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ABSTRACT 

 

 

Presently there are deep concerns over the environmental consequences and the 

consumption of non-renewable energy sources, with the accelerated greenhouse effect, 

triggered enormous interest in the use of renewable energy sources e.g., solar, 

hydropower, wind and geothermal. However the intermittent nature of harvesting 

renewable energy sources has recently gained considerable attention in the alternative 

reliable, cost effective, and environmentally friendly energy storage devices. The 

supercapacitor and lithium ion batteries are considered more efficient electrical energy 

storage devices than conventional energy storage systems. 

Both devices have many useful and important applications; they could be an 

excellent source for high power and high energy density, especially in portable 

electronic devices and Electrical Vehicles (EVs) or Hybrid Electrical Vehicles (HEVs). 

In order to make the efficient usage of these stationary energy storage devices, state of 

the art research on new and advanced electrode materials is highly needed. The aim of 

this dissertation is to investigate the scope of graphene/metal oxide-conducting polymer 

nanocomposites electrodes for light weight, high power density and wider voltage 

window supercapacitor devices.  

The facile chemical polymerization approach was used to synthesize the 

aromatic and heterocyclic conducting polymer nanocomposites. For aromatic 

nanocomposites, several materials were synthesized includes ZnO-PANI, ZnO/G-PANI, 
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RuO2-PANI and G-PANI. Subsequently these materials have been characterized by 

physical, structural techniques e.g Raman Spectroscopy, Fourier Transform Infrared 

Spectroscopy (FTIR), Xray-Diffraction (XRD), Scanning Electron Microscopy (SEM), 

and Transmission Electron Microscopy (TEM). In addition to material characterization 

the prepared material was also characterized by electrochemical measurements using 

cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and chrono 

potentiometry for supercapacitor electrodes. Since graphene is a two-dimensional single-

atom-thick sp
2
 hybridized carbon structure due to its extraordinary characteristic, high 

electrical conductivity, chemical stability and large theoretical surface area (over 2600 

m
2
 g

−1
) has gained immense interest in the future generation of renewable energy 

devices. Therefore, among all aromatic based nanocomposites, the Graphene-

Polyaniline (G-PANI) rendered promisingly high specific capacitance around 440 F/g 

with the excellent cyclic stability. The higher specific capacitance of G-PANI might be 

due to the high conductivity and superior electrochemical properties of graphene in G-

PANI nanocomposites. 

However, besides the G-PANI, other aromatic nanocomposites e.g., RuO2-PANI, 

ZnO-PANI and G/ZnO-PANI also showed the potential of low cost and flexible 

supercapacitor electrodes with the reasonably good specific capacitance as 360 F/g, 300 

F/g, and 275 F/g. We have further investigated the role of conductivity by adding 

different amount of graphene in G-PANI nanocomposites to optimize device 

performance with the specific capacitance and columbic efficiency of 440 F/g and 90% 

respectively. 
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Further the other important parameters, relate with the electrode thickness, type 

of electrolytes, concentration of electrolytes and the effect of the solvent has also been 

studied to achieve the overall performance and reliability of the device. Moreover, in 

order to have the comprehensive study of conducting polymer besides the aromatic 

conducting polymer the heterocyclic polymers e.g., polythiophene and poly (3, 4-

ethylenedioxythiophenes) (PEDOT) nanocomposites were studied at length to evaluate 

their role for the cost effective, large surface area and flexible green energy storage 

devices and has shown great prospects for commercial application. Therefore, G-Cps 

nanocomposites have proved to be a promising electrode material choice to facilitate the 

ionic diffusion and contact of the electrolytes to improve the specific capacitance and 

performance of the device. 
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CHAPTER 1:  INTRODUCTION 

 

 

1.1 Overview 

 

The growing global energy crisis over the past two decades is, due to the high cost 

of materials depletion of natural resources, and severe ecological and environmental 

concerns based on the consumption of fossil fuels, has triggered the keen interest in the 

development of alternative for energy production. The critical role of energy storage 

devices in high power energy related applications, made it indispensable to meet the 

future energy necessities by looking into the alternative options for reliable, low cost, 

energy storage devices. 

The most common electrical energy storage devices are batteries, fuel cells, and 

supercapacitors. The electrical energy storage and delivery mechanism in batteries and 

fuel cells depends on the conversion of chemical energy into electrical energy. Unlike 

batteries, energy storage in supercapacitors, also called electrochemical capacitor (EC), 

depends on the formation of electric double layers at the interface of the electrode and 

electrolytes. Comparison among the energy storage devices can be well understood by 

examining the energy density and power density of the devices, as described in the 

ragone plot as shown in Figure 1 [1].  
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Figure 1. Ragone plot comparison of several electrical energy storage devices with 

combustion engine. (Adapted from [1]) 

 

Up to date there are three main types of capacitors that are widely known: i) 

Electrostatic capacitor ii) Electrolytic capacitor and iii) Electrochemical capacitor (EC). 

All types of capacitors perform the basic common, function to store stationary electrical 

energy [2]. The electrostatic capacitor is comprised of two metallic plates separated 

physically by an insulating medium e.g., air or ceramic. The charge starts to build up 

across the two plates when voltage is applied to these plates, one plate is given a positive 

and, the other is given the negative potential. Electrostatic capacitors have been for nearly 

a century. Capacitance in the electrostatic capacitor is usually in the order of pico and 

nano farads expressed in equation 1[2].  

  
  

  
                                                              (1) 

The second generation of capacitor is named electrolytic capacitor which is 

available at large scale commercially. The assembly of electrolytic capacitor is quite 
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different from electrostatic capacitor. It consists of two electrodes one is made of a 

metallic plate, either aluminum or tantalum, and the other electrode is comprised of a 

conducting liquid electrolyte, which helps in polarization during the charging process [3]. 

A remarkably thin metal oxide layer is introduced e.g., Al2O3 between two electrodes in 

the electrolytic capacitor to improve the retention of charge for a reasonably longer time. 

The capacitance in the electrolytic capacitor is comparatively higher than in the 

electrostatic capacitor which is in the range of milli farad [3, 4]. 

The third generation of capacitor which has shown promising trend in the overall 

performance of the device, is known as the electric double layer capacitor (EDLC). In 

EDLC the carbon is used as the electrode material for both the anode and cathode 

encapsulated with organic or aqueous electrolytes.Differences in the configuration of all 

three types of capacitor are given in figure 2 [2, 5, 6]. 

 

Figure 2. Differences in the configuration of the three types of capacitor. (Adapted from
 

[6]) 

 

This chapter encompasses the history, current status, energy storage mechanism 

types of supercapacitor and motivation for the present research. 
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1.2  History and Current Status of Supercapacitor 

Since the late eighteenth and early nineteenth century the charge storage 

mechanism at the interface of electrolyte and metal electrodes has been studied by 

chemist. But the practical access of the electric double layer capacitors (EDLC) has only 

been realized after the first patent was written by Becker at General Electric Corp in 1940 

for an electrolytic capacitor using carbon electrodes [2,6,7]. SOHIO in 1969 made the 

first attempt to display the electric double layer capacitors (EDLC) with porous carbon 

materials consisting of tetralkylammonium salt based electrolyte in the market place [2, 

8]. However, the EDLC suffered from low energy density, Conway and coworkers made 

a significant effort in the late 80’s in supercapacitor research by introducing the RuO2 

with high specific capacitance and low inherent resistance electrode materials [9]. In late 

90’s, the supercapacitor research gained tremendous attention, after being realized the use 

and importance of supercapacitors in the application of hybrid electric vehicle. The 

physical interface between the electrode and electrolyte could store electrical charge in 

the order of ~10
5 
farad in supercapacitor [9]. 

The specific capacitance in EDLC enhances 10-100 times, when the electrode 

materials are fabricated from transition metal oxides and conducting polymers. The 

energy storage principles in transition metals and conducting polymer electrodes are 

known as electro-sorption or redox process, which is quite different from the electric 

double layer mechanism [10]. This type of capacitor is referred to fourth generation 

capacitor, which simultaneously has the combined effect of two kinds of energy storage 

behavior i.e., non-faradic mechanism as in EDL capacitors and faradic process similar to 

batteries. According to the latest commercial report, the annual revenue generated in the 
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USA for electrochemical EC devices used only in electronic circuitry is around $150-200 

million [2, 5, 6]. The electrochemical capacitors in the current market are based on the 

high surface area porous carbon materials as well as based on high capacitance RuO2 

transition metal [11].The unique high power characteristic of supercapacitor leads to the 

new concept of hybrid charge storage devices which has the combined effect of 

supercapacitor interfaces with the fuel cell or battery. Table 1 provides the detailed 

comparison on the supercapacitor and battery [12].  

 

Table 1. Detailed parametric comparison of capacitor, supercapacitor and battery. 

(modified from [12]) 

 

 
1.3  Energy Storage Principles of Supercapacitor 

 

Energy storage mechanisms in conventional capacitor depends on the pair of 

parallel metallic plates having equal area A, which are separated by a distance d, in 

vacuum media is expressed by equation 2 [1, 13]. 

  
  

   
                                                           (2) 

Parameters Capacitor Supercapacitor Battery Difference 

Charge Time 10
-6

~10
-3 

sec 1~30 sec 0.3~3hrs Moderate 

charging time 

Discharge Time 10
-6

~10
-3 

sec 1~30 sec 1~4hrs Moderate 

discharging time 

Energy Density 

(Wh/kg) 

<0.12 1~10 20~100 High Energy 

density 

Power Density 

(W/kg) 

>10,000 1000-2000 50~200 Moderate Power 

density 

Cycle Life >500,000 >100,000 500~2000 Reasonable good 

cyclic life 

Charge/discharge 

Efficiency 

~1.0 0.90~0.96 0.7~0.84 High efficiency 

 

Comparison
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where C is known as the device capacitance. If the plates are separated by dielectric 

medium then capacitance of the device incorporates the medium influence in overall 

capacitance of the device named as permittivity, given in equation 3 [1, 2].  

  
    

   
                                                             (3) 

The energy storage mechanism in electrical double layer capacitor (EDLC) is 

however, similar to the conventional capacitor, but the charge accumulation process does 

not occur on two metallic electrodes, apart from certain dielectrics. Instead the charge 

accumulation phenomena directly associated with the thickness of the double layer space, 

which is a few nanometers, established at the electrode and electrolyte interface. 

Moreover, when the potential is applied on two electrodes of supercapacitor, the 

negative and positive ions diffuse through the electrolytes towards positive and negative 

electrodes. Ion migration in electrolytes creates two layers of charge storage around 

electrodes, which is primarily responsible for energy density, W in electrochemical 

double layer capacitor given by equation 4 [1, 4]. 

  
 

 
                                                            (4) 

where C is the specific capacitance and V is voltage develops at electrolyte and electrode 

interface. In general, supercapacitors have long charge-discharge cycle life due to the 

formation of electrostatic double layer. In addition to double layer charge separation, 

supercapacitor capacitance is also associated with the oxidized state change reactions 

occur on the electrode surface, which is called pseudo-capacitance [13-14].The difference 

between double-layer capacitor and pseudo-capacitor energy storage mechanisms is 

discussed in the following section. 
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1.3.1  Electrical Double Layer Capacitor (EDLC) 

The double–layer capacitance in supercapacitor was first noticed by Helmholtz in 

1879, according to the Helmholtz theory the evaluation of electrical double layer is due to 

the strong interactions between the ions/molecules at electrode and electrolyte interface, 

and reversible ion adsorption onto carbon electrode is responsible for the energy storage 

in electrochemical capacitors [15, 16, 19]. Since no redox behavior is involved in 

electrochemical capacitors, the capacitance proposed by Helmholtz model does not 

change with the surface potential or concentration, which is different from the energy 

storage mechanism in batteries. The capacitance in double layer capacitor is calculated by 

using equation 5 [1, 17]. 

    
     

 
                                                        (5) 

where εr is the dielectric constant of the electrolyte,    is the permittivity of free space, A 

is the surface area of the electrode, and d is the thickness of electrical double-layer, 

depending on the size of the ions and the electrolyte concentration [17]. The electric 

double layer energy storage mechanism schematic is described in Figure 3 [1, 17]. 
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Figure 3. Electrochemical double layer energy storage mechanism. (Adapted from [1]) 

 

The separation distance, d, is usually in angstrom range for EDLC, while the 

separations for the conventional capacitors are in the micro-meter range. However, 

capacitance in electrochemical capacitor is significantly larger than calculated by 

conventional capacitor. A displacement current has been observed due to the arrangement 

of charges, which clearly explains the non faradic nature of the electrical double-layer 

process due to negligible charge transfer across the interface. Thus oriented polarization 

of charge species exists at the electrode-solution interface due to the excess or deficiency 

of electrons, cations or anions in solution is the reason for the forming of the double layer 

capacitance [18].  

The complex formation mechanism of the electrical double layer is not fully 

understood, yet. It could be caused by several other factors e.g., shape and size of cation, 

and anion in electrolytes, concentration of electrolyte, packing or type of electrolyte, 

diffusion rate of charge, as well as the morphology of electrode materials and shape of 
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electrodes. However, several models have been proposed to understand the controlled 

potentiostatic behavior of electrode in solution. The electrical double layer can be 

characterized by several layers explained by the Gouy-Chapman theory, as shown in 

Figure 4 [19]. According to this model, the electric double layer EDL space is divided 

into two main layers, the inner layer which is defined as the Helmholtz layer or compact 

layer, which comprises of counter ions absorbed on the charged surface, beyond this 

another layer is observed, which is generally called the “diffuse” layer. In the diffusive 

layer, the counter ions are not specifically adsorbed, instead of this, they are adsorbed due 

to the long range electrostatic forces interaction between the solvated ions and charged 

metals, and do not rely on the chemical properties of the ions [20]. The electric double 

layer model is based on several layers and is explained in Figure 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Electrochemical model describing the extension of double layers from the 

electrode surface into bulk of liquid electrolyte. (Adapted from [19, 33]) 
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Therefore, the overall calculated EDL capacitance is the series capacitance of the 

compact layer and the diffusive layer is given in equation 6 [20]. 

 

      
 

 

  
 

 

     
                                              (6)  

Both layers have a potential difference, the outer layer is surrounded by the three 

dimensional diffusive layer due to thermal agitation of the electrolyte. The total charge 

density of the electrical double layer is assumed due to the charge density of the inner 

layer as well as the charge density of excessive ions in diffusive layer [21]. The electric 

double layer capacitance also strongly depends on the shape of the electric double layer 

space, which can be in different forms e.g., bell-shape, convex, concave, or camel-like 

shape [22]. An extensive amount of work has been carried out on the carbon electrodes to 

understand the electric double layer mechanism in detail. 

 

1.3.2  PseudoCapacitor 

The energy storage mechanism, which involves the effect of the ions flow due to 

the change in electrochemical state of the material, is called faradic process e.g., in 

batteries the chemical energy is being carried out by flow of ions when the potential is 

applied across the two electrodes of battery. The difference in EDL and 

pseudocapacitance is given in Figure 5 [9, 19].  
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Figure 5. Difference in electric double layer and pseudocapacitance. (Adapted from [9, 

19]) 

 

 

The capacitance in pseudocapacitor depends on the fast and reversible faradic 

reactions occurring on the electroactive materials of electrode surface at the appropriate 

potentials which assists in fast charge/discharge rate and high reversibility.  

In pseudocapacitors, the charge transfer occurs across the double layer of the 

electrode and electrolyte interphase, the energy storage mechanism in pseudocapacitors is 

indirect and to some extent analogous to battery charging and discharging principle. The 

pseudocapacitance is then calculated by following equation 7 [1, 9, 20]. 

   
  

  
                                                          (7) 

where (Δq) is an amount of charge stored which is proportional to (ΔV) the potential 

difference. Advantages and drawbacks of the double layer and pseudo capacitance are 

discussed in Table 2 [9]. 
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Table 2. Advantages and disadvantages of electrical double layer capacitor and 

pseudocapacitor. (modified from [9]) 

 

 
The cause of developing pseudocapacitance depends on the three types of 

electrochemical reactions e.g., a) It may be developed due to the redox reactions of ions 

adsorption on the electrode surface from the electrolyte b) redox reactions develop due to 

changes in the oxidation state of transition metals e.g., RuO2, MnO2 and IrO2 used as the 

active electrode material c) doping and dedoping of the conducting polymer material also 

gives rise to reversible redox reaction and thus build pseudocapacitance d) the self-

discharge degradation of the supercapacitor due to irreversible reactions. The charge 

movements in the above electrochemical faradic reactions are voltage dependent, which 

is the same to charging/discharging in batteries [19]. 

Many factors can influence the pseudocapacitance e.g., the porosity of materials, 

particle sizes, conductivity of electrode materials, as well as the surface area of the 

electrode, packing of electrolyte, design of cell, and etc. Generally the pseudocapacitance 

shows 10 times more capacitance than the electric double layer capacitance, on the other 

it has some draw backs e.g., lifecycle and reliability of a device [23, 24].  

Electric Double Layer 

Capacitor 

Pseduo capacitor Difference 

Phase angle 90
o
 

 

Phase angle 45
o
 

 

More transmission like 

behavior 

Low specific energy density High specific energy density Good capacity of charge 

storage 

High reversibility Moderate reversibility Reasonably good cyclic life 

Capacitance remains constant 

with voltage 

Capacitance changes with 

voltage 

Small leakage effect 

Narrow potential window (1-

3V) 

Large potential window (1-

5V) 

Broad range of applications 

High Power due to good 

diffusion 

Low Power due to Kinetic 

limitations 

 

High diffusion resistance 

 

Pseudocapacitor 
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During the oxidation and reduction of these materials, the insertion and removal 

of counter ions from an electrolyte solution to the electrode surface helps in maintaining 

the charge neutrality. Another important difference between pseudocapacitors and 

electrochemical double layer capacitors is that the entire mass of the material is used to 

store charge. In the following sections are the types of capacitor based on 

pseudocapacitance mechanism are discussed. 

 

1.3.2.1  Types of Pseudocapacitors 

So far three types of Pseudocapacitors are widely known. In the following section 

these three types are discussed. 

(a)  Type I  

In type I both supercapacitor electrodes are fabricated from identical material. 

Usually the capacitor either is comprised of the same p type conducting polymer, 

or both electrodes can be made of the same n type conducting polymers and 

transition metals. This type of pseudocapacitor is called symmetric capacitor. The 

capacitance in this type of supercapacitor depends on the individual capacitance 

of each electrode, which is given in equation 8[1, 25]. 

 

  
 

 

  
 

 

  
                                                     (8) 

where Ct is the overall capacitance of the cell, which is calculated by adding the 

individual capacitance of two electrodes in series. Since both electrodes are alike, 

so C1=C2, this means that the same amount of charge is utilized by each electrode 

for doping or undoping of the electrode materials. However this type of capacitor 

is limited in capacitance and has a narrow potential window [26]. Besides the 
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capacitance in this type of capacitor it depends on the nature and concentration of 

the electrolyte as well as the mass of electrodes. 

 

(b)  Type II  

In type II, since it is consisted of two different p-type conducting polymer 

electrodes, it exhibits a larger potential window than type I. Configuration of type 

II supercapacitor is known as an asymmetric device. This device could have the 

hybrid system based on the composite material consisted of transition metals e.g., 

RuO2, IrO2, MnO2, Ce2O3, and even non-redox carbon materials (activated 

carbon, graphite, carbon nanotubes, porous carbon etc.) combined with p or n-

type conducting polymers [25]. Type II supercapacitors have greater capacity than 

type I, using different p, n-type polymer electrodes. In this type the capacitance 

participation and the amount of charge utilized in overall capacitance of each 

electrode is not the same. Type II is due to higher working cell voltage and shows 

the increase in energy density and  is the most common type in practical use today 

[26]. 

 

(c)  Type III 

Configuration of the type III is different from type I and type II capacitors, as it is 

based on two of the same or different conducting polymers with one of the 

electrodes comprised either of an n type or p type doped polymer. Due to having 

both electrodes in its doping states, it provides the less resistance, large voltage 

window and high specific capacitance. The only drawback of type III is it mostly 
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consists of conducting polymers are available p-type in nature and few of them 

are of n type doped [25]. Therefore, among the three types of pseudocapacitors 

commercially favorable types are of type 1 or type II. 

 

1.3.3  Hybrid Capacitor 

In order to exploit the full advantages of EDLCs and pseudocapacitors 

improvements in the overall performance of a device, the third type of capacitor was 

attempted, which is called hybrid capacitor. The hybrid system renders higher power and 

energy density without sacrificing the cycle stability and life of the device since the 

energy storage mechanism in hybrid systems depend on both faradic and nonfaradic 

processes. In a hybrid system, electrode configurations are based on either composite 

electrodes (which is integrated with carbon-based materials, conducting polymer) or 

metal oxide materials lead the benefit of physical and chemical charge storage 

mechanisms together in a single electrode [27]. The coupling of carbon based material 

electrodes with pseudocapacitor electrodes has gained an immense importance due to 

substantial enhancement in total capacitance of the device.  

