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ABSTRACT 

 

Supercapacitor development from transition metal-integrated 

spinel manganese oxide-carbon nanotubes composite materials 

 

Christopher Nolly 

MSc. Nanoscience, Department of Chemistry, University of the Western Cape  

December 2019 

 

Supercapacitors are electrochemical energy storage devices, much like Li-ion batteries, that 

have expeditiously been improved over the years through extensive research conducted in 

material sciences and nanotechnology. Since supercapacitors are mostly known for their high 

power densities and extended lifecycle, they are therefore mainly employed in applications 

where large quantities of energy is required to be stored and/or released within quick time 

periods and energy outputs. In the modern technological era, supercapacitors are 

predominantly employed in hybrid electric vehicles (HEVs), trains, trams, cranes, cell 

phones, as uninterrupted power supplies (UPS devices), and in memory backup units for 

computer systems. Apart from these conventional application areas, the application field of 

energy storage that ultimately makes supercapacitors blossom, is the field of storing 

harvested renewable energy from self-sustaining power sources such as solar cells and/or 

wind turbines. However, the unfortunate disadvantage associated with supercapacitors is its 

low energy density compared to batteries. Therefore, this research work presents the study of 

multi-walled carbon nanotubes (MWCNTs) integrated with spinel nanostructured CuMn2O4 

nanoparticles as composite electrode materials towards enhancing the energy performance in 

asymmetric pseudocapacitors. The hybrid composite (CuMn2O4/MWCNT) development 

process initially started with the synthesis of the pristine (hausmannite-type) Mn3O4 material, 

upon modification thereafter with copper and carbon nanoparticles. The synthetic procedure 

that was used to develop the pristine and spinel materials is a versatile high-pressure 
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hydrothermal method, where the hybrid composite material was synthesized via a more 

energy efficient reflux heating system. The copper integrated with the pristine Mn3O4 

material formulates a more stable spinel face-centered-cubic (FCC) CuMn2O4 crystal 

structured material, with additional tetrahedral and octahedral interstitial sites as electron 

vacancies. The integration of MWCNTs to CuMn2O4 was intended to enhance its 

electrochemical conductivity, thermal stability, and surface-electrolyte contact area. Physical 

properties of the synthesized electrode materials were investigated using various microscopic 

and spectroscopic techniques such as scanning electron microscopy (SEM), high-resolution 

transmission electron microscopy (HR-TEM), energy dispersive X-ray spectroscopy (EDS), 

Fourier transform-infrared spectroscopy (FT-IR), and Raman spectroscopy. Crystallite size, 

particle size distribution, as well as thermal stability analysis were conducted through X-ray 

diffraction (XRD), small-angle X-ray scattering (SAXS), and thermo-gravimetric analysis 

(TGA). Electrochemical properties of the synthesized electrode materials were studied 

through employing cyclic voltammetric (CV), galvanostatic charge/discharge (GCD), and 

electrochemical impedance spectroscopic (EIS) analysis. Microscopic analysis revealed that 

the synthesized materials displayed regular morphologies from SEM images, as well as 

rectangular box and cubic structures for Mn3O4 and CuMn2O4, respectively, from HR-TEM 

figures. XRD and SAXS analysis indicated that the average crystallite size and particle size 

distribution for the hybrid composite material was the smallest compared to the pristine and 

spinel materials. TGA analysis additionally confirmed the superior thermal stability of 

CuMn2O4/MWCNT over that of Mn3O4 and CuMn2O4. Electrochemical analysis was 

conducted on all electrode materials utilizing both three-electrode (half cell) and two-

electrode (full cell) testing devices, where 3 M KOH and 3 M LiOH were tested as aqueous 

electrolyte solutions for the half cell, of which the best suited electrolyte (3 M LiOH) was 

used for the full cell analysis. The maximum specific capacitance values for the Mn3O4   AC, 

CuMn2O4   AC, and CuMn2O4/MWCNT   AC full cell devices were obtained as 994.373 

F/g, 1608.523 F/g, and 2234.460 F/g, respectively. The ragone plot from the results section 

illustrated that the CuMn2O4/MWCNT   AC cell device retained a relatively high energy of 

35.068 Wh/kg, with a maximum power density of 2449.942 W/kg. Cycling stability analysis 

impressively revealed that the CuMn2O4/MWCNT   AC electrochemical cell exhibited a 

specific capacitance of 948.388 F/g together with a capacitance retention and coulombic 

efficiency of 88.571 % and 92 %, respectively after 3000 cycles. 
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CHAPTER 1 

 

Chapter Overview 

Chapter 1 presents a concise introduction on the research background of the project, 

emphasizing on the transition towards sustainable and renewable energy sources and energy 

storage technologies. In addition, it briefly explores the current research pursued in 

supercapacitor technology and its contribution towards supercapacitor performance. This 

chapter also states the problems associated with current research in supercapacitor 

electrode materials as well as the motivation, aims, objectives, and outline of this research 

project.      

 

1.0 Introduction 

 

1.1 Research Background 

The reliance of modern civilization on the use of non – renewable energy sources such 

as fossil fuels (coal, petroleum, and natural gas) in road transportations systems, 

manufacturing, and electrical power industries has given rise to significant 

environmental and human safety concerns [1]. The continuous combustion of fossil 

fuels during electricity production, results in the abundant emission of poisonous carbon 

dioxide (CO2), carbon monoxide (CO), and hydrocarbon gases, which are toxic to 

environmental and human exposure [2]. The concerns regarding environmental 

exposure of CO2 is driven by the knowledge of it being a major greenhouse gas, 

contributing towards a gradual overall temperature increase in the earth’s atmosphere, 

thus resulting in global warming occurrence and harsh climate change [3]. Human 

safety concerns of CO exposure at moderate and high concentration levels over 

extended periods potentially increase the risk of people experiencing toxic diseases [4]. 

It is additionally anticipated for future global energy demands to continuously rise in 

proportion to the current increase in the world’s economic and population growth. This 
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particular concern is propelled by the increase in consumption quantity of fossil fuels 

each year.  Therefore, it is required for modern society to transition from an economy 

based on fossil fuels to renewable self-sustaining energy sources as well as efficient 

energy storage technologies. Due to this requirement, there has recently been immense 

interest in the development of high power and high energy density storage devices 

suitable for use in mobile electronics, hybrid electric automobiles, and smart grids.  

 

1.1.1 Transition towards renewable energy resources 

The general origin of sustainable and renewable energy sources come from resources that  are 

not diminished when used overtime such as solar, wind, biomass, geothermal, and 

hydropower [5]. The advantage of these resources over fossil fuels is that we do not 

compromise the safety of our planet in order to harness it. According to the BP Statistical 

Review of Energy, since the year 2013, Africa’s petroleum reserve has decreased from an 

average quantity of 6.3 million to 5.2 million barrels of crude oil per day [6]. Since South 

Africa is known to be the seventh largest coal producer in the world, approximately 77% of 

the country’s electricity generation is derived from coal [7]. As a result of the many coal 

mining activities and large coal consumption quantities, 396.78 tonnes of toxic carbon 

dioxide (CO2) gases are emitted each year, thus making South Africa’s greenhouse gas 

emissions the highest in Africa [7]. The South African Department of Minerals and Energy 

(SADME) developed a renewable energy policy, setting specific electricity targets for 

renewable energy contribution [6]. Solar power is one of the most popular forms of 

renewable energy resources used in South Africa as it provides a great theoretical supply 

potential in the production of electrical energy from solar radiation. The technological 

principle of solar energy is employed through photovoltaic panels, which convert solar 

radiation from the sun directly into electrical energy, thus providing power to light home 

electrical appliances, and telecommunication devices. The Northern Cape region, apart from 

other provincial regions in South Africa, amounts to an approximate total area of 194,000 

km
2
 available for accumulation of highly concentrated solar radiation [8]. It is therefore 

scientifically estimated that if every square kilometre of solar panel surface in a solar power 

plant could generate 30.2 Megawatts of electricity, then only 1% of the total geographical 

area of radiation would be available for solar energy generation [8]. This estimation would 

therefore result in a potential generation of 64 Gigawatts, thus indicating that approximately 
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1.25% of the total area of radiation would meet the projected electricity demand target of 80 

Gigawatts by 2025 [8]. Despite these promising estimates, the major downside of electricity 

production from solar power technology is energy efficiency, storage, and transportation. In 

order to overcome these obstacles, solar power plants must be located in areas receiving 

highly concentrated solar radiation. However, these solar plants are located far away from 

densely populated areas where energy demand is high. This in turn applies to other forms of 

renewable energy sources such as wind, hydroelectric, geothermal, and biomasses concerning 

availability and location. Therefore, energy storage technologies such as fuel cells, enhanced 

rechargeable batteries, and high performance supercapacitors could potentially provide a 

solution. These next generation technological devices could potentially store the excess 

energy generated by solar power plants and transport it whenever and wherever it is needed.  

 

1.1.2 The need for electrochemical energy storage systems 

Energy storage technologies are the key solution to managing the intermittent nature of 

renewable energy sources [1]. This implies that these electricity storage systems could be 

used to store the excess energy generated from renewable energy sources such as wind and 

solar power plants, and transmit it into the power grid during demanding times when climate 

change results in the less availability of wind and solar radiation. One additional advantage of 

using these energy storage systems is that not only are they environmentally friendly, but 

they could also potentially reduce the electrical marketing costs for consumers and 

distributors [9-10]. The various types of energy storage systems used for electric energy 

applications and that are currently under research and development include the following: 

SMES (superconducting magnetic energy storage), FES (flywheel energy storage), ECES 

(electrochemical energy storage such as batteries, supercapacitors, electrolytic capacitors, and 

film capacitors) [1, 10]. These storage technologies are classified according to their lifetime 

period, number of charge/discharge cycles, storage capacity, and energy response time. The 

figure below illustrates a ragone plot, which represents the comparison between the various 

principle energy storage systems mentioned above according to their energy and power 

densities as well as their energy response times.  
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Figure 1.1: Comparison of different energy storage technologies with respect to their 

energy and power densities [1]. 

 

Antecedent research pursued in electrochemical energy storage technologies such as 

batteries, electrochemical capacitors, and fuel cells, has proven it to be the best performing 

storage systems used for providing support to photovoltaic and wind generators regarding 

short and long time scale energy storage [10]. These energy storage devices are similar 

concerning their electrochemical operating systems, but are distinguishable according to their 

application, energy storage capacity, and power conversion mechanisms. Electrochemical 

capacitors, also known as supercapacitors, are energy storage devices with similar designing 

and manufacturing attributes to that of batteries and fuel cells [11]. However, the difference 

of supercapacitors to batteries and fuel cells is that supercapacitors store charge non-

faradaically, meaning that electrons are not transferred across the electrode interface and 

electrostatic forces allows for the storage of electrical energy to occur [11]. This type of 

supercapacitor is known as an electrical double-layer capacitor (EDLC), where during its 

charging process, the electrons and ions are stored at the interface between the high surface 

area conductive solid material electrodes and the liquid electrolyte, thus generating an 

electrical field near the electrodes which holds the positive and negative ions together [11]. 

Electrical energy is then generated when the electrons are removed through the external 
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circuit, and the counter-ions (positive ions) are repelled from the negative electrode at the 

electrode/electrolyte interface. A pseudocapacitor is another type of supercapacitor; however, 

it relies on faradaic processes to store charge. This implies that the charge storage process 

involves the transfer of electrons via redox reactions at the positive and negative electrodes 

[11]. These types of supercapcitors possess a greater specific capacitance as opposed to 

EDLCs, however, the redox reactions causes high internal resistance within the cell, thus 

resulting in a decreased specific power density [11].  In the case of fuel cells, fuels such as 

hydrogen and hydrocarbon gases are required for energy storage and conversion [12].  

 

Since the year 1990, supercapacitor devices became well known within the application of 

hybrid electric vehicles [11]. The efficiency of a vehicle requires kinetic energy to be stored 

within a compartment of the vehicle when it reduces speed or remains stationary [1]. 

Batteries have been regarded as suitable technological devices for successfully performing 

these energy storage operations [1]. However, due to the low – specific power density of 

batteries, additional energy storage technologies such as supercapacitors can boost the battery 

in a hybrid electric vehicle, thus providing efficient power for the acceleration and 

regenerative braking of the vehicle [11]. Supercapacitors have mostly been recognized for 

this particular application as a result of their high power rate capabilities and extended 

lifecycle, thus providing an improvement in the development and manufacturing of more 

advanced hybrid electric vehicles [1]. The figure below presents various electrochemical 

energy storage and conversion devices in terms of their specific energy and power [11]. From 

our knowledge of batteries and capacitors, batteries are able to store large quantities of 

energy; however, they do take a long time to charge. Capacitors, on the other hand, can 

charge very quickly; however, they do not store as much energy. Supercapacitors fill in the 

gap between batteries and conventional capacitors, as they are able to store more energy than 

capacitors and charge more quickly than batteries [11]. Ideally, we desire to develop 

supercapacitor technologies with the ability to store large amounts of energy as well as 

charge very quickly. This research work is therefore aimed at developing a high performance 

supercapacitor electrode material that has the potential to store a large quantity of charge, 

undergo many chemical reactions without breaking down, and possess a high electrical 

conductivity.   
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Figure 1.2: Ragone plot illustrating general guidelines for various electrochemical 

energy storage and conversion devices [11].  

 

The current electrode materials generally used in today’s supercapacitor devices are mainly 

categorized according to the following types: carbon-based materials; conducting polymers; 

and metal oxide materials such as RuO2, IrO2, MnO2, NiO, Co2O3, Fe2O3, Mn3O4, SnO2, 

V2O5, and MoO [11]. Carbon materials such as activated carbons, carbon nanotubes (CNTs), 

and graphene have been immensely studied in the application of supercapacitor electrode 

materials due to their large surface area, rich pore structures, and high electrical conductivity 

[13]. However, it is prominent that these types of carbon materials have their own unique 

advantages and disadvantages. Extensive research have been conducted on activated carbon 

materials for EDLC electrodes due to their large surface area (ranging from 1000-3000 m
2
/g) 

[11] and relatively low cost [13]. However, its electrochemical analysis revealed an 

undesirable specific capacitance value of about 60 F/g [14] at low current densities [13]. 

Carbon nanotubes have also been employed as high energy density EDLC electrode materials 

due to their satisfactory electronic conductivity; however, they do possess a lower surface 

area of 430 m
2
/g [11] as compared to activated carbon [13]. Despite the disadvantage of 

CNTs to activated carbons regarding surface area, the entanglement formation of the 

nanotube structures allows for easier access of electrolyte ions to the electrode/electrolyte 

interface during the charging process of the EDLC [11].  
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A research group evaluated the electrochemical performance of a hybrid activated carbon and 

carbon nanotube nanocomposite material in an organic electrolyte [14]. The results obtained 

from electrochemical analysis revealed that the synthesized material achieved a specific 

capacitance value of 90 F/g, indicating an improvement as compared to the pure activated 

carbon-based electrode material [14]. Recently, many research groups have shown intensive 

interest in the development of graphene electrode materials for EDLCs as they exhibit a 

theoretical specific surface area of 2630 m
2
/g and a theoretical specific capacitance of 550 

F/g [13]. However, the downfall to graphene is that when few-layered graphene sheets are 

stacked together during electrode preparation, they experience strong Van der Waals forces 

between the layers [13]. This interaction reduces the accessible surface area of the densely 

stacked graphene layers for the accumulation of electrolyte ions [13]. Innovative research 

aimed at solving this problem have been implemented by incorporating an activation 

methodology involving the development of activated graphene nanostructures [13]. This 

research resulted in the formation of graphene materials possessing an even greater specific 

surface area ranging between 2400-3100 m
2
/g [13]. Although these materials showed 

promising results regarding surface area, they only managed to achieve a specific capacitance 

ranging between 120-165 F/g [13]. This implies that there are certain sections of the specific 

surface area that are not electrochemically accessible to the electrolyte ions [13]. 

Nevertheless, activated graphene still exhibits a greater specific surface area and capacitance 

than that of activated carbon and carbon nanotubes combined.  

 

Second on the list of supercapacitor electrode materials is conducting polymers. These types 

of materials possess interesting characteristics that make them acceptable candidates for 

supercapacitor applications such as their relatively low cost, low toxicity, high electrical 

conductivity, and large energy storage capacity [11]. Conducting polymers are mostly 

employed as electrode materials for pseudocapacitors as they produce the capacitive response 

via fast-moving redox reactions occurring within the polymer matrix [13]. The two types of 

conducting polymers which are predominantly investigated include polyaniline (PANI) and 

polypyrrole (PPy) [13]. They exhibit specific capacitance values ranging between 150-190 

F/g (for PANI) and 80-100 F/g (for PPy) in both aqueous and non-aqueous electrolytes [13]. 

However, these values are still undesirable for achieving the prerequisites of experimental 

application because conducting polymers tends to experience instability during 

charging/discharging cycling processes, which results from the swelling and shrinking 
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formation of the conducting polymer structures [13]. Therefore, researchers have performed 

numerous efforts on developing nanostructured conducting polymers to moderately enhance 

its capacitance and cycling stability [13].  

 

Metal oxides are additional types of electrode materials employed in pseudocapacitors and 

they include RuO2, IrO2, MnO2, SnO2, Co2O3, Fe2O3, Mn3O4, and etc [13]. Ruthenium(IV) 

oxide (RuO2) is one of the most vastly explored electrode materials, due to it having the 

highest theoretical specific capacitance among pseudocapacitive materials (about 2000 F/g) 

[13]. In addition, it also exhibits a high electrical conductivity, good chemical and thermal 

stability, long cycle life, and high rate capabilities [13]. However, it has a considerably high 

cost and toxicity, thus limiting its applications to aerospace and military use where the budget 

is not an issue. Therefore, researchers are traversing their attention to developing cheaper and 

more environmentally friendly metal oxide materials which still retains the desired 

supercapacitive properties [13].    

 

Researchers have, however, considered manganese oxide (MnO2) as alternative 

pseudocapacitive energy storage materials due to their desired low cost, low toxicity, 

environmental safety, and high theoretical specific capacitance values ranging between 1100-

1300 F/g [13]. Scientists have also pondered upon developing other metal oxides with 

different morphologies to that of pure MnO2, such as Co2O3, Fe2O3, and Mn3O4 [13]. 

Additionally, a specific research group innovatively proposed the development of binary 

transition metal oxides with AB2O4 (A = Co, Ni, Mn, and Zn; B = Co, Mn, and Fe) structures 

as pseudocapacitive energy storage and conversion electrode materials [2, 13]. An example of 

such material types that have been developed and studied is NiCo2O4, which was proven to 

exhibit an electrical conductivity far greater than single metal oxides (NiO and Co3O4), and 

with specific capacitances ranging between 400-1600 F/g [13]. 

 

This research study will involve the development of a CuMn2O4 spinel nanostructured binary 

metal oxide electrode material via a hydrothermal synthetic route. The CuMn2O4 

nanoparticles will also be strongly anchored to the outer walls and inner cores of carboxylic 
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acid functionalized multi-walled carbon nanotubes (MWCNTs) to accommodate stability of 

the CuMn2O4 active material at the surface of the electrode/electrolyte interface. The 

additional purpose of binding the CuMn2O4 nanoparticles to MWCNTs is also to enhance its 

electrical conductivity, induce a high capacity, extend its cycle life, and enforce a good rate 

capability. For comparison purposes, the pristine Mn3O4 nanoparticles will also be 

synthesized according to the same hydrothermal synthetic route. The electrochemical 

performance of the Mn3O4 and CuMn2O4 electrode materials will be compared to that of the 

hybrid CuMn2O4/MWCNT composite electrode material [15].  

 

1.2 Problem Statement 

The spinel CuMn2O4 is an appealing material in relation to ecological and economical 

sustainability due to the environmental compatibility, low cost, and high natural abundance of 

its individual elemental components. The distinctive advantage of spinel CuMn2O4 

nanoparticles is that its charge storage mechanism, which is based on the adsorption and 

desorption of alkaline electrolyte anions onto the CuMn2O4 surface, is contributed by the 

valence translation of Mn
3+

/Mn
2+

 [16]. This particular phenomenon therefore renders a 

specific capacitance value of 577.9 F/g, which is about three orders of magnitude greater than 

that of its Mn3O4 correspondent [17]. However, the unfortunate disadvantage of spinel 

CuMn2O4 nanoparticles is that its specific capacitance drastically decays during 

charging/discharging processes at current densities  10 A/g [16]. This downside is attributed 

by the morphology of the particle surfaces as it contains limited active sites for electrolyte 

ions, thus restricting the ion diffusion processes within the electrodes resulting in ineffective 

charge transfer channels [15]. This proposed study addresses the above-mentioned 

disadvantage by developing electrochemically active composites of spinel CuMn2O4 

nanoparticles agglutinated onto the surface of multi-walled carbon nanotubes (MWCNTs). 

The incorporation purpose of MWCNTs to the spinel CuMn2O4 nanoparticles is to enhance 

its specific capacitance, increase its specific surface area for the promotion of additional 

redox active sites, and provide structural stability under high-rate charge/discharge processes 

[15].  
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1.3 Rationale and motivation of research 

The economical dependence of South Africa on fossil fuel energy sources has evoked 

consequential concerns towards environmental sustainability. This therefore encourages the 

need for developing renewable and self-sustaining energy generation systems such as solar 

cells, wind, and hydroelectric turbines. However, due to the intermittent nature of solar and 

wind resources, their efficiency is not equivalent with current energy demands. Additionally, 

due to the high construction cost of hydropower stations, government officials are therefore 

enticed to invest in further development of energy storage technologies. Therefore, it is a 

crucial requirement for employing additional development of high performance 

electrochemical energy storage devices such as lithium-ion batteries and supercapacitors. 

These technologies could potentially store the energy generated from solar and wind power, 

and supply it to wherever, whenever needed. However, the implementation of these 

technologies within large-scale applications is restricted by the electrochemical performance 

induced from their electrode materials. This therefore provides motive to develop 

supercapacitor electrode materials capable of generating enhanced energy storage capacities, 

potentially suitable for large-scale clean energy systems such as solar, wind, and electric 

vehicles.  

 

In recent literatures of supercapacitor electrode materials, Lina Chen and co-authors designed 

a spinel structured composite material by integrating LiMn2O4 nanoparticles with 

graphene/carbon nanotube networks, thus formulating LiMn2O4/CNTs/graphene [233]. This 

material was employed as a cathode electrode material for hybrid capacitors, and exhibited 

overall energy and power densities of 62.77 Wh/kg and 2967.96 W/kg, respectively [233]. 

Transition metals such as copper and/or nickel can become more conductive when 

incorporated with manganese oxides into a spinel-structured formation. Additionally, 

introducing carbon type materials such as graphene or carbon nanotubes, would improve the 

conductivity of the spinel-structured material. A reduced graphene oxide/NiMn2O4 composite 

material, developed by Zhongbing Wang and co-workers for high-performance 

supercapacitors, exhibited a specific capacitance of 693 F/g at a 1 A/g current density [252]. 

From the results and insights of these recently researched materials, the development of 

spinel CuMn2O4 electrode materials provided an interest due to its relatively high 

conductivity, low cost, high relative abundance, and environmental benignity. In the attempt 
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to further improve its electronic conductivity, structural, and thermal stability, multi-walled 

carbon nanotubes (MWCNTs) would provide a lower interfacial resistance along the 

electrode/electrolyte interface, thus inducing a lower energy loss during charge/discharge 

cycles [15]. Composite electrode materials in recent literatures are often composed of 

combined structural networks of graphene@CNTs [232]. Graphene increases the number of 

electro-active sites for binding with the spinel component of the composite, thus benefitting 

its electrolyte ion diffusion mechanisms [234]. However, due to the time consuming synthetic 

procedure of graphene, as well as low yield production of reduced graphene oxide, 

functionalized MWCNTs provide a suitable alternative with similar physical and chemical 

characteristics. Asymmetric supercapacitors, using NiCo2O4/rGO/MWCNTs as the cathode 

and activated carbon (AC) as the anode, delivered energy densities of 13.3 Wh/kg – 38.1 

Wh/kg at low (58.1 W/kg) and high (797.8 W/kg) power densities [246]. This type of device 

configuration is therefore more optimal for use in researching supercapacitor electrode 

materials.   
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1.4 Research aims and objectives 

The aim of this research project is to develop a nanostructured spinel copper manganese 

oxide (CuMn2O4) nanocomposite electrode material, modified with multi-walled carbon 

nanotube (MWCNT) networks. Additionally, the aim is also to explore the energy and power 

density properties of this composite material with high performance supercapacitor 

applications.   

 

This research study involves the following objectives: 

1. Synthesis of the pristine manganese oxide (Mn3O4) nanoparticles via a high 

temperature hydrothermal heating method.  

2. Synthesis of the spinel copper manganese oxide (CuMn2O4) nanoparticles similarly 

via the hydrothermal heating method. 

3. Purification and chemical oxidation process of multi-walled carbon nanotubes 

(MWCNTs). 

4. Incorporation of CuMn2O4 nanoparticles onto MWCNT surfaces via a reflux heating 

method to form the hybrid CuMn2O4/MWCNT composite material. 

5. Microscopic, elemental, and particle size analysis of the synthesized electrode 

materials via High-Resolution Transmission Electron Microscopy (HR-TEM), 

Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDS), 

and Small-Angle X-ray Scattering (SAXS).  

6. Crystallographic and functional group analysis of the electrode materials via X-ray 

Diffraction (XRD) and Fourier Transform-InfraRed Spectroscopy (FT-IR). Raman 

Spectroscopic analysis, to study the molecular vibrations of each electrode materials 

as well as Thermo-Gravimetric Analysis (TGA) towards investigating the thermal 

stability of said electrode materials.       

7. Fabrication of nickel-foam electrodes with the nanocomposite materials and assembly 

of the Swagelok device to perform electrochemical characterization using Cyclic 

Voltammetry (CV), Galvanostatic charge/discharge (GCD), and Electrochemical 

Impedance Spectroscopy (EIS).    
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1.5 Research framework 

 

 

   

 

   

 

                                                                              

                                                                                           

 

                                                                                     

 

 

 

 

    

 

              

 

 

 

Scheme 1.1: Flowchart illustrating the research framework. 
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1.6 Thesis outline 

The broad context of this research project is to design and develop a modified electrode 

material (CuMn2O4/MWCNT), from previous materials that have already been tested (Mn3O4 

and CuMn2O4), that would exhibit an improved electrochemical performance in the 

application of supercapacitor devices. Additionally, the objective is to scientifically 

understand how the modified elemental and structural components on the 

CuMn2O4/MWCNT material (i.e. how the Cu
2+

 atoms and MWCNTs alter the physical, 

structural, and electrochemical properties of the pristine Mn3O4 material) influences its 

electrochemical performance. The results and key findings of all the experiments conducted 

on each synthesized electrode material, is presented as an outline below. 

 

Chapter 1, as previously mentioned, presents as concise introduction on the research 

background knowledge of the project, as well as, an overlook on recent advances on electrode 

materials used in supercapacitor devices. The research motivation, aims, objectives, and 

outline of the project, is additionally stated in this chapter.  

 

Chapter 2 provides a literature review relating to the elementary concepts concerned with 

electrochemical energy storage and capacitor systems. This chapter initially presents a 

descriptive definition of capacitance and continues to provide a better understanding of the 

physical, chemical, and structural properties of the modified CuMn2O4/MWCNT electrode 

material. 

 

Chapter 3 initially presents the chemical reagents and experimental procedures used for the 

synthesis of Mn3O4, CuMn2O4, and CuMn2O4/MWCNT electrode materials. This chapter 

additionally provides a brief background knowledge on the characterization techniques and 

instrumentation used during the investigation. 

 

Chapter 4 provides the results and discussion of the analyzed electrode materials illustrating 

the morphological, structural, spectroscopic, and electrochemical properties.  
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Chapter 5 provides a brief but comprehensive summary of all the research findings and 

additionally offers an overview description of potential future improvements and 

recommendations.  

 

The absolute final section of this research project is the reference section, which is ascribed to 

the list of references utilized for this investigative study.  

 

 

 

 

 

  

 

   

 

    

 

 

 

 

 

 

 

 

 

http://etd.uwc.ac.za/



16 
 

CHAPTER 2 

 

Chapter Overview 

Chapter 2 provides an extensive overview of the elementary concepts concerned with 

electrochemical energy storage and capacitor systems, placing emphasis on the prospective 

demand for supercapacitor devices. The classification of capacitor systems, underlining the 

various types of supercapacitor technologies, as well as, the materials associated with these 

types of supercapacitor devices are additionally discussed in this chapter. The importance of 

nanotechnology on the development of superior electrode materials for high performance 

supercapacitors, is finally studied and portrayed as the last section of the literature review. 

This particular end segment is of essential significance as it elucidates the broad context of 

the research work. 

 

2.0 Literature Review 

 

2.1 Elementary concepts of capacitor systems 

Renewable energy resources such as wind, water, and solar power have continuously 

contributed towards electricity generation for global energy demands [18]. As a result of the 

increasing growth in energy contribution from these renewable and intermittent energy 

sources, the demand for energy storage technologies is becoming increasingly indispensable 

[18]. The required characteristics that these energy storage systems should attain, is the 

ability to store substantial amounts of energy and be able to  deliver it over extended periods 

of time [18]. However, in applications where quick energy bursts is required, technologies 

such as capacitors are suitable for addressing this particular requirement. In contrast, 

conventional capacitors are able to store up to 0.15 Wh/kg of energy, which is insufficient for 

applications requiring considerable energy outputs in short durations such as vehicle engine 

starting mechanisms [18-19]. This advanced energy storage technology, known as 
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supercapacitors, exhibit energy densities exceeding that of conventional capacitors, and 

power densities exceeding that of batteries [18]. These technological devices are mainly 

utilized in electric vehicle applications due to their lightweight, zero maintenance, fast 

charging times, and virtual limitless cycle life characteristics [19]. In order to fully 

understand the scientific fundamentals of electrochemical supercapacitors, it is imperative to 

understand the elementary concepts of conventional capacitor systems. 

 

A capacitor can be described as an electronic component capable of storing electrical 

potential energy in the form of charge within an electric field existing between two parallel 

oppositely charged conducting plates called electrodes [20]. The electrical field between the 

plates of a capacitor is affected by a thin layer of insulating material, e.g. vacuum, air, glass, 

paper, etc, known as a dielectric [21]. This material, which is inserted between the parallel 

plates, is generally designed to prevent the transfer of charges from occurring between the 

plates, in order to ensure that electric charge of equal magnitude, but opposite polarity, 

accumulates on each plate [21]. These conventional capacitor devices are commonly utilized 

in the electrical circuitry of radio applications for fine-tuning the frequency of radio receivers, 

in the circuitry of electronic calculators, additionally in automobile ignition systems for 

preventing the occurrence of sparking, and ultimately in electronic flashing units as energy 

storing devices [21].  

 

The figures below represents (a) a circuit diagram of a parallel-plate capacitor consisting of 

two parallel plates each with area {A} separated by a distance {D}, where the two plates 

sustain equal and opposite charges [21]. Additionally, it also represents (b) an image of a 

cylindrical shape capacitor consisting of a cylindrical conductor of radius {a} and length {L}, 

surrounded by a coaxial cylindrical shell of radius {b} [21]. 
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  (a)                                                                     (b) 

 

Figures 2.1: (a) A parallel-plate capacitor connected to an energy source (i.e. a battery 

cell), and (b) a cylindrical shape capacitor [22-23]. 

