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Abstract- In the present study, a selective and sensitive MnO2/PANI/rGO nanocomposite 

based electrochemical sensor for the effective finding of methyl parathion (MP) is reported. 

MnO2/PANI/rGO (where PANI=polyaniline, rGO=reduced graphene oxide) nanocomposite 

was synthesized through a one-pot chemical polymerization technique and characterized by 

FTIR, XRD, Raman, HR-TEM, electrochemical (Differential Pulse Voltammetry, cyclic 

voltammetry amperometry) and impedance techniques. From the results, the excellent 

electrocatalytic ability of modified MnO2/PANI/rGO nanocomposite film was recognized 

through the electrode delivery in the reduction process of methyl parathion. Astonishingly, 

the newly developed sensor showed a compassion of 3.05 µA µM-1 cm-2 with a limit of 

detection (LOD) 7.4 nM. The high electrocatalytic ability of MnO2, the excellent 

physicochemical properties of rGO along with large surface area and high conductivity of 

PANI have contributed much to the exceptional sensing property of the modified electrode. 

Most prominently, the method of detection is successfully verified in apple, milk and water 

which proved its potential in real-time applicability for fruit juice and beverages. 
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1. INTRODUCTION  

A chemical sensor, containing a transducer, transmutes a chemical based response into a 

quantifiable signal which could be sensed on a modern sensor instrument. Methyl parathion 

(MP), an organophosphate pesticide, is broadly used in agriculture to improve the production 

and quality of yield as well as to protect crops and fruits from the damages caused by insects 

and pests [1,2]. Because of its low cost and outstanding insecticidal action, usage of MP 

cannot be restricted which allows it to penetrate into the food chain through air, water, soil 

and agriculture food products [3]. This affects the ecosystem and causes numerous health 

problems equally to humans and animals [4]. Meanwhile, it is highly essential to control the 

usage and detect MP even at a very low concentration in order to avoid associated its toxicity. 

However, in reality, it is still a test to precisely detect low-level MP concentration in 

ecological samples. In the earlier period, various chromatographic techniques [5-7] and 

spectral methods [8-11] have been developed to detect MP in various products. Although 

provide high sensitivity, selectivity, and stability [12], these methods are tedious, using 

complicated pretreatment processes, high costs and also using toxic organic solvents [13]. 

Thus, compared to voltammetric method is a promising technique for detection of toxic and 

drug materials in real sample by using different modified electrode [14-17], because they 

have many advantages, such as high sensitivity, fast response, low cost, favorable portability, 

real-time detection and easy-to-use [18-20]. Several electrochemical sensors have been 

reported for the detection of MP and other pesticides based on different customized 

electrodes [21-27]. 

Among the metal oxides, manganese oxide (MnO2) is extensively used as electrode 

material for redox reactions due to its natural profusion, environmental friendliness, low cost, 

numerous reversible electrochemical reactions and high theoretical capacitance (1370 F g-1). 

However, the maximum electrochemical capacitance of MnO2 is only ~250 F g-1 [28], which 

is attributed to the fact that due to its poor electrical conductivity, only the small exterior 

layer takes part in the charge storage practice. Hence, in order to get better capacitance 

performance, many research groups have synthesized various nanostructures of MnO2 [29-

31]. Polyaniline (PANI) is another widely used organic conducting polymer because of its 

high conductivity, easiness of preparation, good environmental steadiness and extensive 

applications. Unluckily, PANI has poor electrochemical strength than other materials. To 

overcome these limitations, the usage of MnO2 nanoparticles with PANI was suggested to 

enhance the anticipated electrochemical properties of these substances [32].  

In recent years, graphene is also being widely used as the electrode material because of 

sp2 –bonded carbon atoms, large specific surface area (2630 m2/g), low industrialized cost, 

excellent mechanical properties and very high mobility of charge carrier property of graphene 

oxide (200,000 cm2 V-1 s-1) [33-35]. These attractive features lead to various application in 

fuel cells [36], supercapacitors [37] and electrochemical sensor [38]. Graphene oxide 



Anal. Bioanal. Electrochem., Vol. 11, No. 4, 2019, 427-447                                                 429 

 

composites are generally produced by incorporating other materials which could improve the 

electrical properties by the synergic effect. Organic-inorganic hybrid materials have shown 

potential applications in interdisciplinary research areas such as chemistry and biology due to 

their tunable physio-chemical properties [39]. In the current work, we report the synthesis of 

MnO2/PANI/rGO nanocomposite which was prepared in a single pot chemical 

polymerization process and its electrochemical properties. For the first time, the 

electrochemical sensing ability of MnO2/PANI/rGO nanocomposite has been explored to spot 

MP in real samples such as Milk and Apple.  

