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Abstract 
Ideal energy storage devices should have both high energy and power density. Electrodes having 

high specific surface area and thinner dielectrics are used in supercapacitors. Because of these 

characteristics, they have power and energy densities that are higher than those of batteries and 

traditional capacitors, respectively. In this work, a ternary composite comprising reduced graphene 

oxide, Manganese dioxide, and poly-2,5-dimethylaniline (rGO/MnO2/PDMA) was synthesized via 

in-situ polymerization. To investigate the effect of manganese dioxide on the composite material, 

different ratios of MnO2 (80%,60%, and 30%) were synthesized. 

The characterization techniques employed are Fourier-Transform Infrared (FTIR), X-ray 

Diffraction (XRD), Brunner Emmet Teller (BET), and Scanning Electron Microscopy-Energy 

Dispersive Spectroscopy (SEM-EDS), Cyclic Voltammetry (CV), Galvanostatic 

Charge/Discharge (GCD), and  Electrochemical  Impedance Spectroscopy (EIS) techniques in 

1MNa2SO4. 
 

A maximum specific capacitance of 176.4F/g for rGO/MnO2/PDMA in a three-electrode system 

was attained at a current density of 0.0016A/cm^2. 80%MnO2  had the best electrochemical 

performance and the performance dwindled as the ratio of MnO2 decreased. Asymmetric 

electrodes performed better than symmetric electrodes in a two-electrode system with maximum 

specific capacitance values registered at 0.0016A/cm^2 current density for ternary composites as 

86 F/g respectively. The ternary composite performed better than the binary composite and the 

conducting polymer. Despite excellent performance by rGO, it is very expensive and therefore 

uneconomical for commercial applications. This opens possible research opportunities that aim to 

use it in small quantities to increase the conductivity and specific capacitance of other cheaper 

materials, to lower production cost. 

 
 

Keywords: reduced graphene oxide(rGO), Supercapacitors, specific capacitance, Two-electrode 

system, Three-electrode system, Asymmetric configuration, Ternary composite
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1. Introduction 
 

 

1.1. Background of the study 

Chapter One

 
In the modern environment, practically every human function is facilitated and efficient by the use 

of electronic equipment. These are so important that a country's economic development is 

significantly influenced by its technological growth. However, renewable energy sources such as 

solar, wind, and hydroelectric power are intermittent and therefore not always accessible. 

Dependable electrochemical energy storage devices such as batteries and supercapacitors need to 

be connected to these energy sources to enable accessibility to energy at all times. The increasing 

use of electronic gadgets and the rapidly expanding number of automated cars are placing a great 

deal of demand on the world's conventional energy sources, such as fossil fuels, hastening their 

rapid depletion[1]. Furthermore, the overuse of these conventional fuels endangers the 

environment by releasing CO2 into the atmosphere, which causes pollution and global warming[2]. 

To lessen these worldwide concerns, it is imperative to connect energy-driven technology with 

sporadic energy sources like solar or wind energy. To provide a steady power supply, these energy 

sources must be connected to efficient electrochemical energy storage devices[3]. 

 
Complementary electronic device characteristics are mostly determined by the dimensions, price, 

and adaptability of different energy storage systems. Batteries are among the most well-known and 

widely used electrochemical energy storage systems in use today. However, these present serious 

problems owing to their short cycle times, use of hazardous chemicals, inadequate power density, 

and safety concerns[4]. Supercapacitors are an essential complement to batteries in this situation 

because of their extended cycle life, low maintenance needs, high power densities, and quick rates 

of charge and discharge[5]. Nevertheless, when supercapacitors are utilized with equipment that 

needs to function for extended periods between charges, their low energy density still presents a 

problem (Figure 1). Because the performance of a supercapacitor is heavily influenced by its 

electrode materials, scientists from all over the world are trying to come up with new ways to make
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effective electrode materials that are low-cost, non-toxic, lightweight, have a long cycle life, and 

have both a higher energy density and a higher power density [6]. 

 
Furthermore, it has been discovered that electrolytes are one of the key elements affecting how 

electrochemical supercapacitors (ESs) function. The electrolytes are classified into several 

categories, including organic, ionic, aqueous, solid-state or quasi-solid-state, and redox-active 

electrolytes. 

 
The electrochemical stable potential window of the electrolytes is a key factor in defining the 

operating cell voltage of the ESs assuming the electrode materials remain stable over the working 

voltage range. Apart from the operational voltage window's crucial function in the determination 

of the energy density of an electrolyte or solution, these properties also include power density, 

internal resistance, rate performance, operating temperature range, cycling lifetime, self-discharge, 

and toxicity, all of which are significant for the practical applications of electrolytes and solutions. 

For instance, because the average potential of the aqueous electrolyte is around 1.23 V (the 

potential window of H2/O2  evolution processes at 1.0 atm and ambient temperature), aqueous 

electrolyte-based ESs normally have a working potential window of approximately 1.0–1.3 V. 

 
Conversely, the potential windows of ionic liquid (IL) and organic electrolyte (OE) based devices 

are typically 3.5–4.0 V and 2.5–2.7 V, respectively. Along with the electrolyte potential window 

property, the electrolyte-electrode material interaction plays a major function in the performance 

of electrolytes. For example, the relationship between the size of the electrolyte ions and the carbon 

electrode material pore size has a significant impact on the possible specific capacitance. 

 
Ionic conductivity is a major factor in electrolyte internal resistance, mostly for organic and ionic 

liquids electrolytes. The electrolytes' boiling point, viscosity, and freezing point can also have a 

major effect on their thermal stability and, thus, their operating temperature range. Aging and ES 

failure are also related, as was previously indicated, to the electrochemical degradation of the 

electrolytes. Intriguingly, new electrolytes—like solid-state electrolytes—are essential to the 

evolution of multiple novel types of electrochemical sensors (ESs), including micro- 

electrochemical sensors and pliable or solid-state ESs.
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In recent years, tremendous development has been accomplished in the study and production of 

ES electrolytes using a wide range of electrolyte types, including aqueous, organic, IL, redox-type, 

solid, and semi-solid. For example, using neutral aqueous electrolytes has been found to greatly 

extend the operating potential of ESs (aqueous electrolyte-based electrochemical sensors) to 

approximately 2 V. Numerous innovative organic electrolytes that offer ESs larger operating 

potential  windows  and  lower  toxic  levels  in  comparison  to  commercially available  organic 

electrolytes have been made. With the evolution of Ionic liquids (IL) electrolytes, the operating 

cell voltage of the associated electrochemical sensors was improved to 4 V despite their high 

viscosity and low ionic conductivity. 

 
Furthermore, in  contrast  to their liquid electrolyte-based  counterparts,  flexible or solid-state 

electrolyte replacements ESs have been developed in the hunt for solid or semi-solid electrolytes 

and are claimed to be leak-free. Redox-type electrolytes have also recently been proposed as 

electrolytes for electrochemical sensors ESs because of the added pseudocapacitance from the 

electrolyte's redox reaction at the electrode/electrolyte interface. 

 

Ideal electrolyte needs to meet several requirements such as compatibility with electrolyte 

materials, flammability, a wide operating temperature range, affordability, low volatility 

environmental friendliness, great chemical, electrochemical, and ionic conductivity stability, and 

high electrochemical and chemical inactiveness to ES components like current collectors, 

packaging and electrodes. However, it is challenging for an electrolyte to meet all these needs as 

every electrolyte has its advantages and disadvantages. Therefore, there is a lot of research going 

on to increase the performance of electrolytes and correlated ESs[7]. 

 
Most commercially available supercapacitors produce an electric double-layer capacitor (EDLC) 

by utilizing carbon electrodes to store charge. Some charge that can be held in these EDL capacitors 

is severely limited since the electrolyte physically interacts with the electrode surface to keep the 

charge. Consequently, scientists are working to develop new materials that can undergo redox 

processes to boost the supercapacitor‘s capacitance, energy, and power densities. Redox-active 

materials that may store charge through a highly reversible redox interaction with the electrolyte 

include metal oxides, conducting polymers (CPs), Metal-Organic Frameworks (MOFs), and 

MXenes [8].
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Due to their enormous surface area, adjustable architectures, and lack of toxicity, conducting 

polymers are of particular interest among these materials [9]. However, these materials do have 

certain inherent shortcomings, like low electrical conductivity and unstable structural properties. 

Fortunately, by adding other materials to carbon-based electrodes to produce synergistic effects 

with unique properties from both parent materials, these disadvantages can be potentially 

eliminated[10]. Because of their multiple oxidation states and affordability, metal oxides have 

become a desirable electrode material for supercapacitors. 

 
The primary disadvantages of metal oxides include their poor electrical conductivity, 

susceptibility to acidic solutions, and challenges in processing them to make electrodes. On the 

other hand, despite their good conductivity and ease of synthesis, conducting polymers lack 

mechanical integrity and have a short cycle life, which limits their practical usage. To overcome 

one another's shortcomings and produce a potential composite material for supercapacitor 

applications, conducting polymers and metal oxide can combine to form composites[11]. 

 
This study is focused on synthesizing a ternary composite of reduced graphene oxide (rGO) with 

manganese dioxide (MnO2), and poly 2,5-dimethoxy aniline (PDMA), (rGO/MnO2 /PDMA). This 

combines the high conductivity advantages of rGO with the high energy storage capacity of MnO2 

and PDMA[12]. For electrochemical supercapacitors in particular, manganese dioxide is regarded 

as  the  most  promising electrode  material  due  to  its  affordability,  favorable  electrochemical 

reactivity, and environmental compatibility. 

 
Recent research demonstrates the exceptional performance of electrochemical supercapacitors 

built on thin manganese oxide films produced on conductive substrates. Additionally, their shape, 

electrical conductivity, and surface area are all closely correlated with their specific capacitance 

[13]. Graphene is the ideal electrode material for electrochemical double-layer capacitors due to 

its outstanding electrical conductivity, high surface area, mechanical strength, fracture strength, 

and great chemical stability. Because graphene layers exhibit lower capacitance and re-stack even 

after exfoliation, they should be combined with conductive polymers or transition metal 

oxide/hydroxide/sulfides to be employed in supercapacitor applications [14].



5  

 
 

Figure 1. A Ragone plot of energy density (Wh/kg) against power density(W/kg) for energy storage 

devices[15] 
 
 
 

 

1.2. Statement of the Problem 
 

 

Renewable energy storage technologies are without a doubt one of the difficulties the world is 

facing in this century. Supercapacitors and batteries are the two main electrochemical energy 

storage technologies applied for versatile energy applications. Batteries are complementary to 

supercapacitors as they are characterized by high energy density but lower power density compared 

to supercapacitors. Despite both devices being suitable for energy storage, batteries are faced with 

serious challenges such as short service life, and lower reliability compared to supercapacitors. By 

using appropriate design and effective materials, SCs could outperform batteries in terms of energy 

and power densities by a great extent, making them a versatile alternative for energy storage. As a
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result, to meet the demands of growing ecological concerns and modernization, new, inexpensive, 

and environmentally friendly energy storage technologies must be devised. The emergence of 

supercapacitors has proven to be a potential alternative to other energy storage devices, however, 

there is quite a long way to go for this to be realized. This is because supercapacitors confront 

several difficulties, with low energy density, high production costs, high self-discharge, and low 

voltage per cell taking the top spots. Creating new electrode materials for supercapacitors with a 

high specific area and high conductivity is one of the most intensive ways to get around the 

problem of low energy density [16]. 

 
In response to these challenges, it is, without a doubt vital that new electrode materials be 

fabricated in the quest to carb these challenges and hopefully achieve better energy storage 

capabilities compared to the conventional supercapacitors. Having said this, composite electrode 

materials seem to be the probable solution to the supercapacitors and therefore worth dedicating 

the research towards. Particularly, there is limited research related to the capacitive performance 

of tertiary composite materials based on reduced graphene oxide, metal oxides, and conducting 

polymer literature. Therefore, this work will focus on synthesizing composite electrode materials 

from reduced graphene oxide, manganese dioxide, and polyaniline derivative, to generate 

information about the capacitive performance of the composite electrode material in 

supercapacitors. 

 

 
 
 

1.3. Research Questions 
 

 
 
 

1.3.1. General Research Questions 
 

i. What is the electrochemical capacitive performance of the synthesized composite material 

and how does it compare with those of the individual electrode materials that make up the 

composite material? 

ii. How do the spectroscopic parameters of the synthesized composite materials compare to 

those of the standard?
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1.3.2. Specific Research Questions 
 

i. What are the electrochemical (EIS, CV, and CD) performances of the synthesized composite 

materials and how do they compare with those of the individual electrode materials that make 

up the composite materials? 

ii. How do the FTIR, SEM, BET, and XRD results of the synthesized ternary and binary 

composite materials compare to the individual components, rGO, and PDMA synthesized 

materials? 

 
 
 

 

1.4. Objectives 
 

1.4.1. General Objective 
 

 

The general objective of this thesis is to Synthesize and characterize a ternary composite material 

based on manganese dioxide nanoparticles doped poly (2,5-dimethoxy aniline) using reduced 

graphene oxide as a matrix for electrode materials for high-performance supercapacitors. 

 
 
 

1.4.2. Specific Objectives 
 

i.      To determine the physicochemical properties of reduced graphene oxide (rGO) and PDMA 
 

ii. To explore a nanocomposite of manganese oxide nanoparticles and PDMA as electrode 

materials for supercapacitors 

iii. To establish the performance of a ternary composite based on rGO and manganese oxide 

doped poly (2,5-dimethoxy aniline). 

 
 
 
 
 
 

 
1.5. Relevance of the Study 

 

 

This work is justified by the fact that supercapacitors do not release toxic chemicals to the 

environment and are therefore, safe for use in many energy storage applications especially in the 

effort of coupling intermittent renewable energy resources with energy storage devices to fight



8  

climate change in the rapidly growing world economy. The research on supercapacitors is quite 

new in the science society and therefore there is limited information available and a lot of 

knowledge to be gained in the future. It is factual to point out that superior electrode materials with 

both high energy and power densities are yet to be achieved and therefore the need for researchers 

to be relentless in trying out different combinations of electrode materials with different 

advantageous qualities to determine which ones give better and viable results. In particular, there 

is no literature available about electrode materials MnO2/PDMA and rGO/MnO2/PDMA. 

 
 
 

 

1.6. The Scope of the Study 
 

 

This research is focused only on the synthesis and characterization of the ternary composite based 

on rGO, metal oxide (MnO2), and derivative of conducting polymer (PDMA). The study aimed to 

create a high-performance electrode material, with high specific capacitance, energy, and power 

density for supercapacitor application. The performance of composite material was investigated 

by calculating the specific capacitance, energy, power densities, and electrical series resistance of 

the composite. This research was conducted in the photovoltaic laboratory at the materials science 

program at Addis Ababa University. 