 

2.1.1 Definition of capacitance 

Defining the concept of capacitance, we could consider an isolated metallic sphere conductor 

with an arbitrary radius illustrated as {R}, where charge can be stored on the surface of the 

spherical conductor [24]. If we also consider the quantity of charge stored on the surface of 

the sphere as {Q}, then the electrical potential of the sphere can be illustrated as the 

following equation: 

                                                  
0

1

4

Q
V

R
                                           (2.1) 

 

Where 0  = Permittivity constant {8.85 x 10
-12

 C
2
/(N.m

2
)} , Q = quantity of charge stored on 

the spherical conductor, and R = radius of the spherical conductor [24]. From equation (2.1), 

we can therefore deduce that the quantity of charge stored on the spherical conductor is 

directly proportional to its electrical potential [25]. The relation of charge with potential is 

generally true for any arbitrary shaped conductor [26]. The charge accumulated and stored on 

the surface of the conductor induces an electrical field with an electric field strength directly 
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proportional to the charge stored on the conductor surface [27]. This electrical field generates 

an electrical potential that is directly proportional to the electric field strength, thus providing 

the indication of charge being directly proportional to the potential [28]. From this deduction, 

we can therefore formulate the following expression: 

 

                                                              Q CV                                                          (2.2) 

 

Where, C is defined as the constant of proportionality, which is fundamentally known as the 

capacitance of the conductor [24]. Additionally, it is quite important to note that the 

capacitance would undoubtedly increase in magnitude if the conductor is able to store a large 

quantity of charge at a relatively low electrical potential [24]. For a spherical conductor, the 

capacitance value would increase in correlation with its radius and it can be calculated using 

the following mathematical equation: 
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                                     (2.3) 

 

Where the unit for capacitance is farad (F), and 1 farad = 1 F = 1 coulomb/volt [24]. 
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2.1.2 Calculation of capacitance 

2.1.2.1 The Parallel-Plate Capacitor 

The most customary variation of capacitor systems is comprised of two metallic parallel plate 

conductors, separated from one another by an insulating material called a dielectric, where 

individually, the plates carry opposite magnitudes of electric charge [29]. The capacitance 

value of such a capacitor configuration can be described by the following expression bellow, 

which incorporates the difference of potential between the two metallic parallel plate 

conductors [30].   

 

                                                  
Q

C
V




                                              (2.4) 

 

Where Q = the quantity of charge on each plate, ∆V = the change in potential between the 

two plates [31]. It is also important to note that for this expression, both Q and ∆V are 

considered as positive quantities, and that the net charge within the metallic parallel plate 

capacitor is zero [24].  

 

 

Figure 2.2: Diagram of a two metallic parallel-plate capacitor, each of area A (m
2
), 

separated by a distance d (m), with respective charges of +Q and –Q [32]. 
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The electric field and the potential difference between the two metallic parallel plates is 

described by the following two expressions bellow (given in equation 2.5 and 2.6). It is 

imperative to note that for these expressions, the electric field lines at the edge of the plates, 

which are not considered as straight lines, are neglected as we only consider the electric field 

lines between the plates when calculating capacitance [33]. 

 

                                                       
0 0

Q
E

A



 
                                                (2.5) 

 

                                                          
0

Qd
V Ed

A
                                                     (2.6) 

 

From these expressions, we can therefore finally formulate a mathematical equation 

(illustrated in equation 2.7) that can be used to calculate the capacitance value of a parallel 

plate capacitor configuration [33]. 
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2.1.2.2 The Cylindrical Capacitor 

A cylindrical capacitor device consists of a cylindrical wire with radius R1, which is 

additionally surrounded by a cylindrical shell of inner radius R2. Both the cylindrical wire 

and the shell have equal lengths, as portrayed in the following diagram below. During the 

charging process of the capacitor, the inner wire and outer shell continually receive equal but 

opposite charges until they reach their maximum capacitance. The calculation for the 

capacitance of the cylindrical capacitor is methodically illustrated below the displayed 

diagram of the cylindrical capacitor.  

 

 

Figure 2.3: Pictorial representation of a cylindrical capacitor consisting of a cylindrical 

conductor of radius R1 and length L, surrounded by a coaxial cylindrical shell of radius 

R2, where the dashed line, in the diagram, represents the end of the cylindrical Gaussian 

surface [34]. 

 

The capacitance calculation of the cylindrical capacitor is progressively displayed in the 

following set of mathematical equations:  

Step 1: Initially, it is required to calculate the electric field generated between the two 

cylindrical conductors (E), by using the integral form of  Gauss’s Law (which states the 

following; the total electric flux,  , through any closed surface is equivalent to the charge 

stored, divided by the permittivity constant) [35] .  
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Scheme 2.1: Schematic diagram displaying a drawing representing a Gaussian surface 

[35].  

 

                                                            
0

E.
Q

da


                                                     (2.8) 

 

                                                           
0

E.2 .
Q

r L


                                                    (2.9) 

 

Where 2 r = the circumference of the ring shell, and L = the length of the ring shell. When 

solving for E in equation (2.9), we obtain the following expression: 

 

                                                            
02

Q
E

L 
                                                     (2.10) 
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For the radius between a and b, additionally represented as (a    ).  

 

In physics, the charge per unit length is also represented as lambda ( ). This can be used in 

the above expression by substituting   = Q/L (charge per unit length).  

 

                                                      
02

E
r



 
                                                        (2.11) 

 

Step 2: Secondly, part 2 of the calculation include the use of the expression for (E), in order 

to determine the potential difference  V  between the two shells. 

 

                                                               V dv                                                        (2.12) 

 

                                 

dv Edr

dv
E

dr




        Standard electromagnetics equations       (2.13 & 2.14) 

 

                                                              E.
a

b
V dr                                                 (2.15) 

 

With the use of the expression for (E), we have the integral form of (V) as follows:  

 

                                                           
0
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2

a

b
V dr

r



 
                                             (2.16) 
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The next sub-step would be to rearrange the integral variables, cancel out the negative sign, 

and use the fundamental calculus theorem to obtain the complete expression for (V).  

 

                                                            
0

1

2

b

a
V dr

r




                                               (2.17) 

 

According to the natural logarithm theorem, 
1

ln , 0
d

x if x
dx x

  . In this case,  

1
ln , 0

d
r if r

dx r
   [36]. From the derivative of ln r , the integral result can be obtained as 

follows: 

 

                                                             
0
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2
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a
V r




                                                   (2.18) 

 

The upper and the lower limits are illustrated as (a) and (b). Applying “The Fundamental 

Theorem of Calculus”, we obtain the following expression: 

 

                                                          
0

ln ln
2

V b a



                                         (2.19) 

 

Using the rules of logarithms, we can simplify the above expression to formulate the 

complete mathematical expression for the potential difference (V) between the inner and 

outer cylindrical shells.  
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Step 3: The third and final part of the calculation would be to determine the actual 

capacitance of the cylindrical capacitor. This can be performed by using the equation below: 

 

                                                                  
Q

C
V

                                                      (2.21) 

 

Next would be to find the expression for charge (Q), by using the equations  =Q/L   Q= L. 

This expression for (Q) can then be used to find the expression for the capacitance. 

 

                                                               
 

02
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L
C

b
a

 
                                                  (2.22) 

 

Additionally, it is important to note that the magnitude of the potential difference  V  is a 

positive quantity since the inner cylinder possesses a greater potential than that of the outer 

cylinder. The expression shown in equation (2.22), illustrating the capacitance of a 

cylindrical capacitor, is now well understood as it also indicates that the capacitance is 

proportional to the length of the cylinders (C  L) [37]. This therefore implies that, as the 

length of the cylinders increases, its capacitance also increases. An extra detail to note is that 

the capacitance also depends on the radii of the two cylindrical conductors [38]. 
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2.1.2.3 The Spherical Capacitor 

A spherical capacitor device is generally comprised of a spherical conducting shell of radius 

{rb} and charge {-Q}, that is concentric with a smaller conducting sphere of radius {ra} and 

charge {+Q} [21]. The electric field {E} between the two conducting spheres is radiating 

outward, due to the positive charge retained by the inner sphere. The capacitance of a 

spherical capacitor can be calculated by initially evaluating the potential difference { V} 

between the spherical conductors for a given charge on each sphere. The following and final 

step is to apply Gauss’s Law as well as the definition of capacitance, in order the complete 

the calculation.  

 

 

Figure 2.4: Diagram of a spherical capacitor consisting of two concentric conducting 

spheres [38]. 

 

By definition:                                             
Q

C
V

  

In order to obtain the potential difference between the two spheres, it is essential to initially, 

determine the electric field outside of the inner sphere. Since the electric field is only 

determined by the charge on the inner sphere and not the outer sphere, we therefore have the 

following expression for the electric field (E1-the electric field caused by the inner sphere): 
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                                                              1 2

kQ
E

r
                                                        (2.23) 

 

The main objective is to obtain the potential difference between {ra} and {rb}, by using the 

following relationship, illustrated below, between the potential difference (∆V) and the 

electric field (E1):  

 

                                                         1 1

V
E V E r

r
                                                (2.24) 

 

It is crucial to note that the relationship, illustrated above, is only true if the electric field (E1) 

is constant. In the case of the spherical capacitor, the electric field (E1) is not constant, as it is 

a function represented as  1 2

1
E r =

r
 . Therefore, we can present the relationship between the 

potential difference and the electric field in a differential form expression, as illustrated 

below: 

 

                                                               

1

1

V E r

dV E dr





                                       (2.25 & 2.26) 

 

The dV derivative notation is similar to the change in potential notation (∆V) between the 

inner and outer spheres, which is also additionally implied as the potential difference (V). 
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The negative sign is included before the integral, due to the decrease in potential occurrence 

as the radius of the spheres increases, i.e. as the radius of the spheres increases, the potential 

decreases. The purpose of the negative sign is to compensate for that, thus the continued 

integral expressions are illustrated below: 
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Before continuing with the calculation, it is vital to note that ∆V is a positive quantity, since

b ar r . This notification, therefore, implies that 
1 1

a br r
  . The above expression, in 

equation (2.31), is further simplified below to obtain the complete expression for the 

potential difference (∆V). 
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                                       (2.32) 

 

The final expression for the capacitance of the spherical capacitor is illustrated as follows by 

relating the definition of capacitance, C = Q/V, with the above expression for the potential 

difference, to formulate the capacitance expression in its simplest mathematical form.   

 

                                                          04 a b
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                                             (2.33) 

 

 

Figure 2.5: Summary of the three geometrical capacitor designs with their respective 

capacitance derived expressions [39]. 
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2.1.3 Energy stored in a charged capacitor 

The energy stored on a capacitor in the form of charge, can also be considered as the energy 

stored in the form of electrical potential energy. However, in order for the capacitor to store 

charge, a power source (for example a battery) must be connected to it. The battery cell 

performs work (W) by mobilizing the positive and negative charges from one plate to the 

other. Additionally, it is significant to take into account that this discussion is considered for 

a parallel-plate capacitor system. However, the derived electrochemical potential energy 

expression, which is illustrated below, is generally valid for any electrostatic field 

configuration. 

 

 

Scheme 2.2: Schematic of a capacitor circuit diagram connected to a battery cell and a 

voltmeter, to measure the voltage across the capacitor during its charging process [40]. 
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During the charging process of the capacitor, when the battery cell is in connection with the 

closed circuit, the positive and negative charges separate from one plate to the other. This 

occurs by virtue of the battery cell performing work by transporting the negative charges to 

the negative plate. Once the capacitor is fully charge up, all the positive and negative charges 

are stored, in the form of electrical potential energy, on the positive and negative plates. If we 

were to, hypothetically, consider an infinitesimally small charge on the negative plate 

electrode as (dq); the work (U) required to transport the charge element (dq) from the 

negative plate to the positive plate involves the following formula: 

 

                                                              dU V dq                                                    (2.34) 

 

It is additionally important to note that the energy stored on a capacitor can also be expressed 

in relation to the work done by the battery cell. As each differential charge (dq) moves 

towards the capacitor plate, the voltage across the capacitor progressively increases toward 

the voltage of the battery cell. This implies that during the energy storing process, it requires 

more work to move each successive elemental differential charge (dq) from one capacitor 

plate to the other. The culmination of all the amounts of work done by the movement of all 

the dq  charges, until the capacitor plate attains its total maximum charge, requires an infinite 

summation calculation, for which the integration tool is famously essential. Below is the 

mathematical interpretation of the definite polynomial capacitor energy integral: 

 

                                                            Total
0

fQ

U V dq                                                (2.35) 

 

Using the basic definition of capacitance for all capacitor configuration types, C = q/V 

(which also implies) V = q/C, we can rewrite the potential energy expression with the use of 

some additional substitutions.  
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                                                          Total
0

fQ q
U dq

C
                                                 (2.36) 

 

The upper and lower limits of the integral is the charge variable of the capacitor, i.e in this 

case, the capacitor is being charged up from zero coulomb to (Qf) coulombs. Thereafter, it is 

just a matter of solving the integral to obtain the final expression for the electrical potential 

energy stored on the parallel-plate capacitor.  
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2.2 Classification of capacitor systems 

2.2.1 Electrostatic capacitors 

Electrostatic capacitors, which are generally considered as conventional capacitors, are 

constructed of two conductive electrodes, onto which electric charge is stored, each separated 

by a thin layer of non-conducting insulating material called the dielectric. When a dielectric 

is inserted between the parallel-plates of a charged capacitor, and completely fills the space 

between the plates, the quantity of charge on the plates will remain unchanged. However, the 

potential difference across the capacitor, as well as, the electric field strength within the 

capacitor plates is drastically reduced from what it would be in a vacuum (i.e. in a capacitor 

without a dielectric). Additionally, during this process, the capacitance of the capacitor 

increases by a specific dimensionless factor denoted as (K), called the dielectric constant. All 

known dielectric materials each possess their own unique dielectric constant (K), and 

dielectric strength (V/m) values. The dielectric strength of an insulating material can be 

described as the maximum electric field that can exist within the dielectric material without it 

experiencing any electrical malfunction. 

  

An important statement previously mention with regard to how the capacitance changes due 

to the presence of a dielectric material, states that the capacitance increases and the voltage 

decreases by the dielectric constant factor (K). Since the charge (Q0) on the capacitor remains 

unchanged, we conclude that the capacitance must change to the following expression: 
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Where (C0) = the capacitance of a capacitor in the absence of the dielectric material. For a 

parallel-plate capacitor configuration, where C0 = ε0A/d, we can express the capacitance of 

the capacitor containing a dielectric as the following expression: 

 

                                                             0 A
C K

d


                                                    (2.42) 

 

 

Scheme 2.3: Circuit diagrams illustrating how the potential difference, as recorded by 

an electrostatic voltmeter, for capacitors without (a) and with (b) a dielectric material, 

is reduced from V0 to V by a factor of K (which implies that V = V0 / K) [41]. 
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Table 2.1: Table showing the dielectric constants and dielectric strengths of various 

materials at room temperature [42]. 

Material Dielectric Constant (K) Dielectric Strength (V/m) 

Vacuum 1,00000 - 

Air 1,00059 3 x 10
6 

Bakelite 4,9 24 x 10
6 

Fused quartz 3,78 8 x 10
6 

Pyrex glass 5,6 14 x 10
6 

Polystyrene 2,56 24 x 10
6 

Teflon 2,1 60 x 10
6 

Neoprene rubber 6,7 12 x 10
6 

Nylon 3,4 14 x 10
6 

Paper 3,7 16 x 10
6 

Strontium titanate 233 8 x 10
6 

Water 80 - 

Silicone oil 2,5 15 x 10
6 

 

The list presented below describes what advantages a dielectric material would offer a 

capacitor within a vacuum or air. 

 The dielectric material would increase the capacitance value of the capacitor by the 

dimensionless factor K. 

 The dielectric material would also increase the maximum operating voltage within 

which the capacitor could function.  

 Lastly, the dielectric material could/would possibly provide mechanical support 

between the plates, thus allowing the plates to have a shorter distance (d) from one 

another, thereby causing an increase in the capacitor’s capacitance.    
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Commercial grade electrostatic capacitors are frequently constructed of metal foil layers, 

intertwined with thin sheets of paraffin-impregnated paper or mylar, which is utilized as the 

dielectric material. These alternating layers and sheets of metal foil and dielectric are then 

rolled into the shape of a cylinder to form a small packaged electrostatic cylindrical capacitor 

(shown in the figure below). High-voltage capacitors commonly consist of numeral parallel 

interwoven metallic plates submerged in silicone oil, which serves as the dielectric material 

(as shown in the figure below). Small commercial capacitors of today are often constructed of 

ceramic and thin film materials.  

 

 

Figure 2.6: Image displaying (a) the basic construction of a cylindrical electrostatic 

capacitor, (b) a high-voltage multi-plate capacitor containing a silicon oil dielectric, (c) 

commercial grade ceramic and film capacitors, and (d) a variable air electrostatic 

capacitor [43-44].    
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2.2.2 Electrolytic capacitors 

Electrolytic capacitors are conventionally employed as DC power supplies in electronic 

circuits due to their superior capacitances over that of electrostatic capacitors [45]. In this 

capacitor design, one of the two electrodes (usually the positive/cathode electrode) contains a 

very thin film layer (less than 10 μm) which serves as the dielectric material of the capacitor, 

with both electrodes separated by a semi-fluid electrolyte material in the form of a slurry 

paste [46]. These electrolytic type capacitors are primarily polarised, implying that the DC 

voltage applied to the capacitor terminals must be of correct polarity, as the incorrect 

polarisation will cause the film material on the cathode electrode to deteriorate [47]. The 

figure below displays the basic interior designs on an aluminium electrolytic capacitor, 

together with an image of a commercially packaged electrolytic capacitor.    

 

 

Figure 2.7: Diagram displaying interior designs of an aluminium electrolytic capacitor, 

as well as an image of a packaged commercial grade electrolytic capacitor [48].  
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2.2.3 Electrochemical capacitors 

Electrochemical capacitors, also known as supercapacitors or ultra-capacitors, are fast energy 

storage devices capable of reaching over 1 million deep charge/discharge cycles [49]. In 

comparison to the famous Tesla graphite NMC lithium-ion battery manufactured by 

Panasonic, it is capable of achieving approximately 3000 – 5000 cycles [50]. However, the 

total energy content in supercapacitors is smaller than that in batteries meaning that energy 

can be supplied very quickly, which is a unique aspect for some applications. The more 

widely applied research field in energy storage technologies is the combination of 

supercapacitor and battery systems. This hybrid configuration would attain a greater energy 

efficiency and cycle life, as the supercapacitor component would sustain high peak potentials, 

which, in single lithium ion batteries, do potentially cause punctures in the separator thus 

resulting to overheating occurrence [51]. Additionally, the life cycle of the battery component 

of the hybrid system would, in-turn, be extended twice as long. 

 

 

Figure 2.8: Diagram displaying interior designs of an (a) electrical double layer 

capacitor (EDLC), (b) lithium ion battery, and (c) hybrid battery type capacitor system 

[52-53].  
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2.2.3.1 Types of electrochemical capacitor technologies 

2.2.3.1.1 Electrical Double Layer Capacitors (EDLCs) 

Electrochemical capacitors (ECs) are classified into three unique categories, namely, 

electrical double layer capacitors (EDLCs), pseudocapacitors, and hybrid capacitors [54]. The 

main property that makes these EC devices distinguishable from one another is their unique 

energy storage mechanism. The EDLC uses a reversible electrostatic adsorption of electrolyte 

ions onto the electrode surface (containing the active electrode material) to mechanistically 

store energy in the form of charge [55]. This electrostatic force across the 

electrode/electrolyte interface is generated by an intense electric field from the applied 

voltage during charging processes of the device. Although EDLCs have lower operating 

performances than that of pseudocapacitors, they do possess a superior life expectancy due to 

their electrostatic energy storage mechanism [56]. As displayed in Fig. 2.8 above, the interior 

construction of EDLCs is much like that of Li-ion batteries. However, EDLCs store energy 

by the separation of minuscule ionic charges at the electrode/electrolyte interface, as 

represented by the Helmholtz Model envisioned by Hermann von Helmholtz in 1879 [57].  

 

Hermann von Helmholtz, a German physician and physicist, discovered that charged 

electrodes immersed within an electrolyte solution would attract counter-ions and repel co-

ions, thus formulating two compact layers of charges at the electrode/electrode interface, 

hence the formation of an electric double layer at the electrochemical interface [58]. The 

Helmholtz model structure is analogous to that of a conventional electrostatic parallel-plate 

capacitor, with planar electrodes separated by distance (dH), containing a dielectric material 

between the electrode plates [59]. Form this analogy, the specific capacitance  H

sC  of the 

Helmholtz layer is given by the following expression: 

 

                                                                
H

s 0 r

H

A
C

d
 

 
  

 
                                                 (2.43) 
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Where ε0 and εr are the free space and relative permittivity of the electrolyte solution, 

respectively, together with A being the electrode surface area [58]. The thickness (dH) of the 

Helmholtz double layer can be approximated as the radius of the solvated ions [58]. Later, 

Gouy and Chapman designed an electric double layer model that introduces the thermal 

motion of solvated cations and anions within the electrolyte solution [60]. These mobile ions 

are driven by diffusion kinetics and electrostatic forces, thus formulating the “diffuse layer” 

as illustrated in Fig. 2.9. Thereafter, Stern later developed the Gouy-Chapman-Stern model, 

where he combined the Helmholtz model and the Gouy-Chapman model and described the 

inner compact layer (of immobilized ions) as the Stern layer and the outer region (containing 

mobile solvated ions) as the diffuse layer, thus formulating the two layers of the electric 

double layer model [61].      

 

 

Figure 2.9: Models of the electric double layer structure illustrating the orientation of 

solvated cations and anions at the electrode/electrolyte interface within the Stern and 

diffuse layer, respectively: a) Helmholtz model, b) Gouy-Chapman model, and c) Gouy-

Chapman-Stern model [58, 62-63].   
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2.2.3.1.2 Pseudocapacitors (PCs) 

 Pseudocapacitors, another type of EC, operate through a different energy storage mechanism 

to that of EDLCs. The general principle behind its charge storage mechanism involves rapid 

reversible faradaic charge transfer processes, through redox reactions, occurring throughout 

the active electrode material surface [64]. The required physical and chemical property that 

these active materials should exhibit is a high electrical conductivity and specific surface 

area, for it to be a suitable electrode material candidate in pseudocapacitor applications [65]. 

Pseudocapacitors can be constructed as symmetric PCs, much like EDLCs, where both 

electrodes contain the same active material, and asymmetric PCs, where the electrodes are 

coated with different active materials. In this research work, an asymmetric pseudocapacitor 

design was implemented for the performance investigative study of the synthesized cathode 

(positive) electrode materials, against activated carbon as the negative active electrode 

material. The diagram below (Fig. 2.10) illustrates three different Faradaic charge transfer 

mechanisms, which pseudocapacitors use to store energy, namely: a) underpotential 

deposition, b) redox pseudocapacitance, and c) intercalation pseudocapacitance [65-66]. 

 

The underpotential deposition mechanism occurs when metal ions (e.g., Pd
2+

) adsorb onto the 

surface of a metallic (e.g., gold) electrode, thus forming a monolayer at the 

electrode/electrolyte interface [64]. These ions adsorb at electrical potentials greater than 

their reversible redox potentials [65]. Redox pseudocapacitance occurs when electrolyte ions 

are electrochemically adsorbed onto or in close-proximity to the electrode material surface, 

accompanied by a faradaic charge-transfer process [65]. Classic examples of these types of 

electrode materials include RuO2, MnO2, and conducting polymers [64, 67]. Intercalation 

pseudocapacitance occurs when the electrolyte ions intercalate between the atomic planes or 

layers of the active material’s crystal lattices [68]. During intercalation processes, the crystal 

lattice phase remains unchanged throughout the concomitant faradaic transfer of electric 

charge [65].  

 

The synthesized electrode materials investigated in this study utilizes a combination of two 

energy storage mechanisms, namely: i) redox pseudocapacitance and ii) intercalation 

pseudocapacitance [69]. It was calculated (from XRD data) that the crystal lattice sizes of the 
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researched electrode materials ranged between 0.5762 – 0.7708 nm. These values are a great 

deal larger than the ionic radii of a Li
+
 atom or ion, theoretically determined as 0.068 nm 

[70]. From these findings, it is factual to state that both intercalation and redox 

pseudocapacitance processes govern the energy storage mechanisms of the proposed 

electrode materials. The diagram in Fig. 2.10 additionally displays 3D and 2D images of the 

interior design for an asymmetric pseudocapacitor system (full cell device), where the 

positive and negative electrodes are coated with the active material and activated carbon, 

respectively.    

  

 

Figure 2.10: Diagram illustrating various types of reversible charge-storage 

mechanisms for pseudocapacitive electrode materials: a) underpotential deposition, b) 

redox pseudocapacitance, and c) intercalation pseudocapacitance. The diagram 

additionally displays 3D and 2D images of an asymmetric pseudocapacitor design [64].     
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2.2.3.1.3 Hybrid capacitors (HCs) 

The fundamental aspects of hybrid capacitors are comprised of a unique characteristic of 

asymmetric pseudocapacitor devices [71]. This characteristic entails hybrid capacitors 

utilizing two energy storage mechanisms, much like pseudocapacitors, in order to store 

electric charge [72]. The positive electrode, containing the active material, utilizes the generic 

faradaic pseudocapacitance mechanism; while the negative electrode (containing any carbon 

type material, e.g; porous carbon, graphene, and/or carbon nanotubes) utilizes the electric 

double-layer capacitance mechanism [73]. Depending on the elemental construction and 

crystallographic nature of the active electrode material, it could possibly utilize additional 

charge storage mechanisms such as intercalation pseudocapacitance, commonly used by 

battery-type electrode materials [74]. The diagram below, Fig. 2.11, provides a structured 

illustration of the various electrode materials employed in specific supercapacitor or EC 

systems.   

 

 

Figure 2.11: Flow diagram illustrating the taxonomy of ECs [62, 75-76].  
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2.3 Electrode materials utilized in the classified supercapacitor devices 

It is essential to understand that the taxonomy of supercapacitor devices, illustrated in Fig. 

2.11 above, each employs electrode materials that only use specific energy storage 

mechanisms to function, according to the respective EC device operation specifications. The 

materials labelled Mn3O4, CuMn2O4, and CuMn2O4/MWCNT (in Fig. 2.11) are the 

synthesized electrode materials investigated in this research project. According to the flow 

diagram, both Mn3O4 and CuMn2O4 are metal oxide type materials, which utilize faradaic 

pseudocapacitance mechanisms to store charge. The composite CuMn2O4/MWCNT electrode 

material is illustrated as a hybrid capacitor type material, comprised of a combination of 

heteroatoms from its metal oxide and carbon constituents [77]. In order to understand the 

energy storage mechanism of this hybrid composite material, it was necessary to research 

various metal oxide and carbon based materials currently found in literature.           

 

2.3.1 Carbon-based electrode materials employed in EDLCs 

In the modern field of energy storage technologies, extensive research has been conducted on 

carbon as the most suitable electrode material for EC application [77]. Research findings 

from literature reported various carbon based materials possessing impressive supercapacitive 

properties such as high electrical conductivity, high surface area, high thermal stability, and 

low internal resistance [78]. This family of carbon-incorporated materials include activated 

carbons, carbon aerogels, graphene, carbon nanotubes, carbide-derived carbons, and more. 

However, brief and constructive information concerning chemical, physical, and electrical 

properties of the listed carbon-based materials is presented in the following section.      

   

2.3.1.1 Activated Carbons 

Activated carbons can be synthetically manufactured through treating carbonaceous raw 

materials (e.g., coal and/or pine wood) with a mild oxidation process called the activation 

process, which involves the carbonization and activation of organic molecules) [62, 77]. The 

main purpose of this activation process is to formulate a network of micro-pores, which 

would increase the carbon surface area. The pore size and distribution of carbons can be 
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controlled by manipulating various experimental parameters such as temperature, reaction 

time, and reagents used [77]. This pore size distribution of activated carbons has become a 

major focus in the research field of EDLC devices. Literature reports activated carbons 

processing a surface area exceeding 1000 m
2
/g determined by gas adsorption/desorption 

techniques [77, 79]. A team of researchers, who conducted this study, published their 

findings in a high impact factor journal. In summary, they conducted a scientific investigation 

upon measuring the adsorption capacity of CO2 onto the surface of activated carbon fibers 

(ACFs) [80]. This particular research aspect of activated carbons is what highlights its focus 

in the field of electrochemical capacitors, as having the ability to control the form and 

morphology of an electrode material, could aid in the diffusion of electrolyte ions for 

enhanced supercapacitive performance.  

 

 

Figure 2.12: Diagram displaying a nano-scaled representation of activated carbon 

illustrating the various internal pore sizes responsible for the diffusion of large and 

small organic particles. Additional images of various forms of activated carbons are also 

displayed in the diagram [62, 81-82]. 
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2.3.1.2 Carbon Aerogels 

Carbon aerogels consist of carbon nanoparticles bonded together covalently, with a uniform 

distribution of mesopores across its surface area [79]. They retain a high but lower surface 

area compared to activated carbons, in the range of 400 – 800 m
2
/g, together with a pore size 

distribution of less than 100 nm [83]. Due to the satisfactory specific capacitance exhibited 

by carbon aerogels, ranging between 20 – 100 F/g, they have been under close examination 

as potential electrode materials suitable for symmetric and asymmetric EDLC and 

pseudocapacitor devices [79, 84]. A synthetic advantage of carbon aerogels is that they do not 

require a binder additive during electrode preparation, as they are originally in a self-binding 

state [79]. This leads to carbon aerogels processing a much lower electron paramagnetic 

resonance (EPR) than that of activated carbons; thus promoting the generation of higher 

power density outputs [84].  

 

2.3.1.3 Carbide-derived carbons 

Carbide-derived carbons form part of a specific classification of carbon materials developed 

from ceramic precursors such as titanium carbide, silicon carbide, vanadium carbide, and 

molybedenum carbide, through the removal of metallic atoms under chemical or physical 

processes [77, 85]. These physical and chemical processes are introduced as thermal 

decomposition and halogenations, respectively [77]. Similar to activated carbons, carbide 

derived carbons can also have their pore size and distribution factors controlled through 

monitoring and altering various synthetic parameters [86]. Historic research conducted by 

Otis Hutchins in 1918, designed a method involving the chlorination of silicon carbide, for 

the development of carbide-derived carbon materials [77, 87]. This development embarked 

the beginning of these carbon-type materials into the employment of EDLC and 

pseudocapacitor devices as electrode materials. 
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2.3.1.4 Graphene and Carbon Nanotubes 

Graphene is one of the most famously used carbon-type electrode material employed in all 

fields of supercapacitor technologies. Its two dimensional structure is composed of single-

layered carbon atoms co-ordinated into a 2D honeycomb network of hexagonal crystal 

lattices [62, 77, 79]. It can additionally be modified into various physical and chemical forms 

such as graphene oxide, graphene-doped metal oxide composites, carbon nanotubes, and 

fullerenes [88]. Electrochemical analysis reports, found in literature, illustrated a modified 3D 

graphene electrode material, exhibiting impressive specific capacitance and energy density 

values of 341 F/g and 16.2 Wh/Kg, respectively [79, 89]. The diagram in Fig. 2.13 shows the 

synthetic route to formulating chemically derived graphene from natural grade graphite [62]. 

Carbon nanotubes are graphene’s most famous derivative constructed of sp
2
 hybridized 

carbon atoms, rolled up into single/multi-walled cylindrical tubes [62]. Fig. 2.13 additionally 

shows images of single and multi-walled carbon nanotubes. Performance analysis reported 

carbon nanotube supercapacitor electrodes achieving specific capacitance and energy density 

values of 160 F/g and 50 Wh/kg, respectively [90]. 

 

 

Figure 2.13: Diagram illustrating a) the synthetic route to developing graphene from 

commercial grade graphite, b) SEM image of graphene, c) single, d) double, and e) 

multi-walled CNTs, and f) SEM image of MWCNTs [62, 91-92].   
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2.3.2 Metal oxides and Conducting Polymers employed in pseudocapacitors 

Transition metal oxides are the best-suited electrode materials for pseudocapacitor 

development due to its exceptional exhibited specific capacitance and low charge transfer 

resistance, thus leading towards high power and energy density outputs [93]. Examples of 

these materials include RuO2, MnO2, IrO2, CoO, NiO, TiO2, Fe3O4, etc [79]. Electrochemical 

analysis reported RuO2, incorporated with mesoporous activated carbon, exhibiting a specific 

capacitance of 188 F/g, together with energy and power densities within the range of 14-24 

Wh/kg and 400-10000 W/kg, respectively [94]. Despite the performance advantages provided 

by ruthenium (IV) oxide, there are some drawbacks involved such as high production cost, 

low abundance, and low operating potentials [95]. In this research review, manganese (IV) 

oxide, with no applied modifications, was utilized as the core metal oxide precursor due to its 

inexpensive cost, relatively high abundance, and low toxicity [96]. Due to the astonishingly 

high specific capacitance and conductivity exhibited by conducting polymers, these materials 

have also gained considerable attention in the development of improved EDLCs [97]. 