 

2. MATERIALS AND METHODS 

2.1. Reagents and apparatus   

Methyl parathion, Nafion, and aniline were procured from Sigma-Aldrich. A stock 

solution of MP was prepared using acetonitrile. All of the aqueous solutions were prepared 

with double distilled water. FTIR spectra were recorded using a Perkin-Elmer IR 

spectrometer. XRD (Panalycical-Netherland) X-ray diffraction was used for crystallographic 

and phase structure characterization of the nanocomposites. The Raman spectra were 

recorded in a Micro Raman imaging spectrograph (SEKI, Japan) with a He-Ne laser beam 

(STR 500 nm). In addition, the surface morphology of the nanoparticle was characterized 

using Hitach1 S-4800 H field emission scanning electron microscopy (FESEM) and INC AX-

sigh (JCOL 2100, Japan) higher resolution transmission electron microscope (HRTEM). The 

electrochemical measurements were achieved on a CHI 643 B electrochemical workstation 

(CHI, USA) with a conventional three-electrode system which consisted of an Ag/AgCl wire 

as reference electrode, Pt wire as auxiliary or counter electrode and modified or unmodified 

glassy carbon electrode (GCE) as a working electrode (area 0.07 cm2). 0.1 M phosphate 

buffer solution (PBS) was used as a supporting electrolyte. Prior to each experiment, the 

solutions were deoxygenated with purified nitrogen.  

 

2.2. Synthesis of MnO2  

MnO2 nanoparticle was synthesized using the in-situ method. Cetyltrimethylammonium 

bromide (CTAB, 0.005 mM, 100 ml) with HCl (0.5 M) was mixed with a KMnO4 solution 

(2.5 mM), magnetically stirred for 2 h in ice-cold condition and then sonicated for another 30 

min. The resultant dark brown precipitate was centrifuged, washed with deionized water and 

ethanol. Finally, the colloidal suspension was calcinated at 500 ºC for 6 h.    

 

2.3. Synthesis of reduced graphene oxide (rGO)  

Graphene oxide nanoparticles were prepared by the oxidation of natural graphite powder 

according to the Hummers method [40]. 5 g of graphite powder was mixed to concentrated 
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H2SO4 (350 ml) under stirring in an ice bath. 3.5 g of NaNO3 and 10 g of KMnO4 (fine 

powder) was added slowly and stirred under the ice-cold condition to keep the temperature 

below 5 ºC. Resulting reaction mixture was mixed with 200 ml of double distilled water and 

it is forcefully stirred for 3 h in an oil bath at 98 ºC (silicone oil). When the mixture reaches 

50 ºC 10 ml of 30 % ice-cold H2O2 was added little by little and stirred for 24 h in an ice 

bath. Then the mixture was centrifuged at 3000 rpm and washed with diluted H2SO4 and 

double distilled H2O to remove metal ions. Further, 10 mg of graphene oxide was dissolved 

in 100 ml water and 3 µl of hydrazine was added and kept for ultrasonication for 24 h. The 

color of the colloidal solution changed from yellow-brown to black. The resulting rGO was 

separated centrifugally, washed with deionized water and ethanol. Finally the rGO dispersion 

was filtered using membrane filter (bore size 0.2 nm) and the obtained pure nanocomposite 

was dried at 80 ºC for 5 h and dried in vacuum. 

 

2.4. Synthesis of MnO2/PANI/rGO 

Nanohybrid composite of MnO2/PANI/rGO was prepared by one-pot chemical oxidative 

polymerization method (Fig. 1). Initially, HCl solution (0.5 M, 100 ml) containing CTAB as 

a surfactant (0.005 M) was added gradually to the newly synthesized rGO nanoparticle (50 

mg) with ultrasonication for 1 h under ice-cold circumstance. Then aniline (0.5 ml) was 

added to the above solution and stirred for 30 min at 0 oC to form a even mixture. KMnO4 

(0.8 g) was added to a solution of CTAB (0.005 M) in HCl solution (0.5 M, 50 ml) at 0º C, 

and this mixture was then added dropwise into the above rGO/aniline mixture to start the 

polymerization of aniline monomer.  

 

 

 

Fig. 1. Schematic representation of the formation of MnO2/PANI/rGO nanocomposite 

 

The resultant mixture was stirred forcefully in ice-cold condition for 3 h to form a 

homogeneous suspension and to complete the polymerization reaction. The MnO2/PANI/rGO 
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ternary composite was filtered through a polytetrafluoroethylene (PTFE) membrane (0.22 

µm) and washed repetitively with acetone and deionized water thoroughly to eliminate the 

excess monomer and water-soluble impurities. The dark greenish brown MnO2/PANI/rGO 

precipitate was finally dried under vacuum oven at 60 ºC for 12 h. For comparison, PANI and 

MnO2/PANI hybrids were also synthesized by the same method in the absence of rGO.  

