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Abstract
The production of gold nanoparticles-reduced graphene oxide-based sensor materials for the determination of zinc(II)dimethyldithiocarbamate (ziram) is described in this paper. The graphene oxide (GO) was synthesized using a modified Hummer's method. A composite sensor consisting of gold nanoparticles (AuNPs) and reduced graphene oxide (RGO) was electrochemically fabricated on a glassy carbon electrode. The nanocomposite was evaluated utilizing scanning electron microscopy (SEM). Cyclic voltammetry was used to illuminate the modified sensor's electrochemical properties at each stage of the modification. The suggested sensor was demonstrated good analytical performance to determine ziram pesticide in water and peach juice, including a very low detection limit, a large linear range, and a low RSD.
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1. Introduction 
Materials having sizes or properties ranging from 1 to 100 nm in one or more dimensions are called nanomaterials. Superior thermal, mechanical, electrical, and biological properties not available in conventional materials are the important characteristics of these materials.1
The combination of these distinctive properties with their remarkable recognition abilities has resulted in improved performance. Apart from their high mechanical strength and low weight, nanomaterials' surface features, including area, roughness, energetics, and electron distributions, are primarily the result of their unique properties. It is obvious that nanomaterials, which has applications such as providing clean drinking water, improving air quality, developing new energy sources and at the same time removing dangerous and toxic substances from our environment, will help create a sustainable environment.2
Graphene is one of the most important nanomaterials, with a wide range of applications that are expanding.3,4 It is made up of sp2 bonded carbon atoms with a single atom thickness, as is well known. As a result of these characteristics, it exhibits remarkable electron transport capability and catalytic behavior for particular chemicals.  Overall, due to its high spesific surface area, low cost, ease of processing and safety, and superior electrical conductivity, it can play a vital role in increasing the performance of sensors.5,6 With its potential application areas, it is one of the most investigated materials nowadays.7
Metal nanoparticles (NP) have qualities that are determined by their size and form. Chemical and biosensors, catalyst synthesis, electronic device component preparation, imaging systems, medical and environmental applications all use a variety of metal NPs in various sizes, forms, and morphologies.8,9 Because of their biocompatibility and interest in -SH groups, gold NPs have found widespread use in medicinal applications. It has been stated in the literature that sensors made with graphene and nanoparticles have superior qualities such as sensitivity, lower detection limits, and faster electron transfer kinetics, which increase sensor performance.10,11
Pesticides are widely employed as agrochemicals to enhance agricultural production by controlling or killing insects, pests, and fungi. Uncontrolled pesticide use, on the other hand, could endanger public health.12,13 Ziram is a dithiocarbamate (DTC) fungicide that is commonly used to control moulds, black spot, rot, and blight, as well as to maintain the quality of fruits and vegetables throughout transit and storage. Ziram residues, on the other hand, can cause major health problems, such as headaches and nausea, as well as cancer. It's also linked to skin allergies, asthma, Parkinson's disease risk, and inflammation of the eyes and respiratory tract.14-19
Several analytical instruments, such as high-performance liquid chromatography followed by atomic absorption spectrometry (HPLC-AAS),20 liquid chromatography-mass spectrometry (LC-MS/MS),21 and gas chromatography–mass spectrometry (GC–MS),22 gas chromatography-electron capture detector (GC-ECD),23 inductively coupled plasma mass spectrometry24 are widely used in monitoring environmental contaminants such as ziram in agricultural products. Electrochemical detection25-30 and immunoassays31 are some of the other rapid methods for detecting trace compounds that have been proposed. Because of their numerous advantages, such as rapid response, a wide dynamic range, portability, ease of modification, and low cost, electrochemical sensors are a viable and rapid instrument for detecting pesticide residues in food and environmental samples.
