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Abstract 15 

Abuse of carbendazim (CBZ) leaves excessive pesticide residues on agricultural products, which 16 

endangers human health because of the residues' high concentrations. Hence, a composite 17 

consisting of functionalized carbon nanofibers (f-CNF) with neodymium oxide (Nd2O3) was 18 

fabricated to monitor CBZ at trace levels. The Nd2O3/f-CNF composite-modified electrode 19 

displays higher electro-oxidation ability towards CBZ than Nd2O3 and f-CNF-modified electrodes. 20 

The combined unique properties of Nd2O3 and f-CNF result in a substantial specific surface area, 21 

superior structural stability, and excellent electrocatalytic activity of the composite yielding 22 

enhanced sensitivity to detecting CBZ with a detection limit of 4.3 nM. Also, the fabricated sensor 23 

electrode can detect CBZ in the linear concentration range of up to 243.0 μM with high selectivity, 24 

appropriate reproducibility, and stability. A demonstration of the sensing capability of CBZ in 25 

vegetables, water, and soil samples was reported paving the way for its use in practical 26 

applications.  27 

Keywords: Fungicides detecting sensor; Carbendazim; Nd2O3; Functionalized carbon nanofibers 28 

composite; Electroanalysis 29 

  30 



3 
 

1. Introduction  31 

Fungicides are frequently employed in modern agriculture to safeguard crops against fungi and 32 

boost yields [1,2]. Pesticide residues in the environment pose a severe risk to ecological safety, 33 

human health, food quality, and water supply [3]. Carbendazim (Methyl-2-benzimidazole 34 

carbamate, CBZ) is extensively used for crop protection and fast growth in the cultivation of 35 

various fruits and vegetables [4,5]. It can be utilized for pre-planting and post-harvesting in 36 

addition to seed storage before and after harvest [6,7]. However, prolonged or excessive exposure 37 

to CBZ can seriously damage soils, leading to contaminated groundwater and adverse effects on 38 

people and animals [8]. The benzimidazole ring attached to the structure of CBZ is responsible for 39 

the long-term stability and half-life of the compound (>3 years) [9]. Despite being banned in many 40 

countries, it is still used for plant cultivation because of its low cost and ability to accelerate growth 41 

[10]. Also, CBZ has been classified as a probable human carcinogen by the World Health 42 

Organization (WHO), and the multiplication of pesticide residues can cause severe adverse effects 43 

in humans and aquatic animals, including allergic reactions, dermatitis, eye irritation, hormonal 44 

abnormalities, infertility, teratogenicity, and mutagenicity [11,12]. This highlights the importance 45 

of concentrating on the quantitative development of efficient CBZ residue detection technologies. 46 

For identifying CBZ in various water sources, various cutting-edge analytical methods are 47 

available, including chemiluminescence, high-performance liquid chromatography, Raman 48 

scattering, UV-Vis spectrometry, and electrochemical detection [13,14,15]. Traditional 49 

chromatographic and spectroscopic techniques are sensitive, but they have certain drawbacks, such 50 

as the need for complex instrumentation, incapability for real-time observation, and length of time 51 

[16]. Electrochemical sensors have gained significant attention among other techniques because 52 

they are easy to use, high-accurate, inexpensive, quick, and use minimal chemicals [17]. 53 
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Consequently, our approach to identifying CBZ in food samples was based on electrochemical 54 

methods. 55 

The distinctive qualities of rare-earth metal oxides (La2O3, CeO2, Pr6O11, and Nd2O3), such as 56 

electron richness in the d and f orbitals, catalytic effectiveness, optical, magnetic, and thermal 57 

stability, are what make them so popular for a variety of applications [18,19]. Among the 58 

lanthanide family, neodymium oxide (Nd2O3) is a more reactive oxide found naturally over most 59 

of the earth's crust. Also, Nd2O3 has been widely used in solar cells, lithium-ion batteries, 60 

supercapacitors, and sensors due to its improved catalytic and electric properties [23,24]. To date, 61 

various synthesis methods have been used to synthesize Nd2O3, including hydrothermal synthesis, 62 

sol-gel auto combustion, template synthesis, polyol synthesis, microemulsion synthesis, 63 

inductively coupled radiofrequency thermal plasma, and micro-aided synthesis [25-27]. 64 

Nevertheless, the improvements on single metal oxides still suffer from poor applicability, low 65 

conductivity, and unsatisfactory cyclic stability during the chemical reaction [28]. Therefore, 66 

developing a carbon matrix that can be modified efficiently to enhance the electrocatalyst for 67 

environmental hazards sensors is imperative [29,30]. Our previous study revealed that lanthanide 68 

oxides with functionalized carbon nanofibers (f-CNF) could selectively detect CBZ with improved 69 

sensitivity [31]. The surface properties of f-CNF are similar to those of other carbon nanomaterials 70 

(graphene oxide and functionalized carbon nanotubes), which makes it suitable for electrochemical 71 

sensor applications [32-34]. Furthermore, f-CNF has many free hydroxyl groups on its cylindrical 72 

surface, which makes it an ideal material to disperse in an aqueous solution. [35]. As a result of its 73 

unique surface properties and cylindrical nanostructure nature, f-CNF would significantly boost 74 

the electron conductivity and electrochemical performance of lanthanide oxides [31]. According 75 

to a literature survey, f-CNF-based composite materials have been used for the electrochemical 76 
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determination of various analytes, including CBZ [31-40]. As far as we know, there is no report 77 

on the detection of CBZ utilizing Nd2O3 with f-CNF nanocomposite. The Nd2O3/f-CNF modified 78 

electrode was employed for the sensitive and lower potential detection of CBZ by cyclic 79 

voltammetry (CV) and differential pulse voltammetry (DPV) for electrochemical sensor 80 

applications. The fabricated sensor displayed a more comprehensive linear range, a lower detection 81 

threshold, and good sensitivity. Additionally, it demonstrated respectable applicability for 82 

examining CBZ in real samples, such as beet, carrot, and cabbage.     83 

   84 

2. Experimental section  85 

2.1. Materials and reagents   86 

Neodymium (III) chloride (99.9% trace metals basis), ethylene glycol, Urea, malathion, parathion, 87 

thiamethoxam, carbofuran, ascorbic acid, caffeic acid, and carbendazim were purchased from 88 

Sigma-Aldrich and used without any further purification. Carbon nanofibers (98% amorphous 89 

carbon with iron impurities below 14000 ppm, diameter =100 mm, length = 20-200 µm, and 90 

surface area 39 m2/g) were purchased from Sigma-Aldrich. Monosodium phosphate (≥99%) and 91 

disodium phosphate (≥98.5%) were used to make different concentrations supporting electrolyte 92 

solution during electrochemical analysis, and HCl and NaOH were used to adjust the pH value. 93 

All other chemicals used in this study were purchased from Sigma-Aldrich and used as received.  94 

2.2. Synthesis and fabrication of Nd2O3/f-CNF modified electrode 95 

The Nd2O3 was synthesized via a cost-effective familiar coprecipitation method. In general, 96 

0.1 M of Nd (NO3)3.6H2O was dissolved in 40 mL of deionized (DI) water and allowed to continue 97 

stirring at room temperature. About 10.0 mL of ethylene glycol was added slowly into the above 98 

mixture and stirred for 90 minutes at 4000 RPM. A white and homogeneous precipitate was 99 
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obtained at the end of the reaction. The reaction mixture in the beaker was kept under an 100 

ultrasonication bath for 1 h for homogeneous formation. The settled residue was washed with DI 101 

water and ethanol 3 times before centrifuging at 4000 rpm to remove external impurities. 102 

Afterward, the obtained precipitates were dehydrated at 55 ºC for 24 h. The synthesized product 103 

(Nd2O3) was calcined at 500 ºC for 6 h and used for further characterization. The f-CNF was 104 

synthesized using an acid functionalization method reported early [31].  105 

 106 

Scheme 1. A schematic representation of the overall synthesis process of Nd2O3/f-CNF composite. 107 

As preparation for the electrocatalyst, 8 mg of Nd2O3 and 4 mg f-CNF were added to the 108 

vial containing DI water. The mixture was kept under the ultrasonic bath and sonicated until a 109 

homogenous suspension was obtained. Afterward, the suspension was centrifuged at 4000 rpm for 110 

15 minutes and washed numerous times with DI water and ethanol to remove impurities. The 111 

obtained Nd2O3/f-CNF was dried at 80 °C for 8 h. Oxidized carboxylic functional groups in f-CNF 112 

allow the Nd2O3 nanoparticles to adhere well to the outer interlayers of the structure during 113 

ultrasonication. A schematic representation of the overall synthesis process of the Nd2O3/f-CNF 114 

composite is shown in Scheme 1. We prepared the Nd2O3/f-CNF composite dispersion by 115 

ultrasonically dispersing 3 mg of the composite in 1 mL of DI water for 15 minutes at room 116 

temperature. After that, the Nd2O3/f-CNF composite dispersion was drop cast (6 µL) over the 117 

glassy carbon electrode (GCE) surface, and the suspension was allowed to dry at ambient 118 

temperature. The fabricated Nd2O3/f-CNF composite electrode was further used for the 119 
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electrochemical/catalytic studies, and the same electrode preparation procedure was used for all 120 

experiments. 121 

2.3. Apparatus and measurements 122 

Powder X-ray diffraction (XRD) patterns of synthesized Nd2O3, f-CNF, and Nd2O3/f-CNF 123 

composite were studied using a PAN analytical X'Pert PRO diffractometer with Cu Kα radiation 124 

