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Abstract 

This study developed a new electrochemical sensor for diuron (DIU) detection using a carbon 

paste electrode (CPE) upgraded with Ho2O3 nanoparticles. The Pechini method was used to 

synthesize Ho2O3 nanoparticles. The nanostructure properties of the material were confirmed using 

X-ray powder diffraction (XRPD), attenuated total reflectance (ATR) - Fourier transform infrared 

(FTIR) spectroscopy and scanning electron microscopy (SEM). The material electrocatalytic 

features were investigated using cyclic voltammetry (CV) and electrochemical impedance 

spectroscopy (EIS). An analytical method for identifying and measuring DIU was established 

using square wave voltammetry (SWV). The proposed sensor exhibited a remarkable response to 

DIU, displaying a broad linear range (0.25 - 200 µM) and a detection limit of 0.03 µM. Its minimal 

influence from potential interfering substances confirmed the method's selectivity. When detecting 

DIU in water and juice samples, the CPE/Ho2O3 sensor showed good recovery results. The 

conventional UV-Vis detection method validated the sensor efficacy. 

Keywords: holmium oxide nanoparticles; diuron; pesticide; carbon paste electrode; DFT; Pechini 

synthesis 
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Introduction 

Embracing development, modernization, and the expansion of food production is crucial in today's 

era. However, it is equally essential to understand and mitigate the potential impact on the 

environment and human health due to the use of numerous chemicals in this process. Many of 

these chemicals possess specific properties such as persistence, non-degradability, and potential 

toxicity to the living world.  

Pesticides, including diuron, play a crucial role in enhancing agricultural productivity and 

improving the quality of agricultural products. They effectively manage and prevent the damage 

caused by agricultural pests and diseases, thereby ensuring a steady supply of food [1–3]. Diuron 

(N-(3,4-dichlorophenyl)-N,N-dimethylurea) is a widely used herbicide for crops such as citrus 

fruits, rice, cotton, soybeans, sugarcane, potato, wheat, tea, and coffee. Additionally, it is 

commonly applied along airport runways, railroads, and pipelines. Its primary purpose is to inhibit 

the Hill reaction in photosynthesis by decreasing the production of high-energy molecules, 

including adenosine triphosphate (ATP), which are used for various metabolic activities [4]. This 

substance poses a significant concern because it remains stable in water and soil and could harm 

the environment and living organisms. When absorbed by plant roots, it can move to the stem and 

leaves and inhibit photosynthesis. In humans, exposure to this substance can lead to the production 

of methemoglobin in the bloodstream, as well as abnormalities in the liver and spleen and 

disruptions in the release and transportation of natural hormones throughout the body [5]. Various 

techniques have been documented for effectively detecting DIU, including electrochemical 

sensors, capillary electrophoresis, gas chromatography, and liquid chromatography combined with 

mass spectrometry approaches [6–8]. Capillary electrophoresis provides excellent separation 

capabilities but often struggles to achieve the low detection limits needed to identify pesticide 

traces. In contrast, gas and liquid chromatography coupled with mass spectrometry are highly 

sensitive techniques capable of detecting very low concentrations of various analytes. However, 

these methods require expensive equipment and trained personnel. More affordable alternatives 

that offer both precision and accuracy include electrochemical methods and electrochemical 

sensors. The detection process in electrochemical sensors relies on electron transfer between the 

electrode surface and target molecules through redox reactions. Such reactions involve either the 

oxidation (electron loss) or reduction (electron gain) of the analyte at the electrode surface, 

effectively translating chemical data into measurable electrical signals, such as changes in current 
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or potential. The electrode surface is pivotal in this process, enabling direct analyte interaction and 

facilitating electron transfer. By modifying the electrode surface with chemical coatings or 

functionalized materials, both the sensor's selectivity and sensitivity can be significantly improved 

[9]. 

In the past years, there has been a surge in research interest in electrochemical sensors due to their 

exceptional stability, sensitivity, and selectivity, as well as their rapidity, affordability, scalability, 

and high consistency [10–14]. Particularly intriguing candidates for developing novel 

electrochemical sensors are rare earth elements due to their distinctive characteristics, including 

control structures, superior physical and chemical properties, and an unpaired electronic 

configuration consisting of 4f orbitals [15,16]. Rare earth elements also impart favorable optical 

and thermal properties and high conductivity [17,18]. Rare earth oxides have excellent electrical 

conductivity, allowing for efficient electron transfer between the analyte and the electrode surface. 