Conducting polymers utilize both faradaic and double-layer capacitance mechanisms to store 

charge, thus exhibiting better performance results than that of carbon type materials. In 

addition, a team of researchers innovatively developed graphene/CNT/polyaniline (PANI) 

composites as electrode materials, which exhibited improved specific capacitances within the 

range of 1000-1035 F/g [79, 98]. 

 

 

Figure 2.14: Various conductive polymers and related metal oxide materials [99-100]. 
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2.3.3 The use of nanotechnology towards the development of hybrid 

composite pseudocapacitor electrode materials 

It is well aware that pseudocapacitors mainly store charge through redox reaction 

mechanisms, occurring on the surface of the active electrode materials. Therefore, synthetic 

methods implementing nanotechnology towards the development of nanoscaled 

pseudocapacitor materials, are employed to improve their specific capacitance [62]. The size 

reduction of the material provides a greater surface contact area between the electrode 

(containing the active material) and the electrolyte, thus reducing the ionic transport length 

during diffusion processes at the electrode/electrolyte interface [101]. A researcher named 

Xiao and co-workers reported their findings of a monolithic NiO/Ni nanocomposite material 

exhibiting an astonishing specific capacitance value of 900 F/g [102]. Although these 

findings were only reported back in 2011, researchers are continuing to improve the 

electrochemical performance of metal oxides through modification with various carbon 

materials and/or conductive polymers. The purpose of these modifications is to alter the 

physical, chemical, and mechanical properties of the metal oxides towards enhancing their 

overall electrochemical performance [103]. As displayed before, in Fig.2.14, the proposed 

electrode materials were investigated in order to discover how its significant physical and 

electrochemical properties changes with the respective applied modification. The results 

section, in chapter 4, illustrates reduced particle size, high thermal stability, and satisfactory 

electrochemical performance achieved from each modification employed on the parent 

(Mn3O4) material towards formulating the spinel CuMn2O4/MWCNT hybrid composite 

electrode material. 

 

 

Figure 2.15: Two and three-dimensional illustrations of the hybrid composite material 

and its application in pseudocapacitors [104-105].  
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2.3.4 Summary 

In order to realize the full potential impact factor of composite electrode materials in 

supercapacitor applications, a good understanding of material chemistry and elementary 

capacitor concepts is required. The main incentive is to improve the energy density 

capabilities of supercapacitors through employing material property modification. However, 

having the suitable electrode material also requires the suitable electrode configuration. In 

this work, an asymmetric pseudocapacitor electrode configuration, used as the testing device, 

delivered optimal performance results. This electrode system also provides improved thermal 

and structural stability during charge/discharge cycles. The combination of 

CuMn2O4/MWCNT and activated carbon as positive and negative materials for this device 

displayed enhanced performance compared to CuMn2O4/rGO reported in literature. However, 

the composite material integrating rGO@MWCNTs with CuMn2O4 is yet to be extensively 

researched in supercapacitor applications. To reduce the quantity level of electrode material 

used during fabrication, smaller electrode configurations such as coin cells are an ideal 

implementation. However, this limits its use to small-scale applications. Copper is one of 

many transition metals such as Ni, Zn, V, Cr, and Fe, which are suitable implementations for 

this research study.    
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CHAPTER 3 

 

Chapter Overview 

Chapter 3 commences by recapitulating the miscellaneous reagents used in the laboratory 

design and fabrication of the pristine (Mn3O4), and spinel-type binary (CuMn2O4) transition 

metal oxide electrode materials. This also includes the reagents used to synthesize the 

modified hybrid spinel-type binary metal oxide material incorporated with functionalized 

multi-walled carbon nanotubes (CuMn2O4/MWCNT). This chapter additionally presents a 

detailed discussion on the synthetic procedures used during the synthesis of the pristine and 

newly modified electrode materials. In relation to the synthetic procedures, the methodology 

used during the fabrication process of the electrode with the active electrode material, as 

well as the construction process of the supercapacitor cell device (Swagelok), is additionally 

included in this chapter. Finally presented in this chapter, is a brief description on all the 

characterization techniques used to analyze the electrode materials.  

 

3.0 Experimental Section 

 

3.1 List of chemical reagents used 

All chemicals used in the synthetic procedures include: potassium permanganate (KMnO4, 

ACS reagent grade,   99.0%), diethylene glycol (C4H10O3,   99.0%), ethanol (CH3CH2OH, 

absolute grade,   99.8%), copper(II) nitrate trihydrate (Cu(NO3)2. 3H2O, purity 99%), 

manganese(II) nitrate tetrahydrate (Mn(NO3)2. 4H2O, purity 99%), dilute nitric acid (55%, 

HNO3), citric acid monohydrate (C6H8O7.H2O, purity 99.5%), ammonium hydroxide (25%, 

NH4OH), multi-walled carbon nanotubes (MWCNTs, purity degree   95%), sulphuric acid 

(98%, H2SO4), nitric acid (65%, HNO3), polyvinylpyrrolidone (PVP, average mol wt 40,000), 

hydrazine hydrate (N2H4. H2O, reagent grade, N2H4 50-60%), carbon black (CB), 

polyvinylidene fluoride (PVDF), N-methyl-2-pyrollidone (NMP, anhydrous, 99.5%), 
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activated carbon (AC), potassium hydroxide (KOH, 85%), and lithium hydroxide (LiOH, 

reagent grade powder, 98%). These chemicals were all purchased from Sigma Aldrich and 

used without further purification. In addition, the nickel foam substrate sheets were purchased 

from MTI corp.       

 

3.2 Synthetic Procedures 

3.2.1 Synthesis of the pristine manganese oxide (Mn3O4) electrode material 

This pristine electrode material was fabricated using a temperature controlled hydrothermal 

heating method, which is commonly used for the synthesis of crystalline phased materials. In 

this typical synthetic procedure, 1.50 g of KMnO4 was initially dispersed in 50 mL of ultra-

pure water. The suspension was additionally stirred and subjected to ultrasonic treatment for 

30 min respectively. This step was done to ensure uniform dispersion of the KMnO4 metal 

precursor with the water solvent. Subsequently, 10 mL of diethylene glycol was added to the 

above solution mixture, in addition to repeating the stirring and ultrasonic treatment step. 

Upon commencement of the hydrothermal heating process, the resulting suspension was 

carefully transferred into a 100 mL stainless steel hydrothermal autoclave reactor. This 

device was tightly sealed and placed in a silicon oil bath, where the oil was heated on a 

hotplate at 180   for 12 h. Thereafter, the reactor vessel was allowed to cool down naturally 

to room temperature, followed by filtration of the reactor contents via centrifugation and 

washing via ethanol and distilled water. The obtained solid product appeared to have a 

brown-red coloration, after it was dried in a vacuum oven at 60   overnight [106-107]. 

 

The purpose of adding diethylene glycol was to stabilize the Mn3O4 nanoparticles, thus 

preventing the occurrence of nanoparticle agglomeration. It also acted as a protecting agent to 

ensure the preservation of the transition metal based nanostructures. It is well known that out 

of all the most common oxidation states for manganese (which are Mn
+2

, Mn
+3

, Mn
+4

, Mn
+6

, 

and Mn
+7

), Mn
+2

 is the most stable one from the list. Therefore, compounds containing 

manganese ions with an oxidation state of 2+ would possess impressive oxidative properties.  
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Scheme 3.1: Schematic diagram illustrating the synthetic procedure for Mn3O4 

nanoparticles [106-107].  

 

 

3.2.2 Synthesis of the spinel copper manganese oxide (CuMn2O4) electrode 

material 

The spinel electrode material was similarly synthesized via the hydrothermal method under 

ambient conditions. Initially in this synthetic procedure, 1.55 g of Cu(NO3)2. 3H2O was 

dissolved in 6 ml of dilute HNO3. This was followed by the addition of 2.5 g of Mn(NO3)2. 

4H2O, 0.67 g of C6H8O7.H2O, and 40 ml of ultra-pure water. The mixing process was done in 

a round bottom flask under continuous magnetic stirring for 30 min at room temperature. 

Thereafter, the pH of the solution mixture was converted from acidic to basic (pH of 8/9) via 

drop wise addition of NH4OH to the solution contents.   After reaching the desired pH, the 

solution mixture was magnetically stirred for another 30 min at room temperature. During the 

heating process, initially the obtained homogeneous solution was cautiously transferred into a 

100 mL stainless steel autoclave vessel under autogeneous pressure. Secondly, the reactor 
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vessel was heated and maintained at a temperature of 180 C  for 12 h. After heating, the 

resulting precipitate was then collected by means of centrifugation and washed several times 

with deionised water and ethanol. Thereafter, it was dried at 60 C  in a vacuum oven 

overnight. The recovered product was finally annealed in a muffle furnace at 400 C  for 4 h 

in air (ramped at 15 C /min) to obtain the CuMn2O4 spinel nanoparticles [108-109].  

 

 

 

Scheme 3.2: Schematic diagram illustrating the synthetic procedure for CuMn2O4 

nanoparticles [108-109]. 
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3.2.3 Acid pre-treatment process for the functionalization of MWCNTs 

The oxidation process of the MWCNTs was done as follows. Firstly, 5 mg of raw MWCNTs 

was added to a 10 mL acid mixture of 3:1 concentration of sulphuric acid (98%) and 

concentrated nitric acid (65%). The actual volumes of the acids were 7.5 mL for H2SO4 and 

2.5 mL for HNO3. The acid mixture containing the MWCNTs was then sonicated in a DC 

200 Hz ultra-sonicator for 3 h. The purpose of the acid pre-treatment process was to purify 

the MWCNTs by removing the amorphous carbon and most of the catalyst particles. An 

additional purpose was also to shorten the MWCNTs, in order to generate oxygenated groups 

such as carboxylic acid groups at the ends for providing detection sites on the MWCNT 

surfaces. After ultra-sonication, the reaction mixture was then diluted with 100 mL of 

deionised water. The resulting suspension was lastly filtered and washed 10 times with 

deionised water, where it was then left to stand and dry overnight in order to form the 

oxidized MWCNTs [110, 150].    

 

 

Scheme 3.3: Schematic diagram illustrating the acid pre-treatment process for 

functionalized MWCNTs [110]. 
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3.2.4 Synthesis of the final hybrid (CuMn2O4/MWCNT) nanocomposite 

electrode material  

The final hybrid material was synthesized via a high temperature and low-pressure reflux 

heating method. Firstly, 100 mg of acid treated MWCNTs were uniformly dispersed in 60 

mL of diethylene glycol, upon the assistance of ultrasonication for 1 h. This mixture was 

labelled as solution A. Separately, solution B was obtained by dissolving 1.55 g of Cu(NO3)2. 

3H2O, 2.5 g of Mn(NO3)2. 4H2O, and 0.4 g of PVP in 40 mL of ultra-pure water under 

magnetic stirring for 30 min. Solution B was then subsequently added to solution A and while 

stirring, the pH value of the mixture was adjusted to pH 8 via drop wise addition of a 10 mL 

N2H4.H2O solution. Once the desired pH value was reached, the solution mixture was 

attentively transferred into a clean round bottom flask, where thereafter the flask was 

connected to a reflux system for heating. The solution mixture was then heated to 180   and 

maintained at that temperature for 4 h. After refluxing, the resulting suspension was allowed 

to cool down to room temperature. The light black precipitate was then collected via 

centrifugation and washed several times with deionised water and ethanol. Thereafter, it was 

dried at 60   in a vacuum oven overnight, and finally annealed in a muffle furnace at 500   

for 5 h in air (ramped at 17  /min) to obtain the hybrid CuMn2O4/MWCNT nanoparticles. 

 

 

The PVP polymer reagent was additionally added to the metal precursors as a stabilizing 

agent in order to ensure successful modification of the MWCNT surface with the spinel 

CuMn2O4 nanoparticles. The use of diethylene glycol as a solvent was also intended to 

provide additional support for the decoration of MWCNTs with CuMn2O4 nanoparticles.    
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Scheme 3.4: Schematic diagram illustrating synthetic procedure for the hybrid 

CuMn2O4/MWCNT composite. 

 

3.2.5 Preparation of electrochemical cells for material performance testing 

The electrochemical analyses were conducted using a Bio-Logic VMP 300 

potentiostat/galvanostat instrument, integrated with an EC-Lab software for data analysis and 

processing. The electrochemical cells that were configured for testing was a half cell (three-

electrode system) and a full cell (two-electrode system). The half cell consisted of the 

working electrode (active material coated onto a nickel foam substrate), the reference 

electrode (Ag/AgCl in 3M KCl), and the counter electrode (platinum wire). The full cell 

configuration was assembled in a Swagelok device as an asymmetric cell configuration. This 

cell consisted of a paper separator, soaked in electrolyte solution, which is then sandwiched 

between the positive (active material) and negative (activated carbon) electrodes [75]. 
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3.2.5.1 Electrode preparation for half cell (three-electrode) configuration 

The pristine Mn3O4, spinel CuMn2O4, and hybrid CuMn2O4/MWCNT working electrodes 

were prepared firstly by mixing the active materials with carbon black (CB) and 

polyvinylidene fluoride (PVDF) in a mass ratio of 70:20:10, respectively. The powdered 

mixture was then converted into a homogeneous slurry paste using anhydrous N-methyl-2-

pyrrolidine (NMP) as the solvent. Thereafter, the resulting paste was coated on a nickel foam 

(1cm x 0.5 cm) substrate current collector, utilizing a spatula to flatten out the grooves of the 

nickel foam surface for allowing a uniform dispersion. The as prepared electrode was then 

finally dried in a vacuum oven at 60   for 10 h to remove nonreactive solvent residues. The 

electrolytes used for this electrode system was 3M KOH and 3M LiOH, upon which the best 

performing electrolyte was used for the two-electrode system [75].   

 

 

Figure 3.1: Diagram illustrating the half cell (three-electrode) configuration. 
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3.2.5.2 Electrode preparation for the full cell (two-electrode) configuration 

The nickel foam substrates were initially cut into 20 mm diameter discs (3.14 cm
2
) and then 

coated with the prepared slurry paste. The positive electrode contained a paste made up of 70 

wt% active electrode material, 20 wt% carbon black (CB), and 10 wt% polyvinylidene 

fluoride (PVDF) with anhydrous N-methyl-2-pyrrolidone (NMP) as the solvent [75]. The 

slurry paste for the negative electrode contained a similar mixture with, instead, activated 

carbon used as the active material. The electrochemical cell was then finally assembled with 

the Swagelok device and left to stand for 24 h prior to conducting performance tests. The 

best-suited electrolyte used for this electrode system was 3M LiOH.   

 

 

Figure 3.2: Diagram illustrating the full cell (two-electrode) configuration. 
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3.3 Electrode material characterisation techniques used 

The crystallographic structural and morphological studies of the pristine, spinel, and hybrid 

electrode materials were systematically investigated by employing scanning electron 

microscopic (SEM), high-resolution transmission electron microscopic (HR-TEM), and X-

ray diffraction (XRD) analysis. The high-resolution transmission electron microscope 

instrument was equipped with an energy-dispersive X-ray spectroscope (EDS) for elemental 

composition and mapping analysis. The functional group detection and particle size 

distribution measurements were additionally performed by conducting Fourier transform-

infrared (FT-IR) spectroscopic and small-angle X-ray scattering (SAXS) analysis. Bond 

vibration analysis and thermal stability testing of the synthesized electrode materials were 

also performed using Raman spectroscopic and thermo-gravimetric analysis (TGA) 

techniques. Lastly, the electrochemical performance and properties of the active electrode 

materials were studied through conducting cyclic voltammetric (CV), electrochemical 

impedance spectroscopic (EIS), and galvanostatic charge-discharge (GCD) analysis.  

 

3.3.1 Structural, morphological, and spectroscopic characterisation 

techniques 

3.3.1.1 Crystal structure and crystallite size determination by X-ray diffraction 

(XRD) analysis 

The X-ray diffraction technique is predominately used for diagnosing the structure of crystal 

lattices within a powdered or thin film material. The technique was performed using a 

focused D8 advanced diffractometer purchased from Bruker AXS. This machine is equipped 

with an evacuated copper K-alpha radiation X-ray tube, operated at 40 kV and 40 mA. The 

X-ray tube functions similarly to that of a cathode ray tube. The X-rays are produced inside 

the tube when an applied current heats up a tungsten filament, thus liberating electrons that 

are additionally accelerated by a high voltage towards a copper target. This copper target, 

thereafter, emits copper X-rays through a beryllium X-ray window (for maximum X-ray flux 

transmission). The X-rays then exit the tube and are incident on the sample from which they 

are diffracted into a scintillating type detector. The diffracted X-ray beam passes through a 

slit, which determines the angular width of the beam, and a nickel filter, for removing the K-
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alpha energy, before reaching the detector. During an X-ray scan, the detector is rotated over 

a range of 2θ - angles, in this case a range of 10 90   was used, to detect diffracted X-ray 

bands produced by the precisely aligned crystal lattices within the sample.  

 

The powdered electrode materials, at the nano-scale, consist of numerous crystal lattices 

located at random angles. It is, therefore, essential for the crystals to be correctly oriented in 

order for the X-ray beam, crystals, and detector to satisfy Bragg’s Law. This implies that the 

scattered X-rays must be in-phase with the incident X-rays for constructive interference to 

occur, which in turn obeys the conditions of Bragg’s Law.  

 

 

Scheme 3.5: Schematic diagram illustrating the generic principle of X-ray diffraction 

[112].    
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In 1912, a German physicist by the name of Max von Laue displayed that X-rays could be 

diffracted by crystal lattices within crystalline type materials. This work awarded von Laue 

the Nobel Prize in Physics during the year 1914. In 1912 – 1913, Henry Bragg (a British 

physicist) built an X-ray spectrometer in order to continue his research on the properties of 

X-rays. Lawrence Bragg, son of Henry Bragg, was interested in X-ray diffraction and began 

to examine X-ray patterns generated by various crystalline materials. From his analysis, he 

discovered a simplified and ingenious way to solve Laue’s diffraction problem and 

formulated the famous Bragg’s Law. Lawrence Bragg was only 22 years of age when he 

made this discovery as a research student at Cambridge University.  

 

The derivation of Bragg’s Law is initially done by considering the conditions required to 

ensure that the incident and scattered X-rays are in-phase with one another. It is 

schematically shown below that when the first ray hits the top atomic plane at atom Z, the 

second ray continues to the next atomic plane and is scattered by atom B. This results in the 

second beam having to travel an extra distance (AB BC) , in order for the two reflecting 

beams to be in-phase with one another. Therefore, if this extra distance is equivalent to an 

integer (n) multiple of the wavelength  λ , then constructive interference will occur.  

 

 

Scheme 3.6: Derivation of Bragg’s Law [113]. 
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3.3.1.2 Morphological characterisation by SEM and HR-TEM techniques 

3.3.1.2.1 Scanning Electron Microscopy 

The scanning electron microscope (SEM) utilizes a focused electron beam to scan the surface 

morphology of a material in order to generate a photographic image of the analyzed specimen 

[114]. The main components of which the microscope is constructed of include an electron 

gun (as electron source), electromagnetic lenses, apertures, and detectors. In Fig. 3.3 below, it 

illustrates that the electron beam passes through a condenser lens, objective lens, and scan 

coil before reaching the surface of the specimen. These components are responsible for 

controlling the intensity of the electron beam, concentrating the beam into a focused fine 

probe, and scanning the electrons over the x-y plane of the specimen. The incident electron 

beam interacts with the surface atoms of the specimen by penetrating it into a region known 

as the interaction volume. Various interactions occur within this region of the specimen and 

depending on how far the electron beam penetrates into the region, will result in the energy 

magnitude of the emitted electrons. The low energy electrons are emitted as secondary 

electrons, where as the high energy electrons are emitted as backscattered electrons [115-

116]. The secondary electrons are detected by the secondary detector, which provides 

informational data describing the surface topography of the specimen. Similarly, the 

backscatter detector detects the backscattered electrons; however, elemental composition data 

is obtained.  

 

The elemental composition analysis is performed with an energy dispersive spectrometer 

(EDS) detection system, which is incorporated into many scanning electron microscopes 

[117]. In this research study, the microscope used to employ SEM analysis was a ZEISS 

ULTRA scanning electron microscope. This type of microscope is equipped with a field 

emission electron beam source and is capable of obtaining a 1-nanometre SEM imaging 

resolution. The sample preparation procedure involved it initially being deposited onto a 

carbon support, and then placed inside a sputter coater for the coating of a gold-palladium 

alloy onto the material surface. The coating process was initiated to ensure that the material 

was conductive for electron absorption during analysis.            
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Figure 3.3: Diagram illustrating the basic operating components of the SEM instrument 

[118].   

 

 

3.3.1.2.2 High-Resolution Transmission Electron Microscopy  

HR-TEM analysis is a famous microscopic characterisation technique used to image the 

crystalline nature, nanotube morphology, and elemental composition of the interested 

material specimen. The basic operation of the HR-TEM instrument, much like the SEM 

instrument, begins with an electron source generating an electron beam, which passes through 

a series of electromagnetic lenses that condense the beam before it interacts with the material 

specimen. The beam’s interaction with the specimen transmits scattered electrons to a 

detector system that displays a two-dimensional projection of the specimen onto a fluorescent 

screen or digital camera. Selected area electron diffraction (SAED) and energy dispersive X-

ray spectroscopy (EDS) data can also be obtained from HR-TEM analysis. The SAED image 

displays a reflection that is indicative of the crystalline make-up of a specific scanned area of 

the specimen. These reflections are imaged as vertical coloumns of dots that can be indexed, 
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much like in XRD analysis, to represent the atomic planes within the crystalline structure of 

the specimen.  

 

The HR-TEM instrument allows scientists to view materials at the atomic scale, thus 

providing photographic evidence of atomic lattice planes and additional nanostructures 

present within the analyzed material. The instrument also operates at a higher accelerating 

voltage (normally at 180 kV or greater), thus generating a denser electron beam containing 

more electrons to produce more data and images with high quality spatial resolutions as 

compared to the SEM instrument. Atomic defects, such as linear defects (irregular groups of 

atoms) and planar defects (grain boundaries), can also be detected from HR-TEM analysis. 

Despite its advantages, it also tends to manipulate the mechanical properties of the material’s 

crystal structure by increasing the number of dislocations (distorted crystal lattice planes) per 

unit volume. This manipulation, however, does yields a higher hardness and tensile strength 

for the metals present within the material’s crystal structure, which could be a useful 

technique in the development of strong crystalline materials.  

 

EDS results were reported from HR-TEM analysis as more data points were collected in 

order to provide a complete spectrum of the material’s elemental composition. The sample 

preparation procedure involved initially dissolving the synthesized material in a solvent, 

preferably ethanol, then drop casting it on a copper-nickel grid. The grid was dried under a 

lamp to evaporate the solvent before the commencement of analysis. In this research study, 

high-resolution transmission electron microscopic images were obtained from a Tecnai 

G
2
F2O X-Twin MAT 200 kV field emission HR-TEM instrument [114, 116].                     
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3.3.1.2.3 Energy Dispersive X-ray Spectroscopy (EDS)  

Energy dispersive X-ray spectroscopy (EDS, EDX, or XEDS) is an analytical tool generally 

used for elemental compositional mapping, which involves the generation of a spectrograph 

illustrating elemental data of a given sample [119]. The EDS technique can not only measure 

relative elemental composition, but also the distribution of atoms present within the analyzed 

sample, which can then be mapped on an energy spectrograph [120]. EDS systems are 

generally integrated into SEM and HR-TEM instruments and for this research work, EDS 

analysis was performed using the HR-TEM instrument to acquire a more accurate elemental 

composition interpretation spectra for each of the synthesized powdered electrode materials 

[121]. During EDS analysis, the sample is initially bombarded with electrons from a high-

energy focused electron beam, thus causing the sample to be excited and emit X-rays, as 

illustrated in Scheme 3.7(a) [122]. These individual X-rays are detected by the X-ray 

detector and then converted into corresponding electrical potentials [123]. The signals 

produced at specific binding energies, in other words potentials (measured in keV), are 

indicative to the elements of which the analyzed sample is constructed [124]. 

 

The schematic diagram represented in Scheme 3.7(b), illustrates how a focused electron 

beam can cause X-ray emission from a sodium atomic nucleus surrounded by electrons in its 

inner and outer most electron shells [125]. When the incident electron beam strikes the atom 

within the specimen, it then excites an electron in the inner most electron shell, thus vacating 

it from the shell (as a secondary electron), and causing an electron hole to be left behind in its 

original position [62]. At this state, the atomic nucleus is highly unstable; therefore, an 

electron from a higher-energy level will then descend to fill the electron hole in the lower-

energy level [126]. The change in energy between the higher and lower-energy level is 

emitted in the form of an X-ray, which is then measured and projected on an EDS 

spectrograph [127]. The quantity of energy emitted from the electron is equally dependent on 

the energy difference between the shells as it is on the atomic structure of the element. As 

illustrated in Scheme 3.7(c), the nomenclature of the electron shells starts with the inner most 

shell denoted as K, followed by L, M, N, O, P, and Q [128]. EDS analysis is predominately 

concerned with the K, L, M, and N shells of the investigated element. It is schematically 

shown below that if electrons descend in energy to fill a vacant electron hole from the nearest 

electron shell of the atomic nucleus, then it is denoted as an alpha signal (Kα, Lα, and Mα) 
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[129]. However, if the electrons come from a shell that is two shells away from the atomic 

nucleus, then it is known as a beta signal (Kβ, Lβ, and Mβ) [129]. It should be noted that the 

electrons residing in the shell furthest away from the atomic nucleus, possess the lowest 

ionisation energy [130]. Therefore, it would require a large amount of energy to remove an 

electron from the K-shell of the atomic structure. The quantity of energy required to remove 

electrons from specific shells of certain elements, presented on the periodic table, have been 

obtained through extensive research [131]. These references can be used when identifying 

characteristic elemental signals from the obtained EDS spectrograph.      

        

 

Scheme 3.7: Schematic diagram representing various operating principles of EDS [132].     
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3.3.1.2.4 Fourier Transform-Infrared Spectroscopy (FT-IR) 

FT-IR spectroscopy is a resourceful technique that allows researchers to obtain information 

concerning the stretching and bending vibrations of molecular bonds of functional groups 

present within the investigated solid, liquid, or gas sample. The FT-IR spectroscopy 

technique initially involves irradiating the sample with polychromatic infrared 

electromagnetic radiation, which is then partially absorbed by the sample during analysis. 

The FT-IR spectrum generated from the data of the transmitted infrared radiation is utilized 

to identify specific structural units that make up the studied sample material. During FT-IR 

analysis, as the sample absorbs the exciting electromagnetic radiation, it causes the molecular 

bonds of the sample to vibrate in a specific motion/mode. Fig. 3.4 displays the various 

vibration modes, which molecular bonds could experience. It is additionally important to note 

that only specific wavelengths of exciting radiation is required to initiate each of the 

displayed vibrations. This discussion is better understood by comparing the FT-IR spectrum 

of the exciting IR radiation to that of the transmitted IR radiation. The observation made from 

these two spectra is that on the transmitted spectrum, the intensity of the IR radiation at 

certain wavelengths or wave numbers significantly drop due to the absorbed IR radiation by 

the sample, thus causing the occurrence of specific bond-vibrations.  

 

The Fourier transform infrared spectrometer is composed of unique system components 

namely a radiation source, a beam splitter, two mirrors (static mirror and moving mirror), and 

a photodetector. In majority of FT-IR spectrometer configurations, the sample is generally 

placed in front of the detector. The operating principles of the instrument include the 

following: firstly infrared radiation is emitted from the source to the beam splitter (partially 

transparent mirror), where some of the radiation is transmitted through the splitter and the 

rest is reflected. The transmitted and reflected beams are then reflected back towards the 

splitter by the fixed and moving mirrors, where both beams are split again causing the 

partially reflected radiation beams to recombine into a single beam that is transmitted through 

the sample into the detector. Initially, both mirrors are positioned at an equal distance from 

the splitter, thus causing the two beams reaching the detector to be in-phase with one another. 

This is known as constructive interference and at this point, the radiation reaching the 

detector possesses the highest intensity. However, the radiation intensity suddenly drops if 

one of the mirrors is moved a short distance away from the detector. This is a result of the 
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two recombined radiation beams at the detector not being in-phase with one another, and 

therefore cancelling each other out. Alternatively, this phenomenon is known as destructive 

interference. Therefore, in order to conduct the desired FT-IR experimental measurements, 

the mirrors must be positioned in a way that will promote the occurrence of constructive 

interference and generate an interferogram, which measures the intensity of the radiation that 

reaches the detector. Finally, this interferogram is then converted into a spectrum through a 

mathematical theorem known as the Fourier transform.  

 

                                                             2i s xF s f x e dx





                                              (3.1) 

 

 

Figure 3.4: Illustrating modes of bond vibration and the operating principles involved 

in FT-IR spectroscopy [133].  
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3.3.1.2.5 Raman Spectroscopy 

The Raman spectroscopic technique was firstly developed by an Indian scientist named C.V. 

Raman in 1928. In 1930, C.V. Raman was awarded the Nobel Prize in Physics for the famous 

technique, which is also occasionally known as the Raman Effect. Although the technique 

was developed over 80 years ago, it still required advanced technological and scientific 

developments over time for the technique to really blossom in the field of scientific research 

and development. The one critical and central development that is ultimately linked with the 

Raman spectroscopic technique is the laser that was built in 1960 by Theodore H. Maiman, 

based on theoretical work done by Charles Hard Townes and Arthur Leonard Schawlow. In 

other known branches of spectroscopic techniques such as FT-IR, UV-Visible, NMR, and etc, 

the absorption of radiation by the sample is studied where the molecules within the sample 

gets excited and undergoes a transition from a lower to a higher energy level. However, in 

Raman spectroscopy the scattering of the radiation from the sample is analysed and studied to 

observe the vibrational and rotational modes exhibited by the molecular structure of the 

sample.  

 

The principle of this scattering phenomenon entails when monochromatic light, such as the 

laser radiation, is subjected onto the sample, where most of the radiation is transmitted 

through the sample, while some of the radiation is scattered at an angle 90  to that of the 

incident radiation. The two different types of scattering observed in Raman spectroscopy is 

generally known as Elastic and Inelastic scattering. Elastic scattering, also known in scientific 

language as Rayleigh scattering, is perceived when the scattered radiation has the same 

frequency as that of the incident radiation ( i    s), thus implying that there is no net change 

in the energy of the radiation after the scattering occurrence. The most important type of 

scattering, which is predominately analysed in Raman spectroscopy, is the Inelastic scattering 

(scientifically known as Raman scattering). Inelastic scattering is perceived when there is a 

change in the frequency (approximately 1%) of the radiation after the scattering ( i    s). 

Raman scattering is additionally categorized into two types. One where the scattering 

radiation has a lower frequency as compared to that of the incident radiation ( i    s) and the 

peaks observed on the spectrum are called Stokes lines, thus indicating Stokes Raman 

scattering. The other type of scattering is referred as Anti-Stokes Raman scattering, where the 

scattered radiation has a higher frequency than that of the incident radiation ( i    s), and the 
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peaks are illustrated as Anti-Stokes lines on the Raman spectrum. The diagram illustrated in 

Fig. 3.5(a), displays a schematic representation of how the incident radiation interacts with 

the molecules of the analysed sample. In the case of Raman scattering, after irradiating the 

sample with photons, the molecule is then excited from its ground state (low energy) to an 

unstable excited virtual state. Due to the instability of the virtual state, the excited photon will 

then drop down to a (higher energy) vibrational state, where the scattered photon has less 

energy and a longer wavelength than that of the incident photon. As previously mentioned, 

this is characteristic to Stokes Raman scattering. However, if the molecule returns to a 

vibrational state that is below its original ground state after scattering, then the scattered 

photon has a greater energy level and shorter wavelength as compared to the incident photon. 

This phenomenon is attributable to Anti-Stokes Raman scattering. As observed in the Raman 

spectrum for the carbon tetrachloride molecule (CCl4), illustrated in Fig. 3.5(b), the Raman 

shift is due to the Raman Effect which is determined by the spacing distance between the 

vibrational and ground states of the scattered photons. The Stokes and Anti-Stokes scattered 

photons is shifted an equal distance on opposite sides of the Rayleigh scattered photons, as 

can be seen on the CCl4 spectrum.  

