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This study was performed on the synthesis of ZnS, Ni2P and reduced graphene oxide 

(ZnS@Ni2P/rGO) nanocomposite as an electrochemical sensor of chlorpyrifos (CPS) in farmland 

recirculated waters. The electrodeposition method was used to modify a glassy carbon electrode (GCE) 

surface with rGO, ZnS and Ni2P nanoparticles. Morphological and structural analyses using SEM and 

XRD showed that defects in rippled nanosheets of rGO on GCE provided the substrate for high porous 

and high crystalline electrodeposition of ZnS@Ni2P nanoparticles which led to a higher effective 

surface area and could effectively promote the electron transfer of the electrode. Results of 

electrochemical studies using DPV and amperomerty indicated sensitive, selective and stable 

responses of ZnS@Ni2P/rGO/GCE to the presence of CPS. Results indicated a wide linear response 

range from 25 to 375 µM with a high sensitivity of 0.89799 µA/µM and a limit of detection of 0.004 

µM. Comparison of the obtained sensing properties with the previously reported sensors illustrated the 

comparable electrochemical performance of ZnS@Ni2P/rGO/GCE, which was correlated to the high 

electron transfer rate contributed by the edge-rich architecture of the rGO and catalysis sites of ZnS 

and Ni2P nanoparticles. The modified CPS sensor demonstrated good accuracy in prepared real 

samples of agricultural recirculated water, with appropriate recovery (≥ 92.50%) and RSD (≤3.31%) 

values. Therefore, ZnS@Ni2P/rGO/GCE can be reliable for the determination of CPS in farmland 

recirculated water and agricultural wastewater samples. 
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1. INTRODUCTION 

 

Chlorpyrifos (CPS, O,O-Diethyl O-(3,5,6-trichloropyridin-2-yl) phosphorothioate) is an 

organophosphate insecticide and pesticide that is used to control foliage and soil-borne insect pests [1, 

2]. CPS insecticidal action is based on the inhibition of the enzyme cholinesterase which as a 

neurotransmitter regulates the neurotransmitter acetylcholine in the nervous system [3, 4]. 

Acetylcholine accumulates in the insect’s nerve endings and between neurons, and by irreversibly 

inhibiting acetylcholinesterase, causes the formation of a stronger, longer-lasting signal to the next 

neuron which results in excessive transmission of nerve impulses, and the death of the target pest [5-

7]. Moreover, it is reported that CPS can damage the human nervous system and it is considered 

moderately hazardous to humans by the World Health Organization based on its acute toxicity [8, 9]. 

CPS can produce a runny nose, tears, and excessive saliva or drooling in tiny quantities [10-

12]. Sweating, headaches, nausea, and dizziness are all possible side effects. Acute intoxication with 

vomiting, abdominal muscular cramps, muscle twitching, tremors and weakness, and loss of 

coordination can result from more extreme exposures. Excessive exposure has been related to 

neurological consequences, long-term developmental problems, and immunological conditions [13-

15]. Children's mental development may be harmed if exposure occurs during pregnancy. Furthermore, 

ingested CPS is drastically absorbed into the blood and leads to death.  

Therefore, there are many laws and limitations regulating pesticide use by private, commercial, 

urban and agriculture, and many researchers have been conducted on FTIR [16], High-performance 

liquid chromatography [17], gas chromatography [18], liquid chromatography [19], mass spectrometry 

[20], chemiluminescence [21], UV Spectrophotometry [22], flame ionization detection [23] and 

electrochemical methods [24-28] for detection of CPS in vegetables, fruit and industrial and 

agriculture wastewaters. Among these methods, electrochemical methods can be considered as rapid 

and low-cost pesticides analyses [29]. Moreover, modification of electrode surface nanostructured 

materials can promote the selectivity and stability of sensors in sequential analyses. As a result, the 

synthesis of ZnS@Ni2P/rGO/GCE as that of an electrochemical sensor for CPS in agricultural 

recirculated waters was investigated. 