This property significantly boosts the sensor's sensitivity, enabling the detection of low analyte 

concentrations. Additionally, rare earth oxides have unique surface properties including high 

surface area and controllable surface chemistry, which allows customization of sensors surface to 

provide enhanced stability, increased binding sites for analytes, and improved biocompatibility 

[19].  

The synthesis of REOs is based on applying hydrothermal, sol-gel, sonochemical methods, etc. 

The Pechini method entails the creation of a complex compound between metal cations and a 

molecule containing hydroxycarboxylic acid, followed by the polymerization of this compound 

with a polyhydroxy alcohol [20,21]. The Pechini approach, which is less expensive than other sol-

gel techniques, results in the production of nanometer-sized powders after the calcination process. 

This method also offers a significant advantage in terms of reduced toxicity, providing a sense of 

reassurance and safety in the nanoparticle preparation process [17].  

In this paper, for the first time, the modified variant of the Pechini process was used to synthesize 

holmium oxide nanoparticles (Ho2O3). The as-synthesized Ho2O3 nanoparticles were integrated 

with the carbon paste, thus forming the electrode material for developing a new electrochemical 

sensor (CPE/ Ho2O3). Adding Ho2O3 significantly enhanced the electrocatalytic activity and 

conductivity of the CPE in the proposed sensor, as confirmed by the EIS, CV, and SWV 

techniques. The prepared sensor was then used to develop a detection method for DIU. According 
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to the results, DIU is oxidized on the proposed electrode at a potential of about 0.8 V. Extensive 

theoretical calculations were performed to clarify the proposed DIU sensing mechanism, making 

this the first exploration of such a concept. Furthermore, an analytical method for identifying and 

measuring DIU was established using square wave voltammetry (SWV). The exceptional 

performance of the proposed approach, using CPE/Ho2O3 sensor, indicates its potential for 

detecting DIU in water, apple, and strawberry juice samples, thereby offering a promising solution 

for environmental and food safety monitoring. 

Experimental section 

Chemicals and instrumentation 

Holmium (III) chloride hexahydrate (HoCl3 x 6H2O), anhydrous citric acid, acrylic acid, 

hydroquinone, acetonitrile, sodium hydroxide (NaOH), potassium ferrocyanide (K4[Fe(CN)6]), 

potassium ferricyanide (K3[Fe(CN)6]), potassium chloride (KCl), and DIU were obtained from 

Sigma-Aldrich and directly used for the experimental investigations without purification. Graphite 

(powder, < 20 µm, synthetic) used for electrode preparation was obtained from Sigma Aldrich. 

For electrochemical measurements (cyclic voltammetry, square wave voltammetry) the 

potentiostat/galvanostat Autolab, model PGSTAT302N (Metrohm, the Netherlands) was used. A 

classical three-electrode system was used. As working electrode, bare or modified CPE was used, 

while a platinum plate was used as a counter electrode and Ag/AgCl (3 M KCl) as a reference one. 

Electrochemical impedance spectroscopy (EIS) measurements were performed using a 

potentiostat/galvanostat CHI 760b (CH Instruments, Inc., Austin, Texas, USA). For all 

electrochemical measurements, Britton–Robinson buffer solution (BRBS) was used. This solution 

was prepared by mixing equimolar amounts of phosphoric, acetic, and boric acids (0.04 M) and 

NaOH solution (0.2 M) was used for tuning and obtaining the desired pH buffer values (from 3 to 

11). A pH meter equipped with a universal glass electrode (Orion 1230, Thermo Fisher Scientific, 

Waltham, Massachusetts, USA) was used for all pH measurements. For the preparation of all 

solutions, double-distilled water was used. 

The UV/VIS analysis was performed on Evolution 220 UV-Visible Spectrophotometer (Thermo 

Scientific). 
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A JEOL JSM-7001F scanning electron microscope (SEM) (JEOL, Japan) was used for detailed 

surface analysis of the Ho2O3 nanomaterial. The SEM was equipped with an Oxford Instruments 

(UK) X-MAX 80 energy-dispersive X-ray spectroscopy (EDS) system for elemental analysis. The 

X-MAX 80 EDS utilizes a large-area silicon drift detector (80 mm² active area). 