(λ = 1.5418 Å). Each sample's crystal structure was investigated in the 10-90° 2θ with a 0.02° step 125 

size. IR spectrum of the synthesized samples was recorded using a KBr disc on a JASCO Fourier 126 

transform infrared (FT-IR) 460 Plus spectrophotometer. A Raman spectrometer with a charge-127 

coupled detector (Dong Woo 500i, Korea) was used to investigate particle size, morphology, and 128 

vibration modes. X-ray photoelectron spectroscopy (XPS) analyzed the prepared samples' 129 

elemental composition and oxidation state (XPS, Thermo Scientific Multi-Lab 2000). A High-130 

Resolution Transmission Electron Microscope (HR-TEM): JEOL 2100F was used for scanning 131 

images, selected area electron diffraction (SEAD), and elemental mapping. The pH of the sample 132 

was measured with a Horiba-L aqua pH meter calibrated with a standard buffer of the relevant pH. 133 

The electrochemical experiments were carried out using a conventional three-electrode 134 

system equipped with a modified GCE as a working electrode, a platinum wire as an auxiliary 135 

electrode, and Ag/AgCl (sat.KCl) as a reference electrode. Alumina-silica powder was used to 136 

clean all electrodes before beginning electrochemical experiments. A CHI 750A electrochemical 137 

workstation (CH Instruments, USA) was used for the electrochemical studies, including CV and 138 

DPV experiments. 139 

3. Results and Discussion 140 

3.1. Characterization 141 
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The HR-TEM was used to analyze the surface morphology of as-synthesized f-CNF, Nd2O3, and 142 

Nd2O3/f-CNF composite. In Fig.1A, the TEM image of the f-CNF clearly shows stacked-cup 143 

carbon nanofibers, which are visible in the magnified image. It was calculated that the average 144 

diameter and width of the f-CNF are 226 nm and 142 nm, respectively. In Fig.1B and C, the 145 

sphere-like structure of the Nd2O3 nanoparticles can be seen with a uniform size of around 80-100 146 

nm with a diameter of 160-200 nm. A TEM image of the Nd2O3/f-CNF composite (D-E) revealed 147 

successful embattlement of Nd2O3 nanoparticles on the surface of f-CNF. Also, the Nd2O3 148 

nanoparticles were evenly attached with slight aggregation (Fig.1F).  149 

 150 
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Figure 1. HR-TEM images of (A) f-CNF, (B, C) Nd2O3, and Nd2O3/f-CNF composite in different 151 

magnifications (D-F), Lattice fringe for Nd2O3 (G). SEAD pattern of Nd2O3, and elemental 152 

mapping of Nd, C, and O for Nd2O3/f-CNF composite.   153 

The (111) plane of the f-CNF was attributed to the lattice fringe distance of 0.21 nm, and a 154 

well-resolved Nd2O3 crystal ring pattern was observed in Fig. 1G, whose ring spots matched XRD 155 

plane values including (110), (002), and (102) (Fig. 1H). The results confirmed that the high 156 

crystal nature of Nd2O3 was unaffected by f-CNF in the Nd2O3/f-CNF composite. In Fig. 1I, we 157 

see that the Nd (a), O (b), and C (c) are evenly distributed throughout the Nd2O3/f-CNF composite, 158 

indicating that the fabrication was successful and uninterrupted.               159 

Fig. 2A of the Raman spectra of Nd2O3 show the lower and higher number bands at 90.1, 160 

121, 133.5, 195.3, 338.4, 431.6, 546.5, and 1009.2, 1077.3, 1356.7, 1611.2, 1927 cm-1, which 161 

relate to Fg and Ag + Eg modes, respectively [41]. The Raman spectra of the f-CNF show that the 162 

D and G bands at 1348 and 1589 cm-1 result from disordered and ordered graphitic carbon on CNF 163 

[26]. In contrast, the decrease in G-band intensity indicates a low level of impurities and high 164 

crystallinity of CNF. In addition, the graphitic carbon (G band) and carbon (D band) of the f-CNF 165 

are arranged orderly, which means that no defects are observed in the f-CNF. The contrast between 166 

the f-CNF and Nd2O3, the Nd2O3/f-CNF composite peak intensity indicates disorder in the sp2 167 

carbon lattice and compressive strains induced by the bonds between f-CNF and oxygen adsorption 168 

on surfaces of transition metal oxides. FTIR spectroscopy was used to identify the functional 169 

groups in Nd2O3 nanoparticles, f-CNF, and Nd2O3/f-CNF nanocomposite. As shown in Fig. 2B, 170 

the broad peak at 3490 - 3600 cm-1 corresponds to the -OH stretching vibration, while the broad 171 

blend peak at 1639 cm-1 is attributed to the CO stretching vibration. The two significant peaks at 172 

566 cm-1 and 725 cm-1 are related to the Nd-O stretching vibration (metal-oxygen bond), showing 173 
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the formation of Nd2O3 nanoparticles [25]. Three other series peaks between 1030 and 1232 cm-1 174 

are associated with the stretching vibration of the carbon and hydroxyl group (C-OH) bond. The 175 

broader peaks 1048 and 1526 cm-1 are according to the asymmetric and symmetric vibrations of 176 

the O-C-O bond. FTIR spectrum of f-CNF revealed the following peaks at 1225.7, 1538.8, 1646, 177 

1701, and 3462 cm-1, which correspond to the acid-treated functional groups C-O, C=C, C-O-C, 178 

C=O, and -OH [42]. This was similar to the peak observed in the Nd2O3/f-CNF composite, which 179 

confirmed the presence of f-CNF and Nd2O3. Also, the Raman spectra of f-CNF exhibited two 180 

distinct peaks at 1362 cm-1 and 1606 cm-1, which are attributed to the D band and G band, 181 

indicating the successful formation of f-CNF. An XRD analysis was performed to determine the 182 

phase purity and crystal structure of the as-synthesized Nd2O3, f-CNF, and Nd2O3/f-CNF 183 

composites. 184 

 185 

Figure 2. A) Raman, (B) FTIR and C) XRD spectra of f-CNF, Nd2O3, and Nd2O3/f-CNF 186 

composite, D) Survey spectra of Nd2O3/f-CNF composite and (E-G) individual XPS spectra of Nd 187 

3d, C 1s, and O 1s.   188 
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Fig. 2C displays the XRD pattern of Nd2O3. As visible in Fig. 2C, the diffraction peaks at 189 

2θ of 27.0°, 28.8°, 30.8°, 40.4°, 49.6°, 52.9°, and 57.1° are associated with hexagonal phases (100), 190 

(002), (101), (102), (110), (103), and (112) and are well-matched with the previously reported 191 

literature [JCPDS:00-43-102] [28]. Using Debye-Scherrer's equation (1), we calculated the 192 

average crystalline size of Nd2O3.                                           193 

 𝐷𝑋𝑅𝐷= 𝐾λ
𝛽ℎ𝑘𝑙𝐶𝑂𝑆𝜃⁄                                                                   (1) 194 

Where λ is the wavelength of X-ray (0.15406 Å), D represents the size of crystallites (nm), q is the 195 

diffraction angle, k is a constant value, and β is full with half maximum (FWHM) of the diffraction 196 

peak. The calculated average crystalline size (D) of the Nd2O3 was 63.1 nm. The results show that 197 

the synthesized Nd2O3 consists only of Nd, O, and no other impurities. Several other peaks were 198 

also observed at 13.2°, 15.7°, 38.3°, and 42.6°, which correspond to the hexagonal structure of 199 

Nd(OH)3. According to the XRD pattern of the f-CNF, the peaks at 24.4° and 42.2° were well 200 

indexed with (002) and (100), respectively, indicating the presence of a carbon source [35]. The 201 

presence of f-CNF partially influenced Nd2O3, and accordingly, some combinations disappeared 202 

because of f-CNF. Additionally, XPS spectra of Nd2O3/f-CNF nanocomposite revealed its 203 

chemical composition and oxidation state. As shown in Fig. 2D, the Nd2O3/f-CNF composite 204 

spectra are located at 985.5, 355.6, and 286.9eV, indicating the presence of Nd 3d, O1s, and C 1s. 205 

Fig. 2D shows the Nd 3d XPS spectrum of Nd2O3 at 986.3 eV, which is further deconvoluted into 206 

two Nd3+ peaks at 982.3 eV and 986.1 eV corresponding to Nd 3d5/2. In Fig. 2F, the O1s peaks 207 

correspond to the aromatic C-OH, C-O-C, and M-O bonds (metal-oxygen bonds). Also, the C 1s 208 

spectrum of Fig. 2G show four different oxygen peaks at binding energies of 294.1, 289.4, 286.8, 209 

and 285.1; these correspond to functional groups such as -CO2H, C=O, C-O, and Sp3/Sp2 orbital 210 
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bonds in the surface of the Nd2O3/f-CNF composite [36]. The above results confirmed the 211 

successful formation of Nd2O3/f-CNF nanocomposite. 212 

 213 

3.2. Electrochemical and catalytic properties of the modified electrode  214 

The electron transfer and electroactive surface area of different electrodes were determined 215 

using CV. A mixed solution of 0.5 M Fe(CN)6
3-/4- and 0.1 M KCl was used to test the 216 

electrochemical performance of the modified and unmodified electrodes. According to Fig. 3A, 217 

the bare GCE displays a weak redox peak response due to a low electron transfer rate. After GCE 218 

was modified with Nd2O3, f-CNF, and Nd2O3/f-CNF, the redox peak current of GCE gradually 219 

increased. From these experiments, Nd2O3/f-CNF/GCE show a higher redox peak current than 220 

other electrodes, possibly because the Nd2O3 interacts with the surface-etched f-CNF with a strong 221 