 

 

Figure 3.5: Diagram illustrating a schematic representation of energy transitions for 

Rayleigh and Raman scattering [134-135].  
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3.3.1.2.6 Thermo-Gravimetric Analysis (TGA) 

Thermo-gravimetric analysis is an analytical technique that was used to analyse the thermal 

stability of the investigated supercapacitor electrode materials, by measuring the change in 

mass of the materials as a function of increasing temperature at a scanning mode with 

constant heating rate. The mass loss can also be measured as a function of time, which is 

described as an isothermal mode. This mass loss is due to the alteration of physical and 

chemical properties through oxidation/reduction, vaporisation, and decomposition processes 

occurring consequentially due to highly subjected temperatures to the electrode materials of 

interest. There are three classifications of thermo-gravimetric analysis (TGA), where one is 

known as dynamic TGA, the second as isothermal TGA, and the third as quasi-static TGA. 

The quasi-static TGA technique was selected and employed to perform thermal stability 

analysis on the electrode materials, as it entails the sample being heated until it reaches a 

constant weight (in mg)  at each of the increasing temperature intervals through a linearly 

constant heating rate.  

 

The principle behind thermo-gravimetric analysis is initially comprised of a sensitive 

microbalance that is used to continually measure the change in mass of the sample as it is 

bombarded with heat waves from the furnace. The computer program, with respect to the 

applied heating rate and inert gas flow, generally controls the experimental system. The 

microbalance is designed in a manner where it systematically generates an electrical signal 

corresponding to a particular weight change proportionate to a specific temperature interval. 

The schematic diagram, illustrated in Scheme 3.8, displays the various operating components 

of a TGA/DSC instrument. The instrument configuration involves a horizontally designed 

furnace, displayed in the centre of the scheme, configured with a highly sensitive balance on 

the right side of the furnace. The balance beam is connected to the heat and temperature 

sensors of the TGA/DSC instrument. The horizontal design of the furnace minimizes the 

occurrence of potential thermal buoyancies arising from a high density of gas particles 

levitating inside the furnace chamber. The furnace is well protected on both left and right 

sides by baffles. The volatile and gaseous combustion residues, together with the purged gas 

and reactive gas, excite the furnace through a gas outlet located on the left side of the furnace. 

Additional analytical instruments, for example a gas chromatography instrument, can be 

connected to this gas outlet to perform more advanced analytical analysis.         
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Scheme 3.8: Schematic diagram illustrating the various operating components of a 

TGA/DSC instrument [136].  

 

 

3.3.1.2.7 Small-Angle X-ray Scattering (SAXS) 

Small-Angle X-ray Scattering (SAXS) is a non-destructive analytical technique utilized for 

investigating the nanostructures of the material ranging from 1-200 nm in size. This 

technique additionally supplies information on a wide variety of aspects such as aggregation 

occurrence, particle size distribution, radius of gyration, folding and un-folding of the 

macromolecules within the material sample, and many more. The radius of gyration is 

mathematically considered as the square root of the sum of the distances of all the atoms from 

the centre of mass of the sample. In a basic SAXS experiment, the incident X-rays impinge 

upon the solution state sample (in the case of this research a powdered sample was analysed) 

where a spherically averaged intensity is recorded. This therefore generates an isotropic 

pattern of which a radial integration is taken from that pattern in order to produce a one-

dimensional profile. The analysis of this 1D profile is what essentially provides information 

concerning the size and shape of the nanostructures within the sample material. It is 
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additionally noted that in SAXS analysis, larger particles scatter at smaller angles and smaller 

particles scatter at larger angles. In the case of anisotropic particles, the scattering for each 

orientation is calculated and recorded as an average result. The particle distance distribution 

function (PDDF), which is generally obtained from the geometrical considerations of the 

particles, is used to perform the calculation of the scattering curves. Smaller structures such 

as atomic crystal lattices can also be analysed by resolving the scattered profile. Wide angle 

X-ray scattering is used for X-rays with angles 2    10 . During SAXS analysis, the X-rays 

are initially collimated into either a line or a point collimation, where both collimated beams 

possess unique advantages. Line collimation is preferably suited for analysing non-oriented 

isotropic systems, especially samples exhibiting weak scattering such as diluted dispersions 

and immersions. Point collimation is an ideal choice for analysing oriented samples such as 

solids containing in-homogeneous nanostructures. This type of collimation was best suited 

for performing analysis on the composite electrode materials investigated in this research 

work. 

 

 

Scheme 3.9: Schematic diagram illustrating scattering patterns obtained with a 

GISAXS instrument, together with the two modes of beam collimation [137].  
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3.3.2 Electrochemical characterisation techniques 

3.3.2.1 Cyclic Voltammetry (CV) 

Cyclic Voltammetry is often described as a type of potentiodynamic polarization technique, 

where we observe the effect of an applied current to the electrode through an electrolyte 

species at varied electrical potentials of selected scan rates. CV experiments are 

predominately conducted for determining electrochemical data such as electrode potentials, 

reaction kinetics, and reversibility information of the analyzed electrode materials assembled 

in a half cell configuration device. In the case of the half cell (three-electrode) design 

assembly, CV analysis examines electrochemical processes occurring at a single working 

electrode containing the investigated electro-active material. The three-electrode cell design 

is also mainly used to identify whether the electrode material behaves as the anode or 

cathode, depending on the selected potential and scan rates. This information is essential to 

obtain for when performing CV analysis on a full cell (two-electrode) device. 

 

 

Figure 3.6: Experimental workstation of half cell (three-electrode) and full cell (two-

electrode) electrochemical devices for CV analysis [138].  
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The Swagelok device assembly, as displayed in Fig. 3.6, was used to test the synthesized 

electrode materials at the application stage in order to completely evaluate their 

electrochemical performance. In a typical CV experiment, as illustrated in the generic 

potential (V) versus time (s) plot in Fig. 3.7(a), a constant rate of potential is swept up to a 

maximum value and then back down to zero potential at the same inverse rate. The cell is 

initially allowed to equilibrate at the start and end of the potential sweeps. In the 

corresponding current versus potential curve, as expected the current increases as the 

potential increases. However, a rapid change in current is observed on the reversal potential 

scan, thus resulting in a significant curve shape. These curves can be used to calculate the 

standard electrode potential (E
0
) of the cell, which is known to be the point equidistant 

between the oxidation and reduction peaks. The shape of the curves can additionally be 

analysed in order to obtain information relating to the electrochemical kinetics of the 

investigated electro-active material at the electrode surface. The voltammogram illustrated in 

Fig. 3.7(b) is a typical representation of a fully reversible system. A diagnostic test can be 

performed on the CV voltammogram to absolutely confirm the reversibility of the process by 

analysing vital parameters that signifies a particular electron transfer process. In the case of a 

reversible process, the diagnostic criterion, which each parameter must obey, is listed as 

follows: 

 The  Ep = Epa – Epc values (representing the peak-to-peak separation potentials) must 

be approximately 59/n mV, at 25  . Note that n is considered as the number of 

electrons transferred during the oxidation/reduction process. 

 

 Ep does not change with a change in scan rates (mV/s). 

 

 Ipa/Ipc = 1 (slope extrapolated from the ipa/ipc versus v
1/2

 linear plot). 

 

 Ip is proportional to v
1/2

 

 

An important aspect to consider when performing CV analysis is the timescale of the 

potential sweep, which additionally affects the results of the analysis. This implies that 

potential sweeps initialized at speeds that are too fast, might cause a miss in the subtleties of 

diffusion/migration kinetics, thus resulting in insufficient experimental data obtained. 

http://etd.uwc.ac.za/



78 
 

However, sufficient information can be inferred by slowing down the rate of potential sweeps 

to values below 10 mV/s. 

 

The cyclic voltammograms illustrated in Fig. 3.7(c) and (d), are typical examples of 

asymmetric electrochemical processes. The CV curve in Fig. 3.7(c) represents an irreversible 

oxidation process, as no reduction peak is observed in the reverse potential sweep. This, 

however, could imply that the process possesses slow reduction kinetics attributed by 

uncharged oxidants present within the electrode material matrix. The diagnostic criterion for 

the electrochemical parameters associated with an irreversible oxidation process is 

observably different to that of a reversible process from their respective voltammograms.   

 Firstly, no reverse peak is visible on the voltammogram. 

 

 Ep shifts by a factor of 30/αna mV, where α is known to be the charge transfer 

coefficient. Additionally, (Ep-Ep/2) is approximately equivalent to 47.7/αna mV for a 

10-fold increase in potential.   

 

 Ip is proportional to v
1/2

 

 

The CV plot illustrated in Fig. 3.7(d) is for a MnO2 material coated electrode, operated in a 

three-electrode cell at high scan rates between 200-100 mV/s. Observably it can be deduced 

from the plot that the current responses for both oxidation and reduction peaks, increase with 

an increase in scan rate. At a more in-depth perspective, it can additionally be observed that 

Epa shifts positively and Epc shifts negatively, respectively, with an increase in scan rate. 

These are, in fact, diagnostic criterion for the Ep parameter of this particular electrochemical 

process, which is known to be a quasi-reversible electron transfer process. Additional 

diagnostic tests for CV curves of quasi-reversible processes proceeds in the following list 

below: 

 As mentioned before, the Ip increases with the increase in scan rate. However, it is not 

considered as being directly proportional to the scan rate.  

 

http://etd.uwc.ac.za/



79 
 

 The ∆Ep = Epa - Epc values are greater than 59/n mV and increases with increase in 

scan rate.  

 

 Ip/v
1/2

 is virtually independent of the scan rate.  

 

It is later, experimentally, illustrated and discussed in the results section of this research work 

that the investigated electrode materials exhibited cyclic voltammograms resembling that of 

reversible and quasi-reversible electron transfer processes. 

 

 

 Figure 3.7: Diagram illustrating (a) an experimental potential (V) versus time (s) 

profile for two cyclic voltammetry scans, (b) a typical CV representation of a fully 

reversible process, (c) a CV analysed plot of an irreversible oxidation process, and (d) a 

CV interpreted plot of a purely synthesized MnO2 electrode material [139-140]. 
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3.3.2.2 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy is a versatile technique primarily employed in the 

research field of batteries, supercapacitors, fuel cells, corrosion, electroplating, photovoltaic 

cells, biosensors, and many more. The main concept behind the analytical process of EIS 

analysis deals with the initial understanding of the diffusion model (mechanistic motion of 

electrolyte ions at the electrode/electrolyte interface) best suited for data fitting and 

interpretation. The diffusion model type predominately utilized in electrochemical 

experiments for supercapacitor applications is called the double layer capacitance. The 

schematic diagram, illustrated in Scheme 3.10(a), displays the double layer capacitance 

model indicating the associated diffusion planes/layers at the negative electrode/electrolyte 

interface of a hypothetical electrochemical cell.  

 

In order to discuss the mechanistic function of the double layer capacitance model, it initially 

involves the understanding of how the solvated ions and partially solvated (solvent) 

molecules interact with the charged electrode surface. Due to the electrostatic attraction of the 

partially positive dipole moment of the solvent molecules with that of the negatively charged 

electrode surface, a monolayer of the solvent molecules adsorb onto the surface of the 

electrode. This monolayer of solvent molecules is what formulates the Inner Helmholtz plane 

(IHP), which also serves as a dielectric medium between the opposite charges of the electrode 

and solvated electrolyte ions. The Outer Helmholtz plane (OHP) extends to the centre of the 

positively charged electrolyte ions, and the combination of the two planes formulate the 

single layer of the double layer capacitance model. During electrochemical testing, the 

potential variation across the Helmholtz planes progresses linearly; however, it becomes 

exponential along the diffuse layer in the bulk electrolyte solution. The double layer 

capacitance model is therefore comprised of the capacitance of the Helmholtz plane or Stern 

layer (another term for the Helmholtz plane), in combination with the capacitance of the 

diffuse layer, as illustrated in Scheme 3.10(b), connected in series. 

 

                                                                 
S D

1 1 1

C C C
                                                         (3.2) 
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Scheme 3.10: Schematic diagram illustrating (a) the double layer capacitance model, 

and (b) a more detailed model displaying the potential variation across the diffuse and 

Stern layers [79].  

 

The expression illustrated in Equation (3.2) represents the total capacitance of the double 

layer model, where CS = capacitance of the Stern layer and CD = capacitance of the diffuse 

layer. Since both layers experience a capacitance, they also experience a resistance at varied 

electrical potentials. This resistance is measured as electrochemical impedance upon 

conducting an EIS experiment. The impedance of an electrochemical cell is generally 

analysed by utilizing a small potential or current excitation signal obtained by subjecting a 

sinusoidal AC current or voltage of known amplitude and frequency to the cell. The 

amplitude and phase responses of the cell are measured as AC current or potential signals, 

and the sum of the AC sinusoidal functions is obtained mathematically by employing a 

Fourier series.  
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Figure 3.8: Graph illustrating two functions, which represent a current response signal 

obtained from a subjected sinusoidal voltage [62].  

 

The mathematical expression representing the potential (voltage) excitation signal is shown 

below as a function of time.  

 

                                                                  0 sinV t V t                                                    (3.3) 

 

Where V(t) = potential at time (t), V0 = signal amplitude, and ω = 2 f  implies the radial 

frequency. The expression for the corresponding current response signal is also presented 

below as a function of time.  

 

                                                                0 sinI t I t                                                   (3.4)  
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Where I(t) = current response signal at time t, I0 = signal amplitude, and   = phase shift 

between the applied AC voltage sinusoidal waveform and the AC current response curve. 

From the use of Ohm’s law, the analogy of calculating resistance can also be applied to 

calculating impedance, as illustrated in the expression below: 

 

                                          
 

 

 

 

 

 
0

0

0

sin sin

sin sin

V t V t t
Z Z

I t I t t

 

   

 
       

                             (3.5) 

 

The impedance, as illustrated in Equation (3.5), is expressed in terms of a magnitude (Z0) 

and a phase shift ( ). However, from the use of Euler’s relation: 

 

                                                             exp cos sinj j                                            (3.6) 

 

The impedance can additionally be expressed as a complex function: 

 

                            
 

 
     0 0 0

sin
exp cos sin

sin

t
Z Z Z j Z j

t


   

 

 
         

             (3.7) 

 

The expression for the complex impedance function, Z(ω), illustrated in Equation (3.7), is 

constructed of in-phase and out-of phase impedances, commonly referred to as real (Z’) and 

imaginary (Z”) impedances. As mentioned before, these impedances are attributable by the 

capacitance and resistance experienced by the diffusion reactions occurring at the positive 

and negative electrode/electrolyte interfaces. A representative example of a generic “Nyquist 

plot” illustrating the imaginary, -Im(Z”)/Ω, part versus the real, Re(Z’)/Ω, part is displayed in 

Fig. 3.9(a). The “Bode frequency” plot, presented in Fig. 3.9(b), illustrates the logarithm of 

the magnitude of impedance and phase angle versus the logarithm of frequency. This plot is 

essential as it coincides with the Nyquist plot, and provides additional information 
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concerning the diffusion kinetics of electrolyte ions at the electrode surface. The red dots 

displayed on the Nyguist spectrograph indicate the fitted EIS data, where the data points are 

fitted onto the appropriately selected equivalent electrical circuit model, which was analysed 

using the Z-fit integrated EC-Lab analysis and interpretation software. The equivalent circuit 

model ideally measures the complex impedances in terms of circuit elements such as resistors 

(RS and Rct), capacitors (Cdl), and distributed Warburg (WS) impedances. The solution 

resistance, denoted as RS, is the resistance that occurs between the working electrode and the 

Ag/AgCl reference electrode. Rct is called the charge transfer resistance associated with the 

transfer of electrons at the electrode interface. The double layer capacitance (Cdl) element of 

the equivalent circuit model is measured as a constant phase element (CPE) impedance. 

Lastly, the Warburg-impedance (WS) distribution is a measure of resistance due to the 

diffusion of electrolyte ions across the electrode/electrolyte interface.          

 

 

Figure 3.9: Illustrating (a) typical Nyquist plot, (b) corresponding Bode plot, and (d) the 

Randles equivalent circuit model used during data fitting and interpretation [141].  
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3.3.2.3 Galvanostatic Charge-Discharge (GCD) analysis 

The galvanostatic charge-discharge (GCD) technique is well considered as the expansive 

electrochemical method employed in the research field of supercapacitor performance 

analysis and application. The GCD technique is also considered as a more accurate tool used 

for the evaluation of the specific capacitance of synthesized active electrode materials, over 

that of the CV technique. Additional information such as energy and power density, as well 

as cycling stability is also obtainable from the use of this technique. In a typical GCD 

experiment, constant positive and negative currents (obtained from selected current densities) 

are applied across the working electrode (to charge and discharge the electrode), where its 

potential relative to the reference (Ag/AgCl) electrode is monitored with respect to time. 

Similar to the CV and EIS experimental workstations, GCD analysis was performed on the 

three-electrode (half cell) and two-electrode (full cell) electrochemical devices, as displayed 

in Fig. 3.10.  

 

 

Figure 3.10: GCD experimental workstations of (a) three-electrode (half cell) and (b) 

two-electrode (full cell) electrochemical devices [79, 142].  
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The following section illustrates theoretical terminology of how a capacitor undergoes 

charging and discharging processes. In order to understand this concept, it is required to 

perceive the charging/discharging processes at a practical level (i.e. involving a conventional 

parallel-plate capacitor connected to an RC-circuit, as displayed in Scheme 3.11). During the 

charging process of the capacitor, as current (I) flows through the RC-circuit, positive 

charges begin to build up on the one plate, thus repelling positive charges on the other plate 

to formulate a fully charged parallel-plate capacitor containing positive and negative charges 

on the respective plates. The current continues to flow until the voltage across the capacitor is 

equivalent to the emf (ε) of the battery cell (at which point the current will stop flowing). 

Graphical representations of the charge/discharge processes, as illustrated in Scheme 3.11, 

can be used to deduce mathematical expressions, which describe relevant circuit elements 

such as the voltage (VC) and charge (q) across the capacitor. However, in order to perform 

these deductions, it is initially required to have a brief knowledge of the following key math 

expressions. 

 

Utilizing the Kirchhoff’s Loop Rule on the charging RC-circuit in Scheme 3.11, which states 

that the summation of the potential/voltage differences across all the circuit components is 

equivalent to zero, formulates the following expression:  

 

                                                                R C 0V V                                                           (3.8) 

 

Where ε = the emf (electromotive force) of the battery cell, VR = the voltage across the 

resistor, and VC = the voltage across the capacitor. Re-arranging the equation and making ε 

the subject, gives the following expression: 

 

                                                                  R CV V                                                             (3.9) 
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As the capacitor begins to charge up, its voltage (VC) starting at zero will gradually increase 

until it reaches its maximum potential or charge capacitance. However, the voltage on the 

resistor (VR) will not start at zero, as the sum of VR and VC equals the emf of the battery from 

the Kirchhoff’s Loop Rule. Therefore, during charging, VR experiences an exponential decay 

due to a complex feedback phenomenon occurring between VR and VC, namely as VC 

increases VR decreases. The following expression mathematically describes the potential 

decay across the resistor with respect to time.  

 

                                                                     
-

R

t
RCV e                                                      (3.10) 

 

Substituting the expression for VR into the Kirchhoff’s Loop Rule, in Equation (3.9), and 

solving for VC, gives the expression describing the exponential potential increase across the 

capacitor, as illustrated in the graphical representation of the capacitor charging process.  

 

                                                                 C 1
t
RCV e



                                                   (3.11) 

 

The definition of capacitance is mathematically defined by the following formula: 

 

                                                                        
Q

C
V

                                                          (3.12) 

 

This definition can then be related to the RC-circuit and used to formulate the expression 

describing the charge accumulated on the capacitor. 

 

                                                                    Cq CV                                                      (3.13) 
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                                                              1
t
RCq C e



                                                 (3.14) 

 

During discharging, as illustrated in the circuit diagram, the battery is disconnected and the 

capacitor now functions as the emf energy source for the resistor. Initially the capacitor has 

its maximum voltage (V0) and as current flows through the circuit and the resistor in a loop, 

the capacitor will gradually lose its voltage over time. Since initially VC = VR, the voltage 

across the resistor will also decay over time, much like in the case of the capacitor. The 

mathematical expression describing the VC exponential decay is illustrated in the 

corresponding graphical representation of the capacitor discharging process. Since, VC 

decays, the charge (q) on the capacitor plate will also decay, thus giving an expression for q 

similar to that of VC (except with the capacitance multiplied to it).    

  

 

 Scheme 3.11: Schematic diagram illustrating the RC-circuit diagrams and graphical 

representations of the (a) charging and (b) discharging processes of a parallel-plate 

capacitor system [143].    
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CHAPTER 4 

 

 

Chapter Overview 

This chapter critically discusses the characterization results of the pristine manganese oxide 

Mn3O4, spinel-type copper manganese oxide CuMn2O4, and modified hybrid 

CuMn2O4/MWCNT supercapacitor electrode materials. The discussion entails a complete 

understanding of the results obtained via microscopic (SEM and HR-TEM), spectroscopic, 

and crystallographic (FT-IR, Raman, and XRD) techniques. In addition to these techniques, 

highly sensitive techniques such as SAXS and TGA were used for obtaining information on 

the particle size and thermal stability of the electrode materials. Finally discussed in this 

chapter involves results obtained from electrochemical analysis via cyclic voltammetric (CV), 

galvanostatic charge/discharge (GCD), and electrochemical impedance spectroscopic (EIS) 

techniques.  

 

4.0 Results and Discussion  

 

4.1 Compositional and Microscopic Characterization 

4.1.1 Scanning Electron Microscopic analysis 

The scanning electron microscopy technique was used to investigate the micro-structures, 

surface morphology, and average/mean particle size distribution of the synthesized pristine 

Mn3O4, spinel CuMn2O4, and hybrid CuMn2O4/MWCNT electrode materials [144]. The 

Mn3O4 morphologies displayed in the SEM image titled (Fig. 4.1) portrayed uniformly 

agglomerated spherical shaped nanostructures. Particle size analysis and calculations were 

performed using ImageJ (an image processing software) [116], and the results obtained 

revealed average particle sizes ranging between 65-105 nm. These morphological findings 

were evidently analogous to the SAXS obtained results. An additional morphological 

http://etd.uwc.ac.za/



90 
 

observation of the pristine Mn3O4 material, was that its SEM image displayed large 

secondary agglomerated particles (  145 nm) originating from the aggregation of smaller 

primary particles (  73 nm) [114]. This observation was also correspondent to its XRD 

structural characterisation results.   

 

 

Figure 4.1: SEM images of the pristine Mn3O4 electrode material viewed at a scale of a), 

1  m and b), 100 nm.  

 

The SEM micrographs of the spinel CuMn2O4 material, portrayed in Fig. 4.2, displayed 

morphologies that are closely consistent with that of the pristine Mn3O4 material. The Mn3O4 

nanoparticles displayed plate-like nanostructures, whereas the CuMn2O4 material portrayed 

confined nanocrystallites, thus exhibiting exceptional crystallinity [145]. The CuMn2O4 

average particle size calculations revealed sizes ranging between 75-120 nm. Elaborating 

more on the confinement existing between the CuMn2O4 nanoparticles, Fig. 4.2 displayed the 

CuMn2O4 nanoparticles as clusters of geometric crystals bound together [146].  
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This confinement (also termed as quantum confinement) could have possibly been a result of 

the van der Waals and capillary adhesive forces occurring within the citric acid monohydrate 

(C6H8O7.H2O) reagent precursor [146-147]. These strong molecular forces contribute towards 

strong molecular bonding between the elemental constituents of the spinel CuMn2O4 

electrode material, thus promoting excellent structural stability [148]. However, the electrode 

material’s thermal stability properties might not be as good as its structural stability. 

Therefore, in addition to providing improved electronic conductivity to the spinel system, the 

incorporated multi-walled carbon nanotube (MWCNT) structures would also provide 

enhanced thermal stability, as experimentally proven by thermo-gravimetric analysis (TGA) 

later illustrated in this chapter.      

 

 

Figure 4.2: SEM images of the spinel CuMn2O4 electrode material viewed at a scale of 

c), 100 nm and d), 20 nm.  
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The confined CuMn2O4 nanocrystal clusters were anchored to the surface of multi-walled 

carbon nanotubes (MWCNTs) for the development of the hybrid CuMn2O4/MWCNT 

nanocomposite material. Prior to this, SEM and HRTEM images were obtained displaying 

acid-treated MWCNTs.  

 

 

Figure 4.3: Purified MWCNT images: e), SEM and f), HRTEM.  

 

The morphology of the CuMn2O4/MWCNT nanocomposite material is exhibited in the SEM 

images below titled Fig. 4.4. These images positively displayed optimal incorporation of the 

spinel CuMn2O4 nanoparticles to the purified MWCNT network. The purpose of the 

MWCNT network was to provide a three-dimensional support structure for the spinel 

CuMn2O4 nanoparticles, thus increasing its surface area and preventing agglomeration [149]. 

This statement can be verified from SAXS analysis, which illustrated that the hybrid 

CuMn2O4/MWCNT material exhibited no aggregation as compared to the pristine and spinel 

materials (which exhibited aggregation at a certain degree). Additionally, during 

electrochemical analysis, the 3D MWCNT network would also help minimize the occurrence 
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of energy dissipation due to concentration polarisation processes occurring at the electrode 

surface [150-151]. The structural morphology of the MWCNTs, illustrated in Fig. 4.4, 

displayed lengthy and narrow intertwined entanglements with the spinel CuMn2O4 

nanoparticles [149]. This observation successfully implied the generation of a strong atomic 

attraction between the 3D MWCNT network and CuMn2O4 nanoparticles.  

 

 

Figure 4.4: SEM images of the hybrid CuMn2O4/MWCNT electrode material viewed at 

a scale of g), 200 nm and h), 100 nm.  
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4.1.2 High-Resolution Transmission Electron Microscopic analysis 

In order to obtain a more in depth perception of the inner crystal structure of the synthesized 

electrode materials, HR-TEM analysis was carried out [152]. Figs. 4.5a) and 4.5b) display 20 

and 10 nm scale magnification HR-TEM images of the pristine Mn3O4 material, respectively. 

In Fig. 4.5b), the dark and light lines that appear on one of the crystal planes are called lattice 

fringes. These periodic fringes are formed by diffracted waves that are transmitted from the 

atomic lattice planes of the crystalline material [152]. The outline of the particle marked in 

Fig. 4.5a), displays a generic body-centered tetragonal (BCT) geometrical model of the 

Mn3O4 crystal structure. This outlined projection resembled a rectangular box shape with 

atomic lattice planes represented by lattice fringes.   

 

 

Figure 4.5: HR-TEM images of the pristine Mn3O4 electrode material viewed at a scale 

of a), 20 nm and b), 10 nm.   
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The selected area electron diffraction (SAED) pattern in Fig. 4.6d) displayed a regular 

sequence of scattered dots, which is a characteristic aspect of the Mn3O4 nanocrystal [152]. 

The lattice fringe lines displayed in Fig. 4.6c), evidently illustrated atomic crystal lattice 

planes indexed with inter-planar spacing distances of 0.275 nm, 0.248 nm, and 0.236 nm 

respectively. In conjunction with XRD analysis, these lattice distances are correspondent to 

the (103) and (202) atomic lattice planes of the Mn3O4 crystal structure. However, the (211) 

plane is correspondent with the MnO2 atomic crystal structure as confirmed by XRD data. 

This phenomenon was attributed due to additional phases such as MnO2 and Mn2O3, present 

within the crystal structure of the Mn3O4 material.          

 

 

Figure 4.6: c), HR-TEM image and d), SAED image of the pristine Mn3O4 electrode 

material viewed at a 2 nm scale.  
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The energy dispersive X-ray spectrum, shown in Fig 4.7, for the pristine Mn3O4 electrode 

material reveals its elemental composition data. The expected elements, of which Mn3O4 is 

composed of, are displayed in the spectrograph below. However, the copper and nickel 

signals are due to the copper-nickel grid onto which the Mn3O4 material was drop casted 

during HR-TEM sample preparation. Additionally, the carbon signal on the spectrograph is 

consequentially due to the carbon black adhesive material coated on the copper-nickel grid 

before sample analysis [116]. This additional carbon coating process is necessary to make the 

active electrode material more conductive for obtaining images with high resolution [116]. 

The potassium signal could be a result of the un-reacted potassium permanganate (KMnO4) 

residues that may have been present within the Mn3O4 structural morphology. Unfortunately, 

there is no reasonable statement explaining the presence of the silicon (Si) signal, unless it 

was attributed to contamination occurrence during synthesis.      

 

 

Figure 4.7: Energy Dispersive X-ray (EDS) spectrum of the pristine Mn3O4 electrode 

material obtained from HR-TEM analysis.  
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The HR-TEM image displayed in Fig. 4.9g) illustrated well-defined lattice fringes on the 

micrograph image, thus indicating good crystallinity retained by the spinel CuMn2O4 

material. The CuMn2O4 particles are displayed in Fig. 4.8 as cubic shaped nanostructures 

with particle sizes ranging between 95-140 nm [153]. A two-dimensional crystal lattice 

image of one of the cubic CuMn2O4 nanostructures [153] is shown in Fig 4.8f). The 2D 

projection is indexed with three distinctive atomic crystal lattice planes: (002), (220), and 

(222) [154]. These detected atomic planes are in correlation with the indexed miller indices 

from the spinel CuMn2O4 XRD data plot.  

 

 

Figure 4.8: HR-TEM images of the spinel CuMn2O4 electrode material viewed at a scale 

of e), 50 nm and f), 20 nm.    
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The distance between the specifically oriented lattice fringes displayed in Fig. 4.9g), was 

calculated to be 0.234 nm, 0.293 nm, and 0.271 nm for the indexed (002), (220), and (222) 

atomic lattice planes, respectively. The fringe spacing of the (222) plane is in good agreement 

with the inter-planar lattice spacing distance of the most intense peak (222) calculated by 

XRD analysis. The SAED scanned image indexed with the three-lattice planes, indicated 

diffraction dots that are characteristic of a spinel CuMn2O4 face-centered cubic crystalline 

material. The EDS spectrum of the spinel CuMn2O4 material, displayed in Fig. 4.10, shows 

the presence of the desired elements without the occurrence of unwanted contaminants or 

residues. This is an indication of a purely synthesized electrode material.   

 

 

Figure 4.9: g), HR-TEM image and h), SAED image of the spinel CuMn2O4 electrode 

material viewed at a 2 nm scale.  
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Figure 4.10: Energy Dispersive X-ray (EDS) spectrum of the spinel CuMn2O4 electrode 

material obtained from HR-TEM analysis.   

 

Semi-quantitative research of the spinel CuMn2O4 electrode material was performed through 

employing HR-TEM EDS analysis, which provided a spectrum that illustrated the presence 

of the desired elemental constituents of the spinel CuMn2O4 phase material with no unwanted 

contaminants [155]. This implied that the designed temperature controlled hydrothermal 

synthetic procedure, used as the development schematic of the spinel CuMn2O4 electrode 

material, resulted in the formation of a purely synthesized spinel CuMn2O4 binary metal 

oxide compound. However, despite the promising elemental composition data, it is 

analytically evident from XRD analysis that there existed additional structural phases such as 

Mn2O3 and CuO, within the spinel CuMn2O4 crystal structure. Since EDS is mostly useful for 

when identifying the elements that form the building blocks of the synthesized material, XRD 

analysis provide a better insight on the material’s crystal structure and elemental phase [156]. 
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The HR-TEM images displayed in Fig. 4.11 illustrated cubic structured spinel CuMn2O4 

nanoparticles, anchored to the outer walls of the MWCNTs [157]. After performing image 

processing analysis from ImageJ, the average particle sizes of the CuMn2O4/MWCNT 

nanocomposite electrode material was obtained as a range of 50 – 108 nm. This result is in 

good correspondence with the average particle size data obtained from XRD and SAXS 

analysis. The ionic bonding of sp
2
 hybridized carbon atoms, of the acid functionalized 

MWCNTs, with the tetrahedral Cu
2+

 atoms, of the spinel CuMn2O4, was confirmed via 

Raman and FT-IR analysis [158]. An intriguing correlation between the hybrid material 

observed at the 0.2 μm scale, displayed in Fig. 4.11(k), and it’s SAXS analyzed data 

indicated that a uniformly defined distribution of CuMn2O4 nanoparticles across the 

MWCNT network surface were formulated after fabrication.          

