
 
 

 

 

 

GRAPHICAL ABSTRACT 

 

 

Ni/PPy/rGO acts as a multifunctional electrode material with high specific 

capacitance value of 763.49 Fg
-1

 at 1.31 Ag
-1

 and high electro-catalytic activity and 

stability towards methanol oxidation in alkaline medium. 
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3.1 Introduction 

The rapid exhaustion of conventional fossil fuel reserves the increasing concern 

over environmental pollution has encouraged intensive research and development of new 

materials to improve the performance of advanced energy conversion and storage 

devices
 

[1, 2]. The electrochemical energy production will be considered as an 

alternative energy/power source if energy consumption is designed to be of high-

performance, low-cost and environmental friendly manner. System required for 

promising electrochemical energy storage and conversion include fuel cells, batteries and 

electrochemical capacitors [3].
 
Supercapacitors are gaining considerable interest because 

of their higher energy density and power density than batteries, faster charging time and 

more excellent cyclability [4, 5]. DMFCs have also recognized to be a promising power 

source for portable electronic devices and vehicles, due to the abundance of their raw 

materials, high efficiency and low emission [2, 6, 7]. It is necessary to develop multi-

functional, low cost electrode materials which possess reasonably good performance to 

develop advanced supercapacitors and DMFCs. 

Depending on the charge storage mechanisms supercapacitors are mainly 

classified into two broad categories. First category is electrical double layer capacitance 

(EDLC), which stores energy based on the reversible adsorption/desorption of ions that 

takes place at the interface between the electrode materials and the electrolyte. EDLC is 

based on carbonaceous materials that possess high power density but low capacitance. 

The carbonaceous materials have a common capacitance value of less than 40 µ F cm
-2 

of 

the real surface, which is an immense weakness for EDLC [8-10].
 
Another category is 

pseudocapacitor, a pseudocapacitor stores energy from rapid surface redox reactions that 

takes place on the surface and the near surface of the electrode materials. 

Pseudocapacitor based on metals, metal oxides or conducting polymers possesses high 

specific capacitance but due to low conductivity it suffers from poor cyclability [11]. The 

hybridization of EDLC and a pseudocapacitor can enhance the electrochemical 

performance [12, 13].
 
For example, Subramanium et al. [13]

 
reported that amorphous 

MnO2 single walled carbon nanotubes composites showed enhanced electrochemical  
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properties both with respect to high rate capability and the discharged capacitance due to 

the inter-connection of MnO2 and SWNTs. 

DMFCs possess high energy density and easy solubility of raw materials 

compared to hydrogen fuel cells [14]. However, high manufacturing costs and slow rate 

of methanol oxidation reaction on the anode of the fuel cell have limited the 

commercialization of these fuel cells [15]. In order to overcome these problems a great 

deal of research has been carried out including detailed studies on Pt-based electro-

catalysts in acidic medium [16-18].
 
But unfortunately, the commercialization of the Pt 

electrocatalyst is significantly hindered by the limited resource of Pt, high cost, low 

power density and poor CO-poisoning tolerance [19]. We are searching for a new low 

cost electrode for both the applications without compromising their properties. 

Graphene sheets are ideal electrical double layer capacitor materials due to their 

high conductivity and good mechanical properties which are comparable to or better than 

carbon nanotubes [20]. In aqueous electrolyte solutions the specific capacitance values of 

graphene sheets as an electrode can achieve upto 135 F g
-1

[21]. However, in aqueous 

electrolyte solutions they suffer from irreversible sheet-to-sheet restacking resulting in a 

limited accessibility to electrolyte ions hindering the full utilization of surfaces and 

active sites of graphene [22,23].
 
Graphene sheets also play an important role in the 

fabrication of advanced high performance composite electro-catalysts for DMFCs 

applications due to their extraordinary physiochemical properties [24-28]. They can 

provide enhanced mass transport owing to larger surface area of nanocatalyst for electron 

transfer [29, 30]. 

Graphene based nanocomposites can be combined with pseudocapacitive 

materials to enhance capacitance. The hybrid nanomaterials of pseudocapacitive 

materials and graphene can enhance the speed of electron through the supercapacitor 

electrode [31, 32].
 