π-π bond, which can result in improved electrocatalytic activity and electron transfer kinetics in 222 

Nd2O3/f-CNF/GCE.  223 

 224 
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Figure 3. A) CV response of bare GCE, Nd2O3/GCE, f-CNF/GCE, and Nd2O3/f-CNF/GCE in 0.5 225 

M of [Fe(CN)6]3-/4- comprises 0.1 M of KCl at a scan rate of 50 mV s-1. B) At the same conditions, 226 

the CV response of Nd2O3/f-CNF/GCE at different scan rates from 10 to 200 mV s-1. C) The linear 227 

relationship between the square root of scan rate (mV s-1) vs. anodic and cathodic peak current (Ipa 228 

and Ipc) response. D) CV curves of different electrodes at scan rate 50 mVs-1 in the presence of 229 

100 µM CBZ in PH 7.0. The color description for the different electrodes is the same as in (A). E) 230 

CV response for adding different quantities of CBZ (50-250 µM) on Nd2O3/f-CNF/GCE in pH 7.0 231 

at a scan rate of 50 mV s-1. F) The linear relationship between the [CBZ] vs. Ipa. 232 

We also measured the electroactive surface area of the unmodified and modified electrodes 233 

in a mixed solution of 0.5 M Fe(CN)6
3-/4- and 0.1 M KCl solution at various scan rates from 10 to 234 

200 mV s-1 (Fig. 3B). The results confirmed that the square root of scan rates had linear 235 

dependence with the anodic and cathodic peak current response of the Ferro/Ferri redox couple 236 

(Fig. 3C). Electroactive surface area of various modified GCEs were calculated using Randles–237 

Ševćik equation for reversible electrochemical processes [43]. Using the Rendles-Sevick equation 238 

(2), the active surface areas of the Nd2O3/GCE, f-CNF/GCE, and Nd2O3/f-CNF/GCE were 239 

calculated to be 0.079, 0.088, and 0.094 cm-2, respectively. 240 

𝐼𝑟𝑒𝑣 =  0.446 𝑛 𝐹𝐴𝑟𝑒𝑎𝑙 𝐶 √𝑛𝐹𝐷𝑣
𝑅𝑇

…………………………………………………… (2) 241 

Where Irev is the redox peak current (µA), A is the electroactive surface area (cm2), A is the surface 242 

area of the electrode, C is the concentration, D is the diffusion coefficient (7.6 x 10-6), and n is the 243 

number of electrons (n=1), and v is scan rate (Vs-1). Also, the % of real and geometrical surface 244 

area of bare GCE was calculated using %real = (Areal/Ageo) × 100). The % of real was 86.1% when 245 

compared to the active surface area of 0.068 cm2. The above results make clear that the Nd2O3/f-246 
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CNF/GCE has a higher electroactive surface area among the other electrodes and can be used for 247 

the enhanced electrochemical detection of CBZ. 248 

The electrochemical response of different electrodes was examined by CV with 100 µM 249 

CBZ in 0.1 M PBS (pH 7.0) at a scanning rate of 50 mVs-1 with the potential scanning from 0.3 to 250 

1.3 V. The color description for the different electrodes is the same as in Fig. 3A. As shown in 251 

Fig. 3D, the bare GCE exhibits a low oxidation peak current of 0.61 µA response with the higher 252 

oxidation potential (Epa) due to low electron transfer kinetics and poor catalytic performance. The 253 

peak current and peak potential of modified electrodes gradually increased, as shown in 254 

Fig. 3D, Nd2O3/GCE (Ipa = 0.75 µA, Epa = 0.839 V)> f-CNF/GCE (Ipa = 0.85 µA, Epa = 0.816 V)> 255 

Nd2O3/f-CNF/GCE (Ipa = 1.5 µA, Epa = 0.8 V). Compared with other electrodes, the Nd2O3/f-256 

CNF/GCE exhibited a higher oxidation peak current response and a lower oxidation peak potential, 257 

indicating that the Nd2O3/f-CNF composite modified electrode can be used for sensitive and lower 258 

potential detection of CBZ. The combined unique properties of f-CNF and Nd2O3 through π-π 259 

interactions had a synergistic effect on enhancing the electrocatalytic activity against CBZ 260 

oxidation. The anodic peak in carbendazim comes from the oxidation of nitrogen atoms in the 261 

pyridine ring of benzimidazole. The possible oxidation mechanism of CBZ on the Nd2O3/f-CNF 262 

composite-modified electrode is elucidated in Scheme 2 [31]. 263 
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 264 

Scheme 2 Possible electrochemical oxidation mechanism of CBZ on Nd2O3/f-CNF composite 265 

modified electrode. 266 

A quantitative assessment of CBZ was performed by CV at various concentrations (50-250 267 

µM) in 0.1 M PBS at 50 mVs-1 (Fig. 3E). As concentrations of CBZ increased linearly, their peak 268 

currents also increased, and their potential shifted slightly from its original potential. As shown in 269 

Fig. 3F, the linear regression equation for the oxidation peak current is Ipa = 0.0054[CPZ] + 0.566 270 

(R2 = 0.991). The results indicate the excellent kinetics and higher electrocatalytic activity of 271 

Nd2O3/f-CNF/GCE towards CBZ. 272 

  273 

3.3. Influence of scan rate and pH 274 

We examined the impact of various scan rates on CBZ detection at Nd2O3/f-CNF/GCE in 275 

0.1 M PBS (pH 7.0) containing CBZ (100 µM), as shown in Fig. 4A. As the scan rate increased, 276 

the oxidation peak current of CBZ also increased, and the peak current in the potential range was 277 

proportional to the scan rate obtained. This was described using the equation Ipa = 0.0085v + 0.3169 278 

(R2=0.994) as the relationship plot between scan rates (mVs-1) vs. Ipa. Further, the linear 279 



16 
 

relationship between reduction peak current vs. scan rate (mVs-1) is Ipc = 0.1647v + 0.3889 (R2 = 280 

0.96). The result implies that the electrochemical reaction of CBZ on the Nd2O3/f-CNF/GCE is the 281 

surface adsorption-controlled electrochemical reaction [31]. We examined the effect of pH for 282 

CBZ sensing (100 µM) at Nd2O3/f-CNF/GCE by using different pH (3.0 - 11.0) at a scan rate of 283 

50 mV s-1 (Fig. 4C). By varying the pH of an electrolyte containing CBZ from low to high, the 284 

peak current and potential have moved towards the negative range, suggesting that protons are 285 

involved in the electrode reaction. In this study, pH 7.0 was determined to be the optimal pH value 286 

based on the maximum oxidation current observed. It was found that Epa (V) = -0.0715 pH + 287 

1.3115 (R2 = 0.998) for different pH versus Epa (V), which indicates the linear dependence of Epa 288 

in a broader pH range.  289 

 290 
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Fig. 4. A) CV response for CBZ (200 µM) at Nd2O3/f-CNF/GCE with different scan rates (20–220 291 

mVs-1). B) The linear relationship between the different scan rates vs. Ipa. C) CV response at 292 

Nd2O3/f-CNF/GCE with 100 µM CBZ containing different pH (pH 3.0–7.0) at scan rate 50 mVs-293 

1. D) The linear relationship between the pH vs. Ipa and Epa.    294 

 295 

3.4. Determination of CBZ at Nd2O3/f-CNF/GCE 296 

In contrast to other electrochemical approaches, DPV has a higher detection sensitivity and a lower 297 

detection limit, making it an ideal technique for determining CBZ. Fig. 5A shows the 298 

DPV response current of CBZ at the Nd2O3/f-CNF/GCE for different concentration addition of 299 

CBZ, ranging from 0.1 to 243 µM. Under optimized conditions, the response current of CBZ 300 

shows a significantly enhanced trend upon increasing the CBZ concentration from 0.1 to 243 µM.  301 
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 302 

Figure 5. A) DPV curves of the Nd2O3/f-CNF/GCE for the successive addition of CBZ from 0.1 303 

to 243 µM in pH 7.0. B) The linear relationship between the [CBZ] vs. Ipa. C) Selectivity of the 304 

sensor in the presence of co-inferring species and its corresponding error bar diagram (D). 305 

Based on the DPV results, two linear curves are plotted at low and high CBZ 306 

concentrations. According to the first linear equation, Ipa (A) = 0.142 C[CBZ] +0.3152 (R2 = 0.984) 307 

in the concentration range of 0.1-5.4 µM for CBZ. In the CBZ concentration range of 10.4-243 308 