 

 

Figure 4.11: HR-TEM images of the hybrid CuMn2O4/MWCNT electrode material 

viewed at a scale of (i) 50 nm, (j) 20 nm, (k) 0.2 μm, and (l) 10 nm. 
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The HR-TEM image, showed in Fig. 4.12, clearly displayed atomic lattice fringes indexed as 

(002), (220), (311), and (100), in conjunction with XRD analysis [159]. These atomic lattice 

planes are correspondent to the MWCNT and spinel CuMn2O4 crystalline nanostructures 

[160]. The respective diffraction angles of the indexed atomic lattice planes, obtained from 

the XRD data plot, were used to calculate the d-spacing distance between the individually 

labelled lattice fringes. The calculated distance between the specifically oriented lattice 

fringes were obtained as 0.294 nm, 0.246nm, 0.227nm, and 0.203 nm for the indexed (002), 

(220), (311), and (100) atomic lattice planes, respectively. Fig. 4.12o) displays the selected 

area electron diffraction (SAED) pattern of the hybrid CuMn2O4/MWCNT electrode material, 

which revealed well-defined scattered dots indicative to the crystalline particles embedded 

within the CuMn2O4/MWCNT structure [75]. As seen in the SAED diffraction pattern, the 

indexed atomic lattice planes were assigned to a Fd3m space group (according to JCPDS 

pattern no. 00-048-1548), which is characteristic to the spinel face-centered cubic (FCC) 

crystal lattice structure of the hybrid CuMn2O4/MWCNT electrode material [114].       

 

 

Figure 4.12: n), HR-TEM image and o), SAED image of the hybrid CuMn2O4/MWCNT 

electrode material viewed at a 2 nm scale.  
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Fig. 4.13 illustrates the energy dispersive X-ray (EDS) spectrograph of the investigated 

hybrid CuMn2O4/MWCNT electrode material. Chemical analysis confirmed the existence of 

all the desired elements within the hybrid structured nanocomposite material, however, the 

presence of a silicon contaminant was identified from the corresponding EDS spectrograph. 

This purity defect may have been attributed to the employment of the low-temperature reflux 

heating method used during the electrode material’s synthetic procedure [161]. The reflux 

method was employed to provide a control over the pressure built up during rapid 

temperature increase, which is difficult to achieve inside a sealed hydrothermal reactor 

vessel. The high intensity carbon peak illustrated an atomic weight percent of 21.26 % of the 

entire hybrid CuMn2O4/MWCNT composite electrode material, thus indicating a uniform 

distribution of spinel CuMn2O4 nanoparticles on the MWCNT network.        

 

 

Figure 4.13: Energy Dispersive X-ray (EDS) spectrum of the hybrid 

CuMn2O4/MWCNT electrode material obtained from HR-TEM analysis. 
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4.2 Structural and Spectroscopic Techniques 

4.2.1 XRD analysis and interpretation  

XRD analysis was performed in order to investigate and identify the crystal structures and 

average crystallite size of the synthesized electrode materials. The XRD graphs of the pristine 

Mn3O4, spinel CuMn2O4, and hybrid CuMn2O4/MWCNT electrode materials displayed sharp 

and intense Bragg peaks, thus indicating the crystalline nature of the electrode materials. 

According to the Joint Committee on Powder Diffraction Standards (JCPDS) data file 

obtained after XRD analysis of the pristine Mn3O4 electrode material, it indicated that the 

material exhibited a body-centered tetragonal crystal structure. The XRD graph of the pristine 

Mn3O4 material is shown in Fig 4.14, additionally displaying its crystal structure 3D model.    

 

 

Figure 4.14: XRD pattern of the pristine Mn3O4 electrode material. 
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Figure 4.15: Body-centered tetragonal crystal structure of the pristine Mn3O4 material 

[162-163].  

 

 

The figure above shows an expanded drawing of the crystal structure type obtained from the 

XRD JCPDS data file (JCPDS pattern: 00-024-0734). Although the figure was not drawn to 

scale, it can be noted that a = b c , and α=β= γ=90° . Bragg’s Law was used to calculate 

the inter-planar spacing (d) of each X-ray diffraction peak (Bragg peak) at its specific 

diffraction angle.  

 

                                                          

 

 

2 sin

2 sin

n d

d

 

 





                                          (4.1 & 4.2) 
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Where n, in this case, is considered as first order reflection  n =1 . The given parameters 

include λ=0.1540598 nm , and the X-ray diffraction peaks at their specific 2θ  positions 

(e.g. 2θ  = 18.0  indicating the position of the first diffraction peak on the XRD plot). 

Therefore, from Bragg’s Law, the equation below was used to calculate the inter-planar 

spacing for each diffraction peak at their respective 2θ  positions.  

 

                                                             
 2sin

d



                                                     (4.3) 

 

In the research of body-centered tetragonal crystal structures, it was reported that the only 

reflections allowed for this type of crystal system is when the sum of the (h,k,l) values, 

essentially being the miller indices, is equal to an even number (e.g 2, 4, 6, ..., etc) [164].   

 

The XRD pattern of the Mn3O4 material in Fig 4.14, additionally identifies Bragg peaks 

indexed with miller indices that obeys the rules of crystallography for body-centered 

tetragonal crystal systems. The unit cell size (a) of the crystal lattice structure is also a lattice 

parameter that was calculated. This was achieved by relating the inter-planar spacing distance 

(d), with the miller indices of a specific Bragg diffraction peak illustrated in the Mn3O4 XRD 

graph.    

 

                                                           
2 2 2

2 2 2

1 h k l

d a c


                                                (4.4) 

 

Where (d) = Inter-planar spacing and (a) = Unit cell size. The equation above is only valid for 

a body-centered tetragonal system (BCT), and in order to calculate the lattice parameters, it 

was best to use the following two reflections: 

 

http://etd.uwc.ac.za/



106 
 

 The reflection (h, k, 0) can be used to calculate the unit cell size (a), and 

 The reflection (0, 0, l) can be used to calculate the value of (c). 

 

The value of (c) is known as the number of numerical constraints on the lattice parameters of 

the body-centered tetragonal (BCT) system. 

 

The calculation for the value of (a – unit cell size) was performed with the use of the 

reflection  220 ( )hkl . Equation (4.4) was then rearranged by making (a) the subject of the 

formula, knowing that the value for l will substitute to zero.   

 

                                                             
2 2 2

2 2 2

1 h k l

d a c


                               From equation (4.4) 

 

 

                                                             
 2 2

2 2 2

01 h k

d a c


                                                    (4.5) 

 

The zero substituted for l cancels out the 
2

2

l

c

 
 
 

 term, thus leaving the expression in the 

following form:  

  

                                                             2 2 2a d h k                                                        (4.6) 

 

 

Becomes 

zero 
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The inter-planar spacing value (d) of the Bragg peak  44.441°= 2θ  at miller indices  220 , 

was determined according to the illustrated calculation below: 

 

                                                         
0.1540598 nm

44.441
2sin

2

d 
 

 
 

                                                     (4.7) 

 

                                                            0.2037 nmd                                                        (4.8) 

 

From this value, the unit cell size (a) was obtained by using equation (4.6).  

 

                                                       
2 2 20.2037 nm 2 2a                                              (4.9) 

 

                                                            0.5762 nma                                                     (4.10) 

 

The number of numerical constraints (c) on the lattice parameters is mostly considered as 

one. However, for this structural system it was considered as 2, since the Bragg peak used to 

calculate the value (c) had miller indices (002). The following expression illustrates the 

calculation for the value of (c).  

 

                                                                 2 2c d l                                                         (4.11) 

 

                                                     
2 20.2037 nm 2 0.4074 nmc                                (4.12) 
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The average crystallite size (D) was lastly calculated from the Bragg peak 2θ=36.086° , 

which is displayed as the most intense peak, having miller indices (211). Scherrer’s equation 

was used to perform the following objectified calculation.   

 

                                                             211
cos

K
D



 
                                               (4.13) 

 

The Scherrer equation states that the average crystallite size (D) is equivalent to the product 

of the shape factor constant  K =0.89  and the wavelength of the X-rays  λ , divided by the 

product of the full width at half-maximum  FWHM   height with the cosine of the angle 

of reflection 
2θ

θ=
2

 
 
 

, for the diffraction peak of interest. From the FWHM value obtained 

as 0.002059 after systematically calculating it using origin 8, the calculation for the average 

crystallite size   211
D  progresses in accordance to Scherrer’s equation below.    

 

                                              

  

 
211

0.89 0.1540598 nm

36.086
0.002059 cos

2

D 
 

 
 

                                       (4.14) 

 

                                                       
 211

70.0362 nmD                                                  (4.15) 

 

The morphology obtained from the HR-TEM images of the pristine Mn3O4 material is 

correspondent to its crystallography data obtained from XRD analysis. The phase of the 

material was identified from its JCPDS file as Mn3O4 (Hausmannite, body-centered 

tetragonal crystal system) in an I41/amd space-group. The calculated lattice parameter 

a = 0.5762 nm , provided the indication that the Mn3O4 nanocrystals were of appropriate size 

to allow a variety of accepted electrolytes for transition metal oxides [165].  
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The ion dimension of K
+
 and Li

+
 in water is estimated to be 0.138 nm and 0.076 nm 

respectively [17]. Therefore, KOH and LiOH were used as suitable electrolytes during 

electrochemical measurements. The XRD plot of the synthesized CuMn2O4 nanoparticles in 

Fig 4.16, illustrated high intensities of (222), (311), (002), (044), and (311) diffraction 

patterns indexed into a face-centered cubic (FCC) Fd3m space-group spinel structure 

(according to the JCPDS data file no. 00-035-1030). The XRD pattern also revealed the 

presence of a few additional compound phases such as CuO and Mn2O3, within the spinel 

CuMn2O4 material. These residue peaks could have been attributed due to a low thermal 

energy subjected to the material during calcination treatment. This therefore caused some of 

the copper precursors to not completely bind with the manganese oxide precursors. In the 

study of spinel systems, it was reported that for the spinel compound CuxMn3-xO4 where x =1

, upon thermal treatment below 700   resulted in the formation of the spinel compound 

followed by additional phases [166]. Despite these additional phases being present in the 

XRD pattern, they do exhibit low intensities, thus allowing them to be ignored when 

performing the necessary lattice parameters and average crystallite size calculations of the 

purely phased spinel CuMn2O4.  

 

According to the rules of crystallography for face-centered cubic (FCC) crystal systems, the 

only reflections permitted for this type of crystal system is when the Bragg diffraction peaks 

are indexed with miller indices that are either all even or all odd [167]. These primitive 

conditions are evidently obeyed and observed in the XRD pattern of the spinel CuMn2O4 

material. The equation used in the calculation of the lattice parameters for this type of crystal 

system is less complex than that of tetragonal or orthorhombic systems.  

 

                                                           
 2 2 2

2 2

1 h k l

d a

 
                                                    (4.16) 

 

                                                         2 2 2 2 2.a d h k l                                               (4.17) 
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The most intense Bragg diffraction peak indexed with miller indices (222) was used for the 

calculation of the inter-planar spacing (d), unit cell size (a), and average crystalline size (D). 

The XRD graph, in Fig. 4.16, additionally indicated a 2θ  position of 33.027   at which the 

Bragg diffraction peak occurred. 

 

Inter-planar spacing calculation: 

                                                              
 2sin

d



                                                           (4.18) 

 

                                                         
0.1540598 nm

33.027
2sin

2

d 
 

 
 

                                                   (4.19)                   

 

                                                            0.2710 nmd                                                      (4.20) 

 

 

Unit cell size calculation:  

                                                        2 2 2 2.a d h k l                                                    (4.21) 

 

                                                   
2 2 2 20.2710 nm 2 2 2a                                           (4.22) 

 

                                                              0.9388 nma                                                   (4.23) 
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Average crystalline size calculation: 

                                                                  222
cos

K
D



 
                                                  (4.24) 

 

Where the β FWHM  value of the (222) Bragg peak was calculated as 0.001835 

 

                                                  

  

 
222

0.89 0.1540598 nm

33.027
0.001835 cos

2

D 
 

 
 

                                    (4.25) 

 

                                                           
 222

77.9357 nmD                                              (4.26) 

 

The calculation results of the lattice parameters indicated that the unit cell size 

 a =0.9388 nm  of the spinel CuMn2O4 FCC structured material is larger than the unit cell 

size  a =0.5762 nm  of the pristine Mn3O4 BCT structured material. This is attributable to 

the spinel CuMn2O4 FCC crystal structure containing 8 tetrahedral and 4 octahedral 

interstitial sites within the unit cell, at which the Cu
2+

 and Mn
3+

 cations are positioned. The 

structural design of the pristine and spinel materials obtained from XRD analysis is 

correspondent to the HRTEM images, which displayed the general shape of the materials. 

The average crystalline size of the spinel CuMn2O4 electrode material was additionally 

calculated as 77.9357 nm, which is slightly greater than that of the pristine Mn3O4 electrode 

material (70.0362 nm). The XRD graph of the CuMn2O4 electrode material, illustrated in Fig. 

4.16, displayed Bragg diffraction bands at higher intensities compared to the band intensities 

exhibited by the Mn3O4 electrode material. These results are in good agreement with Raman 

and small-angle X-ray scattering (SAXS) analysis data, which also illustrated greater peak 

intensities exhibited by the spinel CuMn2O4 compared to that of the pristine Mn3O4 electrode 

material.  
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Figure 4.16: XRD pattern of the spinel CuMn2O4 electrode material. 

 

The main Bragg diffraction bands located at approximate 2  positions of 33 , 36 , 38 , 55 , 

and 66 , for the spinel CuMn2O4 phase, were displayed as sharper and stronger peaks 

compared to the most intense Bragg diffraction bands of the pristine Mn3O4 phase [168]. This 

observation implied that the spinel CuMn2O4 electrode material possessed a more stable 

crystallinity and an increased average particle size, confirmed by the calculated lattice 

parameters. As mentioned before, as well as displayed in Fig. 4.16, there are additional 

phases (Mn2O3 and CuO) within the FCC spinel CuMn2O4 structured material. However, the 

Mn2O3 phase is also present within the body-centered tetragonal (BCT) Mn3O4 crystal 

structure, as confirmed by the material’s XRD graph. Comparing the Mn3O4 pattern with that 

of CuMn2O4 and identifying the location of the Mn2O3 phase, indicated that the assigned 

Mn2O3 Bragg diffraction band indexed as (400) on the CuMn2O4 pattern, slightly shifted to a 

higher diffraction angle. This intriguing observation is ascribed to the attachment of Cu
2+

 ions 

onto the Mn
3+

 octahedral interstitial sites, thus formulating a larger spinel-type unit cell, and 

hence providing additional ionic vacancies [169]. The crystal structure model of the spinel 
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CuMn2O4 material displays Cu
2+

 tetrahedral atomic structures on the 6-faces and 8-corners of 

the FCC unit cell. Additionally, the Mn
3+

 octahedral atomic sites, originating from the BCT 

Mn3O4 crystal structure, is situated inside the unit cell, as well as in-between the 8-corner 

Cu
2+

 interstitial sites [170]. As observed from the 2D structural representation of the hybrid 

CuMn2O4/MWCNT electrode material, the Cu
2+

 tetrahedral and Mn
3+

 octahedral interstitial 

sites bind to the MWCNT structures during synthetic protocol, which is microscopically 

confirmed by SEM and HR-TEM analysis. The XRD graph of the hybrid CuMn2O4/MWCNT 

electrode material is illustrated in Fig. 4.18, together with an inset pattern of the 

functionalized MWCNTs.        

   

 

Figure 4.17: Spinel face-centered cubic crystal structure of CuMn2O4 material [171-

174]. 
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Figure 4.18: XRD pattern of the hybrid CuMn2O4/MWCNT electrode material. 

 

The XRD graph of the as synthesized hybrid CuMn2O4/MWCNT electrode material 

illustrated high intensity Bragg diffraction peaks at 2  reflection angles of 30,425 , 35.592 , 

38.706 , 48.643 , 57.752 , and 63.350  assigned to their respective miller indices (002), 

(220), (311), (400), (422), and (511). These atomic crystalline planes are indexed according 

to the existence of a Cu1.4Mn1.6O4/MWCNT phase (Joint Committee on Powder Diffraction 

Standards, JCPDS pattern no. 00-048-1548), with a Fd3m space group characteristic to FCC 

crystal systems [175]. The inter-planar spacing distance (d), unit cell size (a), and average 

crystalline size (D), for the hybrid CuMn2O4/MWCNT electrode material, was calculated by 

using the most intense Bragg diffraction band with indexed miller indices (311). The 

calculated values were obtained as d = 0.2324 nm, a = 0.7708 nm, and D(311) = 51.2610 nm, 

respectively. The small crystalline size of the CuMn2O4/MWCNT composite compared to 

that of the spinel CuMn2O4 material, is ascribed to the broad and high intensity XRD 

diffraction bands. Notably, the diffraction peaks indicating the spinel CuMn2O4 phase within 
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the hybrid CuMn2O4/MWCNT composite marginally shifted towards greater reflection 

angles, thus suggesting the occurrence of structural distortion [176]. This result could 

additionally be attributed to the stoichiometric mole fraction of the Cu
2+

 and Mn
2+

 

constituents. The calculated average crystalline particle size for the hybrid composite 

electrode material is in good agreement with microscopic (HR-TEM) and spectroscopic 

(SAXS) analysis results. It is illustrated in Fig. 4.19 below, displaying a 2D-model of the 

hybrid CuMn2O4/MWCNT structure, that the Cu
2+

 ions from the spinel CuMn2O4 complex 

strongly interacts with the sp
2
 and sp

3
 hybridized carbon atoms of the MWCNTs. This 

pictorial representation of the hybrid CuMn2O4/MWCNT structure is spectroscopically 

confirmed by the D and G bands, indicating the presence of sp
3
 (C-C) and sp

2
 (C=C) 

hybridized atoms within the analyzed CuMn2O4/MWCNT material, appearing on the 

obtained CuMn2O4/MWCNT Raman spectrograph.               

 

 

Figure 4.19: Structural model of the hybrid CuMn2O4/MWCNT electrode material 

[110]. 
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Figure 4.20: Comparative XRD patterns of the pristine Mn3O4, spinel CuMn2O4, and 

hybrid CuMn2O4/MWCNT electrode materials. 

 

 

Table 4.1: Summary of the crystallographic parameters calculated from the XRD 

patterns of the pristine Mn3O4, spinel CuMn2O4, and hybrid CuMn2O4/MWCNT 

electrode materials. 

Parameter Pristine Mn3O4 Spinel CuMn2O4 Hybrid 

CuMn2O4/MWCNT 

Average crystallite 

size D, (nm) 

74.0362 77.9357 51.2610 

Inter-planar 

spacing dh,k,l, (nm) 

0.2037 0.2710 0.2324 

Unit cell size 

a, (nm) 

0.5762 0.9388 0.7708 
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4.2.2 Fourier Transform-Infrared Spectroscopic Studies 

FT-IR spectroscopy was used to evaluate the various functional groups present within the 

pristine Mn3O4, spinel CuMn2O4, and hybrid CuMn2O4/MWCNT electrode materials in order 

to obtain additional information regarding their specific structure. The FT-IR spectra of the 

pristine, spinel, and hybrid materials are presented in Fig. 4.21. For the pristine Mn3O4 

electrode material, the broad band within the region of 3660 – 3000 cm
-1

 can be ascribed to 

the symmetric and asymmetric stretching vibration modes of the hydroxyl (O – H) group 

from the solvent residual ultra – pure water [171, 177]. The intense absorption bands within 

the low wave number range of 400 – 700 cm
-1

 are correspondent to the presence of the Mn – 

O bonds, which appear consistently in each spectra, indicating good quality synthesized 

electrode materials [178]. The absorption band peaks at 1023 cm
-1

 and 1620 cm
-1

 are present 

as a result of the C – O stretching vibrations, possibly from the un-reacted residual diethylene 

glycol used during the pristine Mn3O4 electrode material synthetic procedure [179].  

 

The FT-IR spectrograph of the synthesized spinel CuMn2O4 nanoparticles displayed 

absorption band peaks at 531 cm
-1

, 592 cm
-1

, 668 cm
-1

, 1421 cm
-1

, 1640 cm
-1

, and 3430 cm
-1

, 

as illustrated in the plot of Fig. 4.21. The broad absorption band, which appeared within the 

wave-number range of 3000 – 3700 cm
-1

, is analogous to the stretching vibration modes of 

the hydroxyl (O – H) group originating from the ultra – pure water (H2O) molecules 

physically adsorbed onto the electrode material surface [179]. This adsorption of water 

molecules improve the wettability of the electrode material, which deals with the surface 

tension between the electrolyte solution (containing K
+
/OH

-
 or Li

+
/OH

-
 electrolyte ions) and 

the solid electrode material surface. The enhanced wettability of the electrode material would 

then subsequently strengthen the intermolecular force interactions between the electrolyte 

ions and the electrode material surface during ionic-diffusion processes. The absorption 

bands observed at approximately 531 cm
-1

 and 688 cm
-1

 in the FT-IR spectrum is 

characteristic to the vibration modes of tetrahedral Cu
2+ 

- O
2-

 and octahedral Mn
3+

 - O
2-

 site 

groups, respectively. The final absorption band accounted for is the one observed at 1640 cm
-

1
, which is correspondent to the (C=O) carbonyl group probably resulting from small 

quantities of un-reacted citric acid monohydrate (C6H8O7. H2O) used during the material 

synthetic procedure. The FT-IR spectrograph for the hybrid CuMn2O4/MWCNT electrode 

material displayed the essential absorption bands corresponding to the hydroxyl (O – H) and 

http://etd.uwc.ac.za/



118 
 

metal precursor (Mn – O, Cu – O) functional groups [180]. However, in order to identify the 

absorption band analogous to the incorporated multi-walled carbon nanotube (MWCNT) 

structure, it was necessary to perform FT-IR analysis on the acid treated MWCNTs alone. 

The FT-IR spectrum for the acid treated MWCNTs, displayed as an inset to the plot of the 

hybrid CuMn2O4/MWCNT material, illustrated the generic broad hydroxyl (O – H) group 

band at approximately 3440 cm
-1

. The absorption band observed around 1630 cm
-1

 is 

correspondent to the (C = C) vibration bonds, arising from the sp
2
 hybridized carbon atoms of 

the acid functionalized MWCNTs. The two spectrographs additionally resembled the 

absorption band located at 1630 cm
-1

 (indicating the presence of {C = C} symmetric 

stretching), which provided the indication of strong molecular bonding between the MWCNT 

structures and the spinel CuMn2O4 nanoparticles.      

 

 

Figure 4.21: FT-IR spectrographs of the pristine Mn3O4, spinel CuMn2O4, and hybrid 

CuMn2O4/MWCNT electrode materials.  
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4.2.3 Raman Spectroscopy 

Raman spectroscopy is a spectroscopic technique where a Raman spectrograph is obtained 

after analysis, which provides the molecular fingerprint of the specified electrode material 

sample. Raman spectroscopy was used to obtain bond vibration and rotation information of 

particular molecules that are present within the pristine Mn3O4, spinel CuMn2O4, and hybrid 

CuMn2O4/MWCNT electrode materials. The Raman spectrum of the pristine Mn3O4 

electrode material displayed a low intensity Raman band at approximately 485 cm
-1

, which is 

attributed to the Mn – O stretching and vibration modes of the octahedral MnO6 sub-lattices 

within the Mn3O4 body-centered tetragonal (BCT) crystal structure [180]. This peak is related 

to the A1g stretching mode, which corresponds to the symmetric stretching of the basal 

oxygen atoms of the octahedral MnO6 sub-lattices [180-181]. The Raman spectrum of the 

spinel CuMn2O4 electrode material displayed almost similar active band positions to that of 

the pristine material, as well as with greater Raman intensities. The increased Raman 

intensities over that of the pristine Mn3O4 electrode material is attributed to the more stable 

face-centered cubic (FCC) crystal structure of the spinel CuMn2O4 electrode material [182]. 

The Raman band located at approximately 90 cm
-1

, can be correspondent to a distortion of 

atoms and molecules occurring within the spinel CuMn2O4 FCC structure due to a 

phenomenon known as the Jahn-Teller effect [183]. This Raman active band is indexed as 

(Cu – O) due to the Cu
2+

 ions evidently being the cause of the Jahn-Teller distortion 

occurrence, which unfortunately leads towards the formation of a less asymmetric crystal 

lattice structure [184]. The peak may additionally be ascribed to the t2g stretching mode due 

to it having a lower Raman intensity [185].   

 

The hybrid composite, CuMn2O4/MWCNT, electrode material displays more intense Raman 

active bands on its spectrograph than that of the pristine and spinel electrode materials. This 

is attributed to the crystal structure of the CuMn2O4/MWCNT material being more stable, 

thus allowing improved charge/discharge rate capabilities [186]. The Raman bands situated at 

340 cm
-1

 and 488 cm
-1

 is representative of the Cu(II) (t2g) and Mn – O (A1g) 

stretching/vibration modes, respectively [187]. The plot displayed as an inset to the Raman 

spectrum of the hybrid electrode material is an enlarged representation of the two partially 

distinctive peaks indicating the incorporation of multi-walled carbon nanotubes (MWCNTs) 

to the spinel CuMn2O4 FCC structure. These two relatively distinctive Raman bands 
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positioned at 1467 cm
-1

 and 1529 cm
-1

 is ascribed to the D and G-bands of the MWCNTs 

within the hybrid electrode material matrix [188]. The D-band represents the disorder of sp
3
 

(C-C) hybridized carbon atoms within the complex MWCNTs network of the hybrid 

CuMn2O4/MWCNT electrode material [189]. The superior structural stability of the hybrid 

electrode material over that of the pristine and spinel electrode materials is represented by the 

increased Raman peak intensities as well as the G-band, which indicates the sp
2
 (C=C) 

hybridized carbon atoms of the MWCNT lattice structures [190]. The sp
2
 carbon hybridized 

atoms is what mainly contributes towards the structural stability of the hybrid material 

matrix. This statement is evident from the plot of the hybrid CuMn2O4/MWCNT electrode 

material, since the intensity of the G-band (150 a.u) is slightly greater than that of the D-band 

(137 a.u). The Raman band vibration peaks occurring within the shift range of (2430-2435 

cm
-1

) for each material is a result of the required gel used during sample preparation [191].          

 

 

Figure 4.22: Raman spectrographs of the pristine Mn3O4, spinel CuMn2O4, and hybrid 

CuMn2O4/MWCNT electrode materials. 
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4.2.4 Small – Angle X – ray Scattering (SAXS) analysis 

The Small – Angle X – ray Scattering (SAXS) technique is an analytical method used to 

determine the structure of particle systems concerning their average particle sizes or shapes 

[192]. SAXS was used to perform the analysis of the nanoparticle size distribution of the 

pristine Mn3O4, spinel CuMn2O4, and hybrid CuMn2O4/MWCNT composite electrode 

materials. Fig. 4.23 (a) illustrates the pair-distance distribution function (PDDF) of the 

investigated electrode materials. This function is represented as a histogram of atomic 

distances, indicating the average particle sizes of the nanoparticles present within the 

electrode material structure [193]. Firstly, apart from average particle sizes, the PDDF curve 

additionally provides information concerning the particle shape, according to some classified 

key features of various PDDF curves that are indicative to specific particle shapes [194]. The 

PDDF curve of the pristine Mn3O4 electrode material illustrated a rather poly-dispersed 

distribution of spherical/globular nanoparticles over a distance domain of 50 – 160 nm. It is 

noted that particle shape information extracted from SAXS analysis is often considered as 

ambiguous data and requires additional information from electron microscopic techniques to 

absolutely confirm the shape of the nanoparticles [194]. The majority of uniformly 

distributed spherical shaped Mn3O4 nanoparticles illustrated small-angle scattering patterns 

with average particle sizes ranging between 60 – 90 nm [75]. However, a decrease in the 

scattering fraction number (P) was observed within the average size range of 110 – 160 nm, 

thus indicating aggregation occurrence of the bigger Mn3O4 nanoparticles [75]. The 

condensation and aggregation of nanoparticles is a result of the Van-der-Waals interactions 

between the particles, thus causing them to be attracted to one another once they have 

reached a minimum inter-particle space distance [194]. 

 

The PDDF profile of the spinel CuMn2O4 electrode material displayed less aggregation, 

which is attributed to the more stable FCC crystal structure of the CuMn2O4 material complex 

confirmed from XRD analysis. The curve additionally indicated spherical shaped 

nanoparticles with average particle sizes ranging between 70 – 110 nm. These results implied 

that the spinel CuMn2O4 nanopaticles had bigger particle sizes compared to the pristine 

Mn3O4 nanoparticles, which was confirmed by microscopic (SEM and HR-TEM) and 

structural (XRD) analysis. The PDDF profile of the hybrid CuMn2O4/MWCNT electrode 

material illustrated a bell shaped almost symmetrical peak, with average particle sizes 
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ranging between 50 – 108 nm. All-inclusive, the hybrid CuMn2O4/MWCNT electrode 

material illustrated the best nanoparticle-distance distribution with justifiable average particle 

sizes. Fig. 4.23 (b) represents the SAXS particle size distribution by number function of the 

synthesized electrode materials. The function indicated that the smaller particles at small-

scale scattering angles exhibited greater intensities than that of the bigger particles at large-

scale scattering angles. This, therefore, implied that the intensity of smaller particles eclipsed 

that of larger particles, which is attributed to the occurrence of agglomeration/aggregation 

within the larger particles [195]. This result was similarly obtained in the SAXS particle size 

distribution by volume function, Fig. 4.23 (c), but with greater intensities. However, the 

opposite result was obtained in Fig. 4.23 (d), representing the size distribution by intensity 

function, due to the larger particles exhibiting dominated intensities over that of the smaller 

particles.    

     

 

Figure 4.23: SAXS particle size distribution in (a) PDDF profiles, (b) size by number, (c) 

size by volume, and (d) size by intensity of the pristine Mn3O4, spinel CuMn2O4, and 

hybrid CuMn2O4/MWCNT electrode materials.  
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4.2.5 Thermo-Gravimetric Analysis (TGA) 

The thermal stability and phase transformation of the synthesized powder-form pristine 

Mn3O4, spinel CuMn2O4, and hybrid CuMn2O4/MWCNT electrode materials were 

investigated by employing thermo-gravimetric analysis (TGA), as shown in Fig. 4.25. TGA 

experiments were conducted by rapidly heating the sample materials from room temperature 

up to 900   with a ramping heating rate of 15  /min under continuous nitrogen gas flow. 

The TGA analysis plot of the pristine Mn3O4 electrode material indicated an initial weight 

loss of 2.3% within a temperature range of 140 – 300  . This inceptive weight loss 

percentage is ascribed to the volatilization of weakly adsorbed water molecules from the 

surface of the Mn3O4 nanoparticles [196]. An exothermic peak located at 485   is 

correspondent to the phase transformation of the pristine electrode material from Mn3O4 to 

Mn2O3, as a result of oxidation/reduction processes occurring at high temperatures [197]. The 

consequential liberation of oxygen atoms resulting from the oxidation of Mn3O4 to Mn2O3 

yielded a considerable weight loss of 54.7% from the initial 2.3% weight loss. The weight 

loss of the pristine Mn3O4 electrode material remained constant at temperatures greater than 

600  , thus indicating the completion of thermal stability analysis for the investigated 

material sample [198].   

 

The TGA analyzed plot of the spinel CuMn2O4 electrode material displayed decomposition 

peaks within the temperature range of 103 – 501  , which is surprisingly lower than the 

decomposition temperature range of 94 – 600   exhibited by the pristine Mn3O4 electrode 

material. This typically implied that the spinel CuMn2O4 electrode material exhibited a lower 

thermal stability than that of the pristine Mn3O4 electrode material. However, it was expected 

for the introduction of MWCNTs to the CuMn2O4 nanoparticle surface to improve its 

physical and thermal stability, as well as its electrochemical performance [199]. Similar to 

the TGA plot of the pristine Mn3O4 electrode material; the TGA profile of the spinel 

electrode material illustrated an initial weight loss of approximately 7.5%, attributed to 

moisture and adsorbed water molecules across the electrode material’s surface area [200]. 

