
 

 

 

 

ACTIVATED CARBON AND GRAPHENE OXIDE 

FOR SUPERCAPACITORS AND BATTERIES 

APPLICATION 

 

A dissertation submitted to the Department of Materials Science and Engineering,  

African University of Science and Technology, 

In partial fulfilment of the requirements for the degree of  

Doctor of Philosophy of Materials Science and Engineering (Energy)  

 

By  

Kigozi Moses 

(70160) 

 

JANUARY 2021



i 

 

CERTIFICATION 

This is to certify that the thesis titled “Activated carbon and graphene oxide for 

supercapacitors and batteries application” submitted to the school of postgraduate 

studies, African University of Science and Technology (AUST), Abuja, Nigeria for the 

award of Doctor of Philosophy is a record of original research carried out by Kigozi 

Moses in the Department of Materials Science and Engineering. 



ii 

 

SIGNATURE PAGE 

ACTIVATED CARBON AND GRAPHENE OXIDE FOR SUPERCAPACITORS 

AND BATTERIES APPLICATION 

By  

Kigozi Moses 

21st March 2021 

A thesis approved by the Department of Materials Science and Engineering 

RECOMMENDED:     

                         
Supervisor:     Dr Nelson Yaw Dzade 

                                                             
Co-supervisor:    Professor Peter Azikiwe Onwualu, FAS 

 

 

 

 

                                                             
    Professor Peter Azikiwe Onwualu, FAS 

Head, Department of Materials Science and Engineering 

 

APPROVED:     ………………………………… 

Chief Academic Officer 

Date: 10th March 2021 



iii 

 

© Copyright by Kigozi Moses, 2021. 

All Rights Reserved. 



iv 

 

ABSTRACT 

Carbon-based materials are widely used for energy storage systems because of their 

unique properties, low cost, and availability. These include Graphite, graphene, activated 

carbon, graphene oxide, carbon nanotube, carbon forms, carbon aerogel etcetera. 

Graphite is a mineral mined from different parts of the world which includes Africa. It 

can be used or converted into different carbon materials such as exfoliated graphite, 

graphene, Graphene Oxide (GO), graphene nanoplatelets, carbon nanotubes, onions 

among others by chemical or mechanical methods. In this study, the locally mined 

graphite flakes were converted to GO using chemical methods known as Hummer’s 

oxidation method (HM). This method was also compared with other modified Hummer’s 

methods by altering the conditions and the materials used. The synthesized GO materials 

were characterized by different techniques such as UV-Vis spectroscopy, FTIR, SEM-

EDX, XRD, and electrochemical analysis. The morphology, functional groups, different 

bonds, elemental percentage, crystallographic structure, and energy storage applicability 

were examined. The techniques confirmed the formation of functional groups like C-O, 

C=O, and the C/O ratio in the materials. The electrochemical characterization 

performance of materials produced the highest specific capacitance of 211.2 F/g with a 

current density of 0.5 A/g and the specific energy of 7.33 Wh/kg. 

In this work, African Maize Cobs (AMC) was used as a rich biomass precursor in 

synthesizing carbon material through a chemical activation process for application in 

electrochemical energy storage devices. The carbonization and activation were carried 

out with concentrated sulphuric acid and potassium hydroxide. The activation was carried 

out using three different temperatures of 600, 700, and 800 oC. The activated carbon 

exhibited excellent microporous and mesoporous structures with a specific surface area 

that ranges between 30 - 254 m2g-1 as measured by BET analysis. The morphology and 

structure of the produced materials are analyzed through Field Emission Scanning 

Electron Microscopy (FESEM), Fourier Transform Infrared Spectroscopy (FTIR), X-Ray 

Diffraction (XRD), Boehm titration, X-ray Photoelectron Spectroscopy (XPS), and 

Raman Spectroscopy. X-ray photoelectron spectroscopy indicates that a considerable 

amount of oxygen is present in the materials. The functional groups in the activated 

carbon enhanced the electrochemical performance and improved the double-layer 

capacitance of the material. The acid-activated material at 700°C exhibited excellent 

capacitance of 456 F g-1 at a specific current of 0.25 A g-1 in 6 M KOH electrolyte and 

show excellent stability after 10,000 cycles. The alkaline activated produced materials 

delivered a specific capacitance of 358.7 F/g with an energy density of 12.45 Wh/kg and 

a corresponding power density of 250 W/kg at 0.5 A/g. In addition to being low cost, the 

produced materials show excellent stability and electrochemical properties, thus suitable, 

as is a potential material for supercapacitor application. The hydrothermal method is used 

in heteroatomic metal oxide-graphene doping for improvement of the material properties. 

The NaFe2O3-GO composite was produced by batch hydrothermal method. The 

synthesised composite was tested for battery application. The material was characterized 

by FESEM/EDX, XRD, and electrochemical testing of the material which resulted in the 

performance of the discharge capacity approximated to be 720 mAh/g. 

Keywords: Activated carbon; Carbon-based materials; Metal oxide composites; Cathode 

materials; High energy; Hydrothermal synthesis; Heteroatomic; Doping; Electrochemical 

analysis; Composite; Discharge capacity; Energy storage application.
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CHAPTER ONE  

1.0.  INTRODUCTION  

1.1. Background 

The ever-increasing demand and consumption of fossil fuels, their effects on the 

environment towards pollution and their sustainability causes serious concerns for the 

next generation. The utilization of fossil fuels causes greenhouse gas emissions and 

pollution of soil, water, and air in our environment. This is caused by the ever-growing 

demand for energy which is very vital for human development. This mainly depends on 

the combustion of fossil fuels depleted from the Earth underneath. This accelerates the 

alarming growth rate of carbon dioxide (CO2) emission and other greenhouse gases hence 

an increase in global pollution (Dubey & Guruviah, 2019).  

In considering the objective of decreasing emission of the greenhouse gases, there is a 

need to develop environmentally friendly sources of energy generation and modern 

storage technologies. The urge of developing clean and sustainable energy sources is in 

high gear for renewable energies like solar, hydrothermal, wind among other energy 

sources that are friendly to nature (Mohmmad et al., 2018; Poonam et al., 2019). The 

renewable energy systems also still facing several challenges which include efficiency, 

high cost of materials, and advanced technology. There is a need for technology and 

materials that can optimize energy usage but also minimize fuel consumption and 

greenhouse gas emission. Looking at the alternative to fossil fuel consumption are 

renewable energy sources and the use of electric vehicles (Mohmmad et al., 2018). The 

renewable energy sources may not show potential impact unless there are effective energy 
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storage systems to store the energy required at a given time. The energy storage systems 

are a major key step to handle the challenge of renewable energy impact. This is because 

there is increased transmission of power from solar, wind, tidal among others from mini-

grids to main power grid systems. This benefits only the real-time online users due to lack 

of storage devices causing overloading of the power grid with low consumption in the 

off-peak hours (Muhammad Khalid, 2019). 

Several improve technologies and excellent discoveries have been made for the energy 

storage systems which include batteries, supercapacitors, accumulators, hybrids mong 

other. The discovery in energy storage application introduced innovations like wireless 

power transfer, output power stabilization, peak-shifting pricing, grid frequency and 

voltage regulation, micro to main grid integration including recuperation of regenerative 

braking (Fiori et al., 2016; M Khalid et al., 2018; L. Li et al., 2016; Merei et al., 2016). 

Batteries and supercapacitors are very known in energy storage systems. These work on 

the principle of electrochemical energy conversion. Compared to batteries, 

supercapacitors have high performance and capable of producing 100 to 1000 times 

higher power density than batteries but have a low energy density of 3 to 30 times lower 

(Z. Yang et al., 2015). The supercapacitors are increasingly developing towards the 

solution which can combine high power and high energy in a single device. These 

supercapacitors have several applications in the industrial field which includes; electric 

vehicles, accelerating/braking of high-speed transportation systems, powering portable 

devices like mobile phones, digital cameras, notebooks among others (Najib & Erdem, 

2019; Poonam et al., 2019). The new frontiers are being directed to the development of 

new materials and technologies for energy storage systems. Recently, porous carbon 

nanomaterials like graphene, carbon nanotubes, carbon nanosheets, activated carbon, 
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metal oxide composites, conducting polymers, carbon aerogels are playing an important 

role to improve the efficiency of the supercapacitors (Dulyaseree et al., 2016). 

The amount of electric energy produced per mass depends on the chemical energy stored 

with in the electrode materials. This is governed by the properties of the materials used 

as electrode. The availability of energy depends on stored chemical energy and the 

polarisation of the electrodes. The materials basically have two types of polarisation 

which include activation polarisation to drive an electrochemical reaction and 

concentration polarisation caused by concentration difference between reactants and 

products at the electrode surface and electrolyte used due to mass transfer. 

Supercapacitors can be made from different materials depending on the type of energy 

storage required by the application at hand, and the capacitance ranges required. The 

electrode materials for supercapacitors can be classified into three types based on their 

usage - for EDLCs, pseudocapacitors, and hybrid supercapacitors respectively. There are 

a significant number of materials presently available for supercapacitors, the major 

commercial material being carbon, which is widely used and can be converted into many 

forms. 

1.2. Problem statement  

In the sector of energy, the conversion of different energy systems into electrical energy 

is getting a breakthrough. The technologies like solar conversion, thermometric, photo-

electrochemical among others are used in the conversion to electric energy. The global 

challenge is the storage of electrical energy harvested from these different energy 

conversion technologies that can used at peak demand where production is low. This has 

created a big gap between conversion and storage since storage capacity and efficiency is 

still very low, high cost of materials used in the device fabrication. This research work 
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looked at the best experimental activities for producing activated carbon/graphene as 

electrode materials for batteries/supercapacitor applications which can have high 

efficiency, low cost but lightweight. This is in line with science and technology for 

development, clean and efficient energy storage, and sustainable consumption and 

production.   

1.3. Research objectives 

To rationally produce efficient and low cost activated carbon/graphene oxide from maize 

cobs biomass and locally mined graphite as electrode materials for batteries / 

supercapacitor applications.  

1.3.1. Specific objectives  

The specific objective of the study was as follows; 

i. To Synthesize graphene oxide and activated carbon from locally mined 

graphite flakes and maize cob biomass respectively 

ii. To characterize the structural, electronic, and mechanical properties of the 

synthesized porous carbons 

iii. To use graphene oxide for hydrothermal synthesis with alkaline metal for 

battery application 

iv. To determine the electrochemical properties of graphene oxide / activated 

carbon as electrode materials for batteries/supercapacitor applications 
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1.4.  Scope of the study 

The scope of the study was to verify the possibility of converting maize cobs biomass and 

locally mined graphite into materials that can be used as electrode materials for 

supercapacitors and batteries application. 
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CHAPTER TWO 

2.0. LITERATURE REVIEW  

2.1. Energy storage systems 

The energy storage system (ESS) is a process of converting harvested energy from a 

power source into a form of energy that can be stored which can later be converted back 

for electrical energy when needed. When the energy is generated at a time of either low 

generation cost or low demand from the source can be utilized at a later time when the 

demand is higher or when there is no generation or used for peak hours. This makes ESS 

useful with several applications which include portable devices, stationary energy 

applications, transportation etcetera (Faisal et al., 2018; Koohi-Fayegh & Rosen, 2020; 

Wong et al., 2019). The high demand for energy consumption with the rapid growth of 

CO2 is due to the rising population growth rate, development demands, and urbanization. 

These demands require optimum use of energy hence depletion of fossil fuel and 

becoming the possible solution for the rapidly growing demands. The ESS is the main 

part of the renewable energy integration which helps to balance the power generation and 

consumption. This creates stability in the system with significant effects on the overall 

electric system to store the energy for peak time consumption (M. Di Somma, 2015; 

Sandoval et al., 2017). The stability challenge mostly due to fluctuation which is caused 

by the high penetration of renewable energy in the system. 

Solar and wind energies are commonly used for electric power generation with the 

installation of wind and photovoltaics (PV) capacity increasing every year. These are 

widely used to reduce greenhouse gas emissions by generating electrical energy to meet 

the demand (H. Zhang et al., 2016). Several storage technologies are applied in the ESS 
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structure to store produced electrical energy (Chemali et al., 2016; Mahlia et al., 2014). 

Different categories of ESS and their energy conversion mechanism and efficiency have 

been studied (Cansiz’, 2018). The electric energy can be stored electrochemically in 

batteries and capacitors. Several new electrode materials and electrolytes have been 

studied to improve the performance, lower costs, increase energy and power density, 

safety, cycle life, and stability. 

2.1.1. Energy storage system components  

The components of ESS one grouped according to the function of the store energy which 

includes battery storage components, reliable system operation components, grid 

connection components. The battery system consists of the following; 

a) Battery pack with cells for a given voltage and capacity 

b) Battery management system for protection from external effects 

c) Thermal system to protect the cell from damaging operation like the voltage, 

current, and temperature. This controls the temperature of the cells to achieve 

absolute working conditions (ADB, 2018). 

2.2.  Batteries Energy Storage Systems (BESS) 

The batteries energy storage system (BESS) is considered as one of the most important 

and efficient systems for stabilization of electricity network system (Cansiz’, 2018). 

BESS are economical, low maintenance, compact, and easy to assemble in the network 

system. These are composed of several connected cells arranged in series or parallel 

which uses a chemical reaction process to convert electrical energy into chemical energy 

and vice versa. The lead-acid battery energy storage system (LBESS) is the most widely 

used technology for largescale. The advancement of technology has resulted in new BESS 
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which includes; Sodium-sulfur, lithium-ion, sodium-ion, lithium-sulfur, sodium-nickel 

chloride, nickel-cadmium, metal-air, magnesium ion, and other several technologies as 

secondary cells (Koohi-Fayegh & Rosen, 2020; Ogunniyi & Pienaar, 2017). A battery 

system consists of cells composed of two electrodes namely anode and cathode and the 

electrolyte. The assembly of electrodes and electrolytes is kept close in a sealed container 

to avoid interaction with the atmosphere. The electrolytic ion exchange between the 

electrode creates the flow of electrons through the system to the external circuit as shown 

in Figure 2.1. 

 

Figure 2.1: Schematic operation principle of a battery cell. 

2.3.  Supercapacitors (SCs) 

The developing technology of SC showing improvement in energy density values and 

they tend to be closer as an alternative for conventional batteries (Genc et al., 2017). This 

is done by the use of multi-functional electrode materials with smart designs. The physical 

and chemical properties of the electrode materials lead to low cost and eco-friendly 

energy conversion and storage. The impact of SCs comes from the double layer where 

the capacitance is generated from pure electrostatic charge accumulated at the 
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electrode/electrolytic ion interface. The capacitance of SCs is defined by the 

electrochemical double-layer capacitor (EDLC) materials or pseudo-capacitor coming 

from reversible redox (Reduction and oxidation) reactions. When the SC combines both 

mechanisms it is called hybrid SC as shown in Figure 2.2 (Najib & Erdem, 2019). The 

electrode materials used in SC are the most important component of the SC (Iro 

Zaharaddeen et al., 2016). SCs have high power, long life, flexible packaging, low weight 

and low maintenance, friendly assembling technology, wide thermal range of -40 to 70oC. 

the electrochemical performance of SCs electrode material depends on the properties of 

the materials such as specific surface area (SSA), electrical conductivity, pore-volume, 

the permeability of the electrolyte ions, and wetting of the electrode (Iro Zaharaddeen et 

al., 2016). 

 

Figure 2.2: The supercapacitor taxonomy (Dubey & Guruviah, 2019)(Najib & Erdem, 

2019)(Iro Zaharaddeen et al., 2016). 
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2.3.1. Electrochemical double-layer capacitors (EDLC) 

The principle of EDLC is based on the electrostatic charge stored between the electrode 

material and the electrolyte solution interface or by a non-faradaic process that involves 

no transfer of charges between electrolyte and electrode (Figure 2.3). When a voltage is 

applied on an assembled SC, there is the acceleration of charges on the surface of the 

electrode caused by the difference in the potential creating an attraction of opposite 

charges which results in electrolytic ion diffusion over the separator to move to the 

oppositely charged electrode. A double layer of charges is formed at the surface of the 

electrode to avoid recombination of ions. This causes a decrease in the distance between 

electrodes due to increased surface area and allows the EDLC to attain a higher energy 

density (Najib & Erdem, 2019). 

 

Figure 2.3: EDCL device set up (C, 2020).  

The fundamental equation for all capacitors to determine the capacitance is shown in 

equation 1 (Mohmmad et al., 2018; Najib & Erdem, 2019)  

𝐶 =  
( 𝜀𝑜𝜀𝑟𝐴)

𝑑
                                                             (2.1) 
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Where A is the surface area of the used electrode, εo is the permittivity of free space, εr is 

the relative permittivity of the dielectric material and d is the distance between two 

electrodes. 

Basing on the relationship from Eqn (2.1), the capacitance of a capacitor can be increased 

by an increase in the dielectric constant of the material, an increase in the surface area, 

and a decrease in the interplanar thickness. The change in capacitance can be increased 

by improving the properties of the materials like an increase in pore volume, specific 

surface area (SSA), particle size etcetera. The charge and discharge cycles of the EDCL 

are highly reversible because of the non-faradaic behavior of the electrical mechanism. 

This creates extremely stable cycling stability of more than 106 cycles, a high rate of 

charge-discharge with low degradation (Faisal et al., 2018). The EDLC storage principle 

allows a very fast energy uptake, better power performance, and delivery due to the non-

faradaic process which causes no chemical reaction. The non-faradaic process prevents 

swelling and expansion of active materials which is common in batteries during the 

charge-discharge process. EDLC differs from the batteries in the charge storage 

mechanism and cycling life. 

2.3.2. Pseudocapacitors  

These store charge via a faradaic process that involves the transfer of charges between 

electrolyte and electrodes. When a potential is applied on an assembled device of 

pseudocapacitor, the reduction redox reaction takes place on the surface of the electrode 

materials that involve the transfer of charges across the double layer generating a faradaic 

current through the supercapacitor cell (Iro Zaharaddeen et al., 2016). The faradaic 

process allows the materials to achieve higher specific capacitance and higher energy 

density compared to EDLC materials, pseudocapacitors electrode materials are prepared 
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by redox, spinning, and intercalation methods. The electrode materials of 

pseudocapacitors include; metal-doped carbon, metal oxides, and conducting polymers. 

These materials lack stability during long cycles and lower power density (Najib & 

Erdem, 2019). 

2.3.2.1. Conducting polymers 

This type of SC can display a high capacitance and high conductivity at low electrical 

series resistance (ESR) and low cost compared to EDLC based carbon SC. They have 

high potential density with examples like polypyrrole, polythiophene, and polyaniline 

(Allagui et al., 2018). This is attributed to their conductivity and flexibility which are the 

parameter for improving capacitance (Faisal et al., 2018). The conducting polymers suffer 

from lower cycling stability than the carbon-based electrodes. The materials usually 

require doping to boost conductivity which in turn affects the volume hence causing 

swelling and increased thickness of the electrode creating failure in the device (Najib & 

Erdem, 2019). 

2.3.2.2. Metal oxides pseudocapacitors 

This type of SC provides a very high conductivity resulting in high specific capacitance 

but high cost. They still have low involvement in SC due to their processes of fabrication 

which include sol-gel, anodic deposition, insertion, intercalation, spray deposition, 

oxidation, hydrothermal synthesis etcetera (Faisal et al., 2018). These metal oxides 

improve capacitance at lower current density but they are said to cause cracks in the 

electrode which leads to short-term stability (Faisal et al., 2018). They are combined with 

carbon forming a composite to avoid cracks forming in the electrodes (Najib & Erdem, 

2019). 
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2.3.3. Hybrid supercapacitors (HSC) 

This type of SC offers a combination of both EDLC and pseudocapacitors performances.  

It combines the high energy and high power from the battery like electrode and capacitor 

like electrode respectively. The HSC has a combination of polarizable (carbon) electrode 

and non-polarizable (metal or conducting polymer) electrode to store the charges and also 

used both faradaic and non-faradaic processes to obtain high energy storage through the 

electrodes (Muhammad Khalid, 2019), exhibiting a low cost and better cycle stability 

than EDLC. The electrode combination is categorized into three which include; 

asymmetric, Battery-type, and composite (Iro Zaharaddeen et al., 2016; Najib & Erdem, 

2019). 

2.3.3.1. Asymmetric hybrid supercapacitors  

This type of hybrid combines faradaic and non-faradaic processes by bringing the EDLC 

and pseudocapacitor behavior of electrodes together. In the asymmetric setup, carbon is 

mainly the negative electrode with either conducting polymer or metal oxide as the 

positive electrode (Iro Zaharaddeen et al., 2016). They are set to work simultaneously to 

reach high power and energy density requirements. One electrode will be a capacitive 

electrode and the other will be a faradaic electrode. The metal oxide electrodes have a 

high intrinsic volumetric capacity which leads to an increased energy density (Mathis et 

al., 2019). This type of setup can show higher energy density and excellent cycling 

stability compared to symmetric supercapacitors (Najib & Erdem, 2019). These 

capacitors face the challenge of short self-discharge which can be improved by 

introducing a simple rocking chair mechanism to ensure maximum potential at zero 

current (Poonam et al., 2019). There is also a possibility of electrolyte ion depletion of 
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the electrodes causing a decrease in conductivity with an increase in the internal resistance 

(Najib & Erdem, 2019). 

2.3.3.2. Composite hybrid SC 

These SC employ composite electrodes with a combination of carbon-based materials 

with either conducting polymer or metal oxides in a single electrode. The single electrode 

will contain both chemical and physical charge storage mechanism. The capacitive double 

layer of charges offered by carbon-based materials and improve the contact between the 

electrolyte and the pseudocapacitor materials. The composite electrode materials increase 

capacitance with faradaic reaction (Muhammad Khalid, 2019). The composite electrode 

materials include binary and ternary composite. The binary composites use two different 

electrode materials and the ternary composite uses three different electrode materials for 

a single electrode (Xuli Chen et al., 2017; Iro Zaharaddeen et al., 2016). 

The objective of the composite hybrid is to have synergistic results of specific 

capacitance, excellent cycling stability, and high conductivity. The conductivity of 

composite is highly tuneable but it depends on carbon structure and the porosity (Dubey 

& Guruviah, 2019). This makes pore diameter and important factor that determines the 

ions’ absorptivity on the surface of the electrode to define charge-discharge 

characteristics composite materials have a limitation when successive ion diffusion 

reduces to protruding nanowhiskers which grow on the carbon nanofibers even through 

the surface area of the metal oxide increases (Najib & Erdem, 2019). 

2.3.3.3. Battery-type hybrid 

These types of hybrids are on the diagonal center point of the Ragone plot with promising 

traits for higher specific capacitance, power density, and energy density. These materials 
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are still to be excelled in application compared to the present SCs. This type combines 

two different electrodes like asymmetric hybrids. They combine battery and 

supercapacitors electrodes to utilize the properties of both in a single cell (Najib & Erdem, 

2019). The combination creates an electroactive nanoparticle which leads to faster 

reactions with the electrolyte hence leading to a redox faster reaction process. The 

electrode materials create a Helmholtz double layer where the charge is stored at the 

interface between electrolyte and carbon electrode (Dubey & Guruviah, 2019). This 

occurs due to like-charges being repelled from each other at the interface and attraction 

in the counter ions which causes a mechanism in physical charge storage (Najib & Erdem, 

2019). 

2.4.  Carbon-based electrode materials 

Different forms of carbon materials are mostly used in electrode materials in the 

fabrication of different SCs. These are used due to different properties which include; low 

cost, availability, high surface area, and electrode production technology. The storage 

mechanism involved in carbon materials is the electrochemical double layer occurring at 

the interface between the electrolyte and electrode. The capacitance of the material 

depends on the surface area, pore size distribution, surface functionality, pore shapes and 

structure, and electrical conductivity (Iro Zaharaddeen et al., 2016). The high specific 

surface area in carbon materials leads to a high capability for the accumulation of charges 

at the interface of the electrolyte and electrode. Several carbon materials are used as 

electrode materials which include; graphene/graphene oxide, activated carbon, carbon 

nanotubes, carbon aerogel etcetera (Xian Jian et al., 2016). 
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2.4.1. Graphene/graphene oxide  

The flattish materials since its discovery by Novoselov and Geim in 2004, it has gained 

enormous attention. The graphene is a flat sheet thin layer with an sp2-bond. The 2-

dimensional honeycomb lattice of arranged carbon with fully conjugated structures of 

alternating C=C and C-C bonds. It has unique quasi-metal physical-chemical properties 

which makes it a suitable material for energy storage systems. The use of graphene as a 

material for an electronic application requires specific functionalization of the graphene 

sheets into their derivates at a molecular level. This makes surface functionalization of 

graphene sheets an important aspect using different covalent and non-covalent methods 

for making graphene materials with the bulk and surface properties required for potential 

application which include energy conversion and storage. The excellent electrical, high 

mechanical strength, thermal conductivity, and theoretical surface area (2600m2/g) make 

it suitable for energy storage devices (Mohmmad et al., 2018). The functionalized 

graphene is graphene oxide (GO) with functional groups on the surface and the allotropes 

like 3D-graphite, 1D carbon nanotubes all have hexagonal rings structure with different 

orientations in space (Borenstein et al., 2017). 

In general, graphene activation properties can be attained by methods such as; exfoliation 

method, introducing spacers between its layers, templating technique, or forming 

hydrogel by reducing graphene oxide. For application purposes, graphene is not used as 

pristine but it has to be applied as reduced graphene oxide or doped graphene or activated 

graphene or graphene/polymer composites or graphene/metal oxide composites 

(Mohmmad et al., 2018). Literature reported new carbon material by chemical 

modification of one-atom-thick layer of graphene with specific surface area 705 m2/g, 

which exhibited high specific capacitance of 135 F/g in aqueous electrolyte and 99 F/g in 
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organic electrolyte. Also, exhibited good retention ability over a wide range of voltage 

scan rates (Muhammad Khalid, 2019). Another literature reported the synthesis of 

graphene with thermal exfoliation of graphitic oxide at a very high temperature of 1050°C 

which showed a high surface area of 925 m2/g and specific capacitance is 117 F/g in 

aqueous 2M H2SO4 electrolyte. Alternatively, functionalization of graphene can also be 

attained by controlled thermal exfoliation at low temperatures (Y. Liu et al., 2017) 

without compromising its capacitance performance. Chemical functionalization of 

graphene oxide platelets grown on highly porous, intrinsically flexible, and ordered 

carbon films by nitrogen doping (Mohmmad et al., 2018) has proven to increase its 

electrical as well as supercapacitive properties. The above-discussed activation methods 

have led to the production of materials with high capacitance but for actual practical 

application of these materials, the other important factor to be considered is energy 

density. The commercially accessible batteries have higher energy density than 

supercapacitors. This means that supercapacitors can provide a very high energy pulse 

when required but can store less energy per unit weight, as compared to batteries. The 

literature reported the synthesis of 1-layer graphene in a curved form which limited the 

face-to-face restacking of its sheets, hereafter, utilizing maximum possible electrode 

surface. This resulted in supercapacitor electrode material with a very high specific 

energy of 86 and 136 Wh/kg at room temperature and 80°C respectively at 1 A/g current 

density (Muhammad Khalid, 2019). There is also a description for the development of 

sponge-like graphene nanostructures that exhibited a high energy density of 48 kW/kg. 

There is a new approach to efficiently maximize the surface of each layer of graphene 

structure by using the “in-plane” strategy in place of stacking (Y. Liu et al., 2017). Lest 

of conventional (stacked) assembly, the entire electrochemical (specific) surface area 

cannot be used because some of the regions are unapproachable to the electrolyte ions. 
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Although, the new structural design assists the percolation of electrolyte ions between 

graphene layers to reach the current collector. Therefore, facilitating the high usage of 

available specific surface area (Y. Liu et al., 2017). This type of in-plane 2D graphene 

supercapacitor has shown a high specific capacitance of 250 F/g at current density 176 

mA/g with good retention rate for 1500 cycles. 

2.4.2. Graphene-Metal oxide composite 

There are several carbon-based materials like carbon nanotubes, carbon quantum dots, 

graphene, and nitrogen-doped carbons that can be used as single electrode materials 

because of their unique electrical, structural, and mechanical properties. Yet, they 

demonstrate low volumetric capacitance performance and are hard to fabricate. 

Composing nanocarbon like graphene applied to supporting 3-D activated carbon 

matrices may create high-capacity composite electrodes (Sonawane et al., 2018). 

Furthermore, the nanoworld may be too far from practical realities. Nanomaterials that 

can display outstanding performance at low electrode loading in research testing may not 

fit heavily loaded electrodes which are necessary for practical devices. Composite 

materials may provide the right solution for active nanomaterials embedded in 

micrometric size carbonaceous matrices that can serve as a robust active mass with 

excellent inter-particles electronic contact and appropriate mechanical stability (Moyo et 

al., 2018). Embedding nanocarbon like graphene or nanotubes may create mesoporous 

structures with high specific surface area and excellent cycle stability. For SC 

applications, the porosity of the electrode material is a crucial factor and proved to be 

highly established when various nanocarbon are embedded in activated carbon matrices. 

This can help achieve materials an interesting synergy in which the carbonaceous matrix 

stabilizes the active nanoparticles, thus improving their charge storage capability, and the 
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latter moieties, in turn, stabilize meso-porosity of the composite matrices what enables to 

obtain high-rate capability (Borenstein et al., 2017). 

The MnO2/CNT composite was prepared using a simple hydrothermal treatment. The 

MnO2/CNT nanocomposite electrode displayed a higher specific capacitance and rate 

capability compared to pure MnO2 and CNT electrodes. High specific capacitance gotten 

in the composite can be attributed to the high specific surface area of MnO2 and high 

porous structure (Iro Zaharaddeen et al., 2016). In literature, an asymmetric 

supercapacitor was assembled using MnO2 and graphene. The prepared composite of 

MnO2-coated/graphene was used as a cathode while pure graphene was used as an anode. 

The process of electro-activation was used on a graphene electrode where a capacitance 

of 245 F/g at a charging current of 1 mA was reported. When MnO2 was deposited, the 

capacitance increased to 328 F/g at the same charging current resulting in an energy 

density of 11.4 Wh/kg and a power density of 25.8 kW/kg (Iro Zaharaddeen et al., 2016). 

CNT and graphene can be surface functionalized by metal oxide, polymers, or oxidizing 

to be stunned by the presence of some impurities. In research carried CNT/MnO2 

composite, first, it was observed that there was a vertical alignment in CNTs resulting in 

a higher capacitance as compared to random ones. This indicates that morphology affects 

capacitance significantly. Secondly, when water plasma treatment was applied on the 

surface and it gave higher results due to the clearer and larger active surface of nanotubes. 

Lastly, the addition of MnO2 via the electrochemical deposition technique exhibited the 

highest specific capacitance of 475 F/g (Iro Zaharaddeen et al., 2016). When carried out 

using a composite of reduced graphene oxide (RGO) with molybdenum sulfide (MoS2) 

synthesized by a simple process of one-pot hydrothermal. The resultant composite 
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exhibited a specific capacitance of 253 F/g at a current density of 1 A/g with excellent 

cycling stability (Najib & Erdem, 2019). 

Activated carbon having good properties like large-good electrical properties, surface 

area, and the moderate cost was used in three different metal oxides Cobalt (Co), Nickle 

(Ni), and Manganese (Mn) for different combinations to produce the highest specific 

capacitance. The AC was used as anode and a combination of any two of the metal oxides 

as a cathode. The degree of inversion was diverse by a factor of 0.2 to study the effect on 

the performance. A combination of 12 different samples was organized and the highest 

specific capacitance was 78 F/g from (Mn0.6Co0.4) which was due to large pores that were 

examined from the SEM images that allowed easy diffusion of electrolyte. The least value 

was 5F/g for (Mn0.8Co0.2) due to a non-uniform crystalline image with a hairy surface that 

made it difficult for electrolytic ion movement (Muhammad Khalid, 2019). 