 

2.5. Preparation of modified electrode (MnO2/PANI/rGO) 

Prior to modification, the bare GC electrode was polished to a mirror finish using 0.05 

µm alumina slurries. After each polishing, the electrode was sonicated acid, double distilled 

water and ethanol for 10 min, successively. A suspension was prepared by adding the 

nanohybrid composite MnO2/PANI/rGO (10 mg) to Nafion solution (5%, 0.1 ml) and 

dispersed homogeneously by ultra-sonication. The suspension (0.7 µl) of the ink-like 

nanocomposite was dropped on a well- polished GC electrode surface using drop-dry-

method. The electrode was dried in air for 30 min at room temperature. The freshly prepared 

MnO2/PANI/rGO modified GC electrode was used for electrochemical experiments.  

 

2.6. Cyclic voltammetric determination of MP 

The electrochemical behavior of the bare GC and MnO2/PANI/GO modified GC 

electrode was studied by cyclic voltammetry (CV) using phosphate buffer solution (PBS, 0.1 

M, pH 7) as the supporting electrolyte. The electrolyte solution was purged with nitrogen for 

10 min and an inert nitrogen atmosphere was maintained during the measurements. The test 

sample of MP was added using micropipette. The electrochemical response of the MP sensor 

was tested by cyclic voltammetry in the potential range of -1.0 V to +0.2 V. Then, differential 

pulse voltammogram (DPV) of the modified electrode was performed to optimize the 

experimental conditions at room temperature in the potential range of -0.4 V to -0.9 V. The 

sensitivity and selectivity of the MP was determined in the amperometric method.  

 

2.7. Preparation of real samples 

Apple was purchased from a local supermarket. A weighed amount of apple was cut into 

pieces and known concentration of MP was sprayed onto the pieces using a sprayer. After 3 h 

of air drying, the pieces of fruit was crushed and blended with 10 ml PB solution (pH 7) and 

the mixture was shaken vigorously for 15 min at 10,000 rpm. The solution was centrifuged 

and the clear supernatant liquid was collected as a stock solution and subsequently used for 

real sample analysis. 5 ml of fresh milk sample was taken for the excrement from the 

collected milk sample from the local market and diluted to 10 ml in PB solution (pH 7). 

Subsequently, a known amount of MP was added into the milk sample and the resulting 

solution was allowed to centrifuge at 10,000 rpm for 10 min. The resulting solution was 
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filtered through a filter paper and then used for analysis. 5 ml of Tap water was taken and 

spiked with known concentration of MP (stock solution). Then, 2 ml of stock solution was 

added into the 10 ml PBS (pH 7) and the resultant mixture was used to real sample analysis.   

    

3. RESULTS AND DISCUSSION 

3.1. FT-IR spectroscopy analysis 

The structural and functionalized surface of synthesized nanomaterials were characterized 

by FTIR spectroscopy. Fig. 2A compares the FTIR spectra of MnO2 (a), PANI (b), rGO (c) 

and MnO2/PANI/rGO (d).  Fig. 2A (a) represents the stretching vibrational MnO2 frequencies 

at 721 cm-1 and 575 cm-1 corresponding to (Mn-O) and (O-Mn-O) vibrations, respectively 

[41]. The characteristics peaks of PANI Fig. 2A(b) observed at 3416 cm-1, 1597 cm-1, 1502 

cm-1, 1137 cm-1 and 820 cm-1 can be attributed to stretching vibration of N-H, quinoid and 

benzenoid, N=Q=N stretching of the quinoid (Q) ring and γ (C-H) of the 1,4-disubstituted 

aromatic ring, respectively. Similarly, the IR spectra of rGO Fig. 2A(c) shows the observed 

peaks at 1729 cm-1, 1585 cm-1 and 1223 cm-1 corresponding to C=O of carboxylic, C=C for 

the aromatic ring and C=O of alkoxy group [42-44]. It is interesting to observe a significant 

shift in the IR spectra of MnO2/PANI/rGO composite shows in Fig. 2A(d). These results 

confirm that the MnO2 linked with PANI and covalently immobilized on the surface of rGO. 