The goal of this research was to explore if composites of reduced graphene oxide and gold nanoparticles might be employed as an electrochemical sensor material for low-concentration voltammetry-based pesticide residue monitoring. A glassy carbon electrode (GCE) modified with RGO and AuNPs was used to create and measure a new voltammetric sensor. Using a scanning electron microscope, the surface specimens of the produced RGO/AuNPs/GCE were examined (SEM). For AuNPs electrodeposition and ziram determination, cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were utilized. Furthermore, limit of detection, limit of quantification, linearity, repeatability, reproducibility and pH of the sensor were investigated in detail. The RGO/AuNPs/GCE has been successfully used as electrochemical sensor to determining of ziram fungicide in peach juice and tap water samples.
2. Experimental	
2.1.  Reagents 
Grafit (Alfa Aeser, <20 µm), HAuCl4.H2O 99.995%, zinc(II) dimethylditiyocarbamate (99.9%),  K3[Fe(CN)6], K4[Fe(CN)6], hydrogen peroxide, boric acid, o-phosphoric acid  and sulfuric acid were provided by Sigma Aldrich; Merck supplied sodium nitrate (NaNO3), potassium permanganate (KMnO4), sodium hydroxide, sodium acetate, hydrochloric acid, sodium dihydrogenphosphate.2H2O, sodium monohydrogenphosphate.7H2O and potassium chloride. The Britton Robinson (BR) buffer solution and all other solutions were made with ultra pure water. All experiments were carried out at room temperature. 
2.2.  Instrumentation
The CH Instruments 660B model Ivium potansiyostat/galvanostat Electrochemical Analyzer (Ivium Technologies, Netherlands) was used for all electrochemical experiments. A triple electrode system was used in the experiments, including an Ag/AgCl reference electrode, a glassy carbon working electrode, and a Pt wire counter electrode. 
Carl Zeiss AG's EVO® 50 Series was used to capture scanning electron microscopic (SEM) pictures. An ORION Model 720A pH/ion meter and a combined glass electrode were used to obtain the pH readings. The pH-meter was calibrated with commercial pH 4.0; 7.0 and 10.0 buffer solutions prior to the measurements. When not in use, the glass electrode was immersed in deionized water.
2.3.  Graphene Oxide Synthesis
Graphene oxide is synthesized from graphite powder using a modified Hummer process.32 5 g graphite powder, 2.5 g sodium nitrate (NaNO3), and 115 mL 96.4 % sulfuric acid (H2SO4) were mixed in the first step of the synthesis process. In an ice bath, the entire mixture was agitated for 1 hour. In an ice bath, 15 g potassium permanganate (KMnO4) was gently added to the mixture. The temperature was kept below 5 oC for the permanganate addition. The solution was taken out of the ice bath and stired for 2 hours until it turned dark green.
The temperature of the mixture was kept between 35-40 oC during these procedures. 500 mL deionized water was gently added to the mixture in the second step of the synthesis process, and stirring was continued for 1 hour. To remove excess KMnO4, 8.4 mL of hydrogen peroxide (H2O2, 35.7%) was gently dropped and stirred for 10 minutes. The exothermic process happened, and the temperature was allowed to fall to room temperature. 
Following a 10-minute centrifugation at 5000 rpm, 10 mL hydrochloric acid and 30 mL deionized water were added. After that, the supernatant was decanted, and the remaining residue was rewashed three times with an HCl/deionized water mixture until pH 7 was achieved. As a result, the prepared GO was vacuum-dried overnight at 50°C for 24 hours.
2.4.  RGO/AuNPs/GCE Nanocomposite Sensor Fabrication
The non-modified GCE (nGCE) was polished manually with Al2O3 suspension (0.3 m, ATM GMBH, Germany), rinsed with deionized water, and sonicated in ethanol and double-distilled water for 5 minutes, respectively. 
GO was dispersed into sodium acetate buffer by stirring at room temperature, and the resultant liquid was ultrasonicated for 4 hours, providing a homogeneous black dispersion containing 1 mg mL-1 GO.
The buffer solution of sodium acetate serves as both a buffer and an intercalant. The intercalation of sodium ions inhibits restacking of the electrochemically reduced graphene sheets, resulting in a larger electrochemically active surface area for the RGO modified electrode. The electrode was cleaned with deionized water after electrochemical reduction and placed in a 50°C oven for 15 minutes to thoroughly evaporate the solvent and increase RGO molecule adherence to the electrode surface.
The GO dispersion was then dropped 5 µL onto a pre-cleaned GCE and let to dry at room temperature. The GO/GCE was placed in an electrochemical cell containing an acetate buffer solution (pH = 5) and 50 cyclic voltammetric scans between (+0.4) V and (0.4) V were done at a scan rate of 0.050 V/s. As a result, the GO treated GCE was electrochemically reduced to RGO and dried in the open air for 10 minutes. RGO/GCE was then immersed in a 3 mmol L-1 HAuClO4.H2O solution prepared in 0.01 mol L-1 Na2SO4 and 0.01 mol L-1 H2SO4 solution in the measurement cell. To electrodeposit Au nanoparticles (AuNPs) on the RGO/GCE, 20 consecutive cycles in the potential range of 0.2 to +1.0 V at a scan rate of 0.050 V s-1 were utilized. The modified sensor was labeled RGO/GCE/AuNPs, dried, and used as an electrochemical sensor. When it wasn't in use, the sensor was kept at room temperature.
