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Carbendazim imprinted electrochemical sensor based on CdMoO4/g-C3N4 
nanocomposite: Application to fruit juice samples 
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• Molecularly imprinting electrochemical 
sensor is developed for carbendazim as 
fungicide detection. 

• The some features of prepared electro
chemical sensor are investigated. 

• The superior performance of electro
chemical sensor is presented. 

• This sensor has some advantages such as 
sensitivity and selectivity.  
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A B S T R A C T   

Carbendazim (CAR) as a fungicide is utilized for fruits and vegetables to provide diseases’ control and the 
degradation of carbendazim having benzimidazole ring is slow. Herein, a molecularly imprinted electrochemical 
sensor based on CdMoO4/g-C3N4 nanocomposite was prepared for CAR determination in fruit juice samples. 
Firstly, CdMoO4/g-C3N4 nanocomposite with high yield was fabricated via one-pot in-situ hydrothermal 
approach including environmentally friendly method. Formation of CAR imprinted polymers was performed on 
CdMoO4/g-C3N4 nanocomposite modified glassy carbon electrode (GCE) in presence of CAR as template and 
pyrrole (Py) as a monomer by cyclic voltammetry (CV) technique. Following the morphological, structural, and 
optical characterization of as-synthesized nanocomposite, the electrochemical techniques were also implemented 
to evaluate the electrochemical features of fabricated electrodes. The limit of quantification (LOQ) and limit of 
detection (LOD) values were calculated as 0.1 × 10− 10 M, and 2.5 × 10− 12 M, respectively in addition to 
satisfactory selectivity, stability, reproducibility and reusability. The findings revealed that the proposed CAR 
imprinted electrochemical sensor can be successfully employed in food safety.   

1. Introduction 

The toxic residues of pesticides, which are chemicals to increase food 
quality as well as agricultural productivity, reveal one of the most 
important environmental problems that need to be controlled all over 
the world (Yao et al., 2014; Pushparaj et al., 2022; Yavari et al., 2022). 

Especially in light of concerns about its harmful impacts on the in
dividuals and environmental, it is critical to track even trace amounts of 
pesticide residues in food (Ozcan et al., 2021). CAR, which is one of the 
hazardous class-IV pesticide members, is employed to protect fruits and 
vegetables, nuts, grasses, and other field crops from various fungal dis
eases such as mold, and also to prevent problems such as rot or stain 

E-mail address: mlutfi.yola@hku.edu.tr.  

Contents lists available at ScienceDirect 

Chemosphere 

journal homepage: www.elsevier.com/locate/chemosphere 

https://doi.org/10.1016/j.chemosphere.2022.134766 
Received 8 March 2022; Received in revised form 15 April 2022; Accepted 25 April 2022   

mailto:mlutfi.yola@hku.edu.tr
www.sciencedirect.com/science/journal/00456535
https://www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2022.134766
https://doi.org/10.1016/j.chemosphere.2022.134766
https://doi.org/10.1016/j.chemosphere.2022.134766
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2022.134766&domain=pdf


Chemosphere 301 (2022) 134766

2

formation (Bean and Henion, 1997; Subhani et al., 2013). It can be 
employed both in post-harvest food storage and before planting seeds by 
spraying or applying directly to the soil (Pourreza et al., 2015). It is 
resistant to degradation due to the benzimidazolic ring in its molecular 
structure, and it can endure in the environment for long periods, posing 
serious health and environmental risks (Wang et al., 2010). The utili
zation of CAR is restricted or banned in many countries since it can cause 
significant health problems such as hormonal disorders, skin problems, 
and even infertility when exposed to even trace amounts (Rajeswary 
et al., 2007; Wang et al., 2010; Dodiuk-Gad et al., 2015; Andrade et al., 
2016). Thus, precise and swift monitoring of CAR levels in the water, 
soil, or food products is critical (Panades et al., 2000; Guo et al., 2011). 

