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CHAPTER III 

ELECTROCHEMICAL INVESTIGATION OF POLYMER 

FUNCTIONALIZED REDUCED GRAPHENE OXIDE / ZINC OXIDE 

NANOCOMPOSITES FOR THE DETECTION OF p-AMINOPHENOL 

3.1 INTRODUCTION  

Aminophenols are well known aromatic compounds that exist in three isomeric 

forms at which the oxidizable NH2 and OH groups are positioned around the benzene 

ring [1-2]. p-Aminophenol, an aromatic compound is an important intermediate formed 

during the manufacture of analgesic and antipyretic drugs. It is toxic to aquatic life, 

found in effluent wastes from oil refineries, rubbers, lubricants and textiles It is also 

widely used in photography and chemical dye industries and is considered as a highly 

toxic pollutant [3]. The exposure to p-Aminophenol leads to nephrotoxicity and 

teratogenic effects that is harmful for humans, animals and plants [4]. Several methods 

have been used for the last few decades for the determination of p-aminophenol. 

Electrochemical technique has received much attention and has been used widely 

because of its low cost, simplicity, high selectivity and sensitivity [5-6].  

Graphene, a single layer of sp
2
 hybridized carbon atoms, packed into a dense 

honeycomb crystal structure has attracted significant research interest because of its 

unique structure and extraordinary properties like high conductivity and high surface 

area [7]. It possesses various material parameters such as superior mechanical 

stiffness, strength and elasticity, very high electrical and thermal conductivity that 

has versatile applications in the areas of supercapacitor, transistor, solar cells, 

batteries, fuel cells, hydrogen storage, nanoelectronics, electrocatalysis, sensors, 

electrochemical devices and electromechanical resonator [8]. Recently, it has been 

reported that graphene on making composite with metals, metal oxides, metal 

organic frameworks, polymers, and carbonaceous materials, it acquires excellent 

chemical stability that exhibit a remarkable electrochemical biosensing capacity in 

detecting electro active biomolecules [9]. Chitosan (CS) is a linear b-1,4-linked 

polysaccharide that possesses distinct chemical and biological properties, because of 

its  reactive amino and hydroxyl groups in its linear high molar mass poly 
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glucosamine chains which are amenable to chemical modification. It has an 

excellent characteristic such as film-forming ability, biocompatibility, non-toxicity, 

good water permeability, high mechanical strength and adhesion [10-12]. Metal 

nanoparticles incorporated onto the polymer functionalized graphene sheets provide 

tunable novel properties which can be exploited for different applications. These 

hybrid nanocomposites can accelerate the charge transfer rate between the electrode 

and absorbed molecules, leading to rapid generation of electrical response [13]. 

Among these metal oxides, zinc oxide (ZnO) has attracted much attention due to its 

unique properties such as optical, electronic, optoelectronic, and biocompatible 

properties [14]. ZnO is one of the most promising semiconductors that exhibit a 

hexagonal wurtzite structure with a broad band gap of 3.37 eV and high exciton 

binding energy of 60 MeV that has been potentially applied in various fields such as 

catalysis, sensors, photonic detectors, photovoltaics, optoelectronic devices and 

polarized light emitting devices [15]. Hence in this present work, chitosan 

functionalized reduced graphene oxide/ zinc oxide nanocomposites are synthesized 

by chemical reduction method. The synthesized nanocomposites are characterized 

using FT-IR, XRD, SEM, EDAX, HR-TEM and SAED analysis. The 

electrochemical sensing of p-Aminophenol is investigated using cyclic voltammetry.  

3.2. EXPERIMENTAL PROCEDURE 

3.2.1 Reagents 

Graphite powder, Conc.sulphuric acid (98% H2SO4), potassium 

permanganate (KMnO4), hydrogen peroxide solution (30% H2O2), sodium nitrate 

(NaNO3), sodium hydroxide (NaOH) and zinc acetate, sodium borohydride 

(NaBH4), aminophenol are of analytical grade, purchased from sigma Aldrich and 

are used as received without further purification. 