2.5.  Electrochemical Measurements
Appropriate volumes of supporting electrolyte (KCl) and pesticide standard solution were added to the electrochemical cell with a total volume of 5.0 mL in the cyclic voltammetry and differential pulse voltammetry methods used in this study. To record the background signals, voltammogram of the supporting electrolyte was obtained before adding the pesticide solution to be examined. At a scanning rate of 0.050 V s-1, cyclic voltammetric measurements were taken. According to the potential signaled by the pesticides, the most appropriate potential range was employed in both methods. Cyclic voltammograms of the GCE and modified electrode were acquired by scanning the potential between 0.80 V and +1.00 V vs. Ag/AgCl at a scan rate of 0.050 V s-1. All other voltammetric measurements were performed in a BR buffer solution at room temperature (25 ± 1 ◦C) (0.04 M, pH 8.0)
2.6.  Optimization of the Experimental Conditions for Ziram
To create a highly sensitive method with a low detection limit, it's crucial to identify the most effective experimental conditions. On bare and modified GCE, the effect of scan rate, pH, and supporting electrolyte on the voltammetric response of ziram was examined. The sensitivity of the assay was shown by putting the constructed sensor to the test with real samples.
2.7.  Real Sample Application of the Sensor
Tap water and peach juice samples were analyzed using the spiking approach to determine the applicability of the RGO/AuNPs/GCE sensor.
Tap water samples were taken from our laboratory and spiked with a certain amount of standard ziram solution. To maintain a homogeneous mixture, it was agitated for 3 hours in an ultrasonic bath. This solution was added to electrochemical cells containing 100 mM KCl in Britton-Robinson (BR) buffer solution (0.04 M, pH 8.0) in quantities of 250 µL, 500 µL, and 1500 µL. The DPV method was used to analyze the samples.
Peach juice was also tested to the method's application. Peaches were picked from a farmer's garden that practices organic farming and avoids using pesticides. The peach juice obtained by squeezing the fruit was filtered through the filter paper and the pulp was removed. In 25 mL of peach juice, a known amount of 1.01 mM ziram stock solution was added. To get a homogenous mixture, it was sonicated for 2-3 hours in an ultrasonic bath. 25 mL acetone was added to the mixture before it was transferred to centrifuge tubes. The organic phase was filtered via a Buchner funnel using Whatman filter paper (No.4) after centrifugation at 4000 rpm for 10 minutes. To remove the solvent, the filtrate was transferred to a 250 mL rotating vacuum evaporator vessel. After the solvent had evaporated, the residue was dissolved in acetone to yield a total volume of 5.0 mL. The blank sample was made by following the identical steps as the peach juice sample that did not contain ziram.
3. Results and Discussion
The main purpose of our research was to see how RGO/GCE/AuNPs composite sensors may be used in electroanalytical applications. As far as we know, just a few investigations on ziram determination utilizing nanocomposite sensors have been published. For the determination of ziram, we constructed a glassy carbon electrode with RGO and AuNPs.
3.1. Characterization of Graphene Oxide
Graphene oxide nanostructures were investigated using a Zeiss Evo 60 EP model Scanning Electron Microscope (SEM) with magnifications of 2500 X and 5000 X, respectively, and accelerating voltages of 15 kV and 10 kV. (Fig.1).
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Figure 1. SEM images of synthesized graphene oxide. 
3.2.  Optimization of RGO/AuNPs Sensor Fabrication
The electropolimerization cycles were investigated to achieve the best responses for ziram determination. The amount of GO was examined in the concentration range of 0.5 mg/L to 2 mg L-1, with 1 mg mL-1 as the best value. Fig. 2 shows the cyclic voltammogram of electrochemical reduction peak of graphene oxide at -1.14 V.  Electrons act as a reducing agent, causing RGO to occur on the GCE surface. Wang et al. reported the electrochemical reduction mechanism of graphene oxide with two assumptions.33 The reduction of newly formed hydrogen atoms produced near the electrode surface during the water electrolysis process was one of the expectations. The following reaction takes place during water electrolysis.

