
c-lattice increased owing to H,O molecule’s intercalation
and the surface termination attachment to MXene sheets
replacing A element [33]. The more intensity peak corre-
sponding to MXene (002) plane in comparison with MAX
phase suggested that the aluminum etching and the attach-
ment of surface functional groups increased structural stabil-
ity and MXene crystallinity. Moreover, XRD peaks between
35° and 45° showed the presence of unreacted MAX phase
in MXene structure. In addition, according to XRD peaks
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of MnO,NWs at 12.36°, 18.07°, 29.04°, 45.27° and 64.09°
attributing to (110), (200), (310), (301), (321) and (002)
planes, respectively, the presence of MnO,NWs was con-
firmed [30]. The XRD pattern of MnO,NWs@Mo,TiC,
nanocomposite verified the successful combination between
MnO,NWs and Mo,TiC, MXene. In addition, XRD peak
belonging to the nanocomposite at about 5.45° attributing
to (002) plane was shifted to the lower angle degree in com-
parison with Mo, TiAlC, MAX and Mo, TiC, MXene, and
thus, this situation confirmed the successful intercalation
between MnO,NWs and Mo, TiC, MXene.

Raman spectra of MnO,NWs@Mo,TiC, nanocom-
posite, Mo,TiC, MXene and MnO,NWs were recorded
(Fig. 1B). Raman absorption bands at 158, 279, 403, 605,
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821, 915 and 993 cm~! were observed in Raman spectra
of Mo, TiC, MXene, and these bands confirmed the pres-
ence of Mo,TiC, MXene in harmony with literature [32,
34]. Raman band at 158 cm~! was in harmony with E, in-
plane vibration due to the presence of molybdenum and
titanium elements in MXene structure and Raman band
at 279 cm™! corresponded to E, mode vibration owing to
the oxygen element. In addition, Raman bands at 403 and
605 cm™! were emerged because of carbon vibrations in
MXene structure [35]. Moreover, Raman bands at 821, 915
and 993 cm™! were attributed to distinct Raman modes
owing to the functionalized oxygen elements in MXene
structure [36]. Finally, Raman band at 650 cm™! belonging
to MnO,NWs indicated the Mn—O-stretching vibration,
providing the presence of MnO,NWs in MXene [37].

The thermogravimetric (TGA) plots (Fig. S1) were
recorded for MnO,NWs@Mo,TiC, nanocomposite,
Mo, TiC, MXene and MnO,NWs in N, gas presence until
1000°C. Firstly, according to TGA plot of MXene struc-
ture, the plot was almost constant between 25 and 1000°C
and minor weight loss (about 1.0%) was only observed
between 25 and 1000°C owing to H,O molecule’s adsorp-
tion and the removal of surface functional groups in
MXene structure [38]. Due to the strong bands including
Mo—-C and Ti—-C in MXene structure, the thermal stabil-
ity of MXene was observed at even elevated tempera-
tures. According to TGA plot of MnO,NWs, the weight
loss (about 3.0%) occurred up to 1000°C because of the
moisture removal and the phase conversion of MnO, into
Mn,0O; [39]. The weight losses occurred in three stages on
TGA plot of MnO,NWs@Mo,TiC, nanocomposite owing
to the moisture removal (1.8%) between 100 and 200°C,
the removal of surface terminal groups in MXene struc-
ture and the phase conversion of MnO, into Mn,O; (about
4.0%) between 250 and 350°C. Finally, the weight loss
(about 6.0%) occurred between 550 and 700°C owing to
the modifier’s decomposition on MXene surface after the
washing treatment.

FTIR spectra (Fig. S2) was obtained for MnO,NWs@
Mo, TiC, nanocomposite, Mo, TiC, MXene and MnO,NWs.
The absorption peaks at 3431 cm™~! belonging to O—H
stretching, 2930 and 2841 cm™ belonging to C-H stretch-
ing, 1629 cm™! showing O-H bending and 1157 and 1068
cm™! demonstrating C-O stretching were observed in the
whole nanomaterials [40]. In addition, the absorption
bands of Mo,TiC,_MXene were observed at 580 and 503
cm™! owing to Mo-O and Ti-O groups’ stretching and the
absorption band at 588 cm~! showed Mn-O vibration in
MnO,NWs [41]. Finally, the absorption band between 580
and 500 cm™! showed the vibration modes corresponding
to M-O or M-O-M (M=Mo, Ti and Mn) stretching, con-
firming the successful preparation of MnO,NWs@Mo,TiC,
nanocomposite.

BET measurements (Fig. S3) were carried out to cal-
culate the specific surface areas of MnO,NWs@Mo,TiC,
nanocomposite, Mo, TiC, MXene and MnO,NWs owing to
their significant role in electrochemical activity and sensor
applications. The specific surface areas of Mo,TiC, MXene,
MnO,NWs and MnO,NWs@Mo, TiC, nanocomposite were
determined as 15.31+0.07 m? g7, 18.13+0.02 m? g~! and
107.84+0.04 m? g~!, respectively. Thus, MnO,NWs@
Mo, TiC, nanocomposite demonstrated the highest spe-
cific surface area due to one-dimensional and two-dimen-
sional structure interactions. The pore-size distribution
was investigated by using the non-local density functional
theory for Mo, TiC, MXene, MnO,NWs and MnO,NWs@
Mo, TiC, nanocomposite, confirming the harmony with BET
measurements.