 
The study was conducted over six months, between the 15th  of August 2023 and the 15th of 

January 2024. The chemicals used in this experimental research were provided by the materials 

science program and all the electrochemistry analyses were conducted using the electrochemical 

station at the same laboratory. The following characterization techniques employed in this study 

are; FTIR for chemical structure and functional groups determination, XRD for accessing the 

crystallinity of the samples, SEM for elucidation of structural morphology, and BET for surface 

area, particle size, and porosity determination. For electrochemical characterization, CV, GCD, 

and EIS were used.
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Chapter Two 
 
 

2. Literature Review 
 

2.1. Supercapacitors as Energy Storage Devices 
 

 
Energy sources are the most significant and powerful untapped resource for mankind, and they can 

change the course of human history[10]. Modern human growth depends heavily on the utilization 

of many energy resources, including wind, fossil fuels, geothermal, atomic, chemical, and solar 

energy, among others, in all sectors of society[1]. Finding effective and ecologically friendly ways 

to store excess energy is now essential to provide a steady supply of energy for various electrical 

equipment. The two most often used categories of electrochemical energy storage devices are 

supercapacitors and batteries[17]. 

 
The components of a supercapacitor are two electrodes, an appropriate electrolyte, and a separator. 

The electrodes submerged in the electrolyte have a major impact on the supercapacitor's 

performance. Supercapacitors have several advantages over conventional energy storage 

technologies, including a long lifespan, pliable packaging, high power, a broad temperature range 

(-40°C to 70°C), lightweight, and little maintenance [16]. Supercapacitors are especially useful in 

applications requiring short load cycles, high power delivery, and high reliability, like electric cars, 

load cranes, forklifts, and energy recapture sources. 

 
There are  two  types  of  supercapacitors:  pseudo-capacitors  and  electrochemical  double-layer 

capacitors (EDLCs). The two types differ in how they store energy. The much quicker charge- 

discharge process in EDLC devices can complete over 100,000 cycles in a matter of seconds. The 

compact Helmholtz layer, the diffusions layer in the electrolyte, and the space charge layer in the 

electrode make up an EDLC, which has a thickness of around 1 nm[18]. The EDLCs' capacitive 

performance is ascribed to electrical charge storage at the interface of electrolyte and electrode, 

which is merely a physical procedure of adsorption-desorption of ions on the electrodes' surface 

and devoid of faradaic processes. Consequently, excellent cycle performance and rapid charging 

and discharging rates can be achieved with EDLCs[19].
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EDLCs have a high power density and low energy density because of the partial contact that exists 

between the porous electrodes and the electrolyte. In contrast to EDLCs, conducting polymers and 

transition metal oxides/hydroxides, which are the active components of pseudocapacitors, are 

responsible for the rapid and reversible redox reaction that generates their capacitance[20]. Due to 

the low conductivity of pseudocapacitive materials, pseudocapacitors can consequently yield 

larger specific capacitance at lower power densities. As a result, carbon compounds with electrical 

double-layer capacitance are often coupled with pseudocapacitive materials to improve the overall 

electrode performance[21]. 

 

2.2. Reaction Mechanisms in Supercapacitors 
 

EDLCs' capacitance is  determined by the reversible  accumulation of  electric charge on the 

electrode surface, and this is majorly influenced by the specific surface area of the electrode 

materials. When an electrical potential difference is applied between the two electrodes, the cations 

and anions in the electrolyte migrate towards the surfaces of the negatively charged electrode and 

the positively charged electrode, respectively, to balance the electrons and holes (as shown in 

Figure 2). The Stern model can be used to simulate both the accumulation of cations and anions 

on electrode surfaces and the movement of ionic species in diffuse layers. 

 
The following equation can be used to express the electrode's total capacitance (Ct): 

 

  1   
= 

   1    
+ 

   

1   

 

(1)

�𝑡 ��        ��
 

 

here the capacitances at the diffuse layer and the Helmholtz layer are denoted by the letters CD and 

CH, respectively. Since they have the advantages of a high surface area, high electrical 

conductivity, and electrochemical stability, nanocarbon  electrode materials such as activated 

carbon, carbon nanotubes (CNTs), and graphene are often the most extensively utilized materials 

for EDLCs[16].
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Figure 2. A schematic diagram of the energy storage mechanism of EDLCs[19] 
 

 
 
 

Pseudocapacitors have a higher capacitance than EDLCs because of both the rapid and reversible 

redox reaction that occurs between the active components and the electrolyte. Therefore, compared 

to EDLCs, pseudocapacitors can supply capacitance at much higher values. The most widely used 

pseudocapacitive materials include conductive polymers, such as polyaniline [PANI] and 

polypyrrole [PPy], and transition metal oxides/hydroxides, such as RuO2, MnO2, and Co (OH)2. 

 

A simple equation for their reaction mechanisms is as follows: 

𝑀�+  + 𝑥�−  → ��(� − ��)+                                                                                                                                                          (2)

 

For conductive polymers, reversible ion exchanges between the electrolyte and polymer backbone 
 

occur rapidly throughout the redox reactions. Selecting the proper potential window is essential 

for this operation since conductive polymers will easily break down outside of it or transition to an 

insulating state when the potential is too negative. Transition metal sites in oxides and hydroxides, 

in contrast to conductive polymers, frequently serve as redox-active centres to give different 

valence states. Despite having lesser conductivity than conductive polymers, they can have higher 

electrochemical stability. Pseudocapacitance active materials are usually incorporated into carbon- 

based materials to increase the total capacitance of the electrode materials through their 

interactions[22]. Figure 3 below shows a general classification of different supercapacitors.
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Figure 3. Classification of supercapacitors[23] 
 

Researchers often use a two- or three-electrode setup to explore the electrochemical characteristics 

of the electrode active materials. The working electrode (WE), reference electrode (RE), counter 

electrode (CE), and electrolyte are the essential components of a three-electrode setup which is 

schematically depicted in Figure 4. In contrast, a two-electrode setup consists of a complete cell 

with two electrodes: the working electrode and the counter electrode. The working electrode might 

be utilized just as such or with an active chemical coated on it. Saturated calomel electrodes and 

platinum electrodes are commonly used as the reference electrode and counter electrode, 

respectively.
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Most electrolytes are composed of organic solvents and aqueous solutions. Waste organic solvents 

should be replaced with aqueous solutions since they are less likely to contaminate the environment 

when used as electrolytes. Supercapacitors' electrochemical abilities are often assessed using 

galvanostatic charge-discharge (GCD), cyclic voltammetry (CV), and electrochemical impedance 

spectroscopy (EIS). The specific capacitance, cycle life, charge-discharge rate, and other metrics 

that are obtained from these methods are used by researchers to determine the electrochemical 

performance of a supercapacitor. With the constant current charge-discharge curve, the specific 

capacitance may be found using Equation (3)[24]: 

C = 
  � ∆ 𝑡 

 
 

��∆𝑉 

(3)

 
 
 
 

where I is the charge current, t is the discharge period, V is the potential window during the 

discharging process, M is the total mass of active materials, and C is the specific capacitance. The 

specific capacitance of the GCD method is dependent on the discharge current, active material 

mass, potential window, and discharge duration parameters. 

 

 
 
 
 
 
 

 

 
Figure 4. Schematic representation of a three-electrode system configuration[24]
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variable currents can produce varying specific capacitance since defective active materials can 

have variable resistances (such as electrolyte and contact resistance, etc.). The reversibility of the 

charge-discharge process of active materials can be represented by the symmetry of the charge- 

discharge curves; the symmetry of the curves directly translates to the reversibility of the electrode 

materials. Additionally, the life cycle of the electrode materials can be examined using many 

constant  current  cycles  of  charge-discharge  progress.  Equation  (4)  provides  the  specific 

capacitance for the CV technique based on the CV curves[24]: 

� = 
          𝐴                       

= 
  �   

 

(4)
(��×��×��)        𝑓 

 

where A represents the integral area of the cyclic voltammogram curve, v is the voltage window, 

f is the scan rate, m represents the active material mass, and I is the charge-discharge current. The 

charge/discharge current and scan rate of an ideal supercapacitor are both constant, but because 

redox processes can happen at the interface, the real supercapacitor's CV curves inevitably stray 

from the ideal rectangle. As a result, the shape of CV curves can reveal information about the 

performance of supercapacitors. Specifically, for EDLCs, the capacitance performance is higher 

the closer the rectangle is to the center; for pseudocapacitors, the location of the redox reaction 

peak can reveal information about the kind of redox reactions occurring in the system. The cycle 

life of the supercapacitor may also be evaluated using the CV approach. The EIS approach can be 

used  to  visualize the kinetic characteristics  of material  diffusion  and  charge transfer at  the 

electrode/solution interface using a Nyquist plot. Furthermore, the effectiveness of ESR and 

solution resistance functions can be ascertained with this technique. 

 

 
 
 

2.3. Electrolytes used in Supercapacitors 
Supercapacitor electrochemical performance is significantly influenced by the electrolyte, which 

is made up of salt and solution. In both the case of an EDLC and a pseudocapacitor, the electrolyte 

is an important source of information on the electrical double layer and redox reactions 

respectively. A supercapacitor typically uses three different types of electrolytes: quasi-solid-state, 

solid-state, and liquid-state. Aqueous, organic, and ionic electrolytes are subcategories of these
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liquid electrolytes, and organic and inorganic electrolytes are the general divisions of the solid and 

semi-solid electrolytes[7]. 

Aqueous electrolytes (e.g., H2SO4, KOH, Na2SO4, and NH4Cl aqueous solution) usually have 

better conductivity than organic and ionic liquid electrolytes with a potential window of 1 V to 1.3 

V. The potential window is restricted by acidic and alkaline electrolytes up to 1V-1.23 V, while 

the neutral electrolyte extends up to 1V-1.6 V[25]. 

To  create  the  organic  electrolytes  used  in  supercapacitors,  salts  with  high  conductivity are 

dissolved in organic solvents. Because of their higher operating voltage, which is typically between 

2.5 and 2.8 V, OEs currently control the majority of the market. The energy and power densities 

of cells improve dramatically with a broadened operating voltage. Additionally, using organic 

electrolytes lowers the overall cost of the supercapacitor cell by enabling the use of an inexpensive 

current collector and packing materials. The two solvents that are most frequently employed with 

organic electrolytes are propylene carbonate (PC) and acetonitrile (ACN). Organic electrolytes are 

more expensive, have a lower specific capacitance, are less conductive, and, most importantly, 

raise safety concerns due to their flammability and toxicity, despite having a greater operating cell 

voltage[26]. 

A lot of attention was drawn to ionic liquids, solvent-free electrolytes at room temperature, because 

of their stability and wide voltage window. Therefore, it is simple to adjust the chemical and 

physical properties of electrolytes by changing their anions and cations. Ionic liquids have garnered 

considerable interest as substitute electrolytes for supercapacitors due to their good conductivity 

(~10 mS cm-1) and higher potential window (2 to 6 V)[27]. Ionic liquids contain very little vapor 

pressure and are non-flammable, thermally, and chemically stable. Examples are Hydrophobic- 

butyl-N-methyl pyrrolidinium bis(trifluoromethanesulfonic) imide (PYR14TFSI) shown by 

Baldacci et al. to be a useful ionic liquid. Ionic liquids are, however, very expensive and therefore 

not economical for large-scale applications[28]. 

Solid electrolytes are known for their strong ionic conductivity. Solid-state electrolytes have dual 

functions as separators and high ionic conductivity electrolytes. Additionally, they simplify the 

supercapacitor cell's construction and packing. They perform well because they are lightweight. 

Polymer electrolytes, or solid-state organic electrolytes, and inorganic solid material electrolytes 

are the two main groups of solid-state electrolytes[29]. Figure 5 demonstrates the classification of 

electrolytes used in supercapacitors.
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Figure 5. Classification of electrolytes for electrochemical supercapacitors[30] 
 

 
 
 

2.4. Electrode Materials for Supercapacitors 
 

Three types of materials can be used as electrodes: transition metal oxides (TMOs), conductive 

polymers, and carbon compounds. 

 

2.4.1. Carbon Compounds 
 

For Electrochemical Double double-layer capacitors (EDLCs), carbon compounds are typically 

utilized as the electrode material. They possess superior electrical conductivity, a large specific 

surface area, and a pore size distribution that may be adjusted. Carbon materials can offer high 

power densities but poor energy densities due to EDLCs' storing technique, which restricts total 

performance. For electrode materials, carbon-based materials including graphene, carbon 

nanotubes, and carbon nanofibers have been thoroughly investigated. Nevertheless, the 

performance of EDLCs is restricted by the low specific capacitance of carbon materials, and the 

high cost of those materials limits their applicability[31]. Among these carbon materials,  reduced 

graphene oxide (rGO)(Figure 6 b) is the most preferred electrode material because besides having 

two dimensional all -sp2 hybridized carbon (Figure 6),  rGO exhibits good mechanical qualities, 

electronic transport properties, high surface area, and cycling stability[32].
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Figure 6. Examples of carbon-based electrode materials in supercapacitors(a), and chemical structure of 
reduced graphene oxide(b) 

 

2.4.2. Conductive Polymers 
 
 

 
Since their initial synthesis in 1862,  Electronically conductive polymers  also referred to as 

intrinsically conducting polymers (ICPs), have been classified as a group of organic polymers 

having high electronic conductivity [33]. Electronically conducting polymers (ECPs) are 

promising materials for the production of high-performing supercapacitors because they have high 

specific capacitances (charge processes affect the entire mass of the polymer, instead of just the 

surface, as in the case of double-layer activated carbons), high conductivities in the charged states, 

and generally quick charge-discharge processes. 

 

The potential to create devices with low ESR and high specific energy and power is shown by 

these characteristics. The n/p-type, or the configuration in which an n-doped polymer and a p- 

doped polymer are used as negative and positive electrodes, is the most promising polymer 

supercapacitor configuration in terms of charge storage capacity and cell voltage and is capable of 

outperforming the double-layer carbon supercapacitors. However, this setup is not straightforward 

to implement, and the n-doping procedure presents the biggest challenges. The n- and p-doping-
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undoping process potentials of the polymer electrodes determine the cell potential range where the 

charge-discharge operations of polymer-based supercapacitors take place [34]. 

 

Since there are no structural abnormalities, like phase changes, during the charge/discharge 

operation, CPs may hold the charge in its entirety. Because of their greater surface areas and ability 

to store redox energy as a result, CPs can provide a higher capacitance [35]. Because they have a 

greater specific capacitance and a quicker rate of redox transfer, conducting polymers such as 

polypyrrole, polythiophene, and polyaniline have been employed extensively in pseudo-capacitor 

resources. PANI was singled out as the material that was most advantageous among them due to 

its simple synthesis, novel doping chemistry, fascinating electroactivity, high conductivity, specific 

capacitance, low cost, and relatively high conservational stability [36]. 