 

2. EXPERIMENT 

2.1. Synthesis of nanocomposite 

The electrodeposition method was used for modification of the GCE surface with rGO, ZnS 

and Ni2P nanoparticles. Before the electrodeposition, the GCE surface was polished with an alumina 

slurry (99%,Dengfeng Hongsheng Abrasives Co., Ltd., China) and rinsed in ethanol (95%, 

Shijiazhuang Chemical Tech Co., Ltd., China) and DI water, respectively. The electro-position was 

conducted on an Autolab potentiostat/galvanostat (PGSTAT30, Eco Chemie, Utrecht, Netherlands) 

using a three-electrode cell which is contained Ag/AgCl (KCl 3M) as the reference electrode, the clean 

GCE as the working electrode and Pt plate as the counter electrode. The electrodeposition of rGO 

nanoparticles on GCE was performed in the electrolyte containing 1.0 mg/ml rGO (>99wt%, 1-5 μm, 

The Graphene Box, Spain) in 0.07M PBS  pH 9 at potential range of -1.5 V to +0.5 V at scan rate of 
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10mV/s during 30 cycles [30]. Electrodeposition of ZnS nanoparticles on GCE was also performed in 

the electrolyte solution contained 0.1mM of ZnSO4.5H2O (99, Sigma-Aldrich) and 1mM Na2S2O3 

(≥99%, Sigma-Aldrich) at potential of -1.3 V for 20 minutes [31, 32]. The electrodeposition of Ni2P 

nanoparticles on GCE was carried out in an electrolyte solution containing 0.15 M of Ni(NO3)2 

(99.9%, Sigma-Aldrich) and 0.15M NaPO2H2 (≥99%, Sigma-Aldrich) at a potential of -1.0 V for 10 

minutes [33]. For simultaneous electrodeposition of ZnS and Ni2P nanoparticles on GCE or rGO/GCE, 

the electrolyte solution containing 0.1mM of ZnSO4.5H2O, 1mM Na2S2O3 as ZnS sources, and 0.15 M 

of Ni(NO3)2 and 0.15M NaPO2H2 as Ni2P sources in an equal volume ratio was prepared, and 

electrochemical deposition was conducted at potential range of -1.4 V to -0.5 V at scan rate of 10mV/s 

during 50 cycles. 

 

2.2. Characterization  

Differential pulse voltammetry (DPV) and amperometry measurements were carried out using 

the Autolab electrochemical system in an electrochemical cell which is contained Pt plate, and 

Ag/AgCl (KCl 3M) and  bare or modified GCE as working electrodes. The electrolyte for 

electrochemical measurements was 0.05 M tetrabutylammonium bromide (TBAB, ≥99.0%, Sigma-

Aldrich) containing ethanol solution in a volume ratio of 6:4. Scanning electron microscopy (SEM, 

JEOL, JSM-6010LV, USA) was applied for morphological studies of modified GCE, and X-ray 

diffraction (XRD,  D/max-2200 vpc, Rigaku Corporation, Japan) was used for analyses the structure of 

the electrodeposited nanocomposite on GCE. 

 

2.3. Real samples preparation  

For preparation of the real sample, CPS (20% (v/v)) was purchased from the local market.  1ml 

of CPS (contained 0.2ml of CPS) was added to 50ml of the farmland recirculated water which is used 

without any purification. The resulting solution was used for preparation of the 0.05 M TBAB 

containing ethanol solution in volume ratio of 6:4. 

 

 

3. RESULTS AND DISCUSSION 

Figure 1 shows the SEM images of rGO/GCE, ZnS@Ni2P/GCE and ZnS@Ni2P/rGO/GCE. As 

seen from Figure 1a, the surface morphology of rGO reveals oriented 2D nanosheets as randomly 

aggregated and crumpled silk veil waves with ordered layer structure which are not perfectly flat. The 

nanosheets are rippled and entangled with each other because of the van der Waal's interactions 

between the sheet layers [34]. Figure 1 exhibits the morphology of the electrodeposited ZnS@Ni2P 

composite on GCE which indicates the deposition of typically sphere-shaped nanoparticles with a size 

of 70-100 nm. Figure 1c also shows the SEM image of electrodeposited ZnS@Ni2P/rGO on GCE. As 

seen, the defects on rippled nanosheets of rGO provide a substrate for more porous electrodeposition 
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of ZnS@Ni2P nanoparticles which leads to a higher effective surface area and can effectively promote 

the electron transfer of the electrode [35, 36].  

 

 

 

Figure 1. SEM images of (a) rGO/GCE, (b) ZnS@Ni2P/GCE and (c) ZnS@Ni2P/rGO/GCE. 