 

 

 

Fig. 2. A) FTIR spectra of MnO2 (a), PANI (b), rGO (c) and MnO2/PANI/rGO (d); B) XRD 

patterns of MnO2 (a), PANI (b), rGO (c), MnO2/PANI/rGO (d); C) Raman spectra of MnO2 

(a), rGO (b), PANI (c) and MnO2/PANI/rGO (d) 

 

3.2. X-ray powder diffraction analysis 

X-ray powder diffraction (XRD) was used to spot the crystalline phase of the as-

synthesized MnO2, rGO, PANI, and MnO2/PANI/rGO nanocomposite (Fig. 2B). XRD pattern 

of pure MnO2 Fig. 2B(a) shows the characteristic peaks centered at 32.46º, 37.74º, 54.72º and 

65.26º which can be indexed to (101), (121), (530) and (002) crystal planes of MnO2, 
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correspondingly. The observed peaks can be assigned to tetragonal MnO2 crystal structure 

based on the standard data file (JCPDS no. 72-1982). Fig. 2B(b) shows XRD pattern of PANI 

in which a wide peak located in the range of 10-30o and centered at 2θ=25o attributed to the 

diffraction of (110) plane [45]. Further investigation on the XRD pattern of rGO Fig. 2B (c) 

revealed that the characteristic peaks at 25.94º can be well assigned to (009) plane of rGO 

nanoparticle which confirms the rhombohedral crystalline structure based on the standard 

data file (JCPDS no. 79-1472). Fig. 2B(d) shows the XRD patterns of MnO2/PANI/rGO 

nanocomposite that this crystal structure of the MnO2 is not affected by PANI treatment, 

however significant changes in the amorphous structure of PANI compared to pure PANI. 

The average diameter of the crystalline size (D) of purely synthesized MnO2, rGO, and 

MnO2/PANI/rGO nanocomposite were calculated by the Debye-Scherer’s equation (1). 





Cos

k
D                                                       (1) 

Where, k is constant (0.9), λ is the wavelength of Cu - k radiation (1.5418 Å), β is the 

full width of half- maximum (FWHM) in radians, and θ is the Bragg’s diffraction angle at 

maximum intensity. The average particle size of MnO2, rGO, and MnO2/PANI/rGO 

nanocomposite was found to be 30.8 nm, 55.8 nm, and 35.2 nm, respectively.  

 

3.3. Raman spectroscopy analysis 

Raman spectra were used to investigate the vibrational properties of MnO2, PANI, rGO 

and MnO2/PANI/rGO nanocomposite further (Fig. 2C). Fig 2C(a) observed a sharp 

characteristic peak at 706 cm-1 for the Mn-O lattice vibration of MnO2 [45]. Raman spectrum 

of rGO (Fig. 2C(b)) exhibits two characteristic peaks at 1396 and 1642 cm-1, corresponding 

to D and G band respectively. Raman spectrum of PANI (Fig. 2C(c)) indicates the 

characteristic peaks at 801, 1161, 1341 and 1558 cm-1 are attributed to imine warp, in-plane 

C-H bending of the quinoid ring, C-N+ stretching of bipolar structure and C-C stretching 

vibration of benzenoid ring of PANI, respectively [42] after addition of rGO on the mixture 

of MnO2/PANI. Fig. 2C(d) exhibits all the characteristic peaks appeared, only D band and G 

band of rGO shifted to the lower region of 1396 cm-1 to 1356 cm-1 and 1642 cm-1 to 1602  

cm-1, respectively. It was noted that the shifting of D and G bands indicates the rGO 

carboxylate group was strongly binding with PANI C-N+ through the π-π* interaction. This 

reveals that the incorporation of PANI was covalently attached to the defective edge surface 

of rGO.   

 

3.4. HRTEM with EDX 

The morphologies of the synthesized nanomaterial were characterized by HRTEM with 

EDX, and the outcomes were shown in Fig. 3. HRTEM image Fig. 3(a) shows the oval the 
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structure of MnO2 with the average diameters 30-35 nm and length 30-45 nm, respectively. 

HRTEM image of PANI as shown in Fig. 3(b) it is clearly identified the rod-like the structure 

of PANI and their average diameters were found to be 40-50 nm and length of 100-150 nm. 

Fig. 3(c) image shows sheet-like the morphological structure of rGO. In a comparison of 

MnO2/PANI/rGO composite, Fig. 3 (d) revealed that the MnO2 and PANI nanomaterials were 

homogenously scattered on the active edge surface of the rGO for after the addition. The 

average size of MnO2/PANI/rGO was found to be 50-150 nm width and 100-250 nm length. 

 

 

 

Fig. 3. HRTEM images of MnO2 (a); PANI (b); rGO (c); MnO2/PANI/rGO (d) and EDX (e) 

 

 

 

Fig. 4. The EDX results of MnO2/PANI/rGO nanocomposite 

 

HRTEM images of MnO2/PANI/rGO composite were clearly indicated that the smaller 

size of PANI nanorods which facilitates stronger interaction between MnO2 and rGO and also 

exhibits the porous morphology and high surface area. Fig. 4 illustrates the energy dispersive 

spectroscopic (EDS) mapping study of MnO2/PANI/rGO composite and it shows the 
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elemental distribution of C, N, Mn and O in MnO2/PANI/rGO tertiary composites. The EDX 

results of MnO2/PANI/rGO nanocomposite proved the effective doping of MnO2 and PANI 

on rGO with uniform distribution. The spectra also confirmed the absence of any other 

impurity in the synthesized product.  