 

1.4  Electrode Materials for Supercapacitor 

Supercapacitor electrodes can be fabricated by utilizing its inherent capacitance 

properties of a variety of materials in different types of supercapacitors as illustrated in 

Figure 6 [28]. 
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Figure 6. Types of supercapacitor. (Adapted from [28]) 

 

The first group of materials, which is most frequently used in commercial 

supercapacitor electrodes is carbon. Carbon has gained considerable interest due to its 

various properties including the existence of different allotropies, accessibility, low cost, 

high surface area, high conductivity, superior corrosion inhibition property, high 

temperature stability, environmental friendliness and easy processibility. It exists in 

various micro-textures (powder, fibers, foams, fabrics, nanocomposites), and in different 

dimensionality from 0 to 3D [29, 30]. The unique adaptable porosity of carbon with 

various surface functionality is, preferred it to use as conductive additives in active 

materials of supercapacitor substrates for current leads. So far the forms of carbon, which 

are well recognized in the use of the supercapacitor electrodes, are activated carbon, 
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carbon aerogels, carbon nanotubes (CNTs), carbon fibers and graphene [30]. The 

different forms of carbon are depicted in Figure 7. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Schematic of carbon family in 0-dimensional fullerene, 1-dimensional carbon 

nanotube, 2-dimensional graphene, 3-dimensional graphite. (Figure used by permission 

of the Nature Publishing Group) [30]
. 
 

 

 

1.4.1  Activated Carbon  

 

Activated carbon is a widely known material used for supercapacitor electrodes 

due to its highly economical processing method and large surface area (BET) which has 

reported in the range of 500 to 3000m
2
g

-1
 [31]. It has shown a good capacitive trend for 

electrochemical applications. In the electrochemical capacitor (EC), the specific 

capacitance (SC) obtained by activated carbon is in the range of 25 to 150 F/gm in both 

aqueous and organic electrolyte [32]. It has shown the higher capacity tendency due to 

existence of three different pore types in activated carbon e.g., micropores (diameter < 2 

nm), mesopores (diameter from 2-50 nm), or macropores (diameter >50 nm) [33]. 
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However, in order to have all pores accessible electrochemically, the size of the pores 

should be essentially bigger than the size of electrolyte ions. Besides the porosity of 

material, charge rate is another key factor in the overall enhancement of the specific 

capacitance of activated carbon based electrode. 

Other than activated carbon, another attractive material for supercapacitor 

electrodes is carbon black, which is more conducting than activated carbon and have high 

surface area to volume ratio. The conductivity range in carbon black is from 0.1 to 100, 

which is mainly due to the graphitic conduction mechanism in carbon black [33, 34]. Not 

only being suitable for supercapacitor electrode material but it can also be used as 

conducting additive to improve the overall conductivity and performance of the material.  

 

1.4.2  Carbon Aerogels 

 

Carbon aerogels considered one of the promising materials for supercapacitor 

electrodes and so far the maximum reported specific capacitance (SC) value for carbon 

aerogel is 180 F/g [35, 36]. Carbon aerogels are highly porous solid materials which are 

composed of interlinked colloidal like carbon particles or polymeric chains. So far the 

large surface area for carbon aerogels has been reported approximately (400-1000 m
2
g

-1
) 

with uniform pore size (3-60m), high packing density, and possess good electrically 

conductivity [35]. Carbon aerogels are available in different forms e.g., monoliths, 

composites, thin films, powders or microspheres. Furthermore, the surface area of 

aerogels can be substantially increased by surface activation. 
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1.4.3  Carbon Nanotubes (CNTs) 

 

Carbon nanotubes (CNTs) are one of the important forms of carbon, which were 

first observed by Iijima in carbon soot in 1991 [36]. CNTs are classifieds in two types, 

known as single wall carbon nanotubes (SWCNTs) and multiwall carbon nanotubes 

(MWCNTs). Due to its amazing electronic and mechanical properties CNTs have 

captured the attention of researchers worldwide. It has an elastic modulus that is greater 

than diamond, which is one of the hardest materials. It has also shown a capacity to carry 

and generates an electric current 1000 times’ greater than copper wire [36, 37]. The most 

notable characteristic of CNTs is the diameter of a tube, which is usually in the range of 

1-3nm in length in the order of tens of microns. CNTs naturally show capacitive behavior 

in their pure form. CNTs have supercapacitor electrodes due to mesopore structures and 

allow easy diffusion of ions within, and provides lower ESR (equivalent series resistance) 

than activated carbon and shows the enhancement in power density and energy density of 

the supercapacitor. However, the high cost in the production of CNTs limits use in 

different applications. So far, the maximum specific capacitance has been reported for 

SWCNTs electrodes is 160 F/g and achieved power density was 20KW/kg for the 

supercapacitor device [37]. Moreover, CNTs show high resiliency due to the nanotubular 

structure, which could be useful in the formation of composite materials with either 

conducting polymers or transition metals e.g., MnO2, Ni(OH)2 to improve overall 

capacitance and stability of supercapacitor electrodes [37, 38].  

In addition to CNTs, another attractive material for supercapacitor electrodes is 

carbon fiber. Carbon fiber has superior charge transportation property due to one-

dimensionality. It provides high adsorption capacities to ions due to the existence of large 
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number of pores at the surface of the fiber and proves to be the best candidate for EDLC 

electrodes [39]. Recently, graphene is expected one of the most promising new material 

used in an electrochemical double layer capacitor. The intrinsic properties, such as high 

flexibility, high conductivity, large surface area, large porosity, and excellent thermal and 

mechanical properties make graphene the best candidate. Graphene is recognized mostly 

as a single sheet of graphitic carbon, however, it shows lower columbic efficiency in the 

beginning due to large surface area to volume ratio, but beyond number of the cycles it 

renders constant capacity [40]. 

 

1.4.4  Transition Metal Oxides 

A transition metal oxide due to its superior pseudocapacitive behavior, besides 

carbon, is a potential candidate material for a supercapacitor. Extensively researched 

metal oxides for supercapacitor applications so far are ruthenium oxide, nickel oxide, 

manganese oxide, and cobalt oxide, etc. [41]. Since 1970, RuO2 was deeply investigated 

due to its excellent pseudocapacitive and stability characteristics. So far, the SC of RuO2 

in an aqueous system has been observed as high as 1000 F/g in H2SO4 electrolyte at room 

temperature [42]. The limited commercial availability of RuO2 due to the high cost made 

it a concern to exploit the potential of several other metal oxides as the supercapacitor 

electrodes.  

Other potential candidates MnO2, IrO2 and NiO are considered potential 

candidates as the supercapacitor electrodes due to low cost, environmental compatibility, 

high theoretical specific capacitance 1370 to 1390 F/g, and excellent capacitive behavior. 

The specific capacitance for MnO2 and NiO metal oxides are reported as 250 F/g to 
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280F/g [43]. Different intrinsic properties of various metal oxides are categorized in 

several advantages and limitations. However, in order to exploit the full advantage of 

metal oxides, the composite materials, made of one or more materials including: metal 

oxides, CNTs, activated carbon and conducting polymers as supercapacitor electrodes 

have also been studied to enhance the performance of a device. 

 

1.4.5  Conducting Polymers 

The third group of material, which has already been investigated in detail as a 

new choice for supercapacitor electrodes, is conducting polymers. The most common 

types of conducting polymers tested in supercapacitor are [polyaniline (PANI), 

polypyrrole (PPY), poly (3, 4-ethylenedioxythiophene) (PEDOT) and polythiophene 

(PTh) poly(3-arylthiopene), p-dopedpoly(pyrole), poly(1,5-diaminoanthraquinone), poly-

3-(3,4-difluorophenyl) thiophene, poly-3-(4-cyanophenyl) thiophene, poly-(3-

parafluorophenyl)thiophene and poly[bis(phenylamino)disulfide]. Conducting polymers 

are different than carbon and metal oxides, they have their own unique properties, mainly 

it is low cost, large scale, easy to process, have fast redox reactions, are substrate 

independent and have high conductivity. The charging-discharging mechanism in 

conducting polymers either n type or p type, is different from carbon material: it is solely 

associated with the faradic reaction process of ions, cations, electrons at the 

electrodes/electrolyte interface [44].  

Unlike the cyclic voltammogram (CV) of carbon, of conducting polymers is not 

in rectangular shape, instead current peaks at the particular redox potential of polymers 

are observed [45]. The only main drawback of the conducting polymers is the poor 
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mechanical stability. Since cycling polymers undergo a series of physical changes e.g., 

swelling, shrinkage, doping and undoping, which degrades the performance of material 

over the time. Therefore in order to enhance the mechanical property of the conducting 

polymer synthesis of the composite materials can be a good choice. 

 

1.5  Target of Research 

 

The driving motivation behind this research effort is to understand the role of 

nanocomposite electrodes in supercapacitors. The supercapacitor device is recognized as 

a well characterized device, but when it comes to high power density and high energy 

density applications, it is still facing issues that need to be resolved. There is a need to 

improve electrode engineering aspects including the chemical and physical properties 

(such as different electrolytes, solvent, and binders) of the supercapacitor. 

The main purpose of this doctoral work is to study the scope of nanocomposite 

materials for electrodes in supercapacitor. In this research, several nanocomposite 

materials are explored and exploited to meet the increasing demand for efficient 

electrochemical energy storage devices. Some of the research investigations which have 

been discussed in this doctoral document are briefly outlined below. 

Chapter 1  contains a thorough literature review and the current status of 

supercapacitor research. Further, the importance and application of current research 

related to electrochemical devices has been explored. The detailed discussion of the 

energy storage mechanism in electrochemical capacitors has been described. Moreover, 

in order to meet the current challenges in the performance and commercialization of the 
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electrochemical capacitor, the need and importance of different electrode materials has 

also been investigated. 

Chapter 2  contains the synthesis, characterization techniques and application of 

aromatic based conducting polymer nanocomposites. The structural and capacitive 

behavior of aromatic based conducting polymer nanocomposites for electrochemical 

energy storage devices was analyzed using X-ray diffraction (XRD), Scanning electron 

microscopy (SEM), Transmission electron microscopy (TEM), Raman spectroscopy, and 

Fourier Transform Infrared (FTIR) spectroscopy, Cyclic voltammetry (CV), 

electrochemical impedance spectroscopy (EIS), and Galvanostatic charge-discharge 

cyclingtechniques. 

Chapter 3  contains the detailed investigation of the influence of graphene 

composition on graphene-polyaniline nanocomposites, the effects of conductivity and 

thickness variation are correlated with the capacitive performance for supercapacitor 

application via cyclic voltammetry (CV), Galvanostatic charge-discharge cycling, and 

electrochemical impedance spectroscopy (EIS). 

Chapter 4  contains the detailed investigation of the influence, solvents, 

concentration and type of electrolytes on graphene-polyaniline nanocomposites 

electrodes for electrochemical capacitor application. The role of different solvents, 

including: Nafion, NMP (N-Methyl-2-pyrrolidone), and DMF (dimethylformamide), 

were examined in synthesizing the graphene-polyaniline electrodes for electrochemical 

capacitor applications. Several electrolytes were used to investigate their significance in 

the performance of supercapacitors, which includes aqueous electrolytes, HCl and 
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H2SO4, organic electrolytes i.e., LiClO4, and ionic liquid. All of these electrochemical 

measurements on supercapacitors were carried out at room temperature. 

Chapters 5 and 6  contain the discussion of synthesis and characterization 

techniques for heterocyclic conducting polymer nanocomposites, and its substitutes effect 

e.g., (graphene-polythiophene and graphene-poly (3, 4- ethylenedioxythiophene) 

nanocomposites for their use in the overall improvement of electrochemical capacitor.  

Chapter 7  is the summary of the doctoral work presented by providing some 

incentives and suggestions for future work related to nanocomposite materials. One of the 

most important reasons to enhance the life of the supercapacitor is the use of solid 

electrolytes and high k dielectric in order to prevent a leakage current and increase the 

durability of the device. The second factor to improve the overall performance of the 

device is to reduce the equivalent series resistance by fabricating the micro contacts. 
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CHAPTER 2: AROMATIC BASED CONDUCTING POLYMER 

NANOCOMPOSITE FOR ELECTROCHEMICAL CAPACITOR 
 
 

2.1  Introduction 

Since 1977, conjugated conducting polymers have been under a tremendous 

amount of research due to unique properties of lighter weight, corrosion inhibition, low 

cost and greater workability [46]. The fast electron transfer during the faradic charge 

process in the conducting polymers has gained wide interest in the various electronic 

applications especially, in the field effect transistor, photovoltaic, portable electronic 

circuits, lithium ion batteries and supercapacitors thus, it is known as the materials of the 

twenty first century [47]. The most studied conducting polymer among the family of 

conducing polymers is polyaniline due to its unusual characteristic ease of synthesis, 

doping, dedoping, low cost, mechanical flexibility, chemical properties and 

environmental compatibility.  

The occurrence of three different distinct oxidation states in polyaniline makes it 

one of the promising candidates in several important applications [48]. Polyaniline 

reflects faded yellow or colorless when it is in fully reduced form called the 

leucoemeraldine state, it gives the blue/violet color when polyaniline is in fully oxidized 

state named pernigraniline, the third and most useful state of polyaniline is known as 

emeraldine base and the color taken by polyaniline in this state is green or slightly blue. 

Among all the above, the third state is the most useful state of polyaniline due to its 

higher conductivity when doped with an acid and higher stability at room temperature 
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than leucoemeraldine and pernigraniline, which are known as poor conductors, even after 

doping with acid. Polyaniline exhibits insulator-to-metal transitions and color changes 

depending upon both its oxidation state and protonation level. Therefore, the color 

change property of polyaniline associates with the change in different conductivity levels 

makes it highly promising choice to be used in fast supercapacitor electrodes [49]. Figure 

8 shows the chemical structure of polyaniline. 

 

Figure 8. Chemical structure of polyaniline consists of quinoid and benzenoid rings. [49] 

 

Besides the low cost and higher conductivity of polyaniline, it has some draw 

backs mainly related to its mechanical stability, which limits its use as a supercapacitor. 

However, in order to mitigate the polyaniline disadvantages and to utilize its full 

potential, researchers have been trying to use the polyaniline nanocomposite with 

different materials e.g., activated carbon, carbon nanotube, transition metal oxides (RuO2, 

MnO2, NiO, and Fe2O3) to enhance over all stability and performance of supercapacitor 

devices [50]. The nanocomposite of conducting polymers have become of scientific and 

industrial interest due to its enhanced properties arising from the reinforcement of two 

nanomaterials. In this chapter, we discuss the synthesis, characterization and applications 

of several polyaniline nanocomposites e.g., polyaniline-ZnO, polyaniline-RuO2, 

polyaniline-Graphene, ZnO/Graphene-polyaniline for the use of a supercapacitor using 

very simple synthesis approach described below. 
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2.2  Experimental Procedure 

The schematic of the overall experimental procedure of polyaniline 

nanocomposite is shown in Figure 9. 

 

 

 

 

 

 

 

 

 

 

Figure 9. Flow diagram of the experimental procedure. 

 

This schematic is describing the two main parts of polyaniline nanocomposites research 

work discussed in this chapter. The first part involves the fabrication and structural 

characterization of the as-prepared nanocomposite materials. the second part is discussing 

the application of these prepared nanocomposite materials for supercapacitor electrodes. 
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2.3  Materials  

The list of materials used in this dissertation for the synthesis of conducting 

polymer nanocomposites is shown in Table 3. All these chemicals and materials were 

employed as purchased without any further purification unless specified. 

Table 3. List of chemicals used in this dissertation. 

 

 

Materials Company Purity 

1-methyl-2-pyrrolidionone (NMP) Sigma Aldrich 99.5% 

Aniline Sigma Aldrich 99.5% 

sodium hydroxide Sigma Aldrich powder, 97 

Ammonium persulfate Sigma Aldrich 98% 

N-N-dimethylformamide Alfa Aesar 99.8% 

Graphene platelets Angstrom Materials 99% 

Hydrochloric acid Sigma Aldrich 37% 

Propylene carbonate Sigma Aldrich 99.7% 

Diethyl carbonate (DEC) Sigma Aldrich 99% 

ZnOnanoparticles Nano spring sky  99% 

RuO2 Sigma Aldrich 99% 

Platinum foil Sigma Aldrich 99% 

Lithium perchlorate Sigma Aldrich 99% 

Sulfuric acid Sigma Aldrich 99% 

Ionic liquid Sigma Aldrich 99% 

Thiophene Sigma Aldrich 99% 

ethylene dioxythiophene Sigma Aldrich 99% 

polystyrene sulfonate Na salt  Sigma Aldrich 99% 



www.manaraa.com

29 

 

2.4  Synthesis Method 

The polyaniline nanocomposite has been investigated in this study and was 

synthesized via chemical polymerization approach, which is explained in detail in the 

following section. 

2.4.1  Chemical Polymerization Method  

In polymer science, polymerization is defined as a formation process of three 

dimensional polymer networks due to the chemical reaction and bonding of monomer 

molecules. Though there are several ways to synthesis polyaniline e.g., electro 

deposition, chemical vapor deposition, electro spinning, spray pyrolysis, the most 

common method used for polyaniline synthesis is the chemical oxidation method due to 

the low cost, ease of synthesis and potential for large scale [51]. Here we report a facile 

chemical approach to high surface area polyaniline-nanocomposites, under ambient 

conditions using aqueous polymerization. The G/ZnO/RuO2-PANI nanocomposites were 

chemically synthesized by oxidative polymerization of aniline using ammonium 

peroxydisulfate [(NH4)2S2O8)] as an oxidant under controlled conditions. While keeping 

the 1:1 wt% ratio of aniline to G/ZnO/RuO2, it was added in 200mlof 1MHCl solution, 

The solution was further cooled down to 4
o
C in an ice bath. Ammonium peroxydisulfate 

(0.025M) dissolved separately in 100ml of 1MHCl solution, and later [(NH4)2S2O8)] in 

1MHCl solution was added slowly into the aniline solution, and the reaction was 

continued for 24h [52]. After the stirring for 24h the dark green precipitate of the 

G/ZnO/RuO2-PANI nanocomposites were recovered from the reaction vessel and was 

filtered and washed using deionized water, methanol, acetone, and diethyl ether for the 
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+
(NH4)S2O8

HCl (aq.)

Graphene/ZnO/RuO2Aniline

ZnO
RuO2
Pani
Graphene

elimination of the low molecular weight polymer and oligomers. Further, this precipitate 

was heated at 100
o
C in a controlled temperature furnace [52]. 

 

 

 

 

 

 

Figure 10. Schematic of polyaniline nanocomposites materials. 

The schematic of the successful synthesis of G/ZnO/RuO2-PANI nanocomposites in 

conjunction with an aniline monomer to produce mechanical stable, large surface area 

and conductive nanocomposites material is demonstrated in the Figure 10. 

2.4.2  Physical and Structural Characterization 

The surface morphology and the feature size of G/ZnO/RuO2-PANI films were 

then investigated using an Hitachi S800 Field Emission Scanning Electron Microscope 

(FESEM). The crystalline structures of the G/ZnO/RuO2-PANI nanocomposites were 

investigated using High-Resolution Transmission Electron Microscopy (HRTEM). The 

crystallographic information of G/ZnO/RuO2-PANI films were also observed using X-

Ray Diffraction technique (XRD). Raman spectra of the as prepared G/ZnO/RuO2-PANI 
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films were recorded using a Renishaw Ramascope system at the excitation wavelength of 

514 nm. The FTIR spectrum of the conducting polymer nanocomposites was measured 

using a Perkin Elmer spectrometer with pure KBr as the background. The samples for all 

four G/ZnO/RuO2-PANI nanocomposites were prepared by mixing the material in NMP 

and later it was deposited on the (100) p-type-silicon substrate for all the characterization 

techniques described above.  

2.4.2.1  Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) is a well-known microscopy 

technique, which is mainly used to study the morphology, crystal structure, and the 

electronic structure of synthesized materials. TEM provides high resolution imaging 

information of materials due to the small de Broglie wavelength of electrons [53]. All 

TEM samples, which are given in Figure 11 were prepared by drop casting the 

synthesized material in ethanol on the thin copper grid, and the solvent was allowed to 

evaporate at room temperature. 

Figures 11(a, b, c, d) reveal interesting information of TEM images of graphene-

Polyaniline (G-PANI), ZnO-PANI, graphene/ZnO-PANI and RuO2-PANI 

nanocomposites, respectively. Figure 11(a) clearly shows that the graphene sheets are 

surrounded by homogenous polyaniline networks which is evident of the successful 

synthesis of G-PANI nanocomposites. The High Resolution TEM image in the inset of 

Figure 11(a) depicts that the synthesized G-PANI composite not only contains porosity 

and uniformity, but it also has some order of crystallinity due to the presence of graphene 

platelets. Furthermore, no agglomeration of either graphene or PANI could be seen in 

TEM results, but the graphene sheets are successfully covered by the polyaniline layers, 
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this is quite promising for obtaining the high surface area of the synthesized material for 

electrochemical performance.  

The TEM studies have confirmed that few layers of graphene sheets are also 

stacked with conducting polymer chain in all graphene-conducting polymer (G-CPs) 

nanocomposites. Figure 11(b & c) illustrates the TEM micrographs of the ZnO-PANI 

(doped) and ZnO/G-PANI nanocomposites reveal that average diameter of ZnO-PANI 

particle size is in the range of 30 to 80 nm, which is slightly larger than the ZnO 

nanoparticle precursors it was equal to 20 nm, indicating that polymerization occurs by 

aggregation of few nanoparticles. ZnO spherical nanoparticles are completely embedded 

in the polyaniline network chain, and can be seen in Figure 11(b). The TEM image in 

Figure 11(c) also depicts the successful encapsulation of tertiary nanocomposite and 

includes graphene and ZnO nanoparticles within polyaniline network. 

It can also be observed that the influence of ZnO and graphene platelets in the 

polyaniline network provides a larger surface area than ZnO-PANI nanocomposites but it 

also has a larger particle size which is around 50 to 90nm. However, TEM images of the 

RuO2-PANI nanocomposite in Figure 11(d) shows the complete coverage of PANI within 

RuO2 nanoparticles. The initial diameter of RuO2 was 40nm, which was increased to 

60nm due to the successful incorporation of RuO2 and PANI during chemical 

polymerization synthesis. However, inspite of the larger particle size it also provides the 

larger surface area due to its flake like morphology, which is quite significant in the 

enhancement of capacitive behavior of synthesized nanocomposites. At low 

magnification, the tetrahedral shape of RuO2 particles was also observed in the TEM 

image 11(d). 
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Figure 11. TEM images of (a) G-PANI (b) ZnO-PANI (c) G/ZnO- PANI (d) RuO2-  

PANI nanocomposites. 