Many analytical approaches for detecting CAR have been proposed 
so far, most of them are chromatographic and spectroscopic methods 
(Pourreza et al., 2015). However, the practical application for moni
toring pesticides by these techniques including high-performance liquid 
chromatography, mass spectroscopy, UV–Vis, capillary electrophoresis, 
fluorescence spectroscopy have some drawbacks such as complex 
pre-treatment steps and expensive instrumentation, besides not being 
suitable for in-situ and real-time monitoring (Reyes et al., 2003; Moral 
et al., 2009; Gilbert-Lopez et al., 2012; Dominguez-Alvarez et al., 2013; 
Jovanov et al., 2013). Miniaturization and simplicity of analytical 
techniques are important trends in analytical chemistry. In this regard, 
electrochemical sensors have gain great concern owing to their nature of 
easy to apply, low price, high sensitivity, swift response time, minimum 
chemical utilization, as well as reusability (Alavi-Tabari et al., 2018; 
Karaman et al., 2021c; Moghadam et al., 2021; Boyacıoğlu et al., 2022; 
Buledi et al., 2022; Darabi et al., 2022; Karimi-Maleh et al., 2022b, 
2022c). In this context, thanks to the state-of-art development in 
nanotechnology, various types of nanostructures open a new avenue for 
modifying the electrodes to boost their electrochemical performances 
(Boke et al., 2020; Mohanraj et al., 2020; Karaman et al., 2021b; Kar
imi-Maleh et al., 2022a). 

Polymeric graphitic carbon nitride (g-C3N4) as a remarkable het
erogeneous nanomaterial has started considerable interest owing to 
superior advantages such as the bandgap of 2.7 eV providing tunable 
electronic structure and the excellent thermal stability (Wang et al., 
2009b; Ong et al., 2016). Due to these chemical and physical properties, 
g-C3N4 has been utilized in some significant applications such as the 
determination of environmentally hazardous pollutants, sensor/bio
sensor development and catalysis (Cao et al., 2015; Yola et al., 2016; Fu 
et al., 2018). However, its useful applications have been limited owing 
to less charge transfer capacity into electrode surface and the recombi
nation of photo-induced excitons. Thus, g-C3N4 ‘s modification with 
other semiconductors and the dopping treatment with metal atoms can 
provide the increase of catalytic activity of g-C3N4 (Ong et al., 2015; Ran 
et al., 2015; Xue et al., 2015; Karaman et al., 2021a). 

Cadmium molybdate (CdMoO4) has gained important attention 
because of its superior physicochemical and electronic benefits 
providing the potential applications such as catalysis and energy re
covery (Zhen et al., 2008; Liu et al., 2018). Its wide bandgap of 3–4 eV 
can provide active material under UV light, resulting in the increase of 
the absorbance capacity (Zhang et al., 2016; Huang et al., 2018). 
Z-scheme heterojunction development between CdMoO4 and g-C3N4 
causes the recombination of photo-induced excitons increasing catalytic 
performance and absorption capacity. The valance and conduction band 
potentials of CdMoO4 are lower than those of g-C3N4, indicating the 
well-matched Z-scheme heterostructure. In literature, CdMoO4/g-C3N4 
nanocomposite was fabricated by using a thermal treatment including 
precipitation and be utilizied as photocatalyst for dye degradation (Chai 
et al., 2020), and it was prepared by a facile fabrication way for CO2 
reduction (Zhao et al., 2015). 

A molecularly imprinting electrochemical carbendazim sensor based 
on CdMoO4/g-C3N4 nanocomposite was presented. CdMoO4 micro
spheres on g-C3N4 sheets with high efficiency were prepared by one-pot 
in-situ hydrothermal technique. Then, the molecular imprinting 

technique was performed on CdMoO4/g-C3N4 nanocomposite surface. 
The functional monomers initially form a complex with the target 
molecule, and after the polymerization treatment, the surface func
tionalities of these molecules are held in the desired position. Thus, 
desorption of the target molecule can provide binding sites which are 
complementary to the analyte (Beytur et al., 2018; Ozkan et al., 2019; 
Karimi-Maleh et al., 2021). As a result, the manufactured molecularly 
imprinted electrochemical sensor provided exceptional selectivity with 
no interference, high sensitivity with LOD of 2.5 × 10− 12 M, ease of use, 
and health and environmental compatibility. As a consequence, this 
research lays the framework for the engineering of an extremely selec
tive and sensitive imprinted electrochemical sensor for monitoring the 
level of carbendazim to provide food safety. 

2. Materials and methods 

2.1. Chemicals and apparatus 

Carbendazim (CAR, 97.0%), diquat dibromide monohydrate (DDM, 
98.0%), sodium sulfate (SOS, ≥99.0%), sodium nitrate (SON, ≥99.0%), 
tebuconazole (TEB, ≥99.0%), pyraclostrobin (PYR), melamine, cad
mium nitrate tetrahydrate (Cd(NO3)2⋅4H2O, ≥99.0%), poly
ethyleneglycol (PEG, ≥99.0%), ammonium molybdate tetrahydrate 
((NH4)6Mo7O24⋅4H2O, ≥99.0%) and monomer (Py, ≥99.0%) were 
maintained by Sigma-Aldrich for nanocomposite preparation, sensor 
development and sensor performance measurement. A pH neutral 
phosphate-buffered saline (PBS) (1.0 × 10− 1 M) was chosen to be 
employed as a supporting electrolyte, besides a dilution buffer solution. 