3.2.2 Synthesis of reduced graphene oxide / chitosan / Zinc oxide nanocomposites 

The zinc oxide nanoparticles decorated chitosan functionalized reduced 

graphene oxide nanocomposites are synthesized by chemical reduction method. To 

prepare rGO/CS/ZnO nanocomposites, the prepared rGO/CS solution is dispersed in 

50 ml of distilled water by ultrasonication for 1hour to form the aqueous rGO/CS 
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solution. About 0.002M of zinc acetate is taken in 50 ml of distilled water and 

stirred for 1hour at room temperature. Thus the stirred zinc acetate solution is added 

dropwise into the above dispersed rGO/CS solution under constant stirring. 25 mg of 

NaBH4 is taken in 50 ml of distilled water and stirred for 1hour separately. The 

stirred NaBH4 solution is added drop wise into the above mixture. The reaction 

mixture is stirred for 4 hours at 60°C. The formed solution is left undisturbed for 

overnight and the resultant supertant is filtered and washed rigorously by 

centrifuging at 8000 rpm. It is then dried in oven at 60 °C for 4 hours and the  

sample is grinded finely to form the rGO/CS/ZnO nanocomposites [16-17].  

The same procedure is followed to prepare various concentrations of (0.004 M, 

0.006 M, 0.008M and 0.01M) zinc oxide naoparticles incorporated rGO/CS 

nanocomposites.   

3.3 RESULTS AND DISCUSSION 

3.3.1 FT-IR Spectral Analysis 

 

Figure 3.1(a-e) FT-IR Spectral Analysis of various concentrations (a) 0.002 M 

(b) 0.004 M (c) 0.006 M (d) 0.008 M and (e) 0.01 M of Zinc oxide nanopaticles 

on the surface of rGO/CS nanocomposites  
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The bonding interactions between the prepared rGO/CS/ZnO 

nanocomposites are investigated using FT-IR spectral analysis. Figure 3.1 (a-e) 

shows the FT-IR Spectral Analysis for different concentrations  0.002 M, 0.004 M, 

0.006 M, 0.008 M and  0.01 M of zinc oxide nanoparticles on the surface of rGO/CS 

nanocomposites. It is observed from the Figure 3.1(a-e) that the band at 3404 cm
−1

 

corresponds to the
 
coupling of N-H stretching vibration of amine group of chitosan 

and O-H stretching vibration of water molecules. The band observed at 1640 cm
−1

 is 

the characteristic band of -N=N that indicates the existence of chemical interaction 

between rGO and CS. The bands at 1413 cm
−1 

and 953 cm
−1 

corresponds to C=C 

stretching vibrations and C-O stretching vibrations respectively. The band observed 

around 458 cm
-1

 indicates the Zn-O stretching vibration [18-19].  

It is observed that on further increasing the concentration of ZnO 

nanoparticles from 0.002 M to 0.01 M, the characteristic band of O-H gets shifted 

from 3404 cm
−1 

to 3441 cm
−1

. The decrease in the intensity of the bands may be due 

to the formation of hydrogen bond between rGO/CS and ZnO. The band at 1492 

cm
−1 

for rGO-CS is shifted to 1484 cm
−1

 because of the decoration of ZnO on the 

surface of rGO/CS that attributes to the interaction of COO– group of CS with ZnO. 

It is further evident that the characteristic Zn-O stretching vibration gets shifted to 

higher wavenumber with increase in the depth of the band [20]. This may be due to 

its strong interaction with carboxylic functional groups of rGO/CS. These results 

clearly indicates the successful decoration of ZnO nanoparticles on the surface of 

rGO/CS nanocomposites 
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3.3.2 XRD Structural Analysis 

 

Figure 3.2(a-e) XRD analysis of various concentration (a) 0.002M (b) 0.004M 

(c) 0.006M (d) 0.008M and (e) 0.01Mof Zinc oxide nanopaticles on the surface 

of rGO/CS nanocomposites  

The X-ray diffraction (XRD) is the most widely used technique to measure 

the spacing between layers or rows of atoms and to determine the crystallite size of 

the synthesized nanocomposites. Figure 3.2(a-e) shows the XRD pattern for various 

concentrations 0.002M, 0.004M, 0.006M, 0.008M and 0.01M of zinc oxide 

nanoparticles on the surface of rGO/CS nanocomposites. It is observed from Figure 