 

2.4.2.2  Scanning Electron Microscopy (SEM) 

 

Scanning Electron Microscopy is known as one of the most widely used and 

established microscopy techniques. In this microscopy approach, a high intensity electron 

beam scans through the sample surface and information related to topology, composition, 

electrical conductivity and feature size of the sample surface is collected in the form of 

electrical signals, which later transform into the image. Figure 12(a, b, c, d) shows the 

SEM-images of G-PANI, ZnO-PANI, G/ZnO-PANI and RuO2-PANI nanocomposites. 

All samples of PANI nanocomposites for SEM images were prepared in N-methyl-
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2pyrolidone (NMP) and the resultant film was drop casted on the p type silicon (100) 

substrate. Later the film was doped in 0.1M HCl for a couple of minutes, special attention 

must be taken as to not leave the film in the HCl for a longer time to avoid the removal of 

the film from the Si substrate [52, 54]. Figure 12(a) illustrates the interesting structure of 

an interpenetrating network throughout the G- PANI surface.  

 

Figure 12. SEM images of the (a) G-PANI (b) ZnO-PANI (c) G/ZnO-PANI (d) RuO2-

PANI nanocomposites. 

 

The typical flake structure of the G-PANI film cannot be observed in the SEM 

image because NMP was used as a solvent in the film formation, which possesses the 

very characteristic of the plasticizer to produce a smooth film. Doping in the G-PANI 
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film creates polaron and bipolaron states, which change, the morphology of polyaniline 

and the less lined penetrating structure was observed in Figure 12(a). Figure 12 (b&c) 

represents the SEM image of ZnO-PANI and G/ZnO-PANI (doped) nanocomposite film. 

The ZnO-PANI film indicates a rock structure embedded within the polymeric structure 

and is entirely different from the PANI film as observed by Ram et al [55, 59]. The 

average diameter and the height of ZnO-PANI particles have been found to be 50 nm and 

100 nm, respectively.  

On the other hand, the SEM image of an aligned G/ZnO-PANI nanocomposite 

exhibits more porous and uniform morphology than ZnO-PANI, but there is no 

significant difference in the structure and orientation of both materials. Figure 12(d) 

exclusively shows the flake like morphology of the RuO2-PANI synthesized material. It 

could be due to the overall mixing effect of PANI and RuO2 in a polymeric matrix 

structure, which lends more flexibility to the system. The average particle size of 

synthesized RuO2-PANI has been found to be around 50nm to 80nm, respectively. In fact 

the, conducting polymer nanocomposites provide porous structures. Having higher 

surface area these deliver good access to electrolytes, and hence offer the possibility for 

high specific capacitance and fast redox processes. 

 

2.4.2.3  X-Ray Diffraction (XRD) 

 

X-Ray Diffraction (XRD) is an useful nondestructive technique to investigate the 

crystal structure of materials. The scattering of X-rays from the lattice planes of material 

at a typical characteristic angle results in a specific crystal structure pattern of a given 

compound. The crystal size of materials is calculated using the Scherrer Formula given in 

equation 9. 
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                                                         (9) 

where L is the crystal size in nm, λ is the x-ray wavelength (A), K is the constant value   

normally around 0.9 related with the shape factor of the average crystalline, B is the full  

width at half maximum (FWHM) in radians and 2θ is the peak position in (
o
). Figure 13 

exhibits the XRD patterns of the G/ZnO-PANI, G-PANI, ZnO-PANI and RuO2-PANI 

nanocomposites. All diffraction peaks observed for RuO2-PANI in Figure 13 could be 

indexed to the rutile RuO2.The sharp peaks for RuO2-PANI are found at 25, 35, 40, 52 

and 55 degrees. This clearly indicates the high crystalline and the existence of rutile 

phase RuO2. XRD profile for RuO2-PANI shows the dominant contribution of [110] peak 

at 25
o 
compared to the other peaks in the XRD pattern, which are [101], [200], [211], and 

[220] at 33
o
,40

o
, 52

o
 and 55

o
. Whereas, the X-ray pattern for ZnO-PANI film exhibits 

peaks at: 33.03, 38.25, and 69.23 degrees [59]. The average particle size of ZnO-PANI 

film, from the peak width using Scherrer’s equation, was found to be around 50 to 70nm, 

this is in agreement with the TEM results. The doped ZnO-PANI nanocomposite film 

reveals better crystallinity than the undoped film. The large angle peak can be observed 

near 25 degrees, which represents the doped nature of polyaniline. In general, the doping 

changes the structure of the polyaniline and makes it more crystalline in nature [56].  

Addition of graphene to ZnO-PANI nanocomposites also gives rise to a sharp 

peak at 38
o
 which clearly indicates the presence and crystallinity of the graphene platelets 

in resultant nanocomposite materials. The most common peaks found for ZnO-PANI and 

G/ZnO-PANI are [100], [002], [101], [102], [110], [103] at 32,35,39,50 and 56 degrees. 

The existence of [002] peak at 38
o
 reveals the crystalline structure of ZnO in the polymer 

network. The X-ray peaks for G-PANI films are observed at 6, 25, 40, and 55 degrees. 
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The sharp and well-defined peaks at 25
o
and 38

o 
correspond to [0 0 2] and [100] plane, 

indicates highly ordered crystal structure with interlayer spacing of 0.336 nm of graphene 

in G-PANI nanocomposites [52]. The average size of the G-PANI particles was 

calculated to be around 80 nm to 100 nm [57]. 

 

Figure 13. XRD pattern of the G-PANI, ZnO-PANI, G/ZnO-PANI, RuO2 PANI 

nanocomposites. 

 

2.4.2.4  FTIR Spectroscopy 

Fourier Transform Infrared Spectroscopy technique deals with the infrared region 

of the electromagnetic spectrum, which is used to identify the presence of chemical 

compounds present in the material. In this spectroscopy, the infrared rays pass through 

the sample and finally the information related to perturbation of chemical compounds is 

collected in the form of spectra. All four samples, exhibit the same benzenoid and 

quinoid ring vibrations around 1500 cm
-1

 and 1600 cm
-1

, respectively. A peak around 

1306 cm
-1

 is seen in all four samples which is due to the delocalization of the π-electrons 

in the doped polyaniline polymer. Figure 14 depicts the FTIR spectra of native doped 

http://en.wikipedia.org/wiki/Infrared
http://en.wikipedia.org/wiki/Electromagnetic_spectrum
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ZnO-PANI, G-PANI, ZnO/G-PANI and RuO2-PANI nanocomposites films coated on p-

type (100) silicon substrate, respectively. As evident from Figure14, the FTIR spectra of 

ZnO-PANI exhibited characteristic bands at: 3445, 3345, 3238, 3074, 2606, 1685, 1516, 

1473, 1408, 1329, 1274, 1175, 1188, 1078, 1004, 842, 724, and 508 cm
-1

. Amongst these, 

the band at 3445 cm
-1

 is due to the N-H stretching of PANI in ZnO-PANI. The 

appearance of peaks at 1516 cm
-1

 is attributed to the “C=C” stretching of the quinoid and 

benzenoid rings respectively. The band at 1329 cm
-1

 is assigned to the emeraldine base 

structure [58, 59]. Further, the band at 1175 cm
-1

 is due to the “N=Q=N”, where Q 

represents the quinoid ring present in the ZnO-PANI nanocomposites. 

As shown in Figure 14, ZnO/G-PANI exhibits characteristic bands at 3269, 3094, 

2983, 2934, 2871, 2528, 1121, 1590, 1597, 1506, 1314, 1284, 1160, 1031, 894, 839, 721, 

687, 619 and at 536 cm
-1

. Of these, the prominent bands at 1314 cm
-1

 and 1284 cm
-1

 

attribute to “C-N+” stretching of doped PANI. It is very interesting to note, that the band 

observed at 1380 cm
-1

 in the ZnO-PANI is shifted to 1314 cm
-1

 in the ZnO/G-PANI as a 

result of protonation due to the addition of graphene [57, 59]. Also, the peak observed at 

2800 cm
-1

 in ZnO/G-PANI is due to the presence of N-H groups in PANI molecular 

chain itself, was not observed in ZnO-PANI. FTIR spectra of G-PANI exhibit its 

characteristic bands at 2890 cm
-1 

due to the N-H stretching of PANI in G-PANI film [52]. 

The appearance of peaks at 1504 and 1594 cm
-1 

is attributed to the C=C stretching 

of the quinoid and benzenoid rings, respectively in G-PANI nanocomposites. Further, the 

band at 1167 cm
-1 

is due to the
 
N=Q=N, where Q represents the quinoid ring present in 

the G-PANI nanocomposites [52]. The band at 2800 cm
-1

 is attributed to the O-H 

stretching present in polyaniline. Finally, the RuO2-PANI nanocomposites spectra in 
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Figure 14 gives also interesting information related to the existence of bands at: 

500,850,1180,1300,1500 and 2009cm
-1

. The small peak at 500 cm
-1 

is due to influence of 

hydrous RuO2 within polyaniline matrix [60].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. FTIR spectra of the G-PANI, ZnO-PANI, G/ZnO-PANI, RuO2 PANI 

nanocomposites. 

 
 

2.4.2.5  Raman Spectroscopy  

 

Raman spectroscopy is a well renowned spectroscopy approach, which is used to 

identify the materials by collecting the finger print of the molecules of materials based on 

their chemical bond vibrations and molecular symmetry. Figure 15 depicts the Raman 

spectra for all four samples of polyaniline nanocomposites. The Raman spectra for G-

PANI shows bands at 1136, 1164, 1192,1197, 1221, 1244, 1286, 1346, 1375, 1417, 1438, 

1494, 1520, 1583, 1614, and 1632 cm
−1

. The bands at 1583, 1346 and 2690 cm
−1

 are due 

to D and G graphene peaks, which mainly attribute the distortion in graphene lattice due 

to the presence in the polyaniline network [52, 57].  
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The peak at 1375 cm
−1

 present in G-PANI structure reveals that graphene does 

not only make the nano-composite material, but also can be acting as a dopant in the 

nanostructure, which is further verified with impedance results. The G-PANI Raman 

spectrum of ZnO-PANI exhibits bands at 160.2, 441.7, 521.7, 644.4, 842.57, 1194.3, 

1258.74, 1358.7, 1421.4, 1513.8, 1590.4, 1617.3, 1942.5, and broad peak at 2019.3-2758. 

The characteristic of polyaniline can be observed by broad, asymmetric bands at 1600-

1700 cm
-1

. However, Raman spectrum for the ZnO/G-PANI nanocomposite shows peak 

positions at: 148.2, 434.9, 523.3, 820, 978.5, 1175.5, 1238.1, 1289.3, 1366.39, 1426.01. 

1506, 1581.4, 1618.72, 1988.1, 2400.1, 2672.6, 3095.65, and a broad peak from 2548-

3200. The Raman spectrum is progressive, which implies that the G/ZnO-PANI in doped 

states is either bipolaronic form or polaron lattice, isolated polarons, as well as, partially 

charged “C-N” sites or “C=N” sites with a bond order between ZnO- PANI and G/ZnO-

PANI films [59]. One can therefore expect a change in the “polaron band” wave number 

according to whether the maximum or only a partial charge is localized on N, as well as 

change in the amine band wave number as a function of charge on the nitrogen [52, 59]. 

We are therefore interested in the two bands at 1330 and 1490 cm
-1

 which are the 

characteristic of “-C-N
+
” and “C=N” stretchings as a function of charge localization in 

the doped form of polyaniline. In last the Raman spectra of RuO2-PANI nanocomposites 

reveal the bands at peaks: 535, 690, 730, 1000, 1250 and1500 cm
-1

. Of these the bands at 

535, 660 and 720 represent the single crystal RuO2 modes named Eg, A1g, and B2g, 

respectively. However, peaks at 600 and 700cm
-1

 are due to Ru
4+

−O and Ru
3+

−O bonds 

present in RuO2-PANI nanocomposites [60]. The detailed study of structural 

characterization is discussed above, for Raman, FTIR, XRD, SEM and TEM techniques 
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reveal the successful synthesis of PANI nanocomposite materials using the facile 

polymerization approach. 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Raman spectra of the G-PANI, ZnO-PANI, G/ZnO-PANI, RuO2 PANI 

nanocomposites. 

 

 

2.5  Electrode Preparation and Cell Assembly of Supercapacitor  

 

A three-electrode electrochemical cell system was used to evaluate the 

electrochemical performance of polyaniline nanocomposites by Cyclic Voltammetry 

(CV), Electrochemical Impedance Spectroscopy (EIS), and galvanostatic charge-

discharge techniques on an Auto lab PGSTAT302N work station at room temperature. 

The working electrodes were prepared by mixing the G/ZnO/RuO2-PANI nanocomposite 

films in N-methyl-2-pyrrolidone (NMP), which was followed by sonication for 20 

minutes and later it was stirred for 12 hours. After mixing well, the solution was casted 

over the graphite electrode and dried at 80°C for 1hr in a controlled temperature oven. 

For comparison study, the size of the electrode and thickness of the film was kept the 

same for all four samples, which is around 1cm
2 

and 30microns. Other than working 

electrode, an Ag/AgCl was used as a reference electrode and platinum sheet was used as 
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an auxiliary electrode. The schematic of an electrochemical cell used for the 

electrochemical measurements for supercapacitor electrodes of G-PANI, ZnO-PANI, 

G/ZnO-PANI and RuO2-PANI nanocomposites is given in Figure 16. Besides the cell 

assembly for supercapacitor, Figure 16 also explains the charging and discharging 

mechanism in the supercapacitor. As explained in Figure 16, during the charging of the 

supercapacitor the electrons flow toward the counter electrode through external load, 

while ion moves in the opposite direction to working electrode through electrolyte. 

Whereas during discharging the electrons flows in reverse direction from counter to 

working electrode and ions in electrolyte follows the path  towards the counter electrode. 

 
Figure 16. Schematic of supercapacitor electrodes for electrochemical measurements. 
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2.6  Electrochemical Characterization 

 

2.6.1  Cyclic Voltammetry (CV) 

 

Cyclic voltammetry is a widely used electrochemical technique to investigate the 

role of thermodynamics and electron transfer kinetics at the interface of the electrode and 

electrolyte for supercapacitor and Li-ion battery application. In cyclic voltammetry, the 

electrochemical cell is cycled in a particular potential window, where the potential is 

applied to the working electrode and measured for different scan rates. Scan rate is 

defined as the change in potential versus time. The electrochemical performance of 

material can be evaluated by observing the current change in a cathodic and anodic scan. 

Figure 17 exhibits the CV profile of the four samples, ZnO-PANI, G/ZnO-PANI RuO2-

PANI and G-PANI film, on graphite electrodes at scan rates (5, 20, 50, and 100 mV/s) 

performed in 2MH2SO4 to understand the conducting polymer (CPs) redox processes. 

Figure 17(a&b) shows the oxidation and reduction characteristic peaks for ZnO-PANI 

and G/ZnO-PANI nanocomposites at around 0.2, 0.3, 0.5, 0.45 0.6V and 0.7, 0.45, 

0.40V. The 0.2V peak attributes to the oxidation of the emeraldine form of PANI 

whereas the peak at 0.7V is due to the pernigraniline form of PANI otherwise known as 

protonation. The peak at 0.5V corresponds to anodic dissolution, the one at 0.45V 

corresponds to the reduction of zincate. However, the peak at 0.5V can be attributed to 

the oxidation of ZnO in the acidic medium [59, 61]. From these results, it is obvious that 

the ZnO-PANI nanocomposite retains its individual redox property by exhibiting the 

individual voltammetry characteristic at the appropriate potential. In comparison to ZnO-

PANI, G/ZnO-PANI, RuO2-PANI, the CV profile of G-PANI shows a larger rectangular 

area, which simply describes the higher electrochemical response or the presence of 
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higher electroactive elements in the G-PANI nanocomposites, this leads in achieving the 

higher specific capacitance in supercapacitor.  

The oxidation and reduction peaks for RuO2-PANI and G-PANI are noticed at 

0.2, 0.4, 0.6.0.7V and 0.45, 0.3, 0.2,-0.1V in Figure 17(c & d). The current-voltage 

relation of RuO2-PANI films also reflects the successful doping or protonation of PANI 

within RuO2 particles due to the presence of 0.6V and 0.7V peaks potential. Nevertheless 

the existence of a distinct peak centered at 0.6V and 0.3V associates to the reversible 

oxidation and reduction of graphene sheets within polyaniline in G-PANI films [52, 57, 

62]. For instance, graphene plays an interesting role in a diffusion controlled behavior of 

ions due to its unique electrochemical property and higher conductivity induced by 

doping mechanism.  

The plot between current density versus the square root of the scan rate gives the 

straight line for all four polyaniline nanocomposites, which indicates a diffusion-

controlled process at ZnO-PANI, G/ZnO-PANI, RuO2-PANI and G-PANI electrode and 

electrolyte interfaces. Moreover, the diffusion coefficient for all the polyaniline 

nanocomposites explained above has been calculated using Randles-Sevick equation, 

which is given as following [51, 58, 59]. 

Ip= (2.687*10
5
) n

3/2
ADo

1/2 
CV

1/2                                                 
(10) 

where n is the number of electrons transferred in the reaction, A is the electrode area, C is 

the concentration of the diffusing species in the bulk of the electrolyte, and v is the sweep 

potential rate. By using the values of n = 2 and C = 0.2 M H2SO4, the diffusion 

coefficient D0 calculated for ZnO-PANI, G/ZnO-PANI, RuO2-PANI and G-PANI is 

given in Table 4.  
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Table 4. Diffusion coefficients of polyaniline nanocomposites. 

 

 

 

 

 

 

 

 

It is shown that the diffusion coefficient of the G-PANI material is two orders of 

magnitude higher than the other polyaniline nanocomposites used as for supercapacitor 

electrode. This simply attributes the superior electrochemical characteristic due to the 

large surface area, greater flexibility, higher conductivity, and porosity of G-PANI 

nanocomposites compared to ZnO-PANI, G/ZnO- PANI and RuO2-PANI nanocomposite 

material, which simply contributes in the enhancement of specific capacitance and the 

stability of supercapacitor device. 

The specific capacitance comparison study of ZnO-PANI, G/ZnO-PANI RuO2- 

PANI and G- PANI nanocomposites at scan rates (5, 25, 50 and 100 mV/s) is shown in 

Figure 17(e). At the higher scan rate specific capacitance of nanocomposites decreases 

which may be the reason for diffusion limitations in the electrode and therefore the 

maximum area of electrode remains inaccessible. This simply tells that the observed 

specific capacitance calculated for G-PANI material is higher than the rest of 

nanocomposites materials, the relation between specific capacitance and scan rate tends 

Materials (D0) Diffusion 

coefficients cm
2
/sec 

ZnO-PANI 0.7× 10
-10

 

G/ZnO-PANI 0.8× 10
-9

 

RuO2-PANI 3× 10
-8

 

G-PANI 8× 10
-8
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to decrease linearly, however, the rate of decrease in the specific capacitance in G-PANI 

film is slower due to the higher electrochemical stability of graphene than other 

nanocomposites. The following equation was used to calculate the specific capacitance 

using CV profile. 

                                                                
 

 
                                                              (11) 

where C is specific capacitance, I is the specific current and s is the scan rate. The 

maximum capacitance obtained for ZnO-PANI, G/ZnO-PANI RuO2-PANI and G-PANI 

nanocomposites at a scan rate of 5mv/sec is (280F/g, 300F/g, 360F/g and 430F/g) 

respectively. 

 

2.6.2  Electrochemical Impedance Spectroscopy (EIS) 

 

Impedance spectroscopy is a technique which studies the behavior of small 

potential perturbations at different frequencies at a constant dc potential. An impedance 

spectrum normally divides into three regions, which are described as low frequency, 

medium frequency and high frequency region. The small semicircle is observed in the 

high frequency region, which arises due to the kinetic phenomena and charge transfer 

resistance and double layer capacitance. Whereas, in low frequency the formation of the 

tail at a certain angle is due to the diffusion mechanism of ions in material, for the ideal 

supercapacitor the tail should be parallel to the y-axis. The Nyquist spectra for G/ZnO-

PANI, G-PANI, ZnO-PANI and RuO2-PANI nanocomposites was recorded in the 

frequency range of 100mHz to 100KHz at room temperature is shown in Figure 18.  
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Figure 17. CV responses of (a) ZnO-PANI (b) G/ZnO-PANI (c) RuO2-PANI (d) G-PANI at scan rates (5, 20, 50,100 mV/s) (e) 

Scan rate versus specific capacitance
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The Nyquist plot of ZnO-PANI demonstrates two well-defined portions, a smaller 

semicircle in higher frequency and a straight line over the low frequency region. The 

semicircle in the plot ascribes to the electron transfer rate at the interface of the electrode 

and electrolyte. Interfacial polarization resistance of the electrode and electrolyte cause 

the formation of the linear part of the plot [63]. Moreover, it is evident from Figure18 that 

the ZnO presence has shown typical behavior of any redox species occurring due to the 

presence of PANI. The Nyquist plot of G/ZnO-PANI also shows the desired straight line 

curve for the low frequency region, but the presence of the small semicircle at high 

frequency is missing as it was observed in ZnO-PANI. However, the lower resistance in 

G/ZnO-PANI plot is indicative that the addition of graphene in ZnO- PANI has increased 

the conductivity of the film, which enhances the diffusion controlled process, as well as it 

offers less charge resistance. Similarly, the small semicircle in the lower frequency region 

also was not seen in RuO2-PANI and G-PANI plots, which might be due to the low 

faradic resistances of the material. The charge transfer resistance, Rct, of ZnO-PANI, 

G/ZnO-PANI, RuO2-PANI and G-PANI, are found to be equal to65, 20, 15 and 1Ω. The 

lower charge transfer resistance in the G-PANI film associates with the higher 

conductivity, as well as, the large surface area of the films, which is very characteristic of 

graphene. In the impedance plot of ZnO-PANI, G/ZnO-PANI, and RuO2-PANI straight 

line angle close to 45
o
 is observed, indicating typical Warburg impedance influence. 