A high-resolution X-ray powder diffraction (XRPD) technique (Smart Lab® diffractometer, 

Rigaku, Japan) was used to analyze the crystal structure of the dried Ho2O3 powder. The analysis 

employed Cu Kα radiation (wavelength of 1.5406 Å) generated at 40 kV and 30 mA. The data was 

collected between 15° and 65° degrees 2θ with a scan rate of 1° min-1. Powdered sample was 

flattened with a silicon holder and analyzed by XRPD. 

ATR-FTIR spectroscopy was employed in the mid-infrared region (4000-400 cm⁻¹) to investigate 

the surface chemistry of the particles. A Nicolet iS50 FT-IR spectrometer (Thermo Fisher 

Scientific, USA) equipped with a Smart iTR ATR accessory was used for the analysis. The 

powdered sample was pressed onto a diamond crystal plate using a swivel press to ensure good 

contact with the infrared light. Background spectra were collected from a clean diamond crystal 

and subtracted using OMNIC™ Specta Software.  

Preparation of Ho2O3 nanoparticles 

For the preparation of Ho2O3 nanoparticles, a slightly modified Pechini method, a widely 

recognized and efficient technique in materials science [22], was employed. This method involves 

the combination of citric acid (0.12 mol) and acrylic acid (0.10 mol) with 0.1% hydroquinone in a 

three-neck round-bottom flask with a thermometer and condenser. The mixture temperature was 

gradually raised to 120 – 170 °C, leading to the production of a high-viscosity polymer with a 

whitish, yellowish hue through esterification at around 120 °C and further polymerization at higher 

temperatures. The appropriate concentration of a Ho3+ solution was added to the polyester, in the 

required volume. The optimal molar ratio of CA: Ho (III), was 0.09. After this step, the stirring 

persisted for an additional hour. The overnight drying of the solutions at a low temperature of 150 

°C produced solid resins with a high porosity. The resultant resins undergo pyrolysis at 450 °C for 

4 hours in glazed alumina crucibles after being pulverized in an agate mortar. The pyrolysis 

product was then heated to 900°C for 4 hours while being exposed to air.  
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Preparation of carbon paste electrode (CPE) modified with Ho2O3 

Modification of CPE was done by mixing 72 mg of graphite and 8 mg of Ho2O3 composite with 

20 µL of paraffin oil in a mortar. After homogenizing the mixture, the substance was allowed 

overnight to absorb the paraffin oil and obtain a finely distributed particle size.  

Bare CPE was modified using various concentrations of Ho2O3 against graphite (5, 10, 15%), and 

the current responses were examined. The best ratio of Ho2O3 against graphite was 10 % (data not 

shown), so this ratio was used for all examinations. 

Preparation of the real sample 

For testing the sensor's applicability for detecting DIU in real samples, tap water samples, apple 

and strawberry juice samples, purchased in a local market, were used. The ability of the proposed 

sensor to accurately detect DIU in different matrices was inspect using the UV-Vis method. The 

extraction of DIU was achieved using acetonitrile. Five milliliters of the samples were diluted with 

20 ml of acetonitrile, and the extraction was carried out for 15 minutes. After this period, the 

solvent was evaporated, and the remaining residue were dissolved in the supporting electrolyte 

solution (BRBS, pH = 7). Samples prepared in this way are subjected to electrochemical and 

spectrophotometric analysis, in order to verify the application of the proposed method.  