For example, Zhang et al. synthesized graphene and polyaniline 

nanofibre nanocomposites that exhibited a high capacitance value of 480 F g
-1

 and 

cyclability compared to their individual counterparts [33]. Idris et al.
 

prepared 

Ni/graphene for use as an electrode for supercapacitor (capacitance value 275 F g
-1

) [34]. 

Ni nanoparticles supported on graphene composite was also utilized as electrode material 

for the DMFCs in alkaline medium [35]. Moreover, incorporating conducting polymers 

with high stability and high surface area has also been used to improve the activity of 

graphene based composites and enhanced the dispersing of metals [36, 37].
 
Among 
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various types of conducting polymers, polypyrrole (PPy) is mostly used in 

supercapacitor electrodes due to its various benefits such as good electrical conductivity, 

low cost, simple fabrication, easy of processing and good environmental stability. 

Graphene based PPy composites showed immense improvement in electrochemical 

behavior with diverse technological applications due to the synergetic effect. 

In the present work, we have synthesized a ternary nanocomposite of 

Ni/polypyrrole/reduced graphene oxide electrode (Ni/PPy/rGO) via simply mixing 

PPy/rGO and NiCl2.6H2O at pH 10.5, and investigated the physical and electro-chemical 

properties of Ni/PPy/rGO for its probable use as multi-functional electrode material in 

advanced energy devices. We have also studied the electro-chemical supercapacitive 

properties and elctro-catalytic performance for methanol electro-oxidation in alkaline 

medium. 

 

3.2 Experimental section 

 

3.2.1 Chemicals 

Graphite powder (<20 micron) was purchased from Aldrich and used as received. 

Sodium nitrate (NaNO3), potassium permanganate (KMnO4), hydrogen peroxide (30% 

v/v), sodium hydroxide (NaOH), hydrazine monohydrate, nickel chloride hexahydrate, 

concentrated sulfuric acid (98%), hydrochloric acid, methanol, ethanol were obtained 

from Merck. Pyrrole monomer, ferric chloride, and nafion solution were purchased from 

Sigma-Aldrich and were used as received. Chloroform (CHCl3) was procured from 

Merck and was distilled before use. 

 

3.2.2 Synthesis of rGO and PPy/rGO composite 

GO was synthesized from natural graphite powder by the modified Hummers 

method using KMnO4 and H2SO4 as oxidizing agent [38]. The product was purified by 

washing with 5% HCl and then DI water for several times. The product was then 

exfoliated by ultrasonication for 1h to obtain the GO dispersion. GO dispersion was 

chemically converted to rGO using hydrazine monohydrate as a reducing agent at 80 °C.  

PPy/rGO composites were prepared by liquid/liquid interfacial polymerization 

method involving pyrrole and rGO [39]. Where the aquous phase was prepared by 

dispersing 200 mg of rGO and 300 mg of FeCl3.6H2O in 20 mL of water by 
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ultrasonication and the organic phase was prepared by dissolving 0.1 mL of pyrrole 

monomer in 20 mL of CHCl3. 

 

3.2.3 Synthesis of Ni/ PPy/rGO nanocomposites 

Ni/PPy/rGO nanocomposite was synthesized simply by mixing PPy/rGO and 

NiCl2.6H2O at pH 10.5. 100 mg of PPy/rGO was dispersed in 0.1 molL
-1 

of NiCl2.6H2O 

by ultrasonication. Then excess of NaBH4 aqueous solution was added to the suspension 

under vigorous stirring until it reaches pH=10.5. Finally, the Ni/PPy/rGO nanocomposite 

was collected by filtration and thoroughly washing the product with warm DI water. The 

product was then dried at 50 °C and black coloured Ni/PPy/rGO powder was obtained. 

For comparison, PPy and Ni/rGO nanocomposites were also synthesized. PPy 

was synthesized by interfacial polymerization of pyrrole in water/chloroform interface in 

presence of FeCl3.6H2O. Ni/rGO nanocomposites was synthesized from GO and 

NiCl2.6H2O solution. 

 

3.2.4 Characterization 

The synthesized samples were characterized by FTIR, XRD, SEM, EDX and 

DLS method. The electrochemical properties of the samples were measured by using Bio 

Logic Science Instrument, SP-150 and power: 110-240 Vac voltammeter. X-ray 

photoelectron spectroscopy (XPS) was done using XPS Physical Electronics, PHI 5000, 

Versa Probe III instrument. Transmission Electron Microscopy (TEM) studied using 

2100F (JEOL) FETEM instrument. 