However in the G-PANI plot, the straight line angle is inclined towards 90
o
, which is the 

typical ideal EIS curve for supercapacitors. The low charge transfer resistance and 

following the trend for the ideal supercapacitor curve exhibited by G-PANI film 

compared to ZnO-PANI, G/ZnO-PANI, and RuO2-PANI in 2M H2SO4 confirms the 
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superior electrochemical characteristics of synthesized material [64].

 

Figure 18. EIS analysis of(a) ZnO-PANI, G/ZnO-PANI, RuO2-PANI , G-PANI and (b) 

G/ZnO-PANI, RuO2-PANI , G-PANI. 

 

2.6.3  Galvanostatic Charge & Discharge  

 

The galavanostic charge & discharge test was conducted at a given current 

density. The amount of charge capacity (Q) is calculated by using the formula.  

                                                   (12) 

where I is the current density and t is time. Figure 19(a) demonstrates the galvanostatic 

charge-discharge curves for ZnO-PANI, G/ZnO-PANI, RuO2-PANI and G- PANI films 

at a charging/discharging current density of 0.2 A/g. All charge/discharge curves for 

ZnO-PANI, G/ZnO-PANI, RuO2-PANI and G-PANI are based on supercapacitor are 

triangular in-shape, which attributes the pure electric double layer (EDL) capacitance of 

polyaniline nanocomposites [52, 64, 65]. The prominent voltage stages are observed in 
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the G-PANI film, which is in the ranges of 1.6-1.2V and 1.2-0V, respectively. The 

discharging duration for 1.6-1.2V is relatively short, which ascribes to EDL capacitance; 

whereas a much longer discharging duration from1.2-0 V associates with the combination 

of EDL and faradic capacitances of G-PANI synergistic effect.  

The discharge curve of the supercapacitor with G-PANI films is similar to that of 

ZnO-PANI, G/ZnO-PANI, and RuO2-PANI. However, the“IR drop”in G-PANI 

compared to other nanocomposites is much smaller. This result reveals that the internal 

resistance in G-PANI film is much lower than other polyaniline nanocomposite 

electrodes, which is of great importance in fabricating safe and power saving 

supercapacitors. From the above comparison, it is understood that the incorporation of 

conducting graphene platelets in the polyaniline network not only helps in providing the 

stability, but also renders high conductivity to the synthesized structure. The following 

formula was used to calculate the specific capacitance using the charging-discharging 

curve for ZnO- PANI, G/ZnO- PANI, RuO2- PANI and G- PANI films [65]. 

  
    

    
                                               (13) 

where C is specific discharge capacitance, ∆V is a potential difference (V) ∆t is 

discharging time(s), and m is the weight of film (g) and I is the discharge current (A). By 

keeping the film weight of all four samples are the same which is around 3mg, specific 

capacitance values, were obtained using equation 12 for ZnO-PANI, G/ZnO-PANI, and 

RuO2-PANI and G-PANI is 260 F/g, 300 F/g, 330 F/g and 380 F/g, which is in agreement 

with the specific capacitance values calculated by the cyclic voltagramm (CV). 

Moreover, the G-PANI film possesses a much higher volumetric capacitance than 

that of ZnO-PANI, G/ZnO-PANI, and RuO2-PANI films owing to its more compact 
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structure, showing high merits in potential applications for low-volume high capacitance 

devices [52, 64]. The rate of performance for ZnO-PANI, G/ZnO-PANI, RuO2-PANI and 

G-PANI films was evaluated by charging/discharging for different cycle’s numbers at a 

constant current density 0.2A/g is shown in Figure 19(b). The cycle stability of all four 

polyaniline nanocomposites shows some decrease in specific capacitance over the 400 

number of cycles. This might be due to the increase in volume of the electrode materials 

during charging-discharging for number of cycles and then enhances the series resistance 

at the electrode and electrolyte interface [57]. It is important to note that G-PANI films 

compared to ZnO-PANI, G/ZnO- PANI, and RuO2- PANI show good consistency in the 

specific capacitance beyond the 400 number of cycles, which is an evidence of superior 

mechanical properties of graphene within polyaniline matrix. 
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Figure 19. (a) Charging & discharging profile and (b) cycle numbers versus specific 

capacitance of polyaniline nanocomposites. 
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2.7  Summary 

Aromatic based conducting polymer nanocomposites were synthesized by means 

of chemical polymerization. The important features of this method are the simple 

approach, low energy consumption, inexpensive, substrate independent and 

environmental friendliness. The successful synthesis of aromatic based conducting 

polymer nanocomposites were investigated in detail using physical and structural 

techniques. Prepared materials were used in supercapacitor electrode assembly to 

evaluate the electrochemical behavior in 2MH2SO4. Electrochemical measurements for 

all polyaniline nanocomposites reveal the promising potential of the synthesized 

materials for the application of supercapacitor. However, G-PANI in comparison of ZnO-

PANI, G/ZnO-PANI and RuO2-PANI, showed maximum specific capacitance and 

greater cyclic stability. This can be attributed to the superior electrochemical performance 

and higher structural hierarchy of G-PANI due to the significant doping of graphene (G) 

in the polyaniline network. 
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CHAPTER 3: INFLUENCE OF GRAPHENE COMPOSITION ON G-PANI 

BASED ELECTROCHEMICAL CAPACITOR 

 

 

3.1  Introduction 

Graphene conducting polymer nanocomposites, G-CP,s have gained immense 

attention due to the excellent electrochemical properties of the G-CPs. Electron 

movement has been observed ballistically in the graphene layer at ambient temperatures 

due to the high quality of the sp2 carbon lattice. Among all of the materials so far used in 

the supercapacitor, the graphene has attracted prominent attention in recent years, due to 

its extraordinary high thermal and electrical conductivities, large surface area and 

flexibility, great mechanical strength, relatively low manufacturing cost and 

environmental benignness [66]. Though PANI has a low redox potential and has been 

reported to undergo fast redox reactions, where the charging reaction is found to be faster 

than discharging reaction, but the G-PANI nanocomposite enhances the electrochemical 

and mechanical stability of polyaniline as well. Interesting properties of G-CP have made 

it the material of choice not only for the supercapacitor but also for the other advanced 

electronic applications (e.g., sensors, transparent electrodes, supramolecular assemblies 

and lithium ion battery.)  

However, to obtain the maximum advantage of synthesized G-PANI material, the 

right proportion of graphene to polyaniline is very important. People have already 

reported the different weight percent amounts of graphene to polyaniline nanofibers for 

the use of the supercapacitor [57, 67]. Contrary to polyaniline nanoparticles, though 
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polyaniline nanofibers have superior electron transport and electrochemical behavior it 

still has limitations (e.g. mechanical stability upon cycling, high aspect ratio, large 

surface area and solubility of nanofibers) As an alternative to polyaniline nanofibers we 

have synthesized the polyaniline nanoparticles with different ratios of graphene to 

optimize the electrochemical response of prepared material. In addition to the graphene-

polyaniline ratio the thickness of the prepared G-PANI film is also a critical factor to 

obtaining maximum specific capacitance of a device. Therefore, in this chapter we will 

be discussing the influence of graphene within the polyaniline matrix and the desired 

thickness of material to optimize the performance of the supercapacitor. 

3.2  Experiment 

The graphene-polyaniline nanocomposites (G-PANI) were synthesized as 

described above in section 2.4. The same polymerization method was used to synthesize 

the different weight ratios of G-CPs nanocomposite. We synthesized three materials 

keeping the weight. ratio of graphene to the aniline monomer as (50:50, 10:90, and 

90:10). The ammonium peroxydisulfate [(NH4)2S2O8)] amount was kept the same during 

the three sample preparation 0.025M to the aniline monomer. While keeping the (50:50, 

10:90, and 90:10) weight percent ratio of graphene to the aniline monomer, it was added 

in 2M HCl solution of 200ml,  The solution was further cooled down to 4
o
C in an ice 

bath. Later [(NH4)2S2O8)] (0.025M) dissolved separately in 100 ml of 1MHCl solution 

was added drop wise in the above graphene-aniline solution over the period of 1hour 

while keeping the controlled temperature less than 10
o
C. The polymerization process was 

observed within 5 minutes after the addition of ammonium peroxydisulfate, when the 

solution starts changing its color from bluish-black to a dark green shade. Once the 
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polymerization was complete the ice bath was removed around the vessel. Finally, after 

stirring for 24 hours, the dark green precipitate of G-PANI nanocomposites, recovered 

from the reaction vessel, was filtered, and washed using deionized water, methanol, 

acetone, and diethyl ether for the elimination of the low molecular weight oligomer. 

Later, the doped G-PANI nanocomposites were undoped by mixing it in a 2MNaOH 

solution for 6hours. In the end, blue precipitate material of G-PANI nanocomposites were 

collected after washing with methanol and deionized water several times [52, 68]. 

3.3  Structural Characterization 

 

3.3.1  Scanning Electron Microscopy (SEM) 

 

Figure 20 shows the SEM picture of PANI, graphene and G-PANI films on 

graphite substrates of an area of 1 cm
2
. All the prepared materials were first dissolved in 

1-methyl-2-pyrrolidionone (NMP) and were later drop cast on the graphite substrate to 

ensure the same thickness of material. Figure 20(a) shows the homogeneous fine 

morphological structure for PANI whereas Figure 20(b) reveals the overlapping platelet  

structure due to the presence of graphene sheets. In addition to graphene and PANI 

Figure 20(c, d and e) presents the G-PANI10, G-PANI50 and G-PANI90 images which 

depict a combined morphology of graphene as well as of PANI. Nevertheless G-CPs 

shows a smoother, flexible and fine structure since 1-methyl-2-pyrrolidionone (NMP) 

solvent is used as a plasticizer. Interestingly different weight ratios of G-PANI do not 

depict any significant difference in morphology rather than a variation in an amount of 

graphene has been observed. Random agglomeration of graphene platelets on polymer 

surface is also observed for G-CPs samples [52, 69]. 
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Figure 20. SEM images of (a) PANI (b) graphene and (c) G-PANI10 (d) G-PANI50 (e) 

G-PANI90. 

 

. 

3.3.2  Transmission Electron Microscopy (TEM) 

 

TEM results of graphene, PANI, and G-PANI nanocomposites of ratio (10, 50, 

and 90) are given in Figure 21 (a, b, c, d, e). The graphene shows the typical curves and 

layers like structure with the size of a few nanometers. The agglomeration of particles 

within graphene sheets can also be observed in the TEM image. SAED pattern of 

graphene in Figure 21(a) inset shows good crystallinity character of graphene sheets. 

However the TEM image of PANI in Figure 21(b) shows an amorphous nature of PANI 

and not any specific crystalline order was observed for the PANI sample. Furthermore the 

TEM of G-PANI nanocomposites of weight ratios (10, 50, and 90) are shown in Figure 

21(c, d, e) reveals almost the same kind of morphology structure except the variation in 

the amount of graphene. TEM of all G-CPs shows some order of crystallinity due to the 

presence of graphene sheets in the synthesized material. Homogenous encapsulation of 
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graphene sheets within PANI particles are noticed in G-PANI TEM images [52, 57, 70]. 

This simply explains the porosity and flexibility of G-PANI material due to the 

synergetic effects of polyaniline and graphene, which is quite promising in achieving 

high specific capacitance in ECs. 

 
 

Figure 21. TEM images of (a) graphene (b) PANI (c) G-PANI10 (d) G-PANI50 (e) G-

PANI90. 

 

3.3.3  XRD 

The XRD patterns of PANI and G-PANI films are shown in Figure 22 observes a 

broad peak around 15 to 20 degrees for PANI indicating an amorphous structure of 

PANI. However, the G-PANI nanocomposites reveal a sharp and intensive peak at 26.5 

degree corresponding to (0 0 2) plane, which indicates a highly ordered crystal structure 

of graphene with interlayer spacing of 0.336 nm. However, the position of this peak and 

intensity vary slightly from sample to sample depending on the number of layers with the 

composition of a graphene to aniline monomer. The diffraction intensity in Figure 22 at 
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26.5 and 37 degrees corresponds to planes (0 0 2) and (1 0 0) indicative of the presence 

of the graphene in the nanocomposites structure [71, 72]. The calculated size of G-PANI 

nanoparticles using Scherrer’s equation was found to be around 50 to 90nm which kept 

increasing with the addition of graphene within the polyaniline. This value of G-PANI 

nanoparticle size is consistent with the TEM results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. XRD spectra of PANI, and G-PANI (10:90, 50:50, 90:10) nanocomposites. 

 

3.3.4  Raman Spectroscopy 

It is significant to have a Raman spectra study for PANI and G-PANI (10:90, 

50:50, 90:10) nanocomposites materials on the silicon substrate due to their distinctive 

identification in the structures as shown in Figure 23. Figure 23 shows the appearance of 

bands at 1600, 1545, 1450, 1350, 1295, 1250, 1237 and 1151 cm
-1

 corresponding to 

characteristic bands of PANI structure [72]. The agglomeration of graphene sheets is also 
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confirmed with Raman spectroscopy as shown in Figure 23. Two characteristic peaks at 

1300 and 1582 cm
-1

 are corresponding to the D and G bands of graphene respectively [73 

-76]. The G band of our sample is relatively intense compared to the D band for G-

PANI50 and G-PANI90 ratio. The observed intensity change is due to a multilayer of 

graphene in the nanocomposites structure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Raman spectra of PANI, and G-PANI (10:90, 50:50, 90:10) nanocomposites. 

 

3.4  Electrochemical Evaluation 

 

3.4.1  Electrode Preparation 

 

In order to study the electrochemical response of prepared G-PANI 

nanocomposites for supercapacitor application, two electrodes of each material of the 

same thickness and area are prepared by mixing the materials in NMP while kept on 

stirring for 12 hours. One electrode is used as a cathode and another is used as an anode 

by providing negative and positive potential in supercapacitor cell assembly. All 

electrochemical measurements for the prepared electrodes were carried out at room 

temperature. 
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3.4.2  Capacitance Evaluation of G-PANI Films with Different Composition of  

Graphene 

 

3.4.2.1  CV 

 

The CV response of prepared G-PANI films of different weight. ratios, coated on 

graphite has been studied in 2MH2SO4 is shown in Figure 24(a). Figure 24(a) compares 

the cyclic voltammetry response of PANI, graphene, and G-PANI films of different ratios 

but of identical film thickness, at a scan rate of 5mV/s. One can see that in Figure 24(a), 

all CV curves are in deformed rectangular shape due to the combined effect of two 

materials graphene and polyaniline in the voltage window of -0.7 to 1.0V. The deformed 

CV shape of PANI shows the oxidation and reduction peaks potential at 0.3, 0.5 and 0.3V 

due to the characteristic of redox potential of PANI, whereas the CV response of 

graphene does not show any significant peak and has a slightly narrow surface area. By 

comparison the CV curves of G-PANI50 show significant higher specific capacitance 

than G-PANI10 and G-PANI90 samples as depicted in Figure 24(a). It is attributed to the 

larger CV area and higher porosity besides the higher electronic conductivity of G-PANI 

50 sample.  

In the CV profile of G-PANI50 and G-PANI10 oxidation potential peaks are 

observed at 0.3, 0.4, -0.2, -0.1V and reduction peaks at around 0.6, 0.45,-0.05V. 

Nevertheless no significant oxidation peak was observed for the G-PANI90 sample since 

it reflects more EDL behavior. The detailed reason obtaining a lower specific capacitance 

(SC) for G-PANI10 may be due to the low electronic conductivity of material which 

provides limitations in electronic and ionic diffusion and reduces the overall performance 

of a device. Similarly the lower SC in G-PANI90 sample attributes due to the dominant 

influence of graphene which leads to high resistance due to the excessive grain 
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boundaries of graphene in prepared material. The above discussion indicates that the right 

amount of graphene content within the polymer network is quite important to obtain the 

optimum capacitive behavior of G-PANI films.  

 

  
 

        
                                                    (14) 

For all samples the specific capacitance was calculated by using equation 14 

where I is the current density and (m1 + m2) is the sum of mass of two electrodes and s is 

scan rate. The specific capacitance calculated from Figure 24(b) shows the variation in 

specific capacitance of G-PANI50 film as 250, 290, 340 and 390 F/g at scan rates 100, 

50, 20 and 5mV/s. At a smaller scan rate, the electrolyte ions access to the maximum 

inner surface area of the electrode and gives rise to higher specific capacitance, whereas 

at a higher scan rate inner pores of films might not be accessed effectively by ions which 

helps in increasing the electrode resistance, additionally decreasing the specific 

capacitance. The increase in CV response at different scan rates explains that 

electrochemical kinetics is controlled by a diffusion controlled mechanism for G-PANI 

nanocomposites material. 

One can understand the discussion that specific capacitance of G-PANI film does 

not increases with the increase in total surface area rather that it is relevant to the proper 

pore size, porosity and ionic and electronic conductivity of the films respectively. It is 

observed that specific capacitance of all G-PANI samples monotonically decreased with 

increasing scan rate and is shown in Figure 25. However the specific capacitance 

decreasing rate in G-PANI50 and G-PANI10 electrodes compare to G-PANI90 films is 

significant lower. It clearly indicates the good electrochemical stability of graphene in the 
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polymer which helps in improving the performance of EC. Whereas the decreasing rate 

of SC versus scan rate in G-PANI90 films is significantly high due to the influence of 

redox characteristic of PANI and ESR arises from the excess amount of graphene. The 

calculated specific capacitance for all three ratios of G-PANI films at a scan rate of 

5mV/s is given in table 5. 

 

Table 5. Specific capacitance for PANI, graphene, G-PANI (10:90, 50:50, 90:10) 

nanocomposites. 

 

 

 

 

 

 

 

 

 

 

Material Specific Capacitance 

F/g 

PANI 230 

Graphene 130 

G-PANI10 300 

G-PANI50 370 

G-PANI90 270 



www.manaraa.com

64 

 

-0.7 -0.2 0.3 0.8

S
p

ec
if

ic
 C

u
rr

en
t

E/V

(a) 

Graphene

pani

50:50 G/Pani

10:90G/Pani

90:10G/Pani

-8
1

8
-4

0
4

8
1

2
-1

2
1

6

(A
/g

)

150

200

250

300

350

0 20 40 60 80 100

S
C

 F
/g

Scan rate mV/s

G-PANI50

G-PANI90

G-PANI10

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

Sp
e

ci
fi

c 
C

u
rr

e
n

t

E/V)

(b)

100mV/s

50mV/s

20mV/s

5mVs-1

8
4

0
-4

-8
-1

2
1

2
1

6

(A
/g

)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. (a) CV profile of PANI, graphene, and G-PANI (10:50:90) nanocomposites at 5mV/s and (b) CV profile of G-PANI 

(50:50) nanocomposites at 5, 20, 50 and 100 mV/s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. Specific capacitance versus scan rate (5, 20, 50,100) mV/s of G-PANI (10:50:90) nanocomposites.
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Further Figure 26 shows the chronopotentiometry behavior of G-PANI films of 

different weight ratios. The charge-discharge curves of all prepared material have the 

potential range window from -0.5 to 2.0 V in 2MH2SO4 at a discharge current density of 

0.2A/g. All charge-discharge curves for G-PANI films of different weight. ratios are 

triangular in shape [74]. In polyaniline discharging curve two prominent voltage stages 

are observed which is in the range of 1.6-0.5V and 0.5-0V respectively and simply 

describes the presence of EDL and faradic capacitance influence. Compared to PANI, the 

graphene discharge curve has quite a longer voltage range from 1.3V to -0.1V and then 

from-0.1V to -0.5V which demonstrates the dominant role of EDL capacitance in 

graphene film. In comparison to PANI and graphene, a charge-discharge curve of all G-

PANI films has two voltage ranges from 1.9V to 0.75V and 0.75V to 0V.  

However due to an existence of equivalent series resistance (ESR) in electrodes, 

all G-PANI films show the voltage drop. A comparative study of G-PANI films reveals 

that the voltage drop is much smaller in G-PANI50 film than in G-PANI10 and G-

PANI90 films and has a longer discharge curve due to the existence of faradic 

capacitance and superior electrochemical characteristics. Slower potential change rate, 

∆V/∆t, of G-PANI50 films indicate higher specific capacitance. This result reveals that 

the internal resistance in G-PANI50 film is much lower than other G-PANI films 

electrode which is of great interest in fabricating higher specific capacitance 

supercapacitor. The specific capacitance values are calculated from charge-discharge 

curves using equation 15, where m1 and m2 are the sum of mass of two electrodes, ∆t is 

discharging time, ∆V is maximum potential and I is a current density.  

  (I*∆V)/ (∆t*(m1+m2)                                     (15) 



www.manaraa.com

66 

 

Pseudocapacitor 

-0.5

0

0.5

1

1.5

2

2.5

0 100 200 300 400

P
o

te
n

ta
il(

V
)

Time(sec)

50:50G/Pani

PANI

G

10:90G/Pani

90:10G/Pani

P
o

te
n

ti
a

l(
V

)

Time(sec)

Specific capacitance values from discharge curves of G-PANI (10, 50, and 90) 

films are found as 245F/g, 360F/g and 290F/g and are consistent with the CV results. 