3.2 (a-b) that the peak at 10.9
o 

corresponds to the plane of chitosan. The broad peak 

at 20.3
o 

corresponds to the (002) plane of reduced graphene oxide and the small 

additional peak at 42
o
 corresponds to the (001) plane that may be due to the 

incomplete oxidation of graphite [21]. It is further observed that due to low 

concentration of zinc acetate, no diffraction peaks of zinc oxide nanoparticles is 

observed for low concentrations of zinc acetate (0.002M and 0.004M) indicating the 

strong binding of chitosan into the prepared nanocomposites.  It is further evidenced 

from Figure 3.2 (c-e) that on increasing the concentration of zinc acetate (0.006M, 
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0.008M and 0.01M) the diffraction peaks centered at 2θ of 31.8
 o

, 34.5
 o

, 36.2
 o

, 47.5
 

o
, 56.6

 o
, 62.8

 o
, 67.9

 o
 and 69.1

 o
 corresponds to (100) (002) (101) (102) (110) 

(103)(112) and (201) planes of wurtzite structure of  Zinc oxide nanoparticles, which 

is well matched with the standard JCPDS card no. 36-1451 [22]. It is further 

observed that by increasing the concentration of zinc acetate, the intensity of 

diffraction peaks of zinc oxide nanoparticles increases with decrease in intensity of 

chitosan peaks.  The sharpness and the intensity of the peaks indicate the well 

crystalline nature of the prepared nanocomposites.  

The crystallite size is calculated by using Debye Scherrer‘s formula. 

D = Kλ/βcosθ 

  Where D is the crystalline size (nm), K is a constant equal to 0.9, β is 

the full width half maximum height of the diffraction peak at an angle θ and λ is 

wavelength (.λ=1.541Å)  

 The calculated crystallite size is found to be about 27.3 nm, 33.4 nm and 

34.9 nm for 0.006 M, 0.008 M and 0.01 M of ZnO nanoparticles respectively. The 

crystallite size of zinc oxide nanoparticles increases gradually on increasing the 

concentration of zinc acetate from 0.006 M to 0.01 M. This may be due to heavy 

loading of zinc oxide nanoparticles on the surface of rGO/CS nanosheets. These 

results clearly indicate that ZnO nanoparticles are successfully formed on the surface 

of rGO/CS nanocomposites.  
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3.3.3 SEM Analysis 

    

    

 

Figure 3.3 (a-e) SEM images for various concentration (a) 0.002M  (b) 0.004M 

(c) 0.006M (d) 0.008M and (e) 0.01M of Zinc oxide nanoparticles incorporated 

on rGO/CS nanocomposites. 

The surface morphology of the synthesized rGO/CS/ZnO nanocomposites is 

characterized using Scanning Electron Microscopy. Figure 3.3 (a-e) shows the SEM 

images for various concentrations 0.002 M, 0.004 M, 0.006 M, 0.008 M and 0.01 M 

of zinc oxide nanoparticles incorporated on rGO/CS nanocomposites [23-24].  It is 
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observed from the Figure 3.3 (a and b) that the reduced graphene oxide sheets 

exhibits a typical wrinkled texture with white patches on its surface. The formation 

of white patches and the roughness of surface indicate that chitosan is well blended 

onto the reduced graphene sheets. It is also observed that due to low concentration of 

zinc acetate, there is no obvious formation of ZnO nanoparticles on the surface 

which implies the strong functionalization of chitosan into the prepared 

nanocomposites. On further increase in the concentration of zinc acetate from 0.006 

M to 0.01 M, the rod shaped zinc oxide nanoparticles are found to be entangled, 

uniformly distributed and closely anchored onto the surface of rGO/CS nanosheets. 

Moreover due to the strong functionalization of chitosan, the ZnO nanorods are 

found to be formed on the surface, edges and in between layers of reduced graphene 

sheets as depicted in the Figure 3.3 (c- e) which is also evidenced from TEM 

analysis. Thus on increasing the concnentration of zinc acetate, the number of ZnO 

nanoparticles on the surface of rGO/CS also increases as evidenced from EDAX 

analysis. Hence, the SEM micrographs clearly reaveals that ZnO nanoparticles are 

well incorporated into the chitosan functionalized reduced graphene oxide 

nanocomposites.  
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3.3.4. EDAX Analysis 

        

   (a)        (b) 

           

       (c)       (d) 

 

(e) 