Several metal-oxides like MnO2, RuO2, TiO2, NiO, ZnO, Fe3O4, MnO2, MoO3, Mn3O4, 

Co3O4, and CoMoO4 (Mohmmad et al., 2018) among others have been used as possible 

electrode material in supercapacitors (Cao et al., 2015; X. Yu et al., 2014). When these 

active materials are added to the graphene structure in an appropriate quantity, they can 

exhibit an excellent electrode material performance. When added, the metal oxide 

nanoparticle acts as nano-spacers between the graphene layers to prevent it from 

restacking. Also, the free space between the 2-D graphene sheets creates a smooth 

horizontal way for the mobility of the electrolytic ions hence improving the energy storing 

capacity. The literature described the supercapacitor behavior of graphene-SnO2 and 

graphene-ZnO composite materials (Y. Liu et al., 2017). They found that the 

electrochemical performance of graphene-ZnO composite was improved to a great extent 

in terms of capacitance value and reversibility when compared to pristine SnO2 or ZnO 



17 

 

or graphene. The specific capacitance of 61 F/g and energy density of 4.8 Wh/kg was 

reported, which greater than that of graphene-SnO2 samples. Graphene-MnO2 composite 

with high MnO2 content (78 wt.%) exhibited a specific capacitance of 310 F/g at a scan 

rate of 2 mV/s. The literature claims that hybridization of MnO2 and graphene caused an 

increase in the specific surface area exhibiting a higher conductivity and that led to a high-

performance rate (Y. Liu et al., 2017).  

Besides, conventional symmetric supercapacitors, several studies have been carried out 

to exploit the potential of asymmetric supercapacitors devices based on metal 

oxide/graphene composites (Y. Liu et al., 2017). Fabrication of asymmetric 

supercapacitors aims to attain a higher energy density. The most crucial step when 

assembling is the choice of two such electrodes, that have the same working potential 

range and appropriate wettability in the same electrolyte. This allows the extension of the 

operating potential window along with the enhanced capacitance performance rate. In 

literature, a study established that an asymmetric supercapacitor assembled using MnO2 

nanoparticles as anode and graphene as cathode displayed a specific capacitance of 37 

F/g and could operate up to a voltage range of 2.0 V with capacitance retention of 96% 

for 500 cycles. This displayed a much higher energy density of 25.2 Wh/kg and power 

density of 100 W/kg when compared to 4.9 Wh/kg of MnO2/MnO2 and 3.6 Wh/kg of 

graphene/ graphene-based symmetric supercapacitors (Y. Liu et al., 2017). 

The planar SC was fabricated by using δ-MnO facial assembly set with reduced graphene 

oxide (RGO) flakes. The interactions caused due to morphologically and the synergic 

interaction with electrostatic effects was enhanced by the RGO and MnO2 nanosheets 

integration. Synthesis of graphene aerogels (GA) has also been reported in the literature 

using a sol-gel method (C. Wang et al., 2014). The synthesized GA exhibited a good 
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specific surface area of 793 m2/g, a high pore volume of 3 cm3/g, and a high specific 

capacitance of 410 F/g. The effect of the 3D network of GA support and the structural 

advantages resulted in good stability with depletion of 5% in 50,000 cycles and capacity 

of 410 F/g. An outstanding electrical and mechanical property of 3D graphene foam has 

been reported using the CVD synthesis of graphene foam (GF) on nickel foam (NF). This 

was more followed by the CoMoO4 (X. Yu et al., 2014) and MnO2 (Cao et al., 2015) 

hydrothermal deposition. There was no need for any other metal current collector since 

graphene has good mechanical and support conductance. The specific capacitance of 144 

F/g for GF-Ni (OH) and 439.7 F/g for GF-CoMoO4 was reported with a power density of 

44 W/kg and 900 W/kg respectively which describe its usage for stretchable and flexible 

SCs due to its structural property and superior electrochemical. Literature reported about 

the graphene nanocomposites employing an in-solution process (Cao et al., 2015) with 

the Co3O4 and Mn3O4.  Using Hummer’s method for synthesis of graphene oxide (GO) 

and the precursor solution was intermixed with the graphene oxide. The Mn3O4/Co3O4 

composite was deposited onto the RGO using thermal and microwave to assist the 

treatment carried out. The cobalt oxide nanoparticle microwave-assisted intercalation was 

also proposed using graphene wrapping (R. Kumar et al., 2014). 

Nanostructured carbon-based electrode materials are most widely used for 

electrochemical applications due to their good electrical property, low cost, chemical and 

thermal stability, and good reversible redox reaction feasibility. Though, these properties 

do not offer good energy density-high specific capacitance and stable cycle life. To 

overcome these defects, the nanostructured carbon-based materials are mostly combined 

with the metal oxides. Thus, the designing of an electrode with flexible carbon fiber foam 

(CFF) and MnO2 has been employed as advanced research that contributes to the 
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electrochemical behavior during both the charging and discharging period. The choice of 

CFF as the current collector is due to its high corrosion resistance, easy fabrication, low 

cost,1D structure, and high electrical conductivity. MnO2 had been recognized as a 

promising candidate for its simple synthesis process (Dubey & Guruviah, 2019). 

A few researchers have successfully developed a solid-state highly flexible CFF/MnO2-

based electrode material for supercapacitor applications. Hydrothermal synthesis is one 

of the methods used to functionalize CFF with coral-like MnO2 nanostructure for the 

improvement of the pseudocapacitive properties (Reddy et al., 2015). The specific 

capacitance of 467 F/g with 100% initial capacitance maintenance after 5000 cycles is 

attributed to the presence of the unique structure of the electrode which permitted fast ion 

diffusion. Also, observed an energy density of 20 Wh/kg and faster charge and discharge 

rates. Morphology of the thermally aged CFF/MnO2 and CFF hybrids were examined 

after reaction at 175 °C. in the report, observations made by the FESEM images exposed 

the interaction between CFF and MnO2 which was quite strong and the CFF acted as a 

good substrate. In addition to these, an energy density of 20 Wh/kg and power density of 

0.175 kWh/kg was reported for the devices fabricated with CFF/MnO2 (Dubey & 

Guruviah, 2019). 

Graphene and graphene oxide (G/GO) are used in SCs applications because they do not 

depend on the distribution of pores in the solid-state as compared to other carbon 

materials (Iro Zaharaddeen et al., 2016). If the theoretical SSA is fully utilized, graphene 

can produce a capacitance of 55F/g (Xuli Chen et al., 2017). When graphene is used as 

an electrode material, all major surface sheets are readily available for electrolyte 

interaction. The synthesis of GO by acid oxidation of graphite (Xuli Chen et al., 2017) 

followed by chemical reduction, provides an effective method for low-cost mass 
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production of reduced graphene oxide (RGO) that can directly be used as EDLC electrode 

materials. The traditional way of producing graphene is initiated by graphite using the 

oxidization method to form graphene oxide. This is achieved by Hummer’s method or 

modified Hummer’s methods and other methods as shown in Figure 2.4. for producing 

GO sheets, a complete exfoliation of graphite oxide can mechanically be carried out by 

sonication (Dubey & Guruviah, 2019). 

 

Figure 2.4:  Graphene oxide synthesis by chemical oxidation method from graphite 

(Adetayo & Runsewe, 2019). 

 

The chemical oxidation method produces graphene which starts with introducing 

functional groups like hydroxyl, carbonyl, and peroxyl between carbon layers of graphite. 

These functional groups weaken the binding van der Waal bonds between carbon layers 

to peel off layer by layer from graphite (Dubey & Guruviah, 2019). The resulting GO can 

be reduced to graphene by adding hydrazine solution into the GO solution. Large surface 

area graphene is highly desirable because it significantly reduces high inter-sheets contact 

resistance compared to smaller area graphene. The graphene sheets exhibit a drawback of 

easily forming restacks and irreversible agglomeration to their graphite structure which 
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makes determining intrinsic capacitance difficult. The graphene-based SCs are capable 

of operating up to a potential of 4.5V and an energy density of 85.6Wh/kg at room 

temperature and 136Wh/kg at 80oC in the ionic liquid was a report in the literature (Xuli 

Chen et al., 2017).   

The oxides of graphene work as an important alternative material to be used for 

nanocomposite formation. To improve the electrochemical properties of graphene-based 

electrodes, the materials have to be doped with chemicals having electron donors and 

acceptors. From the literature, a specific capacitance of 242F/g was reported by using N-

doped-graphene oxide for SC with a capacitance of 320F/g was obtained from highly 

nitrogenated graphene oxide (D. Wang et al., 2014). The GO synthesized by modified 

hummer’s method was experimented on a 2.5 to 7.5A/g and the highest current density 

of 7.5A/g produced energy density of 58.25 Wh/kg and power density of 13.12 kW/kg 

(Iro Zaharaddeen et al., 2016). The conventional graphene and RGO electrodes with 

electrolyte ion can only transfer charges between graphene sheets that inevitably leads to 

a much longer ion-transport path with their ions transferring through the graphene sheets. 

In literature, it was reported that holy-graphene sheets can allow ions to a path through 

the holes with limited transport path while keeping the electron-transport efficiency (Y. 

Xu et al., 2014). Doping graphene using hetero-atoms can improve the 

electrochemical/electrical properties of energy storage including other properties of 

energy storage (Y. Liu et al., 2016). Several works of literature have been reported with 

doping and improvement with GO as shown in Table 2.1. 

 

 



22 

 

Table 2.1: Graphene and GO nanomaterials in EDLCs 

Electrode Electrolyte Specific 

capacitance 

(F/g) 

Energy 

density 

(Wh/kg) 

Power 

density 

(W/kg) 

References  

G – 

functionalized 

-OH & -

COOH 

0.075M 

hydroquinone 

& 1MH2SO4 

3199 at 

5mV/s 

- - (G. Wang et 

al., 2014) 

Hollow 

graphene 

EMIMBF4/AN 298 at 1A/g 53 1000 (Y. Xu et al., 

2014) 

N-doped 

graphene 

1M TEABF4 280 at 

20A/g 

48 800 (Y. Liu et al., 

2016) 

N/P doped 

RGO 

6M KOH 165 at 

0.1A/g 

- - (Ke & J., 

2016) 

Graphene 

aerogel 

3M KOH 4.76 at 

0.4A/g 

0.26 4080 (Zhu C, 

2016) 

Graphene 

aerogel 

0.5M H2SO4 325 at 1A/g 45 7000 (Jung et al., 

2015) 

2D micro 

porous GO 

EMMBF4 151.3 at 

0.1A/g 

42 10000 (Hao L, 

2015) 

N-doped GO 6M H2SO4 396.5 at 

0.2A/g 

- - (Jia, Y, & G, 

2016) 

Graphene / 

CNT 

PVA/H3PO4 31.5 at 

0.04A/g 

- - (H. Sun et al., 

2014) 

Free standing 

graphene 

1M Na2SO4 150.2 at 

1A/g 

- - (G. Sun et al., 

2015) 

RGO/Fe2O3 Organic 

solvent 

855.2mAh/g 

at 0.02A/g 

129.6 1870 (M. Li et al., 

2016) 

RGO/Cu - 81.3 11.25 5000 (Purkait et 

al., 2018) 

Metal oxide/ 

RGO 

H3PO4/PVA 281.3F/cm3 18.2 

mWh/cm3 

76.4 

mW/cm3 

(W Ma et al., 

2016) 

C-GO 6M KOH 329.5 at 

0.5A/g 

- - (Y. Song et 

al., 2016) 
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MnO2 

CNT/GO 

6M KOH 210 at 

1mA/cm2 

24 10000 (Leea & B-H, 

2016) 

CoO/GO 2M KOH 889 at 2A/g 28.7 1600 (R. Wang et 

al., 2017) 

 

2.5.  Activated carbon (AC) 

Recently, there is a significant increase in agricultural activities to support the growing 

population demand and sustainability. An increase in agricultural crop production leads 

to an increase in biomass as waste. These agricultural crop residues/wastes are left at the 

farms have slow degradation and therefore lead to waste management and often farmers 

resort to burning. Thus, the conversion and utilization of that biomass into value-added 

material is paramount. Biomass such as maize corn cobs, rice husks, coconut shells, 

sugarcane bagasse to mention but a few has been explored for the production of porous 

activated carbon for industrial application (Biswal et al., 2013; Xiufang Chen et al., 2017; 

A. Elmouwahidi et al., 2012; Adbelhahim Elmouwahidi et al., 2017; J. Hou et al., 2014; 

Mi et al., 2012b; Tian et al., 2015; L. Wei et al., 2011; T. Wei et al., 2016; Z. Zhu et al., 

2015). The Activated Carbon (AC) with varying surface areas are abundantly being used 

for industrial application which includes energy storage materials, removal of toxic 

compounds, purification, and separation in liquids and gases, catalysts or catalysts 

support(Adrian et al., 2016; A. Elmouwahidi et al., 2012; Adbelhahim Elmouwahidi et 

al., 2017; Fraczek-szczypta et al., 2015; Lim et al., 2010; Rufford et al., 2010; Yakout & 

G. Sharaf, 2016), reduction in CO2 (Shafeeyan et al., 2010) removal of dyes and odour 

(Yakout & G. Sharaf, 2016). 
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Zea Mays knew as Maize or corn is the most widely cultivated cereal grain food in Africa. 

The cultivation of maize is widespread particularly in the Eastern, Western, Southern, and 

central parts of Africa. This plays a big role in most homes as support for food and 

income-earning for the rural economy. The production yield per hectare 

(tons/hectare/year) of approximately 30 YPH by 2018, which was greater than the USA, 

China and Brazil combined at 22 tons/hectare/year (VIB, 2018). Normally, the maize corn 

cobs are treated as agricultural crop residue/waste as a result of harvesting where only the 

grains are taken for further processing and the cobs are disposed-off in the farm, power 

plant sites, and others are burnt to ashes. This causes environmental challenges such as 

pollution.  

There are two major methods for conversion of biomass like corn cobs into AC which 

are; Chemical and physical activation (Adbelhahim Elmouwahidi et al., 2017; Yakout & 

G. Sharaf, 2016). The physical activation has mainly two (2) stages namely; carbonization 

of the carbonaceous material and activation at elevated temperatures in a suitable 

atmosphere of gases like Argon or Nitrogen (Lim et al., 2010). This process results in the 

removal of some volatiles, hence producing a wide range of pores which creates porous 

AC. This method has been adopted in industries for commercial production of micro-

porous AC because of its environmental sustainability.  

In the chemical activation method, the precursors (biomass) are impregnated with 

chemicals having dehydrating properties such as H2SO4, H3PO4, ZnCl2, K2CO3, NaOH, 

KOH to mention but a few. These are used to carbonize at different conditions basing on 

the design of the experiments (Lim et al., 2010). Some chemicals are used to activate 

lignocellulosic materials which include H3PO4 and ZnCl2. Strong bases like KOH and 

NaOH are used in the activation of coal precursors and chars (Lim et al., 2010; Yakout & 
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G. Sharaf, 2016). The main challenge of a chemical method with some chemicals like 

ZnCl2 is the environmental contamination which includes corrosion and lack of chemical 

recovery methods. Impregnated KOH precursors yield large micro-porosity because it 

intercalates with the carbon matrix (Prahas et al., 2008). The chemical method provides 

several merits to the precursor which may include the use of single-stage activation, 

working at low-temperature ranges, short holding working time, higher porous structure, 

and high yield (Lim et al., 2010). 

The chemical characterization of AC is mostly determined by the ability of the surface to 

obtain heteroatoms. This forms functional groups and delocalization around the structure 

which primarily identifies the acidic or basic character of the AC at the surface (El-sayed 

& Bandosz, 2004; Laszlo & Szucs, 2001). AC has reducing capability because of the 

functional groups of oxygen such as phenolic, lactone, carboxyl, and quinone (Manyala 

et al., 2016). Different carbonaceous electrode materials are used in supercapacitors (SC) 

because of high surface area, porosity, and surface functional groups. Materials such as 

AC (Yao et al., 2015),  carbon composites (Yeon et al., 2017), metal carbide-derived 

carbon, Graphene and its derivatives, Carbon aerogels (Jae et al., 2014; Vlad et al., 2016) 

among others. The charge storage of electrochemical double-layer supercapacitors 

(EDLS) is based on interfacial layers formation of the electrode surfaces. This makes the 

surface area of materials for electrodes very important in SC application (Xiang et al., 

2013; Yao et al., 2015). AC-derived materials are highly levelled to have higher porosity, 

high surface area, high chemical, and physical stability, and high packing density (Das et 

al., 2015; Lekakou et al., 2011). Commercially available ACs are synthesized from 

different biomass due to their low cost of production and environmental friendliness. The 

porous nature of AC material is advantageous in SC application with microporous and 
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microporous being more influential for charge transfer in the performance. The 

macropores also facilitate the transport zone with the structure of carbon materials. The 

high capacitance values are primarily due to the surface area of the material and the 

stability of electrolytes (Van et al., 2014). Liquid phase oxidation method of treatment is 

known in introducing oxygen and its functional groups onto the surface of activated 

carbon (AC) at lower temperatures of operation compared to other methods of gas phase 

(Shafeeyan et al., 2010). 

AC is highly on-demand as materials for the fabrication of the SC electrodes. These have 

high specific surface area (SSA), low cost and availability make them widely preferred 

active materials for electrodes. In the synthesis, the carbonization process aids the 

production of amorphous carbon and the thermal chemical conversion of the precursors. 

The activation process leads to the manipulation of SSA. This is reached by partial 

controlled oxidation of carbon precursors gaining either by chemical or physical 

activation (Dubey & Guruviah, 2019). The theoretical SSA of AC is about 3000m2/g 

although literature reports a usable SSA range of 1000 to 2000m2/g (Purkait et al., 2018). 

The most commercially available have a working potential of 2.7V when employing AC 

as an electrode material and specific capacitance range of 100 to 120F/g (R. Wang et al., 

2017) and a volumetric capacitance up to 660F/cm3 (Dubey & Guruviah, 2019) and the 

specific capacitance of 300F/g (M. Li et al., 2016). These two processes result in activated 

carbon with theoretical surface area (3000 m2/g) and pore size distribution in a wide range 

of macro-pores, mesopores, and micropores (>50–2 nm) (M Khalid et al., 2018). The 

micropores are in general considered to be inaccessible for electrolyte ions thus not 

capable of supporting an electrical double layer. The mesopores have maximum 

contribution towards capacitance in an electrical double layer capacitor followed by 
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micropores (Muhammad Khalid, 2019). EDLC and pseudocapacitance both are surface 

phenomena, thereby, activated carbon with a high surface area is the perfect candidate for 

application as electrode material (Najib & Erdem, 2019). Though, the experimental value 

of capacitance for activated carbon-based supercapacitor was found to be in the range 1 

to10 μF/cm2 which is lower than the theoretical calculations. This has been explained in 

detail by W. Li et al. (W. Li et al., 2016) and found that the surface area of the electrode 

material is not the only factor that determines the performance of the electrode. Several 

parameters need to be considered for calculating capacitance for instance; shape, 

structure, and size distribution of the pores along with the electrical conductivity and 

wettability of electrode in the particular electrolyte (M Khalid et al., 2018). This creates 

new phenomena for use of mesoporous carbon (pore size 2 to 50 nm) for supercapacitor 

applications, which contributes to easy ion-transport over the conventional activated 

carbon and hence, demonstrates high power capability (W. Li et al., 2016). (Y. Liu et al., 

2017) synthesized mesoporous carbon by carbonizing a mixture of polyvinyl alcohol and 

inorganic salt and showed a specific capacitance of about 180 F/g in aqueous H2SO4 

electrolyte. The performance of mesoporous carbons can be further enhanced by the 

controlled introduction of micropores. (Han et al., 2016) showed that a specific balance 

between mesopores to micropores ratio can tune the specific capacitance to 223 F/g in 6 

M KOH electrolyte at 2 mV/s scan rate with 73% retention cyclability. This improved 

capacitance has been attributed to the presence of hierarchical porous structure of the 

electrode material that consists interconnected micropores and mesopores, having the 

high surface area of 2749 m2/g, and large pore volume of 2.09 cm3/g. The interconnected 

porous structure facilitates the easy movement if ions. The performance of mesoporous 

carbon can also be improved by its functionalization. The functionalized mesoporous 

carbon can then act as an efficient pseudocapacitor electrode in addition to EDLC. 
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Different functional groups like ─OH, ─COOH or ─C═O can be easily introduced by 

activating the mesoporous carbon using strong acids like nitric acid, sulfuric acid or 

ammonium persulfate. Jia et al. (Jia, Y, G, et al., 2016) pyrolyzed the mixture of milk 

powder and sodium hydroxide without any substrate resulting in the formation of N-

doped mesoporous carbon which showed a high capacitance of 396.5 F/g at 0.2 A/g in 

the electrolyte solution of H2SO4 along with high stability in their capacitance of 95.9% 

for capacitance retention after 2000 cycles at 50 mV/s. (Jia, Y, & G, 2016) have also 

observed that the capacitance of mesoporous carbon increased from 117 to 295 F/g (10 

mV/s scan rate) after its treatment with nitric acid. 

(Dubey & Guruviah, 2019), obtained AC by carbonization of waste of fibreboards at 

500oC and activated with KOH at 800oC varying the ratio of KOH/cake mass. This 

resulted in an SSA range of 1456 to 1647m2/g giving a specific capacitance range of 212 

to 223F/g. AC materials electrodes properties like low cost and electrical conductivity 

and hindered by the low effective SSA caused by randomly connected micropores with 

sizes less than 2nm which hardly accessible by electrolytic ions (Z. Yang et al., 2015). 

To address that challenge, the prepared mesoporous carbon of pore diameter ranging from 

2 to 50nm with high SSA was used as an SC electrode. This was to facilitate a fast ion-

transport pathway and high-power density. The AC material exhibited a specific 

capacitance of 180F/g in aqueous H2SO4 as electrolyte (Z. Yang et al., 2015). The 

volumetric specific capacitance, power density, and energy density of mesoporous AC 

electrodes could be influenced directly by content and population between micropores 

and mesopores are required for electrochemical energy storage efficiency (Xuli Chen et 

al., 2017). 
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2.5.1. Controlling of shape and size in mesoporous carbon 

The control of the shape and size of the mesoporous carbon material can be done through 

different synthetic techniques. The material can be produced as an ordered mesoporous 

carbon with homogeneously balanced pores of regular size. This can facilitate ion-

transportation and charge storage hence improving capacitance and rate capability. The 

literature reported highly ordered sizes of 2.8nm and 8nm which was synthesized by 

SBA-16 silica with mesostructured templates and polyfurfuryl alcohol as the source of 

carbon (W. Li et al., 2016). The two types of sized materials reported an SSA of 1880 

and 1510m2/g respectively and a specific capacitance of 205F/g for the 2.8nm diameter 

as the highest capacitance. The mesoporous carbon can also be manipulated to introduce 

micropores in the materials. (Jia, Y, & G, 2016) reported activation of mesoporous carbon 

with CO2 at 950oC which imparted micropores in the mesoporous carbon and improved 

the specific capacitance from 115F/g to 225F/g in 6M KOH. This improvement of the 

specific capacitance can be attributed to the formation of hierarchical pores with SSA of 

2749m2/g and balanced mesopores and micropores. 

The synthesis of mesoporous carbon materials using carbonization of non-conventional 

materials such as biomass is being adopted more and more as shown in Table 2.2. (Jia, 

Y, G, et al., 2016) reported production of N-doped mesoporous carbon materials by a 

one-step pyrolysis method using a mixture of KOH and milk powder without any 

template. The produced materials exhibited an SSA of 2145.5m2/g and pore volume of 

1.25cm3/g resulting in a specific capacitance of 396.5F/g at 0.2A/g in 6M H2SO4 giving 

capacitance retention of 95.9% after 2000 cycles at 50mV/s. the structure of pores and 

the shape of the mesoporous can be also further explored to improve the electrochemical 

performance. A composite of AC with graphene exhibited high SSA with improved 
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specific capacitance. (W Ma et al., 2016) reported a composite of graphene-AC porous 

materials with SSA of 3290m2/g with the specific capacitance of 174F/g, the volumetric 

capacitance of 100F/cm3 resulting in the energy density of 74Wh/kg and power density 

of 333kW/kg. 

Table 2.2: Carbon-based EDLC as electrode materials 

Electrode Electrolyte Specific 

Capacitance 

(F/g) 

Current 

density 

(A/g) 

Retention 

cycles 

References 

N-doped 

mesoporous 

carbon 

- 288 0.1 25000 (JG Wang, 

Liu, H Sun, 

et al., 2018) 

N-doped 

micro- 

mesoporous 

carbon 

6M KOH 226 1.0 2000 (A. Chen et 

al., 2016) 

N-doped 

mesoporous 

carbon 

Ionic liquid 186 2.5 - (D. Liu et 

al., 2016) 

Layered N-

doped 

mesoporous 

carbon 

0.5M 

H2SO4 

2M Li2SO4 

810 

710 

1.0 

1.0 

5000 

5000 

(T. Lin et 

al., 2015) 

N-doped 

mesoporous 

carbon 

Ionic liquid 225 0.5 1000 (M. Xie et 

al., 2014) 

Hierarchically 

N-doped 

mesoporous 

carbon 

0.5M 

H2SO4 

537 0.5 10000 (Han et al., 

2016) 

 

Incorporation of heteroatoms such as nitrogen, boron, phosphorous, and sulfur (N, B, P, 

and S) into the carbon network by replacing some carbon atoms offers a significant 

change in the electronic, electrical, and surface charges properties of the carbon materials. 

Doping of heteroatom in carbon materials can be done either by in situ preparation of 
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carbon or through post-treatment by heteroatom containing precursor (Mohmmad et al., 

2018). In particular, nitrogen doping has gained more attention in a supercapacitor, 

because nitrogen doping not only improves the electrical conductivity and wettability but 

also contribute additional pseudocapacitance by enhancing the surface polarity and 

electron donor affinity of carbon. According to the studies made by Wang et al. (JG 

Wang, Liu, H Sun, et al., 2018), nitrogen doping facilitates the formation of well-defined 

mesopores and resulted in improved electrochemical performance. Lin et al. (T. Lin et 

al., 2015) developed N-doped mesoporous few-layer carbon with a large surface area of 

1900 m2/g for supercapacitor. It was reported that the as-developed few-layer carbon 

showed the highest ever specific capacitance of 810 F/g in a three-electrode cell and 710 

F/g in a full cell at 1 A/g in 0.5M H2SO4 and 2M Li2SO4 electrolytes. The full cell device 

showed high stability with 50,000 repeating cycles between 0 to 1.2 V and demonstrated 

the highest specific energy of 23.0 Wh/kg while maintaining the specific power density 

of 18.5 kW/kg in 2M Li2SO4 electrolyte. Though the exact mechanism has not yet been 

confirmed it is evident that the pyrrolic N, pyridinic N, or quaternary N plays a crucial 

role in determining the ion flow towards the electrode, hence, influencing the capacitance 

of the electrode (A. Chen et al., 2016). Nitrogen and phosphorus dual doped mesoporous 

carbon was also prepared, which reveals a high specific capacitance of 220 F/g at a current 

density of 1 A/g with an excellent rate capability of 91% in a 6 M KOH aqueous 

electrolyte (JG Wang, Liu, H Sun, et al., 2018). This value of capacitance was found 

lower than nitrogen and sulfur or nitrogen and oxygen dual doped mesoporous carbon 

synthesized using polyhedral oligosilsesquioxanes, which showed an almost rectangular 

cyclic voltammogram curve in a wide potential window from −2 to +2 V in an ionic liquid 

electrolyte. These electrode materials showed a gravimetric and volumetric specific 
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capacitance of 163 F/g and 106 F cm−3 at a current density of 0.25 A/g (D. Liu et al., 

2016). Another form of activated mesoporous carbon is carbon nanofibers. The ease 

of preparation and highly mesoporous structure of these fibers exhibited excellent 

electrode material for electrochemical double-layer capacitors. (JG Wang, Liu, H Sun, et 

al., 2018) prepared polyacrylonitrile fibers followed by NaOH activation, and observed 

high specific capacitance of 371 F/g in the aqueous KOH (6 M), 213 F/g in non-aqueous 

LiClO4 (1 M), and 188 F/g in ionic liquid electrolyte solutions. Mesoporous carbons have 

also been extensively studied in the form of composites with other active materials, 

including conductive polymers (polyaniline, poly-3-hexylthiophene) and metal oxides 

(Manganese oxide MnO2, Ruthenium oxide RuO2 (Mohmmad et al., 2018). In particular, 

pristine conducting polymers with their excellent electrochemical properties have 

displayed capacitance 10–100 times higher than EDLCs but they suffer from some 

limitations like poor stability and short lifetime. Thus, combining the properties of 

conducting polymers with mesoporous carbon can result in an electrode material with 

optimum properties. For instance, chemical polymerization of polyaniline onto an ordered 

bi-modal-mesoporous carbon resulted in the formation of PANI nanowires growing out 

of mesoporous carbon substrate has been reported by (Jiang et al., 2020). The subsequent 

composite exhibited a specific capacitance of 517 F/g in 1M H2SO4 electrolyte with a 

91.5% retention rate after 1000 cycles. Chen et al. have presented a facile synthesis of 

highly porous N-doped carbon nanofibers coated with polypyrrole by carbonization 

which showed a specific capacitance of 202 F/g in aqueous KOH (6M) electrolyte at a 

current density of 1 A/g. It displayed a maximum power density of 90 kW/kg while 

maintaining high capacitance retention and cyclability. This kind of N-doped carbon 
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nanofiber-based composites exemplifies unconventional and practically potential 

candidates for a competent electrode material for supercapacitors (L Zhang et al., 2016) 

2.6.  Synthesis approach for electrode materials 

The method of synthesis of electrode materials plays an important role in controlling the 

structures and properties of the materials. different synthesis methods are described 

briefly: 

2.6.1. Sol-gel method 

Sol-gel is a facile method to prepare materials with greater purity and homogeneity. The 

sol-gel method is so named, as in its micro-particles in the solution (sol) agglomerate and 

link together in regulated conditions to form an integrated network (gel). Two basic 

variations of the sol-gel method are the colloidal method and the polymeric or the 

alkoxide method, which are different from each other on the type of precursors used. In 

both methods, the precursor is mixed in a liquid (usually water is used for the colloidal 

method and alcohol for the polymeric method) and is then activated with the addition of 

an acid or a base. Then, as obtained activated precursor reacts forming a network, which 

develops with temperature and time maximally up to the container size (Poonam et al., 

2019). Many TMOs have been prepared by this method. This process provides the 

advantage of preparing materials for different morphologies. The electrode material 

prepared by this process possesses high SSA with better electrochemical behavior which 

can also be controlled by temperature, change of surfactants, solvents, and reaction time. 

(L Zhang et al., 2016) have reported this method for the production of activated carbon 

fiber material (ACFM)-Ni(OH)2 composite which exhibits the specific capacitance of 

appx 370–380 F/g. Also, the dependence of shape, structure, and volume of material on 
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the composition and concentration of the solution was established. (Poonam et al., 

2019)have deposited NiCo2O4 films by a sol-gel method which exhibit the specific 

capacitance of 2157 F/g at a 0.133 mA/cm2 current density and good cycling stability 

(96.5% specific capacitance retained after 10,000 cycles). NiO/LaNiO3 electrode 

fabricated by spin-coating on Pt/Ti/SiO2/Si (100) substrate showed a specific capacitance 

of 2030 F/g at a 0.5 A/g and high stability (83% of the specific capacitance retention after 

1000 cycles). This superior electrochemical response can be related to high porosity, well-

connected network structures with reduced mass transfer resistance between electrolyte 

and ion which facilitates the electron hopping in nanoparticles. 