SEM, HRTEM, XRD, and XPS analysis techniques were implemented 
to examine the physicochemical features of the nanostructures. On the 
other hand, to get further insight to the electrochemical behaviors of the 
constructed electrodes CV, electrochemical empedance spectroscopy 
(EIS), and differential pulse voltammetry (DPV) analysis were imple
mented by Gamry Reference 600 potensiostat-galvanostat (See Supple
mentary Data file for detailed information about the equipments). 

2.2. Production pathway of g-C3N4 and CdMoO4/g-C3N4 nanocomposite 

A thermal condensation technique was used for the preparation of g- 
C3N4 in the presence of melamine as a precursor. Briefly, melamine 
(10.0 g) was placed in an alumina boat and the thermal annealing was 
performed at 600 ◦C over 90 min with a heating rate of 10.0 ◦C min− 1. 
Consequently, the yellow product (g-C3N4) was powdered and collected 
for subsequent usage. 

The in-situ hydrothermal approach was conducted for the production 
of CdMoO4/g-C3N4 nanocomposites. Firstly, g-C3N4 (30.0 g) was dis
solved in ultra-pure distilled water (30.0 mL). Subsequently, Cd 
(NO3)2⋅4H2O (2.0 mmol) was introduced into g-C3N4 solution under 
vigorious stirring during 45 min (Solution A). Following, PEG (40.0 
mmol) and (NH4)6Mo7O24⋅4H2O (2.0 mmol) were mixed together at 
25 ◦C over the period of 45 min (Solution B). Afterward, Solution B was 
gently added into Solutin An under stirring for 45 min at 25 ◦C. The final 
solution was transferred to a Teflon-lined autoclave and heated to 
200 ◦C with a heating rate of 5.0 ◦C min− 1 and kept at this temperature 
over 5 h. After the cooling treatment to 25 ◦C, CdMoO4/g-C3N4 nano
composite was washed with ethyl alcohol three times and dried at 25 ◦C. 
A series of CdMoO4/g-C3N4 nanocomposites were synthesized with 
different ratios of CdMoO4 to g-C3N4 (CdMoO4/g–C3N4–5, CdMoO4/ 
g–C3N4–10 and CdMoO4/g–C3N4–15). 

2.3. Fabrication of CdMoO4/g-C3N4 modified GCE 

The glassy carbon electrode that was polished according to previ
ously the reported procedure (Yola et al., 2012) (See Supplementary 
Data file for detailed information) was modified by gently dropping each 
of CdMoO4/g-C3N4 dispersion (20.0 μL, 0.2 mg mL− 1) onto the surface 
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of it. Following that, it was exposed to an infrared heat lamp over 30 min 
to evaporate the solvent, resulting in CdMoO4/g-C3N4 modified GCE 
(CdMoO4/g-C3N4/GCE). Finally, the CdMoO4 modified GCE 
(CdMoO4/GCE) was constructed using the same construction process. 

2.4. Fabrication protocol of CAR imprinted sensor and the studies of CAR 
removal from the electrode surface 

The molecular imprinting of CAR on CdMoO4/g-C3N4/GCE (MIP/ 
CdMoO4/g-C3N4/GCE) was conducted in the existence of 100.0 mM Py 
as a monomer in 0.1 M PBS solution with a pH value of 7.0 containing 
25.0 mM CAR. This procedure was performed in the potential range of 
+0.30 V to +1.20 V via CV technique over the 20 consecutive CV cycle 
at a potential scan rate of 50 mV s− 1. CAR non-imprinted polymer on 
CdMoO4/g-C3N4/GCE (NIP/CdMoO4/g-C3N4/GCE) was also success
fully prepared without CAR by same fabrication method. Lastly, MIP/ 
bare GCE and MIP/CdMoO4/GCE were made using the same 
manufacturing process. Scheme 1 showed the fabrication protocol of 
CdMoO4/g-C3N4 nanocomposite and CAR imprinted electrochemical 
electrode. To achieve desorption of CAR molecules, all CAR imprinted 
electrodes were first immersed in a bath containing 20.0 mL NaCl so
lution (1.0 M) and the shaking treatment was carried out during elution 
time of 20 min and CAR imprinting electrodes were dired at 25 ◦C. 

2.5. Sample preparation 

The packed bottles of commercial apple and orange juice samples 
were obtained from a supermarket. These fruit juice samples were pre
pared according to the methodology previously outlined in order to be 
suitable for the forthcoming experiments (Karimi-Maleh et al., 2021). 