Figure.3.4.(a-e). EDAX analysis of various concentrations (a) 0.002M (b) 

0.004M (c) 0.006M (d)0.008M and (e) 0.01M of zinc oxide nanoparticles 

incorporated on rGO/CS nanocomposites 
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The elemental composition of ZnO nanorods decorated chitosan 

functionalized reduced graphene oxide is studied by energy dispersive analysis of X-

rays (EDAX). Figure 3.4 (a-e) depicts the EDAX analysis for various concentration 

0.002 M, 0.004 M, 0.006 M, 0.008 M and  0.01 M  of Zinc oxide nanorods 

incorporated on rGO/CS nanocomposites. The elemental presence of carbon, oxygen 

and zinc without any impurities is confirmed from the Figure 3.4 (a-e) [25-26]. The 

atomic and weight percentage of carbon, oxygen and zinc for various concentration 

of zinc oxide nanoparticles are tabulated and shown in the inset of Figure 3.4. It 

shows that the atomic and weight percentage of Zn increases on increasing the 

concentration of ZnO which could be evidenced from SEM analysis.  

3.3.5 HR-TEM and SAED Analysis 

  

   

Figure.3.5 (a-b) HR-TEM images with different magnifications (c) Particle size 

distribution histogram of rGO/CS/ZnO nanocomposites and (d) SAED pattern 

for 0.008M concentration of Zinc oxide nanoparticles incorporated on rGO/CS 

nanocomposites 
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The unique morphology of the prepared nanocomposites is further 

investigated using HR-TEM analysis. Figure 3.5 (a-b) shows the HR-TEM image 

and SAED pattern for 0.008M concentration of Zinc oxide nanorods incorporated on 

rGO/CS nanocomposites.  The TEM micrographs depicts that the rod shaped ZnO 

nanoparticles are uniformly distributed and closely anchored onto the thin crumbled 

wave like chitosan functionalized reduced graphene oxide nanosheets as depicted in 

the Figure 3.5 (a-b). The ZnO nanorods are found to be entagled on the surface of 

rGO/CS nanosheets [27]. Hence, the chitosan matrix helps the ZnO nanorods from 

aggregation and homogenous dispersion of nanorods on the surface of rGO/CS 

nanosheets. It is evident that ZnO nanorods are well incorporated onto the surface of 

rGO/CS nanocomposites, which is beneficial for the electron transfer between the 

rGO/CS nanocomposites and ZnO nanoparticles. Thus the prepared nanocomposites 

provide large surface area which helps to reach the active sites for the detection of 

analytes that improves the sensitivity of the nanocomposites on the surface modified 

electrode. The average size of about 39 nm is distributed over the surface of rGO/CS 

as evidenced from Figure 3.5 (c). The SAED pattern for 0.008M concentration of 

Zinc oxide nanoparticles incorporated on rGO/CS nanocomposites is shown in 

Figure 3.5(d). The distinct rings with discrete bright spots confirm the 

polycrystalline nature of the prepared nanocomposites which implies the high degree 

of crystallization of ZnO nanoparticles with symmetrical orientation [28]. The 

circular ring pattern corresponds to the lattice planes of (100), (002), (101), (102), 

(110) and (103) of ZnO nanoparticles which is in good agreement with the XRD 

results. 

3.4. ELECTROCHEMICAL INVESTIGATION OF p-AMINOPHENOL 

The prepared rGO/CS/ZnO nancomposites is tested for the electrochemical 

sensing of p-Aminophenol. Based on the characterization studies 0.008 M of ZnO 

nanoparticles decorated rGO/CS nanocomposites is chosen to be the electrode 

material for the electrochemical investigation of p-AP. The electrocatalytic effect of 

p-AP at 0.008M of rGO/CS/ZnO nanocomposites and various parameters such as 

the effect of electrolyte and effect of scan rate are also studied. 
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3.4.1 Electrochemical behavior of modified electrodes 

 

Figure 3.6 (a-d) Cyclic voltagramm curve for (a) GO/GCE (b) rGO/ZnO/GCE 

(c) rGO/CS/GCE and (d) rGO/CS/ZnO/GCE in the presence of 50µM of p-

Aminophenol in 0.1 M Phosphate Buffer Solution (PBS : pH 5) at a scan rate of 

20 mV s
−1 

The electrochemical measurements are performed using electrochemical 

workstation. Three electrode systems are used containing Glassy Carbon Electrode 

(3 mm in diameter) as the working electrode, Ag/AgCl (1MKCl) as the reference 

electrode and platinum wire as the counter electrode. The electrochemical behaviour 

of p-Aminophenol is investigated in 0.1 M of Phosphate buffer solution (PBS) at pH 

5 by cyclic voltammetry (CV) and is recorded in a potential of about -1 to +1 V.  