 

CPs are organic polymer electrode materials that exhibit better conductivity, capacitance, and low 

equivalent series resistance than conventional polymers. The quick-reversible redox processes 

from the -conjugated polymer chains give rise to the particular capacitances in CPs [35], in this 

scenario, the ions travel to the backbone of the polymer by the oxidation process(doping),  and 

back into the electrolyte solution during the reduction step, also known as de-doping. Nevertheless, 

the redox reactions in conducting polymers result in mechanical stress, which limits stability and 

accelerates degradation via several charge-discharge cycles [37]. The low power densities in CPs, 

which result from the slow ion diffusion rates in bulk, are one of the key drawbacks that impair 

their performance. Prior research indicated that the previous capacitance of the PPy-based 

electrode began to fall by 50% merely after 1000 cycles. Accordingly, after 1000 cycles, the 

capacitance of PANI nanorods had lost roughly 29.5% of its value. Therefore, low cycling stability 

is the fundamental issue with CP-based electrodes [38]. 

 

There are many ways to synthesize CPs, but the one that is most frequently employed is the 

oxidation of monomers using chemical or electrochemical processes [39]. The fabricated polymers 

are in 2 or 3 general states. The "p-doped"(oxidized) state, as opposed to the "n-doped"(reduced) 

state, dominates in newly produced polymers. The polymer backbone is positively charged and 

gives a high level of electronic conductivity when it is in the p-doped condition. Due to their stable 

performances, oxidizable polymers are currently receiving more recognition from researchers than 

non-redox polymers [35].



19  

Supercapacitor electrodes are a good fit for conducting polymer hydrogels. There are various 

methods for creating polymer hydrogels, such as (i) in-situ polymerization of monomers within the 

insulating polymer matrix, and (ii) adding crosslinkers during the polymerization process to 

facilitate the gel formation. However, while the final CP hydrogels produced using the first 

technique frequently exhibit good mechanical properties, their electrochemical properties fall short 

of expectations. The second technique has produced CP hydrogels that exhibit good 

electrochemical behavior. However, it is challenging to manufacture and fabricate a  unique 

hydrogel with good mechanical performance. Additionally, it is strenuous to create a polymer 

hydrogel electrolyte with good electronic conductivity and acceptable capacitive performance. 

 
 
 

 

2.4.3. Metal Oxides 
Metal oxides are more chemically stable than conductive polymers and have a greater specific 

capacitance between 100-2000 F g-1, and higher energy density compared to carbon materials 

[40].In general, metal oxides can offer supercapacitors a significantly higher energy density than 

traditional carbon materials, as well as superior electrochemical stability over polymer materials. 

They show how ions electrodes and materials at the proper potential can react electrochemically 

to produce faradaic reactions and store energy in the form of electrostatic carbon material. Thus 

far, efforts have been made to improve the wettability and capacitive performance of carbonaceous 

materials through chemical surface changes. 

 

Depositing metal oxide/hydroxide particles is a dependable method for improving the specific 

capacitance of electrodes. The metal oxide/hydroxide, which can be either of the following: 

ruthenium oxide, manganese oxide, cobalt oxide, nickel oxide, or mixed metals, is essential for 

improving electrode capacitance via the fast faradaic pseudocapacitance effects. The increase in 

electrode electrical conductivity is a critical component in promoting the capacitive effects of 

metal-based carbon capacitors. 

 

To date, various transition metal oxides (Co3O4, NiO, NiCo2O4, MnO2, NiCo2S4, NiMoO4& 

Mn3O4) have been widely used as electrode materials (Hou et al., 2020). Because of its extremely 

high theoretical specific capacitance (1380 F g-1), inexpensive price, wide operating potential 

window in mild electrolytes, nontoxicity, and environmental friendliness, MnO2 is one of the best 

options  among  them.  Metal  oxides  however  suffer  from  low  specific  capacitance  and  rate
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capability since their actual application is hindered by; Poor electrical conductivity, Slow ionic 

transport rate, and difficult solubility in electrolytes. 

 

Despite their many advantages, employing these materials separately presents several difficulties, 

such as low specific capacitance, poor CP stability over repeated cycles, and poor conductivity in 

metal oxides. Scientists advise combining these materials into composites to address these issues. 

Some advantages of this method include improving the capacitance and stability of composite 

electrodes. 

 

For the production of composite electrodes, there are two approaches: electrochemical methods 

and chemical methods that proceed through in situ synthesis. The advantages of electrochemical 

synthesis include controllable processes, the ability to monitor polymer mass, and reproducibility. 

In a study to examine the functionality of poly pyrrole/manganese oxide nanowires 

(Ppy/NwMnO2) made electrochemically, the specific capacitance of Ppy and Ppy/NwMnO2 was 

calculated as 109 and 203 F/g, respectively [36]. 

 

 
 
 

2.5. Composite Materials as Electrode Material for Supercapacitors 
 

Transition metal oxides (TMOs), conductive polymers, and carbon-based compounds can be used 

as electrode materials. Because of their great chemical stability, mechanical, and electrical 

characteristics, and large surface areas, several carbon materials, including carbon nanotubes 

(CNT), graphite nanofibers (GNF), carbon black, and graphite, offer alternatives for carbon 

support for fillers and electrodes for polymer composites. 

 

Because of their great graphitic structure, high specific surface area and electric conductivity, 

vapor-grown graphite nanofibers (GNFs) have been investigated for usage as adsorbents, electrode 

materials, and hydrogen storage devices. Furthermore, GNFs are intriguing potential materials to 

aid metallic nanoparticles by improving the electrochemical characteristics and electrocatalytic 

activity of the  graphene  nano  fiber-based  electrode.  The observed  increased  electrocatalytic 

activity is thought to be caused by the good electrical conductivity of GNF and the way the metal 

nanoparticles  are  oriented  on  the  GNF.   In  contrast  to  the  performance  of  monolithic 

polymers, Carbon-based    materials   have   been   used   to   reinforce   conductive   polymer 

nanocomposites, which has garnered a lot of attention due to the synergistic effect it has on
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enhancing their electrical and mechanical properties. This is achieved through the interaction of 

the two components. For example, carbon nanotubes (CNTs) or graphene/CP nanocomposites have 

been studied for their potential use as sensors, supercapacitors, batteries, and more. 

 

In general, EDLC electrode materials are fashioned from carbon-based substances due to their 

remarkable attributes. These materials boast a substantial specific surface area, adaptable pore size 

distribution, and outstanding electrical conductivity. Although carbon materials can provide 

remarkable power densities, their energy densities may be subpar due to EDLCs' storage 

mechanism, which limits overall performance[41]. Many carbon-based materials have been 

investigated as potential electrode materials, including graphene, carbon nanotubes, and carbon 

nanofibers. However, the low specific capacitance of carbon materials constrains the capacity of 

EDLCs, and the expensive cost of those carbon-based materials restricts the applications of those 

materials [42]. 

 

Conducive polymers have good conductive and pseudocapacitive qualities, but their stability is 

low, making them quickly slide off the substrate [43].TMOs are more chemically stable than 

conductive polymers and have a greater specific capacitance (100-2000 F g1), and higher energy 

density than carbon materials [44]. RuO2  is regarded as the ideal pseudocapacitive electrode 

material due to its high theoretical capacitance and quick Faraday redox reaction [45]. However, 

its high cost and environmental toxicity substantially impede its use in supercapacitors [46]. Co3O4, 

MnO2, and ZnO are possible alternatives to RuO2 because of their advantages of being abundant 

in nature and having a high specific capacitance [47]. However, low electrical conductivity is a 

disadvantage shown by many transition metal oxide electrodes[48]. 

 

Ternary metal oxides, such as AB2O4 (A or B = Ni, Co, Mo, Mn, and so on), exhibit more active 

reaction sites and better electrical conductivity than binary metal oxides because of the coexistence 

of two metal ions and the synergistic effects of elements [49]. Because of their low cost, increased 

electrochemical activity,  and availability as a naturally plentiful resource, metal molybdates 

(AMoO4, A = Ni, Mn, Co, etc.) and spinel cobaltates (XCo2O4, X could represent Ni, Cu, Zn, Mn, 

and so on) have also attracted a lot of scientific interest. A composite material made of metal oxide 

and rGO conducting polymer (rGO/PANI/MnO2) was previously created, and it displayed a 

maximum specific capacitance of 592 F/g at 1 A/g current density, which corresponds to excessive 

specific energy and specific power (66.6 Wh/kg and 1800 W/kg, respectively) [36].
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MnO2 has received the bulk of the study's attention when it comes to metallic oxides. The most 

competitive transition metal oxide has been extensively researched to be MnO2, which is widely 

available, has no environmental degradation, and has a great theoretical specific capacitance of 

about 1380 F /g [50]. However, due to its low conductivity and slow ion transport rate, its 

employment in supercapacitors is severely hampered [51].To overcome this restriction, 

carbonaceous  materials  having large  surface  areas  and  high  electrical  conductivity,  such  as 

graphene, may be utilized as scaffolds for the deposition of MnO2  nanostructures [52]. The 

interaction proximity between electrolytes and electrode materials is improved and a large surface 

area with a large number of active sites is given, both of which improve electrochemical 

characteristics [53]. 

 

Graphenated CNTs are joined to create porous structures that act as an efficient electronic channel. 

MnO2 nanoparticles are evenly dispersed on the surface. Additionally, the special composition of 

MnO2nanosheets@graphene incorporated CNTs composites reduces the distance traveled by ions, 

fosters the transfer of charges, and speeds up reversible reduction-oxidation reactions, all of which 

enhance capacitance performance. The highest power density is 0.4 kW /kg (200 W /cm2) and an 

energy density of 51.2 W h /kg is reached. Combining the chemical vapor deposition (CVD) and 

hydrothermal methods, a 3D graphene/MnO2 foam composite was created. The research 

demonstrates that 3D-graphene/MnO2 composite electrodes have outstanding cycle stability and a 

specific capacitance of 333.4 F /g  recorded at a current density of 0.2 A/ g [54]. 

 

 
 

2.6. Synthesis Methods for Preparation of Conducting Polymers, Carbon- 

based, Metal oxides, and composite materials 
 

 

CPs are classified as the cationic and anionic salts of highly conjugated polymers. While chemical 

oxidation   and   electrochemical   polymerization   are   used   to   create   the   cation   salts, 

electrochemical reduction or chemical reduction employing reagents like sodium naphthalide is 

also an option for creating the anion salts of highly conjugated polymers. The backbone of an 

oxidized conducting polymer loses electrons, producing a cationic radical. On the other hand, an 

anionic radical is produced when electrons are introduced to the backbone of a decreased 

conducting polymer. But compared to its cation counterpart, this reduced conducting polymer is 

far less stable.

mailto:MnO2nanosheets@graphene
mailto:MnO2nanosheets@graphene
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Chemical and electrochemical polymerization are the two main synthetic processes used to create 

conducting polymers. For mass production, chemical oxidation polymerization has been preferred 

but to keep the environment clean and safe, it is vital to limit by-products and waste materials [55]. 

Aromatic, benzoid (such as aniline) or nonbenzoid (such as 1-aminoanthracene), and heterocyclic 

compounds (such as pyrrole, and thiophene) can all be polymerized using electrochemical 

techniques [56]. 

 

Chemical polymerization is a typical technique used to create conducting polymers in large 

quantities, such as polyaniline, and polypyrrole [57]. This method involves either condensation 

polymerization essentially referred to as addition polymerization or step-growth mechanism which 

is a chain-growth mechanism [44]. In this case, the dopant acid is used to dissolve the monomer. 

For 4-5 hours, the mixture is continuously stirred as the oxidant, dissolved in the suitable solvent 

(water is frequently used), is added drop by drop. The precipitate that results is then filtered, 

washed, and dried. The major advantage of chemical synthesis is that it not only allows for a variety 

of methods to create various CPs but also makes it possible to produce these materials in massive 

quantities, something that is currently not conceivable with electrochemical synthesis. 

Additionally, there are more alternatives for covalent alteration of the CP backbone using chemical 

synthesis techniques. 

 

Electrochemical synthesis is a comparatively simple synthetic method for creating CPs, which can 

be done using either constant current, constant potential or potentiodynamic procedures. Due to 

their conductivity characteristics,  all conducting polymers can be polymerized electrochemically 

[58]. Typically, a three-electrode setup (working, counter, and reference electrodes) is used for 

electrochemical polymerization in a solution made up of a monomer, an electrolyte, and suitable 

additives. The electrolyte, time for deposition or method (continuous vs. pulsed), and applied 

potential are a few essential aspects that must be considered. All of these factors affect the 

mechanical, conductivity, and film morphology of the material, which directly affects how useful 

it is for various applications. Small films or coated electrodes can be prepared and characterized 

via electrochemical synthesis, which is versatile concerning the dopant that can be introduced from 

the electrolyte[59]. 

 

Electrochemical  oxidation  has  a  variety of  benefits  over  chemical  oxidation,  including  the 

flexibility to incorporate different dopants, simple control of the microstructures, sequential



24  

deposition to create stacked structures, and the capacity to create copolymers. An anodic potential 

is used to oxidize the monomer at the electrode surface after it has been dissolved in a solution 

containing a dopant. Both the electrolyte and the solvent must be stable at the oxidation potential. 

Typically, big potential window organic solvents like acetonitrile are used[60].PDMA(Figure 8) 

was created using a common chemical polymerization process [61]. Similarly, metallic oxides can 

be synthesized chemically or electrochemically with suitable solvents and electrolytes respectively 

[62]. 

 

Carbon materials such as graphene, carbon nanotubes, etc. can be synthesized both 

electrochemically and chemically by use of appropriate reagents and solvents. Reduced graphene 

oxide has widely been successfully synthesized by the Modified Hummers method (Figure 7). 

Composite electrode materials can be synthesized either via in situ polymerization by dispersing 

metal oxides and carbon materials in the polymer matrix, or by ex-situ where all the electrode 

materials are individually synthesized and then composite materials are prepared by mixing the 

materials in suitable solvents, appropriate temperatures usually about 373K and enough time and 

stirring for composite formation ranging from 4 hours to 12 hours depending on the temperature 

used. The composite product is then filtered and washed thoroughly with an acid of choice to 

remove unreacted components and oligomers and with distilled water before drying in an oven for 

12 hours. The dry products are crushed into powder by use of a motor and pestle, weighed, and 

stored in glass storage vials for further analysis for electrochemistry performance as well as 

physicochemical characterization. In this particular work, In situ polymerization was employed to 

synthesize the composite materials (MnO2/PDMA)  and (rGO/MnO2/PDMA) [42].
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Figure 7. The Steps followed for the synthesis of GO and rGO[63] 
 
 

 

 

 
Figure 8. Chemical structure of 2,5-dimethylaniline
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2.7. Assembly of Electrodes 
 

 
 

Supercapacitors are divided into three categories based on the electrode configurations: symmetric, 

asymmetric, and battery-type supercapacitors. Whereas an asymmetric supercapacitor employs 

two distinct materials for electrodes, a symmetric supercapacitor uses two electrodes that are 

comparable to one another. Because of their higher energy densities, the third form of hybrid 

supercapacitor, referred to as a battery-type hybrid supercapacitor, also garnered a lot of research 

attention. It employs a battery electrode and a supercapacitor electrode. Because metal ions, like 

lithium and sodium ions, are intercalated within the electrode nanostructure for charge storage, a 

high energy density is achieved. 