 

3.2.5 Electrochemical measurements   

The electrochemical behavior of the prepare samples were studied using a 

standard one compartment three electrode system where Pt and Ag/AgCl electrodes were 

used as an counter and reference electrodes respectively. A glassy carbon electrode was 

used as the working electrode on which 1 µL of the catalyst paste was applied. The 

catalyst paste was prepared by dispersing 12.5 mg of the elctroccatalyst in 0.5 mL of 

ethanol by ultrasonication for 30 min. A measured volume of the paste was then pippeted 

onto the glassy carbon electrode. Then 5 wt% Nafion was added onto the paste and air 

dried for overnight. To measure the methanol electr-oxidation, CV was performed 

between 0.0 V to 1.0 V at a scan rate of 50 mVs
-1

 in 1 M KOH containing 1 M methanol. 
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The chonoamperometry was performed to measure the stability of the electrocatalyst for 

600 s at a fixed potential of 0.4 V. 

 

3.3 Results and discussion  

 

3.3.1 FTIR analysis 

FTIR spectra of GO, rGO, PPy, PPy/rGO and Ni/PPy/rGO are shown in Fig. 3.1. 

In the FTIR spectrum of GO (Fig. 3.1a), the peaks obtained at 1265, 1068 and 1720 cm
-1 

are attributed to the C-O epoxy stretching, C-O alkoxy stretching and C=O carbonyl 

stretching vibrations, respectively. The absorption peaks at 1621 and 3426 cm
-1 

correspond to the aromatic C=C stretching vibration and O-H stretching vibration, 

respectively. After reduction of GO, the characteristic peak of C=O stretching vibration 

of carboxyl at 1720 cm
-1

 disappeared completely for rGO (Fig. 3.1b). Also, peak 

intensity corresponds to C-O epoxy and C-O alkoxy stretching vibration decreases 

significantly. The absorption peaks due to aromatic C=C stretching vibration and O-H 

stretching vibration shifted from 1621 cm
-1 

to 1556 cm
-1 

and 3426 cm
-1 

3413 cm
-1

, 

respectively. These results confirm that GO was successfully reduced to rGO. In the 

FTIR spectra of PPy (Fig. 3.1), peaks at 1461, 1536, and 3433 cm
-1 

associated with the 

C-N, C-C, and N-H stretching vibration of pyrrole ring [40, 41]. The peaks at 2924 cm
-1 

and 2851 cm
-1 

are designated as the asymmetric and symmetric stretching vibrations of 

CH2 of PPy [42].
 
In the spectrum of PPy/rGO nanocomposites (Fig. 3.1d), it can be 

observed that all characteristic peaks of PPy  are present with little shifting which is 

probably due to the π-π interaction between the rGO layers and PPy rings. The 

characteristics peaks of PPy are shifted from 1461, 1536, and 3433 cm
-1 

to 1454, 1547, 

and 3426 cm
-1 

in the FTIR spectrum of PPy/rGO. Moreover, the peak due to epoxide 

group and C=C stretching vibrations of rGO are appeared at 1271 and 1629 cm
-1 

respectively, in the FTIR spectra of PPy/rGO. Thus FTIR analysis confirms the presence 

of PPy and rGO in the PPy/rGO composite as well as successful combination of both the 

components. Generally, metal does not any characteristic peaks in FTIR spectrum [43].
 

In the FTIR spectra of Ni/PPy/rGO, there is a considerable shift of characteristic peaks 

PPy and rGO. This is because of the presence of metallic Ni over PPy/rGO. Thus, FTIR 

results confirm the successful formation of Ni/PPy/rGO nanocomposites. 
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Fig. 3.1 FTIR spectra of (a) GO (b) rGO (c) PPy (d) PPy/rGO (e) Ni/PPy/rGO 

 

3.3.2 XRD analysis 

The structure of the synthesized composites was investigated by XRD analysis. 