 

3.5. Influence of electroactive surface area 

As electrochemical effective surface area influences the catalytic ability of the sensor, it is 

essential to examine the surface area of the composite (MnO2/PANI/rGO) to detect MP. Fig. 

5 shows the cyclic voltammograms which used 1 mM [Ru(NH3)6]Cl3 in 0.1 M PBS (pH-7) at 

a scan rate of 50 mV s-1. [Ru(NH3)6]
3+/2+ is controlled by an ion-exchange process mainly due 

to the charge on the exchangeable portion of GCE modifier and somewhat by the porosity of 

the modified electrode [46].  

 

 

 

Fig. 5. Influence of electrochemical surface area of Bare GCE (a) and MnO2/PANI/rGO 

modified GCE (b) 

 

The electrochemical surface area (A) of the electrode was calculated from Randles-

Sevcik Eq. (2), 

ip = 2.69×105 n3/2AD1/2Cγ1/2                                    (2) 

Where, ip is maximum current, n is number of electrons transferred in redox event (n=1 

for  [Ru(NH3)6]
3+/2+ redox probe), A is the electrochemical surface area (cm2), D is the 

diffusion coefficient (9.1×10-6 cm2 s-1 for [Ru(NH3)6]
3+/2+ redox probe), C is the concentration 

of the redox probe (1 mol cm-3) and γ is the scan rate (50 mV s-1). Electrochemically active 

surface area of MnO2/PANI/rGO/GC electrode was found to be 0.099 cm2 which are about 

1.9 times superior than the geometric area of the bare GC electrode (0.05 cm2).  The results 

showed that the electrochemical effective surface area was increased significantly after 
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modification of GCE with MnO2/PANI/rGO, which could enhance the total adsorption 

capacity of MP, leading to increasing of present response of MP lessening the limit of 

detection.   

 

3.6. Electrochemical impedance spectroscopy (EIS) 

After calculating the surface area of the material, impedance study was carried out to 

probe the electrical resistance of MnO2/PANI/rGO and bare GCE in presence of 0.1 M KCl 

containing 5 mM [Fe(CN)6]
3-/4- and their EIS curves are given in Fig. 6. The experimental 

data indicates the semicircles (inset to Fig. 6) which represent the parallel grouping of 

electron transfer resistance (Rct), electrolyte resistance (Rs), Warburg impedance (Rw) and 

double layer capacitance (Cdl) respectively. The Nyquist plot with the Randles equivalent 

circuit model was obtained by fitting the charge transfer resistance values of the samples. Rct 

values obtained for bare GCE, and MnO2/PANI/rGO are 202 Ω, and 182 Ω, respectively. Rct 

value of the composite was significantly reduced compared to unmodified GCE. Thus, 

MnO2/PANI/rGO nanohybrid composite exhibited lower electrode resistance over control 

electrodes which was due to the high conductivity and this behavior is highly useful in 

electrochemical sensing application. 

 

 

 

Fig. 6. (a) EIS curves of unmodified GCE (b) MnO2/PANI/rGO/GCE 

 

3.7. Electrochemical behavior of methyl parathion on the different modified electrode  

In order to examine electrocatalytic properties of (a) bare GCE, (b) MnO2, (c) rGO (d) 

MnO2/PANI and (e) MnO2/PANI/rGO modified electrodes towards the electrochemical 

reduction of MP, cyclic voltammetric study was carried out in PBS (pH-7) containing 100 

µM MP at fixed sweep rate 50 mV/s-1. Fig. 7 (A&B) shows the current response of different 

electrodes towards electrochemical reduction of MP. From the experimental results it was 

observed that the current performance of nanocomposites MnO2/PANI/rGO (30.69 µA) is 

higher than GCE (-4.70 µA), MnO2 (-8.44 µA), rGO (6.40 µA) and MnO2/PANI (9.92 µA). 
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The result suggested that the composite material has excellent catalytic activity towards the 

electrochemical reduction of MP (Fig. 8).  