Hydrogen gas produced at the edges of graphene oxide can also contribute to the reduction process of graphene oxide.

[image: ] 
Figure 2. Cyclic voltammogram of electrochemical reduction of graphene oxide.

During the electrochemical reduction process, a cathodic peak was observed due to the formation of reduced graphen oxide. The continuous deposition of conducting reduced graphene oxide on the electrode surface was evidenced by the linear increase in peak current with consecutive cycles. The current intensity stabilized after approximately 15-20 cycles and the electrochemically active surface area reached its maximum value. Then, the RGO/GCE was washed with ultrapure water.
According to the literature, gold nanoparticles were successfully deposited on the RGO/GCE surface.34 Shortly, electrodeposition of AuNPs were performed by using CV method between −0.4 V and +0.4 V at a scan rate of 0.05 V s-1 in 0.01 mol L-1 H2SO4 solution containing 3 mmol L-1 HAuClO4 and 0.01 mol L-1 Na2SO4 (Figure 3). The presence of AuNPs with RGO changed the color of the GCE surface from black to blackish red during electrochemical deposition. The composite RGO/GCE/AuNPs sensor was then rinsed with ultrapure water and dried in the open air.
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Figure 3. Repetitive cyclic voltammogram of 3 mM HAuClO4 solution at a scan rate of 0.050 V s-1. 
3.3.  Electrochemical Characterization of RGO/AuNPs/GCE
Nanocomposite 
[bookmark: _Hlk72272704]The cyclic voltammogram (CV) of the [Fe(CN)6]3-/4- redox probe is a useful method for investigating the characteristics of surface-modified electrodes. For this, electrochemical characteristics of the modified and unmodified sensors were investigated in 100 mM KCl containing 5.0 mM of [Fe(CN)6]3-/4- ions. Figure 4 shows the CVs recorded for (a) GCE (curve a), (b) RGO/GCE (curve b), and (c) AuNPs/RGO/GCE (curve c). In these three voltammograms, reversible peaks of [Fe(CN)6]3-/4- were observed. Although all voltammograms showed a pair of redox peaks corresponding to Fe3+/Fe2+, the current intensity varied. 
The GO/GCE peak currents were lower than the bare GCE because of the insulating property of GO. Because of the RGO's large surface area and great conductivity, it was observed that peak currents increased slightly once the GCE surface was modified with RGO. When the surface was modified with gold nanoparticles, the peak currents were significantly increased compared to the currents obtained with GCE and RGO/GCE. These changes can be interpreted as that AuNPs assisting electron transfer between the redox probe and the electrode. This finding supports the idea that combining the two nanomaterials, RGO and AuNPs, increased the electrode's sensitivity by raising the current intensity or enhance the current due to electrocatalytical  effect and large surface area.35
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Figure 4. Cyclic voltammograms of GCE, RGO/GCE and AuNPs/RGO/GCE in 5.0 mM [Fe(CN)6]3-/4- containing 100 mM KCl
3.4.  Electrochemical Performance of the Sensors
In 0.04 mol L-1 BR buffer solution (pH 8.0), the CV responses of the bare GCE, RGO/GCE, and AuNPs/RGO/GCE sensors to ziram were individually examined (Fig. 5). The highest peak current was obtained for gold nanoparticle/reduced graphen oxide decorated GCE compared to the bare GCE and RGO/GCE. The obtained results suggested that the AgNPs/RGO/GCE composite could have a substantial catalytic activity, enhancing the electrochemical oxidation of ziram. The improved electrochemical performance of the modified electrode can be due to the synergistic effects of AgNPs and RGO, which may benefit electron transfer kinetics.
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 Figure 5. The cyclic voltammograms of ziram at the bare GCE, RGO/GCE and AuNPs/RGO/GCE