3. Results and discussion 

3.1. Characterizations of CdMoO4, g-C3N4 and CdMoO4/g-C3N4 
nanocomposite 

XRD studies were carried out for the exploring of the crystalline 
structures of CdMoO4, g-C3N4 and CdMoO4/g-C3N4 nanocomposite 
(Fig. 1A). The whole specific XRD peaks relating to CdMoO4 were 
observed in tetragonal phase because of XRD peaks attributing to (112), 
(004), (200), (211), (204), (220), (116), (312), (224), (008), (400), and 
(316) crystal planes which were corresponded to 2θ = 30.08◦, 32.18◦, 
35.17◦, 40.07◦, 48.13◦, 50.82◦, 55.07◦, 59.17◦, 60.93◦, 66.91◦, 73.67◦, 
and 78.09◦, respectively. According to the XRD spectra of CdMoO4, 
there were no obvious impurity peaks, suggesting the pure tetragonal 
phase formation (Wang et al., 2012; Gandamalla et al., 2021). For 
g-C3N4, the major XRD peak appeared at 28.03◦ corresponding to (002) 
plane demonstrated g-C3N4’s interplanar stacking, and the minor XRD 
peak at 13.97◦ was attributed to (001) in-plane (Groenewolt and 
Antonietti, 2005). In CdMoO4/g-C3N4 nanocomposite, the crystal planes 
belonging to CdMoO4, and g-C3N4 confirmed the successful preparation 
of CdMoO4/g-C3N4 nanocomposite. According to Fig. 1B, the intensity 
of major XRD peak at 28.03◦ corresponding to g-C3N4 reduced by 
increasing the concentration of CdMoO4. The intensity of XRD peak at 
30.08◦ attributing to CdMoO4 increased with the increase of CdMoO4 
concentration. Hence, it was concluded that the co-existence of CdMoO4 
and g-C3N4 in nanocomposite was verified. Finally, the whole XRD peaks 
attributing to CdMoO4 was shifted to higher XRD angles, showing the 
successful heterojunction between CdMoO4 and g-C3N4. 

FTIR spectra (Fig. S1A) were provided for the investigation of the 
structural vibrations and functional groups belonging to g-C3N4, 
CdMoO4, and CdMoO4/g-C3N4 nanocomposite. For g-C3N4, the specific 
absorption band at 810 cm− 1 was attributed to s-triazine ring stretching, 
the absorption bands at 1573 cm− 1, 1408 cm− 1, 1330 cm− 1, and 1250 
cm− 1 corresponded to the aromatic C–N stretching whereas the ab
sorption band at 1640 cm− 1 was related to –CN stretching vibrations. 

The broad absorption band in range the of 3100–3350 cm− 1 corre
sponded to the vibrational mode of residual –NH2 functional groups (Jo 
et al., 2018; Manchala et al., 2019). According to the FTIR spectrum of 
CdMoO4, the absorption bands at 440 cm− 1 and 795 cm− 1 were attrib
uted to the bending and asymmetric stretching modes having Mo–O–Mo 
and Mo–O groups in MoO4

2− tetrahedron, respectively. The absorption 
band at 3435 cm− 1 corresponding to O–H stretching and the bands at 
1430 cm− 1 and 1625 cm− 1 attributing to H–O–H vibrations were 
observed owing to H2O molecules’ adsorption (Lin et al., 2013; Hos
seinpour-Mashkani et al., 2016). For FTIR spectra of CdMoO4/g-C3N4 
nanocomposites, the specific absorption bands for CdMoO4 (795 cm− 1) 
and g-C3N4 (810 cm− 1) were overlayed, and these bands were expanded 
with the increase of CdMoO4 concentration. 

Thermogravimetric analysis (TGA) experiments (Fig. S1B) were 
provided for the confirmation of CdMoO4 amount in the nanocomposite. 
For the TGA curve of g-C3N4, the mass loss was 100.0% owing to g-C3N4 
burning in the temperature range of 525–760 ◦C. For the TGA curve of 
CdMoO4, there was no mass loss until 810 ◦C. According to the TGA 
curves of the nanomaterials, the weight losses of CdMoO4 were calcu
lated as 5.9% for CdMoO4/g–C3N4–5, 11.1% for CdMoO4/g–C3N4–10, 
and 17.4% for CdMoO4/g–C3N4–15 by the residual weight (Zhao et al., 
2015). Hence, the successful synthesis of CdMoO4/g-C3N4 nano
composite was proven once again. 