The second decomposition peak, illustrating weight loss, can be observed from 240   to 518 

 , which is assigned to the oxidation of CuMn2O4 to CuOOH + 2MnOOH as confirmed by 

CV analysis. The weight loss of the spinel CuMn2O4 electrode material remained constant at 

temperatures beyond 500  , thus providing additional confirmation of the decrease in 
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thermal stability exhibited by the spinel electrode material. The TGA thermograph of the 

hybrid CuMn2O4/MWCNT electrode material displayed a broader temperature domain with 

no indication of constant weight loss at temperatures greater than 800  . From this result, it 

was positively confirmed that the hybrid composite electrode material possessed a greater 

thermal and structural stability than that of the pristine and spinel electrode materials [201]. 

The hybrid CuMn2O4/MWCNT TGA thermograph, much like the TGA graphs of the pristine 

and spinel materials, displayed an initial weight loss of 0.53 %, attributed to the release of 

adsorbed water molecules, as well as un-reacted polyvinylpyrrolidone (PVP) from the 

electrode material surface. The second significant weight loss occurring within the 

temperature range of 492 – 897   is attributed to the thermal decomposition of carbon, in the 

form of carbon dioxide (CO2), from the acid functionalized MWCNT network structures 

[202].      

 

 

Figure 4.24: TGA thermographs of the pristine Mn3O4, spinel CuMn2O4, and hybrid 

CuMn2O4/MWCNT electrode materials. 
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4.3 Electrochemical Characterization 

 

4.3.1 Cyclic Voltammetry analysis and interpretation 

4.3.1.1 Electrochemical studies of half cell (three-electrode) system with 3 M 

KOH electrolyte  

The cyclic voltammetry technique was used to perform the specific charge and discharge 

capacitance calculations for each of the synthesized materials, starting from the pristine 

manganese oxide/trimanganese tetraoxide (Mn3O4) to the hybrid CuMn2O4/MWCNT 

electrode material. However, in order to perform the calculation, it was initially required to 

determine the integrated area under the anodic reduction peak at the lowest scan rate run 

(which was 5 mV/s). The calculation was done from CV experimental data run at a low scan 

rate, as low scan rates provide sufficient time for ions to be transferred between the 

electrolyte and the electrode surface.     

 

From the definition of capacitance, which states that the capacitance (F) is the ability to store 

an electric charge, it was possible to calculate the specific discharge capacity from the 

integrated area value of the cathodic reductive current verses potential peak.   

 

                                                                  
Q

C
V




                                                             (4.27) 

 

Where C  = the calculated specific discharge capacitance, Q  = the total charge stored on the 

electrode surface after the charging process, and ΔV  is the potential window  f iΔV=V -V . 

Since Q=It , we can substitute it into the above equation to form a new specific capacitance 

expression illustrated below.  

 

                                                                 
I t

C
V





                                                              (4.28) 

http://etd.uwc.ac.za/



126 
 

The electrochemical cell device, which is the three-electrode assembly, consisted of the 

working electrode (nickel foam current collector onto which active electrode material was 

coated) against the Ag/AgCl (3 M KCl) reference electrode and counter (platinum wire) 

electrode. The cell device additionally contained a 3 M KOH aqueous electrolyte solution, 

and was operated within a potential window of 0-0.65 V. The low selected potential window 

was merely initiated for test purposes; however, it was gradually increased over further 

experimental analysis. The actual mass of the active electrode material coated on the nickel 

foam current collector was obtained by initially subtracting the mass of the bare non-coated 

Ni-foam substrate, from the mass of the coated Ni-foam electrode. Since the active material 

makes up 70% of the entire slurry paste mixture, the mass of the coated slurry mixture from 

the previous subtraction calculation was then multiplied by 70% to obtain the active material 

mass within the slurry mixture. This mass calculation is required as it is involved in the 

specific capacitance equation illustrated below.  

  

                                                              E
sp

Ex

Q
C

V M



                                                      (4.29) 

 

Where 
spC = the specific charge/discharge capacitance, EQ  = the total charge stored on the 

electrode surface, and EM  = the mass of the active electrode material coated on the Ni-foam 

current collector. From these identified parameters, the following strategy was employed for 

the 
spC  calculation. The specific capacitance of the Mn3O4 material was calculated by 

initially finding the integrated area of the anodic peak at the lowest selected scan rate (which 

was run at 5 mV/s). An integration tool, which is available with the EC-Lab analysis and data 

processing software on the computer system, was used to obtain the integral value. This 

program does not change the raw data file after performing the mathematical analysis. The 

integrated area value, measured in Ampere-Volt (AV), indicates the total amount of current 

that flows through the electrode during the oxidation process of the active material at the 

electrode surface. The integral area value of a selected trace between two points on the anodic 

peak curve was calculated as 0.00075 AV from equation (4.30).    

 

http://etd.uwc.ac.za/



127 
 

                                        
 

2

1

Total

.

TotalCharge Q =
VScan rate

s

E

E
i dV

                                        (4.30) 

 

The total quantity of charge accumulated on the surface of the electrode during oxidation 

processes was obtained as illustrated in the calculation below.  

 

                                      
 

 
0.00075 AV

0.15As 0.15 Coulombs
V0.005

s

Q                              (4.31) 

 

 

Figure 4.25: Cyclic Voltammograms of the pristine Mn3O4 electrode material run at a), 

high scan rates (100-200 mV/s) and b), low scan rates (5-50 mV/s) in a 3 M KOH 

electrolyte solution.  
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The mass of the Mn3O4 active electrode material was additionally calculated, as illustrated 

below, before commencing towards the final specific capacitance calculation.  

 

                         Slurrymixture mg Coatedelectrode mg Bareelectrode mg                (4.32) 

 

                                Slurrymixture mg 47.0mg-43.7mg =3.3mg                            (4.33) 

 

The active Mn3O4 material mass is 70% of the slurry mixture mass, thus making it 2.31 mg. 

The calculation below illustrates the final specific capacitance of the Mn3O4 electrode 

material obtained at the lowest scan rate of 5 mV/s.  

 

From equation (4.29), the calculation proceeds as follows: 

 

                                                      
   

sp 3

0.15C

0.6V x 2.31x10 g
C


                                        (4.34) 

 

                                                         
-1 -1

sp 108.225CV gC                                              (4.35) 

 

It is essential to note that 1 Coulomb per volt  -1CV  is equivalent to 1 Farad.  

 

                                                             
sp 108.225F/gC                                                (4.36) 
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This calculated specific capacitance value, 108.225 F/g, is defined as the charge specific 

capacitance of the electrode material; as the total charge was calculated from the integrated 

area under the anodic peak curve. The calculation for the discharge specific capacitance was 

done in a similar manner; however, the absolute value of the integrated area under the 

cathodic peak curve was used to perform the calculation.  

 

The total charge (Q) for the discharge specific capacitance at 5 mV/s scan rate was obtained 

from the following calculation below: 

 

                                                             
 

 
0.0006 AV

V0.005
s

Q                                                   (4.37) 

 

                                                  0.12As 0.12 CoulombsQ                                         (4.38) 

 

After obtaining all the required parameters for equation (4.29), the discharge specific 

capacitance computation proceeded as follows: 

 

                                           
   

sp 3

0.12C
Discharge 

0.6V x 2.31x10 g
C


                                  (4.39) 

 

                                                 
-1 -1

spDischarge 86.580CV gC                                     (4.40) 

 

                                                    
spDischarge 86.580F/gC                                          (4.41) 
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The percentage Coulombic Efficiency  EffC  of the material, within the conducted 

experimental parameters and conditions, was also calculated using the following equation: 

 

                                               Eff

Discharge Capacitance
C = x100%

Charge Capacitance
                                (4.42) 

 

                                                          
86.580 F/g

x 100%
108.255F/g

                                           (4.43) 

  

                                                              Eff 80%C                                                         (4.44) 

 

This Mn3O4 material exhibited a percentage capacitance loss of 20 %, thus indicating a solid 

platform for improvement through structural modification. Table 4.2 shows a data schematic 

of all the charge/discharge specific capacitance and coulombic efficiency values for the 

respected scan rates portrayed in the CV plots of Fig 4.25.  

 

The variation in scan rates was employed to investigate the reversibility of the pristine Mn3O4 

electrode material. The 5mV/s scan of the cyclic votammogram b) in Fig. 4.25, indicated an 

anodic oxidation peak at the (Epa; Ipa) co-ordinate of (0.384 V; 8.2 mA), and a cathodic 

reduction peak at the (Epa; Ipc) co-ordinate of (0.294 V; -6.7 mA). These anodic and cathodic 

peaks also exhibited a formal potential (E
0
) of 0.340 V and a peak-to-peak separation ( Ep = 

Epa – Epc) of 0.09 V. The pairs of anodic and cathodic peaks at different scan rates, 

corresponds to the electrochemical transformation of Mn
2+

/Mn
3+

 in the charge/discharge 

processes occurring at the electrode surface. The additional reduction peak (c’) observed at 

0.096 V in Fig. 4.25, is associated with the reduction of MnO2 to Mn2O3 (Mn
4+

 to Mn
3+

). 

This implies that the reduction process of the Mn3O4 electrode material involves two cathodic 

half reactions. The corresponding oxidation and reduction half reactions can be illustrated as 

follows: 
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Oxidation half reaction at peak (a’): 

- -

3 4 2 3 22Mn O + 2OH 3Mn O + H O + 2e                                                                       (4.45) 

Reduction half reaction at peak (b’): 

- -

2 3 2 3 43Mn O + H O + 2e 2Mn O + 2OH                                                                       (4.46) 

Second reduction half reaction at peak (c’): 

- -

2 2 2 36MnO + 3H O + 6e 3Mn O + 6OH                                                                       (4.47) 

 

The additional meta-stable MnO2 phase is formed from the assistance of the Mn
4+

 cations 

contained within tetragonal crystal structure of the Mn3O4 material [203]. These additional 

phases were confirmed to be part of the multi-phased Mn3O4 structure from XRD analysis. 

The data illustrated in Table 4.2 and ragone plot (c) in Fig. 4.26, indicated an increase in 

specific capacitance at low scan rates. This implies that at slow scan rates, more time was 

available for the KOH electrolyte ions to diffuse to the electrode surface containing the 

electrode material [75].  

 

The evaluation of the reversibility of the pristine Mn3O4 electrode material was done by 

relating the change in peak potentials ( Ep) with the scan rates. From the data illustrated in 

Table 4.3,  Ep was observed to increase with the increase in scan rate and was calculated to 

be 90 mV, which is greater than 59 mV for an ideal Nernstian process [150]. However, due to 

the presence of the additional reduction peak (c’) in Fig. 4.25, the electrochemical process 

demonstrated by the pristine Mn3O4 material was considered to be quasi-reversible [116]. 

This could be explained by observing the appearance and disappearance of the reduction peak 

(c’) at high and low scan rates, respectively. At a scan rate of 50 mV/s, the peak (c’) is clearly 

distinguishable on the cyclic voltammogram. However, at 5 mV/s, the peak (c) is no longer 

visible, thus only displaying the small anodic and cathodic peaks. This observation therefore 

concludes the fact that the Mn3O4 electrode material behaved reversibly at low scan rates and 

irreversibly at high scan rates, thus exhibiting a quasi-reversible system [114, 116].          
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Table 4.2: Illustrating data obtained from the charge/discharge specific capacitance and 

coulombic efficiency calculations of the pristine Mn3O4 electrode material. 

Scan rate (mV/s) Specific charge 

capacitance (F/g) 

Specific discharge 

capacitance (F/g) 

Coulombic 

efficiency (%) 

200 27.201 25.902 95.224 

180 30.764 29.778 96.795 

160 35.426 34 95.975 

140 39.930 35.276 88.345 

120 46.573 41.564 89.245 

100 52.872 49.329 93.3 

50 59.076 53.463 90.5 

40 64.141 55.957 87.233 

30 69.288 61.760 89.135 

20 79.978 69.517 86.920 

10 93.795 83.189 88.692 

5 108.225 86.580 80 

  

 

Fig. 4.26d) illustrates the linear relationship between the peak current and the square root of 

the scan rate for the Mn3O4 electrode material. This plot was used to calculate the diffusion 

coefficient at the electrode/electrolyte interface by employing the Randles-Sevcik equation 

(under ambient conditions) [204]. 

 

                                                      5 3/2 1/2 1/2

p 2.69x10I n AD Cv                                        (4.48) 
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Figure 4.26: Illustrating c), a ragone plot comparing the specific capacitance at various 

scan rates, and d), a linear relationship between the peak current (Ipa and Ipc) and the 

square root of the scan rate for the Mn3O4 electrode material.  

 

The parameters of the Randle Sevcik equation include the following values and definitions.   

n = 2 is defined as the number of electrons transferred during the oxidation-reduction 

processes. A = 0.5 cm
2
 is the area of the nickel foam onto which the slurry paste (containing 

the active material) was coated. C = 3 x 10
-3

 mol/cm
3
 is the concentration of the electrolyte 

solution. Ipa/v
1/2

 = 6.453 x 10
-3

 A s
1/2

/mV
1/2

 is the slope of the Ipa versus v
1/2

 linear plot (from 

Fig. 4.26d)) for the Mn3O4 material. The diffusion coefficient, D, was calculated to be the 

value 2.378 x 10
-3

 cm
2
/s. The calculation is additionally illustrated below and this result was 

intriguingly found to be fairly close to reported electrochemical analysis of Mn3O4 operated 

in a 1 mol/L LiPF6 electrolyte solution. Due to this discovery, it was interesting to investigate 

how the Mn3O4 material would operate in a different selected electrolyte (in this case 3M 

LiOH).        
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Table 4.3: Illustrating redox parameters obtained from the cyclic voltammograms of the 

pristine Mn3O4 electrode material at high and low scan rates. 

Scan rate 

(mV/s) 

Epa (V) Epc (V) Ipa (mA) Ipc (mA)  Ep (V) E
0
 (V) 

200 0.420 0.241 75.6 -54.3 0.179 0.331 

180 0.417 0.250 73.3 -58.6 0.167 0.334 

160 0.410 0.247 77.2 -53.0 0.163 0.329 

140 0.420 0.257 66.2 -52.5 0.163 0.339 

120 0.418 0.258 65.2 -49.9 0.160 0.338 

100 0.415 0.264 59.4 -44.3 0.151 0.340 

50 0.400 0.274 38.9 -27.2 0.126 0.337 

40 0.401 0.279 33.4 -24.2 0.122 0.340 

30 0.398 0.282 27.9 -20.2 0.116 0.340 

20 0.394 0.286 21.3 -16.0 0.108 0.340 

10 0.388 0.291 13.5 -10.2 0.097 0.340 

5 0.384 0.294 8.2 -6.7 0.09 0.340 

 

Diffusion Coefficient calculation: 

 

                                             
 

pa

1 2 5 3 2

1
x

2.69 x10

I
D

v n AC
                                      (4.49) 

 

                                
     

3 1/2 1/2

3/25 2 3 3

6.453x10 As /mV

2.69 x10 2 0.5cm 3x10 mol/cm
D




                    (4.50) 

 

                                                   3 22.378x10 cm /sD                                         (4.51) 
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Copper manganese oxides (CuMn2O4) are spinel structured materials that have mostly been 

applied in the field of catalysis, due to their high catalytic activity and remarkable magnetic 

properties. However, CuMn2O4 have barley been studied in literatures according to its 

electrochemical properties for use in supercapacitors [205]. The XRD analysis interpretation 

provides a detailed study on the crystal structure of the CuMn2O4 material. In summary, 

within the FCC crystal structure of the CuMn2O4 material, copper cations and manganese 

cations occupy tetrahedral and octahedral stacking interstices respectively [145]. The main 

advantage of this material is driven by its spinel structure, which offers a three-dimensional 

pathway for the complete adsorption and desorption of electrolyte ions at the 

electrode/electrolyte interface [145]. 

 

The cyclic voltammograms for the CuMn2O4 material, displayed in Fig. 4.27, was used to 

study and determine its capacitive response. The CV curve, at a scan rate of 5 mV/s, showed 

a current response value greater than that of the pristine Mn3O4 material, and all the curves 

displayed approximately symmetric anodic (oxidation) and cathodic (reduction) peaks [146]. 

This observation unveiled quality capacitive performance exhibited by the CuMn2O4 material 

[146]. Additionally, the voltammogram also displayed an anodic oxidation peak (illustrating 

the Epa; Ipa co-ordinate) at approximately (0.382 V; 20.9 mA) and a cathodic reduction peak 

(indicating the Epc; Ipc co-ordinate) at about (0.296 V; -9.6 mA). This data extrapolation 

indicates the possible occurrence of a reversible system, which could provide a prominent 

pseudocapacitive contribution factor [146, 206]. These anodic and cathodic peaks also 

exhibited a formal potential (E
0
) of 0.341 V and a peak-to-peak separation ( Ep = Epa – Epc) 

of 0.086 V  [146, 207]. The comparison of Table 4.3 to Table 4.4 indicated an increase in the 

peak current values (Ipa and Ipc) at a high scan rate (200 mV/s) and a low scan rate (5 mV/s) 

for the spinel CuMn2O4 compared to the pristine Mn3O4. The data illustrated in Table 4.4 

also indicated that the spinel CuMn2O4 material exhibited a smaller peak-to-peak separation 

( Ep) as compared to the pristine Mn3O4 material. This smaller  Ep value implied that the 

spinel CuMn2O4 material processed an improved electrochemical reversibility than the 

pristine Mn3O4 material. The small  Ep value may have been attributed due to the tetrahedral 

and octahedral sites present within the spinel CuMn2O4 FCC crystal structure. These sites 

could have occupied additional electrolyte ions and provide a shorter pathway for electrons to 

diffuse across the electrode surface.         
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Figure 4.27: Cyclic Voltammograms of the spinel CuMn2O4 electrode material run at e), 

high scan rates (100-200 mV/s) and f), low scan rates (5-50 mV/s) in a 3 M KOH 

electrolyte solution.    

 

The ragone plot in Fig. 4.28g) of the CuMn2O4 material illustrated greater charge/discharge 

specific capacitances at the various scan rates as compared to that of the pristine Mn3O4 

material. Although the ragone plots of the two respective pristine and spinel materials 

appeared graphically similar, it was also observed that the CV plots of the two electrode 

materials displayed a similar curve shape. The only difference was that the CuMn2O4 material 

exhibited higher and sharper peak currents at lower peak-to-peak separation potentials. The 

rate at which the electrolyte ions diffuse across each section of the CuMn2O4 coated electrode 

surface was additionally investigated in order to fully understand the reversible nature 

portrayed in the CuMn2O4 CV plots. The anodic and cathodic half reactions were initially 

investigated and obtained in order to schematically observe the oxidation and reduction 

mechanism of the spinel CuMn2O4 material at the Ipa and Ipc peaks .   
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Table 4.4: Illustrating redox parameters obtained from the cyclic voltammograms of the 

spinel CuMn2O4 electrode material at high and low scan rates. 

Scan rate 

(mV/s) 

Epa (V) Epc (V) Ipa (mA) Ipc (mA)  Ep (V) E
0
 (V) 

200 0.421 0.264 114 -78.6 0.157 0.343 

180 0.422 0.254 113 -74.0 0.168 0.338 

160 0.430 0.240 110 -77.9 0.190 0.335 

140 0.427 0.251 107 -69.9 0.176 0.339 

120 0.424 0.256 100 -61.0 0.168 0.340 

100 0.418 0.258 96.1 -50.7 0.160 0.338 

50 0.407 0.272 64.5 -33.9 0.135 0.339 

40 0.405 0.275 56.8 -29.3 0.130 0.340 

30 0.403 0.278 50.2 -24.0 0.125 0.341 

20 0.398 0.282 39.5 -17.1 0.116 0.340 

10 0.394 0.287 25.5 -12.0 0.107 0.341 

5 0.382 0.296 20.9 -9.6 0.086 0.341 

 

The anodic oxidation and cathodic reduction half reactions are illustrated below. 

 

Anodic oxidation half reaction: 

- -

2 4 2CuMn O + OH + H O CuOOH + 2MnOOH + e                                                 (4.52) 

 

Cathodic reduction half reaction: 

- -

2 4 2CuOOH + 2MnOOH + e CuMn O + OH + H O                                                  (4.53) 
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Figure 4.28: Illustrating g), a ragone plot comparing the specific capacitance at various 

scan rates, and d), peak current (Ipa and Ipc) as a function of the square root of the scan 

rate for the CuMn2O4 electrode material.   

 

The diffusion coefficient calculated for the spinel CuMn2O4 material was 5.178 x 10
-3

 cm
2
/s, 

which is approximately 2 orders of magnitude greater than the diffusion coefficient for the 

pristine Mn3O4 material. The increase in the diffusion coefficient of the spinel CuMn2O4 

material, as previously mentioned, is attributed due to the electrolyte ions occupied within the 

tetrahedral (Cu
2+

) and octahedral (Mn
3+

) interstitial sites, thus improving the diffusion rate of 

ions and electrons across the CuMn2O4 coated electrode surface. This improvement signified 

that the structural property of the spinel material obtained from XRD analysis, contributed 

towards its rate capability. This improved rate capability allows the storage of sufficient 

electrolyte ions on the electrode surface during charge/discharge processes, thus yielding 

greater specific capacitance values. The charge storage mechanism of the CuMn2O4 

nanoparticles is based on the adsorption and desorption of electrolyte anions (OH
-
) and 
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cations (K
+
) on the surface of the CuMn2O4 electrode material [208]. During electrochemical 

analysis of the full cell (two-electrode) system, the electrolyte anions and cations adsorb on 

the spinel CuMn2O4 and activated carbon electrodes, respectively. The CuMn2O4 was tested 

as the positive electrode material against activated carbon in a two-electrode system. 

Nevertheless, in the half cell (three-electrode) system, electrolyte anions adsorb only to the 

partially positive spinel CuMn2O4 material. The one impediment observation made when 

comparing the data obtained in Table 4.5 to that of galvanostatic charge/discharge (GCD), 

was that GCD data displayed lower specific capacitance values from the same three-electrode 

configuration with the 3 M KOH electrolyte solution [209]. However, additional two-

electrode full cell electrochemical analysis with a different electrolyte species (3 M LiOH), 

illustrated improved supercapacitive performance exhibited by all synthesized electrode 

materials.                    

 

Table 4.5: Illustrating data obtained from the charge/discharge specific capacitance and 

coulombic efficiency calculations of the spinel CuMn2O4 electrode material. 

Scan rate (mV/s) Specific charge 

capacitance (F/g) 

Specific discharge 

capacitance (F/g) 

Coulombic 

efficiency (%) 

200 29.645 28.881 97.423 

180 33.594 30.907 92.002 

160 43.167 38.470 89.119 

140 45.775 43.758 95.594 

120 53.640 46.296 86.310 

100 58.324 47.607 81.625 

50 74.727 61.462 82.249 

40 84.956 71.134 83.730 

30 93.940 88.792 94.520 

20 106.473 96.411 90.550 

10 122.236 109.181 89.320 

5 154.869 126.780 81.863 
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The cyclic voltammograms of the hybrid CuMn2O4/MWCNT material illustrated integrated 

CV area values greater than that of both the pristine Mn3O4 and spinel CuMn2O4 electrode 

materials [210]. The increase in integrated area values resulted in an increase in the total 

amount of charge stored during charge/discharge processes, thus indicating improved 

electron transport exhibited mechanisms. This result additionally provided the indication that 

the incorporated MWCNT network enhanced the electrochemical performance of the spinel 

CuMn2O4 electrode material. The reason for this result is ascribed to the unique structure, 

high conductivity, and high surface area of the MWCNTs [210]. This large surface area 

provides additional sites for oxidation-reduction reactions.        

 

 

Figure 4.29: Cyclic Voltammograms of the hybrid CuMn2O4/MWCNT electrode 

material run at e), high scan rates (100-200 mV/s) and f), low scan rates (5-50 mV/s) in a 

3 M KOH electrolyte solution.  
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Table 4.6: Illustrating redox parameters obtained from the cyclic voltammograms of the 

hybrid CuMn2O4/MWCNT electrode material at high and low scan rates. 

Scan rate 

(mV/s) 

Epa (V) Epc (V) Ipa (mA) Ipc (mA)  Ep (V) E
0
 (V) 

200 0.477 0.205 130 -87.9 0.272 0.341 

180 0.471 0.196 126 -81.6 0.275 0.334 

160 0.480 0.198 113 -86.1 0.282 0.339 

140 0.474 0.197 109 -81.6 0.277 0.336 

120 0.470 0.219 107 -88.5 0.251 0.345 

100 0.465 0.202 102 -72.8 0.263 0.334 

50 0.434 0.238 74.9 -57.1 0.196 0.336 

40 0.426 0.246 68.6 -49.9 0.180 0.336 

30 0.417 0.254 60.3 -42.5 0.163 0.336 

20 0.407 0.261 48.6 -35.5 0.146 0.334 

10 0.393 0.270 34.6 -24.4 0.123 0.332 

5 0.387 0.279 22.9 -17.7 0.108 0.333 

 

 

The data displayed in Table 4.6 indicated that the hybrid material exhibited a larger peak-to-

peak separation ( Ep = 0.108 V), and a larger diffusion coefficient  (D = 5.581 x 10
-3

 cm
2
/s) 

as compared to the spinel and pristine materials. The increased  Ep value is a result of the 

decrease in electrochemical reversibility of the hybrid material. However, the increased D 

value is assigned to the additional electroactive sites for electrolyte ions to occupy during 

oxidation-reduction processes. The data from the ragone plot and Table 4.7 indicated that the 

hybrid material exhibited higher charge/discharge specific capacitance values as compared to 

the pristine and spinel materials. The MWCNT attachement to the spinel CuMn2O4 

nanoparticles therefore increased its electrical conductivity and rate capability. The CV 

curves displayed in Fig. 4.29 additionally illustrated that with an increase in scan rate, the 

anodic and cathodic peaks increased in area and shifted towards the more positive and 

negative electrode potentials, respectively. This therefore resulted in a faster ion-electron 
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transport throught the electrode material [211]. It was reported in small-angle X-ray 

scattering (SAXS) spectroscopic analysis that the formation of the hybrid 

CuMn2O4/MWCNT composite electrode material resulted in less agglomoration of spinel 

CuMn2O4 nanoparticles [212]. This, therefore, provided the indication that the majority of 

Cu
2+

-oxide tetrahedral interstitial sites were effectively utilized for the occupation of 

electrolyte ions, as well as for efficient electron transport, during electrochemical analysis 

[213]. In addition to promoting an improved conductivity towards the electrode material, the 

incorporated MWCNT networks also had synergistic effects with the spinel CuMn2O4 

particles regarding enhancement in the specific capacitance of the hybrid electrode material 

[214].    

 

 

Figure 4.30: Illustrating k), a ragone plot comparing the specific capacitance at various 

scan rates, and l), peak current (Ipa and Ipc) as a function of the square root of the scan 

rate for the CuMn2O4/MWCNT electrode material.   
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Table 4.7: Illustrating data obtained from the charge/discharge specific capacitance and 

coulombic efficiency calculations of the hybrid CuMn2O4/MWCNT material. 

Scan rate (mV/s) Specific charge 

capacitance (F/g) 

Specific discharge 

capacitance (F/g) 

Coulombic 

efficiency (%) 

200 84.431 63.481 75.187 

180 91.519 67.938 74.234 

160 98.881 73.783 74.618 

140 110.306 79.520 72.090 

120 121.815 87.073 71.480 

100 143.454 98.612 68.741 

50 188.384 119.132 63.240 

40 214.980 126.691 58.932 

30 250.811 134.549 53.646 

20 277.410 145.072 52.295 

10 381.547 161.672 42.373 

5 409.705 182.482 44.540 

 

 

The following set of cyclic voltammetry analysis results is based on the utilization of an 

aqueous 3 M LiOH electrolyte solution. One of the main reasons for using LiOH, apart from 

comparing it with KOH, was to see whether the insertion/extraction of Li
+
 ions in the metal 

oxide electrode materials are associated with a reversible charge storage mechanism during 

charge transfer processes at the electrode/electrolyte interface [215]. An additional valued 

reason would be that very few reports have been made in literature concerning the utilization 

of LiOH as a potential electrolyte solution for high-performance supercapacitors [215]. 

Despite it being anticipated to exhibit a superior performance over that of the 3 M KOH 

electrolyte, due to its smaller ionic radii, the 3 M LiOH electrolyte solution could also have 

electrochemical diffusion defects involved during electrochemical analysis at the electrode 

surface. This essentially implies that the continuous build up of electrolyte ions on the 

electrode material during cycling, would eventually reduce the efficiency of the 

electrochemical cell device. This electrochemical phenomenon is known as electrode 

concentration polarisation [216].  
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4.3.1.2 Electrochemical studies of half cell (three-electrode) system with 3 M 

LiOH electrolyte  

In literature, it is often reported that the performance of a supercapacitor is equally dependent 

on the electrolyte of choice, as it is on the active electrode material [217]. It was expected for 

the LiOH electrolyte to provide superior supercapacitive properties over the KOH electrolyte, 

due to Li
+
 having a smaller ionic radii than K

+
 [217]. The smaller ionic radii of the Li

+
 ion 

would allow it to efficiently intercalate into the multi-walled carbon nanotube structure of the 

hybrid CuMn2O4/MWCNT electrode material [218]. This would undoubtedly enhance the 

material’s supercapacitive performance. The cyclic voltammograms displayed in Fig. 4.31, 

illustrated that the pristine Mn3O4 material, analyzed in 3M LiOH aqueous electrolyte, 

demonstrated a quasi-reversible, much like the material analyzed in 3 M KOH, 

electrochemical process [116]. This is therefore said to be one similarity between the two 

electrolyte CV tests. However, the calculated diffusion coefficient for the Mn3O4 material in 

3 M LiOH electrolyte was 2.918 x 10
-3

 cm
2
/s, which is slightly greater than (D) calculated for 

the 3 M KOH electrolyte analysis. The increase in calculated diffusion coefficient (D) is 

attributed to the increase in intercalation efficiency exhibited by Li
+
 ions. This was expected 

since the ionic radii of Li
+
 (0.076 nm) is smaller than that of K

+
 (0.138 nm) [217].  

 

The data illustrated in Table 4.8 showed the indication of anodic and cathodic peak currents 

(Ipa & Ipc) that are greater in magnitude than the pristine material run in 3 M KOH electrolyte. 

This result yielded larger integrated peak areas, thus providing a greater quantity of total 

charge stored. The increased quantity of total charge stored would then ultimately generate an 

enhanced specific charge/discharge capacitance. This statement is confirmed by the specific 

capacitance data illustrated in the ragone plot of Fig. 4.32o), as well as in Table 4.9. An 

additional and intriguing comparative observation made from Table 4.9 was that the Mn3O4 

material exhibited a lower energy loss (7.4 %) in LiOH electrolyte as compared to it analyzed 

in the KOH (which exhibited 20% energy loss) aqueous electrolyte solution. These results 

and observations therefore evidently conclude that 3 M LiOH would be the most suitable 

electrolyte solution for the full cell (two-electrode system) electrochemical analysis.  
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Figure 4.31: Cyclic Voltammograms of the pristine Mn3O4 electrode material run at m), 

high scan rates (100-200 mV/s) and n), low scan rates (5-50 mV/s) in a 3 M LiOH 

electrolyte solution. 

 

The figure above, Fig. 4.31, also indicated that the operating potential range  0 1.2 V  

was increased from  0 0.7 V . This analysis parameter input was initialized in order to 

investigate whether there might have been additional oxidation or reduction peaks at 

potentials greater than 0.7 V. The anodic and cathodic peaks only occurred within the 

potential range of  0 0.8 V . This implied that with an increase in the potential window, 

the oxidation/reduction processes was not affected in any way. However, the result did 

provide the possibility of the electrode material possessing a potentially improved 

electrochemical stability, while being operated in a 3 M LiOH aqueous electrolyte solution.    
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Table 4.8: Illustrating redox parameters obtained from the cyclic voltammograms of the 

pristine Mn3O4 electrode material at high and low scan rates in a 3 M LiOH electrolyte 

solution.  