Computational details  

In order to further investigate experimental foundlings and explain DIU oxidation mechanism, 

theoretical modeling was applied. The entirety of these results was derived using the Gaussian 09 

[23] electronic structure program suite (Revision A.03) by using the Density Functional Theory 

(DFT) methodology [24,25]. The computational analyses were executed utilizing the dispersion-

corrected M06-2X [26] density functional approximation in conjunction with the 6-311++G** 

[27] orbital basis set for all atoms and the integration grid of ultra-fine quality. To enhance 

calculation accuracy, the solvation effects of water have been included using the polarizable 

conductor continuum model (C-PCM) through the solvent cavity reaction field (SCRF) method 

[28]. Mentioned computational conditions were applied for full relaxation and optimization of all 

molecular species of interest. 
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Results and discussion 

Morphological characterization 

The material characterization is given in Fig. 1. Scanning electron microscopy (SEM) micrograph 

of holmium (III) oxide nanoparticles is shown in Fig.1A, where fine nanoparticles are observed 

held by a more complex structure of several microns in size. The corresponding SEM-EDX 

spectrum in Fig. 1B reveals the elemental composition of 81.3 Wt.% of Ho and 18.2 Wt.% of O. 

The remaining 0.5 Wt.% is most probably due to impurities during the synthesis. Fig. 1C shows 

the X-ray diffractogram of a Ho2O3 nanoparticles. The XRPD analysis determined that the sample 

crystallizes in a single phase without any unwanted impurities or phases. Ho2O3 in this sample 

crystallizes in a body-centered cubic (bcc) structure with Ia3̅ (No. 206) space group symmetry 

[29]. The average crystallite size of 26 ± 5 nm was determined using the Scherer equation. As a 

reference, a standard diffractogram of Ho2O3 (PDF #2101512) is given at the bottom of Fig. 1C. 

Fig. 1D displays the ATR-FTIR spectrum on which only two characteristic metal-oxygen 

vibrations are observed at 440 cm⁻¹ and 555 cm⁻¹ [30]. 
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Fig. 1. A) Scanning electron microscopy of Ho2O3 nanoparticles; B) Corresponding SEM-EDX 

data of Ho2O3; C) X-ray diffractogram and D) ATR-FTIR spectrum of Ho2O3 nanoparticles. 

Electrochemical characterization  

Electrochemical impedance spectroscopy (EIS) is an important method for analyzing the 

characteristics of modified electrode surfaces and their ability to transmit electrons. Also, this 

technique provides kinetic and mechanistic data of electrochemical systems and is widely used in 

chemical sensing and biosensing. EIS measurements were performed in 0.1M KCl solution with 5 

mM of [Fe(CN)6]
3−/4−, at potential of 0 V and with the frequency ranging from 0.01 Hz to 100 kHz, 

using bare CPE and CPE/Ho2O3 (Fig. 2A). The impedance data were fitted to the Randles circuit 

depicted in the inset of Fig. 2A, where Rct represents charge transfer resistance, Rs represents 

electrolyte resistance, Zw represents Warburg impedance, and Cdl represents double-layer 

capacitance. The Rct value of the bare and modified electrodes depends on the size of the resultant 

semicircle since its diameter equals the Rct value, which represents the rate of electron transfer of 

the redox probe at the electrode/electrolyte interface. The Nyquist plot unveiled a significant 

difference between the bare CPE and the modified electrode. The bare CPE, with its larger 

semicircle diameter and higher Rct value (16 258 Ω), may have had fewer active sites and poor 

electron transferability. In contrast, the CPE enhanced with a nanosized Ho2O3, with its lower Rct 

value (12 058 Ω), presents a significant improvement regarding its ability to transmit electrons, 

likely due to a larger surface are and increased number of active sites. As a result of these findings, 

CPE/Ho2O3 demonstrates better electron transfer ability and lower charge transfer resistance, 

making it a promising material for the development of a new electrochemical sensor. 

The catalytic activity of the proposed electrode was determined using the CV method in 5 mM 

[Fe(CN)6]
3-/4- and 0.1 M KCl as the supporting electrolyte (potential window -0.5 to 1.2 V, scan 

rate 50 mVs-1). The CV analysis for both bare CPE and CPE/Ho2O3 are shown in Fig. 2B. When 

compared to the bare CPE, the modified electrode exhibits the pronounced redox peak current 

value in the observation of the CV findings. The larger surface area of the proposed Ho2O3 

nanocomposite, which offered the great electrode/electrolyte interface for the accumulation of 

charges or ions and improved the fast electron transferability, was the primary cause of the higher 

redox current response of CPE/ Ho2O3 during electrocatalysis. 
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Influence of scan rate on electrode response was also studied in 0.1 M KCl solution containing 5 

mM of [Fe(CN)6]
3-/4-. Fig. 2C depicts the CV current response of CPE/ Ho2O3 toward redox 