FESEM images (Fig. 2) were recorded to study the sur-
face morphologies of MnO,NWs@Mo,TiC, nanocompos-
ite, Mo, TiC, MXene and MnO,NWs. According to Fig. 2A,
MXene structure flakes were observed to provide the inter-
action with MnO,NWs forming the nanocomposite. Fig-
ure 2B showed MnO,NWs’ surface morphology providing
the effective intercalation with MXene structure. According
to Fig. 2C and Fig 2D, MnO,NWs was pillared between the
pillared CTAB MXene flakes and the uniform distribution of
MnO,NWs was observed on MXene surface. Thus, this com-
posite allows improving the electrochemical performance of
transition metal oxides by avoiding the restacking problem
among the MXene sheets. According to Fig. 2E belonging
to MnO,NWs@Mo,TiC, nanocomposite, the perfect inter-
action of Mo, TiC, MXene with ultra-thin MnO,NWs was
observed. Finally, d-spacing values including 1.49 nm of
Mo, TiC, MXene for (002) phase and 0.38 nm of MnO,NWs
for (200) phase were given in Fig. 2F. Hence, FESEM, TEM
and HRTEM images showed the successful preparation of
MnO,NWs@Mo,TiC, nanocomposite. In addition, EDX
spectra of Mo, TiC, MXene, MnO,NWs and MnO,NWs@
Mo, TiC, nanocomposite was given Fig. S4, and these results
verified the successful synthesis of MnO,NWs@Mo,TiC,
nanocomposite [30].

Survey spectra of Mo,TiC, MXene, MnO,NWs and
MnO,NWs@Mo,TiC, nanocomposite and high-resolution
XPS spectra of Mo3d, Ti2p, Cls, Mn2p and Ols were given
on Fig. 3. According to the survey spectra of Mo,TiC,
MXene, MnO,NWs and MnO,NWs@Mo,TiC, nanocom-
posite (Fig. 3A), the presence of molybdenum, titanium,
carbon, manganese and oxygen verified the successful pro-
duction of Mo,TiC, MXene, MnO,NWs and MnO,NWs@
Mo, TiC, nanocomposite [30]. According to Mo3d XPS
spectrum (Fig. 3B), three XPS peaks Mo-O (3d3/2), Mo-C
(3d3/2) and Mo-C (3d5/2) at 233.89, 232.13 and 229.31
eV were observed, respectively [42]. XPS peaks relating to
Ti-O (2p1/2), Ti-C (2p1/2), Ti (1) (2p3/2) and Ti—C (2p3/2)
were observed at 463.87, 461.18, 458.21 and 455.36 eV,
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Fig.2 FESEM images of A Mo,TiC, MXene, B MnO,NWs, C and D MnO,NWs@Mo,TiC, nanocomposite, TEM image E of MnO,NWs@
Mo, TiC, nanocomposite and HRTEM image F of MnO,NWs@Mo,TiC, nanocomposite

respectively for Ti2p (Fig. 3C) [32]. XPS peaks attributing
to Cls corresponded to C—O, C—C and Mo (Ti)-C bonds
at 286.37, 285.03 and 282.27 eV, respectively (Fig. 3D)
[43]. Moreover, two XRD peaks attributing to Mn2p cor-
responded to Mn2p1/2 and Mn2p3/2 at 653.13 and 640.89
eV, respectively (Fig. 3E). Finally, according to Ols XPS
spectrum (Fig. 3F), XPS peaks corresponding to H,O, Mo
(Ti)-O-OH, Mo (Ti)-O-O/F, Mo (Ti)-O and Mn—-O-Mn
were observed at 533.12, 531.21 and 529.31 eV, respectively.

Electrochemical works of Mo,TiC, MXene, MnO,NWs
and MnO,NWs@Mo,TiC,-modified electrodes

Electrochemical characterization was carried out using EIS
and CV techniques for the comparisons of the prepared elec-
trode materials such as Mo,TiC, MXene, MnO,NWs and
MnO,NWs@Mo,TiC, (Fig. 4A). The observed anodic and
cathodic peaks using bare GCE (curve a) had smaller current
values than that of using Mo,TiC, MXene/GCE at (curve b)
owing to MXene structure’s superior electrical conductiv-
ity, the conductive channels providing easy charge mobil-
ity and specific surface area [13, 44]. When the obtained
electrochemical activity values using Mo, TiC, MXene/
GCE and MnO,NWs/GCE electrodes were compared, it
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was expected that the obtained anodic/cathodic current val-
ues using MnO,NWs/GCE were higher due to the larger
specific surface area of MnO,NWs (curve c). The electro-
active surface areas of bare GCE, Mo, TiC, MXene/GCE,
MnO,NWs/GCE and MnO,NWs@Mo,TiC,/GCE were
calculated as 0.070+0.004, 0.237+0.001, 0.438+0.005 and
1.6190.007 cm” by using i, = 2.69x10° A n*> D' C v
equation in presence of 1.0 mmol L' [Fe(CN)ﬁ]S_, respec-
tively. According to these CV results, the easy restacking
of MXene sheets with ultrathin MnO,NWs in presence of
CTAB and 1D/2D intertwined heterostructure of the nano-
composite provided the efficient synergistic effects between
MnO,NWs and Mo, TiC,MXene and the highest electro-
chemical activity was observed on MnO,NWs@Mo,TiC,/
GCE (curve d).