µM, the second equation is expressed as Ipa (A) = 0.0064 C[CBZ] + 1.5114 (R2 = 0.895). Due to 309 

the empty free active sites on the electrode surface, CBZ is rapidly adsorbed on the electrode 310 

surface when injected consecutively. With high concentration, the CBZ curves shifted toward a 311 

more positive region with a low oxidation current. Also, the oxidation of CBZ at modified Nd2O3/f-312 
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CNF composite surfaces is slightly slower because there are fewer unoccupied active sides. Since 313 

the occupied sites revealed low electroactive area and sensitivity, the first linear equation was used 314 

to calculate the sensor's low detection limit (LOD) and sensitivity. The calculated LOD is 4.3 nM 315 

(3Sd/N, where Sd is the standard deviation of blank and N is the slope of the calibration plot) and 316 

the analytical sensitivity are 0.142 µA µM-1 (slope of the calibration plot). The LOD of the sensor 317 

(100 nM) is lower than the WHO-recommended value for water samples. The fabricated sensor's 318 

analytical performance was compared with previously reported CBZ sensors to confirm the 319 

developed sensor's novelty. Comparative results between the Nd2O3/f-CNF/GCE sensor and those 320 

previously reported in the literature are shown in Table 1. Notably, the Nd2O3/f-CNF/GCE has 321 

lower LOD (4.3 nM) than previously used CBZ sensors based on the composites of single and 322 

multiwalled carbon nanotubes (ZnFe2O4/SWCNT and SiO2/MWCNT), phosphorus-doped helical 323 

carbon nanofibers (HCNFs), reduced graphene oxide composites (NP-Cu/RGO and QD-rGO). 324 

Also, the sensitivity and linear response of the fabricated sensor is enhanced and comparable to 325 

the previously reported CBZ sensors listed in Table 1. Therefore, the Nd2O3/f-CNF composite-326 

modified electrode is a promising alternative electrode material for sensitive and low levels 327 

detection of CBZ in environmental samples. 328 

 329 

 330 

 331 

 332 

 333 

 334 
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Table 1 Analytical comparison of Nd2O3/f-CNF composite modified electrode with 335 

previously reported modified electrodes for the determination of CBZ. 336 

NR – Not reported 337 

 338 

3.5. Selectivity, reproducibility, and stability  339 

In order to study the selectivity, the DPV response of CBZ (50 µM) at Nd2O3/f-CNF/GCE was 340 

examined in the presence of various potentially interfering compounds, as shown in Fig. 5C. As 341 

all other interfering compounds (like pesticides, biological compounds, metal ions, and carbofuran, 342 

ascorbic acid, and caffeic acid) have not changed the oxidation peak current of CBZ, the calculated 343 

Relative standard deviation (RSD) values are below 3.8%, even when there are excessive amounts 344 

Electrode Linear range  

(µM) 

Limit of 

detection (nM) 

Sensitivity 

(µA/µM) 

Refs. 

La-Nd2O3/CPE 0.08-50 27 NR [21] 

Yb2O3/f-CNF/GCE 0.05 to 3035  6 0.049 [31] 

ZnFe2O4/SWCNT/GCE 0.5-100 90 NR [45] 

SiO2/MWCNT/GCE 0.2-4.0 56 0.485 [46] 

Ti3C2TxMXene/GCE 0.05-100 10.3 NR [47] 

P-HCNFs/GCE 1-35 38 0.92 [48] 

NP-Cu/RGO/GCE 0.5-30 90 0.085 [49] 

D-PC/GCE 0.01-1.00 6 NR [50] 

Ce-dope ZnWO4/GCE 0.01-5.5 3 0.0289 [51] 

WO3.0.33H2/GCE 0.1-250 22 NR [52] 

Fe-CuV/GCE 0.01-83.1 5 0.86 [53] 

MBC@CTS/GCE 0.1-20 20 NR [54] 

TCP/CPE 0.5-10 300 0.59 [55] 

MWCNTs/GCE 0.256-3.11 54.9 NR [56] 

Nd2O3/f-CNF/GCE 0.1-243 4.3 0.142 This work 
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of other interfering compounds. According to the obtained results, the modified Nd2O3/f-345 

CNF/GCE is highly selective for detecting CBZ. A relative error bar is shown in Fig. 5D. The 346 

CBZ oxidation peak current was not affected by the presence of interfering species; thus, it can be 347 

used for monitoring CBZ in real time. 348 

A series of five Nd2O3/f-CNF/GCEs were prepared and tested for reproducibility in CBZ 349 

(50 µM) containing PBS using DPV. The fabricated eight electrodes show similar potential and 350 

peak current responses from the obtained DPV curves. The RSD of 3.42% was found for the 351 

reproducibility of eight sensors, which shows the excellent reproducibility of the fabricated sensor. 352 

The long-term stability of the Nd2O3/f-CNF/GCE was studied after 20 days of storage in a 353 

refrigerator (4°C). DPV performed periodic measurements of the oxidation current response to 354 

CBZ (50 µM) at the modified electrode. Despite the long-term stability of the electrode, the peak 355 

current value was still 97% of the original value after 22 days. The above results indicate that the 356 

modified Nd2O3/f-CNF/GCE sensor was both reproducible and stable toward the detection of 357 

CBZ.  358 

    359 

3.6. Real sample analysis 360 

We evaluated the practical feasibility of the proposed CBZ sensor to access practical 361 

applications. Analyses of real samples were performed using DPV under similar experimental 362 

conditions as those described in Fig. 5A. Various water (tap water, pond water, and portable 363 

water), soil, and vegetables (brinjals, cabbages, and carrots) samples were used for the real sample 364 

analysis. The vegetables were brought from a local market for real sample analysis. Samples of 365 

vegetables were cut into small pieces and ground with an electric blender before being analyzed. 366 

After collecting the extract, it was centrifuged for 15 minutes at 3000 RPM. The water samples 367 
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were used directly for real sample analysis; only the pH was adjusted to 7.0 before the analysis. 368 

The soil sample was added to the PBS and filtered before analysis for real samples. The DPV test 369 

results found that the utilized water, vegetable, and soil samples were CBZ-free after diluting them 370 

with PBS. Then, DPV responses of real samples were studied when a known concentration of CBZ 371 

was added to the real samples. The standard addition method was used to calculate the recovery, 372 

and Table 2 shows the concentration and recovery results of vegetables, water, and soil samples. 373 

The excellent recoveries of CBZ in different vegetables (97.4 – 99.2%), water (96.5 – 99.1%), and 374 

soil samples (95.8 – 97.4%) with appropriate relative standard deviation (RSD) were obtained 375 

using the fabricated electrode, indicating the excellent practicality of the fabricated sensor. These 376 

results confirmed the high accuracy in determining CBZ in the real samples. 377 

Table 2 Determination of CBZ using the Nd2O3/f-CNF composite modified electrode in different 378 

water, vegetable, and soil samples. 379 

Sample Added (µM) Found (µM) Recovery RSD (%) 

 

Cabbage 

5 4.79 98.0 2.1 

10 9.88 98.8 2.3 

20 18.62 97.4 1.3 

30 28.91 98.6 1.5 

 

Brinjal 

10 9.89 98.5 2.3 

20 18.99 98.7 3.4 

30 29.81 99.2 1.8 

 

Carrot 

10 8.64 97.6 2.3 

20 19.03 98.2 1.9 

30 28.45 98.7 2.6 

 

Soil 

10 9.62 96.2 3.4 

20 19.15 95.8 3.9 

30 29.22 97.4 3.7 
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Drinking water 

10 9.91 99.1 1.6 

20 19.78 98.9 1.9 

30 29.65 98.8 1.5 

 

Tap water 

10 9.85 98.5 1.9 

20 19.56 97.8 2.4 

30 29.75 99.1 2.1 

 

Pond water 

10 9.65 96.5 3.6 

20 19.35 96.8 4.1 

30 29.45 98.2 4.0 

 380 

4. Conclusions 381 

In conclusion, a straightforward methodology has been used to synthesize the Nd2O3/f-382 

CNF composite, and its modified electrode was used for the first time for the sensitive and low 383 

potential detection of CBZ. Microscopic examinations confirmed the presence of Nd2O3 384 

nanoparticles on the surface of f-CNF. Also, the other physicochemical studies supported the 385 

successful formation of the Nd2O3/f-CNF composite. In electrochemical studies, it was found that 386 

the Nd2O3/f-CNF composite electrode had a greater surface area and more extraordinary electron 387 

transfer ability than Nd2O3 and f-CNF modified electrodes. The electroanalytical studies 388 

determined that the Nd2O3/f-CNF composite-modified electrode was highly sensitive toward CBZ 389 

detection, detecting CBZ at low levels of 4.3 nM with higher sensitivity (0.142 µAµM-1) and 390 

providing a more comprehensive linear response range (up to 243 µM). The fabricated composite 391 

modified electrode showed excellent selectivity towards CBZ despite the influence of various 392 

interfering compounds, including similar insecticides. This excellent recovery of CBZ in water, 393 

vegetable, and soil samples confirmed the excellent practicality of the Nd2O3 and f-CNF-modified 394 
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electrodes. The synthesized Nd2O3/f-CNF composite could be applied to environmental 395 

remediation in investigated water, vegetable, and soil samples. 396 
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Abstract 15 