couple, at various scanning rates, from 20 to 300 mVs−1. With an increase in the scanning speed, 

an amplify in the current of the redox peaks is also noticeable. The dependence of the anodic (Ipa) 

and cathodic (Ipc) peak current values on the root of the scan rate is shown in the inset of Fig. 2C 

and can be described by the following linear equations: Ipa = 9.31×10-6 + 4.43×10-6 (R2 = 0.992) 

and Ipc = – 6.90×10-6 – 1.31×10-5 (R2 = 0.990), respectively. These results indicate that the 

electrode processes on the CPE/Ho2O3 surface is diffusion controlled. 

Randles−Sevcik equation Ip = (2.69×105)×A×n2/3×D1/2×C×V1/2, where Ip stands for peak current, 

n for number of electrons (1), D is diffusion coefficient (7.6 × 10-5 cm2 s-1) and C is concentration, 

was used to calculate the electrochemical active surface area (EASA) of the redox process [31]. 

Based on the Randle's slope, the effective surface area of the CPE/ Ho2O3 was determined to be 

0.026 cm2. 

The determined effective electrode surface area was used to further compute the surface coverages 

and surface concentrations of electroactive species on the reformed electrode using the Brown-

Anson equation: Ipa = (n2×F2×C×A×v)/4×R×T; where F is the Faraday constant (96500 C mol-1), 

n is the number of electrons transferred (n=1), A is the active electrode surface area (0.026 cm2), 

R is the gas constant (8.314 Jmol-1K-1), Ipa is the oxidation current, C is surface concentration of 

the absorbed electroactive species and v is the scan rate (20 mVs-1) [32]. From this equation, the 

surface concentrations of electroactive species of CPE/Ho2O3 was evaluated to be 1.36 x 10-7 mol 

dm-2.  

The proposed CPE/Ho2O3 demonstrated low Rct, large electrochemical active surface area, and 

effective surface concentration. Furthermore, the CPE/Ho2O3 obtained surface concentrations of 

electroactive species may help the rise in current density in the direction of the target. When taken 

as a whole, these elements increased electrocatalytic activity, which made it advantageous to 

employ as an electrochemical sensor for DIU detection. Comparison between bare CPE and CPE 

electrode modified with Ho2O3 toward DIU detection was accomplished by recording CV in 

BRBS, pH 7 with 100 µM of analyte (Fig. 2D). The obtained CV data showed that, in comparison 

to the bare CPE, the modified electrode had a preferable current response. When compared to bare 

CPE (Ipa = 0.562 µA), the anodic peak current was improved to Ipa = 1.54 µA when CPE/Ho2O3 
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electrode was used (Inset on Fig. 2D). This improvement confirms the positive influence of Ho2O3 

nanoparticles on the electrode characteristics probably caused by unique characteristics of material 

itself, such as highly reactive species, dielectric properties, and quick charge transportation 

between the metal oxide surface and BRBS electrolyte to the DIU detection. 

 

Fig. 2. A) Nyquist plot (Z′ vs. –Z″) and B) CVs for bare CPE and CPE/Ho2O3 C) Scan rate (20–

300 mV s-1) studies of CPE/ Ho2O3 in [Fe(CN)6]
3-/4- D) CVs of bare CPE and CPE/Ho2O3 in 

BRBS containing 100 µM of DIU  

Electrochemical detection of DIU 

The primary goal of this research was to create an electrochemical sensor based on merging of 

CPE and Ho2O3 that is capable of identifying DIU, precisely and with high accuracy. In order to 

investigate the nature of the electrode process taking place at the CPE/Ho2O3 electrode surface, 

the influence of scan rate on the oxidation peak current of 100 µM DIU was investigated using 
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cyclic voltammetry (Fig. 3A). The electrochemical kinetic mechanism was analyzed with the peak 

current versus square root of scan rate (v1/2) plot (Fig. 3B), resulting in a linear equation of Ip (A) 

= 8.03×10-8 v1/2 + 9.84×10-8 (R2 = 0.994), indicating that the electrochemical mechanism of DIU 

oxidation at CPE/Ho2O3 is diffusion-controlled. Additionally, a correlation between the logarithm 

of scan rate (log v) and the logarithm of peak current (log Ip) was examined in order to confirm 

previous conclusion. It was discovered that this relationship also follows linear trend (Fig. S1), 

described by the equation: log Ipa (A) = 0.40 × log v – 6.85 (R2=0.998) with a slope of 0.40, which 

is similar to the expected value of 0.5 for a diffusion-controlled process. 