SEM images were obtained to explore the surface morphology and 
elemental composition of CdMoO4, g-C3N4, and CdMoO4/g-C3N4 
nanostructures. According to Fig. 2A, CdMoO4 with small spherical 
structure was observed. Fig. 2B demonstrated g-C3N4 having identical 
sheets. Fig. 2C showed SEM image of CdMoO4/g–C3N4–15 indicating 
CdMoO4’s spherical form (blue circles) on g-C3N4 surface. According to 
EDX graph (Fig. S2), the whole elements in CdMoO4 and g-C3N4 were 
observed in CdMoO4/g–C3N4–15 nanocomposite. Finally, HRTEM 
image (Fig. S3) of CdMoO4/g–C3N4–15 confirmed the presence of 
CdMoO4 and g-C3N4 in nanocomposite. 

The optical properties of CdMoO4, g-C3N4, and CdMoO4/g-C3N4 
nanostructures were assessed by UV–Vis spectroscopy (Fig. S4A). The 
absorption bands for g-C3N4, and CdMoO4 were observed at 410 nm, and 
310 nm, respectively. After the complex formation between g-C3N4 and 
CdMoO4, the absorption bands of nanocomposites were found in be
tween those of g-C3N4 and CdMoO4. A little blue shift in absorption 
bands of nanocomposites occurred after the formation of nano
composites, suggesting the efficient interaction of CdMoO4 with g-C3N4. 
Furthermore, the absorption bands of CdMoO4/g-C3N4 nanocomposites 
shifted to a higher wavelength in comparison to CdMoO4. The absorp
tion bands of nanocomposites showed a blue shift with the increase of 
CdMoO4 amount, providing the heterojunction formation between 
CdMoO4 and g-C3N4. Finally, the high absorption ability of CdMoO4/g- 
C3N4 nanocomposites provided the more photogenerated charge 
carriers. 

According to photoluminescence spectroscopy (PL) spectra 
(Fig. S4B), the excitation, and emission wavelengths of CdMoO4 were 
obtained as 312 nm, and 368 nm, respectively. This situation was owing 
to the charge-transfer transition from O2’s ligand orbital to Mo4d metal 
orbital in MoO4

2− complex (Liu et al., 2014). The excitation, and emis
sion wavelengths of g-C3N4 were determined as 370 nm, and 472 nm, 
respectively. The highest emission peak intensity belonging to g-C3N4 
suggested the recombination of photogenerated excitons (Tonda and Jo, 
2018). Nonetheless, the PL intensity of nanocomposites was suppressed 
due to the interfacial charge transfer between CdMoO4 and g-C3N4 via 
Z-scheme, providing the suppression of photogenerated excitons 
recombination (Zhao et al., 2015). The surface areas and pore diameters 
of g-C3N4, CdMoO4, CdMoO4/g–C3N4–15 nanocomposite were evalu
ated by nitrogen adsorption-desorption measurements. According to 
Fig. S5A and Fig. S5B, the specific surface areas, and pore volumes of 
g-C3N4, CdMoO4, CdMoO4/g–C3N4–15 nanocomposite were calculated 
as 18.09, 2.17, and 9.37 m2 g− 1, and 0.0089, 0.003, and, 0.0046 cc g− 1, 
respectively. It was concluded that g-C3N4 had the boosting effect on the 
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Scheme 1. Preparation protocol of CdMoO4/g-C3N4 nanocomposite and CAR imprinted electrochemical electrode.  
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specific surface area whereas CdMoO4 was of a decreasing effect on the 
surface area (Mezan et al., 2021). Finally, because of CdMoO4’s sup
pression effect on charge transfer resistance, CdMoO4/g–C3N4–15 
nanocomposite was used as electrode platform for sensor applications. 

