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Abstract 

This thesis reports on the study of carbon nanomaterials integrated with 

nanostructured birnessite-type MnO2 and tetragonal hausmannite-type Mn3O4 as 

electrode materials for enhanced performance in symmetric pseudocapacitors. This 

work further explores the synergistic effect of graphene oxide decorated with particles 

of nickel (II) tetraaminophthalocyanine as electrode materials for improved 

performance (power and energy densities) in symmetrical pseudocapacitor device. 

Physical properties of the synthesised electrode materials were investigated using 

scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy 

dispersive X-ray spectroscopy (EDX), X-ray powder diffraction (XRD), X-ray 

photoelectron spectroscopy (XPS), gas adsorption technique (BET), infra-red 

spectroscopy, Raman spectroscopy and thermogravimetric analysis (TGA) techniques. 

Electrochemical properties of synthesised electrode materials were investigated using 

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

impedance spectroscopy (EIS). From the study of carbon nanomaterials integrated with 

nanostructured birnessite-type MnO2, it has been discovered that OLC/MnO2 

nanohybrid exhibited better performance (regarding specific capacitance, rate 

capability, and energy density) compared to other nanohybrids such as CNT/MnO2, 

GO/MnO2, and AC/MnO2. This device gave maximum specific capacitance of 255 F g-1, 

the specific energy density of 5.6 Wh kg-1 and excellent power density of 74.8 kW kg-1. 

The CNT/MnO2, exhibited a maximum specific capacitance, energy and power density of 

174 F g-1, 4.9 Wh kg-1, and 55.1 kW kg-1, respectively, while, the GO/MnO2 displayed  

135 F g-1, 3.9 Wh kg-1, and 35.8 kW kg-1, and AC/MnO2 was 110 F g-1, 3.3 Wh kg-1, and 

30.0 kW kg-1, respectively. From the study of carbon nanomaterials integrated with 

nanostructured tetragonal hausmannite-type Mn3O4, OLC/Mn3O4 nanohybrid exhibited 
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better performance (regarding specific capacitance, rate capability, and energy density) 

compared to other nanohybrid electrode materials (i.e., CNT/Mn3O4 GO/Mn3O4, and 

AC/Mn3O4). This device exhibited a maximum specific capacitance of 195 F g-1, the 

specific energy density of 4.3 Wh kg-1 and power density of 52 kW kg-1. The CNT/Mn3O4 

exhibited a maximum specific capacitance, energy and power density of was 180 F g-1, 

3.9 Wh kg-1, and 33 kW kg-1, respectively. While the GO/Mn3O4 displayed values of 

160 F g-1, 3.6 Wh kg-1, 24 kW kg-1 and AC/Mn3O4 was 124 F g-1, 2.8 Wh kg-1, 18 kW kg-1, 

respectively. The study on the synergistic effect of graphene oxide (GO) decorated with 

particles of nickel (II) tetraaminophthalocyanine (NiTAPc) resulted in GO/NiTAPc 

nanohybrid displaying better pseudocapacitive performance relative to its precursor 

(i.e., GO and NiTAPc). This pseudocapacitor device exhibited a maximum specific 

capacitance of 163 F g-1, the specific energy density of 3.6 Wh kg-1 and high-power 

density of 140 kW kg-1. These values are much higher than those of its individual 

precursors NiTAPc (60 F g-1 and 1.3 Wh kg-1) and GO (15 F g-1 and 0.3 Wh kg-1). This 

excellent capacitive performance shows promising opportunities for the development 

of aqueous-based pseudocapacitors made of carbon nanomaterials with transitional 

metal oxides and metallophthalocyanine (MPc) complexes (N4-macrocyclic metal 

compounds). Interestingly, this study also shows the significance of the use of novel 

carbon nanomaterials apart from the well-studied activated carbon for the development 

of high-power electrochemical capacitors. 
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 Global Interest in Renewable Energy  1.1

Today’s society is highly dependent on hydrocarbons as the primary source of energy 

due to their low cost as well as high specific energy and power per weight or per 

volume. Nevertheless, there exists a change in energy paradigm due to the growth in 

civilization as well as more countries in the developing world seeking an improved 

standard of living, hence, generating high energy demand. Therefore, the development 

of technology that is compatible with the resources provided by nature is essential to 

have sustainable development. According to the International Energy Outlook 2013 

(IEO2013) [1], Global energy use will continue to rise rapidly with total world 

consumption jumping from 524 quadrillion British thermal units (BTUs) in 2010 to an 

estimated 820 quadrillion in 2040. A net increase of 56% (BTU represents the amount 

of energy needed to heat one pound of water by one degree Fahrenheit). As a result, 

every country across the globe put a lot of effort in innovation towards sustainable and 

renewable energy. The term “renewable energy” is defined in several ways, but 

generally, it refers to those energy resources and technologies whose common 

characteristic is that they are non-depletable or naturally replenishable [2]. The 

definition of renewable energy according to the International Energy Agency is as 

follows: “The energy derived from natural processes that replenish constantly. In its 

various forms, it derives directly or indirectly from the sun, or from heat generated within 

the earth. Also defined as the energy generated from solar, wind, biomass, geothermal, 

hydropower and ocean resources” [3]. Fig. 1.1 indicates some of the examples of the 

modernized technologies in renewable energy applications. Out of these distinguished 

types of renewable energies, wind and solar (PVs) are the most feasible and can be 

scaled accordingly, in almost any part of the world, to provide power. The challenge 

with these technologies is their inability to store the as-produced energy, thus placing 
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ECs and other electrochemical energy storage devices (i.e., Batteries) of national and 

strategic significance in a highly competitive international market. 

 

Figure 1.1: Illustration of the electric grid modernization and windmill technology as 

an example of renewable energy applications [4]. 

 

Although petroleum and other liquids remain the largest source of energy, the liquid 

fuels share of world marketed energy consumption falls from 34 percent in 2010 to 28 

percent in 2040. Therefore, fossil fuels are expected to continue supplying much of the 

energy worldwide. Unfortunately, this type of energy supply provides hostility to the 

environment. Thus, renewable energy and nuclear power have been observed to be the 

world's fastest-growing energy sources, each increasing by 2.5 percent per year; even 

though fossil fuels continue to supply almost 80 percent of the global energy use 

through 2040, (see fig. 1.2).  
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Figure 1.2: Projections indicating increased world consumption of energy from all 

fuel sources through 2040 [1]. 

 

It is indeed a fact that from the discovery and exploitation of fossil fuels, and the result 

of profound scientific and technological innovations, life has been exceedingly 

comfortable over the past two centuries regarding energy reliability. But we cannot shy 

away from the fact that we are on course to consume these non-renewable energy 

sources within several hundreds of years and also avoid the unknown medium-to-long 

term implications of burning carbonaceous fuels and CO2 emissions that continue being 

harmful to the environment. Hence, it is evident that scientific and technological 

interference are necessary with renewable energy resources at the forefront. Thus, 

creating a major demand for alternative energy storage mechanism that will be coupled 

together with the renewables [5]. 
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 Energy Storage Systems (ESS)  1.2

As much as the renewable energy shows to be the escalating solution towards the 

uprising cruelty to the environment, a key stumbling block in renewables is the 

technical difficulties of electricity storage and transmission. Grid energy storage is a 

critical component of the integration of renewable technologies and ensuring reliable 

distribution of electricity [6]. But the August 2003 blackout in the Northeast, the 

September 2011 power failure that extended from Southern California to Mexico and 

Arizona and 2008-2015 loads shedding by ESKOM electricity grid in South Africa are 

more widely publicized examples in which power outages affected and still continue to 

affect many millions of consumers across the globe. From a broader perspective, such 

power outage events underscore the complex set of issues associated with the 

generation and use of electricity as well as the use of Grid to store energy [7]. Indeed, 

EES can be seen as an established, valuable approach for improving the reliability and 

overall use of the entire power system (see fig. 1.3). EES technology is attractive for 

providing many grid services, and also, it can deliver services to solve more localized 

power quality issues and reactive power support [8]. It is evident that the synergy 

between the energy storage systems and renewable energy resources will be a major 

contributor to resolving the current energy crisis. 
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Figure 1.3: Schematic representation of applications of electricity storage for a 

generation, transmission, distribution, and end customers and future smart grid that 

integrates with intermittent renewables and plug-in hybrid vehicles through two-way 

digital communications between loads and production or distribution networks [8]. 
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 Electrochemical Energy Storage Systems (EESs) 1.3

The implementation of renewable energy sources, such as solar or wind power, causes 

paramount challenges to power grid management and stability due to their significant 

fluctuations in electricity generation due to high energy demand. A shift towards the 

establishment of various technologies is being developed to complement the existing 

ones to achieve this task, ranging from mechanical, physical, thermal, chemical, and 

electrochemical energy storage systems. In considering a reliable, stable, and 

sustainable large-scale use of renewables, electrochemical capacitors (ECs) and 

batteries play a fundamental role in advanced and highly efficient energy storage and 

management [9]. Thus, EES in the form of electrochemical capacitors (ECs) and 

batteries can be used not only as a backup energy supply but also as the power source 

for smaller devices such as laptops, cell phones and in medical implants. They are also 

used as pacemakers, defibrillators, and also in transportation such as electric vehicles, 

defence, or aerospace applications (see fig. 1.4) [10]. Batteries and ECs are now a 

commodity of national and strategic significance in a highly competitive international 

arena [11]. 

 

Figure 1.4: Illustration of some of the recent applications of ECs in (a) aerospace 

and (b) transportation [12], [13]. 
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Electrochemical energy storage systems characterize an opportunity for fundamental 

and applied researchers to overcome collectively challenging scientific and 

technological barriers that directly address a critical societal and environmental 

necessity. In particular, development of high energy and power density ECs and 

batteries that are safe to operate in an environmental premise could make a global 

electrified transportation industry a reality. ECs can be used together with LIBs for their 

high power attribute to compliment LIBs that possesses relatively high energy density, 

or they can be utilized independently as new research demonstrates that these energy 

storage systems have good energy density. Therefore, research and development in the 

field of ECs are focused on increasing the energy density of these energy storage 

systems as well as their stability [5], [14], [15]. 

 

 The Objectives / Scope of this Study 1.4

Their high power densities characterise ECs with moderate to low energy densities, and 

widely used in most of today’s portable electronics and electric vehicles (EVs). But 

unfortunately, regardless of their commercial success, ECs still fall short of satisfying 

high energy needs for applications such as power tools and efficient utilisation of 

renewable energies such as solar and wind power. The performance of ECs is intimately 

dependent on the properties of their electrode materials; as such it is not surprising that 

greater attention is devoted to research and development of electrode materials [16]. 

There is a need to improve substantially their performance such as cycle stability, 

safety, high energy density and cost to meet the requirements of future systems. 

Breakthroughs in the development of new materials hold the key to new generations of 

ECs as against the status quo. Such materials will lead to the development of ECs that 

can meet the current needs (i.e., safety, affordability, with high energy and stability for 
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use in mobile electronic devices and large scale devices). The demand for high power 

capabilities (especially for more major system applications), full capacity retention, high 

charging rate, lowering of cost, safety issues and ensuring a constant supply of power 

can be achieved. One of the main parameters playing a role in the development of ECs is 

the surface area of the electrodes, pore volume, and pore distribution which makes 

nanosizing of electrode material an important part of this research. Nanoscale design of 

the structure and chemistry of electrode materials may enable researchers/scientist to 

develop a new generation of devices that approach the theoretical limit for 

electrochemical storage and deliver electrical energy rapidly and efficiently [17]. 

Nanomaterials of about the length scale of less than 100 nm, have received increasing 

interest owing to their fundamental scientific significance as well as their potential 

applications that derive from their fascinating electrical, magnetic, and catalytic 

properties [18]. The manganese oxide based (MnO) materials (e.g., MnO2 and Mn3O4) 

and carbon nanomaterials (e.g., carbon nanotubes (CNTs), onion-like carbons (OLCs) 

and graphene) are well recognised for their environmental friendliness and are safer 

compared to other materials such as RuO2. Therefore, the use of such nanomaterials in 

ECs is a very attractive quest for research due to availability in nature [19]–[21]. Since 

the development of high-performance ECs is at the forefront of energy research 

globally, it has been shown that the capacitance and lifetime of electrodes are controlled 

by the (i) synthesis method, (ii) the size and type of the electrode material, and (iii) the 

nature of the electrolyte involved. Thus, the primary objectives of this thesis are as 

follows: 

I. To synthesise single phase birnessite-type MnO2 on to various carbon allotropes 

(i.e., OLC, CNT, GO, and AC) and forming carbon/MnO2 nanohybrids using simple 

chemistry technique of reflux. 
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II. To synthesise tetragonal Hausmannite Mn3O4 by high-temperature annealing of 

multiphase electrolytic manganese dioxide (EMD) and decoration of synthesised 

tetragonal Hausmannite Mn3O4 material on to various carbon allotropes (i.e., 

OLC, CNT, GO, and AC) to make carbon/Mn3O4 nanohybrids.  

III. To explore the synergistic effect of graphene oxide (GO) decorated with particles 

of nickel (II) tetraaminophthalocyanine (NiTAPc) (i.e., GO/NiTAPc) as electrode 

materials. 

IV. To investigate the morphology of the synthesised nanohybrid materials with 

techniques such as field-emission scanning electron microscopy (FESEM), 

transmission electron microscopy (TEM).  

V. To study the texture and elemental composition of the materials with Raman 

spectroscopy, energy dispersive X-ray (EDX), X-ray diffraction (XRD), X-ray 

photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy 

(FTIR), Brauer-Emmett-Teller (BET) and thermogravimetric analysis (TGA).  