Fig. 3.2 shows the XRD patterns of GO, rGO, PPy/rGO and Ni/PPy/rGO 

nanocomposites. The pristine graphite shows a very strong peak at 2θ=26.5° for the 

(002) plane while the GO shows a broad peak at 2θ=12.5°, (Fig. 3.2a) corresponds to 

(002) plane indicating oxidation of pristine graphite. After reduction, two new broad 

peaks are observed at 2θ=25.45° and at 2θ=42.8° (Fig. 3.2b) corresponds to the loosely 

stack graphene sheets. In the XRD pattern of PPy/rGO composite shifting of the peak is 

observed (Fig. 3.2c). The peak at 2θ=25.45° has been shifted to 26.3° which is due to the 

π-π interaction between PPy and rGO sheets. In the XRD pattern of NI/PPy/rGO 

nanocomposites (Fig. 3.2d), two new sharp diffraction peaks are observed at 2θ=43.9° 

and 2θ=52.7° which corresponds to the (111) and (200) planes of cubic face centered 

structure of Ni (JCPDS card no. 65-2865), indicating formation of Ni after reduction 

process. Thus the XRD results indicate successful incorporation of metallic Ni in the 

PPy/rGO matrix. 
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Fig. 3.2 XRD pattern of (a) GO (b) rGO (c) PPy/rGO and (d) Ni/PPy/rGO 

 

3.3.3 Raman analysis 

Since Raman spectroscopy is useful for studying disorder and defects in crystal 

structure, it is often employed to characterize carboneous materials. The Raman spectra 

for the GO, PPy, PPy/rGO, and Ni/PPy/rGO nanocomposites are shown in Fig. 3.3. The 

D band in Raman spectra is related to the defects and disorder in the hexagonal lattice, 

while the G band in Raman spectra corresponds to an E2g mode of graphite which is 

related to the vibration the sp
2
-bonded carbon atom in the hexagonal lattice. Therefore, 

the intensity ratio between the disorder induced D band and the G band (ID/IG) states the 

atomic ratio of sp
2
/sp

3
 carbons which measures the extent of disorder graphite. The G 

bands are seen at 1603 cm
-1

, 1581 cm
-1

, 1598 cm
-1

, and 1596 cm
-1

 and the D bands are at 

1360 cm
-1

, 1380 cm
-1

, 1353 cm
-1

, and 1356 cm
-1

, for GO, PPy, PPy/rGO and 

Ni/PPy/rGP, respectively. The calculated ID/IG ratio for GO is 0.88 which indicates high 

level of disorder of the GO layers due to the presence of oxygen functional groups on 

graphite. For, the pure PPy, the D and G bands are attributed to the ring stretching and 

C=C backbone stretching mode of PPy, respectively [44].
 
In addition, the three bands 
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appeared at 1051 cm
-1

, 975 cm
-1

, and 932 cm
-1

, are related to the in-plane and out-of-

plane vibrations of N-H and C-H modes of PPy [45, 46]. PPy/rGO and Ni/PPy/rGO 

nanocomposite shows the bands of PPy which proofs the presence of PPy in the 

composites. Moreover, the decrease of the ID/IG values for PPy/rGO (0.84) and 

Ni/PPy/rGO (0.82) showed that the disordered of rGO is lesser. 

 

Fig. 3.3 Raman spectra of (a) GO (b) PPy (c) PPy/rGO and (d) Ni/PPy/rGO 

 

3.3.4 SEM and EDX analysis 

The structural analysis of the rGO, PPY, PPy/rGO, and Ni/PPY/rGO were 

investigated using scanning electron microscope (SEM). The SEM image of rGO shows 

a layered, wrinkled-like structure (Fig. 3.4a). The pure PPy exhibits sphere-like structure 

(Fig. 3.4b). In the SEM image of PPy/rGO (Fig. 3.4c), the sphere like structure of PPy is 

disappeared and wrinkled, multilayered structure corresponds to rGO sheets is observed. 

This change in the structure of the PPy/rGO composite is due to the polymerization of 

PPy on the rGO surface. In the SEM image of Ni/PPy/rGO, over wrinkled structure of 

PPy/rGO some nanoparticles are observed (Fig. 3.4d). This indicates that Ni 
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nanoparticles are uniformly deposited on the crumpled surface of the PPy/rGO. In 

addition, the presence of elemental Ni, C and O is confirmed from EDX spectrum (Fig. 

3.5). 