The valance states and elemental composition of g-C3N4, CdMoO4 
and CdMoO4/g–C3N4–15 nanocomposite were investigated by using 
XPS (Fig. S6). XPS survey (Fig. S6A) of g-C3N4, CdMoO4 and CdMoO4/ 
g–C3N4–15 nanocomposite confirmed the presence of Cd, Mo, O, N and 
C at 405.12 eV (Cd 3d), 233.11 eV (Mo 3d), 397.19 eV (N 1s), 286.06 eV 
(C 1s), and 530.17 eV (O 1s), respectively, thereby providing the pres
ence of g-C3N4 and CdMoO4 in CdMoO4/g–C3N4–15 nanocomposite 
(Zhao et al., 2015; Chai et al., 2020). According to Fig. S6B, XPS peaks 
observed at 285.82 eV, 289.89 eV, 290.32 eV for g-C3N4 and 286.29 eV, 
288.56 eV, 290.68 eV for CdMoO4/g–C3N4–15 were attributed to sur
face carbon, sp2 aromatic carbon (N–C––N), and C–N–C groups, con
firming the presence of g-C3N4 in CdMoO4/g–C3N4–15 nanocomposite, 
respectively (Groenewolt and Antonietti, 2005). For N1s high-resolution 
XPS spectrum (Fig. S6C), 399.66 eV, 400.18 eV, 405.18 eV for g-C3N4 
and 399.27 eV, 400.07 eV, 406.19 eV for CdMoO4/g–C3N4–15 were 
corresponded to triazine rings relating to sp2 nitrogen, tertiary nitrogen 
bonded to carbon (N–(C)3), and amino groups (C–N–H), respectively. 
The two doublets with Cd3+ and Cd2+ were observed on the 
high-resolution Cd3d spectrum (Fig. S6D). The peaks observed at 
407.81 eV, and 415.37 eV corresponded to Cd 3d3/2 of Cd3+ whereas 
the XPS peaks detected at 406.25 eV, and 412.63 eV were attributed to 
Cd 3d5/2 of Cd2+ valance ions in CdMoO4. For CdMoO4/g–C3N4–15, 
XPS peaks at 407.18 eV, and 413.14 eV were related to Cd 3d3/2 of 
Cd3+, whereas XPS peaks at 405.11 eV, and 412.22 eV were ascribed to 
Cd 3d5/2 of Cd2+ in the Cd valance ions (Zeng et al., 2015). According to 
Fig. S6E, two specific oxidation states Mo6+ and Mo5+ were observed. 

XPS peaks found at 233.11 eV, and 237.21 eV were attributed to Mo 
3d3/2 suggesting Mo valance ions, and the peaks detected at 232.11 eV 
and 236.19 eV were assigned to Mo 3d5/2, thereby confirming Mo va
lance ions in the Mo5+ of CdMoO4. In addition, XPS peaks at 233.08 eV, 
and 237.11 eV were corresponded to Mo 3d3/2 of Mo6+, and the peaks 
at 231.89 eV and 234.61 eV were attributed to Mo 3d5/2 of Mo5+ of 
CdMoO4/g–C3N4–15 (Adhikari et al., 2013). For O1s high-resolution 
XPS spectrum (Fig. S6F), XPS peaks at 531.11 eV, 533.08 eV and 
532.17 eV, and 534.27 eV were corresponded to O2− ions, chemisorbed 
oxygen species, and C–O bonds, respectively. The binding energies of 
CdMoO4/g–C3N4–15 nanocomposite were shifted to higher energy in 
comparison with CdMoO4. Lastly, the whole XPS results confirmed the 
successful formation of CdMoO4/g–C3N4–15 nanocomposite containing 
interfacial contact between CdMoO4 and g-C3N4. 

3.2. Evaluation of electrochemical features of CdMoO4 and CdMoO4/g- 
C3N4 nanocomposites modified electrodes 

The electrochemical properties of the CdMoO4 and CdMoO4/g-C3N4 
nanocomposites modified electrodes were explored via CV and EIS 
techniques in the existence of 1.0 mM [Fe(CN)6]3-/4- redox couple. Using 
bare GCE, an anodic, and a cathodic peaks were initially appeared at 
+0.400 V, and +0.200 V, respectively (curve a of Fig. 3A). Following the 
implementation of CdMoO4 modified GCE (curve b of Fig. 3A), the 
obvious enhancement in the electrochemical reply was detected owing 
to its physical and electronic advantages (Liu et al., 2018). When 
CdMoO4/g-C3N4 nanocomposite modified electrodes (curve c-e of 
Fig. 3A) were applied to 1.0 mM [Fe(CN)6]3-/4-, the augmented elec
trochemical performances were attained as compared to CdMoO4/GCE 
thanks to the higher surface area and catalysis effect of CdMoO4/g-C3N4 

Fig. 1. (A) XRD spectra of (i) g-C3N4, (ii) CdMoO4, (iii) CdMoO4/g–C3N4–5, (iv) CdMoO4/g–C3N4–10, (v) CdMoO4/g–C3N4–15 and (B) Narrow zone XRD patterns.  