VI. Investigation of the pseudocapacitive performance of carbon nanomaterials 

decorated with metal oxides or metallophthalocynines by understanding the 

principle of its charge storage mechanism and the bonding properties of the 

carbon nanomaterials and each of the metal oxide or metallophthalocynines 

materials using cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) 

and electrochemical impedance spectroscopy (EIS).  
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 Outline of the Dissertation 1.5

This dissertation is divided into seven chapters with Chapter 1 discussing the 

increasing demand for energy and the hostile implications of the use of the current 

power source. This chapter also touches on renewable energy and how it affects society 

today and in the future. In this section, electrochemical energy storage, and its dynamic 

growth is put into perspective. Chapter 2 is a literature review that gives a broad 

background in electrochemistry and the core principles of ECs with the three different 

types of ECs discussed in a detailed form. Different electrode materials are reviewed in a 

more comprehensive way in this chapter. Brief overviews of the techniques used for 

microscopic, spectroscopic and electrochemical analysis are presented. In Chapter 3, 

the experimental techniques and methods are presented. This chapter also discusses a 

synthetic procedure of various MnxOy-based nanohybrid materials and GO-NiTAPc 

composite. The fabrications of electrochemical cells with electrode materials are 

presented. Chapter 4-6 reports on the results obtained in the study. Chapter 7 gives 

concluding remarks showing the significance of this study and also paves the way 

forward with some recommendations and possible future work. 
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 Electrochemical Capacitors (ECs): An Overview 2.1

The understanding of ECs requires brief background knowledge on electrochemistry, 

even though this chapter will not dive deep into the overall concept of electrochemistry 

but focus on the sections that directly describe the ECs. Electrochemistry is a branch of 

chemistry that examines chemical effects that involve the transfer of electrons to and 

from any substance (i.e., molecules or ions, etc.). These mentioned reactions are known 

as redox (reduction-oxidation) reactions. There are two processes in electrochemistry; 

(i) Electrolytic processes, and (ii) Galvanic or Voltaic processes. In the first process, 

chemical reactions occur by the passage of an electric current, while the chemical 

reactions result in the production of electrical energy (e.g. ECs and Batteries) in the 

second process [1]–[3]. Capacitors, one of the examples of the energy storage devices, 

can be classified into three categories namely: electrostatic capacitors, electrolytic 

capacitors and electrochemical capacitors [4]. Electrochemical capacitors (ECs) also 

known as ultracapacitors or supercapacitors are energy storage devices that are 

currently investigated in various academic and industrial laboratories because they can 

be used as complementary charge storage devices to conventional batteries in different 

applications that require peak power pulses [5], [6]. With a fast-growing market for 

portable electronic devices and the development of hybrid electric vehicles, there has 

been an ever-increasing demand for high energy and power densities storage devices 

[7]. ECs emerge as promising energy storage device since it serves as a gap between 

conventional capacitors and batteries. Batteries store energy chemically (bulk 

phenomenon) while ECs store energy physically through dielectric polarization or 

electronic double layer of ions and electron (surface phenomenon). Batteries are known 

to store relatively large amounts of energy as compared with ECs but have relatively 

slow power delivery or uptake, short cycle life, and thermal management issues. On the 
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contrary, ECs are power devices that can be fully charged or discharged in seconds 

resulting in a much higher power delivery or uptake in shorter times; consequently 

resulting in their energy densities being lower than that of batteries [4]. Figure 2.1 is the 

Ragone plot which shows the various comparisons within the energy systems.  

 

Figure 2.1: Ragone Plot is depicting energy vs. power densities of standard power 

devices including ECs [8]. 

 

From the Ragone plot, it can be seen that batteries usually exhibit higher energy 

densities as compared to ECs while suffering from low power densities. There are two 

types of fundamental storage mechanisms involved in ECs, viz: (a) ‘‘electrochemical 

double layer capacitor’’ (EDLC) and (b) ‘‘pseudocapacitors’’. The operation mechanism 

of the former involves the non-Faradaic separation of charges at the ‘‘double-layer’’ (i.e., 

electrode/electrolyte interface) while the latter involves fast Faradaic, redox reaction of 

electroactive materials at the interface [9]. EDLCs are obtained from carbon materials 
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such as activated carbons, graphene, onion-like carbons and carbon nanotubes while 

pseudocapacitors are from redox-active materials such as polymeric complexes and 

metal oxides. Hybrid materials incorporating EDLC and pseudocapacitor materials are 

thought to give the next generation high-performance supercapacitor devices [6], [10]. 

Most packaged ECs devices are two-terminal systems and can be either symmetric or 

asymmetric depending on the arrangement of the electrodes. The former involves two 

similar electrodes (i.e., material type, thickness, mass, etc.) sandwich together whereas 

the latter is made of two electrodes with a variation of electrode materials. In most 

cases, carbon materials such as activated carbon are used as the anode while polymeric 

complexes and metal oxides or the composites as cathodes. Under these conditions, of 

course, an overall evaluation of the two-electrode system (without the utilization of a 

reference electrode) is obtained giving vital electrochemical information such as energy 

densities and power densities that are not easily obtainable using data collected at 

individual electrodes in three-electrode cells (reference electrode included). 

Nevertheless, many researchers still opt for the three-electrode system since its 

measurements allow one to have fundamental informative on the behavior of electrode 

of an ECs device [4].  
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 Historical Background of Electrochemical Capacitors (ECs) 2.2

The concept of the double-layer capacitance dates back to a German physicist, Hermann 

von Helmholtz, in 1853 [4]. In 1957, a scientist by the name of Howard I. Becker at 

General Electric Company first patented ECs based on the double- layer capacitance 

structure (Fig. 2.2a). This capacitor consisted of porous carbon electrodes using the 

double-layer capacitance mechanism for charging [11]. In 1966, Robert A. Rightmire, a 

chemist working at the Standard Oil Company, Cleveland, Ohio (SOHIO) patented a 

device that stored energy in the double layer interface (Fig. 2.2b) [12]. At this time, 

SOHIO acknowledged that ‘‘the ‘double-layer’ at the interface behaves like a capacitor of 

relatively high specific capacity.” SOHIO went on to patent a disc-shaped capacitor in 

1970 utilizing a carbon paste soaked in an electrolyte under Donald L. Boos as an 

inventor [13]. The trade name of the first commercial ECs device made by Nippon 

Electric Company (NEC) of Japan under the licensed technology from SOHIO was called 

“supercapacitor” and the first ECs products were introduced to the marketplace as 

memory backup devices in computers, in 1978. Many other product models were 

introduced in the 1980s to meet new application requirements with several patents 

being filed up. In 1982 sales of ECs products with different optimisations (i.e. new 

model series) began. As early as January 1982, Pinnacle Research Institute (PRI) were 

already involved in capacitor technology incorporated metal-oxide electrodes and was 

designed for military applications such as laser weaponry and missile guidance systems 

and they called them “ultracapacitor”  [14]. Nevertheless, whatever the trade name of 

ECs are known as, they all refer to a capacitor, which stores electrical energy in the 

interface between an electrolyte and a solid electrode [15]. There are several large 

companies such as NessCap, CAP-XX, Nippon Chemi-Con (NCC), Maxwell, etc. that 

contributed to the developmental growth of the ECs. In the mid-1980s, Panasonic 
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manufactured button-cell capacitors in several different sizes. These became very 

popular for solar-powered wrist watches [16]. Early electrochemical capacitors (ECs) 

were rated at a few volts and had capacitance values measured from fractions of farads 

up to several farads. Today’s trend is for cells with the size ranging from small 

millifarad-size devices with exceptional pulse power performance up to devices rated at 

several kilo farads. The technology is experiencing increasingly broader use especially 

originating from the “humble” beginning, both replacing batteries in some cases and in 

others complementing their performance [17].  

 

Figure 2.2: An illustration of (a) the capacitor patented by General Electric in 1957 

[11] and (b) an electrolytic energy storage device patented by SOHIO in 1966 [12]. 

 

 Basic Principles of Electrochemical Capacitors (ECs) 2.3

Electrochemical capacitors (ECs) developed as energy storage devices upon the 

understanding of their physical processes that take place at the electrode/electrolyte 

interface. ECs operate using the same principle as the conventional capacitors. 

Capacitors are divided into three types, (1) Electrostatic capacitors, (2) Electrolytic 

capacitors and (3) Electrochemical capacitors (which is the topic of this section) [15]. 

Electrostatic capacitors mostly referred to as conventional capacitors are energy 
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storage devices made of two metal plates separated by a dielectric that is a non-

conducting material (i.e. air or ceramic) as illustrated in Figure 2.3a. Electrolytic 

capacitors are structurally similar to electrostatic capacitors except that they possess a 

conductive electrolyte that is in direct contact with the electrodes (see Fig. 2.3b). A thin 

oxide layer formed on the two plates serve as the dielectric, which is typically Al2O3 on 

Al plates and this result in an increased capacitance per unit volume as compared to the 

electrostatic capacitors [4].  

 

Figure 2.3: Diagrams of (a) a typical electrostatic capacitor and (b) a conventional 

electrolytic capacitor. 

 

There is a potential difference (∆V) that exists between these two plates that carry equal 

magnitude charge with opposite sign. The amount of charge stored on the plates 

measured in Coulombs (Q) is directly proportional to the potential difference between 

the conducting plates. Therefore, the capacitance of the capacitor, defined as the ability 

of a capacitor to store electrical charge, measured in Farads (F), can be calculated using 

the equation 2.1: 
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The capacitance resulted from the charge stored on the plates is thus also proportional 

to the surface area (A) of the plates and inversely proportional to the distance between 

the plates (d). The vacuum dielectric constant ( 𝜀 ) adjust the proportionality. These 

relationships can be described as:  

  
   

 
       2.2 

ECs are divided into three different groups; (i) electrochemical double layer capacitors 

(EDLC), (ii) pseudocapacitors and (iii) Hybrid capacitors. The EDLC store energy using 

ion adsorption, while the pseudocapacitors store energy using the fast surface redox 

reactions mechanism. Hybrid capacitors take into account the combined storage 

mechanism of the EDLCs and the pseudocapacitors [18]–[20]. The ECs can further be 

constructed in either symmetric or asymmetric configuration depending upon the cell 

packaging (see section 2.1). Figure 2.4 illustrate an example of the EDLC-type of the ECs. 

 

Figure 2.4: A typical design of the electrochemical double layer capacitor (EDLC) 

[21].   

 

In such a device, each electrode–electrolyte interface represents a capacitor so that the 

complete cell can be considered as two capacitors in series (see Fig. 2.4). The 

electrostatic charge existing on each electrode–electrolyte interface allows reversible 
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ion adsorption from the electrolyte onto the electrode active material that is 

electrochemically stable. The capacitance of two separated arrays of charges increases 

inversely with their separation distance. Hence, a large capacitance value would arise in 

the case of point charge ions close to the electrode surface. Charge separation occurs on 

polarization at the electrode-electrolyte interface producing the double layer 

capacitance defined by the following equation: 

  
     

 
      2.3 

where 𝜀  is the electrolyte dielectric constant, ( 𝜀 ) vacuum dielectric constant,    is the 

charge separation distance (the effective thickness of the double layer) and   the 

surface area of the electrode [22], [23]. 

2.3.1 Energy Storage in Electrical Double Layer Capacitors (EDLCs) 

The construction of ECs is similar to that of batteries in the sense that they consist of 

two electrodes immersed in an electrolyte, with an ion permeable separator located 

between the electrodes (see Fig. 2.4) [24]. ECs based on electrochemical double layer 

capacitance (EDLC) are electrical energy storage devices that store and release energy 

by nanoscopic charge separation at the electrochemical interface between an electrode 

and an electrolyte. The electrostatic charge storing allows reversible ion adsorption 

from the electrolyte onto active material that is electrochemically stable and has a high 

surface area [25], [26]. Typically, the electrodes used for EDLC’s are carbon materials 

[9], [21]. Charge separation occurs upon polarization at the electrode-electrolyte 

interface producing the double layer capacitance. This energy storage mechanism was 

first defined by Helmholtz in 1879 as shown in Fig. 2.5a. Gouy and Chapman later 

modified the Helmholtz model upon the extensive consideration of a continuous 

distribution of cations and anions in the electrolyte solution which is driven by thermal 
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motion referred to as the diffuse layer (see Fig. 2.5b). Later, Stern combined the 

Helmholtz model with the Gouy–Chapman model that showed two regions of ion 

distribution: the inner region called the compact layer or Stern layer and the outer 

region called the diffuse layer (see Fig. 2.5c) [20], [21], [26].  

 

Figure 2.5: Models of the electrical double layer at a positively charged surface in 

the aqueous electrolyte: (a) the Helmholtz model, (b) the Gouy–Chapman model, 

and (c) the Stern model [21]. 

 

Several factors that the Helmholtz model (i.e. the diffusion of ions in the solution and 

the interaction between the dipole moment of the solvent and the electrode) and Gouy-

Chapman model (i.e., It’s insufficiency for highly charged double-layers) could not take 

into account led to Stern's discovery of his model. The two layers in Stern model are 

equivalent to two capacitors in series (i.e., CH (Helmholtz layer) and CD (diffuse layer)) 
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and from these two layers; the total capacitance of the electrode (CDL) can be calculated 

using the following equation: 

 

   
 

 

  
 

 

  
      2.4 

Determination of EDL capacitive performance of the electrode is influenced by the 

following factors: (i) The electric field across the electrode, (ii) Types of the electrolyte 

ions, (iii) Solvent in which the electrolyte are dissolved in and (iv) The chemical affinity 

between the adsorbed ions and electrode surface. By applying an electric potential 

difference between the electrodes in the EDLC, the positive charge carriers, protons, in 

the positively polarized electrode are balanced by an equal number of negative anions 

at the electrode/electrolyte interface, while cations electrically balance the holes stored 

in the negatively polarized electrode. Since there are no redox reactions taking place at 

the EDLC electrodes due to the electrostatic charge storage, this mechanism allows very 

fast energy uptake and delivery interpreted as high power performance. Also, this 

energy storage mechanism also allows for a large amount of cycling due to the 

reversibility of the process. However, as a consequence of the electrostatic surface 

charging the mechanism of the EDLC suffer from a limited energy density [19], [27]–

[29].  