Figure 3.6 (a-d) shows the CV curve for bare GO, rGO/ZnO, rGO/CS and 

rGO/CS/ZnO modified GCE. It is observed from Figure 3.6 (a), that on addition of 

50 µM of p-AP no redox peak is observed for GO indicating that GCE/GO is not 

activated towards the p-AP sensing [2]. Moreover, a pair of sluggish redox peak 

current of p-AP is observed at a potential of about Epa = 0.042V and Epc = -0.19V 

with redox peak current of about Ipa = 0.01µA and Ipc = -0.02 µA for rGO/CS 

modified GCE as depicted in Figure 3.6 (b).  But for rGO/ZnO, a pair of weak redox 

peak is obtained at a potential of about Epa = 0.16V and Epc = 0.09V with the redox 

peak current of about Ipa = 0.01µA and Ipc = -0.01µA. In contrast GCE modified 
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rGO/CS/ZnO shows a pair of well defined redox peak at a potential about Epa= 0.08 

V and Epc= -0.002 V with a redox peak current of about Ipa = 0.08 µA and Ipc = -0.06 

µA. It is clearly observed that the current of rGO/CS/ZnO modified GCE exhibits 

high redox peak current compared to both rGO/CS and rGO/ZnO. Thus the result 

reveals that the enhancement of electrocatalytic activity of p-AP at rGO/CS/ZnO is 

mainly due to the high conductivity, high adsorption, high catalytic ability and the 

synergetic effect between rGO, CS and ZnO [29-30]. Hence the large surface area of 

the prepared nanocomposites acts as a active sites for the adsorption of large number 

of p-AP which helps in the excellent detection of p-AP. Moreover the enhancement 

of the electrocatalytic activity of the prepared nanocomposites is achieved by 

optimizing the electrochemical parameters such as pH, scan rate, etc. Hence the 

proposed sensor can be utilized for the real life detection of p-Aminophenol.  

3.4.2 Effect of pH 

 

Figure 3.7 (a-b) Effect of pH on the redox peak current of 170 µM of p-AP and 

its linearity 

The electrochemical behaviour of p-AP is strongly dependent on the pH 

value of the electrolyte solution. The phosphate buffer solution (PBS) with different 

pH value (pH 5 to pH 8) at the surface of 0.008M rGO/CS/ZnO modified GCE is 

prepared to investigate the optimum condition for the best electroactivity of p-AP 

standard solution.  Figure 3.7 (a-b) shows the effect of pH on the redox peak current 
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of 170 µM of p-Aminophenol in 0.1M of PBS with different pH values varying from 

5 to 8 at a constant scan rate of 20 mV/s at rGO/CS/ZnO/GCE nanocomposites. The 

electrochemical response of phenolic compounds is greatly affected by the pH 

solution, since the electrochemical oxidation and reduction process are directly 

involved in proton transfer [1, 31]. It is observed from the Figure 3.7 (a) that a pair 

of well-defined redox peak is obtained for each pH value. It is also observed that on 

increasing the pH from 5.0 to 7.0 the redox peak currents of p-AP also increases. 

Thus on further increase in pH 8 both the Ipa and Ipc get decreases. This reveals that 

the electrolyte in higher pH of p-AP could not couple well with the 

rGO/CS/ZnO/GCE, thereby resulting in the lowest redox peak current.  The 

maximum redox peak current is achieved at pH 7.0. Therefore, this phenomenon 

indicates that 0.1M of phosphate buffer solution (PBS) at pH 7.0 is used for 

electrochemical investigation of p-AP at rGO/CS/ZnO/GCE due to its sensitive 

determination of p-AP.  