2.6.2. Electro-polymerization / Electrodeposition 

This is a common synthesis technique that provides precise regulation over the thickness 

of films and on the rate of polymerization. By suitable choice of deposition solution, 

nanostructured films with different mass loading and morphologies can be prepared by 

this method. This technique involves simple processing conditions and not many toxic 

chemicals are used in it. It is generally used for preparing CPs such as PANI, PEDOT, 

PPy, among others. (Poonam et al., 2019) have prepared MnO2-PEDOT: PSS composite 

by a co-electrodeposition strategy which exhibits an areal specific capacitance of 

1670mF/cm2 at 0.5 mA/cm2 and excellent mechanical robustness. Nanosized MnO2 

electrodes on Au nanowire stems are grown electrochemically by Chen et al. (Najib & 

Erdem, 2019) which exhibit high specific capacitance (1130 F/g at 2 mV/s), high energy 

density (15 Wh/kg at 50 A/g), high power density (20 kW/kg at 50 A/g) and long-term 

stability (90% of specific capacitance left after 5000 cycles). ZnO@Ni3S2 core-shell 

nanorods are formed by the electrodeposition method by (Xing et al., 2014) which exhibit 

a specific capacitance of 1529 F/g at 2 A/g and retain 42% of initial specific capacitance 
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after 2000 cycles. Stretchable CNT-PPy films are deposited by electrochemical 

deposition by Guo et al (Guo et al., 2016). 

2.6.3. In-situ polymerization 

In this process, monomers are dispersed into an aqueous solution using the sonication 

process. Then an oxidizing agent is mixed to initialize the polymerization in the aqueous 

solution and the sample is obtained by filtering the solution. Earlier this method yielded 

only irregular aggregates with a little portion of nanofibers, but with slight modification, 

nanoparticles, nanorods, and nanofibers were reported with better solution processability 

and better physical and chemical properties. A simple strategy for the growth of PEDOT 

structures on carbon fiber cloth (CFC) by in situ polymerization is reported (M. Rajesh et 

al., 2017). When a supercapacitor device is fabricated with these nanostructures, it 

exhibits a specific capacitance of 203 F/g at 5 mV/s, an energy density of 4.4 Wh/kg, and 

a power density of 40.25 kW/kg in 1M H2SO4 electrolyte. Also, it possesses 86% specific 

capacitance retention after 12,000 cycles. Wang et al. (R. Wang et al., 2016) have 

deposited PANI nanowires within the multi-walled carbon nanotubes (MWCNTs) by in 

situ electro-polymerization. The aligned MWCNTs provide support to the organic 

polymers along with providing a pathway for the transfer of charge. Also, confined 

MWCNT channels limit the structural changes in PANI chains while charging-

discharging and enhance the lifetime of the structure. The films made with porous carbon 

encapsulated in MWCNTs showed a specific capacitance of 296 F/g at 1.6 A/g. Different 

π-conjugated sulfonate templates and additional assistance of graphene and MWCNTs 

are employed to enquire the polymerization behavior of PEDOT by Zhou et al. (H. Zhou 

et al., 2017). As prepared PEDOT: MWCNT composite reveals interconnected network 
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due to the π-π interaction of PEDOT with non-covalent functionalized MWCNT and 

exhibits a specific capacitance of 199 F/g at 0.5 A/g. 

2.6.4. Direct coating 

This technique is employed for the fabrication of those SC electrodes in which active 

material, in the form of a slurry, is applied directly on the substrate. Often, additives such 

as carbon black, polyvinylidene fluoride (PVDF), acetylene black, 

polytetrafluoroethylene (PTFE) are introduced as binders to provide maximum adhesion 

along with retaining electrical conductivity. The working electrode is fabricated with 90 

wt% electrode materials (NiO) and 10 wt% PVA in mills water as a solvent and the slurry 

obtained is pasted on the Pt disc. Jana et al. (Jana et al., 2016) prepared supercapacitor 

electrode slurry by mixing nitric acid-treated carbon cloth with 10% PVDF and DMF (N, 

N-dimethyl formamide) and the prepared slurry is coated on a stainless-steel substrate. 

Du et al. (W. Du et al., 2014) synthesized supercapacitor electrode by coating the slurry 

formed by adding active material with acetylene black and PTFE onto Ni foam. 

2.6.5. Chemical vapour deposition (CVD)  

CVD technique is generally used where the porosity is very important. This process is 

performed under vapour phase, where the initial material is prepared in vapour form, 

flowed, and subjected to a high temperature (800 to1000 °C). The as-prepared structures 

have even morphology (Chee et al., 2016). Among various synthesis methods of 

graphene, for instance, mechanical cleavage of graphite, chemical exfoliation of graphite 

(in organic solvents), manufacturing of multi-layered graphene by arc discharge, 

reduction of graphene oxide (GO) synthesized from the oxidation of graphite, graphene 

synthesized by CVD provides better results owing to their large crystal domains, 
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monolayered structure and fewer defects in the sheets, which help enhance carrier 

mobility (Ke & Wang, 2016). Kalam et al. (Kalam et al., 2015) demonstrated that high-

efficiency SCs with improved electrochemical characteristics can be fabricated by CVD-

grown graphene hybridized with MWCNTs. (Lobiak et al., 2017) prepared hybrid carbon 

materials consisting of MWCNTs and graphitic layers, produced by CVD, over MgO 

assisted metal catalyst, such materials provide fast charge transport in the cell. 

2.6.6. Vacuum filtration technique 

This quick and proficient technique uses the simple concept of vacuum filtration to 

prepare nanocomposites from a physical combination of different materials. Generally, a 

mixture of materials is prepared followed by simple vacuum filtration and drying of the 

filtrate. In this method, the composition can be simply altered by varying the 

concentration or the weight percentage of each constituent in the mixture. Graphene 

suspension, developed by vacuum filtration deposition by Zhang et al.(H. Xu et al., 2015) 

for fabricating graphene-based Ni foam electrodes, shows a higher Ed and Pd along with 

good cycling performance. Xu et al. (L. Xu et al., 2017) have synthesized a 

nanocomposite of graphene/AC/PPy by vacuum filtration method. As prepared electrode 

exhibits the Cs of 178 F/g at 0.5 mA/cm2 and retains 64.4% of Cs after 5000 charge/ 

discharge cycles. Y. Gao (Y. Gao, 2017) has used this technique to prepare graphene/ 

polymer electrode on Ni foam in which the vacuum pressure and its duration controls the 

distribution of graphene. 

2.6.7. Hydrothermal/solvothermal method 

The hydrothermal process can be ascribed as environment-friendly superheated aqueous 

solution dispensation. Also, this provides controlled diffusivity within a closed system. 
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The process has superiority over other techniques as it is ideal for preparing designer 

particulates (particles with high purity, crystallinity, quality, and controlled chemical and 

physical characteristics). Also, this is a low-temperature sintering process with a small 

energy requirement which is simple to implement and scale up (Poonam et al., 2019). 

Though, this process has lesser control over nanoparticle aggregation. The solvent 

properties (i.e., dielectric constant, solubility) change radically in the supercritical phase. 

Thus, the supercritical phase gives a favourable condition for particle formation owing to 

increased reaction rate and great supersaturation. If some other solvent is used instead of 

water, then the method is called solvothermal synthesis. A lot of SC electrodes have been 

fabricated using this process such as rod-like hollow CoWO4/Co1-xS (Ge et al., 2018), 

Cobalt disulfide-reduced graphene oxide (CoS2-rGO) (Venkateshalu et al., 2018), 

hexagonal NiCo2O4 nanoparticles (Poonam et al., 2018). 

2.6.8. Co-precipitation method 

This is a facile method for the large-scale production of powder samples. For precipitation 

to take place, the concentration of one solute should be more than the solubility limit and 

temperature should be high enough for fast separation into precipitates. Here, it is difficult 

to regulate the morphology of prepared samples due to the fast rate of precipitation. 

Various supercapacitor structures have been reported using this method such as CoFe2O4-

magnetic nanoparticles with different precursors (Kennaz et al., 2018), Ni3(PO4)2@GO 

composite (J. J. Li et al., 2015) which displays a specific capacitance of 1329.59 F/g at a 

0.5 A/g and 88% of the Cs retention after 1000 cycles. 
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2.6.9. Dealloying method 

The Dealloying method, also known as selective dissolution, is an easy, flexible and 

economical technique to produce nanoporous metallic materials (NPMs) with structures 

like core-shell, hollow core-shell, and porous nanoparticles (Poonam et al., 2019). In this 

method, the more active material is removed from a solution of binary metallic solid by 

electrolytic dissolution thus producing an interconnected porous structure. Such 

structures possess higher surface area, good mechanical and compression strength along 

with size-scale dependent elastic modulus. Much attention has been given to NPMs 

prepared by this method since the important work of (X. Li et al., 2014), and has become 

a very important method to produce NPMs in the last decade. They examined the fixed 

voltage dealloying of AgAu alloy particles in the size range of 2 to 6 nm and 20 to 55 nm. 

They demonstrated that only the core-shell structures (2 to 6 nm in diameter) evolved 

above the potential corresponding to Ag+/Ag equilibrium. CuS nanowire on nanoplate 

network with improved electrochemical performance has been prepared by Wang et al. 

(Z. Wang, Zhang, Zhang, et al., 2018) using an improved dealloying method at two 

contrasting reaction temperatures. Cu2O has been synthesized by oxidation assisted 

dealloying method (R. Wang, Sui, Yang, et al., 2018). The free-dealloying method has 

been used for the synthesis of Cu-based metallic glasses in HF and HCl solutions (Z. 

Wang et al., 2015). Lu et al. (Z. Lu et al., 2018) reported a green and universal technique 

(vapour phase dealloying) for fabricating porous materials by using vapour pressure 

among constituent elements in an alloy, to selectively eliminate a component with high 

vapour pressure, for producing 3-dimensional bi-continuous open nano-porosity. With 

this technique, extensive elements can be fabricated with tuneable pore sizes along with 

full recovery of the evaporated component. Flexible electrodes of Co3O4 flakes and γ-
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Fe2O3 nanoparticles have been prepared by oxidation-assisted dealloying method for the 

first time by Wang et al. (R. Wang, Sui, Huang, et al., 2018). 

2.6.10. Other synthesis methods 

Several other synthesis methods have been reported for SC electrodes. The microwave-

assisted method has been used for the rapid synthesis of tin selenide (Ni et al., 2018). 

Nitrogen functionalized carbon nanofibers (N-CNFs) are prepared by carbonizing PPy-

coated nanofibers (NFs), which in turn are obtained by ‘electrospinning’ and 

deacetylation of electrospun cellulose acetate NFs and PPy polymerization (J. Cai et al., 

2015). An additive-free, cost-effective, and scalable ‘successive ionic layer adsorption 

and reaction (SILAR) method’ has been quoted to prepare Ni-Co binary hydroxide on 

RGO (Jana et al., 2016). The pulsed layer deposition method is used to fabricate NiO on 

graphene foam (H. Wang et al., 2014). Free-standing 3D porous RGO and PANI hybrid 

foam has been fabricated by ‘dipping and dry method. Hierarchical porous carbon 

microtubes have been synthesized by carbonization along with KOH activation (L. Xie 

et al., 2016). 

2.7.  Concept of supercapacitor technology 

Based on the charge accumulation process, a supercapacitor is mainly divided into a dual-

layer capacitor and a pseudocapacitor. The dual-layer capacitor is a capacitive-type (non-

Faradic) supercapacitor because when it is charged; there will be a combination of 

positive and negative charges at each electrode. The combinations are separated by the 

electrolyte. In the case of pseudocapacitor, the chemical reactions are occurred within the 

active materials of the electrodes according to Faraday’s laws. Consequently, the amount 
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of the stored charge is related to the type of the active materials and the potential of the 

electrodes (Moftah & Shetiti, 2019). 

2.7.1. Cell Construction 

A supercapacitor is the same as a conventional capacitor; however, the former differs 

from the conventional capacitor in electrodes material which is based on carbon. It 

consists of two electrodes immersed in the electrolyte and separated by a separator 

(Moftah & Shetiti, 2019). 

2.7.2. Electrode 

The electrodes are made of conductive metal current collector quoted by activated carbon 

rough powder providing a large specific surface area and small distance of about 10 

Armstrong. The carbon powder is pressurized to increase conductivity and decrease the 

contact resistance between the powder and the metal collector. Since the capacitance of 

any capacitor is proportional to the area and inversely proportional to the distance, the 

carbon powder provides the area of an electrode up to 3000 m2/g and hence maximizing 

the number of electrolyte ions absorbed and so is the capacitance which increases linearly 

up to 250 F/g (Vlad et al., 2016) 

2.7.3. Electrolyte 

Supercapacitor electrolyte is a chemical liquid containing ions or a source of ions 

(charges). When applying a voltage to the electrodes the electrical potential draws the 

ions into the activated carbon so that positively charged ions will be attracted to the 

negative electrode and the negatively charged ions are attracted to the positive electrode. 

The accumulation of the ions on both electrodes will form double layers inside activated 
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carbon pores. The diameter of the ions and the size of activated carbon pores determine 

the double-layer phenomena and hence the capacitance. Because the activated carbon is 

an extremely pored material therefore, a very large number of ions can be absorbed into 

the electrodes of the capacitor resulting in high capacitance (Moftah & Shetiti, 2019). 

Two types of electrolyte are used; aqueous and non-aqueous electrolyte (organic) which 

can classify the supercapacitor as following: 

Aqueous electrolyte: Aqueous electrolyte based on sulphuric acid or potassium 

hydroxide. Their ions diameter is relatively small which allows higher ions absorption by 

the activated carbon pores and therefore, lower internal resistance. This leads to limiting 

the insulating ability of the electrolyte which on the other hand limits the cell voltage. 

The typical cell voltage is 1.23 V (Moftah & Shetiti, 2019). 

Organic electrolyte: Non-aqueous electrolyte is quaternary salts dissolved in an organic 

solvent. Unlike the aqueous electrolyte, organic ions have a bigger diameter which limits 

the ions' penetration or absorption into the activated carbon pores. The internal resistance 

of organic electrolyte is a bit high compared to the aqueous electrolyte internal resistance 

resulting in providing a high voltage range of 3 to 3.5 V (Moftah & Shetiti, 2019). The 

type of electrolyte used in the supercapacitor may associate with determining the energy 

density and power density of the supercapacitor due to the role of the cell voltage range 

and the internal resistance. As stated, the aqueous electrolyte has a lower voltage range 

than the organic electrolyte. Equation (2.2) illustrates that the cell voltage determines the 

stored energy (Laheäär et al., 2015). 

𝐸 =  
1

2
𝐶𝑈2        (2.2) 

Where E is the energy, C is the capacitance and U is the cell voltage. 
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In contrast, the organic electrolyte has higher internal resistance than the aqueous 

electrolyte by a factor of four as shown in Eqn (2.3) (Laheäär et al., 2015). 

𝑃 =  
𝑈2

4(𝐸𝑆𝑅)
       (2.3) 

Where P is the power and ESR is the internal resistance. 

It can be seen from Eqn (2.2) and (2.3) that aqueous electrolyte has a lower energy density 

than the organic electrolyte due to its low voltage, but on the other hand, has higher power 

density than the organic electrolyte due to its low internal resistance. 

2.7.4. Separator 

A separator is a barrier used as a spacer between the electrodes to prevent electrodes short 

circuit. It blocks any electronic contact (short circuit) in the cell, but on the other hand, it 

allows ionic transfer between electrodes. The separator comes in a form of polymer, in 

case of organic electrolyte is used, and glass fiber or ceramic in case of aqueous 

electrolyte (Moftah & Shetiti, 2019). 

2.8.  Characteristics of supercapacitors 

The supercapacitor has a series of characteristics that influence and determine its 

performance. These factors are the capacitance, rated voltage, power and energy 

densities, and finally its charge and discharge behaviors over time. Supercapacitors have 

the advantages of high-power density, safety, a broad range of operating temperatures, 

and superfast charge times. The charging time for a supercapacitor generally ranges from 

a few seconds to minutes, and the typical cycling life can reach 100,000 cycles with only 

a slight performance degradation. These aforementioned technological features allowed 

supercapacitors to become the next generation of energy storage devices. However, they 
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still have low energy densities. The energy density of standard supercapacitor devices is 

limited to 10’s of Wh /kg. Thus, supercapacitors are presently only used as EV starters 

and cabin door switchers for airplanes, which require a high-power density and a short 

discharge time. The first advantage of using supercapacitors as EV power suppliers is 

their long cycling life, which is superior to the lifetime of LIBs, which is generally 2,000 

times, or 5–6 years if the device is charged once daily. However, the lifetime of 

supercapacitors is much greater than ten years. Furthermore, supercapacitors have a rapid 

charging time of several minutes or less, which is much less than the time required to fill 

oil. For example, the bottleneck is the running distance (energy density), which should be 

at least 100 km for use in EVs. Thus, the energy density must also be greater than 100 W 

h/kg. In this case, the mileage goes to infinity with negligible charging times. EV mobility 

can be greatly enhanced using supercapacitors whose performance is competitive with 

LIBs. 

2.8.1. Supercapacitor Capacitance 

Due to its large surface area of the electrodes and to the very small distance, 

supercapacitors have a very large capacitance reaching thousands of Farads compared to 

the conventional capacitor whose capacitances range from 1 μF up to 1 F. The capacitance 

is determined from Eqn (2.4) (Laheäär et al., 2015). 

𝐶 =  𝜀
𝐴

𝑑
 𝐹𝑎𝑟𝑎𝑑𝑠     (2.4) 

Where ɛ is the dielectric constant, A is the geometric area and d is the distance between 

the formed layers. 

Considering Eqn (2.4), if the area is in the range of thousands of square meters and the 

distance of the range of nanometers, the capacitance, according to the equation, will be 
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in the range of the thousands of Farads. The capacitance is also determined by Eqn (2.5), 

as the capacitance can be defined as the ratio of the stored charge to the applied voltage 

(Laheäär et al., 2015). 

𝑃 =  
𝑄

𝑉
      (2.5) 

2.8.2. Supercapacitor Rated Voltage 

In general, the supercapacitor has a lower rated voltage (1.23 to 3.5 V) due to the limit of 

breakdown potential of the electrolyte, however; the supercapacitor cells can be 

connected in series to form a module to meet the desired high voltage. Although this 

arrangement would provide a rated voltage to meet a certain required voltage, it affects 

the total capacitance of the module as the capacitance of several capacitors connected in 

series will reduce the total capacitance of the module and hence the stored charge. 

Equation (2.6) illustrates the reduction in over whole capacitance (Dubey & Guruviah, 

2019). 

1

𝐶𝑇𝑜𝑡𝑎𝑙
=  

1

𝐶1
+  

1

𝐶2
+

1

𝐶3
+ ⋯

1

𝐶𝑛
     (2.6) 

Where CTotal is the overall capacitance of the module and "n" is the number of capacitors 

connected in series. On the other hand, several supercapacitors can be arranged together 

so that achieving specific requirements in terms of capacitance, voltage, current, energy 

density, and power density. Consequently, there are three arrangement methods such as 

series, parallel, or a combination of them. 

Commercially, the rated voltage is on the order of 2.5 to 2.7 V while the capacitance 

reaches a few thousand Farads. Due to their low voltage levels, supercapacitors need to 

be connected in series so that obtaining the required voltage levels, reaching a few 
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hundreds of volts. However, the total capacitance and stored energy reduce. The main 

disadvantage of this arrangement is that the total voltage over the whole series string of 

the supercapacitors maybe not be symmetrically shared between the individual 

supercapacitors based on the variations between their parameters. If the terminal voltage 

of any supercapacitor increases more than its rated voltage, this supercapacitor may be 

damaged. The solution to this problem is to equalize the total voltage between the 

different supercapacitors by using high-efficiency power electronics (Mathis et al., 2019). 

To increase the capacitance as well as the energy and power densities, the supercapacitors 

need to be connected in parallel. Also, the total current which can be delivered increases 

corresponding to the number of supercapacitors and vice versa. However, this current 

may be equally shared or not between the supercapacitors depending upon the percentage 

of the difference between their parameters. From the previous two methods, not all 

requirements are achieved because when the total voltage needs to be increased, the 

capacitance cannot be and vice versa. By connecting the supercapacitors in a series-

parallel arrangement, the required capacitance and total voltage can be achieved but this 

arrangement needs an equalization circuit to be added (Moftah & Shetiti, 2019). 

2.8.3. Supercapacitor Internal Resistance 

The internal resistance of supercapacitor is represented by equivalent series resistance 

(ESR) and equivalent parallel resistances (EPR) are as follows (Mathis et al., 2019): 

2.8.3.1. Equivalent series resistance (ESR) 

The internal resistance of the supercapacitor is the sum of its component’s resistivity such 

as electrodes, electrolyte, and any external circuit involved such as wire resistance as well 

as the ion size that is absorbed by pores. It is known as equivalent series resistance (ESR). 
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It determines the voltage during the discharge and the amount of power that can be 

delivered by the supercapacitor, the lower the ESR the higher power. This leads to the 

fact that supercapacitor efficiency is a function of these series resistances. 

2.8.3.2. Equivalent parallel resistance (EPR) 

Supercapacitor storage performance decays over time as it has a short–term energy 

performance. This is due to leakage current or self-discharge. This leakage current is 

modelled as a parallel resistor connected in parallel with the supercapacitor. It is called 

the Equivalent parallel resistance (EPR). It increases proportionally with temperature. 

Consequently, as the EPR increases the leakage decreases increasing long-term energy 

(Mathis et al., 2019). 

2.8.4. Temperature 

The supercapacitor performance remains unaffected over a wide range of temperatures. 

Unlike a lead-acid battery, there is no chemical reaction taking place in the charge and 

discharge process which gives the supercapacitor a lead of the lead-acid battery. The 

supercapacitor can operate without effect within a temperature range of +70 Co down to 

-20 Co. However, the conductivity of the organic electrolyte will be affected and hence 

limiting the performance of the supercapacitor (Moyo et al., 2018). 

2.8.5. Supercapacitor Energy and Power Densities 

Energy and power densities are factors that are shared between batteries, conventional 

capacitors, and supercapacitors. In the case of batteries, the ability to store energy is very 

high but the speed of delivering that energy is very poor, in other words, batteries have 

high energy density but low power density. However, in the case of a conventional 
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capacitor, the capability of delivering power is very high but the ability to store energy is 

very poor. This gap between the batteries and conventional capacitor energy and power 

densities are filled in by supercapacitor (Moftah & Shetiti, 2019). 

2.8.6. Charging/Discharging Supercapacitor 

A supercapacitor is the same as the conventional capacitor and unlike the battery when it 

comes to charge and discharge behaviors. It charges rapidly and exponentially and 

discharges in the same minor of charging over a short time (Jibrael et al., 2015). The 

charging time is only limited by the RC circuit. As the supercapacitor is made of several 

series RC circuits, therefore, the charging time is depending on the value of the RC circuit. 

Moreover, and unlike the batteries the charging and discharging cycle is considered 

unlimited as no chemical reaction taking place though out the process (Moftah & Shetiti, 

2019).  

2.9.  Applications of supercapacitors 

Supercapacitor found its way into many industrial aspects from power systems to standby 

and automotive systems both fossil and electric vehicles. It is also used in 

telecommunications and digital cameras. The following is a brief description of the 

supercapacitor used in some applications (Moftah & Shetiti, 2019): 

Transmission lines: Due to variation in power demand a storage device becomes 

necessary. As matter of fact, a storage device is the heart of FACTs devices the 

supercapacitor is used in these FACTs devices to improve power transfer and enhance 

power quality and provide stability in voltage and frequency. 
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UPS: In this application, the supercapacitor is combined with the storage batteries to 

provide power over a short period of interruption so that the batteries are only delivering 

their energy over a long period of interruption which, consequently, extends the battery's 

life. 

Telecommunications: The need for fast response backup systems during the lack of the 

main power source in this field is a very important issue to get high reliable operation and 

avoid interruption of the communication system. This requires a sort of backup batteries, 

UPS or other sorts of what it is called Hot Standby System, however, this system has an 

issue of power consumption which means high cost. However, a supercapacitor can act 

very fast as a cold standby unit and dissipate almost no energy. 

Cold starting of diesel-fuelled engine: Diesel fuelled engines are quite hard to start-up 

in cold weather where the lubrication oil temperature drops below 0 degrees making an 

increase in the viscous friction which requires high cranking torque to start the engine. 

This cranking torque requires a high current from the lead-acid battery which also affects 

by the cold weather as its internal resistance increases as the temperature drops, which 

limited the discharge current and hence reduces the ability to sustain the cranking current 

during engine start. This issue is overcome by using a bank of a supercapacitor as it does 

not get affected by low temperature so that the cranking current surge is provided by the 

supercapacitor. 

Hybrid electric vehicle: The hybrid electric vehicle operation involves transient power 

demand due to acceleration and deceleration which require storage devices with high 

power density along with high energy density. As the hybrid electric vehicle was driven 

by a bank of batteries, which are known for low power density and high energy density, 

the battery life will be affected, however, by combining the supercapacitor with the 



50 

 

battery, the transient current will be supplied by the supercapacitor resulting in battery 

life being extended (Moftah & Shetiti, 2019). 

2.9.1. Advantages and Limitations of Supercapacitors 

The advantages are as follows: 

1. Unlike batteries, supercapacitors have virtually unlimited cycle life because they 

can be deep cycled up to a wide range of times, reaching thousands (about 500000 

times). 

2. Due to their low impedance compared to batteries, supercapacitors can enhance 

high pluses of energy without lifetime deterioration. Furthermore, within a very 

small period (a few seconds), fast charging can be achieved. 

3. Supercapacitors have about 100 times higher specific power density than 

batteries. 

4. If they are overcharged, nothing dangerous happens but the lifetime may affect 

them. Also, there is no need for an overcharge detection circuit because, within 

their rated voltage, it can be charged up to any voltage. 

5. In terms of temperature, supercapacitors can be operated and stored in a range of 

(-40 to 70 Co) with relatively small changes to the parameters. 

6. Maintenance-free, friendly to the environment, and completely pollution-free. 

7. Explosion risk is minimal 

2.9.2. The limitations are as follows: 

a) The energy density is low and it is of an order of one-fifth to one-tenth the energy 

of batteries. 

b) For batteries, supercapacitors have a high self-discharge rate. 
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c) The EDLC cells can withstand a low voltage of about 2.7 V. In the case of high 

voltage applications, several cells must be connected in series according to the 

amount of rated voltage required. However, they cannot be directly connected 

because the terminal voltage of each cell may differ from the other cells. 

Consequently, damage to cells that have terminal voltages higher than their 

voltage ratings. Mainly, this case is due to their capacitances are not the same 

causing supercapacitors with smaller capacitances to have higher terminal 

voltages. 

d) Due to may not be possible to use the full stored energy depending upon the 

application, because, during discharging, the terminal voltage decreases 

exponentially. 
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CHAPTER THREE 

3.0. Synthesis and characterization of graphene oxide from locally mined graphite 

flakes and its supercapacitor applications  

3.1. Introduction  

The science of nanomaterials involves different steps which include synthesis of the 

starting materials, characterization, optimization, isolation exfoliation, and cleaning. In 

naturally occurring materials, carbon is the most abundant element in all organic 

substances in the universe. It occurs in many forms of different classes of different 

arrangements called allotropes of carbon with Africa as one of the continents with many 

mineral deposits like graphite among others. Its abundance makes it the main source for 

any form of carbon which includes carbon black, graphene oxide, graphene, nanotubes, 

onions, graphite, diamond to mention but a few (Paulchamy et al., 2015). Graphene oxide 

(GO) is in the category of graphite which can be processed by oxidation and mechanical 

methods. The graphene and its oxidized state have gained a lot of interest by both 

industrial applicability and academic research in fixing the earth’s challenges and demand 

for materials. This is because of their interesting different properties which include 

mechanical, electrical among others (Eluyemi et al., 2016; Muhamad et al., 2016). 

Different materials are used in the process of synthesis of graphene oxide. Graphite flakes 

deposits which are present in Africa can be used as raw materials for the manufacture of 

materials such as Graphene oxide and other carbon materials like thermally expanded 

graphite used in fabrication for different application parts. 

Graphene oxide (GO) can be synthesized chemically from graphite flakes. Graphene 

oxide in its structure contains different functional groups attached to the basal planes and 
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the sideways of the structure (W. Cai et al., 2008; W. Gao et al., 2009). Graphene oxide 

is sp3 hybridized structure with layers of carbon. These are formed by the number of 

functional groups of oxygen (W. Gao et al., 2009; Zheng et al., 2014) which makes it’s 

hydrophilic with interlayers expansion(Sekhar & Ray, 2015). GO also can dissolve in 

several organic solvents. This means it can be used in other materials like polymers and 

ceramics as a combination since it has a high surface area. The high surface area makes 

GO a suitable material for storage devices for energy like batteries and super-capacitors 

(Paulchamy et al., 2015). The current research study focuses on the synthesis and 

characterization of GO from locally mined graphite flakes comparing the hummer’s with 

more two (2) modified Hummer’s methods and its application for energy storage as 

supercapacitor electrode materials. The study starts with conversion of graphite flakes 

into GO using Hummer’s method (HM) and modified Hummer’s method (MHM) which 

are chemical oxidation processes that can be performed. This study is aiming at value 

addition of African raw materials application. 

The application of materials for energy storage is for the assessment of the materials to 

solve the challenges faced by manufacturing industries. The graphite flakes were 

converted into graphene oxide with an application for energy storage as electrode 

materials for supercapacitors also known as Electric Double-layer Capacitors (EDLC). 

These can store energy and power to be delivered. The EDLC has a high capacity of 

producing high power compared to batteries with a mechanism of charge transfer through 

the structure of the material using electrolyte and a separator between the electrodes (Iro 

Zaharaddeen et al., 2016; Pope et al., 2013). EDLC has low weight, high cycle life, high 

power, low maintenance, and works at a different thermal range from as low as -40oC to 

as high as 70oC without affecting its efficiency and no fear for the explosion (Iro 
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Zaharaddeen et al., 2016). These devices can be used in systems where short cycle load 

is needed more frequently to mention in electric motor vehicles, mechanical systems with 

motors, washing machines, electric trains among others (Chang et al., 2019; Mittal & 

Kumar, 2011). 

The performance of those materials greatly depends on electrical properties, surface area, 

pore-volume, stability, interaction with the electrolyte among others (Linfei Lai et al., 

2012; Rajagopalan & Chung, 2014). GO is among the materials with different functional 

groups like COOH, CO, COC, OH which enhances the performance of the EDLC devices 

(Gomez et al., 2011; Linfei Lai et al., 2012; N. L. Yang et al., 2010). GO is one of the 

carbon materials which has tremendous properties when it comes to application for 

energy storage (Chang et al., 2019; Xin Li & Wei, 2013) with high stability and 

lightweight (Chang et al., 2019; Dong et al., 2017; Shu-bo Zhang et al., 2014). This gives 

high performance in the capacitive application of EDLC and other hybrid types (S. Chen 

et al., 2015; Kuila et al., 2012; Leng et al., 2013; Lobato et al., 2015; Wujun Ma et al., 

2016; Zhai et al., 2011). The EDLC stores its charge with non-faradaic or by an 

electrostatic process where there is no charge transfer between electrolyte and electrode 

materials (Kiamahalleh et al., 2012). When the device is biased, the charge just 

accumulates at the surface of the electrode which causes charge attraction due to the 

potential difference resulting in diffusion of the electrolyte ions to go through the 

separator pores to another electrode enhance high power density (Iro Zaharaddeen et al., 

2016).  

GO has gained substantial research interest in the field of energy storage which includes 

supercapacitors, batteries, and hybrids. This is because of their superlative properties. The 

recent advancement in the use of graphene oxide for supercapacitors as symmetric and 
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asymmetric have high application. This makes them lead the next generation device for 

energy storage although there is still a challenge to have a low performance for energy 

density and storage capacity (Hota et al., 2020; Xiulun et al., 2020).  

There is a great improvement in the performance of GO with asymmetric devices. 

Recently it has been reported that amorphous MoS2 with reduced GO with the 

introduction of more sulphur sites increases the interaction of hydrogen ion from the 

electrolyte solution which increases the electrical conductivity, higher mechanical 

strength, and surface area of the system. These properties help to increase the performance 

storage capacity of the materials up to a specific capacitance of 460 F/g at a current 

density of 1A/g (Hota et al., 2020). Also, it has been reported that the decollated 

nanostructure of conductive skeletons of carbon materials with binary transition metal 

sulphides improves the specific capacitance. Tao Liu et al; 2019 (T. Liu et al., 2019), 

reported FeNiS/rGO with a promising high-performance specific capacitance of 2484 F/g 

at 1A/g.  