 

 

 

Fig. 7. (A) Cyclic voltammograms obtained at different modified electrodes (a) bare GCE, 

(b) MnO2, (c) rGO, (d) MnO2/PANI and (e) MnO2/PANI/rGO modified GCE; (B) Two 

continuous cyclic voltammograms of MnO2/PANI/rGO modified GCE in 0.1 M PBS (pH 7) 

containing 100 µM MP scan rate 50 mV s-1 

 

 

 

Fig. 8. Schematic electron transfer process of MP at MnO2/PANI/rGO modified GCE 

 

This can be explained by the following reasons: (1) PANI has high catalytic activity due to 

the electrochemical reduction of nitride group; (2) the π electron of MnO2/PANI/rGO is 
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capable of interacting with MP via π-π electron coupling to assist the rapid electron transfer; 

(3) the formation of hydrogen bond between PANI and MP; (4) MnO2 has strong affinity and 

high catalytic behavior with the phosphoric group of MP; (5) higher active surface area of 

rGO nanoparticles present on the surface of the modified MnO2/PANI/rGO electrode. 

 

3.8. Effect of pH 

The effect of pH on the electrochemical decrease of MP was studied over pH range of 6 

to 8 in 0.1 M phosphate buffer solution. The peak current and peak potential were calculated 

at a scan rate of 50 mV s-1. As the pH of the sustaining electrolyte changed, the peak current 

and peak potential of MP were also changed. While increasing the pH from 6 to 7 the peak 

current increases & reach its maximum at pH 7 and decreases on further increasing pH 7 to 8 

(Fig. 9 (A)). The response of MP at different pH values may be ascribed to the change in 

concentration of H+ which influences the redox reaction taking place at the electrode surface. 

So, pH 7 was chosen as optimum pH for further experiments. The plot between pH and peak 

potential exhibited good linearity (Fig. 9 (B)).  

 

   

 

Fig. 9. (A) Dependence of cathodic peak current with respect to pH. The voltammograms are 

performed using MnO2/PANI/rGO/GEC in phosphate buffer solution (pH 7) containing 100 

µM MP for different pH studies; (B) Dependence of cathodic peak potential with pH 

 

3.9. Effect of scan rate and concentration 

The effect of scan rate on the reduction of MP was studied by applying different scan rate 

from 10 to 100 mV s-1. As displayed in Fig. 10 (A), the reduction peaks shifted to slightly 

more negative value for MP with increasing scan rates along with a concurrent increase in 

current. In the same way, the oxidation peaks of MP were shifted to more positive value 

along with an increase in the peak current. The effect of scan rate on electrode potential value 

clearly indicates that there is an adsorption of MP on the electrode surface which leads to thin 
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layer diffusion. The results of cyclic voltammetric studies indicated that both oxidation and 

reduction peak currents of MP increase linearly with increasing the scan rates in the range 

from 10 mV s-1 to 100 mV s-1. Fig. 10(B) shows the linear relation between the cathodic peak 

current and scan rate with a correlation coefficient of R2=0.9963. Hence, this phenomenon 

indicates that the reduction of MP is kinetically controlled on MnO2/PANI/rGO/GCE. To 

investigate further, the electrocatalytic properties of MnO2/PANI/rGO nanocomposite, the 

cyclic voltammetric study was performed using MnO2/PANI/rGO/GEC with successive 

addition of MP at different concentration ranges from 50 µM to 500 µM (Fig. 10C). The peak 

current of MP increases with increasing the concentration of MP with the correlation 

coefficient of R2=0.9922 which is shown in Fig. 10D.  

 

 

 

Fig. 10. (A) Cyclic voltammograms obtained at MnO2/PANI/rGO composite modified 

electrode towards different scan rates (10-100 mV s-1); (B) Calibration plot of scan (mV s-1) 

vs peak current (µA); (C) Cyclic voltammograms of MnO2/PANI/rGO in PBS (pH 7) 

containing different concentration of MP (50–500 µM), scan rate 50 mV s-1; (D) Calibration 

plot of current (µA) vs [MP]/µM  

 

3.10. Calculation of number of electrons 

The number of electrons calculated by the reduction of MP on MnO2/PANI/rGO 

nanocomposite modified GCE can be ascertained by the cathodic peak potential with respect 

to the scan rate in cyclic voltammograms. Fig. 11 shows that the irreversible reduction peak 

potential increases linearly with log ν. The number of electrons for the decrease of MP was 

calculated based on Laviron equation (3) [4],  



Anal. Bioanal. Electrochem., Vol. 11, No. 4, 2019, 427-447                                                 440 

 

 vFnRTkFnRTy afa  /log/303.2 0                                               (3) 

Where, α is the transfer coefficient, na is the number of electrons transferred, kf is the 

standard heterogeneous rate constant, v is the sweep rate (Vs-1), R is the universal gas 

constant (J K-1 mol-1), F is the Faraday constant and Ep is the cathodic peak potential. The 

number of electrons transfer of the reaction can be calculated from the slope of the plot 

between Epc vs log ν (V/s). The total number of electrons transferred for the reduction of MP, 

na was found to be 3.9. Therefore, it is confirmed that an irreversible reduction of MP took 

place with 4 e- transfer on the modified MnO2/PANI/rGO GC electrode. 