3.4.3 Effect of scan rate 

  

(a)                                                              (b) 

Figure 3.8 (a-b) Effect of scan rate and its linear relationship for 180 µM of p-

AP at pH 7 of PBS solution 

To investigate the reaction kinetics, the impact of scan rate on the redox peak 

currents of p-AP at the rGO/CS/ZnO/GCE is investigated by cyclic voltammetry. 

Figure 3.8 (a-b) shows the cyclic voltagramm curve for effect of scan rate and its 

linear relationship for 180 µM of p-AP in pH 7 of PBS solution at various scan rates 
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(20mV/s to 300mV/s). It is clearly observed from the Figure 3.8 (a-b)  that the 

anodic and cathodic peak current increases linearly with the increase in scan rate 

ranging from 20 mV/s to 300 mV/s,  which shows that current is linearly 

proportional to the scan rate [2-3]. It is observed that as scan rate increases, the 

anodic peak potential (Epa) is shifted positively and in contrary, the cathodic peak 

potential (Epc) is shifted negatively. Thus the increased redox peak currents with the 

increased scan rate from 20 mV/s to 400 mV/s attributes that the redox reaction of p-

Aminophenol at the rGO/CS/ZnO/GCE is a diffusion controlled process . The 

electron transfer is greater at the higher scan rate resulting in the enhanced redox 

peak current. Hence the scan rate at 20 mV/s is selected as an optimized scan rate for 

further electrochemical inestigation of p-AP at rGO/CS/ZnO/GCE.  

3.4.4 Effect of analyte concentration 

  

(a)                                                              (b) 

Figure 3.9 (a-b) Cyclic voltagramm curves for 0.008M of rGO/CS/ZnO/GCE 

towards the detection of various concentrations of p-AP in pH 7of PBS solution 

at 20mV/s scan rate 

The electrochemical responses of p-AP on 0.008M of rGO/CS/ZnO modified 

GCE at pH 7 of 0.1 M of PBS solution at a scan rate of 20 mV/s is investigated by 

cyclic voltammetry. Figure 3.9 (a-b) shows the cyclic voltagramm curves for 

0.008M of rGO/CS/ZnO/GCE towards the detection of various concentrations of p-

AP at pH 7 of PBS solution. It is observed from the Figure 3.9 (a-b) that on 
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increasing the concentration of p-AP the redox peak current of p-AP also increases 

linearly [4, 32]. The linearity range observed for 10 µM to180 µM. Thus the 

enhanced electrochemical activity is due to the large surface area and high 

electrocatalytic activity of the prepared nanocomposites. These results reveal that the 

prepared nanocomposites is effective to promote the electron transfer of p-AP which 

shows good electrocatalytic activity towards the detection of p-AP.  

3.5 CONCLUSION 

The rGO/CS/ZnO nanocomposites are successfully synthesized by chemical 

precipitation method and the nanocomposites are characterized using XRD, FTIR, 

SEM, EDAX, TEM and SAED analysis and further applied for the electrochemical 

detection of p-AP.  The band formed around 458 cm
-1

 indicates the Zn-O stretching 

vibration. XRD reveals that the intensity of diffraction peaks of zinc oxide 

nanoparticles increases with decrease in intensity of chitosan peaks.  The crystallite 

size is found to be about 27.3 nm, 33.4 nm and 34.9 nm for 0.006 M, 0.008 M and 

0.01 M of ZnO nanoparticles.  It is observed from SEM and TEM analysis that the 

rod shaped ZnO nanoparticles found to be well dispersed onto the polymer 

functionalized rGO sheets. EDAX analysis reveals the presence of carbon, oxygen 

and zinc without any impurities that further confirms the formation of rGO/CS/ZnO 

nanocomposites. The electrochemical behaviour of rGO/CS/ZnO nanocomposite 

towards the detection of p-AP at the modified glassy carbon electrode is studied. 

The prepared 0.008M of rGO/CS/ZnO nanocomposites has shown prominent 

electrochemical behaviour towards the detection of p-AP. The maximum redox peak 

current is observed for pH 7 of 0.008M of rGO/CS/ZnO nanocomposite is 0.06µA 

and the wide linear range of about 10µM to 180µM.  The nanocomposites show 

excellent electrocatalytic activity towards the detection of p-AP with a wide linear 

range from 10 µM to 180 µM. Thus the as prepared nanocomposites hold enormous 

ability to detect p-Aminophenol in the environment. 
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