Focusing on the effective performance of the supercapacitors without losing their power 

density and stability, metal-oxide materials have been explored for high capacitance and 

high performance. This is due to their exceptional mesoporous structure and surface area. 

Several non-noble metal oxides are used because they are environmentally friendly and 

inexpensive and these include Fe2O3, MnO2, NiO among others. Xiulun Sun et al (Xiulun 

et al., 2020) synthesized α-Fe2O3 nanowires on a nickel form with MgCl2 metal salt. The 

material exhibited excellent electrochemical performance with a specific capacitance of 

1.57 F/cm2 with a current density of 1mA/cm2 with 98% specific capacitance retention 

(Xiulun et al., 2020). 
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3.2. Materials and methods 

3.2.1. Chemicals and materials 

Graphite flakes as locally supplied, sulphuric acid (98%), sodium nitrate (98%), 

Potassium permanganate (99%), Hydrogen peroxide (30%), and hydrochloric acid (35%) 

as supplied by Aldrich Sigma. 

3.3.  Conversion by oxidation of graphite flakes into Graphene Oxide (GO) 

In the synthesis of GO from graphite flakes, Hummer’s method (HM) and two modified 

Hummer’s Methods (MHM) were used.  

3.3.1. Hummer’s Method (HM) 

GO was synthesized through an oxidation process as that begun by the addition of 2.0g 

of graphite flakes into 2.0g NaNO3 in a 500ml beaker. 50ml of concentrated H2SO4 was 

then added to the beaker under an ice bath with continuous stirring for 2 hours. After that 

time, 6.0g of KMnO4 was added carefully to the above mixture at a slow rate to control 

the temperature to be below 15oC. The mixture was removed from the ice bath and put 

on a hot plate with a magnetic stirrer at 35oC and stirred for 2 days until pasty brownish 

colour formed. After 2 days, the mixture was slowly diluted with 100ml of distilled water 

and the reaction temperature was increased rapidly to 98oC causing effervescence and the 

colour change to brown(Muhamad et al., 2016). The mixture was further diluted by the 

addition of 200ml of distilled water with continuous stirring. The dilute solution was 

finally treated with 10ml of hydrogen peroxide to stop the reaction which changed to a 

yellow solution with suspension. The sample was cleaned by rinsing and centrifuging 
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with 10% HCl then followed with Deionised water for several rounds. The sample was 

then filtered and finally dried in a vacuum at 40oC to obtain the GO powder. 

3.3.2. Modified Hummer’s method one (MHM 1) 

The GO was synthesized from graphite flakes using modified conditions from Hummer’s 

method (Hidayah et al., 2017). 2.0g of graphite flakes were added to H2SO4/H3PO4 

solution prepared by a volume ratio of 9:1 (180:20 ml). This was done under continuous 

stirring in the ice bath temperatures for 2 hours. Then 7.3g of KMnO4 was slowly added 

to the mixture while keeping the temperature below 10oC under continuous stirring for 2 

days. After 2 days, 90ml of distilled water was slowly added to the mixture with rapid 

mixing and the mixture turned dark brown with suspensions. This was further treated with 

7.0ml of H2O2 and 55ml of distilled water for the conversion of MnO2 and residual 

permanganate into soluble MnSO4. The mixture turned yellow colour with suspensions. 

The sample was cleaned 4 times with 150 ml of 3% warm HCl and DI water until pH 7.0 

then filtered and dried under vacuum at 40oC for 18 hours. 

 

Figure 3.1: Images of sample preparation. 
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3.3.3. Modified Hummer’s method two (MHM 2) 

Another method of synthesis for the GO from graphite flakes (Muhamad et al., 2016) was 

used. 2.0g of graphite flakes and 2.0g of NaNO3 were put in a 1000ml round-bottomed 

flask and mixed with 90ml of concentrated H2SO4 under an ice bath with constant stirring 

for 4 hours. After that time, 12.0g of KMnO4 was slowly added with a controlled 

temperature below 10oC. 184mls of distilled water was added to the mixture at constant 

stirring and the temperature was raised to 35oC and kept at vigorous stirring for 4 hours. 

The mixture was then refluxed at 98oC for 10 minutes, the temperature was changed to 

30oC for 10 minutes, the solution turned brown colour, then the temperature changed to 

25oC and maintained at that temperature for 2 hours. The solution was treated with 

40.0mls of H2O2 which terminated the reaction and changed the solution to a bright 

yellow colour. 400ml of distilled water was added to the solution and stirred for one hour 

then left to settle for 4 hours, decanted off, and filtered. The resultant suspension was 

cleaned repeatedly with 10% HCl and distilled water under centrifugation until neutral. 

This was dried at 60oC for 8 hours to get GO powder. The synthesis and preparation of 

GO are shown in Figure 3.1.   

3.4.  Electrode preparation and electrochemical measurements 

The synthesized GO from HM, MHM1, and MHM2 were prepared as active materials for 

electrodes in the construction of the EDLCs. The active materials were mixed with carbon 

black and PVDF as a binder in a ratio of 8:1:1 and NMP as a solvent for the formation of 

the paste which was coated on the graphite foil with a 1.0 cm2 covered area. The coated 

electrodes were dried in an oven at 70oC for 15 hrs. The mass of coated material was 
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recorded after drying. The devices were assembled using the Swagelok system to have a 

symmetric device with 6M KOH as an electrolyte. 

The electrochemical analysis technique for testing the device was done on a BCS BIO-

LOGIC 805 system with the two (2) electrodes set up. Different testing techniques were 

carried out on the assembled devices to analyse their performance which included; cyclic 

voltammetry (CV), Galvanostatic charge-discharge (GCD), Electrochemical impedance 

spectroscopy (EIS), Stability by voltage holding/floating, and Self-discharge. The CV 

was carried out with the potential window of 1.0 V for different scan rates which included 

5, 10, 20, 50, 70, 100, 200, and 500 mV/s. The GCD was performed with a potential 

window range from 0 to 1.0 V using different current densities to mention 0.25, 0.5, 1.0, 

1.5, and 2.0 A/g. The EIS was performed from high to low-frequency range of 10 kHz to 

10 MHz with a voltage of 10 mV. The voltage was varied from 10 mV to 20mV to check 

on the behavior of semi-circle and the curves at high frequency(Bello et al., 2017). 

The stability test was performed by the technique of voltage holding or floating where the 

system sets 3 GCD cycles then the 4th GCD charge cycle the voltage was kept at its 

maximum potential for 10hrs before performing another set of 3 GCD cycles. This was 

repeated until 130 hours. The self-discharge was performed after the stability study. This 

was carried out by charging the device to its maximum voltage using the 0.25 A/g current 

density. The charge was held at a maximum for 5 minutes before being left to undergo 

self-discharge in the open circuit (Barzegar et al., 2016; Bello et al., 2017). 
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3.5.  Results and discussions 

3.5.1. Characterization of materials 

The graphite flakes and GO synthesized by different methods were characterized by ultra-

violet- visible spectroscopy (UV-Vis - D-50 SPECORD 50 PLUS Analytikjena German), 

Fourier transform infrared spectroscopy (FTIR - BRUKER Optics Model TENSOR 27 

Germany), Scanning Electron microscopy (SEM - EVO LS 10 SEM modal) with Energy 

Dispersive X-ray (EDAX-AMETEK), X-Ray Diffraction (XRD - RIGUKU Smart-lab 

Autosampler), Labram Micro Raman Spectrometer (Horiba Jobin Yvon model) and 

Electrochemical analysis techniques. 

The absorption spectra were obtained with a UV-Vis as shown in figure 2. GO and 

graphite flakes samples were first dispersed differently in distilled water (0.5mg/ml) and 

sonicated for 30 minutes to increase the dispersion in water (Nicolosi et al., 2013).  The 

graphite flakes and GO samples were put in the cuvette and scanned between 200 – 

700nm wavelength as shown in Figure 3.2. The absorption peaks in the spectra (Figure 

2) were observed at two different wavelengths. These two (2) specific kinds are feature 

characteristics that are used to identify GO from graphite flakes with one peak in the 

range of 320 to 360 nm as in figure 2a which appeared at a wavelength of 310nm. The 

first peak in GO that appears at around 230nm wavelength is a corresponding identifier 

of a π-π* transition in aromatic C-C bond (Fentaw & Worku, 2017).  

The position and abundance of each sample peak slightly changed between the GO 

samples for the different methods as shown in Figure 3.2(b, c, and d). The second peak 

shoulder which comes out of an approximate range of 280nm – 300nm corresponds to the 



71 

 

identification of n-π* transition of C=O bond (Eluyemi et al., 2016; Q. Lai et al., 2012; 

Muhamad et al., 2016). 
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Figure 3.2: UV-Vis spectra of Graphite and synthesized GO. 

 

To investigate the bond stretch interaction in the samples, an FTIR spectrometer was used. 

Figure 3.3 show different response at different wave number. In the fingerprint region 

(<1500 cm-1) the sample materials depict the same peaks with stretch bonds like C-C, C-

O, C=C, and C=O. The C-O showing the strongest peak followed by C=O at 1159 and 

1576 cm-1 respectively. This is a sign of indication for the oxidation of GO materials. The 

diagnostic region showed bonding at different wavenumbers. The C=C stretching at 1461 

cm-1 depicted in both GO-MHM2 and GO-HM, C=O stretching in all the GO samples at 

1577cm-1 and 1728 cm-1 (COOH group) (Hidayah et al., 2017; Javed & Hussain, 2015; 
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Khalili, 2016; J. Song et al., 2014). GO-HM and GO-MHM2 samples shown a peak 

response at 2402 cm-1 which is an indication of a bond between GO and CO2 which occurs 

at the temperature from 50 to 120oC (Eigler et al., 2012; Nam et al., 2018; Pham et al., 

2011). The C-H sp3 stretching at 2770 cm-1 shown a weak response in the three (3) 

samples. The O-H/sp stretching was depicted in 3876 with a medium response with GO-

HM and GO-MHM2 and weak response with GO-MHM1. The response of the C=O bond 

confirms an existing bond before in oxidation process (Bykkam et al., 2013; Huang et al., 

2007; Sohail et al., 2017; Zaaba et al., 2017). This shows the absorptivity of GO for water 

molecules. The presence of hydrogen buckling bond orientation with carboxyl group 

tends to form a peak and valley with the edge interaction (Jibrael & Mohammed, 2016; 

X. Shen et al., 2014). The presentation of the functional groups such as C=O and C-O in 

the GO materials further confirms that the graphite flakes were oxidized to GO (J. Shen 

et al., 2011; J. Song et al., 2014; K. Zhou et al., 2011). 

The scanning Electron Microscopy (SEM) was employed to provide the structure and 

morphology of graphite flakes and GO (Jibrael & Mohammed, 2016). Figure 3.4a shows 

the abundant carbon atoms on the surface of graphite flakes. Figure 3.4(b c and d) shows 

the particle morphology of the GO powder for the three (3) synthesized GO samples with 

their surfaces indicating the blend of carbon and oxygen (Jibrael et al., 2015). EDX 

analysis depends on the atomic mass of elements in the samples for detection. The lower 

the atomic mass, the lower the response. The peak size depends on the abundance of the 

element in the sample. For graphite flakes and GO, the main element is carbon as shown 

by its largest peak. The EDX generates an X-ray spectrum from the entire sample scanned 

areas using SEM images like in Figure 3.4. Using the Noran System Six (NSS) software, 
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the X-ray energy levels are associated with the individual elements in the sample and the 

orbital shell levels like K-shell that generated them. 
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Figure 3.3: FTIR spectra of GO synthesized with HM, MHM1, and MHM2 methods. 
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The X-ray from the samples is generated by the inelastic interaction of the beam of 

electrons with the sample atoms. These characteristic X-rays from the samples are 

revealed as peaks imposed on the background of the continuum X-ray from the interaction 

of the electrons with the nucleus of the samples. The hole in the K-shell of the sample 

atom of the samples is created by an incident high energy electron and then loses energy 

to the ejected electron.  

 

Figure 3.4: SEM micrographs of Graphite and synthesized GO. 
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The k-shell is then filled with an electron from the outer shell for the stability of the atom. 

The energy of the x-ray is related to the element atomic number from which the weight 

percentage is derived basing on the abundance of those atoms in the samples. From graph 

1, the results show that the graphite flakes have a high number of C-atoms giving the 

weight percentage of 95.47% as in Table 1and Figure 3.5a. The concentration of oxygen 

is as low as 0.3% (Table 3.1 and Figure 3.5a) which means there is likely no oxidation in 

the sample of graphite.  

The Energy Dispersive X-ray analyzer (EDX) spectra and elementally weight percentages 

were obtained for the graphite flakes and GO samples as shown in Figure 3.5 (a, b, c & 

d) and Table 3.1. The x-rays from the samples are generated by the inelastic interaction 

of the beam of electrons with the sample atoms. These characteristic x-rays from the 

samples are revealed as peaks (Figure 3.5) imposed on the background of the continuum 

x-rays from the interaction of the electrons with the nucleus of the samples. The lower 

the atomic mass, the lower the response, and the detector peak size depends on the 

abundance of the atoms of that element in the sample. 

Table 3.1: EDX elemental weight percentage of graphite and synthesized GO 

Sample Elemental weight percentage 

C O Si S Cl K Ca Mn Fe Mo Al C/O 

Graphite 95.47 0.3 1.02 - - - - - - 3.09 0.11 318.2 

GO-HM 44.59 2.08 6.09 9.78 1.38 2.02 3.78 - 30.29 - - 21.4 

GO-

MHM2 

48.2 2.41 - 30.24 1.12 2.55 6.18 9.31 - - - 20.0 

GO-

MHM1 

56.02 6.73 - 29.09 3.35 4.8 - - - - - 8.3 
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When graphite flakes were oxidized with Hummer’s method (HM), the weight percentage 

of carbon decreased to 44.59% (Table 3.1) which created an increase in the atomic 

percentage by 2.08%. This shows that the method introduced more oxygen in the graphite 

to form graphene oxide. The process introduced other atoms like sulphur, potassium, 

chlorine, calcium, and iron (Figure 3.5b). This is possibly due to incomplete reactions and 

poor cleaning method of GO. These elements may have come from the initial chemicals 

and reagents used in the process of oxidation. With the MHM2 Figure, 3.5d indicated the 

oxidation response equal to HM as seen with C/O in table 1 having the same ratio. The 

MHM 1 had an increase up to 6.73% with a C/O ratio of 8 (Table 3.1). This means the 

method shown a better oxidation completion compared to the rest hence reducing the 

oxidizing agent which in the removal of other elements like Manganese and Calcium 

(Table 3.1) showing the highest oxidation effect among all methods. In the process of 

oxidation, the reaction of Sulphur with carbon forming polysulphide hence reducing the 

interaction of oxygen with carbon (Drewniak et al., 2016). 
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Figure 3.5: EDX spectra of Graphite and synthesized GO. 

This may be so because MHM1 uses a high volume of concentrated acid combination 

than HM and MHM2 yet the weight of the graphite flakes remains the same in both 

methods. This also is because of the ability for sulphur to accept a pair of electrons 

donated by another atom. Also, when sulphur is in excess, can achieve a maximum 

covalence of six by expending to an excited state forming SP3d2 hybrid orbitals which 

limit oxygen’s interaction since it only forms homo-nuclear diatomic molecules. Also, 

sulphur forms more oxides than its congeners. 
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Table 3.2: The current density, specific capacitance (F/g), specific energy (Wh/kg), 

specific Power (W/kg), and efficiency (%) of GO produced by HM, MHM1, and MHM2 

using 6M KOH electrolyte and potential of 1.0 V. 

Sample Current 

density 

(A/g) 

Specific 

capacitance 

(Cs) (F/g) 

Specific 

Energy 

(E) 

(Wh/kg) 

Specific 

Power (P) 

(W/kg) 

Efficiency 

(ɳ) (%) 

 

 

GO-HM 

0.25 125.4 4.35 125 96.49 

0.5 133.16 4.62 250 98.72 

1 118.92 4.13 500 97.99 

1.5 112.5 3.91 750 97.81 

2 105.52 3.66 1000 95.30 

 

 

GO-

MHM1 

0.25 192.49 6.68 125 92.74 

0.5 211.2 7.33 250 99.15 

1 195.4 6.78 500 100.95 

1.5 184.5 6.41 750 99.00 

2 176.72 6.14 1000 101.80 

 

 

GO-

MHM2 

0.25 185.69 6.45 125 98.38 

0.5 204.94 7.12 250 99.45 

1 189.12 6.57 500 98.52 

1.5 183.48 6.37 750 99.93 

2 172.64 5.99 1000 97.12 

 

The synthesized GO materials were analyzed by X-Ray Diffraction (XRD) technique 

with a Cu kα source and JCPDS-ICDD library database to determine the materials' 

average crystallite structural properties. Figure 3.6 shows the spectra of the GO materials 

indicating the formation of peaks at 2ϴ = 11o with (001) plane, 2ϴ = 26.62o with (002) 

plane, and another peak at 2ϴ = 43o with (100) plane which appeared in all the three (3) 
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samples. The GO-MHM2 revealed another peak at 2ϴ = 77o which is a reflection peak 

for the graphitic nature of the material. (J. Song et al., 2014)(Khalili, 2016). The peak at 

2ϴ =11o indicates that there was oxidation of the graphite to form graphene oxide in all 

samples. The samples showed other peaks at 2ϴ = 26.62o, 43o and 77o which indicates 

that the graphite was not completely oxidized to GO hence remaining in the samples (J. 

Song et al., 2014)(Khalili, 2016)(Hidayah et al., 2017)(Javed & Hussain, 2015). 
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Figure 3.6: XRD spectra for GO materials. 

The Raman spectroscopy was used to study the disorder and defects in the crystal 

structure. The disorder was determined by the intensity ratio between the disorder-

induced D band and the Raman allowed G band as ID/IG. As graphite flakes are oxidized 

into GO, the G band peak broadens and the D band intensity increases substantially 

indicating the decrease in the size of the in-plane sp2 sites possibly due to the oxidation 

process. The D band for the materials appeared at approximately 1364 cm-1 and the G 
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band at approximately 1600 cm-1 for GO-MHM2, GO-HM, GO-MHM1, and graphite 

flakes as shown in Figure 3.7. The D band is a result of the reduction of the sp2 domain 

size which introduces vacancies, defects, and disorder due to the oxidation process. The 

G band is due to the plane vibration which is very responsive with the sp2 sites as a result 

of C-C bond stretch (R. Gao et al., 2013; Krishnamoorthy et al., 2013; Perumbilavil et al., 

2015). The ID/IG ratio for the materials was 1.25, 1.09. 1.07 and 0.4 for GO-MHM1, GO-

MHM2, GO-HM, and graphite flakes respectively. The all the ratios are higher than that 

of graphite which indicates oxidation of the materials. GO-MHM1 shown the highest 

ratio indicating the higher oxidation process and this is in agreement with the EDX results 

where it showed the higher percentage of oxygen in the sample.  

 

Figure 3.7:  Raman spectra for GO-HM, GO-MHM1, GO-MHM2, and graphite flakes. 
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3.5.2. Electrochemical characterization of materials  

The GCD curves of synthesized GO in 6M KOH electrolyte is shown in Figure 3.8 and 

Table 3.2. The specific capacitance (Cs) was calculated using equations 3.1 and 3.2. The 

capacitance (F) of the EDLC was evaluated using the discharge-time slope using 

equations (Barzegar et al., 2016; Laheäär et al., 2015; J. Xie et al., 2018).  
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Figure 3.8: Galvanostatic Charge/Discharge of GO materials prepared with HM, MHM1, 

and MHM2 methods using 6M KOH as electrolyte at different current densities. 

 

𝐶 =  
𝐼∆𝑡

∆𝑉
                                                                       (3.1) 
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The specific capacitance (F/g) for a single electrode using equation  

𝐶𝑠 =  
2𝐶

0.5𝑚𝑒𝑙
                                                                    (3.2) 

Where  I is the applied current (A) 

∆t is the discharge time (s) 

∆V is the change in potential (V) 

Mel is the total mass of electrode material 

The specific energy (E), specific power (P), and the efficiency (ɳ) was also evaluated 

using the following equations (Allagui et al., 2018; Barzegar et al., 2016; Laheäär et al., 

2015); 

𝐸 =  
𝐶𝑉𝑚𝑎𝑥

2

2 × 3.6𝑚𝑒𝑙
                                                                    (3.3) 

𝑃 =  
3600 𝐸

∆𝑡 
                                                                          (3.4) 

𝜂𝑡 =  
𝑡𝐷

𝑡𝐶
                                                                                 (3.5) 

Where  tD is the discharge time (s), tC is the charge time (s) and Vmax is the maximum 

potential (V). 

From Figure 3.8, the GO-MHM1 gave the highest specific capacitance (Cs) of 211.2 F/g 

at a current density of 0.5A/g as shown in Figure 3.8b and Table 3.2. The trend of the 

specific capacitance for all GO materials was reduced with an increased current density 

as shown in Table 3.2. The GO-MHM1 with Cs of 211.2 F/g gave specific energy of 7.33 
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Wh/kg as the highest with 250 W/kg of specific power and the efficiency of 99.15% 

(Table 3.2). GO-MHM2 in figure 8c with the Cs of 204.94 F/g at a current density of 

0.5A/g as the highest for the material and the second-highest among the three (3) GO 

materials. The Cs of 204.94 F/g shown specific energy of 7.12 Wh/kg and specific power 

of 250 W/kg and an efficiency of 99.45%. The GO synthesized by HM shown the lowest 

Cs performance with 133.16 F/g at a current density of 0.5A/g having the highest 

performance for GO-HM material. The Cs of 133.16 F/g shown specific energy of 4.62 

Wh/kg and specific power of 250 W/kg.  

The Cs performance of the GO materials has a trend of GO-MHM1 > GO-MHM2 > GO-

HM with a similar trend for the specific energy. This is because of the availability of 

oxygen functional groups on the surfaces of the material as depicted by EDX results in 

Table 3.1 with a C/O ratio of 8.3 for GO-MHM1, 20.0 for GO-MHM2, and 21.4 for GO-

HM. The oxygen functional groups heighten the performance of the EDLC (Gomez et al., 

2011; L. Lai et al., 2012).  The specific power of all the GO materials gave the same 

performance with the same current density but increased with increased current densities 

with 2.0 A/g having the highest performance of 100 W/kg in all materials (Table 3.2). 

The efficiency of the devices was in the range of 92 to 101.8% which is the ideal 

performance of EDLC devices from porous carbon (Laheäär et al., 2015). The Cs of the 

samples are higher than the GO (Le et al., 2011) with a measurement between 132 F/g in 

the scan rate range of 0.5 to 0.01 V/s and showing the highest specific energy of 6.74 

Wh/kg and specific power of 190 W/kg from fabricated inkjet printer graphene 

electrodes. The reduced GO (Nam et al., 2018) has a Cs of 85 F/g at 1.0 A/g which is also 

lower than the current study. The results from the current work showed a lower 

performance compared to the reduced GO (Chang et al., 2019) with Cs of 430 F/g, specific 
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energy of 8.96 Wh/kg, and the specific power of 100.42 W/kg at the scan rate of 4 mV/s. 

The Cyclic voltammogram (CV) of GO samples in the 6M KOH electrolyte at the scan 

rate of 5, 10, 20, 50, 70, 100, 200, and 500 mV/s are shown in Figure 3.8. The CV 

performance exhibited a symmetric and quasi-rectangular shape in all the samples. This 

shape indicates the performance of high double-layer capacitance (HDLC) (Ban et al., 

2012; Hsieh et al., 2011). 
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Figure 3.9: Cyclic voltammetry of GO materials prepared with HM, MHM1, and MHM2 

using 6M KOH as electrolyte at different scan rates. 
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This is indicative of EDLC capacitive behavior and the shapes for all synthesized GO 

were maintained up to 500 mV/s (Figure 3.9). From Figure 3.9 (a and b), the shapes are 

similar to some small hump which indicate a little overcharging at high voltage (Mathis 

et al., 2019). Figure 3.8c shows the best quasi-rectangular shape with no hump even 500 

mV/s for the GO-MHM2. 
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Figure 3.10: Nyquist EIS plot for GO materials at different voltages for the three methods 

used. 

 The transport charge characterization of the electrode material was further performed by 

electrochemical impedance spectroscopy (EIS) technique. This was carried out in the 

frequency range of 10 kHz to 10 mHz in the open potential circuit using 6M KOH as an 

electrolyte. The Nyquist plot of the results is shown in figure 10. The potential was varied 

from 10 mV to 20 mV to determine the charge transfer resistance (Mathis et al., 2019). 

Figure 10 shows the impedance plots with similar behavior in the high and low-frequency 

regime. The plots from the material shown no semi-circles in the frequency regime in the 

Nyquist plots (Figure 3.10 insert). This indicates a good capacitance and high electrical 
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conductivity of the GO electrode materials (L. Lai et al., 2012; Nam et al., 2018; Saha et 

al., 2016). The EIS shows approximately the same resistance (0.82 Ω) for all the GO 

synthesized materials with the real frequency axis. This indicates a very low series 

resistance in the assembled devices which included electrolyte, current collector, the 

surface of the materials, and the Swagelok used in all the GO (Linfei Lai et al., 2012; 

Mathis et al., 2019; J. Xie et al., 2018). 

 

Figure 3.11: Voltage holding stability of GO materials prepared with HM, MHM 1, and 

MHM 2 methods and EC stability display in the insert. 

The Nyquist plot shows the vertical curves from the high frequency to the low frequency 

of the imaginary axis. This is an indication of low internal resistance and high 

conductivity (Linfei Lai et al., 2012). The 45o and 90o angle line formation at a high-

frequency regime concerning the real axis of the impedance indicate the behaviors of the 

charge storage capacitive mechanism for the EDLC materials. From figure 10, when there 

are no semi-circles in the high-frequency regime is a typical signature of supercapacitor 
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materials. This is because porous carbon electrode materials store their charge in the 

physical behavior without any charge transfer in the process (Mathis et al., 2019). To 

validate if there is any formation of the semi-circle at high potential. The EIS was carried 

out at different potentials and also to ascertain the charge transfer resistance. After 

performing the EIS at 10 and 20 mV, the curves showed no change at high-frequency 

regime but only a small deviation at a low frequency of the imaginary regime which 

indicates there was no charge transfer resistance but only small internal resistance causing 

a small deviation at the low-frequency regime of the imaginary axis as shown in figure 

10 and its insert. 

The stability of the assembled devices was carried out by voltage holding/floating 

methods as indicated in Figure 3.11 insert. Figure 3.11 shows the performance of the 

voltage holding for 130 hours. This is a new conventional cycling method that is a more 

realistic and reliable way for stability testing of supercapacitors (Barzegar et al., 2016; 

Bello et al., 2017). This method gives real stability to tough conditions like holding a 

charge at its maximum for 10 hours before the discharge cycle which causes degradation 

details that may occur in the electrochemical process of the device (Bello et al., 2017). 

It can be seen from Figure 3.11 that performance decrease in the specific capacitance after 

10hours and continued to decrease slowly until the end of 130 hours. The GO-MHM2 

and GO-HM showed 17% capacitance fade after 10 hours and GO-MHM1 exhibited a 

45% fade. The fading in GO-HM was more stable than other GO materials which kept a 

50% loss at the end of 130 hours. The loss of capacitance of GO-MHM2 stabilized at a 

loss of 70% after 70 hours which further lowered to 80% at the end of 130 hours. At the 

end of 30 hours, GO-MHM1 lost up to 80% and was kept at that level until 130 hours. 

This indicates that there was high intercalation in the materials with an electrolyte 
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between 10 to 60 hours which may be due to the interaction of K+ ions from the electrolyte 

at high potential. This may also be due to K+ ion interaction with oxygen functional 

groups on the surface of the material causing faradic reactions as shown in Figure 3.12. 
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Figure 3.12: CV for the GO materials before and after the voltage holding stability test. 
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The faradaic reactions were revealed by the CVs carried out before and after stability as 

shown in Figure 3.12. Figure 3.12 show exponential peaks at a high voltage which may 

be due to dissociation of the electrolyte and interaction of the K+ ions with the surface of 

the materials. There is also a reduction of the shape size in Figure 3.12 after stability 

which implies there is a loss of capacitance due to these mentioned factors. The high 

capacitance fade in the current work is similar to that performed on YP17/PTFE (Ruch et 

al., 2010) when comparing the voltage holding testing method with conventional cycling 

where they obtained a capacitance loss of 68% within 100 hours and 97% loss after 500 

hours with voltage holding method yet conventional cycling shown 2% after 50,000 

cycles which took approximately 800 hours. 
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Figure 3.13: Self-discharge of GO materials after charging the device to 1V and holding 

for 5 minutes in an open circuit. 
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 In comparing voltage holding with conventional cycling, (Weingarth et al., 2013) 

reported capacitance loss of 30% after 20 hours with voltage holding at 3.5 V which 

required 300 hours for conventional cycling to observe the same loss. (Weingarth et al., 

2013) Concluded that voltage holding was more time-efficient than cycling test. The fact 

is that during voltage holding, the capacitor is subjected constantly to maximum potential 

for a long holding time keeping the dissociated ions in contact with the materials yet in 

conventional cycling, the capacitor is only exposed to the mutable potential (Barzegar et 

al., 2016; Weingarth et al., 2013). 

Self-discharge is another important technique for the evaluation of the life of the 

supercapacitor. This was carried out after the voltage holding test on the same device. 

The devices were charged up to 1.0 V and hold for 5 minutes before they were left to self-

discharge in an open circuit. Figure 3.13 shows the performance of the assembled devices 

from the GO synthesized materials. The GO-MHM2 shown a voltage loss of 70% after 

5.2 hours (part c in Figure 3.3) showing to be a better performer than the other materials. 

GO-MHM1 lost 70% in less than 2.8 hours and GO-HM in less than 1.2 hours as shown 

in figure 13-part b and part a, respectively. 
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Figure 3.14: The plot of columbic efficiency % versing stability voltage holding time in 

hours 

 

The columbic efficiency versus stability voltage holding time in hours shown in Figure 

3.14 for the three synthesized materials. The stability test was carried out by voltage 

holding / floating with three (3) charge-discharge before holding the voltage at a 

maximum of 1.2V for 10 hours before another cycling round. Equation 3.5 was used to 

evaluate the columbic efficiency of the material with the discharge/charge time for each 

second cycle from the 3 cycles. The GO-MHM2 shown the highest retention of 102% 

followed by GO-MHM1 with 99.1% and GO-HM with the lowest retention of 96.5% 

which was maintained after performing the test for 130 hours. 

Conclusion  

The GO materials were synthesized successfully from graphite flakes using hummer’s 

method and two other modified methods from Hummers with a change in some 

conditions and materials used. The materials were characterized with different techniques 

which included UV-Vis spectroscopy, FTIR, SEM-EDX, XRD, and electrochemical 
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analysis to check their applicability for energy storage in supercapacitors. The 

characterization techniques confirmed the existence of different functional groups which 

are key in GO. These include C-O, C=O, and main elements like carbon and oxygen. The 

presentation of the functional groups such as C=O and C-O in the GO materials further 

confirms that the graphite flakes were oxidized to GO. EC performance of the GO 

materials as supercapacitor electrode materials also confirmed the usefulness of the 

materials for EDLC device application. The electrochemical characterization 

performance of materials produced the highest specific capacitance of 211.2 F/g with a 

current density of 0.5 A/g and the specific energy of 7.33 Wh/kg from MHM1 sample.
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CHAPTER FOUR 

4.0. Modified Activation process for Supercapacitor Electrode Materials 

from African Maize Cob 

4.1. Introduction 

Recent advances in energy storage technologies and the urgent need to satisfy the 

requirements of increasing energy demand due to the rapid increase in world population, 

the gradual consumption of fossil fuel depict an end to the era and alternate energy 

resources among which electrical energy storage devices is a viable option. This is 

because the green chemical synthesis route, coupled with the increasing demand not only 

overcome environmental concerns but also cost-effective methodologies can be 

developed for energy storage applications. Supercapacitors have low energy density (<10 

Whkg-1) compared to other storage devices such as batteries this has become a major 

setback and has limited their use in application such as cordless electric tools, hybrid 

electric vehicles, backup power sources, renewable energy systems, and industrial energy 

management (Hall et al., 2010). To overcome this problem, many research activities have 

focused on developing nanostructured active electrode materials with suitable surface 

area, porosity, and morphology to increase energy density without sacrificing their 

intrinsic high-power density and cycle life (L. L. Zhang et al., 2010). This can also be 

achieved by exploring electrolytes with large potential windows such as ionic or organic 

electrolytes. Depending on the charge storage mechanisms of the active materials used 

ECs can be generally classified into two types namely electric double-layer capacitors 

based on ion adsorption (EDLCs mainly carbonaceous material with a high surface area) 

and pseudocapacitors (including redox material such as transition metal oxides and 
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conducting polymers) (Tarimo et al., 2020a). Pseudocapacitors have been shown to 

exhibit much higher capacitance than the EDLCs and are either used to complement 

EDLCs to improve the power and energy densities (Nankya et al., 2020).  