 

 

Fig. 3.4 SEM images of (a) GO (b) PPy (c) PPy/rGO and (d) Ni/PPy/rGO 

nanocomposites 

 

 

Fig. 3.5 EDX analysis of Ni/PPy/rGO nanocomposites 
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3.3.5 TEM and XPS analysis 

TEM image of Ni/PPy/rGO nanocomposite is shown in Fig. 3.6a. TEM image 

indicates that the Ni nanoparticles are dispersed above the surface of PPy/rGO. Fig. 3.6b 

shows the XPS survey spectra of Ni/PPy/rGO nanocomposite. The survey spectrum also 

presented the presence of C, O, N and Ni in Ni/PPy/rGO nanocomposite. 

 

 

Fig. 3.6 (a) TEM and (b) XPS analysis of Ni/PPy/rGO nanocomposites 

 

3.3.6 Particle size distribution 

Particle size distribution of Ni/PPy/rGO nanocomposites is shown in Fig. 3.7. 

The diameter of the nanocomposite ranged from 0.97 nm to 1.23 nm and the mean 

diameter is 1.05 nm. 

 

Fig. 3.7 Particle size distribution of Ni/PPy/rGO nanocomposites 
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3.3.7 Electrochemical studies 

 

3.3.7.1 Cyclic Voltammetry (CV) studies 

CV measurements were conducted in a three-electrode system using 1 M KOH 

solution as an electrolyte. Fig. 3.8 illustrates the CV of rGO, PPy/rGO, and Ni/PPy/rGO 

nanocomposite electrode with a potential range from -1.0 to 1.0 V at 20 mVs
-1

 scan rate. 

Both rGO and PPy show rectangular CV curve which is due to EDLC of rGO. However, 

the CV curve of Ni/rGO produces a pair of redox corresponds to Ni(OH)2/NiOOH 

surface redox couple (equation 2) due to the Faradaic reactions (fig.3.8d inset) [47, 48].
 

Two well defined peaks are observed: one is the anodic peak i.e. the oxidation peak in 

the forward scan which corresponds to oxidation of Ni
2+

 to Ni
3+ 

and the other is the 

cathodic peak i.e. the reduction peak which corresponds to reduction of Ni
3+ 

to Ni
2+ 

. The 

reactions are: 

             

Ni   +   2OH-           Ni(OH)2   +   2e                                  (1)

Ni(OH)2  +  OH-
NiOOH  +  H2O  +  e                          (2)

 

CV curve of the Ni/PPy/rGO nanocomposite demonstrates nearly rectangular 

form with a larger area, indicating ideal capacitive nature and superior charge transport 

than that of rGO and PPy/rGO (Fig. 3.8a). The interaction between Ni nanoparticles PPy 

and rGO produces a better electrochemical performance because of the 

pseudocapacitance arising from Ni and PPy and the EDLC contribution by the rGO. 
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Fig. 3.8 Cyclic voltammograms of (a) Ni/PPy/rGO (b) PPy/rGO (c) rGO and (d) Ni/rGO 

(inset) 

 

Fig. 3.9a illustrates CV of the Ni/PPy/rGO nanocomposites electrode at various 

scan rates from 2 to 100 mVs
-1

. The outline of the CV curves is rectangular in shape, 

even at 100 mVs
-1

, revealing great capacitance and good ion response of the 

nanocomposite. In addition, the voltammetric current is directly proportional to the scan 

rate as expected for an ideal capacitive behavior. To study the stability of the 

nanocomposites, CV was conducted for 200 continuous cycles at 100 mVs
-1 

scan rate. 

Fig. 3.9b shows that after repetitive 200 cycles, Ni/PPy/rGO still retained its 

electroactivity indicating an excellent high rate performance. 
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Fig. 3.9 (a) CVs recorded at different scan rate and (b) CVs for continuous 200 cycles 

for Ni/PPy/rGO 

 

 3.3.7.2 Galvanostatic Charge-Discharge Study 

To study the charge capacity of the samples, the galvanostatic charge-discharge 

(GCD) measurements were also carried out. On the basis of the GCD study, the specific 

capacitance (Cs) of the electrode can be calculated using the following equation: 

                                                        Cs = I Δt / m ΔV                                                     (3) 