Moreover, EIS measurements (Fig. 4B) were carried out
to compare the electrode conductivities. The charge transfer
resistance (R) values were conducted to be 50 ohm for bare
GCE (curve a), 30 ohm for Mo,TiC, MXene/GCE (curve
b), 20 ohm for MnO,NWs/GCE (curve c) and 15 ohm for
MnO,NWs@Mo,TiC,/GCE (curve d), offering the harmony
results in CV and EIS results. Lastly, some electrochemi-
cal investigations were completed by the evaluations of the
electron transfer rate constant (k%) and the electrochemical
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Fig.3 Survey spectra of A
Mo, TiC, MXene, MnO,NWs
and MnO,NWs@Mo,TiC,
nanocomposite and high-
resolution XPS spectra of
MnO,NWs@Mo,TiC, nano-
composite B Mo3d, C Ti2p, D
Cls, E Mn2p and F Ols
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Then, the slope of i, = =2.99x10° n (an,)"? C D"* v'?
equation at 25°C (n, and n mean the number of electrons in

200 400 600
Potential, mV

the rate-determining step and the total number of electrons,
respectively; @ means the charge transfer coefficient; C/mol
cm~> means FEN concentration; D/cm? s~ means the dif-
fusion coefficient and v/s~! means scan rate) was obtained
as 0.47, suggesting the diffusion controlled electrochemical
reaction [46].
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Development of FEN imprinted polymer
on MnO,NWs@Mo,TiC,/GCE

Fig. S5A showed the electro-polymerization voltammogram
in presence of 100.0 mmol L™' Py monomer and 25.0 mmol
L~ FEN target molecule on MnO,NWs@Mo,TiC,/GCE.
Since the applied high potential especially in electro-polym-
erization techniques significantly affected the stability of the
complex to be formed between monomer and target mol-
ecule, a potential between 4+0.0/4-1.0 V was applied in this
study. As a result of the first scan, the anodic peak current,
which appeared at a high intensity at approximately +0.70
V, started to decrease with the number of scans and eventu-
ally approached almost zero at the 25" scan number. This
situation demonstrated the formation of analyte molecule
imprinting polymer layers on MnO,NWs@Mo,TiC,/GCE.

To confirm the high selectivity of MIP/MnO,NWs@
Mo,TiC,/GCE in comparison with NIP/MnO,NWs@
Mo,TiC,/GCE, these two electrodes were used in the
presence of 10.0 nmol L~!' FEN, and it was seen that the
FEN peak current obtained when MIP electrode was used
is approximately ten times the FEN peak current obtained
when NIP electrode was used (Fig. S5B). In addition, the
small FEN currents obtained using NIP electrodes occurred
due to nonspecific interactions on the electrode surface.
These results showed that the obtained imprinting selectivity
using the electro-polymerization technique was quite good.

Finally, four FEN imprinting electrodes such as MIP/bare
GCE, MIP/Mo,TiC, MXene/GCE, MIP/MnO,NWs/GCE,
and MIP/MnO,NWs@Mo,TiC,/GCE were developed and
applied in presence of 10.0 nmol L~! FEN. According to
Fig. S5C, as expected, the highest peak current was obtained
using MIP/MnO,NWs@Mo, TiC,/GCE in harmony with CV
and EIS measurements.

Optimization
pH effect

In electrochemical studies, the supporting electrolyte pH
is the most important factor affecting the sensitivity and
applicability of the developed sensor. For this purpose,
significant studies were carried out in the pH range of
2.5-7.5 to see the effect of the supporting electrolyte pH
on the FEN peak current. According to Fig. 5A, high-
est reduction signal belonging to FEN was observed at
pH 4.5. The proton amount in slightly weakly acidic sup-
porting electrolyte was used for nitro group’s reduction
corresponding to FEN determination [47]. In addition,
the reduction potentials were linear with the supporting
electrolyte pH with a slope value of —42.87 mV/pH, sug-
gesting 1.0 of the ratio of protons to electrons number.
Thus, the reduction of NO, group to —NH(OH) occurred
on MIP/MnO,NWs@Mo,TiC,/GCE (Fig. S6) [48].

Mole ratio FEN to Py monomer effect

In MIP-based electrochemical sensor applications, the sta-
bility of the complex that forms between the target mol-
ecule and the monomer is an important factor. While a sta-
ble complex does not form when the monomer ratio is kept
low, it is difficult to remove the target molecule from the
electrode surface when the monomer ratio is high. Thus,
FEN imprinting polymer on MnO,NWs@Mo,TiC,/GCE
was prepared by using 100.0 mmol L™' Py monomer and
25.0 mmol L™ target molecule in this study, providing the
highest electrochemical signals (Fig. 5B).