An electrode is considered a backbone of an electrical double layer capacitor because the 

overall performance and stability of the Supercapacitors depend upon the materials used 

as electrodes. A large variety of electrode materials is used in Supercapacitors; each 

material has its behavior to its performance and capacitance. For electrode fabrication 

materials that possess large specific surface area and pore volume like mesoporous and 

microporous materials are considered. Many attempts by several research groups to 

fabricate electrodes from different carbon sources have been explored (Dörfler et al., 

2013; F. Gao et al., 2020). Despite all these efforts, activated carbon (AC) is still the 

choice material used in the industry due to its high specific surface area (SSA), low cost, 

good electrochemical performance, and stability (Zhai et al., 2011). Different 

carbonaceous electrode materials are used in supercapacitors (SC) because of high 

surface area, porosity, and surface functional groups. For example,  carbon composites 

(Yeon et al., 2017), carbide-derived carbon (Y. Zhu et al., 2011), graphene and its 

derivatives (Y. Zhu et al., 2011), carbon aerogels (Jae et al., 2014; Vlad et al., 2016) 

among others. AC-derived material is highly levelled to have higher porosity, high 

surface area, high chemical, and physical stability, and high packing density (Das et al., 

2015; Lekakou et al., 2011). Commercially available ACs are synthesized from different 

biomass due to their low cost of production and environmental friendliness. The porous 

nature of AC material is advantageous in SC application with microporous and 

microporous being more influential for charge transfer in the performance. The 

macropores also facilitate the transport zone with the structure of carbon materials. The 
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high capacitance values are primarily due to the surface area of the material and the 

stability of electrolytes (Van et al., 2014).  

Biomass is a feasible and sustainable source of materials and alternative to fossil fuel in 

energy applications and presently provides ~14% of the total energy consumed and ~ 35% 

for cooking and heating in third world countries, especially Africa(Dhillon & von 

Wuehlisch, 2013). Bio-inspired materials as electrodes for supercapacitor has become 

attractive because biomass resources are readily available, abundant, naturally renewable, 

eco-friendly and meet the condition for green and sustainable carbon sources for the 

advancement of electrode materials for the next cohort of SCs (N. Liu et al., 2013; Liyuan 

Zhang et al., 2014). Toward the development of AC as electrodes for supercapacitor from 

biomass materials slow progress has been made so far. The conversion and utilization of 

this biomass into value-added material are paramount. Biomass such as maize corn cobs, 

rice husks, coconut shells, sugarcane bagasse to mention but a few have been explored 

for the production of porous activated carbon for industrial application (Biswal et al., 

2013; Xiufang Chen et al., 2017; A. Elmouwahidi et al., 2012; Adbelhahim Elmouwahidi 

et al., 2017; J. Hou et al., 2014; Mi et al., 2012a; Tian et al., 2015; L. Wei et al., 2011; T. 

Wei et al., 2016; Z. Zhu et al., 2015). Activated carbon (AC) with varying surface areas 

are abundantly being used for industrial application which includes energy storage 

materials, removal of toxic compounds, purification, and separation in liquids and gases, 

catalysts or catalysts support(Adrian et al., 2016; Adbelhahim Elmouwahidi et al., 2017; 

Fraczek-szczypta et al., 2015; Yakout & G. Sharaf, 2016), CO2 reduction (Shafeeyan et 

al., 2010) removal of dyes and odour (Yakout & G. Sharaf, 2016). Much other ecological 

biomass material including eggshell (Tang et al., 2014), wood sawdust (L. Wei et al., 

2011), pistachio nutshells (J. Xu et al., 2014), cigarette filter (M. Lee et al., 2014), 
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sunflower seed shell (Xiao Li et al., 2011), and rice husk (Kumagai et al., 2013) have 

been investigated as possible carbon sources for SC applications. All these sources of 

carbon materials mentioned above are low cost, sustainable, and are not harmful to the 

environment. 

Zea Mays, commonly known as maize or corn is the most widely cultivated cereal grain 

food worldwide. The cultivation of maize is widespread particularly in the Eastern, 

Western, Southern, and central parts of Africa. This plays a big role in most homes as 

support for food and income-earning for the rural economy. The production yield per 

hectare (YPH) (tons/hectare/year) was estimated at approximately 32 YPH by 2020 

which is greater than the USA, China and Brazil combined at 30 tons/hectare/year 

(Shahbandeh, 2020). Normally, the maize corn cobs are treated as agricultural crop 

residue/waste as a result of harvesting where only the grains are taken for further 

processing. The cobs are disposed-off in the farm, power plant sites, and others are burnt 

to ashes. This causes environmental challenges such as pollution.  

Many research effort on biomass have been reported, for example, Ding et al. reported a 

sodium ion capacitor with the cathode and anode based on peanut shell nanosheets carbon 

with a Specific Surface Area (SSA) of 2396 m2/g and a specific capacity of 161 mAh g-1 

at 0.1 A/g and 73 mAh/g at 25.6 A/g (Ding et al., 2015). The same research group reported 

hemp bast fibers which exhibited  SSA of 2287 m2/g and a specific capacitance (CSP) of 

106 F/g at 10 A/g in ionic liquids (Huanlei Wang et al., 2013). Seaweed was also 

pyrolyzed at different temperatures under a nitrogen atmosphere with an SSA of 1300 

m2/g, resulting in a high volumetric capacitance (Raymundo-Piñero et al., 2009). Dead 

leaves were pyrolyzed by Biswal et al. (Biswal et al., 2013) to produce carbon material 

exhibiting an SSA of 1230 m2/g and a specific capacitance of 400 F/g in 1 M H2SO4 
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electrolyte. Human hair was explored as a source of carbon for SC and symmetric cell 

exhibited a CSP of 340 F/g and 126 F/g both in the alkaline electrolyte (6 M KOH) and 

organic electrolyte (1 M LiPF6 in EC/DEC), respectively at 1 A/g with excellent cycling 

ability (Qian et al., 2014). Carbon synthesized from corn-cob has been used as an 

electrode in Electrochemical Double Layer Capacitor (EDLC) by Ghosh et al (Ghosh et 

al., 2019). The material produced was pre-treated with 5% ZnCl2 using Co as catalyst 

pyrolyzed at 700 oC and the device fabricated exhibited a Specific capacitance of 270 F/g 

at a scan rate of 5 mV/s. Similarly, corncob-derived carbon with hierarchical porosity was 

reported(S. Yang & Zhang, 2018). The carbon produced Inherited the special biogenetic 

textures of corncob benefiting from proper activation process, the carbon materials 

exhibited excellent electrical conductivity and high specific capacitance of 293 F/g at 1 

A/g. Corn Cob Lignin-based Porous Carbon Modified Reduced Graphene Oxide Film 

was also reported For Flexible Supercapacitor Electrode (Cui et al., 2019). The assembled 

supercapacitor exhibited the advantages of flexible, lightweight, low price, and 

environment friendly, which can achieve a high specific capacitance of 324.5 mF/cm2 at 

0.2 mA/cm2 and 91.8% capacitance retention after 1000 charging/discharging cycles. 

Moreover, a two-step method for the preparation of high-performance corncob-based 

activated carbons as supercapacitor electrodes were reported using ammonium chloride 

as a pore-forming additive followed by carbonization. The device fabricated had a good 

rate performance with a capacitance of 175 F/g at 0.5 A/g and good cycling stability after 

a 10 000 charges/discharge test (Q.-L. Wei et al., 2018).  

Considering the limited amount of work in the use of corn cob and the fact that they are 

abundant and generally accessible for potential value addition as carbon materials. This 

present research uses the liquid-phase oxidation process and gas phase method for the 
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production of enhanced porous carbon at three (3) different temperatures for activation 

after treatment with concentrated sulphuric acid (concern H2SO4). The use of sulphuric 

acid has been shown to effectively hydrolyse and oxidize materials introducing a 

sufficient number of functional groups on the surface of carbon, which include carboxyl, 

lactone, phenolic, sulphur groups among others (Shafeeyan et al., 2010). These functional 

groups improve the efficiency of the non-faradaic and faradaic behavior in electron and 

charge transfer processes. 

4.2. Experiments 

4.2.1. Preparation of activated carbon  

The Activated carbons (ACs) were prepared from maize cobs (AMC) as follows; the MC 

was obtained from farmland within the African University of Science and Technology 

(AUST) Abuja Nigeria. The MC was cleaned and sized (~3cm), then dried in an oven at 

110oC for 48 h. The dried samples were grounded and sieved to a fraction using a 1.0 mm 

sieve. The MC powder was functionalized by chemical treatment using 14% wt/v 

concentrated H2SO4. The functionalized MC was left to stand for 48 h in a fume hood, 

then washed with DI water until a pH 6.5 was achieved. The sample was then dried in an 

electric oven at 120oC for 18 h. The dried sample was divided into three (3) portions. 

These portions were activated at three (3) different temperatures in a furnace under a 

nitrogen atmosphere with a flow rate of 300 mL/min with a ramped temperature of 

3oC/min and a holding time of 2 h. The 1st portion was activated at 600oC and the sample 

was named AC-S-600, the 2nd, and the 3rd portions were heated at 700oC and 800oC then 

named AC-S-700 and AC-S-800 respectively.  
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4.2.2. Characterization techniques for Activated Carbon (AC) 

The thermogravimetric analysis (TGA) was executed on the AMC powder material and 

AC samples using the TGA-DSC analyzer (Jupiter STA449 F3 NTZSCH GmbH). The 

samples were heated in pure air at a flow rate of 10 cm3/min from room temperature to 

1000oC with a ramped temperature of 10oC/min with a run time of 1 h and 40 minutes 

using calcinated silica pan as reference material (Lijuan et al., 2017; Lim et al., 2010; Van 

et al., 2014). The morphological characterization of the samples was carried out with the 

Field Emission Scanning Electron Microscope (FESEM) GeminiSEM 500M/s Carl 

ZEISS-EDAX Z2 Analyser AMETEK). The crystal structure of the AC powder samples 

was examined by the X-Ray Diffraction (Riguku Smartlab Autosampler) using a Cu kα 

radiation with the JCPDS-ICDD database. The surface functional groups of AC samples 

were analyzed by Fourier Transformation InfraRed (FTIR) spectroscopy (Bruker Optik 

GmbH Vertex 70, Germany) and was scanned through a range of 600 – 4000 cm-1. The 

Nitrogen Adsorption/desorption isotherms were determined based on the 350 oC 

automated adsorption instruments (11-2370. Gemini Miceomeritics USA). The AC 

samples were preheated at 90 oC (ramp 10 oC/min) and degassed at 300oC in a vacuum 

with the holding time of 10 h. The Nitrogen adsorption isothermal was measured over 

(P/Po) relative pressure and the BET surface area (SBET) was calculated by BET 

(Brunauer-Emmett-Teller) equation with adsorption data (Van et al., 2014). The 

micropore volume (Vmic), microporous surface area (Smic), and external surface area (Sext) 

were obtained from the t-plot method (Van et al., 2014). The mesopore volume (Vmes) 

was acquired by BJH (Barrett-Joyner-Halenda) method (Ghosh et al., 2019; Van et al., 

2014) and the total pore volume (Vtot) estimated from the sum of mesoporous volume 
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(Vmes) and microporous volume (Vmic). The mean pore radius rmp was determined from 

the total pore volume and SBET with some assumptions.  

The surface chemistry of the AC samples was further examined by X-ray Photoelectron 

Spectroscopy (XPS) using spectra in the K-alpha Photoelectron spectrometer using 

omicron Nano Technology UK. This was used to determine the chemical and elemental 

composition of the sample surfaces and for the identification of oxygen functional groups 

with their binding energy (Adbelhahim Elmouwahidi et al., 2017; Shafeeyan et al., 2010) 

and Labram Micro Raman Spectrometer (Horiba Jobin Yvon model). Chemical titration 

Boehm method was used in further determination of oxygen functional groups as follows; 

200mg of each AC sample was mixed in 25 mL of one of the four reactants of 0.1 M 

concentration [NaHCO3, Na2CO3, NaOH or HCl]. The mixtures were sonicated for 24 

hours, then filtered to remove the carbon. The excess of base and acid in the solution was 

titrated with 0.1 M HCl solution of 0.1 M NaOH. The number of acidic and basic sites 

were calculated on the basis that NaOH neutralizes carboxylic, phenolic, and lactonic 

groups, NaHCO3 neutralizes only carboxylic, Na2CO3 neutralizes carboxylic and lactonic 

and HCl neutralizes all the basic sites (Schönherr et al., 2018). 

4.2.3. Electrochemical preparation and electrochemical measurements 

The working electrodes were fabricated with graphite foil as a current collector and AC 

as the active material. The active material constituted a mixture of AC, carbon black, and 

Polyvinylidene Difluoride (PVDF) in the ratio of 8:1:1 by weight, respectively (Manyala 

et al., 2016). This was mixed with the N-methyl-2 pyrrolidone solvent to make a paste 

and coated on the graphite foil. The coated electrodes were dried in an oven at a 

temperature of 70oC for 15 h. The electrochemical (EC) analysis was carried by BIO-
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LOGIC (BCS-805) workstation using a three-electrode set-up system with a saturated 

calomel electrode (SCE), coated material, and a platinum sheet electrode as a reference, 

working and counter electrodes, respectively. The following techniques; (i) Cyclic 

Voltammetry (CV) with electrode potential of 1.0 V for 6M KOH and 1.2 V for 1M 

Na2SO4 at different scan rates (5, 10, 20, 50, 70, 100 mV/s). (ii) The Galvanostatic 

Charge-Discharge (GCD) was performed at different current densities from 0.25, 0.5, 1.0, 

1.5, to 2.0 A/g according to the total mass of the active electrodes in each device. (iii) 

Electrochemical Impedance Spectroscopy (EIS) was obtained from 10 kHz to 10 mHz at 

a voltage of 10 mV. (iv) Stability of the SC by voltage holding/floating of the GCD after 

every 3 cycles for 10 h at the maximum voltage until 100has described (Adbelhahim 

Elmouwahidi et al., 2017; Weingarth et al., 2013). 

4.3.  Results and Discussion 

4.3.1.  The characterization of activated carbon AC 

The thermal degradation and stability of the raw material (MC) and AC samples was 

performed with thermogravimetric analysis (TGA-DSC) at a temperature range of 28 oC 

to 1000 oC as depicted in Table S1 and Figure S1 (Appendix 1) represents the mass 

fraction loss in percentage at different temperature range. The dried powder of MC was 

analyzed to determine the required activation temperature. The MC sample in Figure 

S1(Appendix 1) shows two main stages of weight loss with the first stage starting at 

approximately 28 oC up to 120 oC on the TGA graph. This was due to the physisorbed 

desorption of water/moisture from the powder and showed an endothermic effect in the 

DSC heat flow profile that ended at 120 oC (Lijuan et al., 2017). The second stage was 

observed between 200 – 350 oC (52.4%) which is due to the decomposition of organic 
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compounds and groups such as carboxyl, lactonic among others which are present at the 

surface of the material (Van et al., 2014). Table S1(Appendix 1) shows the highest mass 

loss at the second stage in MC up to 350oC. This implies that 350oC can serve as the best 

carbonization temperature for the material. The activation of AC materials was done 

starting from 600oC where the MC material maintained a constant mass loss basing on 

the TGA-DSC profile (Figure S1). The ACs profile in Figure S1(Appendix 1) depicted a 

trend of mass fraction loss in the materials also with mainly two (2) stages of mass loss 

which was between 70 – 120oC for the first stage and between 650 – 770oC for the second 

stage. The first stage corresponds to the desorption of water molecules in the samples 

(Lijuan et al., 2017) which depicts an endothermic effect only in the AC-S-800 sample 

on the DSC profile. The second stage was due to the thermal degradation of organic 

compounds which corresponds to a weight loss range from 12 – 26% (Table S1) and may 

constitute loss of cellulose, hemicellulose, and lignin compounds which vaporize at that 

temperature range (Köseog˘lu & Akmil-Basar, 2015).  

The DSC profile of AC-S-600 and AC-S-700 show a gradual increase in the heat flow 

(exothermic effect) throughout the samples indicating that the samples are hydrophobic 

and gain more heat energy as temperature increases. The AC-S-800 sample shows a 

different DSC profile with an endothermic effect at the first and second stages of the mass 

loss with a drastic effect at 950oC until the end of the thermal analysis. This suggests that 

the AC-S-800 sample is highly microporous with high retention of gases and water 

molecules indicating low pore volume and low surface area was confirmed by BET results 

and the FESEM images. The mass loss increased with the increase in temperature of 

activation in the order of AC-S-800 > AC-S-700 > AC-S-600 (Table S1). The 

decomposition generally increases for biomass with the elevation of temperature. The 
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physical properties of the AC-S-600, AC-S-700, AC-S-800 AC samples were estimated 

by N2 adsorption-desorption as shown in Table 4.1 and Figure 4.1. The technique revealed 

the BET surface area (SBET) of 253.6 m2/g for AC-S-600, AC-S-700 with 105.23 m2/g, 

and AC-S-800 with the lowest of 30.09 m2/g. The pore volume of the samples varies from 

0.0312 to 0.1463 cm3/g with the increasing order of AC-S-800 < AC-S-700 < AC-S-600 

as shown in Table 4.1.  
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Figure 4.1: N2 adsorption-desorption isotherm at 77K of Activated carbon samples. 

The SBET and pore volume decreased with an increase in the temperature used for each 

sample. The surface area decreases as the temperature increases, and a similar trend was 

observed by the micropore volume which decreases with increasing temperature. This 

indicates that H2SO4 acid-treated materials gave low physical properties and high 

chemical properties like oxidation and functionalization of the materials with an increase 

in temperature as detected by other techniques used in characterization (XPS, FTIR). This 

indicates that concentrated H2SO4 acid caused hydrolysis and oxidation reactions in the 

samples and the effect increased with the increase in the temperature. This effect leads to 

the blocking of the micropores and mesopores in the sample. When the temperature is 
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increased beyond 200oC, the H2SO4 acid-treated samples tend to generate polysulphates 

which are highly corrosive and oxidizing then functional groups form by crosslinking 

polycondensation (J. Li et al., 2019; Liou, 2010; Xiang et al., 2013). This leads to the 

formation of pore-form structures within the pores hence closing the micropores and 

creating oxygen functional groups and trapping of high concentration of oxygen in the 

structure. The isothermal curves with hysteresis loops are shown in Figure 1 depicted a 

type I and IV curves format of the isothermal classification by IUPAC. The shapes of the 

curves have some sharp rise which denotes the possible formation of micro and 

mesopores at 0.2 and 0.9 respectively showing an important uptake at those relative 

pressures (Van et al., 2014). The average pore distribution in all the samples implies that 

the materials can be used for storage applications. Using BJH analysis for pore size data, 

the average mean pore radius was estimated to be 0.577, 0.722, 1.04 nm with AC-S-600, 

AC-S-700, and AC-S-800 respectively using total pore volume and BET surface area. 

The pore size distribution for the samples in Figure S2(Appendix 1) shows a low range 

below 100nm (1000Å) of the diameter of pores which favours the materials for 

supercapacitor application. 

Table 4.1: Physical properties of AC samples from N2 adsorption at 350oC 

Samples SBET 

(m2/g) 

Smic 

(m2/g) 

Smic/SBET 

(%) 

Sext 

(m2/g) 

Vmic  

(cm3/g) 

Vmes  

(cm3/g) 

Vtot 

(cm3/g) 

Vmic/Vtot 

(%) 

rmp 

(µm) 

AC-S-600 253.60 204.33 80.6 49.27 0.0998 0.0465 0.1463 68.2 5.77 

AC-S-700 105.23 68.61 65.2 36.62 0.0330 0.0430 0.0760 43.4 7.22 

AC-S-800 30.09 21.17 70.4 8.92 0.0098 0.0214 0.0312 31.4 10.4 
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Figure 4.2: FESEM micrographs for AC-S samples taken at two different magnifications 

AC-S-600 at (a) 200nm, (b) 1µm, AC-S-700 at (c) 20µm, (d) 2µm, AC-S-800 at (e) 

10µm, (f) 1µm. 

 

The FESEM micrographs of AC-S-600, AC-S-700, and AC-S-800 in Figure 4.2 depicts 

the physical morphology of the activated carbon materials at different temperature 

activation. AC-S-600 shows a honeycomb structure with different pore sizes and shapes 

which is due to the removal of volatile compounds during carbonization and leads to the 
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creation of varying pore sizes. Figure 4.2a AC-S-700 presents a dense microstructure with 

smooth and fewer pores when compared to the others. The AC-S-800 sample revealed 

small pores in the microstructure which may have been due to high oxidation properties 

of H2SO4 and the recombination of oxides from decarboxylation reaction with other 

functional groups (Jiachuan Chen et al., 2017; Lijuan et al., 2017; S. Zhang & Pan, 2015). 

Similarly, the AC-S-800 sample depicted aggregated oxygen functional groups 

concentration on the surface as detected by the Boehm method. This was also confirmed 

by XRD and XPS data. Figure 4.3 (AC-S-800b) at a 1 µm scale displayed a highly 

oxidized surface with 0.420mmol/g of basic functional groups (Table S3, Appendix 1). 

The basic groups are more in this sample since acidic groups decompose at around 650oC 

leaving the basic one which decomposes between 700 -980oC (Van et al., 2014). Some of 

these basic groups are very beneficial for the performance of the supercapacitors as 

indicated further in the electrochemical results. 

 

Figure 4.3: (a) FTIR spectra and (b) X-ray diffraction peaks for AC-S-600, AC-S-700, 

and AC-S-800 AC materials. 
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The FTIR spectra of the AC-S-600, AC-S-700, and AC-S-800 activated carbon samples 

are presented in Figure 4.3a with functionality/group assignments shown in Table 

S2(Appendix 1). All three (3) samples presented peaks at the same positions for each 

assignment for both regions. The fingerprint region from 1000 to 1500 cm-1 revealed the 

concentration of C-C, C-OH, C-O, C-N stretching, and aromatic compounds with strong 

and medium transmittance. The peaks at 1080 and 1220 cm-1 are the bond stretch 

composition for the structure of C-C and C-O bonds. Also, the diagnostic region revealed 

several groups in different positions as shown in Table S2(Appendix 1). These peak 

positions are in agreement with different activated carbon from different materials from 

the literature. Some of these materials include olive stones activated with phosphoric acid 

(H3PO4) (Yakout & G. Sharaf, 2016), cotton stalk activated with H3PO4 (Mohamad & 

Williams, 2012), hydrochar activated with H3PO4 (Jiachuan Chen et al., 2017), maize 

cobs treated with ZnCl2 (Ketcha et al., 2012), Fox nuts activated with H3PO4 (A. Kumar 

& Jena, 2016), agricultural waste biomass activated with ZnCl2 and K2CO3 (Köseoglu & 

Akmil-Basar, 2015), cotton stalk with H3PO4 and ZnCl2 (Lijuan et al., 2017) and rice 

husks activated with NaOH (Van et al., 2014). 

The XRD spectra of the samples are presented in Figure 4.3b. The materials show two 

broad peaks at a 2Ө range of 23 to 30o and 40 to 47o corresponding to the (002) and (100) 

crystal plane of graphite materials and it's reflected in all three samples. Generally, all the 

samples shown broaden peaks around 2Ɵ of 24o and 44o which indicates the typical peaks 

for amorphous carbon with non-crystalline material structures. (Ghosh et al., 2019; J. Li 

et al., 2019; Shi et al., 2019). The AC-S-600 sample revealed a high-intensity peak at 2ϴ 

= 26.426 with a hexagonal crystal system of graphite with a d-spacing of 3.370 Å at (002) 

plane indicating graphitization. The second peak at 2ϴ = 44.572o for amorphous carbon 
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at d101 = 2.031Å and another peak at 2ϴ = 32.0o which was identified as oxygen with d-

spacing of 2.795Å. This peak appeared in the same position for the other two samples as 

an indication of surface oxygen functional groups and was confirmed by Boehm’s results 

in Table S4(Appendix 1). This means that the samples were oxidized by H2SO4 acid 

treatment which increased the oxygen and sulphur functional groups on the surfaces of 

the samples. The oxidation trend in the samples in the order of AC-S-800 > AC-S-700 > 

AC-S-600 as a result of an increase in temperature.  

The AC-S-700 sample revealed disordered carbon peaks with the prominent one at 2ϴ = 

24.267o with the d-spacing of 3.664Å at (110) plane as hard carbon peak with another 

peak at 2ϴ = 14.418o with (002) identifying its graphitic nature. The other carbon peak 

was revealed at 2ϴ = 47.259o with (100) plane. The AC-S-800 sample had several peaks 

at a different position, graphite carbon peak at 2ϴ = 26.426o with d-spacing of 3.37Å at 

(002) plane, another carbon peak at 2ϴ = 41.266o with d-spacing of 2.19Å at (100) plane. 

They are a number of oxygen peaks indicating that the sample is highly oxidized; 2ϴ = 

31.999o with d011 = 2.795Å, 2ϴ = 23.720o with d001 = 3.7748Å, 2ϴ = 34.491o with d110 = 

2.598Å as the prominent peaks. All the samples revealed some peaks of sulfur, sodium, 

and boron at positions of 23.3o (d220=3.818Å), 31.0o (d101=2.88Å), and 17.618 – 22.059o 

at (112) plane, respectively.  

The surface chemistry functional groups in this study were determined by the Boehm 

titration method and the results are shown in Table S3(Appendix 1). This shows the 

acidity and basicity of the surface oxygen groups of the AC materials under study. It is 

assumed that bases neutralize all oxygen groups that are more acidic in that NaHCO3 was 

used to deprotonate primarily carboxylic groups, Na2CO3 to neutralize lactonic groups 

and NaOH for deprotonation of phenolic groups. Also, HCl acid was used to protonate 
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all the basic groups (Schönherr et al., 2018). Table S3(Appendix 1) revealed the presence 

of both acidic and basic groups in the samples under study. The total basicity increases 

with an increase in activation temperature because their decomposition is between 700 to 

1000oC (Van et al., 2014) and the total acidity is constant through the samples. These 

functional groups can enhance the performance of supercapacitors (Van et al., 2014). 

The XPS technique was further used to confirm the surface chemistry (their C1s, O1s, 

and S2p core levels of atoms.) of the material by determining the binding energy of the 

elemental composition and the chemical state of the material’s surface (Moulder et al., 

1992). This revealed the presence and interaction of different functional groups which 

include C-C (C-H), C-O, C=O, O-C=O, C-S among others as depicted in Table 

S5(Appendix 1) (Adrian et al., 2016; Adbelhahim Elmouwahidi et al., 2017; J. T.-H. Juan 

et al., 2016; Shafeeyan et al., 2010). The surface chemistry profile of the AC materials is 

summarized in Table 5 and Table S5(Appendix 1).  
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Figure 4.4:  XPS deconvoluted spectra of AC-S-600 activated carbon material (a) C 1s 

Carbon atom at 283.7 eV, (b) O 1s Oxygen atom at 531.7 eV, (c) S 2p Sulphur atom 

at 168.7 eV. 

The deconvoluted spectra as depicted in Figures 4.4 with the C1s, O1s, and S2p core level 

interaction in all the three (3) samples. From Table S4(Appendix 1), it was revealed that 

the carbon percentage is highest in AC-S-600 with 67.01% and oxygen with 22.59%. In 

all the samples, the percentage of oxygen detected is high with 31.70% in AC-S-800 

samples implying that they are highly functionalized by oxidation. The trend of carbon 

composition is AC-S-600 > AC-S-700 > AC-S-800. In all the samples, there is 

approximately 2.6% sulfur was detected in the samples. This is because the treatment was 

done with concentrated H2SO4 acid which formed functional groups at the surfaces as 

shown in Table S5(Appendix 1). There is some percentage composition of sodium and 

boron in the samples, which may be due to micro-nutrients uptake of the maize plants 

from the soils, they were cultivated. The concentration of these elements is approximately 

the same implying that they came from the same source. 

Table S5 (Appendix 1) shows convoluted spectra positions with their assignments and 

sample percentage content. This is in agreement with Boehm's analysis results in Table 

S3(Appendix 1) and FTIR results indicating the oxidation and formation of functional 

groups at the surface of the materials. The spectra from the deconvoluted peaks of samples 

in Figures 4.4 for AC-S-600 indicate the formation of bonds with different binding energy 

as assigned in Table S5(Appendix 1). These have the same binding energy response for 

C1s, O1s, and S2p for the three (3) samples with no single shift in the peaks as in Table 

S4(Appendix 1). This means that these are the main core atoms for the prepared AC 

materials. The convoluted C1s spectrum of AC-S-600 revealed peaks with the binding 

energy of 283.8eV having the highest area indicating C-C and C=O network of carbon. 
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This binding energy and assignments are in agreement with the literature (Adbelhahim 

Elmouwahidi et al., 2017). At the lower binding energy, the S2p spectrum was revealed 

in all the samples forming polysulphates groups of O-S=O, O-C-S among others which 

were caused by chemical activation with H2SO4 (G. Hasegawa, T. Deguchi, K. Kanamori, 

Y. Kobayashi, H. Kageyama, T. Abe, 2015). This is explained based on the fact that sulfur 

atoms may be attributed by carbon matrix at reduced states which are further stabilized 

by oxidation leading to the formation of stable S-functional groups. The increase in 

oxygen with an increase in temperature was due to the formation of polysulphates, which 

block the pores and trap the oxygen. This may reduce the conductivity but increases the 

functional groups on the material surface, which increases the functionality of the faradaic 

reactions. 

The Raman spectra of the three AC-s materials are shown in Figure S3(Appendix 1). The 

samples show peaks at 1355cm-1 for the D-band and 1597cm-1 for G-band. These peaks 

indicate the disordered carbon and graphitic carbon for D-band and G-band respectively 

(Perumbilavil et al., 2015). The intensity ratio of ID/IG indicates the disordered carbon 

which is 1.035, 0.998, and 1.007 for AC-S-600, AC-S-700, and AC-S-800 respectively. 

These values of ID/IG present a good degree of graphitization of the produced materials.  

4.3.2. The electrochemical characterization of activated carbon 

The characterization of the materials as electrodes for supercapacitor application was 

evaluated by cyclic voltammetry (CV) curve and galvanostatic charge-discharge (CD) 

curves. By using three electrodes system the electrodes of the supercapacitor, the 

calculation was done based on the following equations(Bello et al., 2020; Kigozi, Koech, 

et al., 2020; Muniyandi Rajkumar et al., 2015; Tarimo et al., 2020a); 
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𝐶𝑠 =  
𝐼𝑑𝑡

𝑚𝑒𝑙𝑑𝑉
                                                                 (4.1) 

Where; Cs is the specific capacitance (F/g), I the discharge current (A),  Mel the total 

mass of active materials (g), dV the change in discharge voltage (V), and dt the change 

in discharge time (s).   

The results of the setups made from the AC (AC-S-600, AC-S-700, and AC-S-800) 

samples were analyzed with two different electrolytes namely: potassium oxide (6M 

KOH) and sodium sulphate (1M Na2SO4) and results. The corresponding Figures of the 

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

Impedance Spectroscopy (EIS). Figures were generated and shown the work.  