Where, I, Δt, m and ΔV are the response current, discharge time, active mass and open 

potential, respectively. Figure 10a exhibits a set of CD curves for the Ni/PPy/rGO at 

different current densities. Fig. 3.10b illustrates the relationship between current density 

and Cs. The Cs value of Ni/PPy/rGO is 763.29 Fg
-1

 1.31 Ag
-1

 current densities. On 

increasing current density from 1.31 to 30.85 Ag
-1

, the Cs value decreases from 763.49 to 

38.39 Fg
-1

. The decrease in the Cs values with increasing current densities is because of 

the redox reaction that occurs at the electrode/electrolyte interface. These Cs values are in 

good agreement with the results that were obtained from the CV tests at different scan 

rates (Fig. 3.10a). In addition, the Ni/PPy/rGO nanocomposite retains 96.75% over 200 

cycles at a current density 9.37 Ag
-1

 (Fig. 3.10c) indicating EDLC and 

pseudocapacitance materials.  
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Fig. 3.10 (a) Charge/discharge curves of Ni/PPy/rGO at different current densities (b) 

Specific capacitances of Ni/PPy/rGO at different current densities and (c) Cyclic stability 

of Ni/PPy/rGO upto 200 charge/discharge cycles (current density 9.37 Ag
-1

). 

 

Fig. 3.11 shows the GCD curves of rGO, PPy/rGO and Ni/PPy/rGO at a current 

density 3.67 Ag
-1 

with potential range between -1.0 to 1.0 V. The triangular shape of 

charge/discharge curve of rGO indicates pure EDL capacitance. The shape of the 

measured CD curve of Ni/PPy/rGO is not an ideal straight line. The observed capacitive 

behavior of the nanocomposite is a result of the EDL and the pseudocapacitances of 

rGO, Ni and PPy. Also, the Ni/PPy/rGO nanocomposite shows longer discharge time 

compared to rGO and PPy/rGO at same current density. The Cs value of Ni/PPy/rGO is 

much higher (234.25 Fg
-1

) than that of (76.68 Fg
-1

) and rGO (35.53 Fg
-1

) at 3.67 Ag
-1

 

current density. The Cs value of Ni/PPy/rGO is also much higher than rGO/Ni foam 

composite (maximum Cs value 323 mFcm
-1

 at 0.5 mAcm
-2

) reported by Zhoong-Zhen Yu 

et.al [49] The increased Cs value is due to the synergetic effect of Ni, PPy and rGO. 
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Thus, the presence of PPy significantly increases the electrochemical properties of 

Ni/PPy/rGO nanocomposites. 

 

 

Fig. 3.11 Charge/discharge curves of (a) Ni/PPy/rGO, (b) PPy/rGO and (c) rGO (current 

density 3.67 Ag
-1

). 

 

3.3.7.3 Electrochemical Impedance Spectroscopy Study (EIS) 

 Electrochemical impedance spectroscopy studies were carried out in the 

frequency range from 10
5
 Hz to 10 Hz. Fig. 3.12 shows the Nyquist plot for the PPy/rGO 

and Ni/PPy/rGO. Both the impedance curves of PPy/rGO and Ni/PPy/rGO intersects the 

x-axis at 45° angle in the beginning, suggesting typical feature of a porous electrode. The 

equivalent electrical circuit is shown in the inset of Fig. 3.12. The x-intercept of the 

curves in the high frequency region of the Nyquist plot represents the equivalent series 

resistance (Rs). Rs values of PPy/rGO and Ni/PPy/rGO are 9.72 and 4.72 Ohm, 

respectively. The lower Rs value for Ni/PPy/rGO nanocomposite indicates more 

conductive nature of the nanocomposite. The semicircle observed at higher frequency 

region of the plot refers to the interfacial charge-transfer resistance (Rct). Rct values of 

PPy/rGO and Ni/PPy/rGO are 32.8 and 5.39 Ohm, respectively. In the low-frequency 

region the 45° slope of the nearly vertical line indicates the Warburg resistance (Wd) 

representing good capacitance and low diffusion resistance of the composite. Thus, EIS 

results show that the Ni/PPy/rGO nanocomposite possesses efficient charge transfer and 

better capacitive nature than that of PPy/rGO.  
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Fig. 3.12 Nyquist impedance plots of (a) Ni/PPy/rGO and (b) PPy/rGO 

 

3.3.7.4 Electrocatalytic oxidation of methanol 

Until now, we have presented the electrochemical energy storage properties of 

the Ni/PPy/rGO nanocomposites. To reveal its use in another energy device application, 

CV and chronoamperometry analysis were conducted to investigate their properties as 

electro-catalyst towards methanol electro-oxidation. Fig. 3.13 illustrates the CVs of 

Ni/PPy/rGO, Ni/rGO and PPy/rGO recorded in 1.0 M methanol solution containing 1M 

KOH at a scan rate of 50 mVs
-1 

in potential range of 0.00 to 1.00 V at room temperature. 