Fig.5 Effect of A pH, B mole 10 10
_ o + ?
ratio, C desorption time, D 8 A B
. —_ 8 3
scan cycle on signals of SWVs < 3 < 3
(in presence of 10.0 nmol L™ el ¢ 3 =6
= -
FEN) (n = 6) S 4 . § 4l .
- -
= 3
() 2 (8} 2 *
0 " " 0 :
2 3 4 5 6 7 8 01:00 01:02  01:03 01:04 01:05 01:06
pH Mole Ratio
10 10
C t 24 ¢ t
_, _s D :
g g g
= =6 §
§ 8 €
E ¢ 24
= S
O 74 O 5
6 T 0 T T
0 10 20 30 40 50 10 20 30 40 50 60
Elution Time (min) Scan Cycle
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Desorption time effect

In order to obtain a high sensor signal in MIP-based electro-
chemical sensor applications, the target molecule deposited
on the electrode surface must be almost completely removed
from the electrode surface. In this study, desorption times
between 10 and 50 min were applied, and after the 20" min,
it was observed that the FEN molecules were almost com-
pletely removed from the electrode surface and maximum
electrochemical signals were obtained (Fig. 5C).

Scan cycle effect

In electro-polymerization techniques, the polymer thickness
obtained on the electrode surface using monomer and tar-
get molecule affects the method sensitivity. Since the poly-
mer thickness on the electrode surface can be thin at low
scanning numbers, the ruptures may occur on the electrode

20 i

< y =1.0518x - 0.0591

~ 15 R?=0.9994

e 10 s

5 L

o .

o
IZ}LA 0 L=

0 5 10 15 20
FEN concentration / nmol L-

20.0 nmol L

l

1.0 nmol L

-1.0 -0.8

06 -04 -02 00
Potential, V

Fig.6 FEN concentration effect on MIP/MnO,NWs@Mo,TiC,/GCE
in presence of pH 4.5 of PBS (from 1.0x10™ to 2.0x10~8 mol L~!
FEN) by using SWV method. Inset: Calibration curve of FEN con-
centrations against the obtained peak currents

surface. On the contrary, the thick polymer layer that forms
on the electrode surface at high scanning numbers, can cause
non-specific interactions, which may negatively affect the
sensor performance. Thus, according to Fig. 5D, the optimal
scan cycle number was selected as 25.

Sensitivity of MIP/MnO,NWs@Mo,TiC,/GCE sensor

Calibration equation of y (uA) = 1.0518x (Cggy, nmol
L™1-0.0591, (R? = 0.9994) was obtained using the obtained
peak current values by applying the developed MIP-based
electrode to the prepared standard FEN solutions includ-
ing various concentrations (Fig. 6). The values of LOQ and
LOD were calculated as 1.0x10™ mol L™! and 3.0x107'°
mol L™!, respectively (see Supplementary Data for the equa-
tions). According to this LOD value (Table 1), it is possible
to say that a MIP-based electrochemical sensor with higher
sensitivity for FEN detection has been successfully prepared
in this study in comparison with the other methods owing
to MXenes’ superior physical properties including high
conductivity and low diffusion barriers and MnO,’s high-
capacitive performance. Especially, the increase in pesticide
usage and their unconscious consumption in recent years
cause pesticide-induced metabolic disorders and serious dis-
eases. Hence, the early diagnosis of such diseases is possible
thanks to this developed MIP/MnO,NWs@Mo,TiC,/GCE
sensor. Moreover, during the preparation of the MIP-based
sensor, a little waste generation was observed as a result of
the synthesis of MnO,NWs nanomaterial by a facile hydro-
thermal method and the synthesis of the nanocomposite
material by the pillaring method. As a result, it was pos-
sible to say that the prepared sensor was environmentally
and human friendly in accordance with green chemistry. In
addition, an inexpensive sensor with a fast response time
has been presented to the scientific literature for the min-
iaturization because CV electro-polymerization technique
was used during the sensor preparation and the performance
applications were performed with SWV technique as a fast
voltametric technique. In comparison with FEN detection

Table 1 Comparison of the
prepared MIP sensor with the
other novel analytical methods

Material Linear range LOD Reference
(mol L") (mol L™
GCp/g-C3N,@Co-doped CeO, 1.0x1078-13.7x107° 3.2x107° [50]
Spinel Ni—Fe—O 1.0x1078-1.0x107° 1.0x1078 [51]
Ni,N-CDs/Fe;0, @ZIF-8 9.0x1071-1.2x1077 8.0x1071° [52]
Poly (safranine) 1.0x107°-1.5x107° 1.0x1077 [53]
NH,-MIL-125(Ti)/reduced graphene oxide 7.2x1078-1.8x107° 3.4x1078 [541
Poly-arginine/graphene oxide 6.9x107"-2.0x107> 1.73x1077 [55]
Dysprosium vanadate 3D-micro flowers 1.0x1077-1.4x10™* 1.4x107° [56]
Tyrosinase/poly(2-hydroxybenzamide) 1.8x1078-3.6x107° 4.7x107° [57]
MIP/MnO,NWs@Mo,TiC, 1.0x107°-2.0x1078 3.0x1071° This study
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methods based on enzymatic materials, these enzymatic sen-
sors demonstrated low stability and mild conditions in the
laboratory unlike the conditions in this study [49].