In the assessment of the cyclic voltammetry, the voltammograms from the two 

electrolytes were obtained using five different scan rates of 5, 10, 20, 50, 70, and 100 

mV/s at a voltage window of 0 – 1.0V for 6M KOH and 0 -1.2V for 1M Na2SO4. All 

three (3) electrode materials, display rectangular and semi-rectangular shapes at different 

scan rates and with different voltage windows as shown in Figure 4.5(a – f). This is an 

Indication of Electrical Double Layer capacitor (EDLC) behaviors for all three electrodes. 

This means there was a low electrolyte diffusional restriction with the materials 

(Adbelhahim Elmouwahidi et al., 2017). The electrode maintains its rectangular shape 

with an increasing scan rate indicates excellent capacitive nature with a very quick 

response of the electrochemical interaction of the electrode materials as in Figures 4.5. 

This may be due to the easy transport mobility of the ions through the pores in the 

formation of the material under study (Liang et al., 2013) and further indicates that there 

was small resistance in the samples as electrode materials (Moyo et al., 2018). There is 

some exponential distortion in some quasi-rectangular shapes with higher scan rates as a 
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response to high polarization that indicates that there was some overcharging of the 

electrodes. This resulted in a parasitic side reaction which may have occurred with the 

electrode materials or the electrolyte (Mathis et al., 2019). Figure S4(Appendix 1) shows 

some small humps and exponential character which may have been attributed to the acidic 

groups (Table S3), the pseudo-faradaic interaction reaction with the different surface 

functional groups on the surfaces of the materials (Table S5). (Van et al., 2014). The 

slight difference in the shapes is due to the conductivity of different electrolytes in the 

study may be due to some resistances and capacitance nature of the double layer materials. 
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Figure 4.5: CV curves of AC-S-600, AC-S-700, and AC-S-800 Electrode materials at 

different scan rates with 6MKOH and 1M Na2SO4 as electrolytes. 

The galvanostatic charge/discharge (GCD) of the electrodes was studied using the 

chronopotentiometry technique. The GCD from the different electrode materials is 

presented in Figures 4.6 at varying specific current and different potential windows for 

both electrolytes as mentioned earlier. The current density was varied from 0.25 to 2.0 
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A/g for all three electrodes. Triangular symmetric GCD was observed for all samples as 

shown in Figures 4.6 This symmetric behavior is a measure of ideal Electrical Double-

Layer capacitor (EDLCs). The deviation from the ideal EDLC could be due to (i) current 

leakage limited by the poor assembly of the device to be tested, (ii) lack of adequate 

electronic conductivity arrangement or high series resistance, (iii) side reaction which 

occurs within the electrolyte or with the active electrode material (Mathis et al., 2019). 

As the current density increases, there is a slight distortion to the triangular shape using 

KOH electrolyte. This may be due to resistance in the system or limited diffusion of 

Potassium ions (K+) into the pores of the active material at high current (Van et al., 2014). 

The samples behaved differently with 1 M Na2SO4 electrolyte possibly due to the smaller 

size of bare sodium ions (Na+) which were able to diffuse through the porous carbon pores 

hence showing alteration in the discharge curves (Moyo et al., 2018). 
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Figure 4.6: Galvanostatic charge-discharge curves for AC-S-600, AC-S-700, and AC-S-

800 electrodes materials at different current densities with (a) 6M KOH and (b) 1M 

Na2SO4 as electrolytes. 
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The two electrolytes were used to compare the activities of the materials in the basic and 

neutral environment. The data in Figure 4.7 show the results of the activities of the 

materials during the Electrochemical (EC) analysis. The electrodes from the AC-S-600 

in 6 M KOH electrolyte gave a specific capacitance of 85.25 F/g 0.25A/g while the same 

material in 1 M Na2SO4 electrolyte, gave a specific capacitance of 28.43 F/g at the same 

specific current. The AC-S-700 AC electrode in 6 M KOH gave 172.08 F/g at 0.25A/g, 

which is higher than AC-S-600 with the same electrolyte. The electrode fabricated from 

the AC-S-700 in 1 M Na2SO4 had a specific capacitance of 159.02 F/g at 0.25A/g. 

Furthermore, the AC-S-800 electrodes in 6M KOH electrolyte gave the highest specific 

capacitance of 456.4 F/g and 78.5 F/g at 0.25 A/g in 1M Na2SO4 electrolyte. From 

literature, it has been shown that the hydrated ion size (3.31 Å for K+ and 3.58 Å for Na+), 

and ionic conductivity (73.5 S cm2 mol-1 for K+ compared to 50.11 S cm2 mol-1 for Na+), 

play a crucial role in the electrochemical performance of carbon electrode materials 

(Zhong et al., 2015). Similarly, the ionic radius of the hydrated negatively charged anions 

contribute to the EDL behavior via electrosorption and the sizes are in the following order 

OH− (3.00 Å) < NO3
− (3.35 Å) < SO4

2− (5.33 Å) (Zhong et al., 2015). Hence the alkaline 

electrolyte is expected to give the best electrochemical performance taking into account 

the micro and mesoporous texture of the carbon electrode that could easily accommodate 

the smaller size of K+ and the electrosorption of the negative charge anions (OH-), coupled 

with it better conductivity and ionic mobility (Bello et al., 2016). The acid-activation 

introduced sulphur in the electrode material. Sulphur is an active element for energy 

storage material with a theoretical capacity of 1672 mAhg-1 and theoretical specific 

energy of 2600 Whkg-1. This can improve the reaction completion for electrolyte ions to 

form sulphide ions. Also sulphur forms multiple strong coordinate bonds with carbon 

surfaces because of its low electronegativity (2.58). This is capable of forming more redox 
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active sites. This enhances the performance of the electrode. Sulphur also improves the 

stability, electrical and surface properties, and wettability of the electrode materials hence 

exhibiting high retention and high charge/discharge cycle stability (Tarimo et al., 2020a).  

Nyquist plots of the electrode materials are shown in Figure 4.7 for the different 

electrolytes. For the electrode materials made from AC-S-800 material, the impedance 

data was collected at different potentials to ascertain the origin of the charge transfer 

resistance (RCT) and interfacial resistance as shown in Figure S6(Appendix 1). The 

potential was varied from 5 to 20mV with both electrolytes as revealed in figure S16(a & 

b) (in supporting document). From Figure 4.7, the Nyquist plots for all the materials 

depicted different shapes, sizes of the semicircle, and Equivalent Series Resistance (ESR) 

at high-frequency regimes and almost the same behaviors at low-frequency regimes. This 

may be attributed to the presence of functional groups or other impurities (dopants) on 

the surface of the material and the current collector (Bello et al., 2017; Mathis et al., 

2019). These may have caused less charge transfer resistance contributing to a less doom 

shaped arch curve (Figure 4.7). The ESR of the AC-S-600 electrode is approximated 

~2.5Ω for both electrolytes (Figure 4.7 a & b). The ESR for AC-S-700 (Figure 4.7c & d) 

and AC-S-800 (Figure 4.7e & f) is estimated between 1 – 2.5Ω hence good performance. 

These values take into account the different factors, which include the internal resistance 

components of the cells and electrolytes. The AC-S-800 material with 6M KOH revealed 

no semicircle at high frequency (Figure 4.7e) with a 45o line from ESR which indicates 

charge storage of a typical AC with functional groups on the surface and porous with no 

any charge transfer (Mathis et al., 2019). 
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Figure 4.7: Electrochemical Impedance Spectroscopy (EIS) Nyquist plot for AC-S-600, 

AC-S-700, and AC-S-800 for two different electrolytes (6M KOH and 1M Na2SO4) at 

the potential of 10mV. 

In the analysis of EIS data, the study revealed conductive material properties for electrode 

application by showing low ESR values meaning there was very low internal resistance 

within the material, current collector, electrolyte, and the cell components (Bello et al., 

2017). In Figure S7(a & b) (Appendix 1) the potential was varied to examine the effect 

of charge transfer resistance (RCT) or change in ESR. The response did not vary and never 

changed the impedance spectra at a lower frequency. This confirmed that there was no 

charge transfer resistance caused, only the interfacial impedance which occurs at constant 

RCT (Mathis et al., 2019). 

The stability of the cells was tested after CV, GCD, and EIS measurement by the floating 

test method as described in (Bello et al., 2017; Laheäär et al., 2015; Moyo et al., 2018; 

Ruch et al., 2010; Weingarth et al., 2013) which is called voltage holding or voltage 

floating or aging of the cell. In the current study the stability was set to have three (3) 

GCD then at the fourth charge maximum the voltage was held for 10 hours before the 

next 3 GCD and another holding. This was carried out for a total of 100 hours of holding 
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and the capacitance at every set was calculated using the second GCD cycle using 0.25A/g 

at a maximum potential window of 1.0 V for 6 M KOH electrolyte, and 1.2 V for 1 M 

Na2SO4 electrolyte. Figure S7 (b & c) (Appendix 1) shows the stability plots with 

capacitance as a function of floating/holding time. The capacitance for AC-S-600 with 6 

M KOH showed some stability for the first 60 hours then dropped for 20 hours before 

stabilizing again (Figure S7b). This was almost the same case for the same material with 

the second electrolyte by dropping after 70 hours and never stabilized (Figure S7c).   

The AC-S-700 and AC-S-800 materials revealed a more stable holding with both 

electrolytes and a little raise-drop with AC-S-700 with 6 M KOH at the beginning. The 

experiment was set to analyze the degradation effect of the active materials and the 

electrolyte by holding the cell at its maximum voltage of operation. In Figure S7(b & c) 

(Appendix 1), any raise in the capacitance after 40 hours may be due to an increase in 

more pore interaction as the electrolyte intercalate through the porous material. The drop 

in the capacitance from the lowest did not reach 20% since the degradation is considered 

between 20 – 30% losses of its capacitance (Weingarth et al., 2013). After 100 hours the 

cells still showed good performance hence no degradation (Lehtimäki et al., 2017). 

The self-discharge of the cell was performed on the best cell with AC-S-800 using 6 M 

KOH. The cell was charged to a maximum of 1.0 V and held for 5 minutes before it was 

left at an open system of circuit potential to go through a self-discharge for hours as shown 

in Figure S7a (Appendix 1). The cell took more than twelve (12) hours to reach 30% loss 

and was examined for more than 16 hours and never reached half-maximum voltage loss 

compared to results in the literature (H. Li et al., 2012). This revealed good performance 

of the cell and the mechanism in the self-discharge is comparable with the Gibbs energy 

difference which occurs between charge and discharge states (Moyo et al., 2018) which 
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can explain the self-discharge phenomena. The voltage drop in the 4 hours is associated 

with the instability of the electrolyte which causes some degradation by the generation of 

gases since the electrolyte is near its ionic dissociation (Andreas HA, 2015; Oickle AM, 

2013). This device exhibited stable electrochemical stability which can be used for 

standby applications.  

Table 4.2: Performance of supercapacitors with different electrode materials from 

different biomass sources chemically treated with different impregnation from literature 

in comparison with this current study. 

Electrode 

material 

Chemical 

activation 

Electrolyte 

used 

Current 

Density 

(A/g) 

Capacitance 

(F/g) 

Ref 

Corn cob KOH 6M KOH - 309.81 (Ghosh et al., 

2019) 

Banana stem KOH 6M HOH - 479.23 (Ghosh et al., 

2019) 

Olive residues KOH/R 1M H2SO4 0.25 224 (Adbelhahim 

Elmouwahidi 

et al., 2017) 

Olive residues KOH/R 1M Na2SO4 0.25 193 (Adbelhahim 

Elmouwahidi 

et al., 2017) 

Nanoporous 

carbon 

K2CO3 2.5M KNO3 0.5 140 (Moyo et al., 

2018) 

Rice husks NaOH 0.5M K2SO4 1.0 198.4 (Van et al., 

2014) 

Coniferous pine 

biomass 

KOH 1M Na2SO4 0.1 90 (Manyala et 

al., 2016) 

Pinecone KOH 3.5M KNO3 0.5 300 (Momodu et 

al., 2019) 

Hemp straw KOH 6M KOH 1.0 244 (Shi et al., 

2019) 

Pinewood H3PO4 / 

KOH 

6M KOH 1.0 366 (J. Li et al., 

2019) 

AMC H2SO4 6M KOH 0.25 456.4 This study 

AMC H2SO4 1M Na2SO4 0.25 159.02 This study 
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Conclusion 

This research studied the value addition to corn cobs biomass towards AC materials for 

supercapacitors. The process of converting AMC biomass into AC material was achieved 

successfully by carbonization (functionalization) of the precursor with concentrated 

sulphuric acid and was activated in three (3) batches at different temperatures 600, 700, 

and 800oC using a furnace in a nitrogen atmosphere. Acid functionalization indicated the 

addition of oxygen functional groups on the surface of the structure. The activated carbon 

materials were characterized and examined for physical and chemical properties 

including the application for supercapacitor electrode materials. The AC materials 

revealed low porous structures with SBET between 30 – 254 m2/g, a total pore volume of 

0.0312 -0.1463 cm3/g, and a mean pore radius of 5.77 – 10.4 µm. The materials were 

highly functionalized with oxygen groups on the surface with total acidity between 0.440 

– 0.464 mmol/g, total basicity of 0.09 – 0.420 mmol/g, oxygen composition percentage 

of 22 – 32%. This greatly improved the performance of the GCD giving specific 

capacitance of 456.4 F/g at 0.25A/g with 6M KOH electrolyte and 159.02 F/g at 0.25 A/g 

with 1M Na2SO4 electrolyte. The results obtained demonstrate the adoption of the corn 

cobs as a promising material for supercapacitor applications.
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CHAPTER FIVE 

5.0. Porous carbon derived from Zea mays cobs as excellent electrodes for 

supercapacitor applications 

5.1. Introduction 

Technology evaluation globally has shown that there is a huge demand for energy 

consumption. This is due to the increasing population and the number of gadgets which 

are developed to simplify life. In generation Alpha, the interaction with artificial 

intelligence and automated voice becoming an integral part of normal systems, and is 

impacting health, life, and future generation. All these aspects require power to be 

renewable and sustainable. Renewable energy harvested from sources like solar/ hydro, 

wind, geothermal among others is not produced continuously because they are time and 

weather-dependent. To improve on these technologies, and become sustainable, energy 

storage accumulators such as supercapacitors and batteries are required (Kigozi, Koech, 

et al., 2020; Tarimo et al., 2020b). Supercapacitors (SCs) have attracted tremendous 

attention in today’s energy storage research due to their excellent performance of high 

power density, high cycling stability, and quick charge/discharge process (Hsiao et al., 

2020; Kigozi, Koech, et al., 2020; Murugesan Rajesh et al., 2020; Tarimo et al., 2020b). 

Supercapacitors are categorized depending on their mechanism of energy storage which 

includes; (i) electrical chemical double-layer capacitor (EDLC) which store their energy 

by accumulation of charges in a Helmholtz double-layer interaction between electrolyte 

and electrode, (ii) pseudocapacitors with storage achieved by a reversible faradic redox 

reaction between electrolyte and electrodes (Kigozi, Koech, et al., 2020; Murugesan 

Rajesh et al., 2020; Tarimo et al., 2020b; Jiaqi Wang et al., 2020). (iii) hybrid 
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supercapacitors formation by coupling of different redox and EDLC materials (Muzaffar 

et al., 2019). The EDLC electrode materials (activated carbon (AC)) have unique 

properties including high volume/low density and large specific surface area which 

improves optimized porosity, wettability, high electrolytic ion adsorption, and excellent 

electrical conductivity (Murugesan Rajesh et al., 2020). Activated carbon (AC) is widely 

used as electrode material for supercapacitors, and obtained from the activation of 

biomass. This is because biomass is economically viable and abundant in nature 

(Murugesan Rajesh et al., 2020)(Hsiao et al., 2020)(Malothu et al., 2020). The AC 

materials are recently derived mainly from renewable and sustainable resources such as 

agricultural crop wastes, biomass, and domestic waste which are eco-friendly and 

renewable (Kigozi, Kali, et al., 2020; Malothu et al., 2020).  

There is generally two main activation process which includes physical and chemical 

activation used for the synthesis of AC from biomass. Chemical activation is commonly 

used because of its low activation time, low temperatures, uniform pore size distribution, 

high yield, and controllable specific surface area compared to the physical process 

(Kigozi, Kali, et al., 2020). The chemical activation normally employs activation agents 

include potassium hydroxide (KOH), sulphuric acid (H2SO4), sodium hydroxide (NaOH), 

phosphorous acid (H3PO4), zinc chloride (ZnCl2) among others which are extensively 

applied at different temperatures and different atmospheres (Jiaqi Wang et al., 

2020)(Malothu et al., 2020). Several EDLC supercapacitors are reported using different 

AC from biomass and other materials which include African maize corn cob reported 

SSA of 254m2/g exhibited a specific capacitance of 456 F/g at specific current of 

0.25A/g(Kigozi, Kali, et al., 2020), waste tea reported SSA of 294.6 m2/g with 

performance of specific capacitance of 199F/g at the current density of 0.5A/g, the SSA 
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of 1308 m2/g gave a specific capacitance of 140F/g at a current density of 0.1A/g (Inal 

& Aktas, 2020), rosewood and corn cob (X. Xie et al., 2020), banana peels (Nguyen et 

al., 2020), corn husk with SSA of 1370 m2/g giving a specific capacitance of 127F/g 

obtained at 1A/g (Malothu et al., 2020), Pinecone was reported with SSA of 1169.31 m2/g 

shown a performance of specific capacitance of 43F/g at 0.5A/g (Murugesan Rajesh et 

al., 2020), coconut shell exhibited SSA of 11614 m2/g  resulted in a high capacitance of 

426F/g at 0.5A/g with electronic conductivity of 11.43S/cm (Y. Lin et al., 2020) Tongcao 

biomass was  reported to have the SSA of 1425.2 m2/g with gravimetric capacitance of 

244.51F/g at a scan rate of 20mV/s (Hsiao et al., 2020), The nitrogen doped porous carbon 

(NPC)/mesophase pitch exhibited SSA of 503.8 m2/g shown a specific capacitance of 

232.2F/g at current density of 2A/g (M. Liu et al., 2020).  

The EDLC charge is stored at the interface of the electrolyte/electrode system. This is 

primarily controlled by a high specific surface area (SSA) of the materials for the 

electrode to improve the electrochemical performance. When carrying out activation for 

biomass for carbon derived material for supercapacitor, the process needs to be good for 

improving SSA which can enhance the electrochemical storage performance. From the 

literature, higher SSA improves EDLC performance. This is because there is an 

optimization of pore structure, large mesopore volume, and tailored morphology are 

needed (Ashraf et al., 2018; Malothu et al., 2020).  

To achieve the required porosity and morphology, different activation agents are 

employed as mentioned earlier but also the optimization of carbonization and activation 

temperature is necessary. The focus of this research work is to optimize the temperature 

for activation of Zea mays cob to improve porosity, morphology, and performance. The 

activation of this study used KOH which is the most common activating agent frequently 
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used for the different biomass activation processes. KOH gives better porosity and large 

SSA because of its comprehensive cation, the carbon lattice expansion by K+ ion 

intercalation, its synergistic, and their chemical activation (H. Lu & Zhao, 2017; 

Murugesan Rajesh et al., 2020). The KOH activation proved to give excellent electrode 

materials which contribute to redox reaction with heteroatoms bonded on the surface of 

the material (Raj et al., 2018). Kigozi et al 2020 reported acid activation of maize cobs 

with SSA of 357 m2/g using similar parameters. In this study, the Zea mays cobs derived 

porous activated carbon materials were synthesized by carbonization at 400oC for 90 mins 

and KOH activation at different temperatures (600, 700, and 800oC) using a ratio of 1:4 

of the sample with KOH. The synthesized carbon materials were used to fabricate 

symmetric devices and tested in two and three-electrode configurations to evaluate the 

electrochemical performance.  

5.2. Experiments 

5.2.1.  Materials  

The Zea mays (maize) cobs were obtained from the nearby farms of the African 

University of Science and Technology (AUST) Abuja. The potassium hydroxide used 

(90% SDFCL), carbon black, PVDF, and NMP (99% Sigma-Aldrich) 

5.2.2.  Preparation of activated carbon  

The Activated carbons nanostructure was prepared as follows; the Zea Mays cobs were 

gotten from farmers near the African University of Science and Technology (AUST) 

Abuja Nigeria. The cobs were cleaned and sized to approximately ~3cm. The sample was 

dried in an oven at 110oC for 48 h then grounded and sieved to fraction using a 1.0mm 

sieve. The cobs sample powder was synthesized using two steps at elevated temperature. 
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First, carbonization of raw material from the Zea mays at 400oC for 90min under the 

nitrogen atmosphere. Thereafter, the sample was divided into three (3) portions. These 

portions were mixed with KOH as the activating agent in a mass ratio of 1:4. These 

portions were activated using three (3) different temperatures on different days in a 

furnace under a nitrogen atmosphere with a flow rate of 300mL/min with a ramped 

temperature of 3oC/min and a holding time of 2 h. The first (1st) portion was activated at 

600oC and the sample was named ANN6, the second (2nd), and the third (3rd) portions 

were heated at 700oC and 800oC then named ANN7, and ANN8 respectively.  

5.2.3.  Material Characterization 

The morphological and elemental composition of the samples was examined by the Field 

Emission Scanning Electron Microscope ((FESEM) Gemini-SEM 500M/s Carl ZEISS-

EDAX Z2 Analyser AMETEK) Bangalore, India. X-Ray Diffraction (XRD) patterns 

were obtained by Rigaku Smart lab Autosampler XRD (RIGAKU Corp., Tokyo, Japan) 

equipped with a Cu kα radiation (wavelength λ = 1.54 Å) and the JCPDS-ICDD database. 

The thermogravimetric analysis (TGA) of the samples was executed using a TGA-DSC 

analyzer (Jupiter STA449 F3 NTZSCH GmbH) Selb, Germany. The samples were heated 

in pure air at a flow rate of 10 cm3/min from room temperature to 1000oC at a ramped 

temperature of 10oC/min with a run time of  100 minutes using calcinated silica pan as 

reference material (Lim et al., 2010)(Van et al., 2014)(Lijuan et al., 2017). The surface 

chemistry and functional groups of AC samples were examined by Fourier 

Transformation InfraRed (FTIR) spectroscopy (Bruker Optik GmbH Vertex 70, 

Ettlingen, Germany) scanned from 600 to 4000 cm-1. The X-ray Photoelectron 

Spectroscopy (XPS) method with spectra in the K-alpha Photoelectron spectrometer 

using omicron Nano Technology London, UK. (Adbelhahim Elmouwahidi et al., 2017; 



140 

 

Shafeeyan et al., 2010). The Nitrogen Adsorption and desorption isotherms of the 

activated samples were obtained using a 77K automated adsorption instrument (11-2370. 

Gemini Miceomeritics, Atlanta, GA, USA).  The AC samples were degassed at 300oC in 

a vacuum for 10 h (Kigozi, Kali, et al., 2020).   

5.2.4.  Electrochemical characterization  

The two and three-electrode systems configuration measurements were employed using 

BIO-LOGIC (BCS-805) workstation operating on the BT-Lab software. The working 

electrodes were prepared by mixing the active materials 80%, carbon black 10%, and 

10% binder (poly Vinylidene). In the mixture, a few drops of 1-methyl-2-pyrrolidine 

(NMP) was added to form a uniform paste that was coated on a graphite foil as the current 

collector for the electrodes. The coated electrodes were dried in an electric oven at 70oC 

for 15h. The electrochemical measurements including galvanostatic charge-discharge 

(GCD), cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), 

stability, and self-discharge were examined using 6M KOH aqueous electrolyte. In the 

three-electrode configuration system, the as-prepared materials were used as working 

electrode, Ag/AgCl as a reference electrode, and Pt as the counter electrode. The CV and 

GCD were carried out using a potential range from 0 to 1.0V. The two-electrode 

measurement was carried out with two working electrodes with similar mass load 

separated by cellulose filter paper assembled in a Swagelok symmetrical setup with 6M 

KOH aqueous solution. The CV and GCD properties were investigated between 0 to 1.0V 

potential and the EIS test was performed in the frequency range of 10kHz to 10MHz at 

10mV. The stability of the device was carried out with the floating technique (voltage 

holding) as described in (Adbelhahim Elmouwahidi et al., 2017; Kigozi, Kali, et al., 

2020), and the self-discharge was performed by charging the device to a maximum 
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voltage the held for 5 minutes then left to self-discharge to determine the percentage 

voltage loss with time as described by (Barzegar et al., 2016; Bello et al., 2017; Moyo et 

al., 2018). 

The Specific capacitance (csp F/g) with three-electrode was calculated using GCD 

equation (5.1), (Kigozi, Koech, et al., 2020; M. Liu et al., 2020; Malothu et al., 2020; 

Murugesan Rajesh et al., 2020). 

𝐶𝑠𝑝  =
𝐼∆𝑡

𝑚∆𝑉
                                                                      (5.1) 

Where; I is the discharge current (A), ∆t is the discharge time (s), ∆V is the applied 

potential window (V) and m is the coated mass of the active materials (g). The specific 

capacitance of a single electrode in the two-electrode symmetric setup was calculated 

using equation (5.2) (Kigozi, Koech, et al., 2020; H. Wei et al., 2019). 

𝐶 = 4
𝐼∆𝑡

𝑀∆𝑉
                                                                  (5.2) 

Where; C is the capacitance (F/g), I/M is the specific current (A/g), ∆t is the discharge 

time (s) and ∆V is the potential window (V). The energy density (E, Wh/kg) and power 

density (P, W/kg) of the symmetric device supercapacitor was calculated using the 

following equations. 

𝐸 =  
𝐶(∆𝑉)2

28.8
                                                             (5.3) 

𝑃 = 3600
𝐸

∆𝑡
                                                             (5.4) 
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5.3.  Results and discussion  

5.3.1.  Morphology and structural characterization 

The morphology of the three activated carbon materials was analyzed by FESEM/EDS 

as stated earlier and the results are shown in Figure 5.1. The AC samples exhibited 

irregular sheets with apparent porosities. This implies that the morphology could be from 

the volatile organics and swell expansion as reported by Xie et al (X. Xie et al., 2020) and 

Wang et al (Jiaqi Wang et al., 2020). The three-carbon samples exhibited rough surfaces 

with excellent porosity creating a perfect interface for diffusion and intercalation of the 

electrolytic ions during the charge-discharge process of the EDLC electrodes. The visible 

surface porous structure of the samples varied with the varying temperature. ANN6 

(Figure 5.1a) exhibited huge irregular pores similar to a honeycomb structure which is 

comparable to that of ANN7 as shown in Figure 5.1b. However, the ANN8 (Figure 5.1c) 

show densely packed structure when compared with the ANN6 and ANN7 which we refer 

to as better in-depth porosity. The EDS (Energy dispersive spectroscopy) and the 

elemental mapping of all three (3) samples confirm the presence of carbon materials with 

75 – 99%wt in the activation with KOH. This creates high porosity with the high surface 

area due to redox reactions and the evolution of volatile organics as gases hence 

increasing the porosity (C. H. Wang et al., 2016). The EDS of ANN6 shown 99.48% 

carbon with some silica and sulphur as other elements. The ANN7 exhibited 89.47% 

carbon with silica and calcium as the other elements. ANN8 sample exhibited 75.22% 

carbon as shown in Table 5.1 and the spectra in Figure 5.1. The higher value of silica in 

ANN8 is due to increased temperature of activation leading to the formation of silica 

groups. 
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Table 5.1: EDS elemental composition for ANN6, ANN7, and ANN8 AC samples 

Sample C Si S Ca 

ANN6 99.48 0.48 0.04 - 

ANN7 89.47 7.91 - 2.62 

ANN8 75.22 18.43 - 6.35 

 

 

Figure 5.1: FESEM/EDX morphology and compositions for (a) ANN6, (b) ANN7, the 

and (c) ANN8 samples. 
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The XRD pattern of the activated carbon was carried out to confirm the phase 

composition as shown in Figure 5.2a. The spectra exhibited common strong broad peaks 

at 2θ = 23.3o and 43.1o corresponding to (002) and (100) lattice planes for all the samples 

respectively (Y. Lin et al., 2020; Qiu et al., 2017; Sudhan et al., 2017; J. Yang et al., 

2020). The peak formation at 2θ = 23.2o with a plane of (002) indicates a graphitic 

structure and amorphous morphological phase in the derived activated carbon materials 

(Zequine et al., 2016). The degree of graphitization is closely related to the conductivity 

of the carbon materials (Ji et al., 2019). The JCPDS card no. 41-1487 shown the profile 

of ANN6 and ANN7 at 2θ = 23 and 40 – 43o with a d-spacing of 4.435 – 4.456Å and 

2.214 – 2.228Å, respectively. The shift in the 2θ value of ANN8 towards large angles at 

high-temperature sample leads to the change in the d-spacing at 2θ = 26.4o and 43.09o to 

3.380Å and 2.108Å respectively. This is also visible in their morphology where ANN8 is 

different from the other two. In all the 3 samples, the d -spacing at 2θ = 23o is greater than 

3.35Å (for graphite) indicates the formation of hard carbon (Kigozi, Kali, et al., 2020). 

The decrease in d-spacing causing a decrease in non-crystallinity as shown in Figure 5.1 

between ANN6, ANN7, and ANN8 morphology variation (Malothu et al., 2020). 
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Figure 5.2: (a) XRD spectra, (b) FTIR spectra for ANN6, ANN7, and ANN8 activated 

carbon. 

 

The FTIR spectra of derived activated carbon are shown in Figure 5.2b. The samples were 

scanned from 4000 to 600cm-1. The fingerprint region (1500 – 600) indicated three main 

strong peaks of C-OH, C-O-C, C-H, C-N, and C-O for the skeleton of the materials. Also, 

the diagnostic region (4000 – 1500 cm-1) exhibited the main vibration at 1737cm-1 for the 

3 samples as the strongest peak. This can be attributed to the frequency vibration of the 

C=O stretching in the structure of lactone, carboxyl, or quinone groups stretching in 

aromatic which are more intense in the activated carbon. Other characteristic peaks 

present include sp3(C-H), sp2(C-H) stretching vibration (2990 to 3050 cm-1), and O-H/sp 

stretching vibration (3450cm-1). The vibration stretching between 2990 – 3050 cm-1 is 

attributed to C-H stretch and out of plane bending vibration. The fingerprint region 

exhibited bending vibration of C-H or C-N which indicates the reaction of 

dehydrogenation. This is accelerated with the increase in temperature of activation. The 

functional groups' information and frequency vibrations are consistent with the literature 

(Kigozi, Koech, et al., 2020; M. Liu et al., 2020; H. Zhao et al., 2017). 
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Figure 5.3: XPS deconvoluted spectra for ANN8 activated sample. 

The composition and functional groups of the samples were further examined by the XPS 

technique as shown in Figure 5.3 with their binding energy and assignment of C1s, O1s, 

and Si2p. The samples exhibited no significant difference in their positions and shapes 

for different temperature treatments. The deconvolution of the C1s for sample ANN8 in 

Figure 5.3, ANN7 and ANN6 spectra Figure 1S (Appendix 2) was observed in five-

carbon states as follows; C-C and sp2 at 284ev, C-O, C-N at 285.5ev, C-C at 287.8ev, O-

C=O, C=O at 289ev. The Si2p exhibited one peak at 102ev which indicates Si-O and the 

O1s shown two oxygen states of C=O at 532ev and C-O at 534ev. The spectra states are 

consistent with the different literature as reported (Wenxin Chen et al., 2016; Bei Liu et 

al., 2017; Nguyen et al., 2020; Murugesan Rajesh et al., 2020). The denoted functional 

groups of O=C, C-O-H, C-O-C among others are common structures of phenolic, ester, 

quinine, lactonic, carboxyl group from the surface of the materials. Table 5.2 shows the 
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atomic percentages from XPS analyses. This depicted a considerable decrease in carbon 

and oxygen percentage which is attributed to an increase in temperature that caused an 

increase in the silica percentage at a higher temperature of activation (Inal & Aktas, 2020; 

Peng et al., 2018).  