Scan rate 

(mV/s) 

Epa (V) Epc (V) Ipa (mA) Ipc (mA)  Ep (V) E
0
 (V) 

200 0.486 0.0948 89.7 -87.7 0.391 0.290 

180 0.457 0.102 84.6 -89.4 0.355 0.280 

160 0.475 0.112 88.7 -95.8 0.363 0.294 

140 0.471 0.0937 88 -96.8 0.377 0.282 

120 0.471 0.0917 92.4 -90.5 0.380 0.281 

100 0.468 0.086 86.5 -90.4 0.382 0.277 

50 0.457 0.112 75.8 -69.6 0.345 0.285 

40 0.479 0.146 69.9 -63.5 0.333 0.313 

30 0.439 0.154 61.9 -53.6 0.285 0.297 

20 0.433 0.182 52.8 -43.7 0.251 0.308 

10 0.401 0.196 38.7 -30.6 0.205 0.300 

5 0.393 0.221 28.5 -20.7 0.172 0.307 

 

 

The results illustrated in Table 4.8 represented a  Ep value of 0.172 V at the lowest scan rate 

of 5 mV/s. Compared to the Mn3O4 material operated in 3 M KOH electrolyte, these 

calculated results represent  Ep values that are greater in magnitude at a variety of scan rates. 

These findings constitute towards a decrease in electrochemical reversibility exhibited by the 

3 M LiOH electrolyte operated cell for the Mn3O4 material. In literature, it was reported that 

the cations Li
+
 and K

+
 within the respected electrolyte solutions tend to formulate hydrated 

OH
-
 anions with different ionic radii [217]. The reported literature stated that during 

electrochemical analysis of the two electrolytes, smaller cations (Li
+
 = 0.076 nm) formed 

larger hydrated anions (OH
-
 = 0.382 nm) [217]. This implied that during discharge processes, 

the deintercalation of Li
+
 ions occured at lower efficiencies to that of the intercalated Li

+
 ion 

efficiency during charge processes [219]. It can also be explained by the large ionic size of 
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the hydrated anions causing a strain on the movement of the intercalated Li
+
 ions during 

reduction processes of the electrode material [220]. However, this minor disadvantage did not 

attribute towards a poor electrochemical performance, as illustrated in the plot of Fig. 4.32o). 

Galvanostatic charge/discharge analysis revealed an approximate 31% increase in specific 

capacitance, as compared to the corresponding CV data. Nontheless, the pristine Mn3O4 

particle aggregation results ilustrated from SAXS analysis, could be the reason behind the 

decrease in electrochemical reversibility exhibited by the electrode material.  

 

 

Figure 4.32: Illustrating o), a ragone plot comparing the specific capacitance at various 

scan rates, and p), peak current (Ipa and Ipc) as a function of the square root of the scan 

rate for the Mn3O4 electrode material in a 3 M LiOH electrolyte solution.     
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Table 4.9: Illustrating data obtained from the charge/discharge specific capacitance and 

coulombic efficiency calculations of the pristine Mn3O4 material in a 3 M LiOH 

electrolyte solution. 

Scan rate (mV/s) Specific charge 

capacitance (F/g) 

Specific discharge 

capacitance (F/g) 

Coulombic 

efficiency (%) 

200  171.625 141.365 82.369 

180 174.270 147.682 84.743 

160 192.568 159.938 83.055 

140 226.320 173.650 76.728 

120 227.208 181.366 79.824 

100 248.125 183.187 73.829 

50 273.013 202.718 74.252 

40 312.471 223.696 71.589 

30 383.867 283.230 73.783 

20 394.517 343.348 87.030 

10 530.970 460.022 86.638 

5 631.696 584.982 92.605 

  

 

The calculated charge/discharge specific capacitance results, as illustrated in Table 4.9, 

indicateded a substantial increase compared to the electrochemical data obtained from using 

the 3 M KOH aqueous electrolyte solution. The Mn3O4 material analyzed in the 3 M LiOH 

electrolyte solution exhibited a specific charge/discharge capacitance of approximately 6 and 

7 orders of magnitude greater than that exhibited by the material when analyzed in the 3 M 

KOH electrolyte solution, respectively. Comparing the CV plots shown in Fig. 4.33 to that in 

Fig. 4.31; it was clearly observed that the plots of the two materials, pristine Mn3O4 and 

spinel CuMn2O4, portrayed a similar CV curve shape. This subsequently implied that the 

materials additionally exhibited a similar electrochemical reversibility, which was previously 

determined to be quasi-reversible for the pristine Mn3O4 electrode material. However, on the 

contrary, the increased peak-to-peak separation values ( Ep) from the data illustrated in 

Table 4.10, compared to that in Table 4.8, suggested that the spinel CuMn2O4 material 

demonstrated a lower electrochemical reversibility to that of the pristine Mn3O4 material. As 
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mentioned previously in the XRD analysis section, the spinel CuMn2O4 electrode material 

contains Cu
2+

 and Mn
3+

 atoms located at the tetrahedral and octahedral interstitial sites, 

respectively. These sites were occupied by the Li
+
 electrolyte ions during oxidation 

processes, thus resulting in the occurrance of efficient Li
+
-ion intercalation within those sites. 

This additionally implied that more electrolyte ions where diffused across the surface of the 

electrode material; as a result of the number of interstitial sites and the small ionic radii of Li 

(0.076 nm) compared to Cu (0.145 nm) and Mn (0.161 nm).     

 

 

Figure 4.33: Cyclic Voltammograms of the spinel CuMn2O4 electrode material run at 

m), high scan rates (100-200 mV/s) and n), low scan rates (5-50 mV/s) in a 3 M LiOH 

electrolyte solution.  
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Table 4.10: Illustrating redox parameters obtained from the cyclic voltammograms of 

the spinel CuMn2O4 electrode material at high and low scan rates in a 3 M LiOH 

electrolyte solution.  

Scan rate 

(mV/s) 

Epa (V) Epc (V) Ipa (mA) Ipc (mA)  Ep (V) E
0
 (V) 

200 0.592 0.067 278 -229 0.525 0.330 

180 0.574 0.070 272 -215 0.504 0.322 

160 0.579 0.047 253 -230 0.532 0.313 

140 0.570 0.028 260 -223 0.542 0.300 

120 0.584 0.033 253 -209 0.551 0.310 

100 0.588 0.056 237 -201 0.532 0.322 

50 0.554 0.061 218 -184 0.493 0.308 

40 0.542 0.085 194 -167 0.457 0.314 

30 0.538 0.118 173 -144 0.420 0.328 

20 0.513 0.155 141 -118 0.358 0.334 

10 0.480 0.20 100 -79.8 0.280 0.340 

5 0.449 0.236 67.6 -53.0 0.213 0.343 

 

 

The comparison of the CV curves illustrated in Fig. 4.31 and 4.33, indicated that the spinel 

CuMn2O4 electrode material displayed much larger current response values at various high 

(100-200 mV/s) and low (5-50 mV/s) scan rates [179]. These results, therefore, provided the 

indication of the spinel CuMn2O4 electrode material possessing a strong pseusocapacitive 

nature, thus leading towards a good electrochemical performance [221]. However, the reason 

for the spinel CuMn2O4 material exhibiting a decreased electrochemical reversibility, 

indicated from the increased peak-to-peak separation values ( Ep) illustrated in Table 4.10, 

may have been due to the internal resistance (Rir) of the electrode material [62]. This internal 

resistance impede the motion of electrolyte ions within the porous crystal structures of the 

spinel CuMn2O4 electrode material [222]. Despite it’s contained internal resistance, the spinel 

CuMn2O4 material did, however, exhibit a higher diffusion coefficient (8.434 x 10
-3

 cm
2
/s) 
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compared to that of the pristine Mn3O4 material. This, therefore, implied that the diffusion of 

electrolyte ions across the electrode material surface occured at a faster rate, thus leading 

towards a larger quantity of charge stored on the electrode surface during charge/discharge 

processes. The increase in the total quantity of charge stored would then ultamitely yield an 

increase in specific capacitance. The less agglomeration of spinel CuMn2O4 nanoparticles 

illustrated from SAXS analyzed data, additionally contributed towards a reasonably uniform 

distribution of electrolyte ions across the electrode material surface during diffusion 

processes [223].  

 

 

Figure 4.34: Illustrating s), a ragone plot comparing the specific capacitance at various 

scan rates, and t), peak current (Ipa and Ipc) as a function of the square root of the scan 

rate for the CuMn2O4 electrode material in a 3 M LiOH electrolyte solution.   
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Table 4.11: Illustrating data obtained from the charge/discharge specific capacitance 

and coulombic efficiency calculations of the spinel CuMn2O4 material in a 3 M LiOH 

electrolyte solution.    

Scan rate (mV/s) Specific charge 

capacitance (F/g) 

Specific discharge 

capacitance (F/g) 

Coulombic 

efficiency (%) 

200 324.257 223.252 68.850 

180 390.671 274.521 70.269 

160 443.091 325.328 73.422 

140 487.547 369.396 75.766 

120 508.003 430.467 84.737 

100 553.056 496.950 89.855 

50 638.171 540.528 84.700 

40 677.203 585.360 86.438 

30 717.354 605.350 84.387 

20 743.169 652.534 87.804 

10 821.910 714.363 86.915 

5 886.017 771.596 87.086 

 

 

The GCD analyzed data illustrated discharge specific capacitance values of 1189 – 764 F/g at 

current densities ranging from 0.5 – 4 A/g, respectively, for the spinel CuMn2O4 electrode 

material investigated within a 3 M LiOH electrolyte solution. This result revealed much 

improvement from that of CV, as indicated in Table 4.11. However, the CV specific 

charge/discharge data indicated an enhanced electrochemical performance at lower scan 

rates, much like the GCD data represented at lower current densities. The cyclic 

voltammograms of the hybrid CuMn2O4/MWCNT electrode material, displayed in Fig. 4.35, 

illustrated remarkable anodic and cathodic current responses of (380 mA; -314 mA) and (244 

mA; -203 mA) at high and low scan rates, respectively. This implied that a subsequent 

quantity of charge, derived from electrolyte ion diffusion, accumulated on the electrode 

material surface during charge/discharge experimentation [224]. However, no additional 

oxidation/reduction peaks were observed at potentials beyond 0.9 V for this electrochemical 

system. In addition, the homogenous colour of the electrolyte solution began to alter due to 
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the increased oxidation/reduction level of the hybrid electrode material; and at operating 

potentials exceeding 1.2 V, resulted in the electrode material becoming electrochemically 

unstable. This situation was fortunately solved through employing the two-electrode full cell 

system for electrochemical analysis, as illustrated in its following results revealing operating 

potentials up to 2 V for all investigated electrode materials [225]. Comparing the CV data of 

the three-electrode system with that of the two-electrode full cell device revealed that the full 

cell exhibited a 29% increase in specific capacitance for the hybrid CuMn2O4/MWCNT 

electrode material. GCD analysis of the full cell supercapacitor device reveals additional 

astonishing aspects of electrochemical data such as cycling stability [226].      

     

 

Figure 4.35: Cyclic Voltammograms of the hybrid CuMn2O4/MWCNT electrode 

material run at u), high scan rates (100-200 mV/s) and v), low scan rates (5-50 mV/s) in 

a 3 M LiOH electrolyte solution.  
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Table 4.12: Illustrating data obtained from the charge/discharge specific capacitance 

and coulombic efficiency calculations of the hybrid CuMn2O4/MWCNT material in a 3 

M LiOH electrolyte solution.    

Scan rate (mV/s) Specific charge 

capacitance (F/g) 

Specific discharge 

capacitance (F/g) 

Coulombic 

efficiency (%) 

200 372.141 269.504 72.420 

180 437.980 289.954 66.203 

160 492.615 311.760 63.287 

140 521.860 330.782 63.385 

120 582.026 360.539 61.946 

100 623.112 471.313 75.639 

50 681.564 582.279 85.433 

40 745.607 650.424 87.234 

30 865.806 733.767 84.750 

20 906.312 782.253 86.312 

10 973.657 815.860 83.793 

5 1067.427 923.903 86.554 

 

 

The oxidation/reduction parameters results, illustrated in Table 4.13, indicated that the hybrid 

CuMn2O4/MWCNT electrode material exhibited a superior electrochemical reversibility, as 

compared to both the pristine Mn3O4 and spinel CuMn2O4 electrode materials. This result 

was identified by the lower peak-to-peak separation values (∆Ep) of 0.320 – 0.118 V 

exhibited by the hybrid electrode material from high (200 mV/s) to low (5 mV/s) scan rates 

[227]. The diffusion coefficient value (D) for the hybrid CuMn2O4/MWCNT electrode 

material was calculated from the extrapolated data of its corresponding peak current (Ipa and 

Ipc) versus square root of scan rate (v
1/2

) linear function, illustrated in Fig. 4.36. The value 

was calculated as 9.682 x 10
-3

 cm
2
/s, thus indicating an improvement from the standard/un-

modified spinel CuMn2O4 electrode material [228]. The improved diffusion capabilities 

exhibited by the hybrid CuMn2O4/MWCNT electrode material, additionally confirmed its 

enhanced electrochemical reversibility over that of the pristine Mn3O4 and spinel CuMn2O4 

electrode materials [229].     
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Figure 4.36: Illustrating w), a ragone plot comparing the specific capacitance at various 

scan rates, and x), peak current (Ipa and Ipc) as a function of the square root of the scan 

rate for the CuMn2O4/MWCNT electrode material in a 3 M LiOH electrolyte solution.  

 

The performance comparison of various spinel-type composite electrode materials to that of 

the findings reported in this work is presented in Table 4.14. The LiMn2O4/CNTs/GO 

composite material, operated within a 1.0 M Li2SO4 aqueous electrolyte solution, provided 

some innovative ideas for future prospects. The incorporation of graphene oxide (GO) to the 

hybrid CuMn2O4/MWCNT composite matrix would undoubtedly boost its conductivity, thus 

improving its overall electrochemical performance. The use of Li2SO4 would also be a better-

suited aqueous electrolyte solution than LiOH due to its sulphate ions having a greater 

electronegativity than OH
- 
ions, thus inducing ions with a smaller ionic radius causing faster 

diffusion kinetics [230].            
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Table 4.13: Illustrating redox parameters obtained from the cyclic voltammograms of 

the hybrid CuMn2O4/MWCNT electrode material at high and low scan rates in a 3 M 

LiOH electrolyte solution.   

Scan rate 

(mV/s) 

Epa (V) Epc (V) Ipa (mA) Ipc (mA)  Ep (V) E
0
 (V) 

200 0.500 0.180 422 -279 0.320 0.340 

180 0.490 0.216 375 -241 0.274 0.353 

160 0.470 0.221 346 -209 0.249 0.346 

140 0.465 0.221 332 -201 0.244 0.343 

120 0.461 0.204 319 -211 0.257 0.333 

100 0.457 0.215 289 -206 0.242 0.336 

50 0.452 0.219 264 -185 0.233 0.336 

40 0.443 0.224 238 -162 0.219 0.334 

30 0.427 0.233 206 -136 0.194 0.330 

20 0.420 0.249 161 -109 0.171 0.335 

10 0.408 0.267 108 -75.8 0.141 0.338 

5 0.396 0.278 72.5 -50.4 0.118 0.337 

 

 

Table 4.14: Specific capacitance comparison of various spinel-type composites [231]. 

Electrode material Electrolyte Specific 

capacitance (F/g) 

Reference  

MWCNTs 1.0 M H2SO4 55 [232] 

CuMn2O4/MWCNT 3 M LiOH 923.903 This work 

LiMn2O4/CNTs/GO 1.0 M Li2SO4  676.660 [233] 

NiCo2O4/rGO 2 M KOH  777.100 [234] 

NiCo2O4/CNTs 1 M KOH 220 [235] 

MnCo2O4/Ag NPs 6 M KOH 942 [236] 

CNTs/C/NiMoO4 2 M KOH 1037 [237] 
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4.3.1.3 Electrochemical studies of the full cell (two-electrode) system with 3 M 

LiOH aqueous electrolyte solution  

The three-electrode system is a useful configuration for determining specific material 

electrochemical properties, where as the two-electrode system is the ideal configuration for 

testing an electrode material’s true capacitive performance [238]. The two-electrode 

configuration essentially imitates the internal voltages and charge transfer processes that 

occur within a commercialized supercapacitor cell [238]. It is, therefore, an important design 

employed for testing the application performance of the researched electrode material. In this 

research study, electrochemical performance reports of an asymmetric supercapacitor cell 

configuration were conducted, utilizing commercial grade activated carbon as the negative 

electrode and the synthesized active material as the positive electrode [239]. Initially, the 

three-electrode system was used to test the potential range of the activated carbon against all 

three synthesized electrode materials, as portrayed in Fig. 4.37. 

 

The activated carbon CV curve displayed a generic rectangular shaped voltammogram with a 

more negative potential window, as compared to the three electrode materials of interest. This 

result, therefore, evidently confirmed the necessary use of activated carbon as the negative 

electrode during the assembly of the two-electrode full cell device. In the case of a full cell 

Swagelok device, the specific capacitance value of the positive active material electrode is 

commonly different to that of the negative activated carbon electrode [240]. Therefore, from 

this the total capacitance of the full cell was mathematically obtained by relating the electrode 

configuration of the cell to that of an equivalent electrical circuit containing two identical 

parallel electrode capacitors connected in series [241]. This train of thought made it easier to 

derive the equation used to calculate the specific capacitance (Csp) for the full cell Swagelok 

device. The analogous expression for the total capacitance, calculated in Farad (F), of two 

asymmetric capacitor systems in series is illustrated below as follows: 

 

                                                              
Total 1 2

1 1 1

C C C
                                                      (4.54) 
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Total Electrode

1 2

C C
                                                    (4.55) 

 

                                                              Total E2C C                                                        (4.56) 

 

The expression above was related to equation (4.29) from the earlier reported studies of this 

section, as the CE variable denotes the combined accumulated charge from the two electrode 

surfaces [242]. Equation (4.29), however, is only valid for a half cell (three-electrode) 

system. The full cell asymmetric system employs a mass balance ratio of the two electrodes 

in order to maximize its operating voltage [243]. The initial three-electrode cyclic 

voltammetry analysis was a useful experimental procedure to perform, as it aided in selecting 

a suitable operating potential for the two-electrode system. The potential window is already 

compensated for in the mass balance ratio calculation, as it is not involved in the final 

specific capacitance formula [244]. 

 

                                                              Total
sp

E

2Q
C

M
                                                          (4.57) 

 

The ME variable in equation (4.59) denotes the total mass of the two electrodes of the 

system, including the masses of the positive and negative electrode materials coated on the 

nickel foam current collectors. This mass is considered as a ratio of the two electrodes as a 

result of the interfacial charge transfer processes occurring during the diffusion of electrolyte 

anions (OH
-
) and cations (Li

+
) across the electrode surface [150, 245]. The expression for the 

total electrode mass of the two-electrode system is illustrated below. 

 

                                                             
1 2E E E2M M M                                                    (4.58) 
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                                                           Total
E

2

M
M                                                        (4.59) 

 

The expression for the ME variable was then substituted into equation (4.57), thus obtaining 

the final derived specific capacitance formula for a full cell (two-electrode) system from 

cyclic voltammetry analysis [246].  

 

                                                                Total
sp

Total

2

2

Q
C

M
                                                        (4.60) 

 

                                                            Total
sp

Total

4Q
C

M
                                                        (4.61) 

 

The specific capacitance of the activated carbon material was calculated from the CV plot in 

Fig. 4.37 at a scan rate of 5 mV/s. This Csp value was used to obtain the mass balance ratio 

for each electrode material. The mass balance ratio calculation, according to the illustrated 

equation below [247], proceeds as follows: 

 

                                                
sp spx x x xC m V C m V

                                            (4.62) 

 

                                                         
sp

sp

x

x

C Vm

m C V







 


 


                                                 (4.63) 

 

                                                    3 4Mn O

AC

112.454F/g x 1V

584.982F/g x 0.9V

M

M
                                        (4.64) 
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                                                              3 4Mn O

AC

0.214
M

M
                                                      (4.65) 

 

                                                       
3 4Mn O AC0.214M M                                                  (4.66) 

 

The optimal mass ratio of the positive  +m  and negative  m
 electrodes for the 

2 4CuMn O AC  and 
2 4CuMn O /MWCNT AC  supercapacitor assembly was calculated to be 

0.149 and 0.133, respectively. The operating voltage for the full cell devices was selected as 

2 V.    

 

 

Figure 4.37: Correlative cyclic voltammograms of activated carbon and all three 

(pristine Mn3O4, spinel CuMn2O4, and hybrid CuMn2O4/MWCNT) electrode materials 

at a scan rate of 5 mV/s, in an aqueous 3 M LiOH electrolyte solution. 
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Figure 4.38: The correlation of cyclic voltammetry for (a) Mn3O4   AC, (b) CuMn2O4   

AC, (c) CuMn2O4/MWCNT   AC, and (d) rate capability of supercapacitor cells at high 

scan rates (100-200 mV/s). 

 

Fig. 4.38 and 4.39 are observed as comparative CV curves for the Mn3O4   AC, CuMn2O4   

AC, and CuMn2O4/MWCNT   AC supercapacitor cells. These figures also display how the 

supercapacitive performances of the cell devices compare to one another. The CV curves in 

Fig. 4.38(a), (b), and (c) displayed a relatively rectangular shape within the potential ranges 

of 0-1 V  for (a) and (b), and approximately 0-0.8 V for (c). This is a result of the activated 

carbon material exhibiting an electrical double layer capacitive property [75, 248]. The 

approximate irregular shape of the CV curves observed within the voltage ranges of 1-2 V 

and 0.8-2 V is attributed to the Faradic pseudocapacitive characteristic exhibited from the 

reduction/oxidation reactions of the electrode materials [114, 204]. An additional observation 

made from the shape of the CV curves for each electrode material was that they retained their 
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original shape regardless of an increase in scan rate [249]. This therefore revealed the 

occurrence of exceptional rate capability, as proven from Fig. 4.38(d) and Fig. 4.39(h) [250]. 

The synergistic effects that occur between the spinel CuMn2O4 nanoparticles and the 

MWCNT nano-networks attribute the superior specific capacitance exhibited by the hybrid 

CuMn2O4/MWCNT electrode material, compared to that of the pristine Mn3O4 and spinel 

CuMn2O4 electrode materials [251].     

 

 

Figure 4.39: The correlation of cyclic voltammetry for (e) Mn3O4   AC, (f) CuMn2O4   

AC, (g) CuMn2O4/MWCNT   AC, and (h) rate capability of supercapacitor cells at low 

scan rates (5-50 mV/s). 
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Figure 4.40: Final correlative cyclic voltammograms for the Mn3O4   AC, CuMn2O4   

AC, and CuMn2O4/MWCNT   AC supercapacitor cells at a scan rate of 5 mV/s, in an 

aqueous 3 M LiOH electrolyte solution. 

 

The CV profile for the CuMn2O4/MWCNT   AC electrochemical cell device appeared to be 

much broader compared to that of the Mn3O4   AC and CuMn2O4   AC cells. This result 

implied that the hybrid CuMn2O4/MWCNT composite material processed a lower charge 

transfer and solution resistance compared to that of the pristine Mn3O4 and spinel CuMn2O4 

materials. Electrochemical impedance spectroscopy (EIS) was conducted in order to 

prove/disprove this scientific statement made.        
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4.3.2 Electrochemical Impedance Spectroscopy (EIS) analysis and 

interpretation 

The electrochemical impedance spectroscopy (EIS) technique allows one to assess and 

extract data revealing information about the electronic and ionic conductivity of the analyzed 

electrode materials [252]. This technique was also used to investigate how the impedance 

data readings of the circuit elements, which are involved in the correctly constructed 

equivalent circuit model displayed in the EIS spectrographs, change with an applied 

frequency signal ranging from high to low frequencies (100 mHz to 200 kHz). The EIS 

experiments were conducted using the BioLogic Science electrochemical instrument, with 

built in EC-Lab analysis and interpretation software. The applied DC potential obtained from 

CV experimental analysis was 0.324 V, at a 10 mV (Vrms) sinus AC amplitude.   

 

In a typical electrochemical impedance spectrograph, the diameter of the semi-circle of 

impedance is equivalent to the charge-transfer resistance (Rct) within a high frequency region; 

and the slanted line in the low frequency region reveals the Warburg impedance (Ws). The 

resistance value signifies the occurrence of the electron transfer kinetics at the 

electrode/electrolyte interface. Fig. 4.41 represents the Nyquist Impedance plots for the 

pristine Mn3O4, spinel CuMn2O4, and hybrid CuMn2O4/MWCNT electrode materials 

operated in a 3 M KOH aqueous electrolyte solution. The figure also shows the equivalent 

circuit model (inset) used to perform the EIS data fittings from the spectrographs. The 

intercept of the semi-circle in a high frequency regime with the Re(Z’)/ -axis, indicates the 

identification of the electrochemical series resistance (ERS) or solution resistance (Rs), which 

is defined as the resistance between the working electrode and the reference electrode. The 

Rct and Rs values of the Mn3O4, CuMn2O4, and CuMn2O4/MWCNT electrode materials were 

obtained after performing the Randles equivalent circuit model data fitting, using the EC-Lab 

EIS data analysis Z-fit software. The correspondent parameters of the series resistance (Rs) 

and the charge-transfer resistance (Rct) data illustrated in Table 4.15 are relatively low in 

magnitude. These captivating low Rs and Rct values could be a result of the distinctive 

structure and morphology of the electrode materials, contributing towards improved 

percolation and movement of electrolyte ions to and from the electrode surface during 

diffusion [252-253]. 
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Figure 4.41: Comparative Nyquist plots of the pristine Mn3O4, spinel CuMn2O4, and 

hybrid CuMn2O4/MWCNT electrode materials obtained at a frequency range of 100 

mHz-200 kHz with a 3M KOH aqueous electrolyte solution. 

 

 

Table 4.15: EIS fitted data of the Mn3O4, CuMn2O4, and CuMn2O4/MWCNT electrode 

materials with a 3 M KOH aqueous electrolyte solution. 

 

Electrode materials 

Rs 

   

Cdl 

 F  

Rct 

   

Ws 

-1/2Ω.s    

Mn3O4 0.455 2.582 x 10
-3

 1.293 0.381 

CuMn2O4 0.225 4.635 x 10
-3

 0.827 0.327 

CuMn2O4/MWCNT 0.121 7.292 x 10
-3 

0.633 0.300 
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The low Rs and Rct values of the pristine Mn3O4, spinel CuMn2O4, and hybrid 

CuMn2O4/MWCNT electrode materials showed a valid indication of a solid electrochemical 

platform for the enhancement of its electronic conductivity and energy performance [254]. 

The double layer capacitance (Cdl) parameter, which is a result of the surface morphology of 

the electrode materials, is modelled by the constant phase element (CPE). The impedance and 

capacitance data readings, shown in Table 4.15, were used to calculate fundamental kinetic 

parameters involved in the electron transfer process. These parameters include the time 

constant  τ , which can be calculated from the angular frequency  maxω  recorded at the 

maximum imaginary impedance of the semi-circle. The  maxω  value was calculated 

according to the following equation:  

 

                                                               max

ct dl

1

R C
                                                         (4.67) 

 

From the angular frequency  max , the time constant  τ  could then be calculated according 

to the following equation:  

 

                                                              
max

1



                                                      (4.68) 

 

The following important kinetic parameter would be the exchange current (I0), which is 

defined as a measure of the rate at which charges are exchanged between the oxidized and 

reduced species at any equilibrium potential without an overall net change [150]. The 

equation for calculating this parameter is presented as follows: 

 

                                                            0

ct

RT
I

nFR
                                                      (4.69) 
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Where: R is the molar gas constant = 8.314 J/mol/K [255]; T is the room temperature = 293 

K [255]; n is the number of transferred electrons; F is Faraday’s constant = 96485 C/mole 

[256]. The heterogeneous rate constant of electron transfer  etk  [257], which is the third 

kinetic parameter, was additionally calculated conforming to the equation below: 

 

                                                            0
et

I
k

nFAC
                                                     (4.70) 

 

Where: A is the area of the nickel foam substrate (0.5 cm
2
) and C is the concentration of the 

metal Cu
2+

 and Mn
3+

 ions within the Mn3O4, CuMn2O4, and CuMn2O4/MWCNT matrix 

[258]. The mass of the Mn3O4, CuMn2O4, and CuMn2O4/MWCNT electrode materials that 

was coated on their individual nickel foam substrates was 2.31 mg, 3.15 mg, and 3.85 mg, 

respectively. Another vital element is the volume of electrolyte used, and during 

experimentation, 5 ml of 3 M KOH was used. From all this information, the concentration of 

the metal ions was able to be obtained. Finally, having obtained all the variables in equation 

(4.70), the value of etk  for all the synthesized electrode materials was obtained. The Warburg 

coefficient  σ , which is defined by the diffusion coefficient of electrolyte ions across the 

electrode interface, was determined in consonance with the following equation [257, 259]: 

 

                                                           1/2

s ct .R R                                                (4.71) 

 

The equation for the apparent diffusion coefficient  appD , an additional kinetics parameter, 

is derived from the equation of the Warburg coefficient  σ  in its original form [260]. 

 

                                                      
 

 

2

app 2
2 2

2 RT
D

n F AC
                                             (4.72) 
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Figure 4.42: Comparative Bode plots of the pristine Mn3O4, spinel CuMn2O4, and 

hybrid CuMn2O4/MWCNT electrode materials obtained with a 3M KOH aqueous 

electrolyte solution. 

 

 

Table 4.16: Kinetic parameters of the pristine Mn3O4, spinel CuMn2O4, and hybrid 

CuMn2O4/MWCNT electrode materials, calculated from EIS data obtained at 298 K. 

 

Electrode materials 

  

-1s rad    

I0 

 A  

  

-1/2Ωs    

ket 

-1cms    

Dapp 

2 -1cm s    

Mn3O4 4.616 x 10
-3

 0.02 30.253 2.343 x 10
-4 

2.34 x 10
-10 

CuMn2O4 3.833 x 10
-3 

0.03 16.992 2.591 x 10
-4 

2.69 x 10
-10 

CuMn2O4/MWCNT 3.339 x 10
-3 

0.04 11.098 4.509 x 10
-4

 1.315 x 10
-9
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The EIS Nyquist plots, illustrated in Fig. 4.41, displayed distinctive single semi-circle curves 

in the high frequency regime and slanted straight line curves in the low frequency region. The 

inclined straight-line curves are attributed to the Warburg impedance (Ws), which is 

associated with the diffusion of electrolyte ions in the bulk of the electrode material [261]. 

The diffusion kinetics of the electrolyte ions is controlled by the Warburg impedance in the 

low frequency region, where as the charge transfer processes is controlled by the resistance in 

the high frequency region [262]. The charge-transfer resistance (Rct), illustrated in Table 

4.15, for the pristine Mn3O4, spinel CuMn2O4, and hybrid CuMn2O4/MWCNT electrode 

materials were obtained to be 1.293 Ω, 0.827 Ω, and 0.633 Ω, respectively. The smaller 

charge-transfer resistance exhibited by the hybrid CuMn2O4/MWCNT electrode material 

indicated the promotion of faster electrolyte ion diffusion kinetics at the electrode/electrolyte 

interface [263]. This statement is further confirmed by the shorter response-time  τ  

illustrated in the Bode plots of Fig. 4.42 and calculated kinetic parameters data in Table 4.16.     

 

The fast ionic-diffusion through the hybrid CuMn2O4/MWCNT electrode material matrix is a 

result of the CuMn2O4/MWCNT structure. XRD analysis results previously revealed that the 

spinel CuMn2O4 material possessed Cu
2+

 tetrahedral and Mn
3+

 octahedral interstitial sites, 

whereby electrons and/or ions presumably occupy during electrochemical processes. In 

addition to the improved conductivity provided by the MWCNTs, it also assisted the hybrid 

material’s ionic-diffusion by inducing a low ionic-diffusion resistance [264]. The phase 

angle, from the Bode plots illustrated in Fig. 4.42, obtained for the pristine Mn3O4, spinel 

CuMn2O4, and hybrid CuMn2O4/MWCNT electrode materials were 37 , 45 , and 71 , 

respectively. The higher phase angle exhibited by the hybrid CuMn2O4/MWCNT electrode 

material provided the indication that it was the most conductive of the three synthesized 

electrode materials. In literature, it was reported that an electrode material synthesized for an 

ideal Electrical Double Layer Capacitor (EDLC) system, exhibited a phase angle close to 90  

(i.e, within the range of 80 – 90 ) [265]. This would imply that electrode materials exhibiting 

phase angles below 80  possess pseudocapacitive properties, as a result of faradaic 

oxidation/reduction reactions occurring at the electrode/electrolyte interface during 

electrochemical analysis [75]. The hybrid CuMn2O4/MWCNT electrode material also 

exhibited a higher apparent diffusion coefficient  appD  implying that a larger surface area of 

electrolyte ions were diffused at the electrode/electrolyte interface.  
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Figure 4.43: Comparative Nyquist plots of the pristine Mn3O4, spinel CuMn2O4, and 

hybrid CuMn2O4/MWCNT electrode materials obtained at a frequency range of 100 

mHz-200 kHz with a 3M LiOH aqueous electrolyte solution. 