 

When compared to ordinary supercapacitor electrodes, battery-type hybrid supercapacitors offer 

promising options for long-lasting power supply. However, a significant challenge is maintaining 

the balance of charge between the two electrodes. They can link batteries and supercapacitors. In 

battery-type solar cells, graphite is employed as the positive electrode and lithium-ion doped 

graphite as the negative electrode. Compared to EDLC, this structure increases the energy density 

by a factor of two to three due to its higher kinetics. However, it has been found that asymmetric 

electrode orientation performs better than symmetric configuration[64]. 

 

2.7.1. Symmetric Assembly of Electrodes 
 

 
The +ve and -ve electrodes of symmetric SCs are composed of the same electrode material. 

Compared to normal SCs, it has a high energy density and great stability for the potential window. 

Selecting the appropriate electrolyte and electrode materials is crucial since the same electrode 

material has benefited but has reached high energy density in symmetric SC. Because of their 

remarkable and unique properties, the majority of materials, such as metals, metal oxides, 

graphene, activated carbon, carbon nanoparticles, conductive polymers, and composite materials, 

have already been used as electrode materials in supercapacitors (SCs). The same electrode 

material, which can be either carbonaceous, metal oxide/hydroxide, conductive polymer, or a mix 

of any of the aforementioned electrode materials, makes up the working and counter electrodes of 

a symmetric supercapacitor electrode assembly. Chen et al. grew α-Fe2O3 on a conductive carbon 

substrate to create an aqueous symmetric supercapacitor. With 2 M Li2SO4 and a high operating
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voltage of 2.0 V, it has produced an energy density of 11 mWh cm−3 and a power density of 1543.7 

mW cm−3. At a current density of 20.0 mA cm−2, the capacitance retention was 83.08% after 

5000 cycles [79]. Khattak et al. recently created a solid-state symmetric supercapacitor utilizing 

an aerogel hybrid electrode of α-Fe2O3/graphene. Fe2O3/graphene aerogel was created for this via 

an in situ hydrothermal process. Using a three-electrode system, the electrochemical properties of 

Fe2O3/graphene aerogel were first investigated[65]. Redox peaks were well characterized and 

correlated with the Fe2+ → Fe3+ redox processes. A great specific capacitance of 1045.3 F/g was 

achieved at 0.4 A/g current density. To study the possibilities of Fe2O3/graphene aerogel, a PVA- 

KOH gel electrolyte was placed between the two electrodes to form a symmetric supercapacitor. 

The aerogel was coated over nickel foam. The symmetric device generated an energy density of 

9.8 Wh kg−1 and a power density of 90.1 W kg−1 within the cell voltage range of 0–0.8 V. 

Furthermore, the device's exceptional flexibility and stability were proved by its electrochemical 

performance under varying bending conditions (90 and 180°). Park et al. have also developed a 

solid-state symmetric supercapacitor with a composite α-Fe2O3/poly(3,4-ethylenedioxythiophene) 

(PEDOT) anode material. Initially, hierarchical core-shell type Fe2O3/PEDOT nanoparticles were 

prepared using vapor deposition polymerization, liquid-liquid diffusion-assisted crystallization, 

and sonochemical techniques. The generated material had a high surface area (376.4 m2 g−1), 

conductivity (120 S cm−1), and great capacitive capabilities. The solid-state symmetric 

supercapacitor was built using a hydrogel electrolyte based on H2SO4-PVA, with the positive and 

negative electrodes made of Fe2O3/PEDOT. The gadget worked and produced good energy and 

power densities of 252.8 F/g, 136.3 Wh/ kg, and 10,526 W kg−1 up to 2.0 V. Additionally, it 

showed a high Csp [66]. 

 
 
 

2.7.2. Asymmetric Assembly of Electrodes 
 

 
Since the two electrodes in asymmetric SCs are composed of distinct materials, we refer to them 

as asymmetric hybrid SCs. Research interest has increased since one electrode in this hybrid SC is 

formed of carbon-based material, while the other electrode is constructed of different electrode 

materials, such as conducting polymers, metal oxide/hydroxide, or composite materials. Since 

using conducting polymer, metal oxide, or composite material for the negatively charged electrode 

is bad because it reduces the efficiency in pseudocapacitors, this issue is lessened if the negative
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electrode is made of carbon-based material and the positive electrode is made of other 

materials[67].In particular, the carbon-based material used as the cathode in asymmetric hybrid 

solar cells with two dissimilar electrodes provides the power density, while other materials such as 

metal oxide or conductive polymers used as the anode provide the energy density. This type of SC 

aims to fuse the best aspects of EDLC with pseudocapacitors. Additionally, composite hybrid SCs 

use composite electrodes made of metal oxide and carbon. The charge is held by the metal oxide, 

and the charge carrier can pass through the carbon. The conductivity of this hybrid composite SC 

is determined by the components' composition. Here, the capacitance value is mostly dependent 

on the material's pore diameter. 

 

By utilizing several kinds of electrodes, the voltage of the cell could be raised to 2.0 V. Qu et al., 

for instance, built AC/MnO2 nanorod ASCs using K2SO4 as the electrolyte, and after 23 000 cycles, 

the capacitors showed impressive cycling stability in the range 0 and 1.8 V with a capacitance loss 

of less than 6%. Shi et al. created flexible ASCs with graphene serving as the anode and ultrathin 

MnO2 nanosheets serving as the cathode. After 10,000 cycles, a high Ed (97.2 Wh kg−1) and 774 

F g−1 capacitance were retained. In actuality, the size and shape of the electrodes have a significant 

influence on their electrochemical performance. Jiang presented the synthesis of ultrathin porous 

MnO2  nanoflowers, exhibiting a pore size distribution centered at around 3.6 nm and a huge 

specific surface area of 595 m2 g−1. The authors claim that the porous architectures and ultrathin 

nanosheets promote ion dispersion and transportation, which results in improved electrochemical 

characteristics. When compared to MnO2/MnO2  and FMCNTs/FMCNT symmetric SCs, the as- 

assembled MnO2  functional mesoporous carbon nanotubes SCs showed a higher Ed. This was 

likely because of the high operating potential range in aqueous electrolytes (0-2.0 V) and the 

synergy of two mesoporous electrodes[68]. 

 

Combining MnO2  with other conductive materials, such as carbon compounds or conductive 

polymers, can also increase the electrochemical performance of MnO2-based ASCs by increasing 

its conductivity and power capacity. For instance, Xia and Huo reported using a hydrothermal 

technique to generate a MnO2/CNT nanocomposite. By combining the MnO2/CNT nanocomposite 

(cathode) with AC as the anode, the asymmetrically assembled MnO2/CNT/AC demonstrated 

exceptional cycle stability and a high Energy density of 23 Wh kg−1 and Power density of 330 W 

kg−1. An ASC based on a nitrogen-doped p-BC (p-BC/N) anode and nanofiber-coated MnO2 (p-
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BC@ MnO2) cathode made of 3D bacterial cellulose (BC) pellicles was produced by Chen et al. 

On the one hand, the p-BC functioned as a matrix to quicken the movement of ions and electrons. 

Conversely, the MnO2 that was attached offered a substantial specific surface area that facilitated 

quick redox reactions. As a result, the ASCs produced a maximum Pd of 284.63 kW kg−1 and a 

reasonably high Ed of 32.91 Wh kg−1. Additionally, it demonstrated a high degree of cycling 

performance, demonstrating 95.4% of the previous specific capacitance after 2000 cycles. Huang 

et al. produced and used a CuO@ MnO2 core-shell structure as a cathode. The 

CuO@MnO2//MEGO ASCs were built in 1.0 m Na2SO4 aqueous electrolyte by using microwave- 

exfoliated graphite oxide (MEGO) as the anode. It has a 1.8 V potential range for reversible 

charging and discharging. The most significant results were high Energy and power densities of 

22.1 Wh kg−1, and 85.6 kW respectively, and capacitance retention of 101.5% after 10,000 cycles. 

 
Tao et al. reported on the fabrication of a flexible ASC made of carbon cloth (CC) anode and 

activated carbon (AC) cathode made of polypyrrole (PPy)–MnO2. Because of CC's superior 

flexibility and conductivity, it was used as both the substrate and collector. The microstructure 

having PPy-wrapped MnO2 uniformly adorned on carbon cloth was visible on the PPy–MnO2–CC 

anode. In addition to providing corrosion protection for MnO2, the PPy wrap enhanced 

conductivity and flexibility throughout the charge/discharge process. Having a high Energy density 

of 8.67 mWh cm−3 and capacity retention of 98.6% after 1000 cycles, this device demonstrated 

remarkable electrochemical capabilities based on the synergistic impact of outstanding 

pseudocapacitive performance arising from MnO2  and PPy. Guo et al. used a DNA-assisted 

technique to create a CNT@DNA-MnO2/CNT@DNA ASC that registered an Energy density of 

11.6 Wh kg−1[68].

mailto:CuO@MnO2
mailto:CuO@MnO2
mailto:CNT@DNA-MnO2
mailto:CNT@DNA-MnO2
mailto:CNT@DNA
mailto:CNT@DNA
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Chapter Three 
 
 

Methodology 
 

 
 
 

3. Materials 
 

Chemicals: From Adrich; Graphite powder-99.9%, 2,5-dimethoxyanaline-98%, and MnO2-70% 

 
CARLO ERBA Reagents; H2SO4-96%, P2O5-98%, HCL-37% 

 
Neolab Life Science Co.; K2S2O8-98.5%, KMnO4-99.9%, Activated Carbon-99% 

 
LOBA Chemie; APS-98% 

 
UNI-CHEM; NaNO3-99%, and AgNO3-99.9% 

 
 
 

 
All the chemicals are of analytical grade standard. 

 
Instrument: FTIR, XRD, SEM-EDS, BET, Electrochemical working station (GCD, CV, EIS 

 

software) 
 

 

3.1. Synthesis Methods: 

3.1.1. Synthesis of Reduced Graphene Oxide (rGO) 

First GO was synthesized by the modified hummers method and then its thermal reduction to rGO 
 

follows. 

 
A mixture was prepared by combining 4 grams of graphite powder, 12 ml of H2SO4, and 8 grams 

of P2O5. The solution was stirred using a magnetic stirrer for 6 hours. After that, 12 ml of H2SO4 

was added to the filtrate along with 8 grams of K2S2O8. The mixture was stirred using a magnetic 

stirrer for another 6 hours. The resulting mixture was cooled down to room temperature and then 

diluted with 300 ml of distilled water. The filtrate was dried overnight in air and then heated in a 

muffle furnace in the air at 60°C for 2 hours to remove any remaining moisture[63]. 2 grams of 

pre-oxidized graphite powder were added to a mixture of 92 ml of H2SO4 and 12 grams of KMnO4, 

while continuously stirring in a water bath. After 15 minutes, 2 grams of NaNO3 were added to the



31  

solution. The solution was then stirred at room temperature for 2 hours. Next, 200 ml of distilled 

water was added to the solution and stirred for 15 minutes. Following this, 10 ml of 30% H2O2 and 

560 ml of distilled water were added to the solution. The filtrate obtained was washed with 10% 

HCl. The brown suspension obtained was heated in a muffle furnace for 30 minutes at 60˚C and 

then allowed to cool overnight in air. The brown dispersion was dialyzed extensively with distilled 

water for 1 week, to remove residual metallic ions and acids. Finally, the filtrate was air-dried 

overnight and sonicated for 5 hours with H2O2. The resulting yellow-brown residual powder was 

washed with warm water up to 3 times to remove impurities. The dry GO powder was obtained 

after heating the filtrate at 60˚C for 4 hours. 

 

To obtain rGO from GO, 100 mg of the dried GO powder was taken in an empty beaker and 

covered with aluminum foil that had many punched pores. The beaker was placed on a hot plate 

set at 350˚C for 10 minutes in a hood. This thermal reduction process eliminates oxygen from GO, 

hence increasing its electrical conductivity and converting GO to rGO. The resulting black powder 

of rGO was collected from the beaker and weighed[63]. 

 

 
 
 

3.1.2.  Synthesis of Poly(2,5-dimethoxyaniline) (PDMA) 

There are two major synthesis methods for conducting polymers; the electrochemical method and 

the chemical synthesis method. The electrochemical synthesis method produces high-purity 

substances and it is easy to monitor the polymerization process. However, only small amounts of 

polymer can be produced at a time. Chemical synthesis produces higher amounts of samples at a 

time, and therefore this work utilized the chemical synthesis procedure for the synthesis of PDMA. 

Alternative acids such as sulphuric acid could also be used in place of HCl, but this work used HCl 

acid in the polymerization technique. APS can be replaced by hydrogen peroxide as the oxidizing 

agent in the chemical synthesis procedure of PDMA. 

 

The PDMA was synthesized by a standard chemical polymerization method. In a 150ml conical 

flask,2g of 2,5-dimethoxy aniline was mixed with 50ml of 1M HCl and the solution cooled to 0- 

50C.To this, a prechilled solution of 5g ammonium persulfate (APS) dissolved in 50ml 1M HCl 
 

was added dropwise over 25 minutes under vigorous stirring. During the addition of ammonium 

persulfate solution, a deep blue color developed rapidly. This polymerization process was carried 

out up to 4 h. Subsequently, the solution was filtered and washed with double distilled water
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repeatedly to remove the impurities and finally washed with a 1MHCl solution to obtain a dark 

green precipitate. The precipitate was dried under a vacuum oven overnight at 800C, cooled, and 

crushed into a powder. The PDMA powder was stored in a desiccator at room temperature for later 

use [61]. 

 

3.1.3. Synthesis of MnO2/PDMA Binary Composite 

Composite materials could be realized by both in-situ and ex-situ polymerization techniques. The 

Ex-situ technique is a more physical technique that combines the individual electrode materials 

into a composite by physical stirring under elevated temperatures. The in-situ method usually 

utilizes chemical reactions to realize the composite materials. In-situ polymerization technique was 

used to synthesize all the composites of this work. 

 

In a conical flask,2g of DMA was dissolved in 50ml 1M HCl and to it,8.7g of MnO2 was added 

with constant stirring in an ice bath. A solution of 5g APS previously dissolved in 50ml 1M HCl 

was slowly added to the reaction mixture and the stirring continued under the same temperature 

conditions for 12 hours. The obtained mixture was then filtered in a Buchner funnel and washed 

thoroughly with distilled water and 1M HCl to remove the unreacted residues.   The obtained 

product was dried overnight in an oven at 800C, cooled, powdered, weighed, and stored in a 

desiccator ready for use. This procedure was repeated for 4g (60%) and 1g (30%) amounts of MnO2 

to determine the effects of varying the amounts of MnO2 on the electrochemical performance of 

the binary composite. 