Table 5.2: Atomic percentages as obtained from XPS analysis 

Sample Atomic concentration (%) 

C 1s O 1s Si 2p 

ANN8 51.86 37.68 10.46 

ANN7 75.66 24.08 5.26 

ANN6 83.46 14.48 2.05 

The thermogravimetric analysis (TGA/DSC) was carried out to confirm the degradation 

and purity of the ANN6, ANN7, and ANN8 samples materials. The TGA/DSC data 

collected by heating the three samples to 1000oC under a pure airflow as shown in Figure 

4a and the TGA data in Table 5.3. 

 

Figure 5.4: TGA/DSC profile (a) Zea mays cobs and (b) activated carbon ANN6, ANN7, 

and ANN8. 
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The TGA data collected on the raw material Zea mays cobs shown in figure 4a exhibited 

two decomposition distinct stages; the 1st stage is at a range of 210 to 260oC and the 2nd 

stage between 350 to 370oC. the heat flow through the raw material exhibited exothermal 

and endothermal flow. The first endothermic phase at 100oC and the second at 360oC 

after which the heat flow was uniform throughout up to 1000oC with the highest 

exothermal phase at 352oC with 0.70mW/mg. The material decomposition was up to 85% 

mass loss at 1000oC. ANN6 sample material (Figure 5.4b) exhibited three decomposition 

stages; the 1st and 2nd between 45 to 114oC and the third stage at 286 to 298oC and the 

mass loss as shown in Table 5.3. The heat flow through ANN6 exhibited endothermic 

and exothermic flow (Figure 5.4b). The ANN7 and ANN8 sample materials exhibited 

two distinct similar decomposition stages. These are consistent with that of ANN6 for the 

first and second stages. Stage one and stage two decomposition may be due to organic 

volatile materials and moisture which was trapped after activation processes. The heat 

flow through the three materials exhibited the same trend with endothermic at 106oC and 

peak exothermic at around 351oC and 0.91mW/mg. 

Table 5.3: TGA/DSC material decomposition of the raw material and activated carbon 

samples 

Decomposition 

stages 

Mass fraction (%) lost at different stages 

Raw material ANN6 ANN7 ANN8 

I 10.4 2.1 2.5 2.5 

II 63 10.9 23.7 26.1 

III  16.4 - - 

At 1000oC 15.3 67.1 49.3 43.8 

To determine the porosity and the specific surface area (SSA) of the Zea mays derived 

activated carbon, the BET measurement was performed on the materials as shown in 
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Figure 5.5. The N2 adsorption-desorption isotherm was performed to calculate the pore 

volume and specific surface area as shown in Table 5.4 for the three samples. The 

isotherms of the samples show type I isotherm with micropores, and the hysteresis loop 

is mainly caused by the mesoporous structure (X. Xie et al., 2020). The hysteresis loop at 

a relative pressure from 0.4 to 0.9P/Po in the adsorption-desorption isotherms mainly 

because of the presence of mesopores with the formation of interparticle condensation of 

N2 at >0.9P/Po. The calculated SSA for ANN8 exhibited the highest value of 1443.94m2/g 

with a total pore volume of 0.7915cm3/g. The samples ANN7 and ANN6 exhibited the 

SSA of 972.65 and 461.36m2/g with a total pore volume of 0.5310 and 0.2464cm3/the 

respectively as shown in Table 5.4. Figure 5.5b exhibited a pore size distribution of the 

three samples with an average mean pore diameter of 6.39, 7.71, and 7.91nm for ANN6, 

ANN7, and ANN8, respectively (M. Liu et al., 2020). The high surface area and averagely 

smaller pores result in suitability for electrode materials for energy storage systems as its 

morphology can induce fast charge transfer which also contributes to an EDLC formation 

of surface interfaces for the electrode surfaces and electrolyte ions (Murugesan Rajesh et 

al., 2020)(M. Liu et al., 2020)(Hsiao et al., 2020). 

Table 5.4: The pore characteristics of ANN6, ANN7, and ANN8 activated carbon 

samples 

Sample SBET 

(m2/g) 

Smic 

(m2/g) 

Smic/SBET 

(%) 

Sext 

(m2/g) 

Vmicro 

(cm3/g) 

Vmeso 

(cm3/g) 

Vtotal 

(cm3/g) 

Vmic/Vtot 

(%) 

ANN6 461.36 385.66 83.6 75.71 0.1889 0.05749 0.2464 76.7 

ANN7 972.65 689.28 70.87 460.76 0.3628 0.1682 0.5310 68.3 

ANN8 1443.94 1000.89 69.30 383.05 0.5167 0.27485 0.7915 65.3 
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Figure 5.5: (a) N2 adsorption-desorption isotherms and (b) Pore size distribution of the 

activated carbon samples. 

 

5.3.2.  Electrochemical characterization of materials  

The performance of as-prepared electrode materials was first tested in the three-electrode 

system using 6M KOH as the electrolyte. The CV curves for ANN6, ANN7, and ANN8 

at a scan rate of 10mV/s is shown in Figure 5.6a. Sample ANN7 exhibited a slight 

discharge hump near 0.8V due to some redox pseudo-capacitance of the functional 

groups. All the CV curves exhibited a quasi-rectangular-like shape throughout the 

scanning range showing the good performance of EDLC (Ji et al., 2019)(Y. Chen et al., 

2019). The GCD curves for all the materials as shown in Figure 5.6b indicated an 

isosceles triangular shape for the GCD profile carried at 0.25A/g. This confirmed the 

dominant EDLC behavior for the electrode material. Using the discharge time at different 

current densities, the specific capacitance was determined using equation one for the three 

samples as shown in Figure 5.6c. The highest specific capacitance of ANN6, ANN7, and 

ANN8 are 537.27F/g at 0.5A/g, 517.47F/g at 0.5A/g, and 389.73.73F/g at 0.25A/g 
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respectively. The other GCD plot for the samples exhibited the same V-shape at different 

current density as shown in Figure S2 (Appendix 2). 
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Figure 5.6: (a) CVs at a scan rate of 10mV/s, (b) GCD carried at a current density of 

0.25A/g, (c) specific capacitance with different current densities of ANN6, ANN7, and 

ANN8 activated carbon samples. 

 

The samples exhibited a good specific surface area that matches performance. The 

performance is also influenced by the possible interaction of electrolyte ions and good 

porous surfaces of the materials and the heteroatomic function groups on the surface 

wettability. The sheet-like structure of the materials as shown in Figure 5.1 exposes the 

active sites for complete interface interaction for electrode surfaces and electrolyte ions. 

The results are comparable with the results reported in the literature (D. Juan et al., 2020; 

R. Li et al., 2020; M. Liu et al., 2020; Lokhande et al., 2019).  
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Figure 5.7: CV curves for (a) ANN6, (b) ANN7, and (c) ANN8 carbon samples at 

different scan rates. 

 

To evaluate objectively the electrochemical (EC) properties of the synthesized materials 

which include specific capacitance, energy density, power density, and stability were 

determined. The as-prepared materials were evaluated with the two-electrode 

configuration system. The CV was carried out at different scanning rates from 5mV/s to 

200mV/s with a potential range from 0 to 1.0V exhibiting quasi-rectangular shapes as 

shown in Figure 5.7. The GCD of the materials was evaluated at different current densities 

from 0.25 to 2.5A/g depicting V-shapes as shown in Figure 5.8. The CV and GCD curves 

evaluated in the two-electrode system shown no significant changes in shapes compared 

to those for the three-electrode system as shown in Figure 5.6(a & b). The CV for the as-

prepared electrode materials in Figure 5.7 all show similar quasi-rectangular shapes. The 

ANN6 (Figure 5.7a) exhibited a redox reaction at the lower and upper potentials. This 



153 

 

behavior was also depicted in the ANN7 sample (Figure 5.7b) but with fewer redox peaks. 

This may be due to the reversible redox reaction between the functional groups mainly 

originating from quinone or carbonyl (R) functional groups with the electrolyte as 

illustrated in the equation below; 

𝑅 − 𝐶𝑋 − 𝑂 +  𝐻+  + 𝑒−    ↔       𝑅 − 𝐶𝑋 − 𝑂𝐻 

The ANN8 sample exhibited quasi-rectangular shapes without causing the faradaic 

process. This may be to the uniform porosity in the ANN8 sample as shown in Figure 

5.1(ANN8) which is different from others. All the sample materials showed identical 

shapes at even higher rates of 200mV/s without distorting the shapes by indicating the 

high stability of the materials. This also implies that the materials have excellent charge-

discharge character (J. Liu et al., 2016; Zequine et al., 2016). The exhibited symmetrical 

rectangular shapes indicated better performance than most reported results in the 

literature (Y. Chen et al., 2019; Ji et al., 2019; D. Juan et al., 2020; Nguyen et al., 2020). 

The CVs after stability exhibited less or no exponential for the faradaic process indicating 

no pseudo-capacitance after holding the electrode materials at the high potential for a total 

of 130h as shown in Figure S3(a-f) (Appendix 2) at a scan rate of 5mV/s. 
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Figure 5.8: GCD curves for (a) ANN6, (b) ANN7, and (c) ANN8 carbon samples at 

different current densities. 

 

The GCD at different specific current was carried out to examine the specific capacitance 

performance of the materials with the two-electrode system configuration. The GCD 

curves exhibited almost symmetrical triangular V-shapes indicating a typical character 

for good EDLC properties as shown in Figure 5.8. This indicates a no faradaic process in 

the materials which usually leads to poor stability performance. The GCD features 

correspond very well with the CV performance in Figure 5.7. There was consistency in 

the charge-discharge character for the three-electrode system (Figure 5.6b) and the two-

electrode configuration. The electrochemical (EC) evaluation for specific capacitance 

was estimated by equation (5.2) for ANN6, ANN7, and ANN8 materials considering the 

mass loading of the two electrodes as total mass (Kigozi, Koech, et al., 2020; Murugesan 

Rajesh et al., 2020). There was a variation in the calculated specific capacitance values 
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of the devices as shown in Figure S4a (Appendix 2) with the applied current densities. 

The ANN7 sample material exhibited a maximum specific capacitance of 358.66F/g at 

0.5A/g. The specific capacitance of the assembled devices decreased with the increasing 

current densities for all sample materials (Figure S4a Appendix 2). this mainly due to 

limited electrolyte ion transfer and limited interaction at the interface of the electrode at 

higher current density (Raj et al., 2017). The ANN8 exhibited a maximum specific 

capacitance of 347.76F/g at 0.5A/g current density. Also, ANN6 presented its highest 

specific capacitance of 241.28F/g 0.25A/g current density. 

The energy density and the power density of the assembled devices were calculated 

according to equations (5.3) and (5.4) respectively as presented in the Ragone plot shown 

in Figure S4b (Appendix 2) for all the sample materials. The device assembled from 

ANN7 presented the highest energy density of 12.45 Wh/kg for a current density of 

0.5A/g with a corresponding power density of 250 W/kg. This result is comparable and 

even higher than the symmetric assembled EDLC supercapacitors (SCs) reported in the 

literature (Hsiao et al., 2020; Inal & Aktas, 2020; Malothu et al., 2020; Murugesan Rajesh 

et al., 2020). The ANN6 sample material exhibited an energy density of 8.38 Wh/kg for 

a power density of 125 W/kg at a current density of 0.25A/g. The ANN8 sample material 

also presented an energy density of 12.08 Wh/kg with a corresponding power density of 

250 W/kg at 0.5A/g current density. The energy density is approximately the same as that 

of the ANN7 sample which can further be tested for commercial application of different 

supercapacitors. 

The electrochemical impedance spectroscopy (EIS) was performed on all sample 

materials to determine the resistive behavior of the electrode materials for supercapacitor 

application. The EIS was determined in the frequency range from 10 kHz to 10 mHz at a 
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potential of 10mV. The Nyquist plot of the sample materials is shown in Figure 5.9 with 

the zoomed at high frequency in the insert and Figure S5 (Appendix 2) to expose the 

semicircle. The small semicircles at the real axis indicate low charge transfer resistance 

(RCT) at the sample interface hence leading to high electrochemical performance (Kigozi, 

Koech, et al., 2020). The ANN7 sample material shown an RCT of 2.5Ω as the highest 

resistance with ANN6 and ANN8 exhibiting an RCT of 1.1 and 1.3Ω respectively. The 

vertical behavior at low frequency with the imaginary axis indicates low diffusion of the 

ion into the pores of the electrode materials shown in Figure 5.9. This suggests high 

cycling stability and the ideal capacitive performance of the materials. The sample 

materials were also tested at 20mV to check the behavior of the plots at higher potential 

as shown in Figure S5 (Appendix 2). This suggested a similar behavior at high frequency 

with a small variation at a lower frequency. This indicates that at higher potential, there 

is a slight ion diffusion into the sample pores. 
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Figure 5.9: Figure EIS for ANN6, ANN7, and ANN8 activated carbon scanned at 10mV, 

Insert is the zoomed high frequency. 
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The stability test of the as-prepared devices was evaluated using the voltage holding / 

floating method. The three sample materials exhibited almost no degradation for the 

electrochemical performance of the devices showing uniform behavior as shown in 

Figure S7 (Appendix 2). The stability was carried out by holding the assembled device at 

a maximum potential of 1.0V for 10h after every three charge-discharge cycles repeated 

for 130h at 0.5A/g. The capacitance of the assembled devices remained almost constant 

throughout 130h with no main decrease with increased time and cycling. This indicates 

that there was uniform wettability throughout the electrode/electrolyte ion interaction and 

there were no trapped ions in the pores of the large porosity of the as-prepared electrode 

material (Tarimo et al., 2020b). The SCs showed excellent stability with 99% retention 

of the initial specific capacitance value even after 130h holding. This excellent stability 

of the assembled devices is attributed to the existence of the microporous nature of the 

prepared sample material that keeps the uniform wettability and easy access of 

electrolytic ion movement. The self-discharge test was carried out on the assembled 

devices after voltage holding to determine the life span. In the test, the device was fully 

charged to a maximum potential of 1.0V at 0.5A/g then hold for 5 min before undergoing 

a self-discharge in an open circuit. Figure S8 (Appendix 2) exhibited an immediate drop 

for ANN6 sample material and lost 70% of the potential within 20 min. ANN7 and ANN8 

shown a linear drop of potential losing 70% approximately after 4h and 3 h respectively. 

The potential drop may be due to the decomposition of water used in the electrolyte at 

higher potential since ionic strength depends on the electrolyte and the water splitting 

requires a minimum potential difference of approximately 1.23V. 
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Conclusion  

The Zea mays (maize) cobs derived porous carbon (ANN) was successfully optimized at 

different temperatures using KOH as the activation agent with a ratio of 1:4 under the 

nitrogen atmosphere. The activated porous carbon exhibited a remarkable increase in 

specific surface area, high porosity at increasing temperature. The sample materials 

showed optimum surface functional groups of oxygen base and resulted in excellent 

electrochemical performance and excellent stability for the supercapacitor application. 

The samples exhibited 99% stability for more than 130h of repeated maximum voltage 

holding. The symmetric assembled device of ANN7 with 5M KOH electrolyte in a two-

electrode configuration system shown a maximum specific capacitance of 358.66F/g with 

an energy density of 12.45 Wh/kg at 0.5A/g and capacitance retention of 99% for 130h 

of repeated voltage floating. This research showed that an increase in temperature of 

activation of activated carbon from biomass has notable improvement in the 

electrochemical performance of supercapacitors. Also, the activated carbon from Zea 

mays cobs with an appropriate activation agent can give better-performing electrode 

materials for various supercapacitor applications using 700oC as optimum temperature. 

Supplementary information (Appendix 2) 
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CHAPTER SIX 

6.0. Hydrothermal synthesis of metal oxide composite cathode materials 

for high energy application: NaFe2O3-GO composite 

6.1. Introduction 

Up to date, energy storage and high energy is still the main concern in the use of electronic 

devices. Several electronic gadgets have been developed to simplify day-to-day life but 

there is still a challenge for high energy storage and excellent stability. As the technology 

of energy harvest and generation advances, also the high energy storage needs to improve 

at the same rate. The cathode materials have a huge role to play in the advancement of 

high energy density storage devices. Several methods have been employed to obtain 

different materials composition for high energy. Among those various methods, the 

hydrothermal synthesis method is considered more effective because of its ease of 

operation, simplicity of design among others. Some methods tried like Sol-gel (Nankya 

et al., 2020), solid-state (Fang et al., 2006; B. Zhang et al., 2007) and co-precipitation (J. 

Feng et al., 2013; Gu et al., 2014) methods suffer in several drawbacks which include 

high costs, poor composition, control of morphology, low purity additions like milling 

calcination among other challenges. Hydrothermal synthesis is one of the common 

methods used for the synthesis of highly performing materials for cathode high energy 

application. 

Hydrothermal synthesis (HS) is a method of material synthesis of composites that 

depends on the solubility of the starting materials in hot water at high temperature and 

high pressure. HS method mainly is categorized as crystal growth/synthesis of material 

under high pressure and high temperature in the presence of aqueous or non-aqueous 
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solvents. The solvent is used to recrystallize and dissolve the substances which are 

insoluble under normal conditions (Byrappa, 2005; Byrappa & Yoshimura, 2001). HS 

methods have moderate cost, excellent composition control, very good control of 

morphology with high purity, and no additional steps. 

HS is usually carried at low temperatures and a long operation time is required to obtain 

crystalline materials. When HS is performed at near or supercritical water conditions 

gives a promising property of the materials due to the properties of the solvents at high 

temperatures. The starting materials are usually insoluble under normal pressure and 

temperature. The temperature conditions of the crystal formation are predetermined by 

the ionic solubility which ranges between 250 to 350oC. This method is a heterogeneous 

reaction process that involves inorganic materials and an aqueous / non-aqueous system 

(Hayashi & Hakuta, 2010). HS is used in both super liquiphobic and superhydrophobic 

coating of materials. The method produces crystalline materials with roughness on the 

surface because of high temperature and high pressure. 

 The advantageous side of the HS method is the ability to form an unstable crystalline 

phase at the melting point. Also, the method is good for the production of a large crystal 

with a controlled composition (Sonawane et al., 2018). The HS method can be carried out 

in two conditions (i) Conventional conditions, (ii) Supercritical water conditions. The 

aqueous solution I heated below 374oC at 218atm, its conversion, and when it's above it's 

supercritical as shown in figure 3. The supercritical water condition is advantageous for 

multi-metal oxide composite. This enhances the reaction 1000 times more than the 

conventional HS condition. HS supercritical gives low dielectric constant and high 

crystalline products. This is due to the change of properties like dielectric constant, 

solubility among others under supercritical conditions. The dielectric constant of water 
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decreases with a decrease in pressure and an increase in temperature. The low dielectric 

constant enhances the reaction towards partial formation (Hakuta et al., 2003). The 

particle size formation from the HS method is dependent on the solubility of the metal 

oxide and the rate of hydrolysis. The subcritical and supercritical systems can be varied 

to achieve a controlled solvent field in nucleation and crystallization for the particle 

formation. The HS can be carried out in a batch or flow reaction system. The 

hydrothermal crystal growth leads to material production of fine to ultra-fine crystals and 

bulk single crystals. The metal oxide composite from HS has several advantages which 

include homogeneity and high purity product, metastable compounds, crystal symmetry, 

lower sintering temperature, narrow particle size distribution, single-step synthesis, 

simple equipment, low energy processing, wide chemical composition range, dense 

powder nanoparticle with a low range size distribution, low solubility particles, 

polymorphic growth of particle modification and short/fast reaction period (Byrappa & 

Yoshimura, 2013; Wu et al., 2020). HS can obtain small and uniform particle sizes which 

are an influence to improved electrochemical performance (Wu et al., 2020). The 

representative sample which was prepared with the HS batch system is shown in 

comparison with the literature. The hydrothermal synthesis method is simple in 

implementing and scale-up production. This allows the control of particle size and 

improvement of the properties but can cause some nano aggregation of nanoparticles. 

The objective of this chapter is to provide a new and improved way to enhance the 

properties of different materials for cathode high energy density, discharge capacity, and 

different operating conditions. The chapter further focuses on the stability of imparting 

materials by increasing the performance even after prolonged storage. Also provides an 

electrochemical performance material synthesized by the hydrothermal method. This 
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introduces the field of hydrothermal materials synthesis and demonstrates the 

understanding of the effect of solution thermodynamics of the aqueous medium for 

hydrothermal nanocomposite processes. 

6.2. Hydrothermal Synthesis (HS) apparatus 

The HS process requires a pressure vessel that can contain a highly corrosive solvent at 

high pressure and high temperature. The autoclave apparatus must be able to operate 

routinely at extended temperature-pressure conditions. The autoclaves used are also 

called pressure vessels, reactors, autoclaves, or high-pressure bomb reactors. The HS 

apparatus should have the following properties; 

i. Easy to assemble and dissemble 

ii. Innerness to bases, acids, and redox agents 

iii. Lined well to bear high temperature and high pressure for a longer period 

iv. Well-sealed and leak-proof that can handle high temperature and high pressure 

v. Baffle volume which can contain the required temperature gradient 

The apparatus is designed from different materials such as stainless steel, different alloys, 

thick glass, thick quartz among other materials that can fulfill the properties of resisting 

high temperature, and high-pressure routine operations. Most of the autoclaves are lined 

with an inert material and resist routine operations like Teflon, borosilicate glass among 

others (Nostrand, 2006).  



168 

 

6.3. Hydrothermal synthesis (HS) of metal oxide composite 

6.3.1. Batch hydrothermal reaction system 

This can be carried under conventional HS conditions or sub/supercritical conditions of 

aqueous or non-aqueous solvents. In the batch reaction system, Generally, the desired 

metal oxide is dissolved in the solvent (preferably deionized water). This is mixed with 

the preferred cation then the resultant solution is treated to achieve the required pH by 

use of a base/acid. Sonication/stirring is done to form a uniform solution. The resultant 

solution is transferred into an autoclave reactor with a liner (figure 6.1). The reactor is 

placed in the heating system (Oven/furnace) with a set temperature for the desired time. 

After the reactor is cooled, the particles collected and washed with deionized water then 

dried. 

 

Figure 6.1: Set up a batch reaction system arrangement. 

Some processes require precursors which are synthesized first using HS, then the target 

cation is blended mechanically followed by drying at high temperature for long hours for 

stable composite. The change in temperature gradually under normal HS (i.e. 100 to 

140oC) helps to increase the particle size from 2-4 to 7-8µm and makes the particle size 

uniform (Cheng et al., 2016). 
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In a batch system, several key parameters have to be considered for robustness and 

reproducibility of the materials, these include; 

i. The pH of the reaction solution for the phase formation 

ii. The size of the cation for the composite combination interface for structure 

determination 

iii. The choice of the solvent which may be aqueous or non-aqueous for the 

required phase 

iv. The required time for the completion of the reaction phase 

v. The operation temperature is required for targeted phase formation 

The use of different conditions and materials results in the production phase with different 

properties like morphology, structure, and different physiochemical properties. The 

preparation of different materials composite under batch reactor systems are described in 

Table 6.1 below. Table 6.1 shows the phase product, starting materials, conditions of 

synthesis, and the product particle size.  

Table 6.1: Phase product synthesis using batch hydrothermal reaction systems 

Phase product Starting 

materials 

Operation 

conditions 

Particle 

size 

(nm) 

Reference 

LiNi0.2Mn1.5O4 LiOH, Na2CO3, 

NiCl2, MnSO4 

100-

180oC, 

12h 

8000 (Cheng et al., 

2016) 

V2O5/Ni1/3Co1/2Mn1/3O2 CoSO4.7H2O, 

NiSO2.6H2O, 

MnSO4.H2O, 

NaCO3, SDBS 

170oC, 

12h 

0.2 – 

1.4 

(M. Yuan et 

al., 2019) 

Mn3O4-NG GO, 

(CH3COO)2Mn 

hydrazine 

180oC, 

12h 

- (Park et al., 

2014) 

VO2-CNT-G NH4VO3, GO, 

HCOOH 

180oC, 

48h 

100 (Nethravathi 

et al., 2012) 
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NH4V3O8-CNT NH4VO3, CNT 180oC, 

48h 

0.5 – 

0.8 

(L. X. Yuan et 

al., 2011) 

LiMnPO4 Na2S.9H2O, 

MnSO4.H2O, 

Li2SO4.H2O, 

NH4H2PO4 

200oC, 

10h 

100  (Pan et al., 

2013) 

LiFePO4 FeSO4.7H2O, 

H3PO4, LiOH, 

C19H42BrN 

120oC, 5h 90-100 (Qin et al., 

2010) 

(Meligrana et 

al., 2006) 

(NH4)2V6O16 NH4VO3, 

HCOOH 

120oC, 

48h 

170 (Jiang et al., 

2020) 

N-GO-Fe2O3 RGO, Fe2O3, 

C3N3(NH2)3 

180oC, 

12h 

50 - 100 (Pu et al., 

2018)  

Mn3(PO4)2 MnCl2.4H2O, 

KH2PO4, 

CO(NH2)2 

120OC, 1h 47600 (Katkar et al., 

2020) 

Mn3O4-GO MnCl2, GO 180oC, 

10h 

   - (F. Gao et al., 

2020) 

Fe3O4-Sucrose FeCl3, NH3. H2O, 

sucrose 

18OoC, 

48h 

16 (X. Sun et al., 

2009) 

NVOPF@TiO2-x NH4VO3, NaF, 

NaH2PO4
.2H2O 

170oC,8h 5.5 (P. Du et al., 

2020) 

Na3V2O2x(PO4)2 F3-

2X(MWCNT) 

MNWCNT, 

VO5F, Na3V2PO4 

18OoC 8h 1500 (P. R. Kumar 

et al., 2015) 

K2Ti6 O13 Ti(OC3H7)4 KOH 350-450oC 

48h 

12.5-

20.1 

(Yahya et al., 

2001) 

Mg3.5H2(PO4)3 MgCl2
.6H2O, K4 

P2O7, HCl 

400oC, 2h 20-500 (Assaaoudi et 

al., 2008) 

CuAlO2 Cu(NO3)2
.3H2O, 

Al(NO3)3
.9H2O, 

HCOOH, NaOH 

400oC, 

0.5h 

5000 (Sato, Sue, 

Tsumatori, et 

al., 2008) 

Y3Al5O12(YAG/EU) Y(NO3)3
.6H2O, 

Al(NO3)3
.9H2O 

Eu(NO3)3
.6H2O, 

KOH 

400oC, 2h 3000 (Yoon et al., 

2006) 
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KTiNbO5 Ti(OCH3H7)4, 

Nb2O5,KOH 

350oC, 

20h 

3000 (Sue et al., 

2006) 

CoFe2O4 Co(NO3)2
.6H2O, 

Fe(NO3)3.9H2O 

LiOH, KOH, 

NaOH 

390oC, 5h 5 (D. Zhao et 

al., 2006) 

Zn2SiO4/Mn Zn(NO3)2, SiO2, 

KOH, Mn(NO3)2 

4OO, ½ h 2000 (Takesue et 

al., 

2007)(Takesue 

et al., 2010) 

Li Ni0.8 Co0.15Al0.05O2 

nanosphere 

NiSO4
.6H2O, 

CoSO4
.7H2O, 

Al2(SO4)3
.16H2O, 

SiO2HNS 

120oC,10h 20 (Wu et al., 

2020) 

LiFePO4 PEG, Li2CO3, 

FeC2O4.2H2O, 

NH4H2PO4 

500oC, 

12h 

- (Y. Zhang et 

al., 2012) 

α-Zn2SiO4/Mn2+ Mn2+ ion, ZnSO4, 

SiO4 

400oC, 

281atm, 

1h 

2000 - 

9000 

(Takesue et 

al., 2007) 

To improve the properties of the metal oxide composite, some synthesizes include organic 

surfactant compounds. These dispersing agents are possibly used to modify the structure 

of the crystallites of the materials. The starting materials are mixed in a stoichiometric 

ratio to form a solution. Some materials perform better in composite due to the poor 

properties of these individual materials. Metal oxides like iron oxide have poor 

conductivity and degradation at high current and high charge transfer resistance in the 

materials. The composite of iron oxide and graphene combination is synthesized to 

overcome the poor conductivity challenge (Jibrael et al., 2015; Pu et al., 2018; X. Wang 

et al., 2014). The preparation of LiFePO4 with the HS method tends to give plank shapes 

mainly. These shapes have disadvantages in the physicochemical properties of the 

material which results in low energy density. The HS preparation of LiFePO4 involves 

the use of organic surfactants to avoid the formation of plank shapes. Wang et al (Y. 
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Zhang et al., 2012) synthesized LiFePO4 using PEG as a carbon source rheological phase 

reaction as shown in table 1 under the Argon atmosphere. This resulted in uniform 

particles with a discharge capacity of 162mAh/g. Xu et al (H. Xu et al., 2015) also 

prepared LiFePO4 using C6H8O6 as a reducing agent at 500oC. This resulted in a capacity 

of 167mAh/g at a 0.1C rate and was found to be higher than Wang et al (Y. Wang et al., 

2015). This means that the synthesis of LiFePO4 with the HS method gives a good 

material structure at higher temperatures in a combination of reducing agents to avoid the 

formation of plank shapes with doping as another way to improve the electronic 

conductivity and electrochemical properties of the materials (Y. Zhang et al., 2012). 

The Batch system is the commonest HS technique for high crystalline powder 

/composites and synthesis of a large single particle. The batch system has a challenge of 

the long period needed for heating up to the required temperature and cooling down steps 

required for a given reactor volume. Centrally to batch, the flow reaction system is the 

upcoming promising technique for the synthesis of nanosized metal oxide composite 

particles. The flow rection system has rapid heating and cooling controls which takes a 

shorter time than batch when using continuous operation conditions 

6.3.2. Flow hydrothermal reaction system 

This is the continuous synthesis of nanoparticles under temperature and high pressure. 

This is the advancement of hydrothermal technology to deal with reaction at a higher 

temperature and higher pressure near or above a critical point. The nanoparticle materials 

using supercritical fluids like supercritical CO2 or supercritical water as solvent/fluid for 

the reaction system. In the flow hydrothermal synthesis, the starting materials are 

prepared by dissolution in water of equimolar concentration. These solutions are pumped 
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in a mixer at a stoichiometric flow rate. The transformation is done at different pressures 

and temperatures close to critical or at supercritical conditions as shown in Figure 6.2. 

The supercritical hydrothermal operation with water as a solvent is known to be highly 

suitable for nanoparticles synthesis which includes metal oxide composite. The HS under 

supercritical condition through a flow reactor, the aqueous metal salt solutions as starting 

materials are first prepared then fed into solution containers ready for pumping. The 

system also contains a steam/distilled water pressurized electric heating furnace to heat 

above the required reaction point. These are fed in the reactor under rapid heating and 

high pressure resulting in a short contact time. The solution leaves the reaction point and 

is rapidly quenched with the cooling system then sent to the filtration system to separate 

the particles. Also, the pressure after the reaction is regulated by backpressure controllers. 

The fine synthesized particles are collected in the effluent. The supercritical hydrothermal 

flow reaction system has several advantages which include; synthesis of required 

nanoparticle sizes, shapes, and composition in the shortest residence time (Byrappa & 

Yoshimura, 2013). 

Table 6.2: Phase product synthesis using flow hydrothermal reaction systems 

Phase Product Starting 

materials 

Operation 

conditions  

Av 

particle 

size (nm) 

Reference 

LiCoO2 LiNO3, CoSO4 382 – 387oC, 

226 – 230atm, 

1 – 10ml/min  

500 (Anikeev, 

2010) 

CeO2 Ce(NO3)3 373 – 391oC, 

260atm, water 

flow rate 1 -

10ml/min, 

reactant flow 2 

-3ml/min 

≈100 (Anikeev, 

2010) 
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Ga2O3 Ga(NO3)3
.8H2

O 

365 – 384oC, 

235atm, water 

flow rate 1 -

10ml/min, 

reactant flow 

2ml/min 

2 - 5 (Anikeev, 

2010) 

LiMn2O4 Mn(NO3)2
.6H2

O, LiNO3, 

LiOH 

400 – 420oC, 

296atm, 10 – 

40s 

≈ 100 (J. H. Lee & 

Ham, 2006) 

Tetragonal/Cubic/

BaTiO3 

TiO2, EtOH, 

Ba(OH)2 

330 – 400oC, 

158 – 296atm, 

2 – 3min 

10-100              (Elissalde et 

al., 2005; 

Reverón, C. 