Thus, from the capacitance evaluation discussion of G-PANI (10, 50, 90) films with the 

cyclic voltammetry and the charging-discharging method, it can be inferred that the 

addition of the optimum amount of graphene within the polyaniline chain is vital to 

improving the performance and efficiency of the device. Otherwise performance of a 

device can degrade due to the enhancement of internal resistance of the electrode 

material. In addition to charging discharging curves, the columbic efficiency was 

calculated for all three G-PANI compositions (10, 50, and 90) electrodes given in Figure 

27. Columbic efficiency is calculated by using the ratio of discharge time to charge time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. Charging discharging response of PANI, graphene and G-PANI (10:90,50:50, 

90:10) nanocomposites. 

 

It has been observed that initially the G-PANI films show lower efficiency due to 

the voltage drop but later tend to be constant over the number of cycles. Among all G-
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PANI films the G-PANI50 shows higher columbic efficiency which is around 90% 

throughout 500 numbers of cycles. However, the initial decrease in capacitance was 

related to the irreversible charge compensation in faradic reaction associated with the 

oxidation/reduction of PANI. 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 27. Columbic efficiency versus cycles number of G-PANI (10:90, 50:50, 90:10) 

nanocomposites. 

 

 

The long term capacitance performance of G-PANI films can be evaluated while 

running the cell for 500 cycles is shown in Figure 28. While increasing the cyclic 

numbers, the specific capacitance of G-PANI (50:50) film decreases slightly but then 

levels off after the 300
th
 cycle this is a good trend and evidence of higher electrochemical 

stability of the film. Such a low decrease in specific capacitance and high efficiency after 

the long charge/discharge cycles indicates the high stability of the G-PANI composite 

and its prospective potential as an active electrode material for long-term supercapacitor 

applications.  
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Figure 28. Specific capacitance versus cycle numbers of G-PANI (10:90,50:50,90:10)      

nanocomposites. 

 

 

By comparison G-PANI50 and G-PANI90 show more improved stability upon 

cycling than G-PANI10, which attributes the superior mechanical property of graphene 

addition to polyaniline. This result illustrates that improved electrochemical property of 

the G-PANI electrode material to be used in the high performance supercapacitor. 

 

 

3.4.2.2  Four Probe Measurement 

 

The four probe point approach is quite significant in knowing the conductivity of 

material corresponding to its elemental composition especially in thin film material. Here 

we have used the four probe method to calculate the conductivity of different weight 

ratios of G-PANI films. Calculated conductivity values of G-PANI films are given in 

table 6. It is seen that as graphene adds to polyaniline, the resultant nanocomposites 

material is increasing the conductivity. We made the measurement for three samples with 

graphene content of 10, 50 and 90% to aniline monomer weight. percent during the 

synthesis of resultant material. It has been found that conductivity of films kept 
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increasing with the addition of graphene into polyaniline rather than with PANI alone. 

The maximum conductivity of the film was found at 7.65 s/cm for the G-PANI90 sample. 

However specific capacitance calculated for these samples show the linear relation up to 

some extent and corresponds to the conductivity of a material. The specific capacitance 

versus conductivity of G-PANI films is given in Figure 29. 

In contrast to conductivity, the maximum specific capacitance was obtained for 

G-PANI50 film. This simply attributes that electronic conductivity of electrode material 

is essential to a certain limit. Beyond that limit the conductivity is not playing any 

prominent role in increasing the specific capacitance of the device. It may be because 

aside from the conductivity of electrode material there are other factors too, which has 

dominant influence in order to keep the overall resistance of material lower (e.g. 

minimum grain boundaries effect, appropriate surface area, pore size, and morphology of 

material to increase the specific capacitance of a device [76-77].) Thus the results in 

Figure 29 confirm that G-PANI film 50 has higher specific capacitance than G-PANI (10, 

90) which is in agreement with the above discussion as explained in chapter 3.   

Table 6. Conductivity of PANI, G-PANI (10:90, 50:50, 90:10) nanocomposites. 

 

 

 

 

 

 

 

 

 

 

 

  

Material Conductivity 

(s/cm) 

PANI 3.63x 10-3 

G-PANI 10:90 0.55 

G-PANI 50:50 4.04 

G-PANI90:10 7.65 
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Figure 29. Conductivity versus specific capacitance for G-PANI (10, 50, 90) 

nanocomposites. 
 

 

3.4.2.3  Ragone Plot 
 

The Ragone Plot is an empirical relation between the specific power density and 

energy density to estimate the performance of energy storage devices. Figure 30 shows 

the Ragone Plot for three compositions of G-PANI films of identical area and thickness. 

Energy density is defined as the capacity of the amount of energy stored in a given space 

per unit volume. The Power density is defined as an amount of power or rate of energy 

transfer per unit volume [78]. Energy density for G-PANI films is calculated in W h kg
−1

 

using equation 16, where mtotal (m1+m2) is the total mass of two electrode materials and 

∆V is the linear voltage change from 0 to Vmax over time, and td is the discharging time. 

   
     

     
                                              (16) 

 

 
Similarly, power density (Pd in W kg

−1
) for the G-PANI samples has been calculated 

using equation 17, where Ed is the energy density and td is the discharging time. 
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Figure 30. Ragone plot for G-PANI (10, 50, 90) nanocomposites. 

 

By comparison, the maximum energy density and power density has been 

achieved for the G-PANI 50 electrode as illustrated in the Ragone Plot. It is noticed that 

G-PANI 50 films retain at least 80% of its energy density even when the power density 

increases from 40 to 100 Whkg-
1. 

Therefore, porous, flexible and the right proportion of 

graphene in PANI makes it an excellent choice of material to provide high power density 

with less loss of energy density in supercapacitors [79]. 

 

3.4.2.4  Electrochemical Impedance Spectroscopy (EIS)  

 

Figure 31 shows the Impedance Plots of G-PANI nanostructures recorded at room 

temperature in a frequency range from 100 mHz to100 kHz  at the applied potential of 

0V. The important electrochemical information can be extracted from the Impedance 

Plots by analyzing the limiting behavior at high and low frequencies. At the high-

frequency region, a well-defined semicircle has been observed for Graphene, PANI, G-
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PANI90 and G-PANI10 films, whereas no semicircle has been observed for G-PANI 50 

films in high frequency region. Existence of a parallel combination of capacitance and 

resistance at the interface of the electrode and electrolyte is responsible for the formation 

of a semicircle in the high frequency region. However, the intercepts of graphene, PANI, 

G-PANI 10, G-PANI 50, G-PANI 90 films on the real impedance axis are at 75, 40, 25, 

15 1Ω. Among all G-PANI50 film shows resistance of less than 1ohm, which is mostly 

contributed by the uncompensated solution resistance. Smaller series resistance in G-

PANI50 indicates that the charge transfer resistance is less, and our film has a faster 

kinetic property that reveals better ion and charge transport during doping/dedoping 

process of G-PANI50 film. 

            Further, the linear region formation in lower frequency is obvious in graphene, 

PANI, and G-PANI nanocomposites films which is defined as Warburg Impedance. The 

source of originating the Warburg Impedance is the slower diffusion rate across the 

electrode. PANI, Graphene and G-PANI 90 shows higher Warburg Impedance than G-

PANI10 and G-PANI50 films as the slopes of the former films that are inclined closer to 

the angle of 45
o
. The difference in impedance at high and low frequency ascribes to the 

higher transport rate of reactants in high frequency region, whereas the transport rate of 

reactants is smaller in the low frequency region [79, 80]. For G-PANI50 films the vertical 

line leans more towards the imaginary axis, which reveals the good capacitive behavior 

of G-PANI50 than other G-PANI composition. 
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Figure 31. Impedance spectra for (a) graphene, PANI, and G-PANI (10:90, 50:50, 90:10) 

(b) G-PANI (50:50), G-PANI (10:90) nanocomposites. 

 

         In the end, by comparing the results of cyclic voltammogram, charge/discharge and 

impedance measurements, it can be seen that the specific capacitance of the G-PANI50 

composite is markedly higher than G-PANI10 and G-PANI90 based electrodes for 

supercapacitor measurement. Therefore, surface modification by adding the equal weight. 

ratio of graphene into aniline monomer is an effective way to improve the 

electrochemical performance and specific capacitance of the supercapacitor device. The 

higher flexibility of G-PANI50 provides the possibility of using the nanocomposites 

material without the addition of low capacitance conducting additives and insulating 

binder [57, 79]. 
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3.5  Capacitance Evaluation with Different Thicknesses of G-PANI Film 

As discussed above, the G-PANI50 film endowed higher specific capacitance, so 

here we synthesized the electrodes of the G-PANI50 material of different thicknesses. In 

order to determine the optimum film thickness to get the maximum specific capacitance, 

three thicknesses were selected 15m, 30m and 50m, respectively. Figure 32(a&b) 

compares the current voltage response of G-PANI50 film of different thicknesses on the 

same size of the electrode in 2MH2SO4. It is noticed that CV profile in Figure 32(a) for 

all three thicknesses shows the deformed rectangular shape of different areas. However, 

the area for the 30m film is closer to the ideal CV rectangular box. The maximum 

specific current and specific capacitance is obtained for 30m film and compared to 

10m and 50m film thicknesses. It attributes that if a film is too thin, like 15m, it 

might provide less surface area, which not only decreases the electric double layer 

capacity, but also the specific capacitance of a device. In addition to thin film, if a film is 

too thick it may also offer high resistance to ion diffusion, despite large surface area. This 

simply attributes that if the surface area or pore size is smaller than the size of the 

electrolyte then it limits the ion diffusion, otherwise the inner surface area of electrode 

remains inaccessible by electrolytes ions due to an excessive thickness of film and 

develops higher interfacial resistance at electrode and electrolyte interface [81]. This 

degrades the specific capacitance of the supercapacitor.  

In our experiments 30m film thickness reflects the maximum specific 

capacitance with the existence of useful surface area. Higher electronic and ionic 

conductivity also represents the higher electrochemical surface behavior of 30m film. 

Oxidation and reduction potential peaks for all thicknesses are observed at 0.2, 0.4, 0.57 
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and.0.6V. However the lower reduction peak at 0.57V has been observed in 30m film 

than in 50m and 10m films, which clearly indicates the higher electronic conductivity 

of the film. The maximum specific capacitance obtained at 5mV/s for all thicknesses is 

given in Table 7. 

 

Table 7. Specific capacitance versus G-PANI (50:50) thickness at a scan rate of 5mV/s. 

 

 

 

 

 

 

 

 

Figure 32(b) shows the change in specific capacitance of 30m film thickness at 

different scan rates (100, 50, 10 mV/s). However specific capacitance comparison of all 

film thicknesses at scan rates of (5, 20, 50 and 100 mV/s) is given in Figure 32(c). It is 

seen that the capacitance decreases as scan rate increases due to the diffusion limitation 

of electrolyte ions in the inner surface area of the electrode material, however the rate of 

decrease in capacitance versus scan rate is lower in 30m film than in 10m and 50m 

films, which clearly indicates the higher electroactive characteristic of film. The 

investigation of the charge/discharge study of G-PANI50 film of different thicknesses is 

shown in Figure 33. All discharge curves show the linear and symmetric behavior and 

voltage is in the range of 0-1.5V in 2MH2SO4 at a current density of 0.2A/g. The initial 

voltage drops are observed in all films, which is related with the ohmic loss arises from 

Material Specific Capacitance 

F/g 

10 m 280 

30 m 370 

50 m 220 
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the internal resistance of the cell. Nevertheless, the low series resistance has been 

observed in 30m film compared to 10m and 50m electrodes, which tells the higher 

ability of ion diffusion in active material. 

Further the voltage change rate (∆V/∆t) in a 30m film is smaller than in 50m 

and 10 m film thicknesses, this leads to higher specific capacitance in 30m film. 

Therefore, it can be inferred from the above discussion that optimum thickness plays an 

important role in lowering resistance to counter ion diffusion. Shorter diffusion distance 

of counter ions during complete charge/discharge yields higher specific capacitance. 

Moreover, specific capacitance was calculated using chronopotentiometry curves and is 

consistent with the SC values obtained by CV plots. The specific capacitance using 

charge-discharge curves at constant current density for 10m, 30m and 50m 

thicknesses are obtained as 280F/g, 360F/g and 220F/g. Figure 34 shows the comparison 

of columbic efficiency of 10m, 30m and 50m thicknesses. Initially efficiency drops a 

little due to the redox reaction of PANI, and later the rate of efficiency drops and gets 

slower, which ascribes the improve mechanical stability of G-PANI films. By 

comparison, the rate of decrease of the columbic efficiency over the number of cycles of 

the 30m films is significantly lower due to the higher electroactive characteristic than 

10m and 50m films.  

 

3.5.1  Electrochemical Impedance Spectroscopy (EIS) 

 

The Electrochemical Impedance Spectroscopy (EIS) study for supercapacitor 

fabrication from the G-PANI50 of thicknesses 10m, 30m and 50m in 2MH2SO4 is 

qualitatively analyzed using Nyquist Plots shown in Figure 35. Figure 35 compares the 
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Impedance Plots for 2MH2SO4 in three frequency regions. The small semicircle is 

observed at high frequency only for 50m thickness which attributes to bulk electrolyte 

resistance. However, no semicircle is observed in the high frequency region for 30m 

and 10m, films which demonstrates the faster kinetic rate in the 30m film thickness. In 

the low frequency region, the cause of forming the non-vertical slope of the 

electrochemical capacitor is 1) morphology, porosity and redox properties of G-PANI. 2) 

The low mobility of ions which increases the charge transfer resistance [81, 82]. 

Moreover, the straight line portion in 30µm film leans more towards the imaginary axis 

and it indicates a good capacitive behavior. This illustrates the low charge transfer 

resistance with increasing double layer capacitance of 30m film thickness. The bulk 

resistance for films of 10m, 30m and 50 m thicknesses is found in 35, 16 and5 Ω. 

The qualitative comparison of film conductivity and capacitance of the cells can be well 

examined due to the slope differences of the Nyquist Plots and maximum resistance 

values of the plots. 
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Figure 32. (a) CV comparison of G-PANI50 of film thickness 10µm, 30µm and 50µm at 5mV/s (b) CV profile of 30µm film  

thickness at the scan rate of 10, 50 and 100 mV/s (c) Specific capacitance versus scan rate of G-PANI film of thickness 10, 30 

and 50m.
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Figure 33. Charging-discharging curves for G-PANI50 of film thickness 10m, 30m 

and 50m.  

 

 

 
 

Figure 34. Columbic efficiency G-PANI50 film of thickness 10m, 30m and 50m. 
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Figure 35. Impedance plots for G-PANI50 for film thickness of 10m, 30m and 50m. 
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3.6  Summary 

 

G-PANI nanocomposites of different compositions are prepared by the facile 

chemical polymerization approach and further characterized for application to 

electrochemical capacitors. Tunability of a specific area and conductivity of the film has 

been investigated in depth. However, the incorporation of graphene can dramatically 

increase the charge storage capacity, and the specific capacitance of the G-PANI 

electrode. The maximum specific capacitance of 370F/g has been obtained for the equal 

weight ratio of graphene to aniline monomer. This is almost two to three times higher 

than the specific capacitance of graphene and PANI. In addition to higher specific 

capacitance, G-PANI nanocomposites also demonstrate the stable electrochemical 

properties and long cycle life. The energy density of the G-PANI based supercapacitor is 

apparently higher than PANI and graphene based supercapacitor. The optimum film 

thickness of the G-PANI film has also been studied to achieve the maximum specific 

capacitance of supercapacitor. For instance the film thickness of 30m has provided the 

higher specific capacitance of 360F/g and columbic efficiency of 90% compared to 15m 

and 50m film thicknesses. 
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CHAPTER 4:  INFLUENCES OF ELECTROLYTES AND SOLVENTS ON 

G-PANI BASED ELECTROCHEMICAL CAPACITOR 

 

 

In addition to the influence of graphene content and film thickness variation in G-

CPs nanocomposites as discussed in chapter 3
rd 

for supercapacitor application, there are 

other important factors, too, that need to be investigated to enhance the performance of a 

device. Besides the electrode material and configuration, electrolyte is also one of the key 

parameters which affects the shape, formation and thickness of electric double layer EDL 

in electrochemical capacitor. The EDL thickness is generally equal to few nanometers 

which helps to store energy electrostatically in supercapacitor. Therefore the interfacial 

effect of electrode surface and size of electrolyte ions plays a dominant role in the 

capacity of EDL [83]. EDL formation mechanism depends on the applied voltages on the 

electrodes, which separates the ions into cations and anions in electrolytes and are then 

attracted to negative and positive electrodes to form the electrical double layer. 

Accepting with the exception of G-PANI the porous electrodes, the capacitance of 

supercapacitor is thus determined by the packing of electrolytes. Therefore, making an 

appropriate choice in electrolytes is certainly a good way to enhance the specific 

capacitance as well as the energy density of the device. In general, most known 

electrolytes for the supercapacitor are molten salts, aqueous electrolytes, organic 

electrolytes and room temperature ionic liquids (ILs) [84]. Recently, molten salts, due to 

the limitation of high temperature, are rarely used in electrochemical capacitor. Typically, 
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aqueous electrolytes, due to its higher conductivity, low cost such as H2SO4, HCl, KOH, 

Na2SO4 solutions are widely used in ECs. However, the main limitation for aqueous 

electrolytes is the low operating voltage which is at around (1.3 to 1.5) kinetically. This 

low operating voltage lowers the specific capacitance of a device as well as the aqueous 

electrolytes which have high evaporation rate and the high prospective of corrosion to the 

hardware part of device, this not only degrades the performance but also reduces the life 

of the device. To reduce the risk of corrosion and improve the stability of device, another 

promising class of electrolytes is an organic electrolyte. Organic electrolytes, in contrast 

to aqueous electrolytes, have a larger decomposition voltage (approx. 2.7V) which may 

be the reason to increase the energy density of ECs and are less likely to be corroded. The 

most recent electrolyte, which has attracted, significant attention in electrochemical 

devices is room temperature ionic liquid (ILs). Since ILs have wide electrochemical 

windows, excellent thermal stability, non-volatility, and good ionic conductivity, makes it 

a promising candidate for ECs. By comparison, the IL has higher decomposition voltage, 

which is at around 2.6 to 3.5V, than aqueous and organic electrolytes [85].  

Besides the nature of electrolyte, EDL mechanism also depends on the 

concentration of electrolytes. This means the optimal number of ions in an electrolyte is 

also essential to obtain the maximum EDL capacity. Thus, in this chapter we are 

investigating the role of aqueous, organic and Ionic liquid (IL) electrolytes, the 

concentration of electrolyte and effect of solvents in G-CPs films for electrochemical 

capacitor application.  
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4.1  Capacitance Evaluation with Different Electrolytes for G-PANI Film 

 As discussed above in chapter 2
nd

 and 3 the graphene-polyaniline 

nanocomposites (G-CPs) were synthesized using the facile chemical approach. The G-

PANI50 nanocomposites rendered maximum capacitance, so all the electrodes are 

fabricated by drop casting the G-PANI50 film in NMP (N-methyl-2-pyrrolidone) on the 

graphite electrodes of 1cm
2
 area. Typical thickness of the electrodes was kept at 30µm as 

it has shown optimum specific capacitance discussed in chapter 3. Figure 36(a,b,c) gives 

the detailed comparison of CV study of G-PANI50 films in aqueous, organic and ionic 

liquid electrolytes in the potential window of -0.6V to 1.0V. It is noted that CV curves of 

G-PANI50 exhibit deformed rectangular shape in aqueous, organic and ionic liquid 

electrolytes at the scan rates of 100, 50, 20 and 5mV/s. However, by comparison, the CV 

profile in 2M H2SO4 exhibits the reversible redox behavior with oxidation peaks at 0.3, 

0.68,0.92 V and reduction peaks at 0.7, 0.42,-0.05 V respectively. The peak around 0.65 

V is the characteristics of the oxidation of emeraldine form of PANI, whereas the peak at 

0.89 V is attributed to the pernigraniline state of PANI (otherwise known as protonation 

of PANI) [57, 98]. Larger CV area of G-PANI50 films in 2M H2SO4 gives the higher 

specific capacitance which simply shows the higher electroactive surface property in 

acidic solution.  

Higher capacitance in acidic solution also attributes the good chemical affinity 

between electrode surface and electrolyte ions. In aqueous electrolytes, the ion size is 

smaller so it offers less interfacial and diffusion resistance across the EDL which shows 

the potential of higher capacity. Compared to an acidic solution we also performed the 

CV measurement in 2M KOH basic solution to understand the capacitance effect in 

http://www.sciencedirect.com/science/article/pii/S0378775310019051#ref_bib0140


www.manaraa.com

85 

 

acidic as well as basic solution as shown in Figure 36(d). As it is reported in literature, 

that G-PANI nanofibers showed higher specific capacitance in basic solution, but in 

contrast to G-PANI fibers, the higher specific capacitance for G-PANI nanocomposite 

was not observed in basic medium [87]. The Shape of the CV in 2MKOH exhibits a 

small surface area which is due to the undoped state of KOH system. Significant redox 

characteristics have not been observed in the measured CV profile of the KOH 

electrolyte. Therefore, it indicates that the salt or acidic system for the G-PANI 

supercapacitor or rechargeable energy applications provide better performance with 

higher specific capacitance and good cyclic stability. The CV curves for organic 

electrolyte (0.5 MLiClO4) and ionic liquid (2:1 BMIM-PF6/ACN) electrolyte are 

shown in Figure 36(b, c). CV measurement for LiClO4 does not show any redox 

characteristic inspite chemical affinity of electrode material and organic electrolyte shows 

more like EDL behavior.  