Abuse of carbendazim (CBZ) leaves excessive pesticide residues on agricultural products, which 16 

endangers human health because of the residues' high concentrations. Hence, a composite 17 

consisting of functionalized carbon nanofibers (f-CNF) with neodymium oxide (Nd2O3) was 18 

fabricated to monitor CBZ at trace levels. The Nd2O3/f-CNF composite-modified electrode 19 

displays higher electro-oxidation ability towards CBZ than Nd2O3 and f-CNF-modified electrodes. 20 

The combined unique properties of Nd2O3 and f-CNF result in a substantial specific surface area, 21 

superior structural stability, and excellent electrocatalytic activity of the composite yielding 22 

enhanced sensitivity to detecting CBZ with a detection limit of 4.3 nM. Also, the fabricated sensor 23 

electrode can detect CBZ in the linear concentration range of up to 243.0 μM with high selectivity, 24 

appropriate reproducibility, and stability. A demonstration of the sensing capability of CBZ in 25 

vegetables, water, and soil samples was reported paving the way for its use in practical 26 

applications.  27 

Keywords: Fungicides detecting sensor; Carbendazim; Nd2O3; Functionalized carbon nanofibers 28 

composite; Electroanalysis 29 

  30 
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1. Introduction  31 

Fungicides are frequently employed in modern agriculture to safeguard crops against fungi and 32 

boost yields [1,2]. Pesticide residues in the environment pose a severe risk to ecological safety, 33 

human health, food quality, and water supply [3]. Carbendazim (Methyl-2-benzimidazole 34 

carbamate, CBZ) is extensively used for crop protection and fast growth in the cultivation of 35 

various fruits and vegetables [4,5]. It can be utilized for pre-planting and post-harvesting in 36 

addition to seed storage before and after harvest [6,7]. However, prolonged or excessive exposure 37 

to CBZ can seriously damage soils, leading to contaminated groundwater and adverse effects on 38 

people and animals [8]. The benzimidazole ring attached to the structure of CBZ is responsible for 39 

the long-term stability and half-life of the compound (>3 years) [9]. Despite being banned in many 40 

countries, it is still used for plant cultivation because of its low cost and ability to accelerate growth 41 

[10]. Also, CBZ has been classified as a probable human carcinogen by the World Health 42 

Organization (WHO), and the multiplication of pesticide residues can cause severe adverse effects 43 

in humans and aquatic animals, including allergic reactions, dermatitis, eye irritation, hormonal 44 

abnormalities, infertility, teratogenicity, and mutagenicity [11,12]. This highlights the importance 45 

of concentrating on the quantitative development of efficient CBZ residue detection technologies. 46 

For identifying CBZ in various water sources, various cutting-edge analytical methods are 47 

available, including chemiluminescence, high-performance liquid chromatography, Raman 48 

scattering, UV-Vis spectrometry, and electrochemical detection [13,14,15]. Traditional 49 

chromatographic and spectroscopic techniques are sensitive, but they have certain drawbacks, such 50 

as the need for complex instrumentation, incapability for real-time observation, and length of time 51 

[16]. Electrochemical sensors have gained significant attention among other techniques because 52 

they are easy to use, high-accurate, inexpensive, quick, and use minimal chemicals [17]. 53 



4 
 

Consequently, our approach to identifying CBZ in food samples was based on electrochemical 54 

methods. 55 

The distinctive qualities of rare-earth metal oxides (La2O3, CeO2, Pr6O11, and Nd2O3), such as 56 

electron richness in the d and f orbitals, catalytic effectiveness, optical, magnetic, and thermal 57 

stability, are what make them so popular for a variety of applications [18,19]. Among the 58 

lanthanide family, neodymium oxide (Nd2O3) is a more reactive oxide found naturally over most 59 

of the earth's crust. Also, Nd2O3 has been widely used in solar cells, lithium-ion batteries, 60 

supercapacitors, and sensors due to its improved catalytic and electric properties [23,24]. To date, 61 

various synthesis methods have been used to synthesize Nd2O3, including hydrothermal synthesis, 62 

sol-gel auto combustion, template synthesis, polyol synthesis, microemulsion synthesis, 63 

inductively coupled radiofrequency thermal plasma, and micro-aided synthesis [25-27]. 64 

Nevertheless, the improvements on single metal oxides still suffer from poor applicability, low 65 

conductivity, and unsatisfactory cyclic stability during the chemical reaction [28]. Therefore, 66 

developing a carbon matrix that can be modified efficiently to enhance the electrocatalyst for 67 

environmental hazards sensors is imperative [29,30]. Our previous study revealed that lanthanide 68 

oxides with functionalized carbon nanofibers (f-CNF) could selectively detect CBZ with improved 69 

sensitivity [31]. The surface properties of f-CNF are similar to those of other carbon nanomaterials 70 

(graphene oxide and functionalized carbon nanotubes), which makes it suitable for electrochemical 71 

sensor applications [32-34]. Furthermore, f-CNF has many free hydroxyl groups on its cylindrical 72 

surface, which makes it an ideal material to disperse in an aqueous solution. [35]. As a result of its 73 

unique surface properties and cylindrical nanostructure nature, f-CNF would significantly boost 74 

the electron conductivity and electrochemical performance of lanthanide oxides [31]. According 75 

to a literature survey, f-CNF-based composite materials have been used for the electrochemical 76 
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determination of various analytes, including CBZ [31-40]. As far as we know, there is no report 77 

on the detection of CBZ utilizing Nd2O3 with f-CNF nanocomposite. The Nd2O3/f-CNF modified 78 

electrode was employed for the sensitive and lower potential detection of CBZ by cyclic 79 

voltammetry (CV) and differential pulse voltammetry (DPV) for electrochemical sensor 80 

applications. The fabricated sensor displayed a more comprehensive linear range, a lower detection 81 

threshold, and good sensitivity. Additionally, it demonstrated respectable applicability for 82 

examining CBZ in real samples, such as beet, carrot, and cabbage.     83 

   84 

2. Experimental section  85 

2.1. Materials and reagents   86 

Neodymium (III) chloride (99.9% trace metals basis), ethylene glycol, Urea, malathion, parathion, 87 

thiamethoxam, carbofuran, ascorbic acid, caffeic acid, and carbendazim were purchased from 88 

Sigma-Aldrich and used without any further purification. Carbon nanofibers (98% amorphous 89 

carbon with iron impurities below 14000 ppm, diameter =100 mm, length = 20-200 µm, and 90 

surface area 39 m2/g) were purchased from Sigma-Aldrich. Monosodium phosphate (≥99%) and 91 

disodium phosphate (≥98.5%) were used to make different concentrations supporting electrolyte 92 

solution during electrochemical analysis, and HCl and NaOH were used to adjust the pH value. 93 

All other chemicals used in this study were purchased from Sigma-Aldrich and used as received.  94 

2.2. Synthesis and fabrication of Nd2O3/f-CNF modified electrode 95 

The Nd2O3 was synthesized via a cost-effective familiar coprecipitation method. In general, 96 

0.1 M of Nd (NO3)3.6H2O was dissolved in 40 mL of deionized (DI) water and allowed to continue 97 

stirring at room temperature. About 10.0 mL of ethylene glycol was added slowly into the above 98 

mixture and stirred for 90 minutes at 4000 RPM. A white and homogeneous precipitate was 99 
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obtained at the end of the reaction. The reaction mixture in the beaker was kept under an 100 

ultrasonication bath for 1 h for homogeneous formation. The settled residue was washed with DI 101 

water and ethanol 3 times before centrifuging at 4000 rpm to remove external impurities. 102 

Afterward, the obtained precipitates were dehydrated at 55 ºC for 24 h. The synthesized product 103 

(Nd2O3) was calcined at 500 ºC for 6 h and used for further characterization. The f-CNF was 104 

synthesized using an acid functionalization method reported early [31].  105 

 106 

Scheme 1. A schematic representation of the overall synthesis process of Nd2O3/f-CNF composite. 107 

As preparation for the electrocatalyst, 8 mg of Nd2O3 and 4 mg f-CNF were added to the 108 

vial containing DI water. The mixture was kept under the ultrasonic bath and sonicated until a 109 

homogenous suspension was obtained. Afterward, the suspension was centrifuged at 4000 rpm for 110 

15 minutes and washed numerous times with DI water and ethanol to remove impurities. The 111 

obtained Nd2O3/f-CNF was dried at 80 °C for 8 h. Oxidized carboxylic functional groups in f-CNF 112 

allow the Nd2O3 nanoparticles to adhere well to the outer interlayers of the structure during 113 

ultrasonication. A schematic representation of the overall synthesis process of the Nd2O3/f-CNF 114 

composite is shown in Scheme 1. We prepared the Nd2O3/f-CNF composite dispersion by 115 

ultrasonically dispersing 3 mg of the composite in 1 mL of DI water for 15 minutes at room 116 

temperature. After that, the Nd2O3/f-CNF composite dispersion was drop cast (6 µL) over the 117 

glassy carbon electrode (GCE) surface, and the suspension was allowed to dry at ambient 118 

temperature. The fabricated Nd2O3/f-CNF composite electrode was further used for the 119 
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electrochemical/catalytic studies, and the same electrode preparation procedure was used for all 120 

experiments. 121 

2.3. Apparatus and measurements 122 

Powder X-ray diffraction (XRD) patterns of synthesized Nd2O3, f-CNF, and Nd2O3/f-CNF 123 

composite were studied using a PAN analytical X'Pert PRO diffractometer with Cu Kα radiation 124 