Recovery

To demonstrate the usability of the prepared MIP based sen-
sor in real food samples (white flour), it was applied to real
samples and recovery values were calculated by using stand-
ard addition method (Table S1). Before proceeding with the
analyses, the white flour sample, which was prepared for
analysis in section of sample preparation, was divided into
four equal conical flasks, and standard solutions of increas-
ing FEN concentrations (2.00, 4.00 and 6.00 nmol LY
were added to the other flasks except the first conical flask.
FEN analysis was performed in these four samples thanks to
MIP/MnO,NWs@Mo,TiC,/GCE sensor. The values close
to 100% proved that the prepared sensor could recognize
and determine FEN with high selectivity. In addition, the
obtained calibration equation using the above standard addi-
tion method was extracted as y (MA) = 1.0495x (Cggy, nmol
L7Y + 0.1893, (R* = 0.9995). The fact that the slopes of
the obtained calibration equations by the direct calibration
method and the standard addition method were close to each
other showed that FEN analysis could be performed with
high selectivity on real white flour samples.

Selectivity, stability and reproducibility of MIP/
MnO,NWs@Mo,TiC,

To show the high sensor selectivity of MIP/MnO,NWs@
Mo, TiC,/GCE, the selectivity test was planned in pres-
ence of FEN, and the other highly interfering agents such as
METP, MAL, VIN and HQ in 0.1 M PBS (pH 4.5). Accord-
ing to Fig. S7 and Table S2, the prepared sensor based on
MIP and MnO,NWs@Mo,TiC, nanocomposite showed the
high affinity towards FEN in presence of other highly inter-
fering agents. Finally, the values of the selectivity coefficient
(k) and relative selectivity coefficient (k') confirmed the high
affinity of molecularly imprinting technology towards target
molecule in real samples.

Secondly, the stability investigation of only one MIP/
MnO,NWs@Mo,TiC,/GCE sensor was conducted. For
this aim, the square wave voltammograms against 10.0 nmol
L~! FEN were obtained by using one MIP/MnO,NWs@
Mo, TiC,/GCE sensor during 7 weeks and the observed Ai
(uA) value at the end of the seventh week was approximately
96.73% of the observed Ai (uA) value at the end of the first
week, confirming the high stability (Fig. S8).

For the reproducibility test of MIP/MnO,NWs@
Mo, TiC,/GCE, 20 different MIP-based electrochemical
electrodes were prepared according to the procedure detailed
in ‘Preparation of MnO2NWs@Mo2TiC2 modified glassy

@ Springer

carbon electrode (MnO2NWs@Mo2TiC2 /GCE)’ and Sam-
ple preparation’. The obtained average peak currents using
these 20 MIP different electrodes were calculated in pres-
ence of 10.0 nmol L™! FEN by using SWV method and the
relative standard deviation was found to be 0.63%, offering
a high reproducibility.

Conclusions

In present research, the cyclic voltammetric electro-polym-
erization of pyrrole monomer solution on MnO,NWs@
Mo, TiC, nanocomposite-modified glassy carbon electrode
was successfully designed and used for the direct detection
of the toxic pesticide fenitrothion. The unique aspect of
this study was that this type of MIP and nanocomposite-
based sensor was developed for the first time and used for
the analysis of fenitrothion from real samples. The prepared
electrode surfaces and synthesized nanomaterials were char-
acterized with electroanalytical, spectroscopic and micro-
scopic methods. According to the characterization results,
MnO,NWs@Mo,TiC, nanocomposite showed good con-
ductivity, large surface area and strong sensor interface for
fenitrothion detection. The developed MIP sensor indicated
a linear range from 1.0x10™ to 2.0x107® mol L~! with a
low LOD (3.0x107'° mol L™"). The high selectivity of the
developed sensor was proved in presence of other highly
interfering agents and the sensor was utilized for the sen-
sitive determination of fenitrothion in white flour samples
with the satisfactory results, providing the practical applica-
tion. The sensor was also inexpensive, environmentally and
human friendly while the preparation processes of the sensor
and the nanocomposite synthesis, ensuring easy-to fabrica-
tion type of an electrochemical sensor. Thus, the prepared
molecularly imprinting sensor can be a promising analytical
device for the other pesticides determination in food analysis
processes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-024-06320-5.

Author contributions Bahar Bankoglu Yola: conceptualization, meth-
odology, writing—review and editing; Giil Kotan: data curation, visu-
alization, investigation; Onur Akyildirim: data curation, visualization,
investigation; Necip Atar: data curation, visualization, investigation;
Mehmet Liitfi Yola: supervision, conceptualization, writing—review
and editing.

Funding Open access funding provided by the Scientific and Techno-
logical Research Council of Tiirkiye (TUBITAK).