3.5.  Optimization of Experimental Conditions
The pH of the supporting solution has critical importance in obtaining good analytical performance for a developed sensor. Therefore, the effect of pH was investigated for ziram in 0.04 M BR buffer solutions.  This study was carried out at 1.52 x 10-3 mol L-1 constant ziram concentration over the pH range from 5.01 to 10.03. The response current increases as the pH rises from 5.01 to 8.0, then decreases as the pH increases further (Fig. 6). As seen from the Figure, maximum peak current was appeared at pH 8.01 and these pH value was used for the analysis of ziram. The peak heights of these voltammograms are given in Table 1.


Figure 6. The effect of pH on the current intensity of AuNPs/RGO/GCE

Table 1. Variation of peak potential and peak current of 1.52 x 10-3 M ziram solution at a scan rate of 0.050 V s-1 and different pH in 0.04 mol L-1 BR buffer solutions.
	pH
	Peak current (µA)
	Peak potential (V)

	5.01
	2.027
	0.722

	6.04
	5.256
	0.744

	7.00
	5.445
	0.676

	8.01
	6.605
	0.710

	9.08
	5.430
	0.652

	10.03
	3.815
	0.748



The scan rate is an important parameter to evaluate the behaviour of the electrochemical sensor. In our study, the experiments were carried out at different potential scan rates between the 0.050 to 0.300 V s-1 in 1.0×10-4 mol L-1 solution of ziram at 0.04 mol L-1 BR buffer solution (pH=8.0). The variation of the peak current of ziram versus the square root of the scan rate was plotted (Figure 7).  It has been observed that the anodic peak current increases with the increase in the scan rate and good linearity was shows the oxidation of ziram is controlled mainly diffusion process.36



Figure 7. The plot of peak current against the square root of scan rate
3.6.  Analytical Performance Parameters of the Sensor
The correlation between ziram concentrations and anodic peak currents was examined utilizing the DPV method in BR buffer solution (pH 8.0) with the AuNPs/RGO/GCE composite sensor under optimized experimental conditions.  The calibration graph was shown in Fig. 8. Over the range of 1.50 × 10-5 mol L-1 to 1.63 × 10-7 mol L-1, the peak current increases linearly with the increasing ziram concentration. The linearity between the anodic peak current and the ziram concentration is shown in the following equation;

                                     (1)
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Figure 8. The calibration graph of ziram versus peak current 

The linear range of the calibration curve is 1.50 × 10-5 mol L-1 to 1.63 × 10-7 mol L-1 with the LOD values of 1.19×10‒7 mol L-1 for ziram. The formulas () and ( were used to calculate the method's limit of detection (LOD) and limit of quantification (LOQ).37   Where s denotes the measurement's standard deviation and m denotes the calibration curve's slope (or the sensitivity). 
LOD value satisfies the MRLs established by the The Codex Alimentarius Commision (CAC), for stone fruits (7.0 mg kg-1).38 Particular pesticide limit levels have also been set at 0.1 μg L-1 by the European Union. This value was decided as the LOD for all pesticides found in drinking water. That means the method is sensitive enough and the developed sensor can be used with high reliability in detecting the maximum allowable residue level of ziram in fresh fruits and water. All validation and regression parameters are tabulated in Table 2.