Fig. 3.13 clearly indicates a very well defined anodic peak in the forward scan which is 

due to the oxidation of freshly chemisorbed species from methanol adsorption while its 

corresponding cathodic peak diminishes notably, demonstrating thereby the electro-

oxidation of methanol. These results demonstrate that the entire Ni
3+ 

species are reduced 

to Ni
2+ 

species through oxidation with methanol and almost no Ni
3+ 

species are left for 

reduction to Ni
2+

. These results support the findings of Fleischmann et al. that Ni
3+ 

acts 

as an electrocatalyst towards electro-oxidation of alcohols in alkaline medium  and 

alcohols get oxidized at a potential which coincide exactly with that where Ni
3+ 

was 

produced [50, 51].
 
Thus, these results illustrate that methanol oxidation takes place on 

the Ni
3+ 

surface where Ni
3+ 

works as an electrocatalyst.  
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Fig. 3.13 CVs of the different composites (a) Ni/PPy/rGO, (b) Ni/rGO and (c) PPy/rGO 

in 1KOH + 1M methanol at 25°C and at the scan rate of 50 mVs
-1 

scan rate 

 

The magnitude of the peak current density on the forward scan indicates the 

electrocatalytic activity of different electrocatalysts for methanol elcetro-oxidation. The 

anodic current density of the Ni/PPy/rGO is 32.94 mA/cm
2
 which is higher than that of 

Ni/rGO (22.1 mA/cm
2
) and PPy/rGO (20.35 mA/cm

2
). Moreover, the onset potential of 

Ni/PPy/rGO is lower than that Ni/rGO and PPy/rGO. These results confirmed that 

Ni/PPy/rGO has the highest activity for methanol elctro-oxidation in alkaline medium. 

The greater electrochemical performance of Ni/PPy/rGO nanocomposites is due to the 

synergistic effect of Ni nanoparticles, rGO and PPy. The small size of Ni nanoparticles, 

uniform distribution of Ni nanoparticles over PPy/rGO surface with high surface area 

and conductivity and the utilization of the conducting polymer PPy to functionalized 

graphene which could provide high electrochemical surface area.  

The durability of PPy/rGO, Ni/rGO and Ni/PPy/rGO were evaluated by 

chronoamperometry (Fig. 3.14) for 600s. During the first 50s, a slight decay in the 

current density was observed, which is due to the adsorption of intermediate products on 

the surface of the catalysts. After that, the current density reached a steady stable state 

throughout the entire period. The current density of the Ni/PPy/rGO nanocomposite was 

higher than that of PPy/rGO and Ni/rGO electrode. Thus, chronoamperometry study 
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reveals the superior durability, good tolerance against the intermediates and promising 

electro-catalytic activity of the nanocomposite for methanol oxidation. 

 

Fig. 3.14 Chronoamperograms of (a) Ni/PPy/rGO (b) Ni/rGO and (c) PPy/rGO in 

1M  KOH + 1M methanol at operational potential of 0.035V 

 

3.4 Conclusion 

A novel and simple synthetic approach has been reported for Ni nanoparticles 

supported on PPy/rGO surface and it can be used as multi-functional electrode in various 

applications. Characterization analysis showed that of Ni nanoparticles are uniformly 

distributed over rGO/PPy matrix. The Ni/PPy/rGO nanocomposite showed higher 

current density and superior CV area compared to rGO and PPy/rGO. Charging-

discharging study revealed a high specific capacitance value (763.49 Fg
−1

) of 

Ni/PPy/rGO nanocomposite at a current density 1.31 Ag
-1

 with capacity retention of 

96.75 % after 200 cycles. Moreover, the Ni/PPy/rGO nanocomposite showed higher 

anodic current density and lower onset potential for methanol electro-oxidation. The 

improved electrochemical and electrocatalytical properties of Ni/PPy/rGO 

nanocomposites is due to the synergistic effect of Ni nanoparticles, rGO and PPy. 
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