Data availability Data will be made available on request.


https://doi.org/10.1007/s00604-024-06320-5

Microchim Acta (2024) 191:230

Page110f 12 230

Declarations

Ethical approval This article does not contain any studies with human
participants or animals performed by any of the authors.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Tudi M, Daniel Ruan H, Wang L, Lyu J, Sadler R, Connell D, Chu
C, Phung DT (2021) Agriculture development, pesticide applica-
tion and its impact on the environment. Int J Environ Res Public
Health 18(3):1112

2. Lee G-H, Choi K-C (2020) Adverse effects of pesticides on the
functions of immune system. Comp Biochem Physiol C Toxicol
Pharmacol 235:108789

3. Deveci HA, Karapehlivan M (2018) Chlorpyrifos-induced parkin-
sonian model in mice: behavior, histopathology and biochemistry.
Pestic Biochem Physiol 144:36-41

4. Naveen Prasad S, Bansal V, Ramanathan R (2021) Detection
of pesticides using nanozymes: trends, challenges and outlook.
Trends Anal Chem 144:116429

5. Liu M, Khan A, Wang Z, Liu Y, Yang G, Deng Y, He N (2019)
Aptasensors for pesticide detection. Biosens Bioelectron
130:174-84

6. Khan I, Pandit UJ, Wankar S, Das R, Limaye SN (2017) Fabri-
cation of electrochemical nanosensor based on polyaniline film-
coated AgNP-MWCNT-modified GCE and its application for
trace analysis of fenitrothion. Ionics 23:1293

7. Uygun U, Koksel H, Atli A (2005) Residue levels of malathion
and its metabolites and fenitrothion in post-harvest treated wheat
during storage, milling and baking. Food Chem 92(4):643-7

8. Skrbi¢ B (2007) Organochlorine and organophosphate pesticide
residues in wheat varieties from Serbia. Food Addit Contam
24(7):695-703

9. Anasori B, Xie Y, Beidaghi M, Lu J, Hosler BC, Hultman L,
Kent PRC, Gogotsi Y, Barsoum M (2015) Two-dimensional,
ordered, double transition metals carbides (MXenes). ACS Nano
9(10):9507-16

10. Nemani SK, Zhang B, Wyatt BC, Hood ZD, Manna S, Khaledi-
alidusti R, Hong W, Stenberg MG, Sankaranarayanan SKRS,
Anasori B (2021) High-entropy 2D carbide MXenes: TiVNbMoC,
and TiVCrMoC;. ACS Nano. 15(8):12815-25

11. Come J, Naguib M, Rozier P, Barsoum MW, Gogotsi Y, Taberna
PL, Morcrette M, Simon P (2012) A non-aqueous asymmetric cell
with a Ti2C-based two-dimensional negative electrode. J Electro-
chem Soc 159(8):A1368

12 Xie Y, Dall’Agnese Y, Naguib M, Gogotsi Y, Barsoum MW,
Zhuang HL, Kent PRC (2014) Prediction and characterization

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

of MXene nanosheet anodes for non-lithium-ion batteries. ACS
Nano 8(9):9606-15

. Medetalibeyoglu H, Beytur M, Akyildirim O, Atar N, Yola ML

(2020) Validated electrochemical immunosensor for ultra-sensi-
tive procalcitonin detection: carbon electrode modified with gold
nanoparticles functionalized sulfur doped MXene as sensor plat-
form and carboxylated graphitic carbon nitride as signal amplifi-
cation. Sens Actuators B Chem 319:128195

Yang Y, Liu X, Zhu Z, Zhong Y, Bando Y, Golberg D, Yao J,
Wang X (2018) The role of geometric sites in 2D materials for
energy storage. Joule 2(6):1075-94

Yang G, Gu Y, Yan P, Wang J, Xue J, Zhang X, Lu N, Chen
G (2019) Chemical vapor deposition growth of vertical MoS2
nanosheets on p-GaN nanorods for photodetector application.
ACS Appl Mater Interfaces 11(8):8453-60

Maughan PA, Seymour VR, Bernardo-Gavito R, Kelly DJ, Shao
S, Tantisriyanurak S, Dawson R, Haigh SJ, Young RJ, Tapia-Ruiz
N, Bimbo N (2020) Porous silica-pillared MXenes with control-
lable interlayer distances for long-life Na-ion batteries. Langmuir
36(16):4370-82

Jiang Q, Kurra N, Alhabeb M, Gogotsi Y, Alshareef HN (2018)
All pseudocapacitive MXene-RuO2 asymmetric supercapacitors.
Adv Energy Mater 8(13):1703043

Khayoon HA, Ismael M, Al-nayili A, Alshamsi HA (2023)
Fabrication of LaFeOs-nitrogen deficient g-C;N, composite for
enhanced the photocatalytic degradation of RhB under sunlight
irradiation. Inorg Chem Commun. 157:111356

Allah MAAH, Alshamsi HA (2023) Green synthesis of AC/ZnO
nanocomposites for adsorptive removal of organic dyes from
aqueous solution. Inorg Chem Commun 57:111415

Zhu J, Shi W, Xiao N, Rui X, Tan H, Lu X, Hng HH, Ma J, Yan
Q (2012) Oxidation-etching preparation of MnO, Tubular nano-
structures for high-performance supercapacitors. ACS Appl Mater
Interfaces 4(5):2769-74

Chen L, Wang X, Lu W, Wu X, LiJ (2016) Molecular imprinting:
perspectives and applications. Chem Soc Rev 45(8):2137-211
Arabi M, Ostovan A, Li J, Wang X, Zhang Z, Choo J, Chen L
(2021) Molecular imprinting: green perspectives and strategies.
Adv Mater 33:2100543