2.3.2 Energy Storage in Pseudocapacitors (PCs) 

Pseudocapacitor differs from the EDLC by the means of its energy storage mechanism, 

where it makes use of some electro-sorption processes, fast redox reactions on the 

surface of the electrodes with the electrolytes and intercalation of ions through a porous 

electrode material. In contrast to the double layer capacitance generated from the 

potential dependence of surface density and electrostatically (non-Faradaic) storing of 

charges; pseudocapacitance arises from thermodynamic conditions and is due to charge 
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acceptance (∆q) and voltage change (∆V). The accumulation of electrons on the surface 

of the electrode is due to the faradaic process where the electrons produced transferred 

across the electrode-electrolyte interface [4], [30], [31]. This process is similar to the 

charging and discharging processes that occur in batteries [18]. Three distinguished 

Faradaic processes happen in pseudocapacitors, namely: reversible adsorption of 

electrons (adsorption-desorption), redox reactions of transition metal oxides, and 

reversible electrochemical doping and un-doping of polymer-based electrodes [4], [32]. 

Electron adsorption-desorption pseudocapacitance results from a reversible process 

where ions are deposited on the surface of the electrode, creating a monolayer that 

gives rise to Faradaic charge transfer. The following equation defines the process 

mentioned above:  

                                                  
                                                                  

        2.5 

where A is the ionic species, S is the substrate, c is the concentration of deposited ions, 

1-θA is the fractional free surface area available for adsorption at coverage, θA, and V are 

the electrode potential. 

By the understanding of Langmuir adsorption equation the electrode surface coverage 

can be defined by the following equation:  

  

    
     (

   

  
)        2.6 

where K is an electrochemical equilibrium constant for chemisorption with charge 

transfer. The capacitance derived from this mechanism is obtained by differentiating 

the above equation 2.6, and the following equation represents this relation:  
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where q1 is the faradaic charge necessary for the complete formation or dispersion of 

the monolayer, V is the electrode potential, R is the gas constant, T is the absolute 

temperature while F is the Faraday’s constant. A reversible reduction-oxidation (redox) 

process of transition metal involves an electron transfer process between an oxidized 

species, Ox and a reduced species, Red. And this mechanism can be defined by the 

following equation: 

                 
    

      2.8 

From the above equation (i.e. equation 2.8) the potential, E can be achieved from the 

Nernst equation 2.9: 

     
  

  
  

 

   
      2.9 

where E is the cell potential, E0 is the standard potential and   defined as 

[ox]/([ox]+[red]). The redox capacitance derived from this mechanism obtained by 

differentiating the above equation 2.9, and the following equation represents this 

relation: 

   (
      

  
)

 

   
     2.10 

In pseudocapacitor, Faradaic charge transfer takes place directly within the electrode 

material, and its capacitance has demonstrated to be higher than the capacitance from 

the EDLC due to the extended working voltage [33]. Even though the capacitive 

response of this capacitor is better than the EDLC, the major disadvantage of the 

pseudocapacitor system is their surface degradation, thermal expansion, and redox-

dependent stable state kinetics. These factors affect the electrochemical behaviour of 

the pseudocapacitors, leading to low power performance due to poor electrical 

conductivity and lack of stability during cycling, compared to pure EDLCs systems [26], 

[32], [34].  
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2.3.3 Energy Storage in Hybrid Capacitors (HCs) 

The other two relevant parameters of a capacitor apart from the capacitance are its 

energy and power densities discussed in details in the coming sections. Since EDLCs 

gives such a high power out as compared to the pseudocapacitors while the latter is 

capable of high energy output, a high energy and high power density at high rates are 

not simultaneously achievable by either one of the two storage mechanism (i.e. EDLCs 

or pseudocapacitors). Therefore, to achieve high performance, hybrid capacitors 

integrate both energy storage mechanisms of the two stated mechanisms in their 

operation synergistically. Hybrid capacitors utilize both the faradaic and non-faradaic 

processes to store charges.  Hybrid capacitors are recognizable in three classes, namely 

composite, asymmetric and battery-type hybrids. This types of capacitors are tailored to 

meet the following requirements for a high-performance ECs, namely: good electron 

conductivity, highly accessible specific surface area and efficient mass transport [32]. 

The most common design of the hybrid capacitor typically consists of a battery-type 

electrode (e.g., a faradic or intercalating metal oxide) and an EDLC-type electrode (high 

surface area carbon) as represented schematically by Figure 2.6.  

 

Figure 2.6: A schematic representation of a charged asymmetric electrochemical 

capacitor (e.g., MnO2–AC) [29]. 
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A composite hybrid capacitor consists of an electrode made from a carbon material 

incorporated into a conducting polymer or metal oxide material. Several studies 

conducted with electrically conducting polymers and metal oxides incorporated into 

various carbon materials are reported [23], [34]–[37]. Recently, Hu and co-workers [38] 

reported a specific capacitance of about 1090.8 F g-1 for PANI/CP composite electrode 

which possessed much better capacitance that is higher than that of its precursor CP 

and PANI. Metal oxides are known to exhibit poor conductivity. Thus, incorporation of 

carbon materials (i.e. AC, MWCNTs, graphene, and OLCs) into these materials helps to 

circumvent the lack of electrical conductivity resulting in improved performance [23], 

[39]. Asymmetric hybrid capacitors at times referred to as capacitor-type/capacitor-

type capacitor are capacitors with a different positive and negative electrode. These 

types of capacitors, from the literature perspective, mostly are made of carbon 

materials as an anode (negative electrode) while the cathode (positive electrode) 

usually manufactured from any capacitive materials. These capacitors usually have a 

high operating potential window that accounts for an increase in the ECs performance. 

Therefore, several studies have been done on the development of this ECs to achieve 

high energy densities [40]–[46]. Recently, Moosavifard and co-workers [42] reported an 

energy density of about 19.7 Wh kg-1 on an asymmetric capacitor. Their system consists 

of AC (anode) and CuO (cathode) electrodes. While in 2012, Yan et al. [47] obtained a 

remarkably high energy density of 77.8 Wh kg-1 on an asymmetric capacitor made up of 

porous graphene (anode) and Ni(OH)2/graphene (cathode). Battery-type hybrid 

capacitors are referred to sometimes as battery-type/capacitor-type capacitor (e.g., 

Lithium Ion Capacitors) since these capacitors incorporate materials that behave as 

batteries. They are also asymmetric, and their negative electrode is similar to an anode 
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of the lithium-ion battery. The demand for high energy, great cycling, and stability 

devices have increased consistently in the past years since neither LIBs nor EDLCs can 

satisfy these requirements based on the development of current technology. A strategic 

design of developing a high voltage device (i.e., high power and energy density) that will 

be convenient is the creation of a hybrid system that combines both lithium-ion battery 

electrodes with ECs electrodes. Hence, thus far, the lithium ion capacitor (LIC) has 

captured attention as one of the most impressive ECs since it displays an operating 

voltage of about 3.8-4.0 V with high energy (≥ 20 Wh kg-1) and cycle life that is between 

that of LIBs and EDLCs. The flow diagram is shown in Fig. 2.7 clearly illustrates the 

taxonomy of the ECs system. 

 

Figure 2.7: The flow diagram showing the taxonomy of the ECs. Double-layer 

capacitors, pseudocapacitors, and hybrid capacitors defined by the design of their 

electrode. 
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2.3.4 Performance of Electrochemical Capacitors (ECs) 

An electrochemical capacitor (ECs) consists of two porous electrode materials, generally 

carbon materials such as activated carbon (AC) for the EDLCs, metal oxides or 

conducting polymers such as MnO2 or PANI for pseudocapacitors which are in direct 

contact with the current collector and separated by a porous separator impregnated 

with an electrolyte solution. These two porous electrodes of the ECs are equivalent to 

two capacitors connected in series. The resulting capacitance (C) obtained after 

polarization of electrodes by applying potential difference (voltage) between them can 

be expressed according to the following equation:  

 

     
 

 

  
 

 

  
       2.11 

where Ccell, C+, and C− are the capacitance (in Farad = Coulomb/Volt) of the resulting 

device or cell, of the positive electrode, and of the negative electrode, respectively. With 

the capacitance (Ccell) determined from the cyclic voltammetry (CV) and the slope of the 

discharge curve of the galvanostatic charge-discharge (GCD) profile using equation 2.12.  

         
 

    ⁄
     2.12 

where   (A) is the applied current,     ⁄  (V s-1) the slope of the discharge curve after 

the initial iR drop. In a symmetrical system where the two electrodes (positive and 

negative electrode) are similar with similar morphological and electronic properties 

(      ), the cell capacitance (Ccell), from equation 2.11 will therefore be defined 

according to the following equations: 

      
  

 
       2.13 

where Ce = C+ = C–. 

The electrode capacitance is calculated using the following equation:  

                2.14 
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In ECs, to provide a basis for comparison between different electrode materials, it is a 

common practice to provide a specific (gravimetric) capacitance, which is related to the 

capacitance of one single electrode, Ce,sp (F/g). Hence, dividing equation 2.14 by the 

mass of the single electrode, equation 2.15 can be used: 

             
      

  
      2.15 

where Ce,sp is the measured specific capacitance of each electrode in F g-1 (Ce/m), and me 

(g) is the mass of the single electrode. Note that Equations 2.13-2.15 simply remind the 

researchers that when reporting or comparing the values of capacitance from different 

literature one must explicitly specify if the values are those of the electrodes or cells. 

The value of a single electrode derived from a three-electrode (half-cell) measurement 

will be higher than the actual cell capacitance obtained from a two-electrode (full-cell) 

measurement.  

For a symmetric system, the specific (gravimetric) capacitance of the two electrodes 

(Csp) is given by: 

           
      

 
       2.16 

where M is the total mass of the active materials of the two electrodes (i.e., M = 2me 

since the weight of each electrode is the same). The multiplier of 4 only adjusts the 

capacitance of the cell and the combined weight of two electrodes to the capacitance 

and mass of a single electrode[28], [48].  

The other two relevant parameters of a capacitor apart from the Csp are its energy and 

power density [23]. The energy (E) stored in a capacitor is related to the charge (Q) at 

each interface and the potential difference between the two plates. Therefore, energy is 

directly proportional to the capacitance as shown by the following equation: 

             
      

 

  
      2.17 
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where M (kg) is the mass of the ECs and V (V) is the maximum voltage of 

electrochemical stability. The maximum power of the device is calculated using the 

following equation: 

             
  

    
      2.18 

The internal resistance Rs is calculated from the voltage drop at the beginning of a 

discharge curve and is shown by the following equation: 

      
    

  
        2.19 

where      is the voltage drop between the first two points from the start of the 

discharge curve.  

For an asymmetric system, Equations 2.16-2.19 are also applied. However, before they 

are implemented to the asymmetric system, it is very critical first to perform ‘mass-

balancing’ from the three-electrode experiment for each of the electrodes. In the 

symmetric supercapacitor, the applied voltage is split equally between the two 

electrodes due to the use of the same material having the same mass in each electrode. 

In the asymmetric supercapacitors, however, the voltage split is dependent on the 

capacitance of the active material in each electrode of its two electrodes. The 

capacitance is usually related to the mass and the specific capacitance of the active 

material [49], [50]. Thus, to split voltage equally, the mass balance between the two 

electrodes must be optimize using the following relationship: q+ = q–, where q+ means 

the charges stored at the positive electrode and q– means the charges stored at the 

negative electrode. The following equation is used to express the stored charge: 

                2.20 

or: 

  

  
 

    

    

   
   

   
      2.21 
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where m, Csp and ΔE represent the mass, specific capacitance, and potential range 

obtained from the charging/discharging process of three-electrode configuration of the 

individual positive and negative electrode, respectively. 

The electrolyte that is itself an electronic insulator but also an ionic conductor serves as 

the medium for transfer of charge as ions between the anode and the cathode. The 

choice of electrolyte solutions plays a crucial role when it comes to the performance of 

the ECs [48], [51]. Three types of electrolytes mainly used in ECs are aqueous, organic, 

or liquid salts (frequently known as ionic liquids). There are two main criteria involved 

in the selection of an electrolyte: the electrochemical stability window (which is crucial 

in maximizing the specific energy values according to equation 2.17), and the ionic 

conductivity (which has a significant influence on the values of specific power according 

to equation 2.18). Aqueous electrolytes include acid-based (e.g., H2SO4), alkali-based 

(e.g., KOH) and neutral-based (e.g., Na2SO4) which have a higher conductivity (up to ∼1 

S/cm). Due to the relatively high conductivity of this electrolyte-type, the system results 

in a higher power performance. Nevertheless, this system suffers from the narrow 

electrochemical stability window (1.23 V) due to water electrolysis, leading to a 

relatively small (∼1 V) operating voltage and consequently, limiting the energy stored 

in the device [48], [52]. Acid-based and alkali-based aqueous electrolytes come along 

with other disadvantage properties such as being unfriendly to the environment and 

harmful to work with [29]. Electrolytes with neutral pH such as Na2SO4 and Li2SO4 are 

investigated to mitigate the corrosive character of the acid and alkali media. These 

neutral electrolytes have high voltage values. Good charge/discharge cycle life have 

been observed in carbon materials such as AC for symmetric cells using Na2SO4 and 

Li2SO4 while also this neutral electrolyte has been applied in asymmetric cell 

construction using AC as a negative electrode and MnO2 as positive electrode [40], [53]–
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[58]. It is worth mentioning that the overpotential for electrolyte decomposition varies, 

depending on the used carbon with the temperature playing an important role in the 

degradation mechanism [21]. Organic electrolytes composed of salt dissolved in an 

organic solvent (i.e., Propylene carbonate (PC) and acetonitrile (AN)) provide a wider 

electrochemical stability window (ranging from 2.7-2.8 V) as compared to Acid-Alkali 

based aqueous electrolytes due to their resistance to hydrolysis. Nonetheless, they 

suffer relatively low ionic conductivity and high viscosity that results in lower specific 

capacitance (100–150 F g-1) as compared to Acid-Alkali based aqueous electrolytes 

[59]–[62]. However, the wide electrochemical stability window in organic electrolytes is 

advantageous to the ECs as it helps to deliver a higher specific energy stored as 

compared to Acid-Alkali based aqueous ECs systems and for this reason, the majority of 

industrial systems are currently produced with organic electrolytes. Salts commonly 

applied in organic electrolytes are quaternary ammonium salts out of which 

tetraethylammonium tetrafluoroborate (TEA-BF4) is the most widely used salt for 

commercial supercapacitors. Other salts includes EMIM-BF4 (1-ethyl-3-

methylimidazolium tetrafluoroborate), MEPY- BF4 (1-ethyl-1-methylpyrrolidinium 

tetrafluoroborate), TMPY-BF4 (tetramethylene-pyrrolidinium tetrafluoroborate), and 

TEMA-BF4 (triethylmethylammonium tetrafluoroborate) [29], [63]. Recently, ionic 

electrolytes have been explored by researchers as an alternative by fine-tuning 

electrolytes that result in an increase energy density of the ECs. Ionic liquids (ILs) also 

called room temperature ionic liquids (RTILs) are organic salts that are likely liquids at 

room temperature [64]. This type of salts is called molten salts. Their desirable 

properties make them promising candidates for ECs electrolytes. These electrolytes 

have a very low vapor pressure because no solvent is required, hence, limiting 

environmental exposure and preventing the risk of explosion. ILs possess interesting 
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properties, such as high thermal stability at elevated temperatures (beyond the ∼80°C 

limit of organic electrolytes), low flammability and a broad electrochemical stability 

window (ranging from 2 to 6 V, typically about 4.5 V). These properties are extremely 

higher than that of organic and aqueous electrolytes [51], [65]. However, the ionic 

conductivity of ILs, specifically at room temperature, is lower than that of organic 

electrolytes, therefore reducing the power performance of IL-based ECs [66]–[69]. 