Fig. 2. SEM micrographs of (A) CdMoO4, (B) g-C3N4 and (C) CdMoO4/g–C3N4–15 nanostructures.  
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nanostructure (Ong et al., 2015; Yola et al., 2016). According to the 
collected CV curves (curve c-e of Fig. 3A), CdMoO4/g–C3N4–15/GCE 
offered the greatest electrochemical performance compared to 
CdMoO4/g–C3N4–10/GCE and CdMoO4/g–C3N4–5/GCE. The values of 
ΔEp (anodic/cathodic potential difference) were obtained as 150 mV for 
CdMoO4/g–C3N4–5/GCE, 130 mV for CdMoO4/g–C3N4–10/GCE, and 
110 mV for CdMoO4/g–C3N4–15/GCE. Thus, when CdMoO4 amount 
increased in nanocomposite preparation, because of Z-scheme hetero
junction efficiency resulting from CdMoO4, the most electro-catalytic 
performance was observed on CdMoO4/g–C3N4–15/GCE (Wang et al., 
2009a). 

EIS measurements were used to validate the CV results (Fig. 3B). The 
charge transfer resistance (Rct) values were reported to be 160 Ω for bare 
GCE (curve a), 140 Ω for CdMoO4 modified GCE (curve b), 120 Ω for 
CdMoO4/g–C3N4–5 modified GCE (curve c), 100 Ω for CdMoO4/ 
g–C3N4–10 modified GCE (curve d), and 80 Ω for CdMoO4/g–C3N4–15 
modified GCE (curve e). Because of the least charge transfer resistance, 
the most efficient charge transfer occurred on CdMoO4/g–C3N4–15/ 
GCE. The findings may point to the notion that cyclic voltammetry and 
electrochemical empedance spectroscopy analysis were in well- 
accordance. 

3.3. Fabrication of CAR imprinted polymer on CdMoO4/g–C3N4–15/ 
GCE 

Fig. S7A showed the polymerization treatment voltammograms in 
25.0 mM CAR included 100.0 mM Py on CdMoO4/g–C3N4–15/GCE. 
Afterward, electrooxidation current signals at 1.0 V began to gradually 
decrease with subsequent scans and almost disappeared in 20th cycle, 
indicating polymer formation on CdMoO4/g–C3N4–15/GCE. 

Differential pulse voltammograms (DPVs) were recorded by MIP/ 
CdMoO4/g–C3N4–15/GCE and NIP/CdMoO4/g–C3N4–15/GCE to 
demonstrate the imprinting selectivity (Fig. S7B). Curve a of Fig. S7B 
showed no electrochemical signals without CAR molecules. The current 
signals on MIP/CdMoO4/g–C3N4–15/GCE (curve c of Fig. S7B) were 
higher than those of NIP/CdMoO4/g–C3N4–15/GCE (curve b of Fig. S7B) 
in presence of 0.5 nM CAR. Hence, the considerable selectivity was 
obtained by imprinting tecnique. 

Lastly, distinct CAR imprinted electrochemical electrodes were pre
pared and applied to 0.5 nM CAR in 0.1 M PBS. According to Fig. S7C, 
the highest current signals were observed on MIP/CdMoO4/g–C3N4–15/ 
GCE in harmony with Fig. 3A and B. Anodic peak currents attributing to 
CAR electrooxidation also indicated an electrochemical reaction 
including equal electron and proton number (Fig. S8). 

For morphological examination of MIP and NIP surfaces, SEM images 
were obtained (Fig. S9). Porous polymeric surface was obtained 
(Fig. S9A) and smooth polymeric surface was shown in Fig. S9B, verifing 

non-imprinting formation. 

3.4. Optimization studies 

The influences of solution pH, molar ratios of CAR to Py monomer, 
desorption period, and scan cycle were investigated in depth and pro
vided in Supplementary Materials (Fig. S10). 

3.5. LOQ and LOD ranges 

Calibration equation of y (μA) = 9.9675x (CCAR, nM) - 0.1072, (R2 =

0.9982) by CAR amounts and DPV signals were presented in Fig. 4. LOQ, 
and LOD values were computed as 1.0 × 10− 11 M, and 2.5 × 10− 12 M, 
respectively (See Supplementary Data for related equations). In terms of 
sensitivity and linearity, Table 1 showed how the constructed electro
chemical CAR sensor surpassed existing techniques. A sensitive CAR 
imprinted electrochemical sensor was presented in this study in the 
terms of LOD values and the usage of the molecularly imprinting tech
nique provided satisfactory selectivity in fruit juice samples. Thus, an 
electrochemical sensor with high selectivity, and sensitivity was 
designed for high-efficiency CAR monitoring. 