 
 
 
 
 
 
 
 
 
 

3.1.4. Synthesis of rGO/MnO2/PDMA Ternary Composite 

To synthesize this composite, 0.1g of the previously synthesized rGO was sonicated together with 
 

8.7g of MnO2 in 100ml of deionized water and this solution was added to a DMA solution made 

of 2g DMA dissolved in 50ml 1M HCl in an ice bath maintained at 0-50C with constant stirring. 

5g of APS was then dissolved in 50 ml 1M HCl and the solution was added to the reaction mixture 

slowly with continued stirring. The stirring in these temperature conditions was continued for 12 

hours and the resultant reaction mixture was filtered in a Buchner funnel, washed with distilled
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water, and 1M HCl. The product was dried overnight in a vacuum oven at 800C. The dried product 

was cooled and the powder was weighed and stored in a desiccator for future use. This procedure 

was repeated for 4g (60%) and 1g (30%) amounts of MnO2 to determine the effects of varying the 

amounts of MnO2 on the ternary composite electrochemical performance. The manganese dioxide 

amounts were varied according to literature, taking the percentages that have not yet been explored 

as  discussed  by  S.  Deng  in  his  work ‗‘Synthesis  and  electrochemical  properties  of  MnO2 

nanorods/graphene composites for supercapacitor applications‘‘[69]. Figure 9 represents the 

experimental events undertaken in the laboratory from the synthesis to the characterization of the 

electrode materials. 

 

 

 
Figure 9. Systemic flow of activities from the synthesis of the electrode materials to their characterization 

 

3.2. Characterization Methods 
 

 

3.2.1. Physical Characterization Techniques 

3.2.1.1.  XRD characterization of synthesized samples
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X-ray Diffraction Analysis (XRD) is a non-destructive method that is used in materials science to 

determine the crystallographic structure of a material. The technique works by exposing the 

material to X-rays and then measuring the intensity and scattering angle of the X-rays that leave 

the material. The primary use of XRD is to identify materials based on their diffraction pattern. In 

addition to phase identification, XRD also provides information on the actual structure of the 

material, including deviations from the ideal structure due to internal stresses and defects. XRD is 

widely applied to identify crystalline phases and orientation, determine structural properties such 

as lattice parameters, strain, grain size, Epitaxy, Phase composition, and preferred orientation, 

Measure the thickness of thin films and multi-layers, and determine atomic arrangement. 

 

Crystals are regular arrays of atoms, whilst X-rays can be considered as waves of electromagnetic 

radiation. Crystal atoms scatter incident X-rays, primarily through interaction with the atoms‘ 

electrons. This phenomenon is known as elastic scattering; the electron is known as the scatterer. 

A regular array of scatterers produces a regular array of spherical waves. 

 

X-rays are used to produce the diffraction pattern because their wavelength, λ, is often the same 

order of magnitude as the spacing, d, between the crystal planes (1-100 angstroms). The output is 

signal peaks in a graph of intensity vs Diffraction angle (2θ). The peak shape, peak position, peak 

width, and peak intensity are significant to the interpretation of results in XRD[70]. Every 

crystalline substance creates a unique pattern. Each substance in a mixture produces its pattern 

independently. Microstructure, quantitative resolution of chemical species, isomorphous 

substitutions, unknown crystalline materials, and solids are all identified, as well as crystal 

structure, crystallinity level, crystallite size, and atomic spacing. XRD spectrometry is employed 

in forensics, nanomaterials, catalysis, geochemical materials, composite materials, minerals, and 

pharmaceuticals because it produces independent patterns of components in mixes. Crystals give 

sharp peaks because they have a regular arrangement of atoms while amorphous solids do not 

possess any regular interior arrangement of atoms like in glass. The XRD data results can be 

matched with the existing Joint Committee on Powder Diffraction Standards (JCPDS) files to find 

the crystal system of the material you have used for your experiment. Additional peaks can be 

indicative of composite material and increased crystallinity[69].



35  

According to Mosley‘s law, every element has its unique signature in the form of Kα emission. As 

seen before, electromagnetic radiation can be diffracted by atomic planes only when half of its 

wavelength is less than the inter-atomic distance(D) as illustrated by equation 5; 
 

λ 
≤ �                                                                                                         (5) 2 

 

The Bragg‘s law is a consequence of constructive interference and is given by: 

2� sin 𝜃   = � λ                                                                                            (6)
 

Where d is the interplanar spacing, λ is the wavelength, n is an integer and θ is the angle of 
 

reflection. From an XRD data, a crystallite size can be calculated using the Scherrer‘s formula; 

� = 𝐾 
λ

 
𝛽 cos 𝜃 

(7)

 
 
 

 

Where d is the diameter of the crystallite, K is a constant that depends on the shape of the crystallite, 

usually 0.9, λ is the wavelength and β is the full width at half maximum peak (FWHM). Small 

crystallite size and lattice strain cause peak broadening[71].In this work, XRD was used to identify 

the crystallinity of the synthesized materials. 

 

 
 
 

3.2.1.2. SEM Characterization of Synthesized Samples 

A Scanning Electron Microscope produces images of a sample by scanning it with a focused beam 

of electrons. The image consists of the variation as a function of the probe position, of some signal 

generated by the sample under the probe. The interaction of the electrons with the atoms of the 

sample produces various signals which contain information about the surface topography of the 

sample and also about the composition of the sample. Among the signals produced are secondary 

electrons (SE), Backscattered electrons (BSE), Photons of characteristic X-rays, Absorbed current, 

and transmitted electrons. 

 

The specimen in SEM should be completely dry. The sample can be solid or bulk specimens of 

any size that will fit within the specimen chamber. Specimens can be studied in low vacuum, high 

vacuum, and at a wide range of very low or elevated temperatures. Both conductive and non -
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conductive samples can be studied with the help of SEM and a resolution better than 1nm can be 

achieved. A very narrow electron beam used in SEM results in a large depth of field of scanning 

electron microscope micrographs. SEM combines the ease of operation of an optical microscope 

and the analysis capacities of TEM. 

 

In a typical SEM, an electron beam is thermionically emitted from an electron gun fitted with a 

tungsten filament cathode. This cathode is electrically heated for the emission of electrons. The 

low energy (0.2 keV to 40 keV) electron beam is focused by one or two condenser lenses to a spot 

of 0.4nm to 5nm in diameter. This focused beam of electrons is then passed through a system of 

magnetic lenses used for the deflection of the beam in the x and y directions. Thus, a rectangular 

area of the surface of the sample is scanned by the electron beam. To see the surface structures and 

assess the variations on the surface, SEM material sciences and surface sciences are magnified 

numerous times. The resulting image is a distribution map of the intensity of the signal emitted 

from the scanned area. The energy exchange between the electron beam and the specimen gives 

rise to the reflection of high-energy electrons by elastic scattering, the emission of secondary 

electrons by inelastic scattering, and the emission of electromagnetic radiation[72]. 

 

3.2.1.3. FTIR Characterization of Synthesized Samples 

FTIR Analysis, also known as FTIR Spectroscopy, is an analytical technique used to identify 

organic, polymeric, and sometimes inorganic materials. This method involves using infrared light 

to scan test samples and observe their chemical properties. The FTIR instrument sends infrared 

radiation, ranging from 10,000 to 100 cm-1, through a sample. The sample molecules absorb some 

radiation, converting it into rotational and/or vibrational energy, while some radiation passes 

through. The resulting signal at the detector presents as a spectrum, typically ranging from 4000 

cm-1 to 400 cm-1, that represents a molecular fingerprint of the sample. Each molecule or chemical 

structure produces a unique spectral fingerprint, making FTIR analysis a great tool for chemical 

identification. Band identification can help identify the molecules that make up a substance since 

the absorption bands are connected to the vibrations of specific functional groups inside the 

molecule. 

 

FTIR spectroscopy is a well-established technique used in the evaluation of industrially 

manufactured materials for quality control. In the process of material analysis, it is frequently the 

initial  stage.  A  shift  in  the  distinctive  absorption  band  pattern  denotes  the  existence  of
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contamination or a change in the material's composition. FTIR microanalysis is usually used to 

identify the source of abnormalities that are detected by visual inspection. This method works well 

for analyzing the chemical makeup of larger surface regions as well as tiny particles, usually 10– 

50 microns. It is employed in failure analysis investigations to identify oxidation, decomposition, 

or uncured monomers; to identify and characterize unknown materials such as films, solids, 

powders, or liquids; to identify contamination on or in a material such as particles, fibers, powders, 

or liquids; and to identify additives following extraction from a polymer matrix. 

 

On the FTIR bench, a micro-ATR accessory is utilized to focus the beam on a single-bounce 

attenuated total reflectance (ATR) crystal to target small areas of interest. We can place the sample 

such that it is near the ATR crystal thanks to the optical viewing capabilities provided by the ATR 

cell.  The irradiating area takes  up  around 0.2  mm  of diameter.  We shift  the analysis  to  a 

microscopic FTIR instrument, which offers positioning resolution on the order of 10 microns in 

diameter when precise positioning is needed to define a sample area, layer, or micro-fine particle. 

Using tiny optics in conjunction with the focused infrared beam, we can introduce an ATR probe 

directly at the area of interest with the help of the microscopic FTIR in the reflectance. 

Additionally, we can spatially resolve differential chemistry in a very tiny area using this 

approach[73]. 

 

The FTIR spectrum is a plot of Transmittance (ordinate) vs. wavenumber (abscissa). The left side 

of the spectrum is the functional group region, also known as the diagnostic region while the right 

side of the spectrum after 1500 cm-1 is the fingerprint region. The peaks look downwards rather 

than upwards. Table 1 below is very important when interpreting the spectrum to get meaningful 

functional group information on the sample material from the peaks. 

 

Table 1IR correlation of functional groups with wavelength[74] 
 

Functional group Wavenumber(cm-1) 

C-H 2850-3300 

C=O 1680-1750 

C=O* 1000-1300 

O-H(alcohols) 3230-3550 

O-H(acids) 2500-3300 (very broad peak) 
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3.2.1.4. BET Characterization of Synthesized Samples 
 
 
 

The BET method is utilized to determine the surface area of porous materials (micro, meso, and 

macroporous). This measurement is crucial in understanding the physical structure of the material 

since the surface area influences how the solid will relate to its surroundings. Various 

characteristics, including catalytic activity, moisture retention, dissolution rates, and shelf life, are 

often linked to the surface area of the material. Surface area analysis is among the most essential 

methods used in material analysis, and it is critical in the design and production of solids. The 

surface area can be adjusted during both the synthesis and processing of the material[75]. As 

particles are broken down into smaller pieces through milling, their surface area increases due to 

the creation of additional surfaces. Similarly, the formation of pores within particles through 

processes like dissolution and decomposition also increases surface area. This effect is particularly 

pronounced in materials characterized by many narrow pores, like activated carbons, which can 

have specific surface areas exceeding 2,000 m2/g. 

 

To determine the true or specific surface area of a particle at the atomic level, the BET theory 

utilizes the adsorption of an inert gas. Since gases and solids interact weakly, a cryogenic liquid 

must be used to cool the solid samples to stabilize the process. The solid sample's temperature is 

held constant while the concentration or pressure of the adsorbing gas is increased, generating a 

surface area isotherm. This is a plot of the relative pressure of the gas on the x-axis and the volume 

of the gas adsorbed on the y-axis. As the relative pressure increases, more gas molecules adsorb 

on the surface until a monolayer is achieved. By calculating the number of gas molecules in the 

monolayer, the area of the accessible surface can be calculated based on the known cross-sectional 

area of the adsorbate. The BET equation is used to calculate the surface area appropriately because 

gas adsorption as a function of pressure is not linear[76]. 

 

The BET equation was first developed in 1938 [76] and is still the widely used method to determine 

the number of molecules/atoms of a gas needed to form a monolayer, Xm, of adsorbed gas on a 

solid surface [77]. The BET equation (Equation 8) illustrates the relationship between the number 

of gas molecules adsorbed (X) at a given relative pressure (P/P0), where C is a second parameter 

related to the heat of adsorption.
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The BET equation strictly describes a linear plot of 1/[X(P0/P)-1] vs. P/P0 which for most solids, 

using nitrogen as the adsorbate, is restricted to a limited region of the adsorption isotherm, usually 

in the P/P0 range of 0.05 to 0.35. The surface area, SA, is calculated from the slope and intercept 

according to Equation 9; 
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1
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× ��𝐴                                                                 (9)

 
 
 

 

where CSA is the cross-sectional area of the adsorbate [75]. 

 
Gas adsorption is a useful technique for determining the surface area of solid materials. Knowing 

the surface area is important in various applications, including the manufacture and processing of 

carbon, catalysts, supercapacitors, pharmaceuticals, batteries, supercapacitors, ceramics, and 

minerals. For instance, the surface area of battery and supercapacitor components (i.e. anodes, 

cathodes, and separator membranes) can affect their performance, including characteristics such 

as charging and discharging rates, capacity, and impedance. The BET principle, which utilizes gas 

adsorption data, can be applied to porous and non-porous materials, irrespective of particle size 

and shape. Therefore, it is an essential tool for investigating and manufacturing a wide range of 

solids[78]. Porous materials are widely classified into six IUPAC classifications, groups I-III 

represent classifications of microporous materials, groups IV and V represent mesoporous 

materials, and group VI represents microporous materials. Mesoporous materials whose pore 

diameter ranges between 2-50nm are different from other porous materials because they present 

hysteresis loops in their adsorption/desorption curves, while the rest of the classifications have no 

hysteresis loops. Figure 10 illustrates the different classifications of porous materials.



40  

 
 

Figure 10. The IUPAC classification of adsorption/desorption isotherms of porous materials [79]. 
 

3.3. Preparation of Electrodes and Assembling of Devices 
 

The silver current collector mesh was cut out, washed with water and acetone to remove impurities 

then vacuum-dried, cooled, weighed, and stored in a desiccator for later use. The measured amount 

of 80 wt% nanocomposite samples, 10 wt% activated carbon (as a conducting agent), and 10 wt% 

polytetrafluoroethylene (PTFE) (as a binder) was homogeneously mixed and pressed into a (1 cm 

× 1 cm) silver mesh current collector by applying pressure. 
 