Compared to aqueous, the organic electrolyte shows less specific capacitance. This 

might be due to the fact that organic ions are bigger in size than aqueous electrolytes and 

offers higher resistance to diffuse through the inner surface area of electrode material. In 

addition to organic and aqueous electrolytes, the CV response of room temperature IL is 

seen in Figure 36(c). The smaller CV area of IL may also be due to the lower ionic 

conductivity of IL compared to organic and aqueous electrolytes, which increases the 

pore resistance of the electrolyte. It is understood that besides the surface area functional 

groups and morphology of the electrode materials, chemical affinity between the 

electrode and electrolyte is also a critical parameter to obtain the better performance in 

supercapacitor. The conductivity of 1BMIM-PF6 is usually around 1.9-2.3 ms/cm which 
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is smaller than H2SO4 and LiClO4 [88]. The anion size of PF6
-
 is much bigger which may 

cause the slower diffusion than ClO4
-
 and Cl

- 
ions, and some of the surface area cannot be 

accessed by PF6
-
 ions, although the electrochemical stability of PF6

-
 is higher than ClO4

-
 

and Cl
- 
ions. However the EDL structure and capacitance is evaluated by size of cations, 

anions and the size of electrolyte solvent. IL is ionic in nature which relates with the 

viscosity of ionic liquid respectively. The specific capacitance comparison of G-PANI50 

films for aqueous, organic and IL electrolytes are given in Table 8 at the scan rate of 

5mV/s. It can be observed that maximum specific capacitance has been obtained for 

acidic solution rather organic and IL.  

Table 8. Specific capacitance comparison of G-PANI (50:50) nanocomposites in 

aqueous, organic and IL at scan rate of 5mV/s. 
 

 

 

 

 

 

 

 

On the basis of the insights obtained from the discussion of CV measurements of 

aqueous, organic and IL electrolytes, it is believed that electrolytes are different in nature 

and possess typical chemical affinity with the electrode surface. Despite the advantages 

and disadvantages of electrolytes, acidic electrolyte for G-PANI50 is more promising for 

the higher conductivity and higher specific capacitance of supercapacitor, but still more 

investigation regarding the types of electrolyte is required. 

 

Electrolytes Specific capacitance F/g 

Acidic aqueous (HCl;H2SO4) 370 

Basic aqueous (KOH) 110 

Organic electrolyte (LiClO4) 160 

Ionic Liquid(IL,s)BMIM-PF6 125 
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Figure 36. CV response of G-PANI50 film in (a) H2SO4 (b) LiClO4 (c) IL (d) KOH (e) SC versus scan rate of G-PANI50 film 

in (a) H2SO4 (b) LiClO4 (c) IL.  
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However, the specific capacitance versus scan rate of the G-PANI film in 

different electrolytes is demonstrated in Figure 36e. It is noted that in all electrolytes, 

specific capacitance decreases with the increase in scan rate from 5 to 100mV/s due to 

the diffusion limitations. However, the lesser rate of decrease in SC versus scan rate has 

been observed in H2SO4 due to the higher ionic and electronic conductivity besides the 

smaller ion size than in LiClO4 and IL. 

In addition to the CV response of G-CPs composites, the charging-discharging 

behavior of G-PANI50 film was also studied in different electrolytes at the constant 

current density of 0.2A/g. Figure 37 gives the comparison of the charging-discharging 

response in aqueous, organic and IL electrolytes. All charging curves are triangular in 

shape and vary in potential range from 0 to 3.5V. The detailed study of aqueous, organic 

and IL electrolytes manifests the low Ohmic drop in aqueous electrolyte compare to 

organic and IL. This simply attributes the higher conductivity or low internal resistance 

of aqueous electrolytes due to smaller ion size. The bigger ion size in organic and IL 

offers higher ESR resistance which causes the large Ohmic drop while charging and 

discharging of EC. The dominant effect of EDL capacitance in charging discharging 

behavior of organic and IL is more prominent than faradic capacitance respectively. 

However the combined influence of EDL and faradic capacitance is prominent in an 

aqueous electrolyte.  

The longer discharge curve and slower potential change rate in aqueous 

electrolyte shows the superior electrochemical behavior of acidic solution over that of 

organic and IL. Thus, the lower internal resistance of aqueous electrolyte helps in the 

formation of larger EDL due to good chemical affinity between porous G-PANI50 and 
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cations and anions of acidic solution. Using the chronopotentiometry results, the 

calculated specific capacitance values for aqueous, organic and IL electrolytes are found 

at approximately 365 F/g, 135 F/g and 110 F/g. These values are in good agreement with 

the specific capacitance values obtained by cyclic voltammetry. So from the above 

discussion it is realized that the choice of appropriate electrolyte is very essential in the 

enhancement of the specific capacitance as well as the reliability of supercapacitor. 

 

 

Figure 37. Charging-discharging curves for G-PANI50 in H2SO4, LiClO4 and IL. 

 

The cyclic stability evaluation over the number of cycles for three electrolytes can 

be examined in Figure 38. It is noted that for the initial few cycles the aqueous and 

organic electrolytes shows less decrease in the specific capacitance than in IL. But as the 

number of cycles continued from 200 to 500, the capacity retention in the IL was higher 

than in aqueous and organic electrolytes which show the superior electrochemical 

LiClO4
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behavior of IL over that of acidic and organic solution. or it may also be due to the higher 

vapor pressure or viscosity of IL [89]. 

 

 

Figure 38. Comparison of specific capacitance versus cycles numbers of H2SO4, LiClO4 

and IL electrolytes. 

 

On the basis of the charging-discharging data, columbic efficiency for all three 

electrolytes is calculated and given in Figure 39.  

 

 

 

 

 

 

 

 

Figure 39. Columbic efficiency of acidic, organic and IL electrolytes. 
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In order to estimate the device stability and performance of G-PANI50 for all 

three electrolytes, the cell was run for 500 cycles. Figure 39 illustrates the stability 

behavior of aqueous, organic and IL electrolytes. It is obvious that over the number of 

cycles the acidic solution shows the lesser loss in columbic efficiency rather than organic 

and IL electrolytes. It may be due to the higher electrochemical and electroactive 

response of H2SO4. 

Nevertheless the supercapacitor performance of all three types of electrolytes can 

also be estimated by looking into the ragone plot as given in Figure 40. The maximum 

energy density with reasonably good power density has been obtained for acidic solution 

compare to organic and IL. However the maximum power density was calculated for IL 

then in organic and aqueous electrolyte.  

 

Figure 40. Ragone plot of acidic, organic and IL electrolytes. 
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organic electrolytes. Whereas the lowest energy density has been observed for IL then in 

organic and acidic solutions due to the higher charger transfer resistance that offers 

longer diffusion paths to IL ions [90, 91]. 

 

4.1.1  Electrochemical Impedance Spectroscopy (EIS)  

 

Figure 41 reflects the impedance spectra analysis for aqueous, organic and IL 

electrolytes. All impedance plots were recorded at room temperature in the frequency 

range of 100mHz to 100KHz. Nyquist plots for aqueous, organic and IL show the charge 

transfer resistance of 0.1, 50 and 150ohms. The higher charge resistance ascribes to the 

diffusion/transport in IL due to bigger ionic size of IL and organic electrolyte than in 

acidic solution. It may be also due to higher conductivity of acidic solution, as well. All 

Nyquist plots have shown the identical slope in low frequency regions which indicates 

the Warburg resistance. The reason of the existence of Warburg resistance is due to the 

frequency dependent diffusion response of electrolyte ions. The larger Warburg 

resistance observed for organic and IL electrolyte indicates the obstruction in the ion 

movements due to the large variation in ionic diffusion paths [92, 93].  

By comparison the H2SO4 has negligible Warburg resistance which manifests the 

presence of not only low electrical resistance but also exhibits small and equal diffusion 

paths of ions within electrolyte. However, in higher frequency a small semi-circle is not 

detected for H2SO4 which simply tells the influence of low charge transfer resistance.  

For instance, in H2SO4 G-PANI plot in low frequency shows the straight line angle 

incline more towards the 90
o
, which is closer to typical ideal EIS curve for 

supercapacitor. The low charge transfer resistance and following the trend for ideal 
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supercapacitor curve exhibited by G-PANI film in 2M H2SO4 confirms the superior 

electrochemical characteristics of acidic solution. 

  

Figure 41. EIS analysis of acidic, organic and IL electrolytes 

 

4.2  Influence of Electrolyte Concentration on G-CPs Film 

Figure 42 illustrates the influence of electrolyte concentration for the capacitive 

behavior of G-CPs film. As discussed in section 4.1 among all the acidic electrolytes 

showed higher specific capacitance than in organic and IL. Therefore, we shall further 

investigate the role of acidic concentration on the capacitive performance of G-PANI 

films. Three H2SO4 concentrations are used to get the comprehensive idea to correlate the 

concentration with capacitive behavior of electrodes. Figure 41(a) shows the CV 

comparison of 0.1M, 2M and 4MH2SO4 concentrations at the scan rate of 5mV/s in a 

potential window of -0.6V to 1.0V. It is noted that CV measurements of 2MH2SO4 has 

H2SO4
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shown the ideal box shape larger surface area compared to 0.1M and 4MH2SO4. This 

might attribute to the higher conductivity of electrolyte and less electrode pore resistance.  

Whereas the redox peaks potential is observed at -0.1, 0.3, 0.5 and 0.67V for 

0.1M and 2M H2SO4 at scan rates of 100, 50, 20 and 5mV/s as shown in Figure 42(b, c). 

It is believed that the presence of these peaks mainly relate with the transition of PANI 

between its semiconducting state (leucoemeraldine form) to conducting state (polaronic 

form) in G-PANI film [52]. The peak centered at 0.5V is probably because of some semi 

redox mechanism due to the synergy effect of graphene and polyaniline components. 

However Figure 42(d) shows the CV profile of 4MH2SO4 having more EDL behavior 

and no significant redox peak was observed. Thus the reason for smaller CV surface area 

for 0.1M and 4M concentration can be due to lower conductivity, and ionic diffusion 

limitation in pores of electrode material. Aside from the decrease in specific capacitance 

for 4MH2SO4, the higher acidic solution concentration might risk the corrosion of device 

components and also affect the reliability and safety of the supercapacitor. Thus from the 

above discussion, it can be inferred that optimum amount of ions in electrolytes plays a 

significant role in the improvement of the performance of the supercapacitor. Table 9 

provides the specific capacitance comparison at 5mV/s for 0.1M, 2M and 4MH2SO4. The 

maximum capacitance was obtained for 2MH2SO4 due to higher conductivity and lesser 

diffusion limitations. The change in specific capacitance versus scan rates for all three 

concentrations is shown in Figure 42(e). It is believed that lower capacitance at a higher 

scan rate may be due to the inaccessibility of electrolyte ions to the inner surface area of 

the electrode.  
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Table 9. Specific capacitance comparison of G-PANI (50:50) nanocomposites in (H2SO4) 

concentrations (0.1M, 2M and 4M) at 5mV/s. 

 

 

 

 

 

 

 

 

 

 

 

 

Electrolyte 

Concentration 

Specific 

Capacitance F/g 

0.1MH2SO4 180 

2M MH2SO4 360 

4M MH2SO4 250 
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Figure 42. CV comparison of G-PANI film in 0.1M, 2M and 4MH2SO4; Specific capacitance versus scan rate in 0.1M, 2M and 

4MH2SO4.  
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In order to evaluate the capacitive behavior, Figure 43 shows the charging and 

discharging trend for 0.1M, 2M and 4MH2SO4 at the constant current density of 0.1A/g. 

The potential range for all charging curves is between 0V to 1.6V. No significant 

difference has been seen in the discharging curves for different H2SO4 concentrations. 

However for 2MH2SO4 the discharging rate was found to be slower and contained small 

IR drops compared to 0.1M and4MH2SO4. In discharging trends of 0.1M, 2M and 4M 

H2SO4 two voltage ranges are observed as ranging from 1.5 to 0.9V and 0.9 to 0.3V, 1.5 

to 1.3V and 1.3 to 0V and 1.3 to 0.4 V and 0.4 to -0.6 V. The presence of two voltages 

ranges in discharging curves of 0.1M, 2M and 4MH2SO4 manifests the influence of 

EDLC and pseudocapacitance in relevant electrodes. Nevertheless, the 2M concentration 

has a larger pseudocapacitance influence than 0.1M and 4M, which may improve the 

specific capacitance in the supercapacitor. Specific capacitance values were calculated 

using charging-discharging curves for 0.1M, 2M and 4M are as 150, 360 and 270 F/g, 

which is in good agreement with the capacitance values obtained from CV curves.  

 

 

 

 

 

 

 

 

Figure 43. Charging-discharging profile of G-PANI in 0.1M, 2M and 4M H2SO4. 
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In addition to charging-discharging behavior, the cycle stability of 0.1M, 2M and 

4MH2SO4 was also tested and capacity retention upon 500 cycles was found at around 

87% in 2MH2SO4 then in 0.1M and 4MH2SO4. The capacity retention comparison of 

0.1M, 2M and 4M H2SO4 is quite attractive in fabricating the durable and fast ECs. 

 

4.3  Capacitance Evaluation of G-PANI Film with Different Solvents 

           As discussed in section 2.5 the electrode fabrication of G-PANI nanocomposites 

uses NMP solvent. Here we are discussing three solvents as NMP, Nafion and DMF in 

the formation of G-PANI film. In order to maintain the consistency in films, the mixing 

of   G-PANI  powder  to  the  amount of  each solvent  was kept the same, which is  50mg 

 

 

 

 

 

Figure 44. SEM results of G-PANI in (a) NMP (b) Nafion and (c) DMF. 

composite material mixed in 30ml of solvent. For Nafion, however, the mixing solution 

contains the weight. ratio of Nafion, ethanol and water as (80:10:10). The film thickness 

for each solvent was kept relatively the same at 35µm on the size of 1cm
2 

electrode. 

Figure 44(a, b, c) shows the SEM image of G-PANI films in NMP, Nafion and DMF 

solvents. A typical flake like structure of the G-PANI film cannot be observed in SEM 

image of NMP, because the NMP as a solvent possesses the very characteristic of the 

plasticizer to fabricate smooth film [52, 93, 94].  
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However, in contrast to NMP, SEM images for Nafion and DMF show the porous 

and flake like morphology of G-PANI film which is also promising in achieving 

reasonably good specific capacitance. For instance, besides flake like morphology, it has 

also several grain boundaries due to less solubility of G-PANI in Nafion and DMF. As it 

is noted that SEM image of G-PANI film fabricated with NMP shows smoother 

morphology and lined structure than in Nafion and DMF. The reason of obtaining the 

lesser lined penetrating, interesting structure in NMP reflects the doping in the G-PANI 

film which creates polaron and bipolaron states and change the morphology of 

polyaniline. It can also be due to high solubility of G-PANI in NMP. In addition to the 

SEM discussion, Figure 45(a, b, c) illustrates the CV measurements of NMP, Nafion and 

DMF casted films in 2MH2SO4. Figure 45 depicts the deformed rectangular CV profile of 

NMP. Nafion and DMF synthesized films have reasonable specific capacitance, but the 

maximum specific capacitance was obtained for NMP films. It attributes the higher 

solubility of PANI in NMP than in Nafion and DMF. Influence of solvents on the 

capacitive behavior of G-PANI film is observed in Figure 45(a, b, c) at the scan rates of 

5, 20, 50 and 100mV/s. High solubility of PANI in NMP gives less grain boundary and 

pore resistance which, in turn, provides high specific capacitance. As far as Nafion is 

concerned, it has less solubility for G-PANI material, but it acts as a conducting binder 

for the film and, thus, gives reasonably good capacitance. 

             In comparison to NMP and Nafion, the CV response of DMF shows the good 

capacitance, but it is still lower than the former solvents. This might be due to the partial 

solubility of G-PANI in DMF and causes higher resistance due to the diffusion 

limitations of ions into electrode surface. Redox peaks are observed at -0.1, 0.3, 0.5 and 
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0.67V for NMP, Nafion and DMF as shown in Figure 45(a, b, c). The maximum 

capacitance was obtained for NMP due to the higher conductivity and lesser diffusion 

limitations. The change in specific capacitance versus scan rates for all three solvents is 

shown in Figure 46. It is observed that specific capacitance of all films decreases with 

increase in scan rate due to the access of limited surface area or electrode pores 

resistance. However, the rate of decrease in specific capacitance for NMP film is lower 

than that of Nafion and DMF. This indicates the higher electroactive behavior of NMP 

film with good stability, higher conductivity and larger surface area. Maximum specific 

capacitance was calculated using CV response of NMP, Nafion and DMF at the scan rate 

of 5mV/s is 370F/g, 320F/g, and 260F/g.   

In addition to the CV discussion, the capacitance performance of three solvents 

was also analyzed using charge-discharge behavior of films. Figure 47 shows the charge-

discharge curves of films made of NMP films, Nafion and DMF at the current density of 

0.2A/g. Potential range for all films varies within range of -0.5 to 1.6V and the shape of 

all discharge curves is almost identical in triangular shape. By comparison the low ohmic 

voltage drop is seen in NMP films then was observed in Nafion and DMF electrodes. 

However, the influence of EDL capacitance and pseudocapacitance is evident in 

discharging curves for NMP, Nafion and DMF electrodes. The slower change in voltage 

rate and large pseudocapacitance influence for NMP film shows the performance of NMP 

electrodes is higher than in Nafion and DMF electrodes.  
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Figure 45. CV response of G-PANI in (a) NMP (b) Nafion and (c) DMF.
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Figure 46. Specific capacitance versus scan rate of G-PANI in NMP, nafion and DMF. 

 

 

 

 

 

 

 

 

 

 

 

Figure 47. Charging-discharging comparison of G-PANI films in NMP, nafion and DMF. 
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films upon cycling for 500 cycles. Specific capacitance values calculated using 

chronopotentiometry matches, to an extent, to the capacitance values obtained by CV 

response. 

 

Figure 48. Cycle’s stability versus specific capacitance of NMP, nafion and DMF. 

 

Energy density and power density comparison of all three solvents also reveals 

the higher energy storage performance of supercapacitor with NMP films than with 

Nafion and DMF. The comparison study of energy density and power density of NMP, 

Nafion and DMF films are shown in Figure 49. It is examined that NMP films have 

higher energy and power density. Only 20 percent loss of energy density was observed 

over 500 cycles, which shows the potential of stable device using NMP as a solvent.  
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Figure 49. Ragone plot of NMP, nafion and DMF. 

 

By looking at the impedance plot shown in Figure 50 it can infer that all films 

synthesized of NMP, Nafion and DMF solvents have elecroactive surfaces, since they 

have typical charge transfer response from high to low frequency range in 2MH2SO4 

respectively. Observed equivalent series resistance (ESR) in impedance plots for NMP, 

Nafion and DMF films is found at 2, 5 and 15Ω. Lower values of ESR represent the 

higher charge transfer kinetics in NMP and Nafion based films than in DMF film. In the 

high frequency region, a small semicircle was observed only for DMF film, which was 

not seen for NMP and Nafion electrodes. The missing of small circle in NMP and Nafion 

films reveals the improved charge transfer rate and good chemical affinity between 

electrode and electrolyte. Besides the small charge transfer resistance NMP, and Nafion 

films also shows low Warburg impedance since the slopes of these films in small 
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adoption of equal and short diffusion paths by electrolyte ions which are desired to obtain 

high specific capacitance in supercapacitor [93, 95]. 

 

 

Figure 50. EIS analysis of G-PANI film in NMP, nafion and DMF. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

5

10

15

20

0 5 10 15 20

Z'
'Ω

Z'Ω

Dimethlyformaide

Nafion

NMP



www.manaraa.com

106 

 

4.4  Summary 

 

In chapter 4 the effect of electrolytes, role of solvents in the fabrication of G-

PANI films was also explored. Since different solvents have different packing orientation 

and solubility characteristics for polyaniline, so it is significant to analyze their solubility 

and impact on specific capacitance of electrochemical capacitor. Qualitatively the role of 

electrolytes, concentrations and solvents has been estimated by looking at the 

electrochemical measurement results including CV, EIS and chronopotentiometry. 

Further, the effect of electrolytes and role of solvents has also been studied rendering that 

acidic solution has higher specific capacitance than organic and room temperature ionic 

liquid (IL). Based on the satisfactory results of acidic solution, the optimum 

concentration of acidic solution has also been discussed to improve the performance and 

reliability of device.  
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CHAPTER 5: HETEROCYCLIC BASED CONDUCTING POLYMER 

NANOCOMPOSITE FOR ELECTROCHEMICAL CAPACITOR 
 

 

Supercapacitor technology has been developed to close the gap between 

conventional capacitors and batteries because of their high energy density and power 

density. Conducting polymers and metal oxides are realized as the promising choice of 

materials in the development of efficient redox capacitor. In addition to aromatic based 

polymers (e.g., polyaniline, o- anisidine, o-toluidine) heterocyclic polymers have also 

gained significant attention for the application of green energy storage devices. Among 

them electroactive, polythiophene (PTh) and its derivatives are potentially focused by the 

researchers due to its ease of synthesis, chemical stability, light weight, corrosion 

inhibition , environmental stability and good conductivity properties.  

Since the PTh is stable in both its doped and undoped states, the good stability of 

PTh in its oxidized state, high conductivity and amazing electrochemical behavior makes 

this material an excellent electrode choice for the commercial application of an 

electrochemical capacitor [96, 97].  