 

Figure 2 shows the XRD patterns of powders of electrodeposited rGO, ZnS, Ni2P, ZnS@Ni2P 

and ZnS@Ni2P/rGO. As seen from Figure 1a, the diffraction pattern of rGO shows two peaks at 2θ = 

26.25° and 43.64° which are indexed to (002) and (100) reflection planes, respectively, and correspond 

to the hexagonal graphite peak for the rGO nanosheets (JCPDS card No. 00-41-1487) [37]. Figure 2b 

depicts the diffraction peaks at 2θ = 27.09°, 28.91°, 30.88°, 48.07°, 57.13° and 60.69° which is 

attributed to the characteristic (100), (002), (101), (110), (112) and (201) planes of wurtzite ZnS, 

respectively (JCPDS card No. 00-05-0492). The XRD pattern of Ni2P in Figure 2c shows the 

diffraction peaks at 2θ = 40.54°, 44.65°, 47.47° and 54.14° which corresponded to the formation of 

(111), (201), (210) and (300) planes of hexagonal Ni2P, respectively (JCPDS card No. 03-065-1989). 

The XRD patterns of ZnS@Ni2P and ZnS@Ni2P/rGO in Figures 2d and 2e display the peaks of ZnS 

and Ni2P, and ZnS@Ni2P/rGO shows the additional peak of (100) plane of rGO. The results of SEM 

and XRD indicate high crystalline growth of nanostructures and successful simultaneous 

electrodeposition of ZnS and Ni2P nanoparticles in ZnS@Ni2P and ZnS@Ni2P/rGO on GCE. 

 

 

Figure 2. XRD pattern of electrodeposited (a) rGO, (b) ZnS, (c) Ni2P, (d) ZnS@Ni2P and (e) 

ZnS@Ni2P/rGO. 
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The electrochemical behavior of GCE, rGO/GCE, ZnS/GCE, Ni2P/GCE, ZnS@Ni2P/GCE and 

ZnS@Ni2P/rGO/GCE were studied using DPV in  0.05 M TBAB containing ethanol solution and 3 

µM CPS d in the potential range from -1.1 to 0.0 V at a scanning rate of 25 mV/s. Figure 3 exhibits the 

DPV curves of all electrodes, representing the of GCE does not show any anodic and cathodic peaks, 

and rGO/GCE, ZnS/GCE, Ni2P/GCE, ZnS@Ni2P/GCE and ZnS@Ni2P/rGO/GCE show an anodic 

peak at a potential of around -0.91V, that is associated with the electrochemical reduction of - C=N of 

the pyridine moiety in chlorpyrifos [38]. As shown, modification of the GCE using rGO in rGO/GCE 

and ZnS@Ni2P/rGO/GCE significantly increased the electrocatalytic response of electrodes that it 

attributed to large surface area, interconnected macroporous structures, good conductivity and 

ultrahigh loading capacity for analytes [39, 40].2D rGO nanosheets provide defects and numerous 

edges as the active sites to reduce CPS [41]. The highest electrocatalytic response belongs to 

ZnS@Ni2P/rGO/GCE that is related to the synergistic effects between ZnS@Ni2P and rGO which 

promoted the sensitivity of the electrode [42, 43]. The hollow structure of the rGO ananosheets and  

ZnS and Ni2P nanoparticles can supply more electrocatalytic active sites than rGO/GCE, ZnS/GCE, 

Ni2P/GCE, ZnS@Ni2P/GCE [44]. The ZnS@Ni2P/rGO forms a good conductive network to enhance 

the conductivity and catalytic activity of the modified electrode [45]. The ability of ZnS and Ni2P to 

transmit and conduct charges is significantly improved after electrodepositin of nanoparticles on rGO, 

substitution of ZnS and phosphorus atoms [45, 46]. As a result, the following electrochemical 

experiments on ZnS@Ni2P/rGO/GCE were carried out. 

 

 
 

Figure 3. The DPV curves of (a) GCE, (b) rGO/GCE, (c) ZnS/GCE, (d) Ni2P/GCE, (e) 

ZnS@Ni2P/GCE and (f) ZnS@Ni2P/rGO/GCE in 0.05 M TBAB containing ethanol solution 

and 3 µM CPS d in the potential range from -1.1 to 0.0 V at a scanning rate of 25 mV/s. 