(λ = 1.5418 Å). Each sample's crystal structure was investigated in the 10-90° 2θ with a 0.02° step 125 

size. IR spectrum of the synthesized samples was recorded using a KBr disc on a JASCO Fourier 126 

transform infrared (FT-IR) 460 Plus spectrophotometer. A Raman spectrometer with a charge-127 

coupled detector (Dong Woo 500i, Korea) was used to investigate particle size, morphology, and 128 

vibration modes. X-ray photoelectron spectroscopy (XPS) analyzed the prepared samples' 129 

elemental composition and oxidation state (XPS, Thermo Scientific Multi-Lab 2000). A High-130 

Resolution Transmission Electron Microscope (HR-TEM): JEOL 2100F was used for scanning 131 

images, selected area electron diffraction (SEAD), and elemental mapping. The pH of the sample 132 

was measured with a Horiba-L aqua pH meter calibrated with a standard buffer of the relevant pH. 133 

The electrochemical experiments were carried out using a conventional three-electrode 134 

system equipped with a modified GCE as a working electrode, a platinum wire as an auxiliary 135 

electrode, and Ag/AgCl (sat.KCl) as a reference electrode. Alumina-silica powder was used to 136 

clean all electrodes before beginning electrochemical experiments. A CHI 750A electrochemical 137 

workstation (CH Instruments, USA) was used for the electrochemical studies, including CV and 138 

DPV experiments. 139 

3. Results and Discussion 140 

3.1. Characterization 141 
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The HR-TEM was used to analyze the surface morphology of as-synthesized f-CNF, Nd2O3, and 142 

Nd2O3/f-CNF composite. In Fig.1A, the TEM image of the f-CNF clearly shows stacked-cup 143 

carbon nanofibers, which are visible in the magnified image. It was calculated that the average 144 

diameter and width of the f-CNF are 226 nm and 142 nm, respectively. In Fig.1B and C, the 145 

sphere-like structure of the Nd2O3 nanoparticles can be seen with a uniform size of around 80-100 146 

nm with a diameter of 160-200 nm. A TEM image of the Nd2O3/f-CNF composite (D-E) revealed 147 

successful embattlement of Nd2O3 nanoparticles on the surface of f-CNF. Also, the Nd2O3 148 

nanoparticles were evenly attached with slight aggregation (Fig.1F).  149 

 150 
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Figure 1. HR-TEM images of (A) f-CNF, (B, C) Nd2O3, and Nd2O3/f-CNF composite in different 151 

magnifications (D-F), Lattice fringe for Nd2O3 (G). SEAD pattern of Nd2O3, and elemental 152 

mapping of Nd, C, and O for Nd2O3/f-CNF composite.   153 

The (111) plane of the f-CNF was attributed to the lattice fringe distance of 0.21 nm, and a 154 

well-resolved Nd2O3 crystal ring pattern was observed in Fig. 1G, whose ring spots matched XRD 155 

plane values including (110), (002), and (102) (Fig. 1H). The results confirmed that the high 156 

crystal nature of Nd2O3 was unaffected by f-CNF in the Nd2O3/f-CNF composite. In Fig. 1I, we 157 

see that the Nd (a), O (b), and C (c) are evenly distributed throughout the Nd2O3/f-CNF composite, 158 

indicating that the fabrication was successful and uninterrupted.               159 

Fig. 2A of the Raman spectra of Nd2O3 show the lower and higher number bands at 90.1, 160 

121, 133.5, 195.3, 338.4, 431.6, 546.5, and 1009.2, 1077.3, 1356.7, 1611.2, 1927 cm-1, which 161 

relate to Fg and Ag + Eg modes, respectively [41]. The Raman spectra of the f-CNF show that the 162 

D and G bands at 1348 and 1589 cm-1 result from disordered and ordered graphitic carbon on CNF 163 

[26]. In contrast, the decrease in G-band intensity indicates a low level of impurities and high 164 

crystallinity of CNF. In addition, the graphitic carbon (G band) and carbon (D band) of the f-CNF 165 

are arranged orderly, which means that no defects are observed in the f-CNF. The contrast between 166 

the f-CNF and Nd2O3, the Nd2O3/f-CNF composite peak intensity indicates disorder in the sp2 167 

carbon lattice and compressive strains induced by the bonds between f-CNF and oxygen adsorption 168 

on surfaces of transition metal oxides. FTIR spectroscopy was used to identify the functional 169 

groups in Nd2O3 nanoparticles, f-CNF, and Nd2O3/f-CNF nanocomposite. As shown in Fig. 2B, 170 

the broad peak at 3490 - 3600 cm-1 corresponds to the -OH stretching vibration, while the broad 171 

blend peak at 1639 cm-1 is attributed to the CO stretching vibration. The two significant peaks at 172 

566 cm-1 and 725 cm-1 are related to the Nd-O stretching vibration (metal-oxygen bond), showing 173 
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the formation of Nd2O3 nanoparticles [25]. Three other series peaks between 1030 and 1232 cm-1 174 

are associated with the stretching vibration of the carbon and hydroxyl group (C-OH) bond. The 175 

broader peaks 1048 and 1526 cm-1 are according to the asymmetric and symmetric vibrations of 176 

the O-C-O bond. FTIR spectrum of f-CNF revealed the following peaks at 1225.7, 1538.8, 1646, 177 

1701, and 3462 cm-1, which correspond to the acid-treated functional groups C-O, C=C, C-O-C, 178 

C=O, and -OH [42]. This was similar to the peak observed in the Nd2O3/f-CNF composite, which 179 

confirmed the presence of f-CNF and Nd2O3. Also, the Raman spectra of f-CNF exhibited two 180 

distinct peaks at 1362 cm-1 and 1606 cm-1, which are attributed to the D band and G band, 181 

indicating the successful formation of f-CNF. An XRD analysis was performed to determine the 182 

phase purity and crystal structure of the as-synthesized Nd2O3, f-CNF, and Nd2O3/f-CNF 183 

composites. 184 

 185 

Figure 2. A) Raman, (B) FTIR and C) XRD spectra of f-CNF, Nd2O3, and Nd2O3/f-CNF 186 

composite, D) Survey spectra of Nd2O3/f-CNF composite and (E-G) individual XPS spectra of Nd 187 

3d, C 1s, and O 1s.   188 
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Fig. 2C displays the XRD pattern of Nd2O3. As visible in Fig. 2C, the diffraction peaks at 189 

2θ of 27.0°, 28.8°, 30.8°, 40.4°, 49.6°, 52.9°, and 57.1° are associated with hexagonal phases (100), 190 

(002), (101), (102), (110), (103), and (112) and are well-matched with the previously reported 191 

literature [JCPDS:00-43-102] [28]. Using Debye-Scherrer's equation (1), we calculated the 192 

average crystalline size of Nd2O3.                                           193 

 𝐷𝑋𝑅𝐷= 𝐾λ
𝛽ℎ𝑘𝑙𝐶𝑂𝑆𝜃⁄                                                                   (1) 194 

Where λ is the wavelength of X-ray (0.15406 Å), D represents the size of crystallites (nm), q is the 195 

diffraction angle, k is a constant value, and β is full with half maximum (FWHM) of the diffraction 196 

peak. The calculated average crystalline size (D) of the Nd2O3 was 63.1 nm. The results show that 197 

the synthesized Nd2O3 consists only of Nd, O, and no other impurities. Several other peaks were 198 

also observed at 13.2°, 15.7°, 38.3°, and 42.6°, which correspond to the hexagonal structure of 199 

Nd(OH)3. According to the XRD pattern of the f-CNF, the peaks at 24.4° and 42.2° were well 200 

indexed with (002) and (100), respectively, indicating the presence of a carbon source [35]. The 201 

presence of f-CNF partially influenced Nd2O3, and accordingly, some combinations disappeared 202 

because of f-CNF. Additionally, XPS spectra of Nd2O3/f-CNF nanocomposite revealed its 203 

chemical composition and oxidation state. As shown in Fig. 2D, the Nd2O3/f-CNF composite 204 

spectra are located at 985.5, 355.6, and 286.9eV, indicating the presence of Nd 3d, O1s, and C 1s. 205 

Fig. 2D shows the Nd 3d XPS spectrum of Nd2O3 at 986.3 eV, which is further deconvoluted into 206 

two Nd3+ peaks at 982.3 eV and 986.1 eV corresponding to Nd 3d5/2. In Fig. 2F, the O1s peaks 207 

correspond to the aromatic C-OH, C-O-C, and M-O bonds (metal-oxygen bonds). Also, the C 1s 208 

spectrum of Fig. 2G show four different oxygen peaks at binding energies of 294.1, 289.4, 286.8, 209 

and 285.1; these correspond to functional groups such as -CO2H, C=O, C-O, and Sp3/Sp2 orbital 210 
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bonds in the surface of the Nd2O3/f-CNF composite [36]. The above results confirmed the 211 

successful formation of Nd2O3/f-CNF nanocomposite. 212 

 213 

3.2. Electrochemical and catalytic properties of the modified electrode  214 

The electron transfer and electroactive surface area of different electrodes were determined 215 

using CV. A mixed solution of 0.5 M Fe(CN)6
3-/4- and 0.1 M KCl was used to test the 216 

electrochemical performance of the modified and unmodified electrodes. According to Fig. 3A, 217 

the bare GCE displays a weak redox peak response due to a low electron transfer rate. After GCE 218 

was modified with Nd2O3, f-CNF, and Nd2O3/f-CNF, the redox peak current of GCE gradually 219 

increased. From these experiments, Nd2O3/f-CNF/GCE show a higher redox peak current than 220 

other electrodes, possibly because the Nd2O3 interacts with the surface-etched f-CNF with a strong 221 