 Electrode Materials for the ECs  2.4

It is essential to understand that if the two electrodes of ECs are the same, 

namely,        , the overall capacitance Ctot would be half of either individual’s 

capacitance, the corresponding system is called a symmetric ECs system while in the 

case of       (the anode and the cathode have two different electrode materials, the 

corresponding system is called an asymmetric ECs system), Ctot is mainly dominated by 

the electrode with smaller capacitance. In general, the capacitance and stored energy 

essentially depend on the electrode material used. Hence in order to increase overall 

cell capacitance, both electrode capacitances have to be increased. Thus, extensive 

development of electrode materials becomes one of the key approaches in ECs research 

and development (R&D). This section looks into some of the electrode materials utilised 

in the ECs application. 

2.4.1 Carbon Structure and Porous Texture on EDLC Performance 

Carbon is the choice material as an electrode for industrial applications. Due to its 

excellent properties including such as its natural abundance, non-toxicity, low cost, 

higher specific surface area (∼1 to >2000 m2 g-1), high chemical stability and excellent 

electronic conductivity. They have controlled pore structure, wide operating 

temperature range and compatibility in composite materials as compared to some other 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



37 
 

potential ECs electrode materials [15], [70]. Carbon exists in different allotropes (i.e., 

graphite, diamond, fullerenes or nanotubes), various micro-textures (i.e., more or less 

ordered) due to the degree of graphitization, a variety of dimensionality from 0 to 3D. It 

also exists in different forms (i.e., powders, fibres, foams, fabrics, etc.).  

 Activated Carbon a)

Among other reasons, one of the great universal attractions of using carbon as an 

electrode material in ECs due to it ability to exists in a different form with a very high 

specific surface area. The process employed to increase carbon surface area and 

porosity from a carbonised organic precursor is referred to as ‘activation’. Hence, the 

resulting group of these materials referred to as activated carbons. Activated carbon can 

be manufactured from various carbonaceous raw materials such as coal, coconut shell, 

apricot shell, pines wood, etc. through carbonization and activation of organic 

molecules. There are several studies on activated carbons (ACs) as the electrode 

materials for the EDLCs due to its high surface area. This type of carbon material can be 

readily obtained commercially or synthesised in the laboratory for various research 

activities.  A developed surface area of greater than 2000 m2 g-1, including a controlled 

distribution of pores during the activation process, can be reached during carbon 

activation [9], [19]. Activation opens up the pores in carbon precursor, thus creating 

additional porosity which results in an improved surface area. A Control over the 

resulting porosity together with pore size distribution is manipulated by varying the 

carbon precursor and activation conditions (i.e., temperature, gaseous environment and 

time). Two well-known general categories of carbon activation include thermal 

activation (also referred to as physical activation) and chemical activation [71], [72]. 

Thermal activation of carbon precursor requires controlled gasification, generally at 

temperatures that are between 700 and 1100 °C in the presence of suitable oxidising 
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agents that are gases such as carbon dioxide (CO2), steam, air, or even mixtures of these 

gases [9], [73]. The oxidising atmosphere, during gasification process, is the one 

responsible for an increased pore volume and surface area of the carbon precursor as it 

creates carbon ‘burn-off’ while also eliminating volatile pyrolysis products. An 

increased burn-off of the carbon precursor yields a high degree of activation. 

Nevertheless, the extent of carbon activation can also be achieved by the additional 

activity resulting from a decrease in carbon strength, reduced yield, lower density, and 

the widening of pores. The second category, chemical activation, is different from the 

thermal activation by the fact that it is usually carried out at temperatures that are 

slightly lower (∼400–700 ◦C) [72]. Chemical activation also involves certain chemical 

agents such as phosphoric acid (H2PO4), zinc chloride (ZnCl2) and potassium hydroxide 

(KOH) to achieve dehydration. In this type of activation, post-activation washing of the 

carbon product is usually required to remove residual reactants as well as any inorganic 

contaminant that originates from the carbon precursor (or the ones introduced during 

activation). Activated carbons with exceptionally high surface area materials 

(>2500  m2  g-1) were prepared and reported in the literature [71], [74]. 

 

Figure 2.8: (a) Schematic representation of activated carbon showing various 

internal pores size responsible for the high surface area, (b) different forms of 
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activated carbon [75], [76]. Micropores (ø < 2 nm), Mesopores (2 nm < ø < 50 nm), 

Macropores (ø ≥ 50 nm). 

 

Apart from its many uses, activated carbon has been widely used as an ECs electrode. In 

2003, Lozano-Castello´ et al. reported a specific capacitance as high as 220 F g-1 from a 

KOH-activated carbon with a large surface area more than 2000 m2 g-1 [74] in a three 

electrode system. Yuan et al. at around 2005 reported specific capacitance value of 

about 194 F g-1 for the composite of activated carbon decorated with NiO (AC/NiO) as 

the electrode material [77].  In 2010, Xu et al. showed that the use of apricot shell as a 

carbon source results in an improved specific capacitance of about 339 F g-1 [78]. Saha 

et al. reported on the activated carbon derived from the lignin with a surface area of 

around 1148 m2 g-1 and specific capacitance of about 102 F g-1 for KOH-activated 

derivatives [79]. Recently the hybrid materials made of Co3O4 nanoparticles on the 

surface of activated carbon (AC) provided a specific capacitance up to 491 F g-1 at the 

current density of 0.1 A g-1 in a 6 M KOH electrolyte [80].  

 Graphene and Graphene Oxide b)

Graphene is one-atom-thick, two-dimensional (2D), sp2 hybridized allotrope of carbon 

with its atoms arranged in a honeycomb crystal lattice that has a hexagonal pattern (see 

Fig. 2.9a) which possess a broad range of extraordinary properties [81]–[83]. There 

have been many theoretical reports on graphene. In 2004, two scientists from the 

University of Manchester namely Andre Geim and Kostya Novoselov managed to 

extract, for the very first time, these one atom thick crystallites from the bulk graphite 

and this outstanding work saw them winning the prestigious award, Nobel Price, in 

2010 [84], [85]. The oxide form of this carbon material is called graphene oxide (see Fig. 

2.9b). 
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Figure 2.9: Representations of (a) Graphene sheet, and (b) Graphene oxide sheet 

[86], [87]. 

 

Graphene has emerged as one of the most exciting material for research in the last few 

years [88], [89]. The extraordinary properties of graphene include a high theoretical 

specific surface area (2630 m2 g-1), high Young’s modulus (∼ 1 TPa) entailing strong 

mechanical strength and compared to other carbon allotropes in Table 2.1 [89]–[91]. 

Graphene is synthesized by several processes such as mechanical exfoliation of 

graphite, chemical vapour deposition (CVD), unzipping of carbon nanotubes, also 

through reduction of graphene oxide, etc. [92], [93]. The chemical method via reduction 

of graphene oxide (see Fig. 2.10) is considered a scalable approach to synthesizing 

graphene and has been widely utilized to synthesize chemically derived graphene also 

known as reduced graphene oxide (rGO) [94]. Table 2.1 shows comparative properties 

of graphene with those of various carbon allotropes. 
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Table 2.1: A comparison of intrinsic properties of graphene with those of various 

carbon allotropes. 

 

Allotropes of 

Carbon  

 

Graphite  

 

Diamond  

 

Fullerene  

 

Carbon 

nanotubes  

 

Graphene  

 

Dimensionality  

 

Three (3D) 

 

Three (3D) 

 

Zero (0D)  

 

One (1D)  

 

Two (2D) 

 

Hybridization  

 

Sp
2
  

 

Sp
3
  

 

Mainly Sp
2
 

 

Mainly Sp
2
  

 

Sp
2
 

 

Crystal system  

 

Hexagonal  

 

Octahedral  

 

Tetragonal  

 

Icosahedral  

 

Hexagonal  

Experimental 

specific 

surface area 

(m
2 

g
-1

)  

 

~10-20  

 

~20-160  

 

~80-90  

 

~1300  

 

~2675  

Density  

(g cm
-3

)  

 

2.09-2.23  

 

3.5-3.53  

 

1.72  

 

>1  

 

>1  

 

Electrical 

conductivity 

 (S cm
-1

)  

 

Anisotropi

c 

2,3 x10
4
a, 

x10
6
b  

 

− 

 

10
-10

  

 

Depends on the 

particular 

structure  

 

2000  

 

Electronic 

properties  

 

Conductor  

 

Insulator, 

Semiconducto

r  

 

Insulator  

 

Metallic or 

semiconducting  

 

Semimetal, 

zero gap 

semiconductor  

Thermal 

conductivity 

(W m
-1

K
-1

)  

 

1500-

2000a  

5-10c  

 

900-2320  

 

0.4  

 

3500  

 

4848-5300  

 

Hardness 

tenacity  

 

High  

 

Ultrahigh  

 

Highly 

elastic  

 

High flexible 

elastic  

 

Highest 

flexible elastic 

(single layer)  

Optical 

properties  

Uniaxial  Isotropic  Non-linear 

optical 

response  

Structural 

dependent  

97.7% optical 

transmittance  

Key: a, b, c = directions relative to the plane.  

The chemical method involves the oxidation of graphite, to graphene oxide (GO) using 

the Hummers method [95] or the modified Hummers method [24] then after,  the 

obtained GO is then reduced using reducing agents such as hydrazine solution, sodium 

borohydride (NaBH4) or any other reducing agents [96], [97]. 
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Figure 2.10: An illustration of the chemical route to the synthesis of chemically 

derived graphene from graphite via graphene oxide [97]. 

 

Due to graphene’s high theoretical specific surface area, graphene has found attention 

as a potential electrode material for ECs application [24], [98]–[102]. However, 

graphene sheet has a high tendency of restacking during electrode formation due to 

strong π–π interactions between neighbouring layers. This interaction leads to a 

significant decrease in the surface area, consequently resulting in lower specific 

capacitance values. Several measures such as decoration of graphene sheets with 

pseudocapacitive materials (i.e., transition metal oxides and conducting polymers) and 

functionalization of graphene (with chemical moieties such as carbonyl and hydroxyl 

groups) that ultimately prevents the restacking of graphene has been employed [99], 

[103]–[107]. The advantage of the above approach is that the surface area of graphene 

can be maximally accessed and thus improve the specific capacitance through the non-

Faradaic contribution of graphene and also the Faradaic contribution of the 

pseudocapacitive materials and chemical moieties [108]. In 2008, Stoller et al. reported 
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a specific capacitance as high as 135 F g-1 and 99 F g-1 from a graphene in aqueous 

(KOH) and organic (TEABF4/AN) electrolytes respectively [24]. Wang et al. in 2009 

managed to improve the specific capacitance value of graphene by chemical treatment 

of GO and obtained the value of about 205 F g-1 in aqueous electrolyte [109].  Not long 

ago, in 2012, El-Kady and his co-workers showed that graphene can be synthesised as 

easy as burning a disc coated with GO with laser and the obtained graphene (rGO)  

resulted with an improved specific capacitance of about 276 F g-1 in ionic liquid 

(EMIMBF4) as an electrolyte [110]. Recently, in 2014, Qi et al. reported a remarkable 

specific capacitance of about 704 μF cm-2 for a 3D few-layered graphene (VFG) grown 

by plasma-enhanced chemical vapor deposition [111]. 

 Carbon Nanotubes (CNTs) c)

Carbon nanotubes (CNTs) are one of carbon allotropes made of the cylindrical 

nanostructure of carbon molecules with novel properties that make them useful in a 

wide variety of applications in the field of nanotechnology, electronics, optics and other 

fields of material science. They are sp2 hybridized form of carbon atoms made from 

graphene/graphite sheets that are rolled into cylindrical shaped seamless tubes and 

capped at the end with fullerene-type hemispheres. There are two main types of CNTs 

with high structural perfection, namely, Single-Walled Carbon Nanotubes (SWCNTs) 

and Multi- Walled Carbon Nanotubes (MWCNTs) shown in Fig. 2.11. In essence, 

SWCNTs are strips of a single layer graphene sheet that are rolled around a hollow 

central core forming a tube-like structure with a nanoscale diameter (~ 1 nm) whereas 

MWCNTs are made up of two or more layers of graphene sheet rolled up in a similar 

fashion as SWCNTs (see Fig. 2.12). 
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Figure 2.11: An illustration of (a) Single-Walled Carbon Nanotubes and (b) Multi-

Walled Carbon Nanotubes. 