The sample-coated current collector was dried overnight in the oven and cooled and their weights 

were recorded to get the weight of the sample material. Swagelok cells were assembled 

asymmetrically in a Two-electrode system and a Three-electrode system with an activated carbon- 

coated current collector acting as the counter electrode with a slightly higher mass and the active 

material as the working electrode. Silver wire was used as the reference electrode in the 3-electrode 

system setup. Figure 11 shows the steps used to prepare the paste and coating of the current 

collector and then assemble a two, and three-electrode system Swagelok cell. A two-electrode 

system only has the working and counter electrode but does not have a reference electrode like a 

three-electrode system. More information can be obtained from Appendix A2.
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The electrochemical performance of the prepared electrode was tested by the traditional three- 

electrode system and two-electrode system. The electrochemical performance of the obtained 

electrode was tested on the electrochemical workstation using the Frequency Response Analyser 

(Fra) Version 4.9.007 serial number U3A71305 software for EIS analysis and General Purpose 

Electrochemical System (GPES) Version 4.9.007 software for both CV and GCD analysis[80]. 

 

 
 

 

Figure 11. Preparation of paste (a), coating of current collectors with the paste, (b), and assembly of 

Swagelok cell into Two-electrode system (c), and Three-electrode system (d). 
 

3.4. Electrochemical Studies 
 

3.4.1. Cyclic Voltammetry (CV) 

CV is an instrumental analytical method used to measure the current flowing through an 

electrochemical cell as the voltage cycles over a predetermined range, often at a defined pace. The 

resultant voltammogram, which is generally rectangular for a supercapacitor, is a plot of current 

vs voltage[81]. As a result, if the voltage is changed proportionally with time, the associated current 

also changes linearly, being positive when the voltage rises and negative when it falls. In practice,
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deviations from rectangularity will happen as a result of series resistance in the system, which may 

be connected to ion diffusion in the electrolyte, contacts between the electrode and the device's 

terminals, or electron transport in the electrode material. Consequently, the electrolyte has a major 

impact on internal resistance or ESR. The major benefit of employing an organic electrolyte is the 

highest achievable voltage. The organic electrolyte can assist in raising the unit cell's voltage above 

2V. The typical voltage is between 2.5 and 2.7 V  [39]. 
 

 

Conducting salts are dissolved in organic solvents to create organic electrolytes. Therefore, the 

composition of the dissolved salts and solvent, ionic size, conductivity, and purity factor all affect 

how well the organic electrolyte performs. The greatest voltage achieved is significantly influenced 

by the electrolyte's purity. As compared to organic electrolytes, aqueous electrolytes do not offer 

as high a voltage. The dissociation potential of water limits the highest voltage. However, aqueous 

electrolytes have been the most widely used for reporting an electrode's electrochemical properties. 

 

The aqueous electrolytes have a lot of protons available, small ionic size, low resistance, and 

excellent conductivity. The electrolyte is the most popular option because it is affordable. Strong 

acid, strong alkaline, or neutral solutions are the most common aqueous electrolytes. Regardless 

of the type of electrode material, an acidic or alkaline electrolyte limits the potential window to 1V 

to 1.23V. On the other hand, the neutral aqueous can increase the potential window more than an 

acidic or alkaline electrolyte. Potentials as high as 1.6 V are frequently observed. Due to these 

resistances, two corners of the voltammogram are rounded off, with the rounding getting more 

evident with the sweep rate raise. This is because the current can‘t react instantly to the the direction 

of the voltage sweep changes. The interfacial double layer won't get enough time to form at all at 

swift enough sweep rates, leading to insignificant capacitance. According to Fick‘s Law mass 

transfer diffusion can be simplified to give the peak current as per equation 10, 
 
 
 
 

 
3

 𝐼�  = (2.69 × 105)�2 ����1/2��1/2�𝐴                                                                                               (10)

 
 

 

Here, (n) is the number of electrons obtained during the reduction, (S) is the working electrode's 

surface area in cm2, (DA) is the diffusion coefficient, (v) is the sweep rate, and (CA) is the amount
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of A in the bulk solution, expressed as a molar concentration.  The CV data gives specific 

capacitance (Cp)of a material. The origin application is best used to plot and analyse CV data. A 

CV is a plot of current(A) on the ordinate vs potential (V) on the abscissa. In the resultant curve, 

the current changes by changing potential from v1 to v2. 

 

Therefore, the specific capacitance of a material can be calculated using the formula bellow 
 

(equation 11); 

�� = 
𝐴
 

2��(��2 − ��1) 
(11)

 

Where, Cp is the specific capacitance of the material in F/g, A is the area inside the CV curve 

having units AV, m is the total mass of the material, k is the scan rate of CV in volts per second 

and (V2-V1) is the potential window of the CV (total voltage range).However, it is not advisable 

to compute capacitance using CV as it is not accurate and it is only best used to determine the 

potential window to operate the material and from CV one can know what kind of behavior the 

material possesses [82]. 

 

In this work, CV was used to establish the potential window of 0-1V and to give an overall trend 

on the behavior of the sample materials. CV was run at different scan rates, 100,50,30,20,10,5 and 

at 1mV/s, and five scans for every scan rate were recorded. The analysis was performed with both 

2 and 3-electrode systems set up, using 1M Na2SO4  as the electrolyte. Two different 

supercapacitors were assembled for both systems and the best chosen from the two. 

 

3.4.2. Galvanostatic Charge-Discharge (GCD) 
 

 
The process of applying a steady current while the supercapacitor is charged and discharged 

between two predetermined voltage points is called galvanostatic cycling. This is considered the 

"opposite" of cyclic voltammetry and it more closely mimics real-world performance. Ideally, the 

curve of voltage with time should be linear with alternating positive and negative slopes. However, 

digression from normalcy may occur due to series resistance and electrolyte degradation. After 

some time, series resistance can cause the cell voltage to drop rapidly when changing from 

charging to discharging. Furthermore, electrolyte deterioration or pseudo-capacitance reactions 

can yield inflections. Additionally, when a real supercapacitor is charged and not linked to any 

external load, it exhibits self-discharge, which is the small amount of current that flows through
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the device. The parasitic current could be substantial if the cell is shorted, which could happen if 

there is unintentional direct contact between the electrodes. Because of the increased relative 

magnitude of the parasitic current at low applied current densities, this causes the cell voltage to 

drop during discharge more quickly than is typical. 

 

 
 
 

The specific capacitance, energy and power densities can be calculated from equations 12,13 and 
 

14 respectively, 

�� = 
4 × 𝐼    × � �𝑖��𝑕𝑎�𝑔�

 
� × 𝑉 

(12)

 

where I and V, respectively, stand for the discharge current and voltage drop during galvanostatic 

discharge, Cp is the specific capacitance and m is the total mass of the electrode material. Two 

electrode system set up is used to get the specific capacitance because it is a full cell and resembles 

the commercial application or real environment as opposed to Three electrode system which is a 

half cell and therefore overestimates the capacitance values. 

�� = 
1

 
2��(∆��)2

 
(13)

 

Where Ed is the energy density, Cp is the specific capacitance and ∆V is the potential drop. The 

units can be mathematically converted to WhKg-1. Finally, the power density (WKg-1) of the 

material can be calculated using the below equation 

�� 
𝑃�  = ∆� 

(14)

 

Where Pd is the power density, Ed is the energy density and ∆t is the discharging time. This 

information can be obtained from a plot of the GCD data using the Origin application [83]. In this 

work, GCD was run at a 0- 1V potential window previously established by CV. Two and Three- 

electrode system GCD results were employed in calculating the specific capacitance of the 

material, its energy density, power density, and Electrical Series Resistance (ESR).
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3.4.3. Electrochemical Impedance Spectroscopy (EIS) 

One of the most rigorous methods for electrochemical characterization is Electrochemical 

Impedance Spectroscopy (EIS). This method involves the application of an alternating potential to 

the device at different frequencies, and then measuring the resulting current's amplitude and phase 

change. The impedance is then derived from these measurements for each frequency, and it can be 

displayed as a Bode plot, impedance magnitude and phase shift versus frequency plot, or a Nyquist 

plot, the imaginary component of impedance against the real component plot[84]. 

 

The working electrode, which is where the chemistry of interest takes place, and the counter 

electrode, serving as the other half of the cell, make up the two-electrode configuration. Between 

the working and counter electrodes, the applied potential (EA) is measured, and the resulting 

current is measured in the working or counter electrode lead. In the two-electrode setup, the counter 

electrode serves two purposes.  It completes the circuit, allowing charge to move through the cell, 

and it also keeps the interfacial potential constant no matter how much current is flowing. Under 

most circumstances, it is impossible to satisfy both of these prerequisites.  It is highly challenging 

to maintain a constant counter electrode potential in a two-electrode system when current is 

flowing. This feature, in combination with an absence of compensation for the voltage drop across 

the solution, causes a two-electrode system to have inadequate control over the working electrode 

potential.  Two distinct electrodes perform the functions of maintaining a reference voltage and 

passing current more effectively [85]. 

 

The three-electrode method is an improvement over the two-electrode arrangement by resolving 

many of its problems. It consists of a working electrode, a counter electrode, and a reference 

electrode, which work together to provide better control over the voltage of the working electrode. 

The reference electrode serves as a standard for measuring and adjusting the potential of the 

working electrode without passing any current. At low current density, the reference electrode 

should have a constant electrochemical potential. The potential drop between the reference and 

working electrode is minimal due to the reference electrode's minimal current flow, resulting in a 

more stable reference potential. The Saturated Calomel Electrode and the Ag/AgCl Electrode are 

two popular laboratory reference electrodes. The counter electrode's only function is to pass all of 

the current required to balance the current seen at the working electrode. To complete this duty, 

the counter electrode frequently swings to extremely high potentials[86]. The origin application 

software can be best utilized to plot the Nyquist curve and analyse EIS data. A Nyquist plot plots



46  

imaginary impedances (ordinate)vs the real impedances (abscissa) at different frequencies. 

Different behaviors can be analysed for the different frequency regimes. The point intercepting the 

real x-axis at the highest measure of frequency gives the ESR of the cell. 

 

A typical supercapacitor does not have semicircles in the Nyquist plot but ECDL capacitors can 

have semicircles on the Nyquist plot due to the presence of functional groups or defects at the 

surface of carbon material contributing to the charge transfer or from the faradaic reactions 

happening at the pseudo-capacitive material. 

 

The semi-circles can also be observed in laboratory cells due to the interfacial impedance occurring 

at the interface between the current collector and the active material. To tell whether the semi- 

circle recorded is due to interfacial contact resistance or due to the charge transfer, we can record 

impedance at multiple potentials.  If the semi-circle is correlated to the charge transfer, the 

semicircle will change when a different potential is applied. If it is correlated to the interfacial 

impedance between the current collector and the active material, it will be constant across all 

potentials tested. The only noteworthy changes in the impedance spectra will be in the low- 

frequency region when applied potential changes. 

 

The interfacial impedance is due to passive coating on the current collector material that limits 

ohmic coupling between the current collector and the electrode material. This kind of impedance 

can be minimized through roughening of current collectors or coating the interface with the active 

material. Also ensuring compact contact between the two and no semicircles will be observed in 

the high-frequency range[84].In this work, EIS was carried out at an established frequency range 

to establish how the different samples experienced ESR. This was done twice for all 

supercapacitors for both two and three-electrode systems for comparison and the Nyquist plots 

were drawn for all the electrode materials.
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𝑚 
� = 4 

3.5. Data Analysis 
 
 
 

The  formulas  discussed  below  have  been  utilized  to  calculate  different  parameters  in  the 

characterization techniques employed in this work. 

 

From XRD data, a crystallite size is calculated using Scherrer‘s formula; 

� = 𝐾 
λ

 
𝛽  cos 𝜃 

(7)

 
 
 

 

Where d is the diameter of the crystallite, K is a constant that depends on the shape of the crystallite, 
 

usually 0.9, λ is the wavelength and β is the full width at half maximum peak (FWHM). 
 
 
 

 
To calculate specific surface area in BET analysis, the equation below was used. 

�𝐴  = 
1

 
����� + 𝑖�������� 

× ��𝐴                                                                 (9)

 
 
 

 

where CSA is the cross-sectional area of the adsorbate 

 
From the electrochemical analysis, specific capacitance, energy density, power density, and ESR 

 

have been calculated using the equations as follows : 

 
The specific capacitance has been calculated from GCD curves according to equation 15 below; 

       �  
 

𝑑𝑉 ( 
𝑑�� 

)
 

 

(15)

 

where m is the mass of active material in the working electrode, V is the potential window in 

volts, t is the discharge duration in seconds (s), I is the charge-discharge current in amperes (A), 

and C is the specific capacitance in (F/g). 
 

Similarly, the values of Ed, Pd, and ESR were determined using the following equations 16, 17, 

and 18.
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𝑬��  = 
(𝑪 × 𝑽�)

 
(� × �𝟔�� × �. ���) 

(�𝟔)

 

here Ed is the energy density in Wh/Kg, C is the specific capacitance in F/g and V is the potential 
 

window in Volts. 

𝑃�  =
 

(��2  × 1000)
 

4 (
 ���  

) � �.𝐴 

(17)

 

Where Pd is the power density in W/kg, V represents the potential window in volts, m is the mass 
 

of the active electrode material and S.A is the surface area of the electrode‘s current collector 

��� = 
𝐼�  × �𝐴

 
2 × 𝐼 

(18)

 

Where IR is the voltage drop in Volts, SA represents the surface area of the electrode and I is the 

current in Amperes.
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4. Results and Discussions 

Chapter Four

 
 

4.1. Physicochemical Analysis Results 
The physicochemical analysis was conducted using the FTIR, XRD, SEM, and BET. 

 
 
 

4.1.1. Fourier Transform Infrared Spectroscopy 
FTIR characterization was performed using Spectrum 65 FTIR (PerkinElmer) equipment for the 

determination of functional groups present in the synthesized samples. 

 

The structures of rGO, PDMA, MnO2/PDMA, and rGO /MnO2/PDMA were investigated using 

Fourier transform infrared (FTIR) spectroscopy. The FTIR spectra of rGO, PDMA, MnO2/PDMA, 

and rGO/MnO2/PDMA are shown in Figure 12. The acute C=C band at 1600 cm-1, the broad and 

strong peak at about 3400 cm-1 resulting from the –OH stretching vibration, and a peak at roughly 

1700 cm-1 arising from the C=O stretching vibrations of carboxylic groups are the three peaks 

visible in the FT-IR spectra of rGO.   This discovery confirms that graphene oxide forms and 

decreases the sp2 carbon atomic frame[87]. 

 

The 400–4000 cm−1 range of the PDMA (Figure 12(b))'s spectrum is where the main characteristic 

bands may be seen. An extensive, feeble band situated approximately at 3237 cm−1 is credited to 

the N–H stretching mode. The peak at 1194 cm−1 represents the quinoid rings in the polymer 

backbone, while the corresponding stretching vibration bands of the benzenoid rings are at 1504 

and 1447 cm−1. The signal at around 1120 cm−1 is ascribed to the carbon–hydrogen plane bending 

vibration produced during protonation, whereas the bands at 1028 and 982 cm−1 indicate the 

presence of O–methoxy groups in PDMA. Finally, the ortho-substituted benzene ring is 

represented as an 800 cm−1 band[88]. 