π-π bond, which can result in improved electrocatalytic activity and electron transfer kinetics in 222 

Nd2O3/f-CNF/GCE.  223 

 224 
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Figure 3. A) CV response of bare GCE, Nd2O3/GCE, f-CNF/GCE, and Nd2O3/f-CNF/GCE in 0.5 225 

M of [Fe(CN)6]3-/4- comprises 0.1 M of KCl at a scan rate of 50 mV s-1. B) At the same conditions, 226 

the CV response of Nd2O3/f-CNF/GCE at different scan rates from 10 to 200 mV s-1. C) The linear 227 

relationship between the square root of scan rate (mV s-1) vs. anodic and cathodic peak current (Ipa 228 

and Ipc) response. D) CV curves of different electrodes at scan rate 50 mVs-1 in the presence of 229 

100 µM CBZ in PH 7.0. The color description for the different electrodes is the same as in (A). E) 230 

CV response for adding different quantities of CBZ (50-250 µM) on Nd2O3/f-CNF/GCE in pH 7.0 231 

at a scan rate of 50 mV s-1. F) The linear relationship between the [CBZ] vs. Ipa. 232 

We also measured the electroactive surface area of the unmodified and modified electrodes 233 

in a mixed solution of 0.5 M Fe(CN)6
3-/4- and 0.1 M KCl solution at various scan rates from 10 to 234 

200 mV s-1 (Fig. 3B). The results confirmed that the square root of scan rates had linear 235 

dependence with the anodic and cathodic peak current response of the Ferro/Ferri redox couple 236 

(Fig. 3C). Electroactive surface area of various modified GCEs were calculated using Randles–237 

Ševćik equation for reversible electrochemical processes [43]. Using the Rendles-Sevick equation 238 

(2), the active surface areas of the Nd2O3/GCE, f-CNF/GCE, and Nd2O3/f-CNF/GCE were 239 

calculated to be 0.079, 0.088, and 0.094 cm-2, respectively. 240 

𝐼𝑟𝑒𝑣 =  0.446 𝑛 𝐹𝐴𝑟𝑒𝑎𝑙 𝐶 √𝑛𝐹𝐷𝑣
𝑅𝑇

…………………………………………………… (2) 241 

Where Irev is the redox peak current (µA), A is the electroactive surface area (cm2), A is the surface 242 

area of the electrode, C is the concentration, D is the diffusion coefficient (7.6 x 10-6), and n is the 243 

number of electrons (n=1), and v is scan rate (Vs-1). Also, the % of real and geometrical surface 244 

area of bare GCE was calculated using %real = (Areal/Ageo) × 100). The % of real was 86.1% when 245 

compared to the active surface area of 0.068 cm2. The above results make clear that the Nd2O3/f-246 
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CNF/GCE has a higher electroactive surface area among the other electrodes and can be used for 247 

the enhanced electrochemical detection of CBZ. 248 

The electrochemical response of different electrodes was examined by CV with 100 µM 249 

CBZ in 0.1 M PBS (pH 7.0) at a scanning rate of 50 mVs-1 with the potential scanning from 0.3 to 250 

1.3 V. The color description for the different electrodes is the same as in Fig. 3A. As shown in 251 

Fig. 3D, the bare GCE exhibits a low oxidation peak current of 0.61 µA response with the higher 252 

oxidation potential (Epa) due to low electron transfer kinetics and poor catalytic performance. The 253 

peak current and peak potential of modified electrodes gradually increased, as shown in 254 

Fig. 3D, Nd2O3/GCE (Ipa = 0.75 µA, Epa = 0.839 V)> f-CNF/GCE (Ipa = 0.85 µA, Epa = 0.816 V)> 255 

Nd2O3/f-CNF/GCE (Ipa = 1.5 µA, Epa = 0.8 V). Compared with other electrodes, the Nd2O3/f-256 

CNF/GCE exhibited a higher oxidation peak current response and a lower oxidation peak potential, 257 

indicating that the Nd2O3/f-CNF composite modified electrode can be used for sensitive and lower 258 

potential detection of CBZ. The combined unique properties of f-CNF and Nd2O3 through π-π 259 

interactions had a synergistic effect on enhancing the electrocatalytic activity against CBZ 260 

oxidation. The anodic peak in carbendazim comes from the oxidation of nitrogen atoms in the 261 

pyridine ring of benzimidazole. The possible oxidation mechanism of CBZ on the Nd2O3/f-CNF 262 

composite-modified electrode is elucidated in Scheme 2 [31]. 263 
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 264 

Scheme 2 Possible electrochemical oxidation mechanism of CBZ on Nd2O3/f-CNF composite 265 

modified electrode. 266 

A quantitative assessment of CBZ was performed by CV at various concentrations (50-250 267 

µM) in 0.1 M PBS at 50 mVs-1 (Fig. 3E). As concentrations of CBZ increased linearly, their peak 268 

currents also increased, and their potential shifted slightly from its original potential. As shown in 269 

Fig. 3F, the linear regression equation for the oxidation peak current is Ipa = 0.0054[CPZ] + 0.566 270 

(R2 = 0.991). The results indicate the excellent kinetics and higher electrocatalytic activity of 271 

Nd2O3/f-CNF/GCE towards CBZ. 272 

  273 

3.3. Influence of scan rate and pH 274 

We examined the impact of various scan rates on CBZ detection at Nd2O3/f-CNF/GCE in 275 

0.1 M PBS (pH 7.0) containing CBZ (100 µM), as shown in Fig. 4A. As the scan rate increased, 276 

the oxidation peak current of CBZ also increased, and the peak current in the potential range was 277 

proportional to the scan rate obtained. This was described using the equation Ipa = 0.0085v + 0.3169 278 

(R2=0.994) as the relationship plot between scan rates (mVs-1) vs. Ipa. Further, the linear 279 
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relationship between reduction peak current vs. scan rate (mVs-1) is Ipc = 0.1647v + 0.3889 (R2 = 280 

0.96). The result implies that the electrochemical reaction of CBZ on the Nd2O3/f-CNF/GCE is the 281 

surface adsorption-controlled electrochemical reaction [31]. We examined the effect of pH for 282 

CBZ sensing (100 µM) at Nd2O3/f-CNF/GCE by using different pH (3.0 - 11.0) at a scan rate of 283 

50 mV s-1 (Fig. 4C). By varying the pH of an electrolyte containing CBZ from low to high, the 284 

peak current and potential have moved towards the negative range, suggesting that protons are 285 

involved in the electrode reaction. In this study, pH 7.0 was determined to be the optimal pH value 286 

based on the maximum oxidation current observed. It was found that Epa (V) = -0.0715 pH + 287 

1.3115 (R2 = 0.998) for different pH versus Epa (V), which indicates the linear dependence of Epa 288 

in a broader pH range.  289 

 290 
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Fig. 4. A) CV response for CBZ (200 µM) at Nd2O3/f-CNF/GCE with different scan rates (20–220 291 

mVs-1). B) The linear relationship between the different scan rates vs. Ipa. C) CV response at 292 

Nd2O3/f-CNF/GCE with 100 µM CBZ containing different pH (pH 3.0–7.0) at scan rate 50 mVs-293 

1. D) The linear relationship between the pH vs. Ipa and Epa.    294 

 295 

3.4. Determination of CBZ at Nd2O3/f-CNF/GCE 296 

In contrast to other electrochemical approaches, DPV has a higher detection sensitivity and a lower 297 

detection limit, making it an ideal technique for determining CBZ. Fig. 5A shows the 298 

DPV response current of CBZ at the Nd2O3/f-CNF/GCE for different concentration addition of 299 

CBZ, ranging from 0.1 to 243 µM. Under optimized conditions, the response current of CBZ 300 

shows a significantly enhanced trend upon increasing the CBZ concentration from 0.1 to 243 µM.  301 
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 302 

Figure 5. A) DPV curves of the Nd2O3/f-CNF/GCE for the successive addition of CBZ from 0.1 303 

to 243 µM in pH 7.0. B) The linear relationship between the [CBZ] vs. Ipa. C) Selectivity of the 304 

sensor in the presence of co-inferring species and its corresponding error bar diagram (D). 305 

Based on the DPV results, two linear curves are plotted at low and high CBZ 306 

concentrations. According to the first linear equation, Ipa (A) = 0.142 C[CBZ] +0.3152 (R2 = 0.984) 307 

in the concentration range of 0.1-5.4 µM for CBZ. In the CBZ concentration range of 10.4-243 308 