 

 

Figure 2.12: Formation of (a) Single-Walled Carbon Nanotubes and (b) Multi-

Walled Carbon Nanotubes, from graphene sheet. 

 

The discovery of carbon nanotubes (CNTs) dates back to 1950s though the theory was 

not clear at that time. Roger Bacon saw a strange new carbon fibre, in the late 1950s, 

while studying carbon under conditions near its triple point. He saw linear, hollow 

tubes of carbon that seemed to be of graphitic layers of carbon. These similar tubes 

were observed again by Morinobu Endo at around 1970s, produced by a gas-phase 

process. In 1991, Sumio Iijima of NEC reported multi-walled CNTs synthesised from a 

carbon arc discharge and two years later at around 1993, Sumio Iijima and Donald 

Bethume (from IBM) worked independently and found single-walled CNTs [112]–[117]. 
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Carbon nanotubes (CNTs) can be classified by the manner in which the graphitic 

backbone consisting of the sp2 carbon atoms is rolled and be described by the two 

indices (n, m) in a shorthand notation. The properties of the CNTs depend on the atomic 

arrangement, the diameter and length of the tubes and the morphology. The atomic 

structure of CNTs is described using the tube chirality (or helicity) and the angle of 

chirality. The chirality angle measures the extent of the twist within the tube [118]. The 

chirality angle property results in the single-walled CNT being able to be differentiated 

into zig-zag and armchair as shown in Fig. 2.13. Regarding the roll-up vector, the zig-zag 

carbon nanotube is described as (n, 0) and the armchair carbon nanotube as (n, n).  

 

Figure 2.13: Graphene sheet rolled up to show different chirality of the single-

walled CNTs [119], [120]. 

 

The chirality of the CNTs provides significant effects on the properties especially the 

electronic properties. Some of these properties of CNT compared with the properties of 

other carbon allotropes shown in Table 2.1. Carbon nanotubes have been widely 

synthesised using various techniques such as arc discharge [114], laser ablation [121], 
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high-pressure carbon monoxide disproportionation [122] and chemical vapour 

deposition (CVD) [123]. Carbon nanotubes can be functionalized at the surfaces with 

functional groups such as carboxylic acid (-COOH) and sulfonic acid (-SO3H) to give 

functionalized carbon nanotubes (f-CNTs where f = -COOH or (-SO3H)) [124]. Due to 

CNTs intrinsic properties fine-tuned, CNT has found its path as the energy storage 

electrode material in ECs application [125], [126]. By the year 1999, already work was 

done on CNT, and its electrochemical capacitive performance reported [127]. In 2000, 

Frackowiak et al. reported on the pure electrostatic attraction of ions of a pure multi-

walled CNT as well as quick pseudo-faradaic reactions on the functionalized multi-

walled CNT, detected upon varying surface functionality of the CNT. The specific 

capacitance values obtained varied from 4 to 135 F g-1 (depending on the type of 

nanotubes and their post treatments) [128]. In 2005, Du et al. reported on a thin film 

formed using multi-walled CNTs. This electrode material displayed a high packing 

density and local alignment with an electrical double layer performance that maintained 

a close to rectangular shape cyclic voltammogram even at a high scan rate of 1000 mV s-

1. This performance lead to fast rate capability with a high specific power density of 

about 30  kW  kg-1 [129]. The tremendous performance of CNT as ECs electrode material 

continued with time without any disappointment, by the year 2010, Izadi-Najafabadi 

and co-workers managed to design a high energy and power performance ECs by 

operating at the higher voltage range of 4 V in organic electrolyte using single-walled 

CNT. Their results were as a consequence of the combination of high surface area and 

electrochemical doping that enabled them to achieve an improved specific capacitance if 

around 160 F g-1 while simultaneously enhancing the specific energy density to more 

than 50 Wh Kg-1 [130]. Recently, CNTs have been employed in several fabrications to 
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make composites with other potential electrode materials for ECs applications [7], 

[131]–[133]. 

 Onion-like Carbons (OLCs) d)

Carbon nanomaterials are widely studied and used in several applications (i.e., energy 

storage, electronics, etc.,). Nevertheless, carbon onions discovered long ago (i.e., before 

fullerenes and carbon nanotubes) remained unpopular and were poorly investigated. 

Recently, this type of carbon allotropes have found attention and are increasing being 

investigated. Onion-like carbons (OLCs) also known as carbon nano-onions (CNOs) are 

another type of carbon allotrope that are made up of spherical carbon shells that 

resemble the concentric layered structure of onion, hence, the origin of their name. 

OLCs range from the diverse sizes of the concentric shells, from the nested fullerenes to 

small (< 100 nm) polyhedral nanostructures. The knowledge of OLCs dates back to 

1980 when Sumio Iijima saw isolated single layers of hexagonal nets of carbon atoms 

formed inside the shells of the graphitised carbon particles from the carbon black using 

a transmission electron microscope [134]. At this time, it was rather difficult to 

synthesise OLCs in a bulk form but instead was mostly observed as a by-product from 

the synthesis of carbon black. In late 1992, a scientist by the name of Daniel Ugarte 

showed a precise mechanism of producing the spherical graphitic structure by focusing 

an electron beam on an amorphous carbon sample where OLCs are observed forming in 

situ. The onion grows under an electron beam when the amorphous carbon begins to 

curl due to graphitization and the graphitic structure closes on itself after being exposed 

to an electron beam for sufficient time. The curving and closure of the carbon onion 

structure occur as to minimize the surface energy of the newly formed edge planes of 

graphite [135]. The method used by Daniel Urgate to synthesise the OLCs with the 

diameter of ~45 nm and other synthetic methods explored in previous years were not 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



48 
 

adequate to produce bulk quantities of OLCs [136]–[141]. To achieve large-scale 

production of OLCs, Vladimir Kuznetsov, and co-workers in 1994 proposed and applied 

the vacuum annealing to prepare a large scale production (gram quantities) of OLCs by 

graphitization of nanodiamond (ND) precursors at a temperature between 1000 and 

1800 o C [142], [143]. This approach has become a very useful method to prepare OLCs 

with a diameter of 6-8 nm. At around 2001, Sano and co-workers used a similar method 

to vacuum annealing and managed to produce exceptionally large quantities (in tons) of 

OLCs (with a diameter of 4-36 nm) by annealing in inert gases to transform 

nanodiamond [144]. Because the yield of OLCs produced in this method is close to 

100% and the limitation of the volume manufactured the size of the furnace, this 

approach falls among others that have great potential in industrial applications. The 

conversion of nanodiamond to OLC can be represented using a molecular dynamics 

(MD) simulation (see Fig. 2.14a-c). Using a representation of the MD simulation, a 

nanodiamond particle (Fig. 2.14a) was annealed at 1400 0 C causing the outer layers of 

the nanodiamond to convert to graphitic carbon (Fig. 2.14b); nevertheless, the 

annealing temperature was not high enough to turn the entire particle. A further 

increase in temperature to 1800 0 C converts the whole particle to an OLC particle (Fig. 

2.14c) [145].  It is observed that the OLC particles start to polygonize when exposed to 

the highest annealing temperatures (≥ 200 O C) due to their structure becoming more 

ordered as shown in (Fig. 2.14d) [146]. The particles size of the OLC made from the 

vacuum annealing of nanodiamond precursor adopts more or less similar size of the ND, 

hence, in general, a 5 nm in diameter ND produces an OLC particles in the range of 5-10 

nm [147].  
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Figure 2.14: Molecular dynamics simulations (a) pristine nanodiamond, (b) 

nanodiamond annealed at 1400 °C, (c) nanodiamond annealed at 1800 °C. TEM 

images of OLCs synthesized via (d) annealing of nanodiamond at 2000 °C, (e) arc 

discharge between two carbon electrodes in water, and (f) electron beam 

irradiation [146]. 

 

The structural properties of the OLC differ significantly due to the method and 

conditions of synthesis as well as the nature of the carbon precursor used. In general, 

the specific surface area (SSA) of the OLC derived from the vacuum annealing of the 

nanodiamond (in temperatures between 1200-1800 0C) ranges between 400-600 m2g-1. 

The specific surface area of the OLC entirely depends on the density of the material and 

the surface of the particles since there is no accessible internal porosity of the material 

[148]. Due to the inaccessibility of the internal pores of the OLCs, scientist developed a 

way of penetrating through the rigid structure of the OLC by activating it using chemical 

activation technique (see Fig. 2.15) [149]. Onion-like carbons (OLCs) gained interest as 

energy storage material in EDLCs at around 2006 and 2007 when investigated in both 

aqueous and organic electrolytes [150], [151].  
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Figure 2.15: A representation of chemical activation of OLC [149]. 

 

In 2007, Portet et al. [151] showed that the OLCs are capable of delivering remarkable 

electrochemical properties. They exhibited high power density of about 63 kW Kg-1, the 

maximum specific capacitance of ~40 F g-1 at the lower current density and ~30 F g-1 at 

higher current density. The stability of the OLCs was tested extensively, and it remained 

clear that these materials are useful when it come to the overbearing of both high 

current densities and voltages which becomes a great deal for industrial applications 

[152]. Due to the above reason, in 2010, David Pech and co-workers [153] constructed a 

micro-ECs system using interdigital onion-like carbon electrodes and compared to other 

ECs system of the same length scale. The micro-ECs system was able to operate 

efficiently at extremely higher scan rates of ~100 V s-1 and hence, to show much faster 

performance compared to other pure EDLCs systems that run at the scan rates at 

around 1 V s-1 and below. It is worth noting that the power performance of the EDLCs is 

higher than that of other ECs systems. Nevertheless, the power performance of the ECs 

made from the OLC electrodes is 10x greater than that of ECs made from activated 

carbon (AC) electrodes. But the energy density of the OLC system is lower than that of 

the activated carbon due to the low specific surface area of the OLCs compared to the 

activated carbon [146], [153]. The curvature effect of OLCs has been demonstrated to be 

of positive gain towards energy storage as the particle sizes of the OLCs decreases. Thus, 
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the reason many scientists prefers the nano-onions (with small diameters and particle 

sizes) derived from the vacuum annealing of the nanodiamond for electrochemical 

capacitors [148], [154], [155]. Onion-like carbons have been used to make composites 

with other capacitive materials such as conducting polymers and transition metal oxide 

to improve their stability and capacitive performance. The as-synthesised OLC-PANI 

composites have demonstrated a remarkable specific capacitance of 640 F g-1 in 

symmetric two electrode system and a stable rate capability even after 10000 cycles 

[156]. In 2013, Gao et al. demonstrated that the increase of the OLC porosity in outer 

shells through chemical activation results in an improved electrochemical performance 

of the ECs system. A maximum specific capacitance of 122 F g-1, the remarkable high 

power density of 153 kW Kg-1 and excellent energy density of 8.5 Wh Kg-1 was 

achievable after OLC activation [149]. Due to the relatively high conductivity of the OLC 

observed from the smooth flow of electrolyte ions on its surface area and the high rate 

capability reported in the literature, scientist began to explore this material as 

conductive additives to replace carbon black [157], [158]. It is evident from the 

literature’s perspective that OLCs as compared to another carbon allotrope is 

insufficiently studied. According to the Web of Science search, fullerenes discovered by 

Smalley et al. [159] in 1985 has 30 000 results. CNT identified in 1991 have 123 000 

results. Graphene found ten years ago already has 52 000 results while OLCs discovered 

30 years ago has only 1400 results with almost 280 related to energy and only 40 

results specifically related to electrochemical capacitors [160]. There is still much to be 

learned about this material as the energy storage material for ECs applications. Hence, 

one of the focus of this study is to explore the OLCs electrodes. 
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2.4.2 Transition Metal Oxide (i.e., MnxOy) as Pseudocapacitor Materials 

Reduced sizes of bulk materials into the nanoscale significantly affect the physical and 

chemical properties of the materials. Nanomaterials are estimated to bring significant 

improvements for energy storage devices as the size reduction of materials increases 

the contact surface area between the electrode and the electrolyte, and decreases the 

transport path length for both electrons and ions. Transition metal oxides 

nanomaterials are estimated to bring significant improvements for energy storage 

devices as the size reduction of materials increases the contact surface area between the 

electrode and the electrolyte, and decreases the transport path length for both electrons 

and ions in pseudocapacitors (PCs) [161], [162]. Ruthenium oxide, RuO2, appeared to be 

a promising electrode material due to its high capacitance, good conductivity, excellent 

electrochemical reversibility and high rate capability. However, the cost, lack of 

abundance, and toxic character required seeking alternatives. Considerable attention is 

devoted to manganese oxide based materials, due to their environmental friendliness in 

nature. Manganese dioxides, characterized by their high theoretical specific surface area 

(1370 m2 g-1), high theoretical capacitance, low-cost and abundance in nature have 

attracted significant interest in ECs applications. Manganese oxide can be presented in 

various oxidation states and phases as mentioned above. The most often studied phases 

are MnO2 with an oxidation state of +4, Mn2O3 with an oxidation state of +3 and Mn3O4 

with the oxidation state of both +2 and +3.  

 MnO2 a)

MnO2 nanomaterials can exist in different types of structural phases 𝛼-, 𝛽-, 𝛾-, 𝛿-, 𝜀- and 

𝜆-types, when the basic structural unit ([MnO6] octahedron) is linked in different ways 

[163]. The properties of MnO2 are significantly affected by their phases and 

morphologies; moreover, the operating properties of ECs also depend on the phase of 
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MnO2. In this regard, more energy has been focused toward the preparation of MnO2 

with different phases and shapes [164]. Several structural forms of MnO2 with different 

nanoarchitectures such as nanowires [165], nanorods [166], single crystal nanotubes 

[163], nanourchins [167] and amorphous [168] have been synthesised using 

hydrothermal techniques. Some other techniques used for the synthesis of MnO2 

nanostructures include thermal decomposition, co-precipitation [169], [170], simple 

reduction [171], sol-gel [172], solid-state process and microwave process [173]. 