 

The 400–600 cm−1 region is frequently associated with MnO2  peaks (Figure 12c and d). The 

vibrations of Mn-O are the cause of the peaks at 563, 615, 665, and 670 cm−1. The peaks at 772 

and 775 cm−1 are caused by the PDMA ring's C-H out-of-plane deformation. In addition, the peaks 

at 1279, 1290, 1029, and 1034 cm−1 are linked to the stretching of the C–N and C–H deformation 

vibrations. Further, the vibration bands 1157, 1165, 960, and 962 cm−1 are caused by the doped 

states of PDMA that are created. Figure 12(d) of the FTIR spectra of rGO/MnO2/PDMA shows
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almost identical results to Figure 12(c), except for some main peak shifting resulting from changes 

in the chemical environment. The unique high spots in the rGO/MnO2/PDMA spectra, which are 

only seen at about 1672, 1364, and 1160 cm−1, stand for the C=O, O–H, and C–O facets of the 

rGO carboxylic acid group, in that order. These characteristics confirm that the rGO is attached to 

MnO2/PDMA. The peaks in the FTIR spectra demonstrate the effective synthesis of rGO, PDMA, 

binary, and ternary nanocomposites and they agree with the FTIR spectrum of PDMA produced 

by M. Gupta in their work titled ―Synthesis and characterization of poly (2,5-dimethoxy aniline) 

and poly (aniline-Co-2,5-dimethoxy aniline): The processable conducting polymers‖[71]. 

 

 

 
Figure 12. FTIR spectra of (a) rGO, (b)PDMA, (c) MnO2/PDMA, and rGO/MnO2/PDMA respectively
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4.1.2.  X-ray Diffraction Spectroscopy 
XRD characterization was performed using Miniflex 600 (Rigaku) equipment for the 

determination of crystalline structures of the synthesized samples 

 

The XRD pattern of rGO (Figure 13a) shows three peaks: a large peak at 2θ = 25.8°, a small peak 

centered at 2θ = 11.7°, and a third peak at 2θ = 40.3°. The interlayer distances of 4.47, 3.53, and 

2.58 Å, respectively, are correlated with these peaks. The XRD pattern of PDMA (Figure 13 b) 

demonstrates diffraction peaks at 2θ values of 11º, 16º, and 27.02º, which are responsible for the 

crystalline nature of the material. The MnO2/PDMA (Figure 13 (c)) and rGO/MnO2/PDMA 

(Figure 13 (d)) XRD patterns are similar, showing that the MnO2 particles on the rGO substrate 

have been successfully immobilized by PDMA. The presence of additional peaks in the binary and 

ternary composite material depicts the multiple phases due to the formation of composite materials. 

All significant reflections [2θ= 21.20 (120), 29.12 (310), 37.50 (131), 42.50 (300), and 59.00 (160)] 

in the XRD pattern can be registered to the orthorhombic phase MnO2, with lattice constants of a) 

56.36 Å, b) 10.15 Å, and c) 54.09 Å (JCPDS 14-644). This is consistent with the patterns 

previously observed for MnO2 and validates that the crystalline phase of MnO2 occurs throughout 

the synthesis. 

 

The prominent peak centered at approximately 2θ=26.30 indicates the effective synthesis of 

PDMA and is ascribed to the diffraction of the (110) plane of the as-formed PDMA crystalline 

phase. On the other hand, the steep peak at 2 θ = 11.00, which is its (002) plane for pure rGO, 

almost disappeared. The increased interspace distance of the graphene layer, resulting  from 

PDMA/MnO2 intercalation between rGO sheets, explains this. There is a presence of high-intensity 

sharp peaks in all the materials, representing high ordered arrangement of atoms and therefore high 

crystallinity levels in the synthesized materials. The additional peaks in the composite materials 

also present high crystalline composite materials. These results are in total agreement with those 

obtained by G. Han in his work titled ―MnO2 nanorods intercalating graphene oxide/polyaniline 

ternary composites for robust high-performance supercapacitors‖[89].



 

 
 

Figure 13. The XRD patterns of rGO(a), PDMA(b), MnO2/PDMA(c), and rGO/MnO2/PDMA(d) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

52



53  

4.1.3. SEM-EDS Analysis 
The elemental composition and the morphological analysis of the samples (rGO, PDMA, 

MnO2/PDMA, and rGO/MnO2/PDMA) were performed using Zeiss Crossbeam 540 operated at 2 

kV for imaging and 20 kV for EDS. EDS data was acquired using an Oxford Xmax detector with 

Aztec software optimized using copper reference. The rGO and PDMA nanoparticles demonstrated 

a smooth surface morphology (Figure 14 a and b). Figure 14 shows smooth plate-like layers of 

rGO sheets, while the PDMA image shows the presence of hexagonal-shaped rods of PDMA[90], 

Appendix A contains more information on the images for all the electrode materials under different 

magnifications. Furthermore, SEM images of MnO2/PDMA show a highly agglomerated rice husk 

petal-like morphology that is evenly distributed on the long needle-like rods of PDMA[91]. 

 

The nanomorphology of MnO2 is further supported by the broadening of additional peaks in XRD 

data of MnO2/PDMA and rGO/MnO2/PDMA. The ternary image shows multiple layers of rGO 

sheets with rough surfaces due to MnO2 particles evenly distributed on their surfaces, as well as 

hexagonal rods of PDMA layered together with their surfaces completely covered with evenly 

distributed MnO2 particles[32]. There is the presence of all three electrode materials in the ternary 

composite material rGO/MnO2/PDMA image. The MnO2  post-treatment systemically filled the 

pores in the surface of the PDMA nanoparticles, improving the interconnectivity of the grains 

thereby making the composites compact. Although the porosity of rGO favors electrolyte 

penetration and enhanced charge storage and transfer, it increases grain boundary density and 

reduces particle-particle interconnectivity thereby resulting in high charge transport resistance as 

observed in the Nyquist (Figure 27). MnO2 nanoparticles served to fill the voids in the pure PDMA 

which is expected to increase the electron transport of the PDMA. 

 

As seen in Figure 14 rGO creates composites with a rough surface and features wrinkling and 

stacking structure.   The rGO/MnO2/PDMA nanocomposite has a uniformly distributed rGO 

distribution and a comparatively compact surface. MnO2 nanoparticles accumulated between the 

rGO sheets and PDMA layers as illustrated in Figure 14 binary and ternary composites. Due to this 

accumulation, there was insufficient use of rGO's strong conductivity since it reduced the 

interfacial contact between MnO2 and rGO. The electrochemical performances of the 

nanocomposites in the redox processes were enhanced by the evenly distributed MnO2. 

Furthermore, well-fabricated binary and ternary nanocomposites of active materials shorten the
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diffusion paths for electrons and electrolytes, enhancing the rate of migration and diffusion of 

electrolytes in electrochemical performances. 

 

The elemental composition (Figure 14c) shows high amounts of carbon and oxygen in rGO as 

expected. High amounts of carbon, oxygen, and nitrogen are observed in PDMA affirming its 

successful synthesis. There is the presence of Manganese in high amounts for both the binary and 

the ternary composites among carbon, oxygen, and nitrogen elements as per the theoretical 

expectations, suggesting the successful synthesis of the composites. The rest of the elements 

present in minute amounts are a result of impurities present as all the chemicals are not completely 

pure. All the 20* magnification images have been taken at a scale of 1 micrometer while the 100* 

magnification has been taken at a 100nanometre resolution scale for all the materials. These results 

agree with M. Ates in his work titled Synthesis, characterization, and supercapacitor performances 

of activated and inactivated rGO / MnO 2 and rGO / MnO 2 / PPy nanocomposites[32].
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Figure 14. SEM-EDS images of rGO, PDMA, MnO2/PDMA, and rGO/MnO2/PDMA for (a) 1 micrometer 
and (b) for 100-nanometre magnification
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4.1.4. BET Analysis 
 

 
BET analysis was performed using TriStar II Plus Version 3.03 equipment for the surface area 

determination of the synthesized samples. The determination of N2 adsorption-desorption 

isotherms (Figure 15) allows for an examination of the samples' porous structural characteristics 

as performed for rGO, PDMA, MnO2/PDMA-80% and rGO/MnO2/PDMA-80%. All the samples 

exhibit type V IUPAC classification of porous materials which signifies that they are mesoporous 

with type H3 hysteresis and have slit-shaped pores. According to Z. Alothman, Isotherms that 

indicate type H3 do not display any limit in adsorption at high P/Po, which is noticeable in non- 

rigid clusters of plate-like particles. The desorption curve of the H3 hysteresis manifests a slope 

connected to a force on the hysteresis loop, known as the tensile strength effect. This phenomenon 

is likely to occur for nitrogen at 77 K in the relative pressure range of 0.4 to 0.45[79]. 

 

Figure 16 shows that most of the particles' diameters are in the range of 2nm-50nm in all the 

samples which confirms that they are mesoporous. Unlike microporous materials, mesoporous 

materials usually have lower surface areas as indicated in Table 1, with rGO having the highest 

BET surface area of 12.8m2/g. The binary composite has a slightly higher surface area(7.4m2/g) 

compared to the ternary composite material(5.4m2/g). This is because the high porosity of rGO is 

reduced by MnO2 nanoparticles which occupy its pores rendering the ternary composite material 

less porous and therefore having less pore volume and consequently less surface area. 

 

PDMA has a significantly low surface area (0.4m2/g). Doping the PDMA with MnO2  has, 

however, improved its surface area by many orders of magnitude making the binary composite‘s 

surface area five times higher than the pure PDMA (Table 2). This is because the doping of PDMA 

creates interlinkages that cause crystallinity to increase and consequently increase its pore volume. 

Despite the ternary composite having a lower surface area compared to the binary composite, it 

has a higher specific capacitance than the binary composite. This is MnO2  offers an increased 

interfacial contact area between the rGO and the PDMA particles, as observed in the SEM images 

(Figure 14) creating shorter diffusion paths for rapid ionic diffusion, and a higher concentration of 

electrochemically                                  active                                  sites                                  [85].
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Figure 15. BET-adsorption/desorption isotherm plots of relative pressure against volume at STP for rGO, 
PDMA, MnO2/PDMA, and rGO/MnO2/PDMA 

 

Table 2 Different Surface areas of rGO, PDMA, MnO2/PDMA, and rGO/MnO2/PDMA 
 

Electrode 

Material 

Surface Area(m2/g) 

BET Langmuir t-Plot BJH 

Adsorption Desorption 
rGO 12.08 349.63 10.97 10.47 15.48 

PDMA 0.4 0.09 0.82 0.38 0.57 

MnO2/PDMA 7.4 100.5 6.4 6.2 8.2 

rGO/MnO2/PDMA 5.4 83.4 4.5 4.2 5.8 



61  

  

rGO PDMA 

MnO2/PDMA 

rGO/MnO2/PDMA 

 

 

 

 

 

 

 

 

         

P
o
re

 v
o
lu

m
e 

(c
m

3
/g

-Å
) 

 
 
 

0.00016 
 

 

0.00014 
 

 

0.00012 
 

 

0.00010 
 

 

0.00008 
 

 

0.00006 
 

 

0.00004 
 

 

0.00002 
 

 

0.00000 
 

 

0            500         1000        1500        2000        2500        3000 
 

Pore diameter(Å) 
 
 
 

Figure 16. Graph of pore diameter against pore volume distribution for rGO, PDMA, MnO2/PDMA, and 
rGO/MnO2/PDMA 

 
 
 

4.2. Electrochemical Characterization 
In 1M Na2SO4 solutions, the capacitive performance of rGO, MnO2/PDMA, and 

rGO/MnO2/PDMA was assessed using galvanostatic charge/discharge (GCD) and cyclic 

voltammetry (CV) techniques. Additionally, their electrochemical characteristics were assessed 

using electrochemical impedance spectroscopy (EIS). 

 

4.2.1. Cyclic Voltammetry Measurements 
The two-electrode arrangement is the closest to real-world supercapacitor applications. As a result, 

we created both symmetric and asymmetric supercapacitors, where the active materials serve as 

the positive and negative electrodes, respectively, and pure, binary, and ternary nanocomposites of 

materials as the positive electrode and activated carbon as the negative electrode. In the potential
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range between 0.0 and 1.0 V, (Figure 17) displays the two-electrode CV curves of rGO, PDMA, 

MnO2/PDMA, and rGO/MnO2/PDMA nanocomposites at a scan rate of 1 mV/s, and the CV curves 

for rGO at various scan rates (1,5,10,20,30,50, and 100 mV/s). Figure 18 displays three-electrode 

CV curves of rGO, PDMA, MnO2/PDMA, and rGO/MnO2/PDMA nanocomposites at a scan rate 

of 1 mV/s, and the CV curves for rGO at scan rates (1,5,10,20,30,50, and 100 mV/s). 

 

The CV curves progressively grew as the scan rate increased, just like in the literature. More 

rectangular form is produced at lower scan rates due to delayed ion migration. At all scan rates, 

rGO had the largest area under the curve, followed by the ternary composite (rGO /MnO2/PDMA), 

the binary composite (MnO2/PDMA), and PDMA, based on the order of their performance. The 

area under the CV curve is directly proportional to the amount of charge that a material can hold. 

This translates to the specific capacitance of the materials. The areas under the curves decrease 

with a decrease in the scan rate and increase when the scan rate is increased as depicted in 

Figures,18, and 19. Additionally, the area under the curves and therefore the capacitance of the 

material is larger in a three-electrode system compared to a two-electrode system. This is because 

the former is a half-cell, and therefore only gives the performance of a single electrode. On the 

other hand, a two-electrode system is a full cell(device) and it considers the two electrodes, leading 

to less specific capacitance values. This full-cell arrangement is what is used practically in 

industries as it gives practical capacitance values. 

 

The rGO curve resembles a symmetrical rectangular shape, as would be expected from the behavior 

of a double-layer supercapacitor. However, the presence of pseudocapacitance caused by the 

pseudocapacitor materials (PDMA and MnO2) caused the curve to deviate to non-symmetrical 

shapes in PDMA, binary, and ternary composites. These results agree with M. Ates in his work 

titled Synthesis, characterization, and supercapacitor performances of activated and inactivated 

rGO / MnO 2 and rGO / MnO 2 / PPy nanocomposites[89].
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Figure 17. (a) Two-electrode CV curves for rGO, PDMA, MnO2/PDMA, and rGO/MnO2/PDMA at 1mV/s, 
(b) Two-electrode CV curves for rGO at different scan rates (100,50,30,20,10,5,1mV/s)
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Figure 18. (a) Three-electrode CV curves for rGO, PDMA, MnO2/PDMA, and rGO/MnO2/PDMA at 
1mV/s, (b) Three-electrode CV curves for rGO at different scan rates (100,50,30,20,10,5,1mV/s)
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Figure 19. (a) Three, and (b) two-electrode system CV curves for rGO/MnO2/PDMA at all scan 
rates(100,50,30,20,10,5,1mV/s)
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4.2.2. Galvanostatic charge/discharge measurements 
In a 1 M Na2SO4 solution, the galvanostatic charge/discharge curves of rGO, PDMA, 

MnO2/PDMA, and rGO/MnO2/PDMA were measured at current densities of 0.0016, 0.0031, 

0.0047, 0.0063, and 0.0079A/cm^2. As seen in Figure 20, every curve displays an equilateral 

triangle form, suggesting that the hybrid materials are highly reversible throughout the 

charge/discharge process. The reason for the extended charging/discharging duration at lower 

current densities is the adequate insertion or release of Na+1 during the process. 