 

 

Table 4.17: EIS fitted data of the Mn3O4, CuMn2O4, and CuMn2O4/MWCNT electrode 

materials with a 3 M LiOH aqueous electrolyte solution. 

 

Electrode materials 

Rs  

   

Cdl 

 F  

Rct 

   

Ws 

-1/2Ω.s    

Mn3O4 0.356 3.160 x 10
-3

 0.516 4.978 

CuMn2O4 0.212 5.660 x 10
-3

 0.476 2.86 

CuMn2O4/MWCNT 0.086 7.872 x 10
-3 

0.350 0.861 
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Figure 4.44: Comparative Bode plots of the pristine Mn3O4, spinel CuMn2O4, and 

hybrid CuMn2O4/MWCNT electrode materials obtained with a 3M LiOH aqueous 

electrolyte solution. 

 

 

Table 4.18: Kinetic parameters of the pristine Mn3O4, spinel CuMn2O4, and hybrid 

CuMn2O4/MWCNT electrode materials, calculated from EIS data obtained at 298 K. 

 

Electrode materials 

  

-1s rad    

I0 

 A  

  

-1/2Ωs    

ket 

-1cms    

Dapp 

2 -1cm s    

Mn3O4 3.770 x 10
-3

 0.049 21.595 4.139 x 10
-4 

4.43 x 10
-10 

CuMn2O4 2.694 x 10
-3 

0.053 13.255 6.348 x 10
-4 

4.59 x 10
-10 

CuMn2O4/MWCNT 1.631 x 10
-3 

0.072 8.757 8.116 x 10
-4

 5.768 x 10
-9
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EIS experiments for the electrode materials in a 3 M LiOH aqueous electrolyte solution were 

conducted in order to investigate, whether or not, the Li
+
 ions would easily undergo ionic-

diffusion at a faster response-time [145]. The EIS spectrograph of the electrode materials 

analyzed with a 3 M LiOH aqueous electrolyte solution is presented in Fig. 4.43. The 

analyzed data obtained from the EIS spectrograph indicated that the electrode materials 

exhibited lower charge-transfer resistance  ctR values, compared to that obtained after 

electrochemical analysis with the 3 M KOH aqueous electrolyte solution. From these results, 

it was certain that a greater surface area of Li
+
 ions were diffused at a faster rate, as 

confirmed by the apparent diffusion coefficient  appD  and response-time  τ  values 

calculated from the Bode plots in Fig. 4.44 [266-267]. It is previously mentioned in CV 

analysis that the main reason for Li
+
 ions diffusing faster and easier than that of K

+
 ions, is a 

result of its smaller ionic radii (Li
+
 = 0.076 nm) over that of potassium (K

+
 = 0.138 nm) 

[217]. This, therefore, enabled the Li
+
 ions to intercalate within the atomic spaces of the 

metal oxide and carbon based electrode materials [268].  

 

Comparing the electrochemical impedance results for the three electrode materials analyzed 

in the 3 M KOH and 3 M LiOH aqueous electrolyte solutions; it was observed that the 3 M 

LiOH electrolyte analysis exhibited a lower electrochemical resistance and, therefore, a 

greater capacitive performance. The full cell two-electrode cell configuration was then 

assembled using the 3 M LiOH aqueous electrolyte solution, where EIS measurements were 

performed at a sinusoidal frequency range of 100 mHz-200 kHz [252, 268-269]. After fitting 

the Nyquist plots with the equivalent circuit model, also illustrated as an inset of Fig. 4.45, 

the data obtained indicated that the Rct value for the CuMn2O4/MWCNT   AC cell device 

was lower than that of the other assembled supercapacitor cell devices [270-271]. The Rct 

values for the Mn3O4   AC, CuMn2O4   AC, and CuMn2O4/MWCNT   AC two-electrode 

cells were obtained as 0.457 Ω, 0.310 Ω, and 0.156 Ω, respectively. The lower Rct value 

exhibited by the CuMn2O4/MWCNT   AC supercapacitor cell device is due to the faster 

transport of charges through the pores of the hybrid CuMn2O4/MWCNT composite electrode 

material matrix [268]. The Nyquist plots, indicated in Fig. 4.45, correspond with the Bode 

phase-impedance plots, in Fig. 4.46, where the phase angle values were obtained as (Mn2O4   

AC: 16 ; CuMn2O4   AC: 51 ; and CuMn2O4/MWCNT   AC: 70 ) at low frequency regimes 

[114, 272].  
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Figure 4.45: Comparative Nyquist plots of the Mn3O4   AC, CuMn2O4   AC, and 

CuMn2O4/MWCNT   AC supercapacitor cells obtained at a frequency range of 100 

mHz-200 kHz with a 3M LiOH aqueous electrolyte solution. 

 

 

Table 4.19: EIS fitted data of the Mn3O4   AC, CuMn2O4   AC, and 

CuMn2O4/MWCNT   AC full cell devices with a 3 M LiOH aqueous electrolyte solution. 

 

Electrode materials 

Rs 

   

Cdl 

 F  

Rct 

   

Ws 

-1/2Ω.s    

Mn3O4 0.604 1.210 x 10
-3

 0.457 5.317 

CuMn2O4 0.321 0.480 x 10
-3

 0.310 3.317 

CuMn2O4/MWCNT 0.459 0.365 x 10
-3 

0.156 3.383 
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Figure 4.46: Comparative Bode plots of the Mn3O4   AC, CuMn2O4   AC, and 

CuMn2O4/MWCNT   AC supercapacitor cells obtained with a 3M LiOH aqueous 

electrolyte solution. 

 

 

Table 4.20: Kinetic parameters of the Mn3O4   AC, CuMn2O4   AC, and 

CuMn2O4/MWCNT   AC supercapacitor cell devices, calculated from EIS data 

obtained at 298 K. 

 

Electrode materials 

  

-1s rad    

I0 

 A  

  

-1/2Ωs    

ket 

-1cms    

Dapp 

2 -1cm s    

Mn3O4 5.530 x 10
-4

 0.055 81.431 1.562 x 10
-4 

3.84 x 10
-12 

CuMn2O4 1.488 x 10
-4 

0.081 51.728 2.716 x 10
-4 

5.05 x 10
-12 

CuMn2O4/MWCNT 5.704 x 10
-5 

0.162 45.120 1.071 x 10
-3

 8.43 x 10
-12
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Figure 4.47: Nyquist plot for the CuMn2O4/MWCNT   AC supercapacitor cell before 

and after cycling in a 3M LiOH aqueous electrolyte solution. 

 

Cycling stability tests were conducted on the full cell two-electrode CuMn2O4/MWCNT   

AC electrochemical capacitor, and EIS data was obtained in order to investigate the 

behaviour of the electrode material prior and post to cycling experiments, as illustrated in 

Fig. 4.47 and 4.48. The cycling stability test results obtained after performing GCD analysis 

of the CuMn2O4/MWCNT   AC supercapacitor cell, revealed exceptional stability data as the 

device retained a specific capacitance of 460 F/g (i.e., approximately 91% of its initial 

capacitance of 507 F/g) for 3000 cycles at a 1 A/g current density [62]. The analyzed EIS 

data obtained after performing cycling stability tests indicated that the cell device exhibited a 

charge-transfer resistance (Rct) of 0.252 Ω, which is slightly higher than the Rct value of 

0.156 Ω obtained prior to cycling experiments. This result implied that the electrochemical 

capacitor (EC) cell device would still operate optimally after a greater number of cycles. 

However, in order to obtain a more accurate set of electrochemical data regarding the 
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stability of the supercapacitor cell device, a minimum of 5000 cycles should be implemented 

during cycling stability experiments [273]. This statement is included in the list of 

recommended future electrochemical research prospects. In addition to cycling analysis, it 

was also reported that a different technique called voltage-holding (also known as “float 

test”), can be deemed useful when investigating the performance of the EC-cell over 

extended time-periods [273]. The Bode-phase impedance plot in Fig. 4.48, illustrated that the 

CuMn2O4/MWCNT   AC full cell device exhibited a 30% decrease in conductivity after 

cycling, as illustrated by the lower phase angle. This percentage is less than half, thus giving 

the impression that the cell device could be tested at extended time-periods and increased 

cycle number. These experimental proposals are currently being pursued for a future 

manuscript potentially to be published.          

 

 

Figure 4.48: Bode phase-impedance plot for the CuMn2O4/MWCNT   AC 

supercapacitor cell before and after cycling in a 3M LiOH aqueous electrolyte solution. 
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4.3.3 Galvanostatic charge/discharge (GCD) analysis 

4.3.3.1 Electrochemical studies of half cell (three-electrode) system with 3 M 

KOH electrolyte  

The galvanostatic charge/discharge technique is one of the most dependable methods used to 

test and evaluate the electrochemical specific capacitance of electrode materials for 

supercapacitor devices. In this technique, the specifically selected current density and applied 

potential variables are controlled, whereas the time variable is measured. Apart from the 

specific capacitance, two additional parameters can be calculated and obtained from 

galvanostatic charge/discharge data. These parameters are called the maximum specific 

power density (Pmax) and the specific energy density (Esp). The mathematical equations for 

calculating each of these parameters is presented as follows: 

 

The slope of the charge/discharge curves was used for the specific capacitance calculations, 

as per following the equation below: 

 

                                                                sp

4I t
C

m V





                                                          (4.73) 

 

Where I  is the discharge current (mA), ∆t is the charge/discharge time interval (s), m is the 

mass (g) of the active material on each electrode surface, and    is the potential window of 

charge and discharge occurrence [274]. The galvanostatic charge/discharge plot, with current 

densities ranging between 0.5 - 4 A/g, for all the electrode materials in the 3 M KOH 

electrolyte solution is illustrated in Fig. 4.49. The charge/discharge curves, from the plots, 

displayed approximate linearity, thus indicating pseudocapacitive behaviour exhibited from 

the electrode materials [148, 275]. The specific capacitance for the electrode materials was 

obtained through conforming to equation (4.73) above, by initially calculating the applied 

current from the electrode material mass and selected current density. The two pertinent 

parameters, maximum specific power density (Pmax) and specific energy density (Esp), were 

obtained from equation (4.74) and (4.75), respectively. 
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2

max

ir

W
kg 4

V
P

m R
                                                   (4.74) 

 

                                                          
2

sp
Wh

kg 2

CV
E

m
                                                    (4.75) 

 

Where C (F/g) is the specific capacitance calculated from equation (4.73), V is the maximum 

operating potential, m (kg) is the mass of the active electrode material, and Rir (Ω) is the 

internal resistance of the electrochemical cell. The internal resistance (Rir) was calculated 

from the voltage drop (∆ViR) that occurs at the initial downward step of the discharge curve 

[62]. 

 

                                                                iR
ir

2

V
R

i


                                                         (4.76) 

 

As displayed in Fig. 4.49, the three electrode materials were analyzed under various selected 

current densities within the range of 0.5 – 4 A/g. The hybrid CuMn2O4/MWCNT electrode 

material exhibited the largest specific capacitance of 123.406 F/g, followed by the spinel 

CuMn2O4 material with a specific capacitance of 76.313 F/g, and lastly the pristine Mn3O4 

material, which exhibited the lowest specific capacitance of 56.580 F/g. The analyzed GCD 

data were all evaluated at a current density of 0.5 A/g in an aqueous 3 M KOH electrolyte 

solution. Comparing the data obtained from GCD to that of CV, it was observed that the 

specific capacitance values calculated from CV data far out performed that calculated from 

GCD data. This unfortunate observation could have been rectified by selecting current 

densities preferably lower than 0.5 A/g. However, the data analysis for the 3 M LiOH 

electrolyte solution illustrated a relatively acceptable improvement. It was clearly notified 

that the larger specific capacitance exhibited by the hybrid electrode material, was attributed 

by the additional conductivity contributed by the multi-walled carbon nanotube structures 

[276]. The analyzed data presented in Fig. 4.49, as well as equation (4.74), (4.75), and (4.76) 

were utilized to computationally evaluate the energy and power densities of the 
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electrochemical cell. Fig. 4.50 illustrates a Ragone plot displaying the relationship between 

the energy and power densities of all three investigated electrode materials. The data analysis 

portrayed in the Ragone plot indicated that the hybrid CuMn2O4/MWCNT electrode material 

exhibited the largest maximum energy and power density values of 48.171 Wh/kg and 

596.602 W/kg, respectively, as compared to that of the pristine Mn3O4 and spinel CuMn2O4 

electrode materials. These calculated results were performed at a current density of 0.5 A/g. 

This trend of superior pseudocapacitive performance displayed by the hybrid material over 

the others indicated that it was the best-suited cathode electrode material for a supercapacitor 

full cell (two-electrode) device.    

 

 

Figure 4.49: Galvanostatic charge/discharge curves (obtained using a 3M KOH 

electrolyte solution) of (a) pristine Mn3O4, (b) spinel CuMn2O4, and (c) hybrid 

CuMn2O4/MWCNT electrode materials at various current densities; as well as (d) the 

specific capacitance against current density ragone plot for all synthesized materials. 
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Figure 4.50: Ragone plot illustrating Energy against Power Densities for the pristine 

Mn3O4, spinel CuMn2O4, and hybrid CuMn2O4/MWCNT electrode materials obtained 

using the 3 M KOH aqueous electrolyte solution.  

 

The superior pseudocapacitive performance trend exhibited by the hybrid 

CuMn2O4/MWCNT electrode material is evidently shown in the rate capability plots from 

CV and GCD analysis. The data analysis in the plot of Fig. 4.50 also illustrated maximum 

energy and power density values of 23.620 Wh/kg and 441.468 W /g, respectively, for the 

pristine Mn3O4 electrode material. The maximum energy and power density values for the 

spinel CuMn2O4 electrode material were obtained as 34.920 Wh/kg and 554.688 W/kg, 

respectively. From studies documented in literature, it was identified and hypothesized 

through comparison that the asymmetric CuMn2O4/MWCNT   AC supercapacitor system 

would be a suitable electrochemical device for energy storage applications [277]. The three 

synthesized electrode materials were also tested with a 3 M aqueous LiOH electrolyte 

solution, and from the analyzed results, the materials exhibited longer response times.     
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4.3.3.2 Electrochemical studies of half cell (three-electrode) system with 3 M 

LiOH electrolyte  

The results obtained after analyzing the electrode materials in the 3 M LiOH aqueous 

electrolyte solution, indicated some quite remarkable performance results. After performing 

the prescribed calculations, it was obtained that the electrode material’s specific capacitance 

values increased by 80.105 %, 66.338 %, and 64.042 %, for the hybrid, spinel, and pristine 

electrode materials, respectively, from the results obtained after electrochemical analysis with 

3 M KOH aqueous electrolyte solution. It can be seen in Fig. 4.49 and 4.51 that the operating 

potential for the hybrid material was initialized at a low voltage, as the charging process 

became unstable at high potentials. This, however, did not occur during the two-electrode full 

cell analysis as this configuration is designed for maintaining its electrode stability at high 

operating potentials.   

 

 

Figure 4.51: Galvanostatic charge/discharge curves, as well as the specific capacitance 

against current density plot for all synthesized materials in 3 M LiOH electrolyte. 
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Figure 4.52: Ragone plot illustrating Energy against Power Densities for all the 

electrode materials obtained using the 3 M LiOH aqueous electrolyte solution. 

 

It is evidently displayed in Fig. 4.52 that the electrode materials analyzed in 3 M LiOH 

electrolyte exhibited maximum energy and power densities of 55.160 Wh/kg and 605.817 

W/kg (for Mn3O4), 72.189 Wh/kg and 766.367 W/kg (for CuMn2O4), and 83.597 Wh/kg and 

1053.800 W/kg (for CuMn2O4/MWCNT), respectively. It was also additionally deduced that 

the energy and power density values for the electrode materials were quite close to each 

other, thus revealing that the calculated results were quite accurate for manual input of data 

into the equations to perform each computation. The impressive energy and power density 

exhibited by the hybrid CuMn2O4/MWCNT material is attributed to the porous architecture 

of the multi-walled carbon nanotube structures [278]. The porous nature of the hybrid 

material is beneficial for the penetration of electrolyte ions, during intercalaction processes, 

into the material’s atomic spaces. This would then also advance electrolyte ion diffusion 

through the electrode material surface at the electrode/electrolyte interface [279].    
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4.3.3.3 Electrochemical studies of full cell (two-electrode) system with 3 M LiOH 

electrolyte  

The GCD plots in Fig. 4.53 for all the synthesized electrode materials assembled in a full cell 

supercapacitor system, illustrated longer charge/discharge response times than that of the 

three-electrode configuration. It was also additionally operated at a higher potential window 

of 1.2 V. The maximum specific capacitance values for the Mn3O4   AC, CuMn2O4   AC, 

and CuMn2O4/MWCNT   AC supercapacitor cell devices were obtained to be 994.373 F/g, 

1608.523 F/g, and 2234.460 F/g, respectively. This improved specific capacitance values may 

have been a result of the greater operating voltage used. Nevertheless, the specific 

capacitance values for the CuMn2O4/MWCNT   AC cell device at various current densities, 

additionally illustrated a 60% retention, thus indicating good rate capability [279].   

 

 

Figure 4.53: The correlation of GCD plots for (i) Mn3O4   AC, (j) CuMn2O4   AC, (k) 

CuMn2O4/MWCNT   AC, and (l) rate capability of supercapacitor cells at various 

current densities (0.5 – 4 A/g).  
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Figure 4.54: Ragone plot illustrating Energy against Power Densities of all the 

asymmetric supercapacitor cells obtained using 3 M LiOH aqueous electrolyte solution. 

 

The operational performance of the fabricated Mn3O4   AC, CuMn2O4   AC, and 

CuMn2O4/MWCNT   AC supercapacitor cells were obtained through energy and power 

density calculations, where the results are illustrated in Fig. 4.54. As can be observed in the 

ragone plot, the maximum energy density of the asymmetric CuMn2O4/MWCNT   AC cell 

device is 109.197 Wh/kg at a power density of 1221.324 W/kg. The plot also illustrated that 

the cell device retained a relatively high energy density of 35.068 Wh/kg at a maximum 

power density of 2449.942 W/kg. The calculated energy density values of the asymmetric 

CuMn2O4/MWCNT   AC supercapacitor cell device were higher than most values reported 

in resent literature [280-282]. However, the unfortunate characteristic of the device 

performance was that it exhibited an unusually low power density, compared to other 

reported cell devices [283]. This could very well be a result of the hindered stability nature of 

the hybrid CuMn2O4/MWCNT electrode material structure at high operating voltages. The 
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charge/discharge curves of the Mn3O4   AC, CuMn2O4   AC, and CuMn2O4   AC 

supercapacitor cells at 1 A/g current density, were compared with one another, as displayed 

in Fig. 4.55. The discharge profiles of the respected supercapacitor devices illustrated 

symmetrical corresponding charge profiles, thus indicating enhanced electrochemical 

reversibility exhibited by the full cell devices. All the electrode materials exhibited a decrease 

in specific capacitance (Csp) with an increase in current density. This is due to the diffusion 

kinetic limitations of the electrolyte ions on the electrode surface [284]. The diffusion kinetic 

limitation arises due to the high internal resistance (Rir) experienced by the electrochemical 

cell during charge/discharge processes. The CuMn2O4/MWCNT   AC supercapacitor cell 

displayed the best performance due to the result of a lower experienced internal resistance.    

     

 

Figure 4.55: Final comparative galvanostatic charge/discharge curves for the Mn3O4   

AC, CuMn2O4   AC, and CuMn2O4/MWCNT   AC supercapacitor cells at a current 

density of 1 A/g, in an aqueous 3 M LiOH electrolyte solution. 

 

http://etd.uwc.ac.za/



186 
 

The life cycle of a supercapacitor’s electrode material is a crucial aspect to investigate, as it 

provides data on how long the device will sustain its operational use [63]. The galvanostatic 

charge/discharge technique was used to test the cycle life of the Mn3O4   AC, CuMn2O4   

AC, and CuMn2O4/MWCNT   AC supercapacitor cells at a current density of 1 A/g, as 

illustrated in Fig. 4.56. The hybrid CuMn2O4/MWCNT   AC supercapacitor cell device, 

impressively exhibited a specific capacitance of 948.388 F/g and a capacitance retention and 

coulombic efficiency of 88.571% and 92%, respectively after 3000 cycles. Additionally, the 

pristine Mn3O4   AC and spinel CuMn2O4   AC cell devices exhibited specific capacitances 

of 416.165 F/g and 763.656 F/g, respectively, as well as a capacitance retention and 

coulombic efficiency of (80.310%, 62%) and (87.059%, 74%), individually after 3000 cycles. 

This outstanding cycling performance of the hybrid CuMn2O4/MWCNT   AC full cell 

indicated that the device would retain its stability, during charging/discharging, for extended 

time-periods without experiencing any significant electrode material deterioration [105].       

 

 

Figure 4.56: Cycling performance of the Mn3O4   AC, CuMn2O4   AC, and 

CuMn2O4/MWCNT   AC supercapacitor cells at a current density of 1 A/g.  
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Figure 4.57: GCD analysis of electrode materials after 3000 cycles.  

 

Table 4.21: Comparison of maximum specific capacitance values for various electrode 

materials operated within a LiOH aqueous electrolyte solution [285]. 

 

Electrode material 

 

Electrolyte 

Specific 

capacitance 

(F/g) 

 

Reference  

CuMn2O4/MWCNT 3 M LiOH 2234.5 at 0.5 A/g This work 

LiMnPO4 2 M LiOH 170 at 0.5 A/g [286] 

LiMnPO4/rGO 1 M LiOH 464.5 at 0.5 A/g [287] 

NiCo2O4   MoO2-C  1 M LiOH 571.5 at 0.5 A/g [288] 

Ni-P@NiCo2O4 0.7 M LiOH 1240 at 0.5 A/g [289] 

Li-doped CuO/RGO 1.2 M LiOH 399.8 at 0.5 A/g [290] 

α-Fe2O3@C 1 M LiOH 443.2 at 0.5 A/g [291] 

Cu3SbS4/Ni 1 M LiOH 835.243 at 0.5 A/g [292] 
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Figure 4.58: Ragone plot illustrating Energy versus Power Densities of all electrode 

materials after 3000 cycles. 

 

The two-electrode full cell devices were additionally tested for specific capacitance, energy, 

and power density performance after employing 3000 cycles, of which the results are 

illustrated in Fig. 4.57. The data from the plot revealed specific capacitance values of 

549.392 F/g, 1004.015 F/g, and 1210.037 F/g, exhibited by the pristine, spinel, and hybrid 

composite asymmetric cells. The electrochemical cells also exhibited impressive energy and 

power densities, as portrayed in the ragone plot Fig. 4.58, of which the hybrid 

CuMn2O4/MWCNT asymmetric pseudocapacitor cell device exhibited energy and power 

densities equivalent to 35.828 Wh/kg and 1497.830 W/kg, respectively. These performance 

results were unexpectedly high after having performed cycling analysis for 3000 cycles, 

which took approximately 3 days to reach completion, thus implied that additional cycling 

analysis could be conducted on this research work for future prospects [293].   
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CHAPTER 5 

 

5.0 Conclusion and Recommendations 

 

5.1 Conclusion 

The objective of this research project was to investigate the physical and electrochemical 

properties of the pristine Mn3O4, spinel CuMn2O4, and hybrid CuMn2O4/MWCNT composite 

electrode materials. The pristine and spinel materials were synthesized via a temperature 

controlled high-pressure hydrothermal method, where as the hybrid composite material was 

produced using a reflux heating system. Electrochemical analysis was performed using both 

three-electrode (half cell) and two-electrode (full cell) devices, were the half cells were tested 

with 3 M KOH and 3 M LiOH aqueous electrolyte solutions, of which the best performance 

electrolyte was used for the full cell analysis. 

 

As mentioned before, the purpose of integrating copper nanoparticles to the pristine Mn3O4 

crystal structure was to induce a more stable crystal lattice with increased reactive sites for 

electrolyte ion diffusion. XRD analysis confirmed that the pristine Mn3O4 material had a 

hausmannite-type body-centered tetragonal (BCT) crystal system, with an I41/amd space-

group. This confirmation was supported with HR-TEM analysis, which displayed images of 

rectangular box shaped nanoparticles, resembling that of a BCT crystal structure, for the 

pristine material. Structural analysis of the spinel CuMn2O4 material illustrated that it 

possessed a face-centered cubic (FCC) crystal structure, with an Fd3m space-group. This 

result was evidently supported with HR-TEM images displaying two-dimensional cubic 

shaped CuMn2O4 nanostructures. The three-dimensional model of the spinel CuMn2O4 unit 

cell, shown in XRD analysis, displayed the structure containing Cu
2+

 tetrahedral and Mn
3+

 

octahedral interstitial sites, thus making the lattice structure much bigger and crystalline 

compared to that of the pristine Mn3O4 BCT structure. The average crystallite size for the 

individual pristine Mn3O4 and spinel CuMn2O4 electrode materials were calculated as 

74.0362 nm and 77.9357 nm, respectively. The incorporation of multi-walled carbon 

nanotubes (MWCNTs) to the spinel CuMn2O4 nanostructures, apart from increasing its 
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conductivity, was to reduce its average crystalline size and particle distribution. The average 

crystalline size calculated for the hybrid CuMn2O4/MWCNT composite material was 

determined as 51.2610 nm, thus confirming the reduced crystalline size effect of the 

CuMn2O4 nanoparticles induced by the attachment of MWCNTs. The pair-distance 

distribution function (PDDF) for the hybrid CuMn2O4/MWCNT electrode material, displayed 

in SAXS analysis, illustrated average particle sizes ranging between 50-108 nm confirmed by 

microscopic (SEM and HR-TEM) and structural (XRD) analysis.  

 

Extensive interpretation of FT-IR results for the pristine Mn3O4 and spinel CuMn2O4 

electrode materials illustrated the presence of tetrahedral Cu
2+

 - O
2-

 and octahedral Mn
3+

 - O
2-

 

vibration modes occurring at frequencies approximately 531 cm
-1

 and 688 cm
-1

, respectively. 

The FT-IR spectrum of the MWCNTs alone compared to that of the hybrid 

CuMn2O4/MWCNT composite material, resembled vibration bands identified as O-H, C=C, 

and C-O functional groups occurring at vibration frequencies of 3440 cm
-1

, 1630 cm
-1

, and 

1297 cm
-1

, respectively. The C=C symmetric stretching band, illustrated on the hybrid 

CuMn2O4/MWCNT composite FT-IR spectrum, confirmed the intra-molecular attraction 

between the MWCNT networks and the spinel CuMn2O4 nanostructures. The FT-IR results 

of the electrode materials were correspondent with its Raman analysis data. Raman 

spectrographs of the individual pristine Mn3O4 and spinel CuMn2O4 electrode materials, 

illustrated Raman bands situated at 340 cm
-1

 and 488 cm
-1

, representative of the Cu(II) (t2g) 

and Mn – O (A1g) stretching/vibration modes, respectively. The Raman spectrum of the 

hybrid CuMn2O4/MWCNT composite electrode material revealed two relatively distinctive 

Raman bands positioned at 1467 cm
-1

 and 1529 cm
-1

, characteristic to the D (C-C) sp
3
 and G 

(C=C) sp
2
 hybridized carbon atoms from the MWCNT nanostructures. Thermo-gravimetric 

analysis (TGA) additionally confirmed the increase in thermal stability of the spinel 

CuMn2O4 electrode material through MWCNT fabrication. The TGA results revealed that the 

hybrid CuMn2O4/MWCNT composite electrode material retained 92.91 % of its total weight 

after being subjected to high temperatures up to 900  . These results were corroborated with 

electrochemical stability performance data obtained from galvanostatic charge/discharge 

(GCD) cycling analysis conducted for 3000 cycles. 
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Electrochemical analysis of the three synthesized electrode materials, conducted in both 3 M 

KOH and 3 M LiOH aqueous electrolyte solutions, illustrated that the hybrid 

CuMn2O4/MWCNT composite material exhibited the best overall performance. The half cell 

(three-electrode) configuration was employed to test for the best performing electrolyte 

solution and results indicated that 3 M LiOH was the best suited for this analysis, as it 

generated a specific capacitance value of 1067.427 F/g for the hybrid CuMn2O4/MWCNT 

composite electrode material. This result was hypothesized, since it was aware that Li
+
 has a 

smaller ionic radii (0.076 nm) compared to that of K
+
 (0.138 nm), thus allowing Li

+
 ions to 

intercalate/deintercalate within the hybrid CuMn2O4/MWCNT composite matrix during 

charging/discharging processes. This statement is scientifically correct as it is possible for the 

hybrid CuMn2O4/MWCNT composite electrode material to processes both faradaic/redox and 

intercalation pseudocapacitance mechanisms for storing energy in the form of charge. The 

potential window for the two-electrode (full cell) analysis was increased from 0.7 V, during 

three-electrode analysis, to 2 V, which in-turn generated enhanced specific capacitances, 

energy and power densities for the analyzed electrode materials. 

 

Electrochemical impedance spectroscopy (EIS), conducted on all electrode materials 

configured in both two and three-electrode cells, illustrated the hybrid CuMn2O4/MWCNT 

composite material exhibiting the lowest charge transfer resistance (Rct) of 0.156 Ω, 

compared to the pristine and spinel materials. This result was correspondent to the large 

diffusion coefficient value of 5.581 x 10
-3

 cm
2
/s calculated for the hybrid CuMn2O4/MWCNT 

composite material. This result also provided the implication that the improved specific 

capacitance and internal resistance of the hybrid composite material was attributed to the 

conductive MWCNT networks, which provided additional diffusion channels for electrolyte 

ions and electrons to move. GCD cycling performance analysis on the hybrid 

CuMn2O4/MWCNT   AC full cell device, impressively exhibited a capacitance retention and 

coulombic efficiency of 88.571 % and 92 %, respectively after 3000 cycles. The results also 

revealed that the cell device retained a relatively high energy density of 35.068 Wh/kg at a 

maximum power density of 2449.942 W/kg. The work presented in this research on 

supercapacitor electrode materials sets us one-step closer to developing a superior ultra-

capacitor device, capable of retaining energy densities comparable to that of lithium ion 

batteries.   

http://etd.uwc.ac.za/



192 
 

5.2 Recommendations 

An additional technique recommended for further investigation of elemental composition, 

regarding the electrochemical oxidation states of the elemental constituents present within the 

electrode materials, is X-ray photoelectron spectroscopy (XPS). This analysis would 

additionally confirm the data obtained from EDS analysis in HR-TEM. Another 

recommended technique is the employment of solid-state nuclear magnetic resonance (SS-

NMR) analysis to provide assistance in the confirmation of quadrupolar-interactions between 

the MWCNT networks and spinel CuMn2O4 nanostructures. In addition to asymmetric full 

cell device analysis of the active electrode materials, symmetric full cell analysis is also 

required in order to attain full knowledge and understanding of the materials electrochemical 

performance. Another recommended electrochemical testing method, which is in-line with 

symmetric and asymmetric Swagelok devices, is the coin cell assembly. This assembly is 

advantageous for practical analysis as the electrode substrates used, onto which the active 

material is coated, is small in surface area, thus requiring small amounts of synthesized 

material. This research work is also aimed at providing a stable research platform of 

exploring additional electrolytic species such as ionic liquids, organic and non-neutral 

aqueous electrolyte within improved supercapacitor development. In relation to the utilized 

synthetic procedure during electrode material manufacturing, it is recommended to use the 

more time and energy efficient microwave assisted method. One final future 

recommendation, after this research work proves to be successful, is to test the developed cell 

device against a light-emitting diode (LED).            
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