Research on manganese dioxide (MnO2) as a potential electrode material for ECs 

surfaced very slowly at around 1999, with the study from Lee and Goodenough [174] 

when they were investigating pseudocapacitive behaviour of an amorphous   

manganese dioxide (MnO2) in aqueous electrolyte (2 M KCl) as a way to compensate the 

cost disadvantage brought by the use of RuO2. In 2002, there was an improved outcome 

in terms of the literature regarding synthesis and testing of manganese oxide-based ECs 

electrode materials [175], [176]. An amorphous hydrous manganese oxide (a-

MnO2·nH2O) was anodically deposited onto a graphite substrate showing an improved 

maximum specific capacitance of 330 F g-1 and 320 F g-1 achieved from cyclic 

voltammetry and galvanostatic charge-discharge measurements respectively using 

Na2SO4 (0.1 M) as electrolyte [175]. It can be said that before year 2004, the 

fundamental understanding of the reaction involved in the electrode/electrolyte 

interface of the manganese oxide-based electrode was not yet clearly understood. 

Toupin and co-workers later published their work with the aim of getting a better 

understanding of the charge storage mechanism in manganese dioxide electrodes when 

cycled in aqueous electrolyte [6]. It has been established that pseudocapacitive 

(Faradic) reactions occurring on the surface and in the bulk of the electrode are the 

major charge storage mechanisms for manganese oxides. The surface reaction involves 
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the adsorption of electrolyte cations (C+ = H+, Li+, Na+ and K+) on the manganese oxide 

whereas the bulk Faradaic reaction relies on the intercalation or de-intercalation of 

electrolyte cations in the bulk of the manganese oxide and are illustrated by equation 

2.22 and 2.23 respectively [6], [177]:  

 

(MnO2) surface + C+ + eˍ       (MnO2−C+) surface     (2.22) 

 

MnO2 + C+ + e_  MnOOC      (2.23) 

In the established charge storage mechanisms, a redox reaction between the III and IV 

oxidation states of Mn ions occurs [177]. At this time it was clear that the crystal 

structure of the crystallized MnxOy-based materials play an important role in the 

improvement of the electrochemical properties of the electrode material and also, 

preparation of composites with other materials does improve the electrocapacitive 

performance [170], [178], [179]. However, owing to the high resistivity of a-

MnO2.nH2O, a conducting additive, such as carbon materials, CNTs or Graphene, and 

OLCs, are required for the realization of ECs electrodes [180], [181]. As a result, a-MnO2 

has been prepared on the SWCNT by a simple precipitation technique with good cycle 

power at the current density of 2 A g-1 [182]. In 2007, Ma et al. [183] synthesised 

birnessite-type MnO2 coated uniformly on multi-walled carbon nanotubes (CNTs). The 

specific surface area of 200 m2 g-1 obtained after a spontaneous direct redox reaction 

between the multi-walled CNTs and permanganate ions (MnO4−). A high specific 

capacitance of 250 F g-1 at a high current density of 1 A g-1 (MnO2/CNT nanocomposite) 

was reported. In 2013, Jafta et al. [58] synthesised α-MnO2 from the raw electrolytic 

manganese dioxide (EMD) using the hydrothermal technique in the presence of a 

surfactant (SDS) and decorated them on the surface of the graphene oxide (GO). The 
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electrochemical properties of nanostructured α-MnO2/GO composite fabricated in an 

aqueous asymmetric electrochemical capacitor exhibited high energy density of 35 Wh 

kg-1 and specific capacitance of 280 F g-1 at high voltage window of 1.8 V using 1 M 

Li2SO4 as the electrolyte. These remarkable electrochemical properties coupled with 

long-term cycling stability clearly indicated that the nanocomposite may be suitable for 

future development of low-cost asymmetric electrochemical capacitors (ECs). 

 Mn3O4  b)

 Manganese oxide can be presented in various oxidation states and phases as mentioned 

above. The most often studied phases are MnO2 with an oxidation state of +4, Mn2O3 

with an oxidation state of +3 and Mn3O4 with the oxidation state of both +2 and +3. 

Manganese (II, III) oxide is the chemical compound with formula Mn3O4. It exists in two 

oxidation states, +2 and +3, and its formula written as MnO.Mn2O3. Manganese (II, III) 

oxide, Mn3O4, is found in nature as the mineral hausmannite. Hausmannite Mn3O4 

consist of a spinel structure with tetragonal distortion elongated along the c-axis due to 

Jahn-Teller effect on the Mn3+ ion. Manganese ions occupy the octahedral B-site (Mn3+) 

and tetrahedral A-site (Mn2+) corresponding to a normal spinel structure. There are 32 

oxygens and 24 cations in the unit cell [184]. Several studies were conducted to 

improve Mn3O4 electrode materials in ECs. Subsequently, to improve the electro-

capacitive behaviour of Mn3O4, the nanosized particles of Mn3O4 have been prepared by 

various methods. Some of these methods include successive ionic layer adsorption and 

reaction (SILAR) [185], hydrothermal [186], solution combustion [187], chemical bath 

deposition [188], sonochemical [189], microwave irradiation and microwave assisted 

techniques [190]–[193]. Manganese (II, III) oxide (Mn3O4) as a potential electrode 

material for ECs showed up just after the researchers discovered MnO2 as a 

pseudocapacitive electrode material. In 2003, a novel class of electrochemical capacitor 
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electrode material had been electrochemically synthesized from a manganese halide 

complex in water-containing acetonitrile electrolyte at room temperature. 

Spectroscopic analysis showed a good agreement of the as-synthesised material with 

those of tetragonal hausmannite, Mn3O4. This thin film electrode material displayed 

electrochemical properties with a specific capacitance of 92 F g-1 in aqueous electrolyte 

and 58 F g-1 in organic electrolyte from cyclic voltammetry at the scan rate of 20 mV s-1 

[194]. In the following years even though the study of manganese oxide continued, it 

was still not convincing that this material can find its prime time in the energy storage 

applications though there was still an on-going research  [195], [196]. In 2005, Wu and 

Hu [197] studied a mixture, consisting of Mn3O4 and MnOOH crystals and reported 

specific capacitance ranging between 45-71 F g-1. In the same year, Djurfors et al. [198] 

showed that Mn3O4 film prepared by either thermal and electrochemical oxidation of 

Mn/MnO films have an effect on the capacitive performance of the electrode material. 

Nagarajan et al. later followed the principle of Djurfors et al. to form a spinel Mn3O4 

phase at 300 ◦C with an improved specific capacitance value of 445 F g-1 in 0.25 M 

Na2SO4 aqueous electrolyte [199]. As a race in finding a stable and suitable electrode 

derived from the Mn3O4 material, researchers developed composites of this material 

from carbon templates. In 2008, a low-temperature, efficient and one-step deposition 

technique, in which Mn(CH3COO)2·4H2O serves as precursor and O2 as the oxidant, was 

employed to deposit Mn3O4 nanoparticles on multiwalled carbon nanotubes (MWCNTs) 

in ethanol solution at 150 and 200 ◦C. The electrochemical performance of the 

Mn3O4/MWCNT composites as an electrode material was examined using cyclic 

voltammetry and obtained a maximum specific capacitance of 330 F g-1 [200]. In 2010, 

Wang et al. [201]  used graphene sheet as a template for the decoration of Mn3O4 by 

mixing graphene suspension in ethylene glycol with MnO2 organosol, followed by 
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subsequent ultrasonication processing and heat treatment. The Mn3O4/graphene 

nanocomposite electrode materials for ECs exhibited a high specific capacitance of 175 

F g-1 in 1 M Na2SO4 electrolyte and 256 F g-1 in 6M KOH electrolyte, respectively was 

achieved. Dubal et al. have employed two other simple techniques such as chemical bath 

deposition (CBD) and successive ionic layer adsorption and reaction (SILAR) to 

fabricate Mn3O4 nanoparticles on stainless steel. The capacitive performance of Mn3O4 

thin film synthesised from CBD and SILAR independently exhibited a maximum 

capacitance of 284 and 314 F g-1 respectively in 1 M Na2SO4 electrolyte [184], [188]. In 

2013, Dubal and Holze [202] reported a novel kind of all-solid-state flexible 

electrochemical capacitor configuration consisting of two slightly separated Mn3O4 thin 

films as electrodes and H2SO4-PVA gel as the solid-state electrolyte. The device showed 

good electrochemical performances, such as high specific capacitance of about 127 F g-1 

and well enough energy and power density values of more than 10 Wh Kg-1 and 5 kW 

Kg-1 respectively with 89% of capacity retention after 2000 cycles. Recently, in 2015, 

Qiao et al. [203] synthesised micro/nano-structured Mn3O4 with an open 3D flower-like 

morphology by a facile solvothermal approach using hexadecyltrimethylammonium 

bromide as a surfactant and ethanol as a solvent. The Mn3O4 microspheres used 

exhibited electrochemical performance with a specific capacitance of 286 F g-1 at a low 

current density (0.5 A g-1), and still retained 80% (230 F g-1) and 73% (210 F g-1) at 

higher current densities of 5 A g-1 and 10 A g-1, respectively.  

 Mn2O3  c)

Manganese (ΙΙΙ) oxide, Mn2O3 and Manganese (ΙΙ) oxide, MnO are other types of the 

oxides of manganese derivatives. There are substantially few literature reviews on 

these materials as ECs materials. Two forms are recognizable in Mn2O3, α-Mn2O3, and γ-

Mn2O3. The α-Mn2O3 has the cubic bixbyite structure while pure Mn2O3 has an 
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orthorhombic structure γ-Mn2O3 has a structure related to the spinel structure of Mn3O4 

with the oxide ions firmly packed in the cubic form [204]. MnO, just like any monoxides, 

adopts the rock salt structure, with anions and cations being both octahedrally 

coordinated [205]. Just as much as any manganese oxide material, Mn2O3 nanospheres 

have been synthesized using hydrothermal and sonochemical techniques by Nathan et 

al. as an ECs electrode material [206]. Chen et al. has successfully synthesised of γ-

Mn2O3 nanowire bundles [207]. Recently, Li et al. synthesised nanocubes Mn2O3 using 

the hydrothermal technique for the ECs application [208]. Nano-sized manganese oxide 

(Mn2O3) was synthesized by Chiang et al. using a solvothermal method [209]. There is 

limited literature on the synthesis of Mn2O3 for ECs application even though several of 

this material have been widely synthesised using various techniques such as chemical 

oxidation [210], Calcination of MnO2 and hydrothermal [211]. These two forms of 

manganese oxide-based materials (i.e., Manganese (ΙΙΙ) oxide, Mn2O3 and Manganese 

(ΙΙ) oxide, MnO) have been synthesised using several techniques and tested for various 

applications, but their interrogation as ECs electrode materials is still not well reported. 

The study of Mn2O3 as an electrode material for electrochemical capacitors (ECs) 

surfaced at around 2006 when Chiang et al. [209] reported on the synthesis and the 

examination of the nanoparticles of Mn2O3 as a potential electrode. The electrode 

material exhibited a maximum specific capacitance of about 197 F g-1 from cyclic 

voltammetry at the scan rate of 10 mV s-1. In 2008, Yu et al. [212] managed to synthesise 

Mn2O3 particles made of micropores. The electrochemical capacitive performance of 

these microporous particles improved to specific capacitance as high as 350 F g-1. The 

improved performance is believed to be as a result of a relatively high specific surface 

area of 283 m2 g-1. Carbon materials are known to have a synergistic effect that brings 

stability to the manganese oxide-based electrode materials, Zhang et al. [213] reported 
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the study of nano-sized Mn2O3, which was homogenously incorporated into mesoporous 

carbon template to form Mn2O3/C nanocomposite. The results obtained showed an 

improved electrochemical performance with the maximum specific capacitance of 

600 F g-1, the value that is almost twice the one achieved by Yu et al. and also close to 

the values obtained when using RuO2 as an electrode material. In 2011, Wang and co-

workers [214] showed that a composite of Mn2O3 and carbon aerogel microbead 

(CAMB) can be achieved by using an in situ encapsulation technique and be used as an 

electrode material for ECs. The capacitive behaviour of the Mn2O3/CAMB electrode 

resulted from an optimization of mass variation of the Mn2O3 (10 wt. %) displayed a 

maximum specific capacitance of 368 F g-1, emphasising the fact that indeed this type of 

the manganese oxide material is well suited to be employed in the ECs applications. 

Recently in 2015, Li et al. developed a novel Mn2O3 nanocubins that are porous, through 

the hydrothermal technique that was followed by calcination in air. The as-synthesised 

Mn2O3 nanocubins exhibited a specific capacitance of 191 F g-1 at a current density of 

0.1 A g-1. This electrode material showed relatively high rate capability at a high current 

density of 5.0 A g-1 and excellent long-term cycle stability even after 3000 cycles. 

According to the obtained electrochemical results are shown above, Mn2O3-based 

electrode material presented itself as a promising material best suited for the 

advancement of ECs technology [215]. Unfortunately, its growth and attention have 

been dramatically slow as compared to other manganese oxide-based electrode such as 

MnO2 and Mn3O4 [216]. To the best of our knowledge, there is no literature on the use of 

manganese mono oxide (MnO) as an electrode material for electrochemical capacitors 

(ECs) application.  
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In conclusion, the MnxOy-based electrodes substantially display promising properties 

for the development of the state-of-the-art energy storage device coupled with 

relatively low cost and environmentally friendly. 