 

 

 

Fig. 11. The plot of irreversible peak potential of MP vs log ν 

 

3.11. Differential Pulse Voltammetry (DPV) analysis 

Differential pulse voltammetry is a more perceptive method than that of the other 

voltammetric methods. Fig. 12 displays the DPV responses of different concentrations of MP 

at MnO2/PANI/rGO/GCE under the optimum experimental conditions in PBS (pH 7). Well-

defined peaks are observed in Fig. 12(A) and linear relationship between the cathodic 

currents and the MP concentration was obtained. The linear range is from 0.5 to 65 µM. The 

reduction peak current was increased with increasing the concentration of MP. Fig. 12(B) 

shows the linear calibration plot between the peak current (Ip) and MP concentration with a 

correlation coefficient of R2=0.9875. The obtained result revealed that the modified electrode 

(MnO2/PANI/rGO) showed superior performance for the determination of MP due to the 

higher electron transfer rate and well catalytic properties of MnO2/PANI/rGO. Besides, the 

high surface area of rGO provided a strong interaction between the MnO2 and PANI 

(MnO2/PANI/rGO). Therefore, MnO2/PANI/rGO nanocomposite-modified electrode can be 

used as an outstanding electrode material for the detection of MP. 
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Fig. 12. (A) DPV responses the increasing concentration of MP (0.5 µM to 65 µM (a-p)) at 

MnO2/PANI/rGO/GCE in 0.1 M PBS (pH 7); (B) Calibration plot of peak current (µA) vs 

[MP]/µM  

  

 

 

 

 

Fig. 13. (A) (B) & (C) DPV obtained at MnO2/PANI/rGO/GCE for real samples (apple, milk 

and water): (a) standard DPV, (b) 0.5 µM, (c) 1.0 µM, (d) 5.0 µM, (e) 10 µM and (f) 50 µM 

in 0.1 M PBS (pH 7) 

 

 

3.12. Real sample analysis 

In order to estimate the practical feasibility of the fabricated modified electrode 

(MnO2/PANI/rGO) the concentration of MP in the real sample was determined. The standard 
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addition technique was used for the purpose of the lower concentration of MP in a real 

sample. Fig. 13(A), (B) and (C) exhibits the DPVs obtained for apple, milk and water 

samples in 0.1 M PB solution (pH 7) with the linear addition of different concentrations (a-f). 

From the experimental results it was found that the solution of real samples in presence of 

MP showed sharp reduction peaks at -0.65 V. The relative standard deviation (RSD %) was 

calculated to determine the precision of the method. The added, found and improvement 

percentage values of the sample with a relative standard deviation are presented in Table 1. 

From the experimental results, it was proved that the modified electrode showed excellent act 

for the purpose of MP due to the higher electron transfer rate and well catalytic properties of 

the MnO2 nanoparticles. Moreover, the high surface area of rGO provides a strong relation 

between the MnO2 and PANI. Therefore, MnO2/PANI/rGO nanocomposite-modified 

electrode could be used as an ideal and an excellent electrode material in the electrochemical 

detection of MP. The results obtained are compared with other previously reported MP sensor 

and represented in Table 2. 

 

Table 1. Determination of MP in a real sample using MnO2/PANI/rGO/GCE 

 

Real sample Amount of MP added/µM Found/µM Recovery% RSD% 

Apple 

0.5 0.42 84.21 

2.65 

1 0.89 90.00 

5 4.30 86.04 

10 8.73 87.36 

50 44.52 89.04 

Milk 

0.5 0.48 96.53 

1.76 

1 0.97 97.26 

5 4.93 98.66 

10 9.87 98.75 

50 49.03 98.07 

Water 

0.5 0.47 94.73 

1.76 5 4.58 91.77 

10 9.20 92.04 
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Table 2. Comparison of analytical performance of MnO2/PANI/rGO nanocomposite 

modified GCE with previously reported MP sensor 

 

3.13. Amperometric determination of MP 

The amperometric method is sensitive, highly precise and involves lower background 

current than other voltammetric methods. A calibration curve was used to determine the limit 

of detection (LOD), linear range and sensitivity of the modified electrode. Fig. 14 shows the 

amperometric reaction of modified MnO2/PANI/rGO/GC electrode upon each successive 

addition of MP in continuously stirred, nitrogen-saturated in 0.1 M PBS (pH 7) by applying 

the constant potential of +0.50 V. The steady-state current response of MP is reached within 

3 sec at the MnO2/PANI/rGO nanocomposite-modified electrode, indicating the fast response 

of the reduction of MP.  