The supporting electrolyte's pH range may have a significant impact on electrode response toward 

DIU detection. The study of the influence of the pH value of the supporting electrolyte was 

performed using cyclic voltammetry (Fig. 3C), using 0.04 M BRBS with 100 µM of DIU at a scan 

rate of 50 mV s−1 in the pH range from 3 to 11. The highest DIU peak current was achieved when 

BRBS pH 7 was used. Additionally, the obtained result showed that the anodic peak potential 

(Epa) was shifted to the negative direction when the pH value increased, indicating that protons 

played a part in the electrochemical reaction of DIU. The linear relationship among pH and Epa 

has been shown in Fig. 3D. The linear regression equation and correlation coefficient that were 

found were: Epa= −0.055pH +1.28 and R2=0.992, respectively. The obtained slope value was used 

in the Nernst equation: 

𝐸𝑝 =  − (
0.0591 𝑚

𝑛
) 𝑝𝐻 + 𝑏 

where m and n are the number of protons and electrons, respectively. Based on this equation, the 

m/n ratio was calculated to be 0.93 (close to 1) for DIU, suggests that an equal number of protons 

and electrons are involved in the electrochemical oxidation reaction of DIU at CPE/Ho2O3. 

The proposed sensor, obtained by using carbon paste electrode (CPE) and Ho2O3 nanoparticles 

was used for the detection of DIU. Cyclic voltammetry indicated a diffusion-controlled mechanism 

for DIU oxidation, indicating equal participation of protons and electrons in the electrochemical 

reaction. 
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Fig. 3. A) The influence of scan rate on the oxidation peak current of 100 µM DIU B) Oxidation 

peak current vs. square root of scan rate (v1/2) C) The impact of pH (3 – 11) on DIU electrode 

response (sweep rate of 50 mV s-1) D) The effect of the pH value of supporting electrolyte on the 

oxidation peak Ep and Ip 

Theoretical modeling of the experiment 

To elucidate the underlying mechanisms governing the experimentally observed electrochemical 

behavior of DIU, a theoretical exploration of its oxidation process was undertaken. This 

commenced from the standpoint of the fully-relaxed ground-state electron density of DIU. Fig. 4A 

and 4B depict the molecular electrostatic potential (MEP) of DIU and oxidized DIU+·. This 

representation provides insight into the change in electron density (blue represents regions of 

decreased electron density, while red represents regions of increased electron density) after single-

electron oxidation. Calculated MEPs clearly show that the region experiencing the most significant 
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change while going from DIU to DIU+·includes the nitrogen atom N14 and the aromatic core of 

the system, suggesting that further (electro)chemical changes will occur in this part of the 

molecule. More specific information about reactive regions of the molecule can be drawn from the 

representation of the highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO) of DIU, shown in Fig. 4C. Theoretically, an oxidation event is 

postulated to induce a significant alteration in the electron density, specifically within the HOMO 

orbital. The configuration and spatial distribution of the HOMO orbital, as depicted in Fig. 4C, 

underpin the assignment of the experimentally observed oxidation peak. This peak is attributed to 

the oxidation process occurring dominantly at the nitrogen atom N14 and the aromatic core of the 

DIU molecule. 

The reactivity of the DIUs atomic sites was further investigated through atom-condensed Fukui 

index analysis. These indices reflect the susceptibility of an atomic site to gain or lose an electron, 

indicating its propensity to undergo nucleophilic (f+), electrophilic ( f-), or radical attacks ( f0). 

Consequently, the calculated values provide insights into the tendency of specific sites to 

participate in these types of chemical interactions. Fig. 4D depicts the representation of the Fukui 

function for the nucleophilic attack, showing that the most reactive atomic centers within the 

molecule are N14 and C1. Following N14 and C1 in reactivity are the carbon atoms C5 and C6, 

which exhibit similar reactivity levels. 