2.4.3 Transition Metallophthalocyanines (i.e., MPc) as Pseudocapacitor 

Materials 

Phthalocyanines (Pcs) are 18π-electron aromatic macrocycles that have a characteristic 

blue, green colour that makes them materials of choice for making dyes. They have 

adopted their name from Greek where Phthal originated from Naphtha, which means a 

rock oil while cyanine means blue. Phthalocyanines made of 16 carbon and eight 

nitrogen atoms with more than 70 different metals and non-metals incorporated in 

them [217], [218]. PCs are a unique class of compounds that have a similar structure as 

tetraazoporphyrin with additional four fused benzo rings. Metallophthalocyanines 

attracted enormous attention worldwide due to their attractive properties such as 

thermal and chemical stability,  chemical inertness, very colouring properties, catalytic 

activity, semi-conductivity, and photoconductivity. The ability to incorporate ring 

substituent in the peripheral and non-peripheral position with its properties like 

solubility obtained by changing the central metal ions and axial ligand have resulted in 

this class of compound having a broad range of applications [219]. The metal ion in the 

central cavity of the phthalocyanine moiety provides the ability to study redox 

chemistry on this compound. Redox reactions of this molecules occur either at the 

central metal atom, in the phthalocyanine ring itself or on both. Synthesis of 

phthalocyanines can be achieved using different routes depending on the desired type 

of phthalocyanine; metal free, symmetrical and asymmetrical metallophthalocyanines. 

Various precursors such as phthalonitrile, phthalic acid, phthalic acid anhydride, 

phthalimide, diiminoisoindoline, and o-cyanobenzamide developed for the synthesis of 
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metallophthalocyanines complexes [217], [220]. Figure 2.16 illustrates the structure of 

metallophthalocyanine (Ni2+ as a central metal). 

 

Figure 2.16: Molecular structure of (a) Metallophthalocyanine and (b) Metallo-

tetraaminophthalocyanine (MTAPc) complex. 

 

The insolubility of PCs to several aqueous solvents has hampered their use in many 

applications. Although its solubility in some organic solvents, phthalocyanines, have 

found applications in ink jet printing, electrophotography, electrochemical sensors and 

energy storage such as supercapacitors. Extensive research work has been carried out 

to improve the electrical conductivity of phthalocyanines via doping mechanism and 

polymerization methods. And this modification opens the even more extra application 

for this tremendous class of complexes [217], [221]–[225].  

Transition-metal phthalocyanines (MPc’s) are considered as active electrode 

materials for pseudocapacitors [26], [226]. A significant aspect of the development of 

advanced ECs is the improvement of their energy density without sacrificing their high 

power density and cycle ability by designing composite material with high surface area, 

excellent conductivity, and proper pore size distribution.  
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Metallophthalocyanine (MPc) complexes and their derivatives are the well-known class 

of N4-macrocyclic metal compounds with attractive physical and chemical properties 

[223]. They are employed in a possible range of technological applications such as 

electrochemical capacitors, sensors, field effect transistors photocatalysis and 

electrocatalysts [124], [222], [224], [227]. MPc complexes such as nickel (II) 

tetraaminophthalocyanine (NiTAPc) have been supported on multi-walled carbon 

nanotubes (MWCNTs) and tested as a pseudocapacitance device in 1 M H2SO4 

electrolyte and has shown exciting electrochemical capacitive performance [10], [228]. 
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 Electrochemical Characterization Techniques for ECs Applications 2.5

This section takes account of the basic principles of all the electrochemical techniques 

used for the characterization of all electrodes material in ECs applications. 

2.5.1 Cyclic Voltammetry (CV) 

Cyclic voltammetry is a potentiodynamic electroanalytical technique that is used to 

provide qualitative information about electrochemical processes that happen at the 

electrode/electrolyte interphase in a voltaic cell. In most of the ECs data collection, CV is 

usually the first electrochemical characterization tool utilised to measure the 

thermodynamics of the redox potentials taking place on the assembled half cells of the 

energy storage electrode materials [229]. The relationship between the measured 

current and the applied potential describe the nature of the process that happens at the 

electrode/ electrolyte interphase, and this includes information on the charge 

separation as well as electron-transfer reactions which are hugely valuable resources in 

ECs. A potentiostat connected to a three-electrode system (Fig 2.17a) or two-electrode 

system (Fig 2.17b) used to acquire data from the electrochemical cells is employed. A 

three-electrode system consists of a working electrode (WE), a counter electrode (CE) 

and a reference electrode (RE). The working electrode is usually made of inert materials 

and serves as a platform where the electrochemical reaction occurs. The reference 

electrode is an electrode which has stable and known electrode potential and is usually 

used as a benchmark in the determination of the potential of a WE while the counter 

electrode is used to complete the circuit. A two-electrode system consists of the positive 

electrode (cathode) and a negative electrode (anode). Cyclic voltammetry experiment 

comprises of scanning the potential of the working electrode for a particular period 

using a triangular waveform as depicted in Fig 2.18a. The electrode potential is thus 

increased linearly with time at a specific scan rate with the time range t0 – t2 
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representing the first cycle t1 indicating the start of the reverse sweep and t2 – t4 

indicating the second cycle. During these potential sweeps the current, which results 

from the electrochemical reactions taking place at the electrode interface, is measured 

as a function of the potential. Therefore, a cyclic voltammogram is a plot of a current 

response versus the applied potential (Fig. 2.18b). 

 

Figure 2.17: The schematic diagram is representing (a) a three electrode, half-cell, 

system and (b) a two electrode system, connected to an electrochemical analyser 

[230]. 

 

Figure 2.18b shows the behaviour of the electrode material as either pseudocapacitive 

or electrochemical double layer capacitive systems. The cyclic voltammograms of the 

ideal electric double layer capacitance are rectangular in shape [158]. This 

measurement shows that the charge storage is purely double layer capacitance which is 

due to non-faradaic processes. One prominent observation from this kind of behaviour 

is that applied current is independent of applied voltage. The reverse scan of an ideal 

electric double layer material is a mirror image of the forward scan [231]. The shape of 

a parallelogram shown in Fig. 2.18b indicates that there is resistance to the transfer of 

charges between an electrode and the electrolyte. As discussed earlier, the electrode 
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materials that display Faradaic processes give cyclic voltammogram that deviates from 

a rectangular shape since charges accumulated on the electrode is dependent on the 

applied potential. For pseudocapacitors, the CVs have redox peaks that show the 

involvement of faradaic reactions [232].  

 

Figure 2.18: The representation of (a) a potential profile for two cyclic 

voltammetry scans and (b) typical cyclic voltammograms of different capacitive 

electrodes. 

 

Cyclic voltammetry is a powerful analytical tool that provides information on the 

thermodynamics of redox processes, kinetics of heterogeneous electron transfer 

reactions and adsorption processes [233]. In CV, the electron transfer processes 

occurring at the surface of the electrode material can be labeled as reversible, 

irreversible or quasi-reversible depending on the nature of the electrode material 

evaluated. The summary of some of the crucial parameters used as diagnostic criteria 

for evaluating these processes is listed in Table 2.2. 
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Table 2.2: The diagnostic criteria for reversible, irreversible and quasi-reversible cyclic 

voltammetric process 

 

It is worth noting that in ECs analysis, specific (or gravimetric) capacitance can be 

calculated from the cyclic voltammograms using the equation 2.20 and 2.21: 

 

           
∫    

   
     2.20 

where ∫     is the total charge (A s) obtained by integration of current (A), V (V) is the 

maximum voltage (V) and m is the mass of active electrode (g).  

 

           
 

  
     2.21 

where i is the current (A), ν is the scan rate (V s-1), and m is the mass of active electrode 

(g). 

Parameter                                   Cyclic Voltammetry Process 

Reversible Irreversible Quasi-reversible 

 

pE
 

 
Independent  
of  
 

 
Shifts cathodically  
by 30/n mV for a  
10-fold increase in V 
 

 
Shifts with  

papc EE 
 

~ 59/n mV at 25oC 
and independent  
of  
 

_ May approach 60/n 
mV at low  but 
increases as  
increases 
 

2/1
pi

 

Constant Constant  Virtually 
independent  
of  
 

pc

pa

i

i

 

Equals 1 and 
independent  
of  

No current on the  
reverse side 

Equals 1 only for  
= 0.5 
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2.5.2 Galvanostatic Charge-Discharge (GCD) 

The galvanostatic charge-discharge technique is the widely used method in ECs 

application and the most important characterization tool for the determination of the 

electrochemical performance of the ECs electrode materials. From this characterization 

technique, most of the relevant parameters such as the specific capacitance, the power 

and energy densities, the rate capability and the Coulombic efficiency of the ECs system 

can be extracted. In GCD application, a constant current is applied, and the potential of 

the working electrode is monitored relative to reference electrode with time (see Fig 

2.19a). Upper and lower potential limits are set for the working electrodes. Once one of 

this limit is reached the charge or the discharge curve stop and the current reverses, the 

next step in the cycle begins as depicted in Fig 2.19b. 

 

Figure 2.19: The representation of (a) current versus time profile and (b) potential 

versus time profile, during galvanostatic charge-discharge in ECs. 

 

The pattern at which the GCD curve display, gives information on the type and behavior 

of the electrode material fabricated. The relationship between potential and time for the 

EDLCs capacitor is linear resulting in a GCD curves that are a mirror image of each other 

as shown in Fig 2.19b, while for pseudocapacitors, the relationship between measured 
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voltage and time is non-linear resulting in the GCD curves that are not mirror images of 

each other. The GCD curves of pseudocapacitive material have at least a hump on their 

profile to illustrate the redox activity of the material whereas the GCD curves of the 

EDLCs materials have no hump as there is no redox activity taking place on their surface 

but only a pure electrostatic charge separation. To gain understanding of the power 

performance as well as the ability of the electrode material to retain its capacitance, a 

variation of current density on the GCD technique must be employed. The power of the 

electrode material considerably increases when charge-discharge measurements 

evaluated at higher current density with the stable electrode material. To attain higher 

energy density, usually the maximum voltage window is increased by the use of 

different electrolytes that are stable at a higher voltage (i.e., Organic and Ionic 

electrolytes). Equations 2.16-2.18 are used to determine all the electrochemical 

performance (i.e., specific capacitance, energy and power density) of an ECs system 

using information from the GCD technique. Another important parameter in an ECs 

electrode material evaluation is the deliverable energy efficiency also known as 

Coulombic efficiency, obtained by equation 2.21 [234]. 

  

       
  

  
          2.21 

where td is the discharge time and tc is the charging time. 

One other important aspect of ECs electrode materials is that they must have longer 

cycle life with the stability in the order of thousands of cycles. Recently, voltage-holding 

over several hours has been recommended as the ideal method of testing the stability of 

the ECs electrode material instead of the traditional rapid cycling over an extended 

period [235]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



69 
 

2.5.3 Electrochemical Impedance Spectroscopy (EIS) 

In today’s scientific community, the concept of electrical resistance is well known 

mainly in electrical systems. Electrical resistance is the ability of a circuit element to 

resist the flow of electrical current. The electrochemical impedance spectroscopy has 

gained popularity as a vital electrochemical characterization technique that can 

measure and give feedback on the electrical resistance of several systems such as ECs 

and LIBs. The promise of EIS is that a broad range of physical and chemical phenomena 

characterised by a single experimental run covering a sufficient range of frequencies. 

The analytic process in EIS depends on diffusion of reactants (ions from electrolytes in 

ECs) toward or away from the surface that has a particular low-frequency character. It 

measures the dielectric properties of a medium as a function of frequency, based on the 

interaction of an external field with the electric-dipole-moment of the sample, often 

expressed by permittivity (see Fig  2.20) 

 

Figure 2.20: Representation of a dielectric permittivity spectrum over a wide range 

of frequencies. The real and imaginary parts of permittivity and various processes 

depicted: ionic and dipolar relaxation and atomic and electronic resonances at 

higher energies. 
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This electrochemical technique is used to study and determine many parameters useful 

in ECs applications. The general concept begins with the Ohm’s law that gives the 

relationship between current and resistance at a constant voltage. According to Ohm’s 

law the resistance ( ) is equal to the potential ( ) over the current ( ):  

 

   
 

 
      2.22 

The unfortunate limitation of this relation is that it is only applicable to one circuit 

element referred to as the “ideal resistor”. The ideal resistor has several simplifying 

properties, such as (i) the “ideal resistor” follows Ohm’s law at all currents and voltages, 

(ii) its resistance is independent of frequency and (iii) current and voltage signals 

through a resistor are in phase with each other. But this is not the case in the real world 

applications where much more complex circuit elements are involved. Therefore, 

impedance concept is the parameter used since is a more general circuit parameter 

instead of the simple concept of resistance [236]. Impedance defined as the measure of 

the ability of a circuit to resist the flow of electrical current (similar to resistance), it 

does not involve the simplifications mentioned above used for the ideal resistor. 

Electrochemical impedance is ordinarily measured using a small excitation signal 

obtained by applying an AC potential that is sinusoidal to the electrochemical cell and 

then measuring the current through the cell. This measurement is carriedout so that the 

cell's response is pseudo-linear. In a linear (or pseudo-linear) system, the current 

response to a sinusoidal potential will be a sinusoid at the same frequency but shifted in 

phase (see Fig 2.21a). This current response can be analysed as a sum of sinusoidal 

functions at the same frequency but at a different phase (a Fourier series).  
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Figure 2.21: Representation of (a) two graphs showing a current response curve 

from an applied sinusoidal voltage curve and (b) vector depicting real and 

imaginary impedance. 

 

The excitation signal, expressed as a function of time, has the form: 

 

                     2.23 

where V(t) is the potential at time t,    the amplitude of the signal and   is the radial 

frequency expressed as: 

 

            2.24 

The current response signal is express as:  

 

                      2.25 

where I(t) is the response signal at time t,    the amplitude of the response signal and   

is the phase shift. An expression analogous to Ohm’s law allows for the calculation of 

impedance as:  

 

  
    

    
 

          

            
   

        

          
   2.26 
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The impedance is express in terms of a magnitude,   , and a phase shift,  . By making 

use of Euler’s relation:  

 

                           2.27 

it is possible to express the impedance as a complex function: 

 

       
        

          
             [               ]  2.28 

The expression for Z() shown in equation 2.28 is made up of a real and an imaginary 

part where the real part is a plot on the x-axis and the imaginary part on the y-axis 

producing the “Nyquist plot” shown in Fig. 2.22a. Nyquist plots in Fig. 2.22b shows the 

manner at which the impedance of a fast charge transfer reaction under diffusion 

control behaves at a planar electrode. This Nyquist plot result is fitted using the 

electrical equivalent circuit (EEC) as shown in Fig. 2.23. Every point in this graph 

represents the impedance at a particular frequency. A Rs value indicates the solution 

resistance that exists between the surface of the working electrode and reference 

electrode. A Rct (or Rf) value is known as the charge transfer resistance. Warburg 

impedance element ω characterizes the diffusional process happening in the reaction. 