 

Figure 4 depicts the stability effect of the electrochemical response of ZnS@Ni2P/rGO/GCE in 

0.05 M TBAB containing ethanol solution and 3 µM CPS d in the potential range from -1.1 to 0.0 V at 

a scanning rate of 25 mV/s. As observed, the first and 100th DPV curves reveal a less than 3% decrease 
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in peak current in the presence of 3 µM CPS which is evidence of the great stability of 

ZnS@Ni2P/rGO/GCE response for determination of CPS that can be related to the highly conducting 

porous architecture of rGO. In addition, ZnS and Ni2P nanoparticles are well assembled with rGO 

nanosheets in the electrodeposition process which can offer mechanical and chemical stability during 

continuous electrochemical analyses [45-47].  

 

 
 

Figure 4. The (a) first and (b) 100th DPV curves of ZnS@Ni2P/rGO/GCE in 0.05 M TBAB containing 

ethanol solution and 3 µM CPS in the potential range from -1.1 to 0.0V at a scanning rate of 

25mV/s. 

 

 

Figure 5 shows the amperometry response and resultant calibration plot of 

ZnS@Ni2P/rGO/GCE in 0.05 M TBAB containing ethanol solution at a potential of -0.91V and 1000 

rpm rotating speed under successive addition of 25µM CPS. As seen, there is a fast response of 

modified electrode after each addition of 100 µM CPS solution, and the amperometric current is 

linearly increased with increasing the CPS concentration. The results suggest obtaining a wide linear 

response range from 25 to 375 µM with a high sensitivity of 0.89799µA/µM and a limit of detection of 

0.004 µM. The results of amperometry measurements of ZnS@Ni2P/rGO/GCE are compared by the 

other reported CPS sensors in Table 1. It can be found that the sensor in this study shows comparable 

electrochemical performance to the previously reported sensors which is correlated to the high electron 

transfer rate contributed by the edge-rich architecture of the rGO and catalysis sites of ZnS and Ni2P 

nanoparticles [48, 49]. 
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Figure 5. (a) The amperometry response and (b) resulted calibration plot of ZnS@Ni2P/rGO/GCE in 

0.05 M TBAB containing ethanol solution at potential of -0.91V and 1000 rpm rotating speed 

under successive addition of 25µM CPS. 

 

 

Table 1. Comparison between the sensing properties of ZnS@Ni2P/rGO/GCE and other reported CPS 

sensors. 

 

Electrode  Technique  Linear 

Range (µM) 

limit of 

detection 

(µM)  

Ref. 

ZnS@Ni2P/rGO/GCE Amperometry 25 to 375 0.004 This 

work 

TiO2/cellulose acetate/GCE Amperometry 20 to 340 11.8  [50] 

TiO2/cellulose acetate/GCE CV 10 to 130 4.4 [50] 

Ag nanoparticles/rGO-NH2 CV 0.06 to 

0.348  

0.04 [51] 

poly 3, 4-

ethylenedioxythiophene/GCE 

CV 0.001 to 0.7 8x10-4 [52] 

Hanging mercury drop electrode DPCASV 0.099 to 

0.596 

0.099 [53] 

Clay/carbon paste electrode AdSV 2.8x10−4 to 

5.7 

2.2x10−4 [54] 

Hanging mercury drop electrode DPV 0.057 to 

0.285 

4.0x10-4 [55] 

molecularly imprinted 

polymer/GCE 

DPV 10−4 to 100  0.004 [56] 

Dropping mercury electrode DPP 0.97 to 6.9 0.87 [57] 

CV: cyclic voltammetry; DPCASV: differential pulse cathodic adsorptive stripping voltammetry; 

AdSV: adsorptive stripping voltammetry; DPP: Differential pulse polarography 
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Further electrochemical studies were carried out to investigate the selectivity and interference 

response of ZnS@Ni2P/rGO/GCE for determination of CPS in presence of interferents. Table 2 shows 

the resultant electrocatalytic currents of ZnS@Ni2P/rGO/GCE using amperometric measurements in 

0.05 M TBAB containing ethanol solution at potential of -0.91V and 1000 rpm rotating speed under 

successive addition of 2µM of CPS solution and 8 µM of various inorganic ions  and industrial 

pesticides in wastewater as possible interfering agents. Results show that the response of 

ZnS@Ni2P/rGO/GCE toward addition of CPS is outstandingly great than that toward the addition of 

other species which implied the selective response of the proposed electrode as CPS sensor, and the 

species in Table 2 did not interfere with the amperometric determination of a CPS at potential of -

0.91V. 