Chen L, Xu S, LiJ (2011) Recent advances in molecular imprint-
ing technology: current status, challenges and highlighted applica-
tions. Chem Soc Rev 40(5):2922

Andersson LI (2000) Molecular imprinting: developments and
applications in the analytical chemistry field. ] Chromatogr B
Biomed 745(1):3-13

Pereira LA, Rath S (2009) Molecularly imprinted solid-phase
extraction for the determination of fenitrothion in tomatoes. Anal
Bioanal Chem 393(3):1063-72

Pellicer C, Gomez-Caballero A, Unceta N, Goicolea MA, Bar-
rio RJ (2010) Using a portable device based on a screen-printed
sensor modified with a molecularly imprinted polymer for the
determination of the insecticide fenitrothion in forest samples.
Anal Methods 2(9):1280-5

Khojasteh FT, Bazmandegan-Shamili A (2022) Preparation of
magnetic molecularly imprinted polymer based on multiwalled
carbon nanotubes for selective dispersive micro-solid phase
extraction of fenitrothion followed by ion mobility spectrometry
analysis. J Sep Sci 45(9):1590-9

Yoshimura M, Byrappa K (2008) Hydrothermal processing of
materials: past, present and future. J Mater Sci. 43:2085-103
Gao Y, Li W, Sun H, Zheng Z, Cui X, Wang H (2014) A facile
in situ pillaring method—the synthesis of Al-pillared montmoril-
lonite. Appl Clay Sci 88:228-32

Ali I, Yousaf M, Sajid IH, Hakim MW, Rizwan S (2023) Reticu-
lation of 1D/2D Mo,TiC, MXene for excellent supercapacitor
performance. Mater Today Chem 34:101766

@ Springer


http://creativecommons.org/licenses/by/4.0/

230 Page120f12

Microchim Acta (2024) 191:230

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Yola ML, Atar N, Qureshi MS, Ustl’indag Z, Solak AO (2012)
Electrochemically grafted etodolac film on glassy carbon for
Pb(IT) determination. Sens Actuators B Chem 171-172:1207-15
Li G, Zhou B, Wang P, He M, Fang Z, Yuan X, Wang W, Sun X,
Li Z (2022) High-efficiency oxygen reduction to hydrogen perox-
ide catalyzed by oxidized Mo, TiC, MXene. Catalysts 12(8):850
Naguib M, Unocic RR, Armstrong BL, Nanda J (2015) Large-
scale delamination of multi-layers transition metal carbides and
carbonitrides “MXenes.” J] Chem Soc Dalton Trans 44(20):9353-8
Chen C, Xie X, Anasori B, Sarycheva A, Makaryan T, Zhao
M, Urbankowski P, Miao PL, Jiang PJ, Gogotsi PY (2018)
MoS,-on-MXene heterostructures as highly reversible anode
materials for lithium-ion batteries Angew. Chem Int Ed
57(7):1846-50

Kim H, Anasori B, Gogotsi Y, Alshareef HN (2017) Thermoelec-
tric properties of two-dimensional molybdenum-based MXenes.
Chem Mater 29(15):6472-9

Sarycheva A, Raman GY (2020) Spectroscopy analysis of the
structure and surface chemistry of Ti;C,Tx MXene. Chem Mater
32(8):3480-8

Nehru L, Chinnathambi S, Fazio E, Neri F, Leonardi SG, Bonavita
A et al (2020) Electrochemical sensing of serotonin by a modified
MnO,-graphene electrode. Biosens 10(4):33

Liu R, Li W (2018) High-thermal-stability and high-thermal-con-
ductivity Ti;C,Tx MXene/poly(vinyl alcohol) (PVA) composites.
ACS Omega 3(3):2609-17

Mallakpour S, Abdolmaleki A, Tabebordbar H (2017) Facile syn-
thetic route for the preparation of PVC/a-MnO,-PVA nanocom-
posites: morphology, thermal, mechanical and Cd(II) adsorption
properties. Polym Bull 74(8):2957-73

Ullah AKMA, Haque MM, Akter M, Hossain A, Tamanna AN,
Hosen MM, Kibria AKMF, Khan MNI, Khan MKA (2020) Green
synthesis of Bryophyllum pinnatum aqueous leaf extract mediated
bio-molecule capped dilute ferromagnetic a-MnO, nanoparticles.
Mater Res Express 7(1):015088

Shah HU, Wang F, Javed MS, Saleem R, Nazir MS, Zhan J, Khan
ZUH, Farooq MU, Ali S (2018) Synthesis, characterization and
electrochemical properties of a-MnO, nanowires as electrode
material for supercapacitors. Int J Electrochem Sci 13(7):6426-35
Luo J, Fang C, Jin C, Yuan H, Sheng O, Fang R, Zhang W, Huang
H, Gan Y, Xia Y, Liang C, Zhang J, Li W, Tao X (2018) Tun-
able pseudocapacitance storage of MXene by cation pillaring
for high performance sodium-ion capacitors. J Mater Chem A
6(17):7794-806

Hakim MW, Fatima S, Tahir R, Igbal MZ, Li H, Rizwan S (2023)
Ni-intercalated Mo, TiC,Tx free-standing MXene for excellent
gravimetric capacitance prepared via electrostatic self-assembly.
J Energy Storage 61:106662