µM, the second equation is expressed as Ipa (A) = 0.0064 C[CBZ] + 1.5114 (R2 = 0.895). Due to 309 

the empty free active sites on the electrode surface, CBZ is rapidly adsorbed on the electrode 310 

surface when injected consecutively. With high concentration, the CBZ curves shifted toward a 311 

more positive region with a low oxidation current. Also, the oxidation of CBZ at modified Nd2O3/f-312 
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CNF composite surfaces is slightly slower because there are fewer unoccupied active sides. Since 313 

the occupied sites revealed low electroactive area and sensitivity, the first linear equation was used 314 

to calculate the sensor's low detection limit (LOD) and sensitivity. The calculated LOD is 4.3 nM 315 

(3Sd/N, where Sd is the standard deviation of blank and N is the slope of the calibration plot) and 316 

the analytical sensitivity are 0.142 µA µM-1 (slope of the calibration plot). The LOD of the sensor 317 

(100 nM) is lower than the WHO-recommended value for water samples. The fabricated sensor's 318 

analytical performance was compared with previously reported CBZ sensors to confirm the 319 

developed sensor's novelty. Comparative results between the Nd2O3/f-CNF/GCE sensor and those 320 

previously reported in the literature are shown in Table 1. Notably, the Nd2O3/f-CNF/GCE has 321 

lower LOD (4.3 nM) than previously used CBZ sensors based on the composites of single and 322 

multiwalled carbon nanotubes (ZnFe2O4/SWCNT and SiO2/MWCNT), phosphorus-doped helical 323 

carbon nanofibers (HCNFs), reduced graphene oxide composites (NP-Cu/RGO and QD-rGO). 324 

Also, the sensitivity and linear response of the fabricated sensor is enhanced and comparable to 325 

the previously reported CBZ sensors listed in Table 1. Therefore, the Nd2O3/f-CNF composite-326 

modified electrode is a promising alternative electrode material for sensitive and low levels 327 

detection of CBZ in environmental samples. 328 

 329 

 330 

 331 

 332 

 333 

 334 
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Table 1 Analytical comparison of Nd2O3/f-CNF composite modified electrode with 335 

previously reported modified electrodes for the determination of CBZ. 336 

NR – Not reported 337 

 338 

3.5. Selectivity, reproducibility, and stability  339 

In order to study the selectivity, the DPV response of CBZ (50 µM) at Nd2O3/f-CNF/GCE was 340 

examined in the presence of various potentially interfering compounds, as shown in Fig. 5C. As 341 

all other interfering compounds (like pesticides, biological compounds, metal ions, and carbofuran, 342 

ascorbic acid, and caffeic acid) have not changed the oxidation peak current of CBZ, the calculated 343 

Relative standard deviation (RSD) values are below 3.8%, even when there are excessive amounts 344 

Electrode Linear range  

(µM) 

Limit of 

detection (nM) 

Sensitivity 

(µA/µM) 

Refs. 

La-Nd2O3/CPE 0.08-50 27 NR [21] 

Yb2O3/f-CNF/GCE 0.05 to 3035  6 0.049 [31] 

ZnFe2O4/SWCNT/GCE 0.5-100 90 NR [45] 

SiO2/MWCNT/GCE 0.2-4.0 56 0.485 [46] 

Ti3C2TxMXene/GCE 0.05-100 10.3 NR [47] 

P-HCNFs/GCE 1-35 38 0.92 [48] 

NP-Cu/RGO/GCE 0.5-30 90 0.085 [49] 

D-PC/GCE 0.01-1.00 6 NR [50] 

Ce-dope ZnWO4/GCE 0.01-5.5 3 0.0289 [51] 

WO3.0.33H2/GCE 0.1-250 22 NR [52] 

Fe-CuV/GCE 0.01-83.1 5 0.86 [53] 

MBC@CTS/GCE 0.1-20 20 NR [54] 

TCP/CPE 0.5-10 300 0.59 [55] 

MWCNTs/GCE 0.256-3.11 54.9 NR [56] 

Nd2O3/f-CNF/GCE 0.1-243 4.3 0.142 This work 
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of other interfering compounds. According to the obtained results, the modified Nd2O3/f-345 

CNF/GCE is highly selective for detecting CBZ. A relative error bar is shown in Fig. 5D. The 346 

CBZ oxidation peak current was not affected by the presence of interfering species; thus, it can be 347 

used for monitoring CBZ in real time. 348 

A series of five Nd2O3/f-CNF/GCEs were prepared and tested for reproducibility in CBZ 349 

(50 µM) containing PBS using DPV. The fabricated eight electrodes show similar potential and 350 

peak current responses from the obtained DPV curves. The RSD of 3.42% was found for the 351 

reproducibility of eight sensors, which shows the excellent reproducibility of the fabricated sensor. 352 

The long-term stability of the Nd2O3/f-CNF/GCE was studied after 20 days of storage in a 353 

refrigerator (4°C). DPV performed periodic measurements of the oxidation current response to 354 

CBZ (50 µM) at the modified electrode. Despite the long-term stability of the electrode, the peak 355 

current value was still 97% of the original value after 22 days. The above results indicate that the 356 

modified Nd2O3/f-CNF/GCE sensor was both reproducible and stable toward the detection of 357 

CBZ.  358 

    359 

3.6. Real sample analysis 360 

We evaluated the practical feasibility of the proposed CBZ sensor to access practical 361 

applications. Analyses of real samples were performed using DPV under similar experimental 362 

conditions as those described in Fig. 5A. Various water (tap water, pond water, and portable 363 

water), soil, and vegetables (brinjals, cabbages, and carrots) samples were used for the real sample 364 

analysis. The vegetables were brought from a local market for real sample analysis. Samples of 365 

vegetables were cut into small pieces and ground with an electric blender before being analyzed. 366 

After collecting the extract, it was centrifuged for 15 minutes at 3000 RPM. The water samples 367 
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were used directly for real sample analysis; only the pH was adjusted to 7.0 before the analysis. 368 

The soil sample was added to the PBS and filtered before analysis for real samples. The DPV test 369 

results found that the utilized water, vegetable, and soil samples were CBZ-free after diluting them 370 

with PBS. Then, DPV responses of real samples were studied when a known concentration of CBZ 371 

was added to the real samples. The standard addition method was used to calculate the recovery, 372 

and Table 2 shows the concentration and recovery results of vegetables, water, and soil samples. 373 

The excellent recoveries of CBZ in different vegetables (97.4 – 99.2%), water (96.5 – 99.1%), and 374 

soil samples (95.8 – 97.4%) with appropriate relative standard deviation (RSD) were obtained 375 

using the fabricated electrode, indicating the excellent practicality of the fabricated sensor. These 376 

results confirmed the high accuracy in determining CBZ in the real samples. 377 

Table 2 Determination of CBZ using the Nd2O3/f-CNF composite modified electrode in different 378 

water, vegetable, and soil samples. 379 

Sample Added (µM) Found (µM) Recovery RSD (%) 

 

Cabbage 

5 4.79 98.0 2.1 

10 9.88 98.8 2.3 

20 18.62 97.4 1.3 

30 28.91 98.6 1.5 

 

Brinjal 

10 9.89 98.5 2.3 

20 18.99 98.7 3.4 

30 29.81 99.2 1.8 

 

Carrot 

10 8.64 97.6 2.3 

20 19.03 98.2 1.9 

30 28.45 98.7 2.6 

 

Soil 

10 9.62 96.2 3.4 

20 19.15 95.8 3.9 

30 29.22 97.4 3.7 
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Drinking water 

10 9.91 99.1 1.6 

20 19.78 98.9 1.9 

30 29.65 98.8 1.5 

 

Tap water 

10 9.85 98.5 1.9 

20 19.56 97.8 2.4 

30 29.75 99.1 2.1 

 

Pond water 

10 9.65 96.5 3.6 

20 19.35 96.8 4.1 

30 29.45 98.2 4.0 

 380 

4. Conclusions 381 

In conclusion, a straightforward methodology has been used to synthesize the Nd2O3/f-382 

CNF composite, and its modified electrode was used for the first time for the sensitive and low 383 

potential detection of CBZ. Microscopic examinations confirmed the presence of Nd2O3 384 

nanoparticles on the surface of f-CNF. Also, the other physicochemical studies supported the 385 

successful formation of the Nd2O3/f-CNF composite. In electrochemical studies, it was found that 386 

the Nd2O3/f-CNF composite electrode had a greater surface area and more extraordinary electron 387 

transfer ability than Nd2O3 and f-CNF modified electrodes. The electroanalytical studies 388 

determined that the Nd2O3/f-CNF composite-modified electrode was highly sensitive toward CBZ 389 

detection, detecting CBZ at low levels of 4.3 nM with higher sensitivity (0.142 µAµM-1) and 390 

providing a more comprehensive linear response range (up to 243 µM). The fabricated composite 391 

modified electrode showed excellent selectivity towards CBZ despite the influence of various 392 

interfering compounds, including similar insecticides. This excellent recovery of CBZ in water, 393 

vegetable, and soil samples confirmed the excellent practicality of the Nd2O3 and f-CNF-modified 394 
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electrodes. The synthesized Nd2O3/f-CNF composite could be applied to environmental 395 

remediation in investigated water, vegetable, and soil samples. 396 
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