 

 

Table 2. The resulted eletrocatalytic currents of ZnS@Ni2P/rGO/GCE using amperometric 

measurements in 0.05 M TBAB containing ethanol solution at potential of -0.91V and 1000 

rpm rotating speed under successive addition of 2µM of CPS solution and 8 µM of various 

interfering agents. 

 

specie Concentration 

(µM)  

Amperometric current (µA) at 

-0.91V  

RSD (%) 

CPS 2 1.787 ±0.098 

Mg2+ 8 0.212 ±0.010 

Ca2+ 8 0.117 ±0.009 

NH4 8 0.318 ±0.008 

Na+ 8 0.078 ±0.007 

K+ 8 0.084 ±0.008 

fenitrothion 8 0.121 ±0.011 

Dichlorvos 8 0.132 ±0.010 

Ethoprophos 8 0.278 ±0.017 

Disulfoton 8 0.103 ±0.007 

Parathion-methyl 8 0.105 ±0.004 

Fenchlorphos 8 0.092 ±0.008 

Prothiofos 8 0.077 ±0.004 

Azinphos-methyl 8 0.107 ±0.007 

Malathion 8 0.241 ±0.009 

RSD: relative standard deviation 

 

For investigation into the applicability of the modified CPS sensors in prepared real sample of 

farmland recirculated water, the amperomery experiments were performed using ZnS@Ni2P/rGO/GCE 

in a prepared real sample of farmland recirculated water with 0.05 M TBAB containing ethanol 

solution at a potential of -0.91V and 1000 rpm rotating speed under successive addition of 1µM of 

CPS solutions. Figure 6 displays the amperometry response and resulting calibration plot which 

indicted to good linearity. The CPS concentration in a prepared real sample of farmland recirculated 

water is estimated at 0.016 μM which is very close to initial concentration of injected CPS solution in 

preparation process of the real sample. Furthermore, the accuracy of the ZnS@Ni2P/rGO/GCE was 
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investigated using a conventional addition approach to evaluate CPS in prepared actual samples. Table 

3 shows the satisfactory precision with acceptable recovery (≥ 92.50%) and RSD (≤3.31%) values. 

Therefore, ZnS@Ni2P/rGO/GCE can be reliably determined CPS in farmland recirculated water and 

agricultural wastewater specimens. 

 

 
 

Figure 6. (a) The amperometry response and (b) resulted calibration plot of ZnS@Ni2P/rGO/GCE in 

0.05 M TBAB containing ethanol solution at potential of -0.91V and 1000 rpm rotating speed 

under successive addition of 1µM CPS. 

 

 

Table 3. Analytical results of ZnS@Ni2P/rGO/GCE to determine CPS in prepared real samples of 

farmland recirculated water. 

 

Added(mg/ml) Found(mg/ml) Recovery (%) RSD (%) 

1.00 0.97 97.00 2.21 

2.00 1.85 92.50 2.84 

3.00 2.78 92.66 3.31 

4.00 3.89 97.25 3.23 

 

 

4. CONCULUSION  

This study was carried out to synthesis ZnS@Ni2P/rGO/GCE as an electrochemical sensor of 

CPS in farmland recirculated waters. rGO, ZnS and Ni2P nanoparticles were electrodeposited on the 

GCE surface. Results of morphological and structural analyses revealed the successful simultaneous 

electrodeposition of ZnS and Ni2P nanoparticles in ZnS@Ni2P and ZnS@Ni2P/rGO on GCE. Results 

of electrochemical studies indicated sensitive, selective and stable responses of ZnS@Ni2P/rGO/GCE 

to presence of CPS. Results implied obtaining a wide linear response range from 25 to 375 µM with a 

high sensitivity of 0.89799µA/µM and a limit of detection of 0.004 µM. The results of the study on the 

applicability of modified CPS sensors in prepared real sample of farmland recirculated water showed 
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the satisfactory precision with acceptable recovery and RSD values. Thus, ZnS@Ni2P/rGO/GCE can 

be reliably determined the CPS in farmland recirculated water and agricultural wastewater samples. 
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