Aymonier, et 

al., 2005; 

Reverón, 

Elissalde, et 

al., 2005)  

CoFeO4 Fe(NO3)3, 

NaOH, 

CO(NO3)2 

202 – 402oC, 

247atm, 11 – 

23s 

13 - 23 (Cote et al., 

2003) 

Ca0.8Sr0.2TixFexO3 Sr(NO3)3, 

Fe(NO3)3, 

Ca(NO3)2, 

TiO2 sol 

300 – 400oC, 

296atm, 10s 

20 - 30 (J. Lu et al., 

2008) 

Y2.7Tb0.3Al5O12 KOH, 

Tb(NO3)3, 

Y(NO3)3,  

Al(NO3)3 

400oC, 296atm 14 - 152 (Hakuta et al., 

2003)  

Cubic (Y, 

Eu)2Al5O15 

Y(NO3)3, 

Al(NO3)3, 

Eu(NO3)3, 

KOH 

400oC, 276atm ≈ 100 (In et al., 

2007) 

Y-AlOOHY-

Al2O3 

Al(NO3)3, 

KOH 

400oC, 296 – 

395atm 

20 (Sato, Sue, 

Akiyama, et 

al., 2008) 

Rhombohedra / 

Cubic / 

Tetragonal (Ni, 

Cu, Zn)Fe2O4 

KOH, 

Cu(NO3)2 

Zn(NO3)2, 

Ni(NO3)4 

Fe(NO3)3 

400oC, 296atm 22 (Sato, Sue, 

Suzuki, et al., 

2008)  
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Cubic Ba ZrO3 ZrO(NO3)2, 

Ba(OH)2, 

NaOH, 

Ba(NO3)2  

Ba(CH3 CO2)2 

450 -485oC, 

296atm 

≈100 (Aimable et 

al., 2008)  

Hexagonal / cubic 

Ni(OH)2CoxNi1-

x(OH)2, NiCo2O4 

 Co(NO3)2, 

Ni(NO3)2, 

Ni(CH3CO2)2, 

H2O2, KOH 

90 – 310oC, 

238atm 

≈100 (Boldrin et al., 

2007)  

Cubic Y2Al5O12 Al(ACAC), Y-

acetate, 

Al(NO3)3, 

Y(NO3)3 

260 – 385oC, 

237atm 

≈150 (Cabanas et al., 

2007)  

Cubic/Tetragonal

CexZr1-XO2 

NH4OH, 

ZrO(NO3)2, 

ZrO(NO3)2 

374 – 400oC, 

218 – 296atm 

7 -16 (J. . Kim et al., 

2007) 

 

The flow reaction system (Figure 6.2) has two main additional features to that of the batch 

reaction system, these include; (i) Immediate change in the reaction medium dielectric 

constant leading to the high-density formation of homogeneous nucleation (ii) the 

reaction taking a very short time (less than a minute) that can overturn growth of crystals 

and aggregation, hence continuous and rapid synthesis of single particle-sized metal oxide 

composite with definite shape and relatively medium size distribution formation. The 

formation of particle size and crystallinity is based mainly on the metal oxide composite 

solubility and their supersaturation. The trend of some metal oxide solubility determines 

the particle formation (Anikeev, 2010). For example, as the solubility decreases, the 

conversion increases in the order ZrO2 > Fe2O3AlOOH/Al2O3 > NiO > CuO. The 

solubility is generally dependent on the precipitation rate. The coloration between 

supersaturation and average particle size is generally known in the theory of nucleation 

tradition that the increasing supersaturation tends to decrease the particle size. The 
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supersaturation beyond the factor of 104 was found to be enough for the formation of a 

particle under 10nm. Low supersaturation causes slower precipitation which becomes a 

good condition for intermediate products to be stable (Hayashi & Hakuta, 2010).  

The use of KOH in some composition tends to cause a decrease in particle size and may 

be attributed to the solubility decrease. When the supersaturation is high, it causes a large 

driving force for precipitation. This prevents the occlusion of water molecules in the 

precipitates (Sue et al., 2006). The reaction operation condition to mention is; solvents, 

time, temperature, pressure, and others play an important role in the synthesis of the metal 

oxide composite particles. 

 

 

Figure 6.2: Flow chart for the flow reaction system (from (Byrappa & Yoshimura, 2013) 

with modification) 
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6.4.  Metal oxide composite cathode materials for high energy density storage 

Most of the cathode materials used are highly soluble in an aqueous electrolyte which 

causes a reduction in capacity after storage (Takeuchi & Randolph A. Leising, 1996). 

Most of the cathode materials have challenges of low electron conductivity and ion 

diffusivity (X. Yang et al., 2018). To handle the challenges, doping can be used to 

improve the rapid mobility of the lithium-ion through heteroatoms. The challenge can 

also be overcome by the coating of materials with active compounds (T. Chen et al., 

2018)(BS Liu et al., 2018). Using metal oxide composite can help to reduce the solubility 

of the cathode materials at a high energy density state(W. Liu et al., 2018). The metal 

oxide composite like Fe2O3-Graphene provides high gravimetric energy density and high 

voltage capacity delivery as shown in the representative results. This makes metal oxide 

composite stable for cathode electrode materials at increased energy density. The stable 

cathode composite materials are prepared by reaction and chemical addition using 

different metal oxides and other compositions (Z. Liu et al., 2018)(JC Chen et al., 2019). 

The materials produced by HS have improved electrochemical behavior with increasing 

energy density, reduced delay in voltage, and discharge capacity when using high rates 

of application at high temperatures. These materials also give high utility and reliability 

for long storage in the electrochemical application. This provides high current capacities 

and high open-circuit voltage (Takeuchi & Randolph A. Leising, 1996). 

When the target cations are small in size like Na+, Li+, NH4
+, Ag+ ions among others, are 

used in the matrix for the metal oxide composite, these cations can go through the open 

structure to allow the tunnels to be readily mobile and permits the intercalation within the 

matrix. The metal oxide composites supported on different precursors have special 
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interest due to their morphology dispersity and surface metal concentration. These lead 

to the mobility and intercalation of the electrolyte. 

Research and fabrication of high cathode materials for high energy density is the way to 

promote other devices like Na-battery large scale application. More effort has been 

directed towards the fabrication of high energy density materials using specific materials 

to mention; rGO-MnO2 (Kong et al., 2014), MnCo2O4 (Shanbhag et al., 2017), G-Mn3O4 

(F. Gao et al., 2020), RGO-Mn3O4 (H et al., 2010), Mn(CH3COO)2-GO (L et al., 2012), 

MnSO4-GO (G et al., 2016). Others exploring different materials like layered transition 

metal oxide (C.-Y. Yu et al., 2015), polyanion NaV2O2x(PO4)2F3-2x (0≤X≤1) (W. Li et al., 

2018). Also, metal phosphates are widely involved in high energy density materials for 

lithium-ion batteries and other energy applications. The use of Ni in a composite can 

improve the capacity of the material (XR Li et al., 2018), cobalt is another element mainly 

for the stabilization of layered structural materials (P. Hou et al., 2017; HH Zhang et al., 

2016) reported stability of LNCA (LiNi0.8Co0.15Al0.05O2) by changing the aluminium 

concentration at the interface of electrolyte/electrode interaction. The combination of 

cobalt and aluminium-doped composite is used to improve the oxidation and reduction 

process of Ni2+ which promotes the cycling stability of the material (Y. Kim & D, 2012; 

Natarajan et al., 2018) A combination of different metals and metal oxides is 

advantageous for ternary synergistic effects. LNCA composite is one of the materials 

considered as a promising cathode nanoparticle for high energy for lithium battery 

applications (T. Chen et al., 2018; Mukherjee et al., 2018; Zheng JC, Yang Z, He ZJ, 

Tong H, Yu WJ, 2018). LNCA has a theoretical specific capacity of 279mAh/g (Wu et 

al., 2020). Also, graphene can be used in the composite as adsorbent, photo-sensitizer, 

photo-stabilizer, or conductive support which help to improve the property material due 
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to the special functions and properties like photocatalyst, and cocatalyst in the 

nanocomposites 

6.5.  Solvents under hydrothermal synthesis (HS) 

Water as a liquid in its normal temperature and pressure conditions is a strong universal 

polar solvent. This makes water a very virtuous solvent for inorganic salts like metallic 

salts and complexes but a very poor solvent for organic compounds. When the conditions 

are changed, like high temperature (374°C) and high pressure (218atm), which converts 

water to supercritical having a single-phase between liquid and vapor as shown in Figure 

6.3.  This collapses the polarity property of water to be as low as non-polar turning the 

solubility to be suitable for organic compounds and composite.  

Hydrothermal synthesis can be performed under the aqueous or non-aqueous system. The 

properties of solvents change with the change in pressure and temperature which makes 

the reaction process change. The density of water and other properties change when the 

pressure and temperature are varied as shown in Table 6.3. The supercritical water as 

shown in Figure 6.3, gives a favourable condition for the reaction towards the particle 

formation. The synthesis under supercritical water also reduces the concentration of the 

alkaline in the process of particle growth. This supercritical reaction due to its properties 

like dielectric constant, viscosity, and solubility with several compounds. When the 

compounds are soluble in a supercritical solvent, the properties of those materials change 

drastically. Hiromichi et al (Hayashi & Hakuta, 2010) prepared KNbO3 powder using 

supercritical water with a low concentration of KOH and Potassium niobite. The structure 

of the prepared KNbO3 had rhombohedral and orthorhombic structural materials. This 

powder showed a promising application in non-linear optical devices. Goh et al (Goh et 



180 

 

al., 2002) prepared KTaO3 crystals under supercritical conditions. The materials exhibited 

a morphology of KTaO3 crystals in rectangular shapes with different particle sizes 

ranging from 10 – 100nm. These KTaO3 can also be achieved on the SrTiO3 substrate 

under supercritical conditions. When using supercritical conditions for metal oxide 

composite, it reduces the processing energy of the synthesis of a highly crystalline 

structure. The α-Zn2SiO4/Mn2+ are among particles that can be synthesized under 

supercritical conditions as in Table 6.1. This can be used to replace the commercial 

process of Mn-doped zinc silicate phosphate which requires a high temperature above 

1000oC and a long time to produce the required regular shapes (Takesue et al., 2007, 

2008, 2010). The supercritical conditions can also be used to produce dense Zn2SiO4 

particles in a short time because of the reaction medium which occurs at a higher pressure 

than the normal HS. 

Table 6.3: The properties of water at different temperature and pressure (adapted from 

(Loppinet-Serani et al., 2010) 

Properties Ambient water Supercritical 

water 

Superheated 

steam 

Temperature (oC) 25 450 450 

Pressure (atm) 1.0 272 13.6 

Dielectric 

constant 

78 1.8 1.0 

Viscosity (Pa.s) 8.90x10-4 2.98x10-4 2.65x10-7 

Effective 

diffusion 

coefficient (cm2/s) 

7.74x10-6 7.67x10-4 1.79x10-3 

Density (g/cm3) 0.998 0.128 0.00419 

Solubility of O2 

(mg/l) 

8 infinity infinity 
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Figure 6.3: Illustration of Pressure-temperature phase diagram of pure water showing 

supercritical domain (from (Loppinet-Serani et al., 2010) with modifications). 

 

6.6.  Hydrothermal synthesis of NaFe2O3-GO 

6.6.1. Experiment 

In the synthesis of NaFe2O3-GO, the GO was synthesized by modified Hummer’s method 

from graphite flakes as used by Kigozi et al (Kigozi, Koech, et al., 2020) 2.0 g of graphite 

flakes was added to a mixture of sulphuric acid and phosphoric acid (H2SO4/H3PO4) 

solution prepared by a volume ratio of 9:1 (180:20 ml) incessant stirring in the ice bath 

for 2 h. Then 7.3 g of potassium permanganate (KMnO4) was slowly added to the mixture 

while keeping the temperature below 10oC under unremitting stirring for 2 days. After 2 

days, 90 ml of distilled water was slowly introduced to the mixture with rapid stirring and 

the mixture changed dark brown with suspensions, 7.0 ml of hydrogen peroxide (H2O2) 

and 55 ml of distilled water was introduced for the conversion of manganese oxide 

(MnO2) and residual permanganate into soluble manganese sulphate (MnSO4). The 

mixture changed to yellow colour with particle suspensions. The material was cleaned 
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several times with 150 ml of 3% warm hydrochloric acid (HCl) and deionized water until 

pH 7.0 then filtered and dried using a vacuum oven at 40oC for 18h.  

The NaFe2O3-GO was synthesized by a batch hydrothermal method with starting 

materials which included ferric nitrate (Fe(NO3)3), sodium hydroxide (NaOH), and 

graphite oxide. The starting was dissolved in 100ml of deionized water, mixed, and 

sonicated for 30 minutes. The solution was transferred into a stainless-steel autoclave 

with a Teflon liner. The reactor was heated in an oven at 180oC for 24hours. This followed 

natural cooling. The material was filtered, washed, and dried at 80oC for 15h. The 

resultant sample was named NaFe2O3-GO. The sample was tested for energy storage 

applications for sodium battery applications (Wu et al., 2020). 

6.6.2. Characterization and testing of NaFe2O3-GO 

The material was characterized by FESEM/EDX, XRD, and electrochemical systems. 

The morphological characterization of the samples was done with the Field Emission 

Scanning Electron Microscope (FESEM) 9GeminiSEM 500M/s Carl ZEISS-EDAX Z2 

Analyser AMETEK). The crystal structure of the powder sample was carried out by the 

X-Ray Diffraction (Riguku Smartlab Autosampler) by the use of a Cu kα radiation with 

the JCPDS-ICDD library database. The electrochemical analysis technique for testing the 

device was done on a BCS BIO-LOGIC 805 system with a half-cell electrode set up. 

Different techniques were used to analyse the performance with cyclic voltammetry (CV) 

and galvanostatic charge-discharge (GCD). 
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Figure 6.4: FESEM morphology for NaFe2O3-GO. 

 

Figure 6.5: EDX profile for the NaFe2O3-GO. 

 

The NaFe2O3-GO nanocomposite characterization with FESEM showed the morphology 

of particles as in Figure 6.4. The NaFe2O3-GO nanocomposite particles exhibited a 

compact particle with somewhat large surface areas. The surface of NaFe2O3-GO was 
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heavily covered with sodium and iron oxide particles. These enhance the reduction-

oxidation reactions for the cathode material in the application of energy storage. The EDX 

was used to observe the distribution of elements in the sample as shown in Figure 6.5.  

This revealed a high composition of carbon and oxygen which is the main supporting 

structure from graphite oxide (GO). This contains sp2 and some sp3 hybridized carbon 

that give unique electrical and mechanical properties. GO have several functional groups 

that are involved in the reaction with an electrolyte which includes carbonyl, hydroxyl, 

and carboxyl which is a smart material in a composite (Y. Feng et al., 2011; Geim & 

Novoselov, 2007; McAllister et al., 2007).  

 

Figure 6.6: XRD profile for NaFe2O3-GO. 

The crystalline structure of NaFe2O3-GO was investigated by XRD and the pattern is 

shown in Figure 6.6. Different strong and intense peaks are observed at different 2Theta 

(2Ɵ) positions which include; 2Ɵ = 10o which is assigned to the non-functionalized 

crystallinity of GO (Eda et al., 2008)(W. Chen et al., 2010)(Kigozi, Koech, et al., 2020), 

peaks at 2Ɵ=25o (3.36Å) and 43o (d=2.13Å) a suggestion for exfoliation of GO (Kigozi, 

Koech, et al., 2020), a peak at 2Ɵ=35o with d=2.55Å, for sodium, a peak at 2Ɵ=56o with 
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d=1.65Å and 2Ɵ=78o with d=1.23Å as some of the assignment for Fe2O3. The particle 

sizes were measured by Scherrer’s equation with a range of 8.5 to 17.3nm. 
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Figure 6.7: GCD profile for NaFe2O3-GO. 
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Figure 6.8: CV profile for NaFe2O3-GO.  
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The performance of NaFe2O3-GO nanocomposite for sodium-ion cathode material using 

half-cell battery was explored in a voltage range of 0.01 to 3.0V. The galvanostatic 

charge-discharge (GCD) was carried out with 50mAh/g. the GCD profile depicted slopes 

with the discharge curve from 20.5 to 0.01V in the first cycle and the performance was 

maintained up to the 10th cycle as shown in Figure 6.7. This is a description caused by the 

electrolyte decomposition and the formation of a solid electrolyte interface (SEI) with a 

reduction. The performance of the discharge capacity was approximated to be 720mAh/g. 

the material composite showed a close performance throughout the cycles of the 5th to 

10th cycle and remaining very stable. This means that the material has good 

electrochemical performance reversibility with good cycling performance. 

The cyclic voltammetry profile of the material composite was performed at a potential 

range from 0.01 to 3.0V at a scan rate of 10mV/s as shown in Figure 6.8. The reduction 

process is shown two (2) reduction peaks in the first cathodic process at 0.75 and 0.06V. 

this indicates a reaction of the electrolyte with the carbon and the oxides causing 

decomposition of the electrolyte. In the proceeding cycles, the peaks shifted to 0.5V 

which may be due to electrode polarization caused by the interaction of the electrolyte 

with the material. The material showed similar performance to what was reported by (F. 

Gao et al., 2020) with the discharge capacity of 1524mAh/g with the start cycle. 

The applicability of the metal oxide composite depends on the interaction of the metal 

and oxygen functionality that is present in the material matrix. This may degenerate in 

the material properties of the composite in electrical properties, carrier mobility, and the 

thermo-mechanical stability of the carbon/metal-based materials (Dreyer et al., 2010). 

Several non-metal elements have been introduced in different composites which include 

the GO layer to improve the electrochemical application (Ekimov et al., 2004). 
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6.7.  The future of the hydrothermal synthesis method 

The batch HS system method is one of the shared and easy synthesis methods to use in 

research work. The technology is used in the construction of the industrial process for 

large scale production and possible because supercritical conditions can be reached in 

reaction to massive production. The monitoring of phase formation in the system is still 

a challenge to help in the elucidation of nanoparticle formation. The system needs to be 

equipped with in-situ technology for the monitoring of the phase formation. The flow 

system is still uncommon in most research laboratories which makes it hard to know most 

of their challenges. There are challenges of material selection for fabrication which causes 

fatigue and fracture in the designs, face blockage, corrosion, and massive production. 

These causes contamination and limitation in production. The flow hydrothermal system 

requires fabrication materials that are highly resistant to corrosion.  

Conclusions  

In a search for materials for high energy density applications for batteries, different 

innovative nanocomposites are being investigated. This chapter highlights the use of the 

hydrothermal synthesis method for the uniform synthesis of metal oxide composite 

particles with good properties for cathode materials for high energy application. These 

metal oxide composites from hydrothermal methods have been demonstrated to be one 

of the most auspicious cathode materials for high energy density for battery application. 

There is a wide range of metal oxide composites synthesized for battery application. The 

hydrothermal synthesis of nanocomposites gains different properties to improve different 

challenges in the battery’s applications like charge mobility, stability, degradation among 

others. Even though recent researches have shown significant progress in the use of a 
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hydrothermal method for cathode materials or high energy density, there are still some 

challenges for more research to explore. The use of different metal oxide matrix 

composites enhances high energy density, particle size, morphology, and other properties. 

Nevertheless, studies all over the world are rapidly making progress in the direction of 

the development of novel nanocomposites for high energy density and high cycling 

stability for batteries and hybrid. Using a hydrothermal synthesis of NaFe2O3-GO we 

managed to report a discharge capacity of 720mAh/g in a half-cell of sodium-ion battery 

application. 
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CONCLUSION AND RECOMMENDATIONS 

Carbon materials have now made a revolution in the world of materials’ application. We 

now look at the conversion and technology for surface engineering and manipulation with 

variability of functional materials and nanoporous structure for the application. In these 

aforementioned studies, a wide range of carbon nanomaterials with numerous dimensions 

and unique morphological structure designs have been synthesized and successfully 

examined in energy storage device fabrication technologies. The integration of 

heteroatoms into the carbon network provided a new class of carbon materials with 

exceptional properties unmatched with parental carbon materials. Compositing carbon 

nanomaterials with metal oxides exhibited increased discharge capacity for battery 

application with excellent cycling life stability. In this study, we have thoroughly 

conferred the highly performing properties of carbon-based materials basing on 

supercapacitors and batteries. The potential of carbon nanomaterials and their composites 

for supercapacitors is in resolving the predicted of clean energy storage mitigation. 

Several materials, methods, and technologies have been used in finding a solution for an 

energy storing device with high capacitance along with high energy/power density. No 

doubt, carbon materials are potential candidates for supercapacitor electrode materials but 

they need a supporting active material to enhance their performance. Nevertheless, an 

increase in specific capacitance value, power density, and energy density in certain cases 

gives hope that if the research continues in the right direction of carbon material-based 

supercapacitor application. This can bring a new revolution in the electronic world.  

For application in supercapacitors, improving the efficiency of the electrode materials is 

the most important for obtaining high performance. Porous carbon with suitable 

architectures is reliable for improved electrochemical capacitors. This study looked at 
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optimized the Zea mays (maize) cobs and graphene oxide as a potential abundant 

precursor for the production of porous carbon supercapacitors and batteries applications. 

The materials exhibited excellent performance and low cost of production. The physical 

and chemical characterization of the synthesized materials was carried out with different 

techniques in determining different properties including structure, morphology, chemical 

composition, and electrochemical performance. The chemical results revealed surface 

structure with oxygen-based functional groups and structural characterization revealed a 

BET specific surface area of 1443.94 m2/g with a pore volume of 0.7915cm3/g as the 

material with the highest porosity. Symmetric devices based on the produced materials 

delivered a specific capacitance of 358.7F/g with an energy density of 12.45 Wh/kg and 

a corresponding power density of 250 W/kg at 0.5A/g from KOH activation. The as-

prepared electrodes exhibited excellent stability with the capacitance retention of 99% at 

the maximum potential for a repeated 10 h to a total of 130 h. these materials can be used 

as commercialized materials for energy storage. 

Globally, several electronic devices have been developed to streamline day-to-day life 

but are still, challenged with high energy storage and excellent stability. This work 

concluded with some advantages, and some faced challenges for the oxidation, activation, 

and hydrothermal synthesis of materials with high energy efficiency applications. 

Activation and Hydrothermal methods are some of the commonest and relatively easy 

methods with need attention for young researchers. These methods can be used for the 

commercial production of energy storage materials that are environmentally friendly and 

low cost to reduce the challenges for energy storage materials. I am confident that the 

information presented in this study would certainly help in the research and development 

of carbon nanomaterials-based supercapacitors and batteries with low production and 
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high performance for application. This solves the challenge of high-cost materials for 

fabrication and high retention of devices. 

The challenges faced and how were overcome in the research are highlighted below; 

Lack of policies to guide on how to collect raw materials from one African country to the 

other. This also included the faster ways to access them in the mines. I bought the samples 

like graphite from the nearby market as a normal commodity and was not registered to 

avoid any policy bleach. 

There was a challenge of accessing some facilities and equipment. this included 

equipment for sample preparation and characterization of the materials. The school 

started out sourcing and initiated collaborations with different institution that hosted me 

for the research work, to mention; International Advanced Research Center for New 

materials and metallurgy (ARCI) Hyderabad India. 

There was limited access to the latest literature since most of the articles are not open 

access and the hard copy texts books are not up to date. I managed to network with 

students from countries and institutions with unlimited access to articles for the latest 

information. I later discovered that when you share a challenge in a research team, you 

can get the solution   faster and easier.
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CONTRIBUTION TO KNOWLEDGE  

In Africa, there is a lot of potential materials that are taken as waste which include 

agricultural waste, domestic waste and industrial wastes. The research study was divided 

into two projects to explore the options for value addition. 

Project 1; 

Suitability of agricultural crop residue biomass as raw materials for energy storage 

systems. The novelty was on maize corn cobs conversion into mesoporous activated 

carbon as materials for electrodes for supercapacitors. The study shown that maize corn 

cobs are green sustainable materials which can be used in production of commercial 

mesoporous activated carbon. The study looked at the optimization of the activation 

agents and temperature to improve the properties of the materials. The results proved that 

when using potassium hydroxide as the activation agent at a temperature of 700oC, you 

get a high performing carbon base material with specific capacitance of 358F/g with 

energy density of 12Whkg.  

Project 2; 

Value addition to locally mined graphite flakes as electrode materials for supercapacitors 

and batteries application. This mined graphite flakes are sold in local markets for use as 

fuel for cooking in the homes. The work looked at converting the materials into electrode 

materials for energy storage systems. The conversion process employed are acid 

oxidation and hydrothermal method to convert graphite flakes into graphene oxide and 

composite of graphene oxide. The improvement in the material’s properties is the 

knowledge contribution which resulted in discharge capacity of 720mAh/g. 
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Appendices  

Appendex 1 

Modified Activation process for Supercapacitor Electrode Materials from African 

Maize Cob 

List of Tables 

Table S1: The mass fraction loss of raw material powder of maize corn cobs, AC-S-

600, AC-S-700, and AC-S-800 activated carbon materials at the different temperature 

range. 

Temperature 

range (oC) 

Mass fraction loss (%) 

Before activation  After activation 

Raw material  AC-S-

600  

AC-S-700  AC-S-

800  

28 - 120 5.0 5.0 10.5 8.0 

120 – 200 2.6 2.5 2.4 2.0 

200 – 350 52.4 0.5 1.8 1.2 

350 – 600 14.5 6.0 5.3 4.4 

600 – 1000 10.5 26.2 12.9 11.9 

Total loss  85 59.8 67.1 72.5 
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Table S2: FTIR peaks assignment for functionality/groups on AC surfaces for AC-S-

600, AC-S-700, and AC-S-800 materials 

Wavenumber 

(cm-1) 

Functionality/groups Transmittance 

strength 

1000 - 1500 C-OH stretching 

C-O stretching (ethers) 

C-N 

Nitro groups 

Aromatic compound 

Strong/medium 

1540 Quinones (Carboxylic acid) weak 

1743 C=O stretching (Carboxylic 

acid, Lactones, carbonyl groups) 

Strong 

2369 Methyl and methylene groups Weak 

2932 - 3000 C-H stretching (CH3-, -CH2-, 

carboxylic acid) 

Weak 

3459 - 4000 O-H overtones (carboxylic 

acid/phenolic group) 

Weak 

 

Table S3: Boehm Acidic and Basic surface characterization of the activated carbon 

materials 

AC Sample Acidic Functional groups Total 

Acidity 

(mmol/g) 

Total 

Basicity 

(mmol/g) Carboxylic 

(mmol/g) 

Lactonic 

(mmol/g) 

Phenolic 

(mmol/g) 

AC-S-600 0.250 0.168 0.022 0.440 0.090 

AC-S-700 0.244 0.02 0.20 0.464 0.118 

AC-S-800 0.112 0.100 0.230 0.442 0.420 



203 

 

Table S4: XPS mass surface concentration of activated carbon material’s composition 

(%), binding energy position and their Full Width at Half Maximum intensity (FWHM) 

AC 

Samples 

Elementals 

peaks 

Composition 

(%) 

Position 

(eV) 

FWHM 

(eV) 

AC-S-600 C1s 67.01 283.7 1.903 

 O1s 22.59 531.7 2.636 

 S2p 2.60 168.7 2.618 

 B1s 5.38 191.7 2.272 

 Na1s 2.42 1071.7 2.148 

     

AC-S-700 C1s 56.97 283.7 2.515 

 O1s 29.90 532.7 2.746 

 S2p 2.12 169.7 2.413 

 B1s 5.97 192.7 1.968 

 Na1s 5.04 1071.7 2.485 

     

AC-S-800 C1s 56.45 283.7 2.294 

 O1s 31.70 531.7 2.700 

 S2p 2.71 168.7 2.759 

 B1s 4.09 192.7 2.469 

 Na1s 5.05 1071.7 2.360 
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Table S5: XPS spectra of AC-S-600, AC-S-700, and AC-S-800 activated materials, 

Binding Energy, Functional group assignment and their relative chemical bonding 

contents 

Peaks Binding 

Energy (eV) 

Functional group 

assignments 

Samples % content 

AC-S-600 AC-S-

700 

AC-S-

800 

O1s 530.8 - 531.1 C=O, O2, -O-, 

O-CH2C-* 

-  
- 8.55 

 531.6 - 531.8 C=O, O2, S=O, 

O-C6H5NH*, 

91.61 - 74.82 

 532.2 - 533.0 C-O, -O- (C-O-

S) 

8.39 100 11.43 

 535.8 - 535.9 C-O, O2 - - 5.20 

      

C1s 283.7 - 283.9 -C-C-, C=O, 73.22 - 69.74 

 284.1 - 284.6 -C-C-, C=O, C-

O-S 

- 39.44 - 

 284.7 - 285.4 C-C, C-H, Cg 

C=C-C* 

18.06 28.39 20.57 

 285.5 - 288.6 C-O, C=O, 

O-C=O, 

C-O-C, S=C=S* 

5.17 23.48 - 

 288.7 - 289.7 O=C=S (OC*S)* 3.55 8.69 9.69 

      

S2p 168.4 - 168.9 C-O-S, O=S=O* 62.82 59.07 86.01 

 169.6 - 170.1 S=O, O=S=O* 37.18 40.93 13.99 

*https://srdata.nist.gov/xps/ElmComposition.aspx was also used for assigning groups 

 

https://srdata.nist.gov/xps/ElmComposition.aspx
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Figure S1: TGA-DSC analysis profile of AMC dried powder materials, AC-S-600, AC-

S-700, and AC-S-800 activated carbons 
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Figure S2: Pole size distribution for the activated carbon material samples 
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Figure S3: Raman spectra for the AC-S activated materials 

 

 

 

Figure S4: Combined CV curves of AC-S-Activated carbon samples at scan rates 5, 10 

and 20 mV/s with 6M KOH and 1M Na2SO4 electrolyte. 
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Figure S5: specific Capacitance (F/g) with current density (A/g) curves plot for AC-S-

600, AC-S-700, and AC-S-800 for two different electrolytes (6M KOH and 1M 

Na2SO4)  
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Figure S6: EIS Nyquist plots for AC-S-800 electrode material at different potentials 

using different electrolytes (a) 6M KOH at 5mV, 10mV and 20mV, (b)1M Na2SO4 at 

10mV and 20mV. 
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Figure S7: (a) The self-discharge of the device with the highest capacitance assembled 

with AC-S-800 with 6M KOH after charging to 1.0V, (b) Voltage holding stability 

capacitances of AC-S-600, AC-S-700, and AC-S-800 with 6M KOH electrolyte at the 

current density of 1.0.A/g for 100 hours, (c) stability of AC-S-600, AC-S-700, and AC-

S-800 with 1M Na2SO4 electrolyte at the current density of 1.0 A/g with 3 

charges/discharge cycles and charge hold for 10 hours then repeated for 100 hours 
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Figure S8: Electrochemical Impedance Spectroscopy (EIS) Nyquist plot for AC-S-600, 

AC-S-700, and AC-S-800 for two different electrolytes (6M KOH and 1M Na2SO4) at 

the potential of 10mV at low frequency. 
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APPENDIX 2 

Zea mays cobs derived porous carbon for high energy and excellent stability for 

supercapacitor applications  

 

 

Figure S1: XPS deconvoluted spectra for (a) (ANN7) and (b) ANN6 activated samples 
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Figure S2: GCD for 3 electrode system for ANN6, ANN7 and ANN8 activated samples 

at different current density. 
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Figure S3: CV scanned at 5mV/s before and after stability test 
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Figure S4: (a) specific capacitance at different current density, (b) the Ragone plots for 

ANN6, ANN7 and ANN8 based supercapacitors.  
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Figure S5: EIS for zoomed high frequency for ANN6, ANN7, and ANN8 activated 

carbon scanned at 10mV  
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Figure S6: EIS scanned at different potential 10mV and 20mV 
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Figure S7: Stability by voltage holding at maximum potential for 10hours before 

discharge 
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Figure S8: Self-discharge of devices from 1.0V after stability test. 

 