Fig. 3. (A) CV curves and (B) EIS responses at (a) bare GCE, (b) CdMoO4/GCE, (c) CdMoO4/g–C3N4–5/GCE, (d) CdMoO4/g–C3N4–10/GCE, (e) CdMoO4/g–C3N4–15/ 
GCE, (Redox probe: 1.0 mM [Fe(CN)6]3-/4- containing 0.1 M KCl, potential scan rate: 50 mV s− 1). 

Fig. 4. DPVs with different CAR amounts at MIP/CdMoO4/g–C3N4–15/GCE in 
pH 7.0 of PBS (in a concentration range of 1.0 × 10− 11 - 1.0 × 10− 9 M). Inset: 
CAR’s calibration curve. 
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3.6. Assessment of the recovery 

Two distinct fruit juice samples (Apple and Orange) were prepared 
for the recovery investigations. Table S1 tabulated the recovery values of 
CAR which were obtained by Equation (1).  

Recovery = Found CAR, nM / Real CAR, nM                                       (1) 

The values approaching to 100.00% (Table S1) of recovery tests 
validated the excellent accuracy of the as-fabricated electrochemical 
sensor, demonstrating the efficient detection of CAR in actual samples 
without any interference effect. 

3.7. Evaluation of the performance of the developed electrode in terms of 
the selectivity, stability, reproducibility and reusability 

For the selectivity assessment, five solutions that could show inter
ference effect were prepared and the proposed electrochemical CAR 
sensor was applied to these five solutions. According to Fig. S11A and 
Fig. S11B, the obtained current signals (μA) were observed as 10.0 μA for 
CAR, 0.60 μA for DDM, 0.50 μA for SOS, 0.30 μA for SON, 0.20 μA for 
TEB, and 0.10 μA for PYR, respectively, by using MIP/CdMoO4/ 
g–C3N4–15/GCE and the obtained current signals (μA) were observed as 
0.40 μA for CAR, 0.30 μA for DDM, 0.20 μA for SOS, 0.10 μA for SON, 
0.10 μA for TEB and 0.05 μA for PYR, respectively, by using NIP/ 
CdMoO4/g–C3N4–15/GCE. Table S2 summarized selectivity coefficient 
(k) and relative selectivity coefficient (k′) values. It was found that the 
proposed electrochemical CAR sensor was 16.67, 20.00, 33.33, 50.00, 
and 100.00 times more selective for CAR against DDM, SOS, SON, TEB, 
and PYR, respectively, due to selective cavities of CAR molecule in 
polymeric structure. In addition, the obtained values on NIP/CdMoO4/ 
g–C3N4–15/GCE demonstrated that the molecularly imprinting tech
nique provided satisfactory selectivity for the determination of CAR in 
complex samples such as fruit juice. 

The collection of DPV data (Fig. S12) over a 7-week time suggested 
the electrochemical CAR sensor’s outstanding stability. As per Fig. S12, 
the acquired current signal at the end of the 7-week was calculated to be 
~98.61% of the obtained current signal at the end of the 1st week, 
showing the better stability of the as-fabricated electrochemical CAR 
sensor. 

For the reproducibility assessment experiments, 30 individual elec
trochemical CAR sensors were constructed according to the previously 
described approach in sections 2.2-2.4. The obtained current signals had 

a relative standard deviation (RSD) of 0.89, indicating that the sensor 
fabrication technique had a high level of reliability. 

Lastly, the reusability of the CAR sensor was evaluated. A high de
gree of reusability was verified to obtain RSD values of 0.69% having 
current signals during 30 times usages of the CAR sensor. 

4. Conclusions 

In this work, for carbendazim detection, a stable, sensitive, and se
lective molecularly imprinted electrochemical sensor based on 
CdMoO4/g-C3N4 nanocomposite was developed. The incorporation of 
CdMoO4 into g-C3N4 can enhance the electrochemical activity for car
bendazim assay. This increase can be explained via two factors: (i) 
physical and electronic advantages of CdMoO4. (ii) the enhanced elec
trochemical active surface area by CdMoO4 improving the electron rate 
on electrode surface. The fabricated electrochemical sensor offered a 
highly sensitive detection of carbendazim with a wide linearity range 
(from 1.0 × 10− 11 to 1.0 × 10− 9 M), and a limit of detection value of 2.5 
× 10− 12 M, demonstrating the facile utilization of the molecularly 
imprinting electrochemical sensor in the food safety. The preparations of 
CdMoO4/g-C3N4 nanocomposites were successfully performed by using 
the in-situ hydrothermal technique, indicating an environmentally 
friendly approach. The sensor demonstrated a strong affinity for car
bendazim in the presence of other interfering substances. In conclusion, 
this work can pave the groundwork for the advancement and design of 
an extremely sensitive detection of pesticides in the future. 
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