In order to utilize the full advantage of polythiophene (PTh) for an 

electrochemical capacitor application, a composite of conducting polymers is recently in 

wide use by researchers. Among the metal oxides and carbon materials, currently the 

graphene is believed to be one of the best materials for composite choice due to high 

flexibility, large surface area, and excellent thermal and electronic conductivity. 
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Therefore, in this chapter, we are discussing the synthesis, characterization and 

electrochemical behavior of graphene-polythiophene (G-PTh) nanocomposite using facile 

chemical approach.  

 

5.1  Experimental 

5.1.1  Synthesis of G-PTh Nanocomposite Material 

Here the chemical synthesis of G-PTh nanocomposite is reported by oxidative 

polymerization of thiophene using ammonium peroxydisulfate [(NH4)2S2O8)] and FeCl3 

under controlled conditions. Initially, the thiophene monomer was dissolved in methanol 

and water due to the rigid back bone structure of polythiophene (30:70) Percent. The 

polystyrene sulfonate Na salt (PSS) dissolved in HCl solution was set at 1Ph for two 

hours. Next, the thiophene monomer in methanol and water (30:70) percent was added to 

the PSS solution for two hours. The graphene nanoparticles purchased from angstrom 

materials (USA) were used without any further purification. The thiophene to graphene 

weight. ratio was kept at 1:1 and added to the PSS solution. Further the PSS Solution was 

cooled down to -4°C in an ice bath before the drop wise addition of 0.05M ammonium 

peroxydisulfate and 0.05M FeCl3 oxidants [98- 99]. 

Polymerization was observed within 5 minutes of adding the oxidants when the 

solution starts changing its color from black brown to dark brown. The final reaction was 

continued for 24 hours under constant stirring. Finally, G-PTh nanocomposite recovered 

from the reaction vessel was filtered and washed thoroughly using deionized water, 

methanol (for the elimination of the low molecular weight polymer) and oligomers. 
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Further, the final precipitate was dried in a temperature-controlled oven at 100
o
C for 4 

hours. Figure 51 shows the possible structure of the synthesized G-PTh polymer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 51. Schematic of chemically synthesized G-PTh nanocomposites. 

 

 

As shown above the schematic represents the existence of a poloron and a 

bipoloron state in G-PTh nanocomposites. The CP polymer backbone structure and 

graphene provide a pathway for free charge to move through the polymer backbone chain 

via a sequential delocalization with π-bonds (hopping) under an applied electric field. 

Compared to poloron, a bipoloron state is more stable and promising in the electronic 

application. However the cause of occurrence of bipoloron state in PTh is due to either n 

type doping and p type doping and the removal or addition of electrons from π-system 

[100, 101]. 
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5.1.2  Structural Characterization of G-PTh Films 

The structural investigation includes the morphology and feature size of prepared 

G-PTh nanocomposite studied by Field Emission Scanning Electron Microscopy 

(FESEM), TEM and XRD. Further the Raman and FTIR study was also carried out to 

collect the information regarding the Raman Shift and absorption bands of inter and/or 

intra-gap states. For all characterization the G-PTh film mixed in chloroform was 

deposited on p-type silicon substrate (100) by drop casting.  

 

5.1.2.1  Scanning Electron Microscope (SEM) and Transmission Electron 

Microscope (TEM) Studies  
 

SEM images taken with Hitachi S-800 of G-PTh films undoped and doped of 

different magnifications are shown in Figure 52(a,b). SEM images reflect the sponge-

type structure of G-PTh nanocomposite. The sponge like structure is more likely to have 

a large surface film area. In fact the large surface area is highly desirable for the 

supercapacitor application. However it has remained difficult to distinguish graphene 

from polymer in G-CPs SEM image. This kind of porous electrode material is much 

promoted with electrolyte intercalation in return to good capacitance. Figure 53(a, b) 

shows TEM and HRTEM images of G-PTh nanocomposite taken by Technai F20. TEM 

images reveal the graphitic laminar structure in G-PTh material. TEM samples are 

prepared by adding a small amount of G-PTh dry powder to ethanol, and a drop of 

solution is dropped on 300 mesh copper TEM grid. Further, it is dried at room 

temperature for 30minutes. The G-PTh shows different oriented graphene plates in 

composite within conducting polymer, and exhibits small pores. HRTEM shows the well-

arranged graphene sheets around the PTh chain. However, the agglomeration of some 



www.manaraa.com

111 

 

graphene particles with the PTh network can also be examined [102]. The selected area 

diffraction (SEAD) patterns in TEM images are also the evidence of good crystalline 

quality of G-PTh nanocomposite. The average calculated particle size of a G-PTh 

nanocomposite is approximately 40 to 60 nm. The increase in particle size is due to the 

combined influence of graphene and polythiophene particles in nanocomposite. 

5.1.2.2  Raman Studies  

Figure 54 shows the Raman spectra of the G-PTh polymer on a silicon substrate. 

Raman bands can be observed at the peaks of the feeble bands (736, 693), 1238, 1542, 

1600, 1728 and 2421 cm
−1

). The presence of graphene in G-PTh nanocomposite is 

verified due to the typical intense G band in Raman spectra which is located at 1575 

cm
−1

. However, the band at 1238 cm
−1

 is due to the Cα−Cα‘ stretching that occurs in 

thiophene ring. Similarly, the bands at (736 cm
−1

 and 693) cm
−1

 are the very 

characteristics C-S-C (rig deformation) of G-PTh [103]. Generally speaking the existence 

of prominent peaks in G-PTh Raman spectra reflects the successful incorporation of 

graphene within a polythiophene network during chemical polymerization. 
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Figure 52. SEM images of (a) undoped (b) doped G-PTh nanocomposite. 

 

 

 

 

 

 

 

Figure 53. (a) TEM (b) HRTEM and (c) SEAD images of G-PTh nanocomposite  
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Figure 54. Raman spectra of G-PTh nanocomposites. 

5.1.2.3  FTIR 

Figure 55 shows the FTIR spectra of the PTh, G and G-PTh nanocomposites 

measured using a KBr pellet. FTIR spectra shows bands for graphene at 1434, 1649, 

2902, 2966, 3447 cm
-1

, the bands for thiophene at 570, 618, 708, 843, 891, 893, 1000, 

1075, 1218, 1226, 1450, 1585, 1698, 2415, 1998, 3452, 3760, 3890 cm
-1

, and bands at 

1458, 1708 cm
-1 

for G-PTh nanocomposite materials. The most notable stretchings in 

FTIR spectrum are due to (C-H), (C=C), (C-H) and (C-S) stretching vibration bands at 

2923 cm
-1

; 1458-1596 cm
-1

; 1113 cm
-1

 and at 749 cm
-1 

[98]. The origin of C=C stretching 

vibration caused by the thiophene ring is clearly observed at the band of 1585 cm
-1

. Band 

induced due to the doping in the polymer chain arises at 1021 cm
-1

, whereas the bands 

due to the counter ions balancing appears at 1113, 1309 and 1458 cm
-1

 [103,104].  
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Figure 55. FTIR spectra of G-PTh nanocomposites. 

The C-O and C–C vibrations bands are the very characteristics of graphene which 

are shifted to 1708 cm
−1

 and 1438 cm
−1

 in G-PTh nanocomposite. The increased 

conjugation shifted to the absorption frequencies and resulted in the polymerization of G-

PTh nanocomposite. The broad band at 3000-3500 cm
−1

 is assigned to N–H and C–H 

stretchings.  

 

5.1.2.4  X-Ray Diffraction  

The XRD result of G-PTh nanocomposite is shown in Figure 56. The obtained 

XRD pattern indicates the crystallinity of the synthesized material by the appearance of 

sharp and well-defined peaks, at 7.37, 8.25, 13.53, 15.11, 20.19, 22.55, 23.81, 26.43, 

37.27, 38.13, 41.23, 61.49, 65.73 and 69.5 degrees. The obtained diffractogram (Figure 

56) exhibits not only the peaks of the PTh situated at the low angle 20°, but also exhibits 

the presence of graphene in it [104, 105].  
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Figure 56. XRD plot of G-PTh nanocomposites. 

 

The presence of plane [002] and [100] at 25
o
 and 37

o
 represents the crystalline 

nature of G-PTh due to the existence of graphene sheets in it [98, 106]. However, 

intensity, sharpness and width of these peaks depend upon the amount of graphene in the 

nanocomposite. The average particle size of the G-PTh film was estimated based on the 

Scherrer correlation for a particle diameter (d) with peak width. The average size of the 

particles calculated from the width of the diffraction peak, according to the Scherrer 

equation, is around 70nm to 90nm for the G-PTh nanocomposite. 

 

5.1.3  Electrochemical Measurements 

5.1.3.1  Electrode Preparation and Electrochemical Setup 

The synthesized G-PTh material was mixed with chloroform and the film of 

approximately 30µm thickness was cast on graphite substrate. The electrochemical 

measurements (cyclic voltammetry, charging/discharging and impedance analysis) were 
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estimated in a cell containing the G-PTh nanocomposite as a working electrode and a 

counter electrode. We have fabricated a supercapacitor with G-PTh as electrodes 

materials in the electrolytic solutions of 2MH2SO4, 2MHCl, 0.5MLiClO4 and room 

temperature IL. 

 

5.1.3.2  Capacitance Evaluation of G-PTh Film 

Cyclic voltammetry (CV) responses of G-PTh film coated on graphite electrodes 

as a function of the scan rates of 10 mV/s (1) 20mV/s (2) 50mV/s (3) and 100 mV/s (4) 

are shown in Figures 57. All CV measurements for a G-PTh based supercapacitor were 

recorded at room temperature in a potential window from 0 to 1V. Figure 57(a, b, c, d) 

gives the comparative study of CV profile of G-PTh films in different electrolytes (e.g., 

2MHCl, 2MH2SO4, 0.5MLiClO4 and IL). Moreover, the CV study of G-PTh reveals the 

pseudocapacitance in aqueous based HCl and H2SO4 electrolytes but lacks the 

pseudocapacitance in 0.5M LiClO4 and PF6. It has been noted that with the change in 

voltage sweep rate from 10 mV/s to 100 mV/s, the cathodic peak (0.45V) shifts positively 

and the anodic peak (0.65V) shifts negatively in HCl and H2SO4 solution. The presence 

of a distinct peak centered at 0.5 V corresponds to the oxidation of the G-PTh 

nanocomposite [98, 104]. Faradic transformation in G-PTh is responsible for the 

existence of doped and undoped states in the G-PTh films and it leads to the formation of 

peaks. By comparison, all the CV curves show the deformed rectangular shapes which 

significantly deviate from an ideal rectangular box. However, by comparison, the CV 

profile for H2SO4 has a larger surface area than the CV shapes of HCl, LiClO4 and IL. It 

might be due to the higher electronic conductivity and improved diffusion mechanism in 

H2SO4 electrolyte which yields less resistance and a larger surface area. Figure 57(c) 
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shows the wide oxidation peak at 0.53V in LiClO4 which describes the reversible redox 

system in an organic electrolyte. However, no specific oxidation peak was observed for 

ionic liquid rather than it shows more like EDL behavior. It clearly indicates that among 

all electrolytes, H2SO4 is giving higher specific capacitance due to improved electroactive 

performance. Capacitance starts decreasing with because of the sweep rate change from 

10mV/s to 100mV/s for all electrolytes as given in Figure 58. It ascribes the limitation of 

electrolyte access in 3D electrode dimension due to the higher pore resistance at higher 

sweep rate. However, rate of decreases in specific capacitance in 2MH2SO4 is less than 

other electrolytes, which might be due to higher ionic and electronic conductivity besides 

the low ESR. 
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Figure 57. Current-voltage response of G-PTh nanocomposites in (a) 2MHCl (b) 2MH2SO4 (c) LiClO4 (d) IL.
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Figure 58. Specific capacitance versus scan rates of G-PTh nanocomposites in (a) 2MHCl 

(b) 2MH2SO4 (c) LiClO4 (d) IL. 

 

In addition to CV discussion, charge/discharge behavior has also been studied to 

further understand the capacitance influence for G-PTh nanocomposite. Figure 59 depicts 

the charging-discharging behavior of G-PTh nanocomposite at a current density of 

0.2A/g. The voltage ranges are from 0 to 1.2 V in 2MHCl, 0 to 1.5 V in 2MH2SO4, 0 to 

2.2 V in 0.5 MLiClO4 and 0 to 2.75V in IL. The charging and discharging has been found 

to be quite symmetrical in Figure 59 in spite of different electrolytes. The discharge 

capacitance ‘Cd’ has been evaluated from the discharge curves using the equation 18 [98, 

104-107]. 

    
     

         
                                                  (18) 

where I is the constant current, Δt is the time interval for a voltage change of V and m is 

the mass of the film coated over the graphite substrate.  
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Figure 59. Charging-discharging profile of G-PTh nanocomposites in (a) 2MHCl (b) 

2MH2SO4 (c) LiClO4 (d) IL. 

 

 

             The estimated specific capacitances for 2M H2SO4, 2M HCl, 0.5M LiClO4 and IL 

are as 169, 75, 45 and 30F/g. Specific capacitance results obtained by chrono 

potentiometry are in agreement with the CV results. The columbic efficiency  of G-PTh 

electrodes was also calculated for all four electrolytes given in Figure 60. The initial 

decrease in efficiency is due to irreversible redox reactions, however later it gets stable. 

The columbic efficiency for H2SO4 has been found approximately 89% over the 400 

cycles. It clearly indicates the potential of G-PTh electrodes to be used in a fast and 

durable supercapacitor. 
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Figure 60. Columbic efficiency versus number of cycles of G-PTh nanocomposites in (a) 

2MHCl (b) 2MH2SO4 (c) LiClO4 (d) IL. 

 

Besides the columbic efficiency study of G-PTh electrodes, the cyclic stability of 

the prepared nanocomposite was also analyzed upon cycling in different electrolytes as 

shown in Figure 61. The better cyclic stability due to the higher specific capacitance is 

realized for 2MH2SO4 than other electrolytes. This clearly manifests the higher stability 

and superior electrochemical characteristics of G-PTh in H2SO4. Therefore, it is 

concluded that ions and charge transport capabilities of electrolytes play a dominant role 

in improving the capacitance. 
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Figure 61. Specific capacitance versus scan rates of G-PTh nanocomposites in (a) 2MHCl 

(b) 2MH2SO4 (c) LiClO4 (d) IL. 

 

 

Performance of the G-PTh nanocomposite for the electrochemical capacitor can 

be better understood by analyzing the ragone plot given in Figure 62. Ragone plot for G-

PTh for H2SO4, HCl, LiClO4 and IL shows the higher energy density for the H2SO4 

solution where as a higher power density was obtained for IL [108]. It means that the 

different electrolytes have different significance, but overall enhancement in the 

performance of G-PTh based capacitor has obtained in H2SO4. However, further 

investigation is still needed in regards to the scope of electrolyte in the performance 

improvement of the supercapacitor. 
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Figure 62. Ragone plot of G-PTh nanocomposites in (a) 2MHCl (b) 2MH2SO4 (c) LiClO4 

(d) IL. 

 

 

5.1.3.3  Impedance Study 

Figure 63 reflects the Nyquist plots of G-PTh supercapacitor for a frequency 

range of 100 mHz to 100 kHz. The good capacity like behavior of G-PTh nanocomposite 

has been observed in high frequency region. The internal resistances are found to be 0.7, 

1.0, 12.6 and 100 Ω in 2M H2SO4, 2M HCl, 0.5M LiClO4 and IL respectively. IL shows 

the higher internal resistance which is associated with the bigger ionic size of IL and 

offers high diffusion limitation to the counter ions. The Nyquist plot revealed that H2SO4 

provides a high conductive medium. A small semicircle was observed in the high 

frequency region in the 0.5M LiClO4 and IL electrolytes due to high series resistance and 

less ionic conductivity. 

However, there is no semicircle detected in impedance measurements of aqueous 

electrolytes in the high frequency range. This implies that both H2SO4 and HCl are more 

conductive than LiClO4 and IL. The important criteria to exhibit an ideal capacitor 
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behavior, that the doping/dedoping rates in G-Cps are fast enough to provide a constant 

current during the redox reaction [109]. The charge (electrons or holes) and ionic 

transport mechanism are responsible for the doping/dedoping process in the G-PTh 

nanocomposite. However the charge/discharge mechanism of the G-PTh determined by 

the ionic transport rate because it is slow compared to the charge transport rate [110]. In 

comparison to the high frequency response of G-PTh nanocomposites in different 

electrolytes, it also shows the desirable response in low frequency regions. All the 

impedance curves are inclined at a certain angle between an imaginary and real 

impedance axis, which develops due to the existence of Warburg impedance at the 

electrode and electrolyte interface. However, among all electrolytes, the slope of 

impedance curve in 2M H2SO4 tends more towards the imaginary axis revealing the ideal 

capacitive behavior of G-PTh film in 2M H2SO4. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 63. Impedance analysis of G-PTh nanocomposites in (a) 2MHCl (b) 2MH2SO4 (c) 

LiClO4 (d) IL. 
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5.2  Summary 

G-PTh nanocomposite material was synthesized by the oxidative polymerization 

technique, and characterized using various physical and electrochemical techniques. The 

FTIR and Raman studies of G-PTh films have shown that graphene plays a dual role in 

improving the overall conductivity of a PTh system, by acting as a dopant and also 

forming nanocomposites with the PTh conducting polymer. The G-PTh structure 

dramatically improves the electrochemical performance in PTh based supercapacitor. The 

G-PTh supercapacitor electrode provides a faster electrochemical reaction with an 

average capacity of 174 F/g. Further improvements in the electrochemical performance of 

the supercapacitor can be obtained by optimizing the electrolytes, thickness of electrodes 

materials, cell design and the electrode material containing different ratios of thiophene 

to graphene in the nanocomposite structure. Nevertheless, at this point this study provides 

a fundamental understanding for high performance organic electronic devices based on 

PTh and graphene nanocomposite material. 
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CHAPTER 6:  EFFECT OF SUBSTITUTES IN HETEROCYCLIC BASED 

CONDUCTING POLYMER 

 

 

Poly (3, 4-ethylenedioxythiophenes) (PEDOT) among all polythiophene 

derivatives is the extensively studied material due to its interesting characteristics (e.g. 

high conductivity, good transparency, moderate band gap, low redox potential  and high 

thermal and chemical stability at room temperature.) [111]. Since the PEDOT has good 

stability during oxidization in both doped and undoped states, it is considered one of the 

potential candidates for commercial use in electronic applications.  

Further structural modification of the polymer backbone and its high 

conductivity which is around 300 to 550 S/cm and fast electrochemical switching 

behavior allows this polymer to be used as electrodes of electrochemical capacitor [112]. 

However like other polymers PEDOT faces the same challenges related to volume 

changes (e.g. shrinkage, breaking, cracks due to intercalation/deintercalation of counter 

ions upon cycling which limits its use in a fast electrochemical capacitor). In order to 

exploit the full potential of a stable PEDOT polymer in ambient conditions, recent 

composite material has gained wide attention due to the improvements in the specific 

capacitance and mechanical and thermal properties of materials. As it has been discussed 

in detail in chapters 2, 3, 4 and 5 graphene is a promising material due to its extraordinary 

properties asides from the low cost in the fabrication of nanocomposite. So here we are 

discussing the synthesis characterization, and application of G-PEDOT material and 

investigating the role of G-PEDOT nanocomposite as supercapacitor electrodes. 
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6.1  Synthesis of G-PEDOT 

              Synthesization of G-PEDOT nanocomposite was done with a facile and low 

cost, low temperature chemical polymerization approach. In order to play with the 

tunability of length, porosity and structure of a polymer, the oxidant is one of the 

significant factors. So during chemical synthesis of PEDOT, we used the ammonium 

peroxydisulfate [(NH4)2S2O8)] and FeCl3 as oxidants under controlled conditions. Figure 

64(a, b) shows a polymerization schematic of ethylene dioxythiophene (EDOT) with 

graphene nanoparticles. In order to resolve the solubility of PEDOT, first sodium 

polystyrene sulfonate Na salt (PSS) was dissolved in IMHCl solution set at 1PH for two 

hours. Next the EDOT monomer was added in the PSS solution and mixed for another 

two hours [113]. 

Graphene, of having a weight ratio of 1:1 to EDOT monomer, was added next to 

the PSS solution and again mixed for 1hour. Before the addition of oxidants, the PSS 

resulting solution was kept in an ice bath and temperature was reduced to -4°C. The PSS 

solution was later followed by the slow addition of oxidants, 0.05M ammonium 

peroxydisulfate and 0.05M FeCl3. The polymerization was observed within 5 to 10 

minutes of the drop wise addition of oxidants as the solution changed its color to dark 

purple-green. After the addition of oxidants, the ice bath was removed around the 

reaction vessel and the final reaction was stirred for next 24 hours. Finally, the recovered 

G-PEDOT nanocomposite from the reaction vessel was filtered, and washed thoroughly 

using deionized water, methanol, acetone, and diethyl ether to eliminate low molecular 

weight polymers and oligomers [114]. Further recovered doped G-PEDOT precipitate 

was dried in a temperature-controlled oven at 100
o
C for 3hours. For the use of G-PEDOT 
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in ECs it was converted into its undoped form by mixing in the 2M solution of NH3OH 

for another 6hours. In the end, again, the desired material of a dark purple-bluish color 

was washed thoroughly with deionized water, methanol and dried in the oven at 100
o
C 

for 2hours.  

 
 

 
 
 
 
 
 
 

 

 

 

 

 

Figure 64. Schematic of G-PEDOT nanocomposites. 