According to the obtained results, aromatic carbon atom C1 is especially relevant for further 

(electro)chemical transformations, such as the nucleophilic attack of a solvent molecule, leading 

to the substitution of the chlorine atom. Second, less pronounced reactive centers would be carbon 

atoms C5 and C6. Drawing from the theoretically obtained insights, two potential oxidation 

pathways can be proposed, as illustrated in Fig. 4E. The primary and more significant mechanism 

is hydrolytic dechlorination, while the secondary, less prominent mechanism is aromatic 

hydroxylation. Both mechanisms result in the formation of quinone imines (1-3). This hypothesis 

agrees with experimental and theoretical studies previously conducted in this domain [33]. This 

alignment reinforces the validity of the theoretical approach and provides a solid understanding of 

the underlying (electro)chemical process. 
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Fig. 4. A) MEP of DIU; B) HOMO and LUMO orbitals of DIU; C) MEP of DIU+· D) Fukui 

function (f+) representing the reactive centers of DIU prone to nucleophilic attack. E) Proposed 

oxidation mechanism of DIU at the surface of the electrode, determined by DFT. 

Electrochemical determination of DIU by SWV analysis  

The square wave voltammetry (SWV) was been utilized as method of choice for DIU 

determination, due to method qualities such as strong resolution, high sensitivity and lower 

background currents. Method parameters were optimized in order to get a wide calibration curve 

range with maximal slope (the best sensitivity) for the measurement of DIU. Keeping the other 

parameters fixed, each parameter was altered during the optimization process. The SWV was 

established using the target analyte's best-shaped peak and highest peak current, with a pulse 

amplitude of 20 mV, frequency of 25 Hz, and potential step of 5 mV. Under optimized conditions, 

SWV was recorded in 0.04 M BRBS (pH 7) after addition of DIU standard stock solution. From 

0.25 to 200 µM, DIU concentrations increased continually, and DIU's oxidation peak current 
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response similarly climbed linearly (Fig. 5A). The existence of two linear ranges is observed (Fig. 

5B), the first corresponds to concentrations from 0.25 to 20 µM, and the second to higher 

concentrations from 20 to 200 µM, described with following equations: Ipa = 5.56 ×10-8 C (µM) 

+ 1.39 ×10-7 (R2=0.990) and Ipa = 1.69×10-9 C (µM) + 1.80 ×10-8 (R2= 0.995), respectively. The 

existence of such a trend indicates the occurrence of analyte adsorption on the electrode, when 

higher analyte concentrations are used.  

The results obtained confirmed the high electrocatalytic activity of CPE/Ho2O3 against DIU. The 

limit of detection (LOD) and limit of quantification (LOQ) were calculated from first calibration 

curve, using the equation LOD=3σ/s and LOQ = 10σ/s (where σ is the standard deviation of blank 

buffer solution (five repeated measurements) and s is slope value of corresponding curve). The 

calculated LOD and LOQ values were 0.03 µM and 0.1 µM. Additionally, sensitivity was also 

calculated as quotient of slope value and electroactive surface area and found to be 2.14 µA µM-1 

cm-2. 

 

Fig. 5. A) The obtained SWV curves after every successive addition of DIU (concentration from 

0.25 to 200 µM) B) The corresponding linear plot between the concentration of DIU versus anodic 

peak current (Ipa) C) Current change (%) of 100 mM DIU oxidation peak in presence of interfering 

substances 

The analytical parameters of the proposed method for diuron determination were compared with 

the CPE sensors reported so far and are shown in Table S1. The presented method has a wider 

operating range and a low detection limit, making the proposed material a promising candidate for 

further use in developing electrochemical sensors for pesticide detection. 
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Selectivity, Repeatability, Reproducibility, Storage Stability studies  

The selectivity of the DIU sensor must be investigated since physiologically active molecules and 

other possibly concomitant inorganic substances may interfere with DIU detection in real-world 

applications. Thus, we used the proposed approach to investigate the selectivity of our CPE/Ho2O3 

sensor by mixing 10 µM of DIU with 0.04 M BRBS (pH 7.0) and adding various possibly 

interfering ions and physiologically active compounds.  