 

 

 

Fig. 14. (A) Amperometric responses of MnO2/PANI/rGO/GCE towards each sequential 

addition of MP 20 nM (a-j) (20-200 nM) in 0.1 M PBS (pH 7); (B) Calibration plot of current 

(µA) vs [MP]/nM (inset) 

 

Fig. 14 (A) shows the preliminary current response due to the addition on of 20 nM MP. 

Further addition of 20 nM MP in each step with a sample interval of 50 sec was also carried 

Electrode Linear range (μM) LOD (nM) pH Methods Ref. 

AChE/CS/TiO2/rGO 0.036 -22.6 μM 29 7.4 DPV [47] 

Au/Nafion/GCE 0.5-120 μM 100 7 SWV [2] 

CoTCPP-Co3O4-

GO/GCE 
0.4-20 μM 11 6.59 DPV [22] 

ZrO2/OMP/GCE 0.00059-0.0102 μM 22.8 6 SWV [4] 

ELP-OPH/BSA/ 

TiO2NFs/MWCNTs 
0.1-5.4 μM 12 7.4 

 

Amperometry 
[48] 

MnO2/PANI/rGO 0.5-50  μM 7.4 7 Amperometry This work 
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out. The dependence of response current with respect to the concentration of MP was linear 

from 20 to 200 nM with a correlation coefficient of R2= 0.9978 (Fig. 14 B). 

 

3.14. Selectivity 

The selectivity of MnO2/PANI/rGO/GCE to detect MP was investigated in the presence 

of different cationic interference Ca2+, Zn2+, and Ni2+ as well as another organophosphate 

pesticide (dichlorvos) and found that there is a negligible response. The amperometric study 

was carried out to examine the selectivity and sensitivity of the sensor. Fig. 15 shows the 

performance of modified electrode in presence of interference Ca2+, Zn2+, and Ni2+. An 

excellent current response was exhibited for MP, but it shows a negligible response to other 

analytes which were taken for investigation. From the figure it is observed that the initial 

current response increased due to the addition of 50 µM MP (a to c) and no change in the 

current response (d to f) was recorded for a further addition 50 µM Ca2+, Zn2+, and Ni2+. It 

was also observed that further addition 50 µM of MP with the same solution leads to an 

increase in current (g to h). This experimental observation can be accounted for the 

selectivity of the composite for MP in presence of different interference. The reason for 

various current responses is due to the presence of different cationic interference ions which 

have different redox potential and different observing sites on the surface of the composite.  

  

 

 

Fig. 15. Selectivity study: Amperometric response of MnO2/PANI/rGO/GCE for 50 µM MP 

(a-c), (g-h) and (d) Ca2+, (e) Zn2+ and (f) Ni2+   

 

4. CONCLUSION 

In this work, MnO2/PANI/rGO customized glassy carbon electrode was used for the 

construction of a sensitive electrochemical sensor for the determination of methyl parathion. 

MnO2/PANI/rGO nanocomposite was successfully prepared by one-pot chemical 

polymerization method via the eco-friendly route. The prepared nanocomposite was 

characterized and established by suitable physical and chemical characterization techniques, 
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such as FTIR, XRD, Raman scattering and HRTEM with EDX. The electrocatalytic 

performance of the modified GCE in MP was studied using CV, DPV, and amperometric 

techniques. The obtained electrochemical results revealed that the MnO2/PANI/rGO has a 

synergetic effect on the oxidation and reduction of MP. The electrocatalytic performance of 

the MnO2/PANI/rGO modified electrode exhibited appreciable reduction peak current with 

lowest over the potential for MP sensor and it showed an acceptable sensitivity, good 

stability, selectivity and lower limit of detection (LOD) 7.4 nM. Since the developed sensor 

was applied for the determination of MP in the real sample (apple, milk and water) with 

satisfactory recovery results. The performance of the sensor is compared with the other 

reported methods for the determination of various pesticides by electrochemical techniques 

(Table 2). Detection limit and linear range of this sensor are superior than most of the other 

reported methods. The present work explored the scope of the nanohybrid composite can act 

as promising practical applicability for developing environmental pollution control sensing 

devices. This piece of work will be useful for future applications in developing novel 

materials for sensor devices from an application perspective to both chemical and material 

scientists.  To be highlighted, 

 Our investigation exhibited promising results and hence the current study recommends a 

novel method of preparation to develop an electrochemical sensor for high-performance 

detection of MP with quick response, low detection limit.  

 The successful application of the sensor in the detection of MP in real samples (apple and 

milk) were verified.  

 The simple and easy operation of the sensor reported here has potential application for 

electrochemical sensing of MP with a simple, sensitive, selective and fast response.  
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