The morphology and crystalline structure of synthesized G-PEDOT was then 

characterized by field emission scanning electron microscopy (FESEM), high-resolution 

transmission electron microscopy (HRTEM) and X-ray diffraction technique. In addition 

to structural techniques the G-PEDOT was also optically characterized by Fourier 

transform infrared (FTIR) spectrophotometer, Raman spectroscopy to collect information 

regarding the Raman shift, and absorption bands of inter and/or intra-gap states. For all 

above characterization the G-PEDOT film was deposited using a doctor blade method on 

a p type 100 silicon substrate. 
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6.2  Results and Discussion 

 

6.2.1  Characterization of G-PEDOT 

 

Figure 65(a) shows the SEM picture of undoped G-PEDOT nanocomposite 

having flake-like morphology possibly due to the formation of a nanocomposite structure 

with G. In order to see the effect of doping the G-PEDOT film was doped in 1M HCl for 

a couple of minutes. Figure 65(b) simply shows that the HCl doped, G-PEDOT film has a 

higher surface roughness as well as wide pore size distribution areas. Though no 

significant difference was observed in the morphology of doped and undoped G-PEDOT 

films [114, 115], average particle size of synthesized G-PEDOT material is found to be 

around 80nm to 90 nm. Therefore, from SEM images of G-PEDOT depict the successful 

synthesis of nanocomposite with the promising, large surface area morphology to attain 

the good capacitive behavior. 

Figure 65. SEM  images of undoped (a) and doped (b) G-PEDOT nanocomposites. 

In regards to crystallinity of G-PEDOT nanocomposite, Figure 66(a, b) shows the 

TEM and HRTEM images of G-PEDOT. The graphitic laminar structure could be 

observed in G-PEDOT nanocomposite material. The TEM image of G-PEDOT depicts 
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the successful incorporation of graphene within PEDOT particles. However, some of 

these particles also represent the agglomeration of PEDOT particles within graphene 

sheets. This may be caused by the synergetic effect of graphene within PEDOT network. 

An HRTEM image of G-PEDOT reflects the crystalline order of synthesized material 

which shows the superior hierarchy structure of the synthesized material. Average 

particle size of the synthesized G-PEDOT was found to be equal to 70 to 100nm, which 

is consistent with the SEM results. Also, the good crystallinity of prepared G-PEDOT is 

seen due to the regular SAED diffraction pattern inset in the TEM image. 

 

Figure 66. (a) TEM and (b) HRTEM images of G-PEDOT nanocomposites. 
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6.2.2  FTIR 

 

The FTIR spectra of Graphene and G-PEDOT nanocomposite in potassium 

bromide (KBr) pellet were measured as shown in Figure 67. FTIR spectra of G-PEDOT 

exhibits bands at 782, 1178, 1305, 1388, 1524, 1634, 1664, 2900, 2928, 3296, 3476, 3887 

and 3785 cm
-1

[114]. Stretching vibrations of C=C and C-C due to the quinoidal structure 

of the thiophene ring has been observed at bands at 1634 and 1305 cm
-1

[116]. Another C-

O-C stretching vibration in G-PEDOT spectra was also observed at band 1178 cm
-1

 

indicating the successful incorporation of graphene in PEDOT during chemical 

polymerization. Compared to graphene in G-PEDOT film, the broader peaks due to the 

C=C and C-C and C-O-C stretching are observed at bands 1650, 1325 and 1190cm
-1 

which simply explains
 
the higher absorption property of G-PEDOT material. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 67. FTIR spectra of G-PEDOT nanocomposites. 

 
 
 
 



www.manaraa.com

132 

 

6.2.3 Raman Spectroscopy 

Figure 68 depicts the Raman spectra for the G-PEDOT film consisting of peaks at 

1550, 1590, 1685, 3060 and 3100 cm
-1

. In G-PEDOT Raman spectra, a broadened G-

band was observed at 1590 cm
-1

. The important thiophene ring vibration was noticed at 

1685 due to the α-H bonds and C=S vibration at 3060 and 3100 cm
-1

. These are found 

due to the β-H bonds in the thiophene ring. Six dominated bands in thiophene spectra are 

observed at 1550 (Quinoid structure), 1487, 1424 (Ca=Cb stretching), 1185 (C–C 

stretching), 986 (C–C alkyl stretching), 891 (C–H bending) and 834, 766 cm
–1

(C–S–C 

ring deformation). However, the presence of D, G and 2G bands at 1150, 1545 and 2650 

cm
–1

clearly indicates the successful incorporation of G in the PEDOT structure 

[114,118].  

 

 

 

 

 

 

 

 

 

Figure 68. Raman spectra of G-PEDOT nanocomposites. 
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6.2.4 XRD 

As far as crystallographic information is related for G-PEDOT films Figure 69 

depicts the X-ray diffraction patterns of G-PEDOT nanocomposites. The sharp and 

intense peaks can be observed in the obtained XRD which simply indicates the good 

crystallinity of the synthesized material. Existence of the low angle peak at 20
o
 indicates 

the amorphous nature of PEDOT. Figure 69 shows the X-ray peaks at 6.34, 13.75, 26.43, 

33.45, 37, 57, 43.73, 51.37, 53.91, 61.7, and 63.31 degrees for the doped G-PEDOT films 

indicating more improved crystalline structure than the undoped G-PEDOT 

nanocomposites material [114,112,119]. Estimated average particle size of the 

synthesized material using the Scherrer equation has been found around 70nm. Particle 

size estimation of G-PEDOT using Scherrer equation is consistent with TEM results.  

 

 

Figure 69. XRD analysis of doped G-PEDOT nanocomposites. 
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6.3  Electrochemical Measurements 

6.3.1  Electrode Fabrication 

The solubility of G-PEDOT is a big question. The capacitance study of G-PEDOT 

film was done with the mixing of G-PEDOT in Nafion. Nafion here, as well, acts as the 

binder and solvent for G-PEDOT films. G-PEDOT was fabricated on the graphite 

substrate by a solution cast technique, which is then dried at 100 °C. Since the 30µm was 

obtained as optimum thickness as discussed in chapter 3 The G-PEDOT films thicknesses 

was kept at the same value respectively. 

 

6.3.2  Capacitance Evaluation of G-PEDOT Electrodes 

Figure 70(a, b, c, d) shows the current-voltage relationship of Nafion mixed G-

PEDOT in 2M HCl ,2M H2SO4, 0.5M LiClO4 and IL as a function of scan rates (1) 5 (2) 

20, (3) 50 and (4) 100 mV/s coated on graphite electrodes. This indicates the reversibility 

of G-PEDOT nanocomposites film and good charge propagation within electrode 

material. The CV profile of the G-PEDOT nanocomposites as seen in Figure 70(a,b,c,d) 

resembles a good capacitive behavior which reflects the dominant characteristic of a 

double layered mechanism due to less ohmic loss (greater conductivity) and higher 

reversibility [120]. A comparative study shows the deformed rectangular shape of CV 

profile for all electrolytes, however, a larger surface area was observed in the 2MHCl 

solution. Therefore, the larger CV area is associated with the good chemical affinity 

between the G-PEDOT and HCl ions and higher electrochemical stability. The oxidation 

and reduction peaks, potential were observed at 0.2, 0.45, and 0.67V for 2MH2SO4 and 

2M HCl. For instance, no prominent oxidation peaks were observed for G-PEDOT in 
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0.5M LiClO4 and IL. The lower reduction peak in HCl compared to other electrolytes 

provides the good electrochemical response at electrode and electrolyte interface. 

It is noted that the cathodic peak (0.35V) and anodic peak (0.67) has shifted to 

slightly towards the right and left directions when potential sweeps change incremental 

from 5 to 100 mV/sec. Furthermore, the doped and undoped states of G-PEDOT initiate 

the redox behavior, which is responsible for the formation of peaks in the CV profile. 

Hence the resultant anodic current increases proportionally with scan rates in the CV 

measurements. 

The CV plot depicts more like double capacitor behavior attributing to the 

synergetic effect of the incorporation of G particles in a polymer network chain [121]. 

However, the CVs curves show the successful doping of Cl
-
, ClO4

-
 and SO4

-
, ions in G-

PEDOT material, reflecting the porous with high conductivity property of the synthesized 

material.  
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Figure 70. Current-voltage response of G-PEDOT nanocomposites in (a) 2MHCl (b) 2MH2SO4 (c) LiClO4 (d) IL. 
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Figure 71. Scan rate versus specific capacitance of G-PEDOT nanocomposites for 5, 25, 

50 and100 mV/s. 

 

Contrary to G-PANI and G-PTh, the specific capacitance value of G-PEDOT 

nanocomposite is higher in HCl than in H2SO4 illustrating a higher electrochemical 

reaction of an electroactive electrode in an HCl electrolytic medium. Figure 71 shows the 

decrease in the specific capacitance with the increase in scan rate for HCl, H2SO4, LiClO4 

and IL. The decrease in specific capacitance highlights the limitations of ionic diffusion 

and the reduction in charge storage property of G-PEDOT electrodes at a higher scan 

rate. However, the rate of decrease in specific capacitance in HCl was found to be less 

compared to H2SO4, LiClO4 and IL. This clearly indicates the higher electronic and ionic 

conductivity of G-PEDOT in HCl. The specific capacitance values calculated using CV 

profile for HCl, H2SO4, LiClO4 and IL at 5mV/s are 375, 320,150, and 115 F/g. Figure 

72(a, b, c, d) gives the comparison study of the charging-discharging of G-PEDOT in 

HCl, H2SO4, LiClO4 and IL. Figure 72(a, b) shows the charging-discharging response of 

G-PEDOT in HCl and H2SO4 at the current density of 0.2A/g. All the charging-

discharging curves are triangular in shape and lie within the voltage range of 0.2 to1.5V 

and 0 to 3.5V. It shows a specific discharge capacitance of 355 F/g for an asymmetric 
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redox-type supercapacitor with the G-PEDOT nanocomposite in HCl solution, which is 

close to the value, reported by cyclic voltammetry of 374 F/g. From Figure 72, it is 

observed that the initial voltage drop during discharging is prominent, and the voltage of 

the capacitor varies with time during both charging and discharging processes for various 

numbers of cycles. The low IR drop in HCl charging-discharging curve shows the higher 

ionic mobility within the G-PEDOT electrode and gives rise to the low diffusion 

resistance and to the higher specific capacitance. Figure 73 illustrates the comparison 

analysis of columbic efficiency of G-PEDOT in HCl, H2SO4, LiClO4 and IL. The high 

linearity and symmetry in the charge/discharge curve of a G-PEDOT based 

supercapacitor indicates higher columbic efficiency (η) of 95.2%, in HCl than in other 

electrolytes, which is the ratio of discharge time td to charge time tc. Besides the columbic 

efficiency the cyclic stability of the G-PEDOT electrode was also studied and is given in 

Figure 74. The G-PEDOT electrode reflects the good stability in all electrolytes upon 

cycling for 500 cycles, but the maximum capacity retention was observed in HCl. This 

ascribes the higher electroactive property of H
+
 and Cl

-
 ions within the G-PEDOT 

electrode. The detailed estimation of energy storage parameters (e.g., power density and 

energy density of G-PEDOT nanocomposite in four electrolytes) is given in Figure 75. 

The average power density for G-PEDOT in HCl, H2SO4, LiClO4 and IL is calculated to 

be 97W/kg and energy density is estimated to be 12Wh/kg. By comparison the high 

power capability of G-PEDOT in HCl is attributed to the fast kinetic reaction of porous 

flake-like structures of G-PEDOT nanocomposite permitting counter-ions to diffuse into 

the polymer and provides a short diffusion distance to facilitate the ion transport [114, 

122].  
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Figure 72. Charging-discharging of G-PEDOT nanocomposites in (a) 2MHCl (b) 2MH2SO4 (c) LiClO4 (d) IL. 
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Figure 73. CE% of G-PEDOT nanocomposites versus cycles numbers in (a) 2MHCl (b) 

2MH2SO4 (c) LiClO4 (d) IL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 74. Specific capacitance versus scan rate of G-PEDOT nanocomposites in (a) 

2MHCl (b) 2MH2SO4 (c) LiClO4 (d) IL.  
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Figure 75. Ragone plot of G-PEDOT nanocomposites in (a) 2MHCl (b) 2MH2SO4 (c) 

LiClO4 (d) IL. 
 
 

In addition to CV and chronopotentiometry results, the capacitive behavior of G-

PEDOT electrodes was also estimated using impedance spectroscopy technique in a 

frequency range of 100 mHz to 100 KHz. Figure 76 shows the impedance comparison of 

G-PEDOT in HCl, H2SO4, LiClO4, and IL electrolytes. The bulk electrical conductivity at 

the interface of electrode/electrolyte solution could be evaluated by EIS method. The EIS 

analysis is taken into account, to estimate the fundamental behavior of electrode material 

for a supercapacitor. An AC impedance spectrum has shown to influence in all three 

high, medium and low frequency regions.  

A small semicircle arc and a straight line are observed besides the interfacial 

polarization effect in Nyquist plots. The faradic reaction across the electrode and 

electrolyte ions is responsible for the formation of the semicircle in high frequency. 

Whereas in medium and low frequencies, pseudo-transfer resistance is responsible for the 

formation of a semicircle pattern and inclined slope, associated mainly with the porosity 
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and conductivity of the electrodes. For instance a fast doping/dedoping process due to 

redox reactions in G-PEDOT-based supercapacitor exhibits good capacitive behavior. 

The transport of electrons or holes in addition to ionic transport originates the 

doping/dedoping process in a polymer based supercapacitor. Ion transport is important 

since it determines the charge-discharge capacity of a supercapcaitor [114]. The G-

PEDOT nanocomposites in HCl presents a phase angle close to 90 degrees in a high 

frequency region, following the trend of ideal capacitive behavior, and agrees to CV 

results. The improvement in the proton diffusion into the G-PEDOT nanocomposites 

electrode during the charge storage/delivery process is due to the incorporation of 

graphene in the PEDOT matrix [122]. 

 

 

 
Figure 76. Impedance analysis of G-PEDOT nanocomposites in (a) 2MHCl (b) 2MH2SO4 

(c) LiClO4 (d) IL. 
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The above discussion clearly supports the importance of electrolytes in the 

supercapacitor in order to improve the specific capacitance to obtain the best performance 

of the supercapacitor. Here we have made an attempt to understand the rapid response of 

the interface electrode potential and high reversibility in the G-PEDOT EDLC system.  

 

6.4  Summary 

G-PEDOT nanocomposites material is synthesized using an oxidative 

polymerization technique. The FTIR and Raman studies of G-PEDOT films have shown 

that G not only makes the nanocomposites material but also acts as a dopant to the 

PEDOT system. The G-PEDOT compact morphology enhances the electrochemical 

performance dramatically in a PEDOT based supercapacitor. The G-PEDOT has 

provided a faster electrochemical reaction with an average capacity of 380 F/g in HCl 

medium. However, except for HCl, G-PEDOT also shows the good capacitive behavior 

in organic and ionic liquid electrolytes. The electrochemical performance of the G-

PEDOT based supercapacitor could be further enhanced by optimizing the electrolyte 

role, electrode material, and cell design. This study provides the fundamental 

understanding for high performance organic electronic devices of G and PEDOT based 

nanocomposite electrode material. 
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CHAPTER 7:  CONCLUSION 

 

 

The objective of this doctoral study was to explore the role and deepen the 

knowledge of the nanocomposites materials regarding its electrochemical properties used 

as supercapacitor electrodes. In order to understand the role of nanocomposites in detail 

they were studied by means of physical, structural and electrochemical approaches. The 

nanocomposites show several advantages used as the supercapacitor electrode due to the 

high surface area, large flexibility, high reactivity and shorter ionic diffusion paths. The 

main advantage of the graphene based nanocomposites material is high conductivity 

which tailors the electron transport within the electrode material and enhances the cycle 

life and high rate capability. Following is the summary of the outcomes related to 

nanocomposites research discussed in this doctoral dissertation. 

 

7.1  Electrochemical Capacitor 

The main aspect of this research is to explore the synergetic effect of 

nanocomposites in order to analyze the performance of the electrochemical capacitor. 

The selection of stable and widely used conducting polymers were made to see their 

potential in the enhancement of the efficiency and stability of the supercapacitor. During 

this research, the effect of aromatic conducting polymer nanocomposites with the 

selection of several inorganic materials has been studied and tested. The most notable 

aromatic conducting polymer nanocomposites used in present research work are ZnO-
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PANI, RuO2-PANI, G/ZnO-PANI and G-PANI. For instance, almost all synthesized C-Ps 

nanocomposites have shown great potential to be used as fast supercapacitor electrodes. 

However the high theoretical capacity, larger surface area, higher flexibility, low cost and 

superior electrochemical properties of graphene has rendered the best results of G-PANI 

among other nanocomposites materials.  

Moreover, the amount of graphene plays a key role in the enhancement of the 

overall synergetic effect of synthesized material. The detailed investigation has been 

made by adding the different proportions of graphene to the monomer weight percent as 

discussed in chapter3rd. Based on the obtained results, it has been realized that equal 

weight percent ratio of graphene to monomer has provided the optimum result in terms of 

electronic and ionic conductivity, reliability, and specific capacitance of the 

supercapacitor. Contrary to the concept of high electronic conductivity, it is evident that 

beyond a certain limit the electronic conductivity does not play any significant role in the 

performance enhancement of the supercapacitor since there are many other reasons, to 

obtain overall performance of a device. 

In addition to the amount of graphene, other important parameters are also 

examined during this research to evaluate and analyze their influence in the performance 

of a device. Since the formation of the electric double layer depends on the surface area 

and morphology of the electrode material, the optimum electrode thickness is very 

essential to obtain efficient working device. Here three random thicknesses of G-PANI 

nanocomposites which involve 10µm, 30µm and 50µm were selected to observe their 

electrochemical behavior. Among these three thicknesses, 30µm electrode has shown 

promising results with the highest specific capacitance and the improved electroactive 
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and electrochemical response. Thus, on the basis of thicknesses comparison it has been 

concluded that appropriate surface area or film thickness is a highly significant factor to 

increasing the width of the electric double layer and, therefore, preventing the 

degradation of the device. 

Furthermore, the nature of electrolytes and packing of electrolytes are of utmost 

importance to achieving improvement in the energy density and power density of the 

electrochemical capacitor. In order to get the comprehensive idea of the electrolyte role in 

the supercapacitor, the three most widely used electrolytes are acidic solution (H2SO4), 

organic electrolyte (LiClO4), and room temperature ionic liquid IL. These were selected 

and tested as explained in chapter 4. Since having different ionic conductivity and 

permittivity of electrolytes, it has been noted that the acidic electrolyte has provided the 

maximum energy density with a reasonable power density due to less diffusion 

limitations and high conductivity. Whereas the trend of maximum power density has 

been observed in ionic liquid due to high decomposition voltage range. Thus, following 

the advantages and disadvantages of electrolytes it has been found that an acidic 

electrolyte, with a smaller ionic size and higher electroactive characteristic is one of the 

favorite choices of electrolytes to achieve the maximum output of the device. However, 

the low evaporation rate and the lesser corrosion risk factor of the organic electrolyte and 

ionic liquid have shown improvement in the stability and life of the device. 

During this research the concentration of electrolyte and effect of solvent was also 

discussed in chapter4. In order to see the influence of electrolyte concentration, the 

electrochemical measurements were performed for different concentrations and later it 

was concluded that the presence of an optimal amount of ions in electrolytes is very 
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important, not only to improve the conductivity of electrolytes, but it also helps in 

increasing the electric double layer capacity due to the reasonable width formation of the 

electric double layer. Nevertheless, too less and too high of an electrolyte concentration 

may degrade the device performance.  

Further the solubility impact of solvents for graphene-polyaniline nanocomposites 

was also investigated to improve the durability and output of the device. Among the 

selection of the three most favorable solvents for aromatic polymers which are: NMP, 

Nafion and DMF. The NMP has shown the maximum solubility and least grain 

boundaries, which leads to the fabrication of fast and reliable electrochemical capacitor. 

Detailed comparative electrochemical study of widely known and stable conducting 

polymers involves Polyaniline, Polythiophene and Poly (3, 4-ethylenedioxythiophenes) 

has been established to understand their reaction kinetics. By comparison, the Graphene 

nanocomposites of Polyaniline, Polythiophene and Poly (3, 4-ethylenedioxythiophenes) 

have shown the reasonable specific capacitance for the electrochemical device. However, 

the maximum efficiency and specific capacitance are examined for G-PANI and G-

PEDOT nanocomposites. This clearly demonstrates the higher atmosphere stability, 

higher conductivity, superior structural hierarchy and faster reaction kinetics of the 

Polyaniline and Poly (3, 4-ethylenedioxythiophenes).  

7.2  Future Work and Limitations 

The nanocomposites materials have advantages to being used in supercapacitor 

electrodes in the commercial sector. I have studied the synthesis of nanomaterials, 

fabrication of supercapacitor cell, the charging and discharging cycles and specific 

capacitance in detail over several important nanocomposites materials. I have observed 
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that the larger surface area and small particle size, in nanocomposites systems leads to 

higher reactivity due to excessive side reactions with the electrolyte. Therefore, it is 

important to control the shape as well as the size of nanocomposites during synthesis. 

Besides the correct size of the particles, the surface modification of the synthesized 

material should be investigated to prevent the disadvantages of nanocomposites and 

enhance the overall performance of the device.  

However, in order to fabricate durable, flexible electrochemical capacitors in 

addition to acidic, organic and ionic liquid, the further use of solid state electrolytes needs 

to be explored. Moreover, to reduce the amount of leakage current and to enhance the 

capacity retention in the electrochemical capacitor, the use of high k dielectric will be 

beneficial. Further, the investigation related to micro contacts research should be 

anticipated to reduce the equivalent series resistance of the device and improve the 

overall efficiency and performance of the device. 
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