The 10 µM DU and 100-fold excess concentration of several common ionic interferences (K+, 

Mg2+, Ca2+, NO3
-, Cl-, SO4

2-) and biological interferences (glucose (Glu), vitamin B1, vitamin C) 

were used to test the selectivity of the proposed CPE/Ho2O3 sensor. Additionally, commonly used 

pesticides (carbofuran (CBF), carbendazim (CBZ), glyphosate (GLY), bentazone (BTZ) and 

linuron (LIN)) were also investigated as interfering substances. The results (Fig. 5C) showed that 

the DIU anodic current response was slightly impacted by these interfering species. Still, current 

changes were below 8.5 %, suggesting that proposed method possess good selectivity toward DIU 

detection.  

Furthermore, investigations on repeatability and reproducibility were additionally looked at in 

order to determine the precision and readiness of DIU detection on modified CPE/Ho2O3 in 0.04 

M BRBS. The modified electrode was tested six times in the presence of 100 µM of DIU in order 

to assess the repeatability of an emerging electrochemical sensor. The RSD was determined to be 

5.65 %. The reproducibility studies were experimented with by using four different electrodes, 

modifying all these electrodes with the same electrolyte solution of 0.04 M BRBS on the same 

composite CPE/Ho2O3 by injecting 100 µM of DIU. The reproducibility was confirmed by 

observed RSD = 7.49%. 

The long-term stability of the proposed electrode was also examined. Carbon paste modified with 

Ho2O3 nanoparticles was prepared and utilized for electrode fabrication on the same day, as well 

as after 5, 7, 15, and 30 days. These electrodes were employed to record solution containing 10 

µM of DIU. The resulting relative standard deviation (RSD) value for these measurements was 

3.93%, demonstrating excellent long-term stability of the CPE/Ho2O3 electrode. 

Practical application study 

The SWV investigation looked into the practical utility of our suggested CPE/Ho2O3 sensor. The 

DIU content in the strawberry juice, apple juice, and tap water samples was estimated using the 
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CPE/Ho2O3 sensor and proposed SWV method. UV-Vis spectrometry was used as validation 

method.  

All samples were prepared by extraction method with acetonitrile. Firstly, voltammograms were 

recorded for all samples using proposed sensor. Since the presence of DIU was not detected, all 

samples were spiked with known DIU concentration, in order to check the possibility of sensor 

practical application. Three different concentrations of DIU (5, 10 and 20 µM) were added to each 

sample. Based on the obtained voltammograms (Fig. 6A-C), peak current intensities and 

calibration curves, the DIU concentration was determined, and the results were compared with the 

added values, on the basis of which the recovery values were estimated (Table S2). For additional 

confirmation of method accuracy, UV-Vis spectrometry was used for DIU determination in 

samples (Fig. 6D-F). The results for DIU determination obtained with CPE/Ho2O3 sensor largely 

match the results obtained with the UV-Vis validation method, which confirms the accuracy of the 

proposed approach (Table S2). 

 

Figure 6. SWV current response for DIU detection in tap water (A), apple (B) and strawberry 

(C) juice samples at CPE/Ho2O3 electrode. UV-Vis analysis of DIU in tap water (D), apple (E) 

and strawberry (F) juice samples 
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Conclusion  

The Ho2O3 nanoparticles were synthesized using the Pechini technique for the first time. The CPE 

electrode was integrated with the synthesized material to provide a novel electrochemical sensor 

for detecting pesticide diuron. An electrochemical approach was established, thanks to the inherent 

features of the working electrode. This method exhibits adequate analytical parameters, including 

a broad linear range, high sensitivity, and a low detection limit. In addition, most possible 

interfering substances do not impact the oxidation peak of DU, demonstrating a significant level 

of selectivity in the method. The method's achievement of a low detection limit (LOD) of 0.03 μM 

makes it a desirable contender for wider use. 

Furthermore, the feasibility of the suggested sensor was validated by accurately measuring the DU 

concentration in real-life samples. Due to these factors, the new technique may be commercially 

used for efficient real-time monitoring of this herbicide in various matrices, offering a cost-

effective alternative to current methods. The experimental findings reported here demonstrate that 

a CPE/Ho2O3 sensor has the potential to replace costly chromatographic approaches and provide 

a very sensitive method for monitoring herbicides. 
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