 

Figure 20 a and b show a two, and three-electrode comparison of the galvanostatic 

charge/discharge curves of rGO, MnO2/PDMA, and rGO/MnO2/PDMA at 0.0016A/cm^2 current 

density. At the same current density of 0.0016A/cm^2, the maximum specific capacitance of rGO 

(499.5 F/g) is determined from the asymmetric arrangement of the three-electrode system, which 

is significantly greater than that of rGO/MnO2/PDMA (176.4F/g), MnO2/PDMA (157.9 F/g), and 

PDMA (66.3 F/g). The same pattern is seen when the current density is increased further, between 

0.0016 and 0.0079 A/cm^2 (Figure 21a, and b), demonstrating the ternary hybrid's robustness as 

electrode  material.  The  behavior  of  rGO  GCD  curves  at  different  current  densities,  from 

0.0016A/cm^2 to 0.0079A/cm^2, is shown in (Figure 21). The current density of 0.0016A/cm^2 

is where the area under the curve is largest, and as the current increases, the area declines towards 

the current of 0.0079A/cm^2. This demonstrates that charge storage reduces with increasing 

current and increases with lower current, a relationship that is closely related to the area under the 

curve. 

 

The corresponding maximum specific capacitance values, rGO (151.5F/g), rGO/MnO2/PDMA 

(87F/g), MnO2/PDMA (56.8F/g), and PDMA (50.3F/g), computed from an asymmetric two- 

electrode system configuration at the same current, show the same trend but have somewhat lower 

values. 

 

Similarly, maximum specific capacitance values from symmetrically configured two-electrode 

systems were calculated. The specific capacitance values are significantly lower compared to the 

asymmetric configuration calculated above, with the binary composite giving better values than 

the ternary composite as a differentiating factor in the trend observed previously. rGO (117.6F/g), 

MnO2/PDMA (18F/g), rGO/MnO2/PDMA(2F/g) and PDMA(1.7F/g). This could be due to the
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reduced surface area in the ternary composite brought by the polymer nanoparticles occupying the 

pores of the rGO and therefore reducing the porosity and thus the surface area of the material. 

 

To assess the effects of the amount of MnO2  in the composite materials, the amount of MnO2 

(80%) used previously as per the results above was reduced to 60% and 30% respectively, 

assembled asymmetrically both in two and three-electrode systems and analysed electrochemically 

for comparison. The maximum specific capacitance values obtained from a current of 0.001 in 

three-electrode system are as follows; MnO2/PDMA-60%(49F/g), rGO/MnO2/PDMA-60%(32F/g) 

for the 60%MnO2  and MnO2/PDMA-30%(9F/g) and rGO/MnO2/PDMA-30%(30.6F/g) for 30% 

MnO2 content. For two- electrode system; MnO2/PDMA-60%(22.3F/g) and rGO/MnO2/PDMA- 

60%(15.9F/g)   for   60%MnO2,   and   MnO2/PDMA-30%(12.4F/g)   and   rGO/MnO2/PDMA- 
 

30%(26.7F/g) for 30%MnO2 content. These results are well tabulated in Table 3. 

 
From the results, it's evident that the specific capacitance decreases when the amount of MnO2 is 

reduced. It is also notable that the binary composite at 60%MnO2 has higher specific capacitance 

values than the ternary composite but it‘s not the case for 30%MnO2 as the ternary composite has 

higher specific capacitance values than the binary composite. This could be because the decrease 

in MnO2  causes an increase in surface area in the ternary composite as the composite becomes 

more porous due to less MnO2 occupying the rGO pores which therefore stores more charge as a 

result hence the higher capacitance values. 

 

PDMA was run at much lower current densities from 0.00016-0.00079A/cm^2 because of its 

relatively lower performance and therefore its data could not be directly compared to other active 

materials under the same curve. These results agree with M. Ates in his work titled Synthesis, 

characterization, and supercapacitor performances of activated and inactivated rGO / MnO2 and 

rGO / MnO2 / PPy nanocomposites[89].
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Figure 20. (a) Two, and (b) Three-electrode GCD curves for rGO, MnO2/PDMA, and rGO/MnO2/PDMA 
at 0.0016A/cm^2 current density
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Figure 21. (a) Two, and (b) Three-electrode GCD profiles of rGO at current densities ranging from 0.0016- 
0.0079 A/cm^2
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Figure 22. (a) Three, and (b) Two-electrode GCD profiles of rGO/MnO2/PDMA from 0.0016-0.0079 
A/cm^2 current densities
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Table 3 A summary of the specific capacitance values at a current density of 0.0016A/cm^2 from all the samples 

(rGO, PDMA, MnO2/PDMA, rGO/MnO2/PDMA, MnO2/PDMA-60%, rGO/MnO2/PDMA-60%, MnO2/PDMA-30%, 

and rGO/MnO2/PDMA-30%) 
 
 

 
 Specific capacitance(F/g) 

Three-Electrode system Two-electrode system 

Electrode Material Asymmetric configuration Asymmetric 
configuration 

Symmetric 
configuration 

rGO 499.5 151.5 117.6 

PDMA 66.3 50.3 1.7 

MnO2/PDMA 157.9 56.8 18 

rGO/MnO2/PDMA 176.4 87 2.1 

MnO2/PDMA-60% 49 22.5 - 

rGO/MnO2/PDMA- 
60% 

30 15.9 - 

MnO2/PDMA-30% 25.6 12.4 - 

rGO/MnO2/PDMA- 
30% 

30.3 26.7 - 

 
 

In assessing the efficacy of supercapacitors, particularly for industrial use, the electrochemical 

series resistance (ESR) of the electrode materials, the maximum specific energy density (Ed), and 

the power density (Pd) are the other three critical characteristics. For the rGO, PDMA, and 

80%MnO2 in the binary and ternary composites, the values of Ed, Pd, and ESR were determined. 

 
The calculated energy density (Ed), power density (Pd), and ESR values corresponding to 

maximum specific capacitance values for rGO, PDMA, MnO2/PDMA, and rGO/MnO2/PDMA for 

asymmetric configuration are represented in Table 4 below: 

 
Table 4 The calculated Ed, Pd, and ESR values for all the active electrode materials for both two and three-electrode 
systems in the asymmetric configuration 

 

Electrode material Three-electrode system                      Two-electrode system 

Ed(Wh/Kg) Pd 

(W/Kg) 
ESR 
(ohms) 

Ed(Wh/Kg) Pd 

(W/Kg) 
ESR 
(ohms) 

rGO 69.4 1136 12.7 21 1429 10.1 

PDMA 9.3 82 254 7 22 465 

MnO2/PDMA 21.9 595 83 6.3 35 16.8 

rGO/MnO2/PDMA 24.5 725 82 12 491 16 
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The ternary composite poses great potential as an electrode material after rGO since it exhibited a 

relatively higher energy density and power density compared to the binary composite and the 

conducting polymer PDMA which has lower energy density and significantly high electrochemical 

series resistance. The high values of ESR could be due to several possible causes such as resistance 

due to the current collector material, the electrolyte used as well as the resistance brought about by 

the long backbone of the polymer‘s redox reactions. 

 

Figure 23-26 illustrate the specific capacitance, ESR, and Energy density against current densities. 

rGO shows a higher level of ESR because of its nature and mode of charge storage which is entirely 

physical. The accumulation of charges at the interface of electrode and electrolyte exposes the 

device to possible resistances due to the electrolyte used, the electrode material type, and even 

resistance due to the current collector material. As the current density increases, the specific 

capacitance and energy density decreases as observed in the curves. From the figures mentioned 

above, it is very evident that rGO performs quite well compared to the rest of the materials. 

However, rGO is very expensive and therefore not economically viable for large-scale energy 

storage use. This explains the need to consider this work's ternary and binary composites as 

preferred electrode materials for supercapacitors because they are cost-effective. Using fewer 

amounts of rGO to improve the conductivity and surface area of the composite material helps to 

lower the production cost of supercapacitors.
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Figure 23. A plot of current densities against specific capacitance values of the synthesized samples in a 
three-electrode system
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Figure 24. A graph of current densities(A/cm^2) against Electrochemical Series Resistance (ESR) (Ohms) 
of the samples in a two-electrode system
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Figure 25. A plot of current densities (A/cm^2) against energy density (Wh/kg) of the synthesized 
samples in a three-electrode system
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Figure 26. Ragone plot of energy density (Wh/kg) against power density(W/kg) of the synthesized 
samples
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Table 5 A comparative specific capacitance, energy density, and power density results from different electrode 

materials in different works 
 

Electrode material      Specific                Energy        Power                Reference 
 

capacitance(F/g)   density        density(W/kg) 

(Wh/kg) 

rGO/PANI/MnO2 512 66.6 1800 [97] 

3D- 

graphene/MnO2 

333.4 51.2 400 [59] 

Ppy/NwMnO2 109 - - [41] 

Fe2O3/PEDOT 252.8 136.3 10526 [35] 

Li2-S-PS5 7.75 - - [32] 

rGO/MnO2/PDMA 176.4 24.5 725 This work 

 

 
 
 
 
 
 

4.2.3. EIS measurements 
 
 

To comprehend the interfacial charge transfer process for EDLCs and charge transfer due to redox 

reactions for pseudocapacitor materials, EIS measurements were conducted. The Nyquist plots of 

the nanocomposites rGO, PDMA, MnO2/PDMA, and rGO/MnO2/PDMA are displayed in Figure 

27 because the arc shape provides insight into the properties of charge transport and recombination. 

Due to the electrochemical double-layer supercapacitive behavior in the plot's shape, a semicircle 

appeared in the high-frequency region for rGO. This could be attributed to certain functional 

groups or defects at the surface of the carbon material contributing to the charge transfer resistance. 

A  slight  semi-circle  appeared  that  became smaller in  the  order PDMA,  MnO2/PDMA,  and 

rGO/MnO2/PDMA respectively which showed that charge transfer resistance was reduced. The 

semi-circle could also occur as a result of the faradaic reactions occurring in the pseudocapacitive 

materials as well as due to interfacial impedance occurring at the interface between the current 

collector and the active material.
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Figure 27 shows a comparison Nyquist plot for each electrode material sample. The following 

observations can be inferred from the plot, the rGO/MnO2/PDMA curve is the closest to the 

imaginary axis, indicating the least charge transfer resistance; followed by the binary composite, 

PDMA, and finally rGO curve. The inset image is an enlarged image of the unresolved part of the 

curves, as indicated by the arrow. The furthest curve from the imaginary axis indicates the highest 

resistance, this could be due to the charge storage nature of EDLC material on the interface of the 

active material and the electrolyte. This exposes the device to resistances due to electrolyte, 

electrode, and current collector material. These findings are in per with S. Deng in his work titled 

―Synthesis and electrochemical properties of MnO2 nanorods/graphene composites for 

supercapacitor applications‖[89]. 

 

 
 
 

 

 
Figure 27. Nyquist plot for symmetric rGO, PDMA, MnO2/PDMA, and rGO/MnO2/PDMA. The Inset image shows 

an enlarged plot of the Nyquist plot.
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5. Conclusion 

Chapter Five

 

Four distinct types of electroactive materials (rGO, PDMA, MnO2/PDMA, and 

rGO/MnO2/PDMA) were successfully synthesized using the in-situ approach for the composite 

materials. FTIR, XRD, SEM, BET analysis, CV, GCD, and EIS were the characterization 

techniques used to understand the composite's evolution. For electrochemical analysis, three and 

two-electrode system supercapacitors were assembled. The three-electrode system was configured 

asymmetrically while the two-electrode system was configured both symmetrically and 

asymmetrically. 

 

Specific capacitance, energy, and power densities, and ESR values were calculated from the GCD 

curves of the synthesized electrode materials. From the results obtained, it is evident that the three- 

electrode system gave significantly higher specific capacitance values, higher energy density 

values, and lower ESR values compared to the two-electrode system. This is because the three- 

electrode system performs a single electrode while the two-electrode system gives the capacitive 

performance of the whole cell, which is the realistic practical performance at the industrial level, 

hence the lower capacitive values. The asymmetric configuration in two electrode systems also 

gave higher capacitance and energy density and lower ESR values compared to the symmetric 

configurations of the same two-electrode system. 

 

The ternary composite material registered its highest specific capacitance value of 176.4F/g, an 

energy density of 24.5Wh/kg, a power density of 725 W/kg, and an ESR value of 52Ω for three- 

electrode system at a current density of 0.0016Acm^2. To investigate the effect of the amount of 

MnO2 in the composite material, the amount was reduced from 80% to 60% and 30% amount of 

MnO2 in both the binary and ternary composite respectively. The results obtained show that as the 

amount of MnO2  was reduced, the performance of the binary and ternary composite materials 

reduced as indicated by the lower specific capacitance, energy, and power densities values, and the 

increased ESR values. It has been observed that MnO2  was successfully used to improve the 

specific capacitance of PDMA to a great extent. To lessen the widespread use of rGO in 

commercial evaluations, binary (MnO2/PDMA) and ternary (rGO/MnO2/PDMA) nanocomposite 

systems could be used as supercapacitor energy storage devices.
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5.1. Recommendations 
i. Different synthesis methods for the pure as well as composite materials could be employed 

and their performances compared to the methods already used in this work. 

ii. A quaternary composite material including a metal such as silver and iron could be 

synthesized and analysed for its electrochemical performance and compared to the ternary 

composite in this work. 

iii. More characterization techniques could be employed such as XPS, and TEM to get more 

detailed results. 

iv.      More optimization options could be explored across different composite electrode materials 
 

(rGO and PDMA) to get the best-performing ratios for energy device applications.
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APPENDIX A 
 

 
A.1.SEM images of rGO and PDMA 

 

 

 
 

Figure A1 SEM-EDS morphological images of 5*3, 10*1 micrometre, and 50*300nanometre for rGO and 
PDMA
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A.2. SEM images of binary and ternary composites 
 

 

 
 

Figure A2 SEM-EDS morphological images of 5*3, 10*1micrometre, and 50*300nanometre for 
MnO2/PDMA and rGO/MnO2/PDMA
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A.3.Laboratory Images 

 
 

Figure A3 Laboratory images of the experimental process 