Table 2. Analytical performance of the RGO/AuNPs/GCE sensor for ziram.
	Parameters
	Value

	Linear working range, mol L-1
	1.50 × 10-5 - 1.63 × 10-7 

	LOD (mol/L) 
	1.19×10‒7

	LOQ (mol/L)
	7.80×10‒7

	Calibration equation
	

	Regression coefficient (R2)
	

	Selectivity (μA/μM)
	

	Intercept
	5.5336

	Reproducibility (RSD, %)
	2.35

	Repeatability (RSD, %)
	4.12


3.7.  Reproducibility and Repeatability
To demonstrate the reproducibility of the RGO/AuNPs/GCE sensor, 3 modified electrodes were prepared under the same composition. Under optimized experimental conditions, repeated DPV measurements (n=5) from a solution that contains 5.0 x 10-4 mol L-1 ziram were used to identify the peak current for each electrode. The anodic peak currents for ziram had a relative standard deviation (RSD) of 2.35 % (Table 2). This implies that the electrode has a high level of repeatability. Multiple DPV measurements (n=5) were used to assess the sensor's repeatability, giving RSD value of 4.12 % (Table 2).
3.8.  Real Sample Analysis
The analytical applicability of the prepared sensor was performed with tap water and peach juice. Test solutions of the samples were prepared according to the experimental section’s instruction.  The recovery of the method was evaluated by spiking tap water and peach juice samples with ziram at low, middle and high concentration levels of the calibration graph. Calculated recovery values and added ziram concentrations are given in Table 3 and Table 4. 
The obtained recovery values were between 96.4 and 107.6 %. These results show that the developed electrochemical sensor can effectively be applied with high sensitivity and selectivity for ziram determination in two different matrices.


Table 3. Recovery results obtained by standard addition method in tap water sample using RGO/AuNPs/GCE sensor.
	No
	Added ziram, 
(mg L-1)
	Found ziram, (mg L-1)
	Recovery, %
	RSD, %
	Relative error, %

	1
	0.56
	0.54 (±0.02)
	96.4 (±2.73)
	2.83
	-3.6

	2
	1.68
	1.64 (±0.02)
	97.6 (±1.19)
	1.22
	-2.4

	3
	2.50
	2.69 (±0.04)
	107.6 (±1.67)
	1.55
	7.6


* The average of three measurements is used for each value.
RSD, Relative Standard Deviation


Table 4. Recovery values obtained by standard addition method in peach juice using RGO/AuNPs/GCE sensor.
	No
	Added ziram, 
(mg/L)
	Found ziram, (mg/L)
	Recovery, %
	RSD, %
	Relative error, %

	1
	0.62
	0.65 (±0.03)
	104.8 (±4.3)
	4.07
	4.84

	2
	1.86
	1.83 (±0.03)
	98.8 (±1.6)
	1.64
	-1.61

	3
	2.48
	2.37 (±0.04)
	95.3 (±1.6)
	1.71
	-4.70


* The average of three measurements is used for each value.
RSD, Relative Standard Deviation
4. Conclusion
The RGO layer on the GCE surface was prepared using an electrochemical reduction method. Using cyclic voltammetry and differential pulse voltammetry, the electrochemical behavior and real sample applicability of RGO/AuNPs/GCE were examined. A large effective surface area, high electrocatalytic activity, and ziram sensitivity characterize the novel sensor. The proposed electrochemical method was validated and the constructed sensor was proven to have good sensitivity and selectivity, as well as a low detection limit. Furthermore, the method has been used to accurately determine the ziram in spiked tap water and peach juice. The created RGO/AuNPs/GCE sensor is effective and promising due to its relatively simple modification method and disposable feature, as well as its potential to be used for direct measurements in water and peach juice. The findings of this study add to the analytical methodologies for ziram determination that have been used thus far.
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