Ozcan N, Medetalibeyoglu H, Akyildirim O, Atar N, Yola ML
(2020) Electrochemical detection of amyloid-f} protein by delam-
inated titanium carbide MXene/multi-walled carbon nanotubes
composite with molecularly imprinted polymer. Mater Today
Commun 23:101097

Velasco JG (1997) Determination of standard rate constants for
electrochemical irreversible processes from linear sweep voltam-
mograms. Electroanalysis 9(11):880-2

Salhi I, Samet Y, Trabelsi M (2020) Direct electrochemical deter-
mination of very low levels of 5-hydroxymethyl furfural in natural

@ Springer

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

honey by cyclic and square wave voltammetric techniques. J Elec-
troanal Chem 873:114326

Kilele JC, Chokkareddy R, Redhi GG (2021) Ultra-sensitive
electrochemical sensor for fenitrothion pesticide residues in fruit
samples using IL@CoFe,O,NPs@MWCNTs nanocomposite.
Microchem J 164:106012

Cesana R, Ferreira JHA, Gongalves JM, Gomes D, Nakamura
M, Peres RM, Toma HE, Canevari TC (2021) Fluorescent
Cdots(N)-Silica composites: direct synthesis and application as
electrochemical sensor of fenitrothion pesticide. Mater Sci Eng
B 267:115084

Sgobbi LF, Machado SAS (2018) Functionalized polyacrylamide
as an acetylcholinesterase-inspired biomimetic device for elec-
trochemical sensing of organophosphorus pesticides. Biosens
Bioelectron 100:290-7

Dburdi¢ S, Vlahovi¢ F, Ognjanovi¢ M, Gemeiner P, Sarakhman
O, Stankovié¢ V, Mutié J, Stankovié D, Svorc L (2024) Nano-size
cobalt-doped cerium oxide particles embedded into graphitic car-
bon nitride for enhanced electrochemical sensing of insecticide
fenitrothion in environmental samples: An experimental study
with the theoretical elucidation of redox events. Sci Total Environ
909:168483

Xiang L, Li H, Chen Z, Tang J (2023) A spinel metal oxide (Ni—
Fe—0O) decorated glassy carbon electrode as a sensitive sensor for
the electrochemical detection of fenitrothion. J Electrochem Soc
170(11):117518

Delnavaz E, Amjadi M, Farajzadeh MA (2023) Metal-organic
framework with dual-loading of nickel/nitrogen-doped carbon
dots and magnetic nanoparticles for fluorescence detection of
fenitrothion in food samples. J Food Compost Anal 115:104873
El-Hallag IS, Moharram YI, Selim SM (2023) Poly (safranine)
modified carbon paste electrode as a sensor for the determination
of fenitrothion pesticide. Sci Rep 13(1):14332

Shu Z, Zou Y, Wu X, Zhang Q, Shen Y, Xiao A et al (2023)
NH,-MIL-125(T;)/reduced graphene oxide enhanced electro-
chemical detection of fenitrothion in agricultural products. Foods
12(7):1534

Bolat G, Yaman YT, Abaci S, Seyyar S (2023) Poly-arginine/
graphene oxide functionalized disposable sensor for monitoring
fenitrothion pesticide residues in water and cucumber samples.
Mater Today Chem 30:101517

Ganesan M, Keerthika Devi R, Chen S-M, Ravi SK (2023) Sus-
tainable synthesis of hierarchical dysprosium vanadate 3D-micro
flowers for electrochemical evaluation of organophosphate pesti-
cide in food samples. Chem Eng J 466:143111

Alves M, Corréa RA, da Cruz FS, Franco DL, Ferreira LF (2018)
Electrochemical enzymatic fenitrothion sensor based on a tyrosi-
nase/poly(2-hydroxybenzamide)-modified graphite electrode.
Anal Biochem 553:15-23

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Electrochemical determination of fenitrothion pesticide based on ultrathin manganese oxide nanowiresmolybdenum titanium carbide MXene ionic nanocomposite and molecularly imprinting polymer
	Abstract
	Introduction
	Experimental
	Chemicals
	Instrumentation
	Synthesis of Mo2TiC2MXene, MnO2NWsand MnO2NWs@Mo2TiC2 nanocomposite
	Preparation of MnO2NWs@Mo2TiC2 modified glassy carbon electrode (MnO2NWs@Mo2TiC2GCE)
	Development of FEN imprinted electrode and the removal from electrode surface
	Sample preparation

	Results and discussion
	Characterizations of the synthesized nanomaterials
	Electrochemical works of Mo2TiC2 MXene, MnO2NWs and MnO2NWs@Mo2TiC2-modified electrodes
	Development of FEN imprinted polymer on MnO2NWs@Mo2TiC2GCE
	Optimization
	pH effect
	Mole ratio FEN to Py monomer effect
	Desorption time effect
	Scan cycle effect

	Sensitivity of MIPMnO2NWs@Mo2TiC2GCE sensor
	Recovery
	Selectivity, stability and reproducibility of MIPMnO2NWs@Mo2TiC2

	Conclusions
	References