ESR is the equivalent series resistance, and it consist of solution resistance, resistance to 

the porous layer and contact resistance between current collector and an electrode. 

EDR is the equivalent distributed resistance in the Warburg region when the Warburg 

has a slope of 45°. For an ideal capacitor, the impedance plane plot is parallel to the 

imaginary axis while that of EDLC, at high frequency it makes a 45° angle at low 

frequency and is nearly parallel to the imaginary axis of the complex plane impedance 
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plot. There are two or more regions (the high and low-frequency regions) on an 

impedance plot and the area where this two meet is called knee frequency. 

 

 

Figure 2.22: Nyquist plot of (a) a diffusion controlled faradaic process and (b) ideal 

and electrochemical double layer capacitors. 

 

 

Figure 2.23: Randles equivalent circuit of fast charge transfer reaction that 

involves diffusion. 
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 Microscopic, Spectroscopic and Thermal Characterization Techniques for 2.6

Energy Storage Electrodes In ECs Application 

This section takes account of the basic principles of all the microscopic, spectroscopic 

and thermal techniques used for the characterization of all electrodes material in ECs 

applications. 

2.6.1 Scanning Electron Microscopy (SEM) 

The scanning electron microscope utilizes electrons instead of light to form an image. 

SEM has emerged as one of the powerful characterisation tools used in nanomaterials 

research today. It has been utilised to image small particles of the electrode powders, 

where possible, a resolution of up to 10 nm have been recorded, depending on the 

system type, and generating high-resolution images of shapes of objects and to show 

spatial variations in chemical compositions [237]. In a typical SEM as shown in Fig. 2.24, 

an electron beam is thermionically emitted from an electron gun fitted with tungsten 

(W) filament cathode. Tungsten is usually the best choice in thermionic electron guns 

due to its highest melting point, lowest vapour pressure and cost effectiveness as 

compared to all other metals. Apart from tungsten (W), other types of electron emitters 

include lanthanum hexaboride (LaB6) cathodes [238]. 

These types of electron guns produce an electron beam with an average diameter of 

~ 15 – 20 µm. A Field Emission (FE) electron gun is used to decrease the electron beam 

diameter to around 0.5 – 5 nm, and thus obtaining the resolution of the image. This FE 

electron gun is a W wire, with the tip of a single crystal with a radius of ~ 100 nm.  
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Figure 2.24: Schematic diagram of a typical Scanning Electron Microscope (SEM) 

[239]. 

 

The beam produced, by electrons that are pulled out from the tip by the high electric 

field, passes through pairs of scanning coils or pairs of deflector plates in the electron 

column. To avoid ion bombardment to the tip from the residual gas ultra-high vacuum 

(UHV, ~ 10-9 Torr) is needed. When the primary electron beam interacts with the 

sample, the electrons lose energy by repeated random scattering and absorption within 

a teardrop-shaped volume of the specimen known as the interaction volume. The 

energy exchange between the electron beam and the sample results in the reflection of 

high-energy electrons by elastic by elastic scattering, emission of secondary electrons 

by inelastic scattering and the emission of electromagnetic radiation, each of which can 

be detected by specialized detectors.  
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2.6.2 Transmission Electron Microscopy (TEM) 

The transmission electron microscope is a very powerful tool for material science. This 

instrument utilizes a high energy beam of electrons that is shone through the sample to 

create an image. The interactions between the electrons and the atoms can be used to 

observe features such as the crystal structure, growth of layers and interactions of 

composites materials [240]. In a typical TEM as shown in Fig. 2.25, the source of 

illumination is a beam of electrons of very short wavelength (high energy), emitted from 

a tungsten filament at the top of a cylindrical column. Electrons with high accelerating 

voltage pass through the sample and are scattered in different degree, losing or 

prevailing initial energy. The elastically scattered electrons produce an imaging 

contrast. [241]. The spatial variation in this information (the "image") is then magnified 

by a series of magnetic lenses until the information is collected by hitting a fluorescent 

screen, photographic plate, or light sensitive sensor like CCD (charge-coupled device) 

camera. The image detected by the CCD is displayed in real time on a monitor or 

computer [242].  

 

Figure 2.25: Schematic diagram of a typical Transmission Electron Microscope 

(TEM) [243]. 
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2.6.3 Energy Dispersive X-ray Spectroscopy (EDX) 

Energy dispersive X-ray spectroscopy (EDX, EDS, or XEDS), sometimes referred to as 

dispersive X-ray analysis (EDXA) or energy dispersive X-ray microanalysis (EDXMA), is 

an analytical tool used to determine elemental composition or chemical 

characterization of a sample. This analysis is performed to achieve both the qualitative 

and quantitative elemental composition of the prepared samples. For consistency sake, 

this technique is abbreviated as EDX throughout the dissertation. EDX systems are 

typically integrated into SEM or TEM instrument and include a sensitive X-ray detector, 

a liquid nitrogen dewar for cooling, and software that collect and analyse energy spectra 

[244].The detector is used to separate the characteristic X-rays of different elements 

into an energy spectrum while the software is used to examine the energy spectrum to 

determine the specific elements present in the sample. To stimulate the emission with 

the X-rays characteristic of a specimen a high energy beam of charged particles such as 

electrons is focused directly onto the sample having atoms at rest with their electrons at 

the ground state (or unexcited) in the electron shells bound to the nucleus (see Fig. 

2.26). The incident beam may then excite an electron in an inner shell, thereby ejecting 

it from the shell and creating an electron-hole from its original position. An electron 

from an outer, higher-energy shell then fills the formed hole, and the difference in 

energy resulted from the higher-energy shell and the lower energy shell released in the 

form of an X-ray. An energy-dispersive spectrometer can, therefore, measure the 

emitted X-rays from a specimen. Since the energies of the X-rays are characteristic of 

the difference in energy between the two shells and of the atomic structure of the 

emitting element, EDX allows the elemental composition of the sample to be measured. 
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Figure 2.26: Schematic diagram representing the principle operation of EDX. 

 

2.6.4 X-Ray Diffraction (XRD) 

X-ray powder diffraction (XRD) is an analytical technique used for phase identification 

of crystalline powder materials. This method is also useful for unit cell dimensions, 

determination of purity and crystallinity of investigated samples. XRD consist of three 

basic elements namely an X-ray tube, a sample holder, and an X-ray detector, and they 

all lie on the circumference of the circle, which is known as the focusing circle [245]. The 

analysis of XRD is based on constructive interference of monochromatic X-rays and a 

crystalline sample. When a sample bombarded with the x-rays, constructive 

interference of X-ray radiation occurs in the material when Bragg’s law is satisfied: 

 

 𝜆                       2.29 

where n is an integer, λ is the wavelength of the incident wave, d is the distance 

between two planes in the atomic lattice, and θ is the angle between the incident beam 

and the scattering planes. 

A detector records and processes this X-ray signal and converts the signal to a count 

rate which is then output to a device such as a printer or a computer monitor [246]. A 
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Rietveld refinement gives information such as lattice parameters and phase 

distribution.  

2.6.5 X-Ray Photoelectron Spectroscopy (XPS) 

X-Ray Photoelectron Spectroscopy (XPS) also known as Electron Spectroscopy for 

Chemical Analysis (ESCA) is the most widely used surface-sensitive analysis technique 

due to its ability to be applied to a broad range of investigated materials. XPS is a 

photoelectric effect where electrons are emitted from solids (or other mediums) when 

they absorb energy from X-ray photons (hυ) [247]. Thus, electrons emitted in this 

manner are called photoelectrons. This technique measures the elemental composition 

at the parts per thousand range, empirical formula, chemical state and electronic state 

of the elements that exist within a material [248]. The sample, in ultra-high vacuum 

(UHV; P < 10−9 millibar), is irradiated with the X-ray radiation, photoionization occurs 

and the kinetic energy of the ejected photoelectrons is measured by an electron energy 

analyser (see Fig. 2.27). 

 

Figure 2.27: Schematic diagram of a principle operation of XPS. 

 

The X-ray radiation (1 – 15 keV) usually applied is capable of inducing electrons not 

only from the outer shells but also from core levels of elements. Determination of the 
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kinetic energy of the photoejected electrons permits identification of the elemental 

composition of the composite surface. The binding energy (  ) of the core electron is 

given by the Einstein relation:  

 

               2.29 

or 

     −   −       2.30 

where    is the X-ray photon energy (for this study it is either monochromated Al Kα, = 

1486.6 eV or Mg Kα, = 1253.6 eV),    the kinetic energy of the photoelectron and   is 

the work function induced by the analyser. 

A significant advantage of XPS is its ability to obtain information on chemical states 

from the variations in binding energies, or chemical shifts, of the photoelectron lines. 

2.6.6 Infrared Spectroscopy 

Infra-red spectroscopy is a qualitative analytical tool used to obtain information on the 

molecular structures of virtual all type of samples in any physical state (solid, liquid or 

gas). An infra-red spectrum obtained when an infra-red radiation of a continuous 

wavelength pass through a sample is absorbed by the vibrating molecules at a particular 

wavelength, thus giving rise to an absorption peak at that same wavelength [249]. The 

various molecular vibrations in a sample produce a vast number of absorptions which 

are uniquely characteristic of the functional groups of that molecule. FT-IR 

spectrometers are highly sensitive instruments that have good resolutions [250].  

2.6.7 Gas Adsorption Technique 

The gas adsorption technique is known to measure the specific surface area, porosity, 

pore sizes and pore size distribution of powdered or solid materials. In gas adsorption 

analysis, a dry sample is usually evacuated of all gas and cooled to a temperature of 77K 
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(or -196.15 °C), commonly using liquid N2. At this temperature, inert gases such as 

nitrogen, argon and krypton physically adsorb on the surface of the sample [251]. This 

adsorption process can be considered to be a reversible condensation or layering of 

molecules on the sample surface during which heat is produced. Nitrogen gas is a 

perfect choice for measuring surface area and pore size distribution. To determine the 

surface area, solid sample is pre-treated by applying some combination of heat, vacuum, 

and flowing gas to remove adsorbed contaminants acquired (typically H2O and CO2) 

from atmospheric exposure. The solid sample is then cooled, under vacuum, usually to 

cryogenic temperature (77K or -196.15 °C). An adsorptive (i.e., nitrogen) is dosed to the 

solid in controlled increments and followed by allowing the pressure to equilibrate after 

each dose of an adsorptive, and thus, the quantity adsorbed is determined [252]. The 

amount adsorbed at each pressure and temperature defines an adsorption isotherm, 

from which the amount of gas required to form a monolayer on the external surface of 

the solid is determined. The surface area can be then calculated using the area covered 

by each adsorbed gas molecule known [253]. The data collected is displayed in the form 

of a Brunauer-Emmett-Teller (BET) isotherm, which plots the amount of gas adsorbed 

as a function of the relative pressure.  

2.6.8  Raman Spectroscopy 

Raman spectroscopy is a technique used to observe vibrational, rotational, and other 

low-frequency modes in a system. Raman scattering is perceived as the change in 

frequency for a small percentage of the intensity in a monochromatic beam as the result 

of coupling between the incident radiation and vibrational energy levels of molecules. A 

vibrational mode will be Raman active only when it changes the polarizability of the 

molecule [254]. In a typical Raman experiment, the sample is irradiated with a 

monochromatic radiation (laser) then this laser light will interact with the sample in 
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some fashion. It may be reflected, absorbed or even scattered in some manner. If the 

sample is transparent, most of the light will be transmitted resulting in a small fraction 

being elastically (Rayleigh) scattered and also a tiny portion being inelastically (Raman) 

scattered. It is the change in wavelength of the inelastically scattered light which 

provides the chemical, and structural information is displayed as a Raman spectrum by 

plotting the intensity of the inelastically scattered light as a function of energy or the 

shift in the wavenumber of the radiation [254]–[256]. Low-frequency Raman modes 

(below 400 cm-1) are associated with metal-ligand bonds. If one is interested in 

studying very low-frequency Raman modes which lie close to the laser line, it is 

important to choose a filter or filtering technique that provides a sharp transition 

between deep blocking of the Rayleigh scatter and transmission of the Raman signal. 

2.6.9 Thermo-Gravimetric Analysis (TGA) 

Thermogravimetry analysis is a method used for the determination of the material 

thermal’s stability and % composition. In TGA analysis, the change of a known amount 

of material weight is recorded as a function of temperature or time under inert or 

reactive atmosphere.  
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 Materials and Reagents 3.1

All the materials and chemical reagents used for synthesizing the ECs electrode 

materials are listed in Table 3.1. 

Table 3.1: List of materials and reagents used in this study.  

Reagents and materials Purity and specifications Supplier 

Mn(NO3)2·4H2O ≥ 97 % Sigma-Aldrich 

KMnO4 ≥ 99 % Sigma-Aldrich 

Co(NO3)2·6H2O ≥ 98 % 
Associated Chemical 

Enterprises (ACE) 

AlN3O9·9H2O ≥ 98 % Fluka Analytical 

Na2SO4 ≥ 99 % Sigma Aldrich 

H2O2 30 % Sigma-Aldrich 

Electrolytic Manganese 

Dioxide (EMD) 
- Delta EMD (Pty) Ltd 

Multi-Walled Carbon Nano 

Tubes (MWCNT) 

Bundles ≥ 94 % 

Diameter 10 – 20 nm 

Length 5 – 20 µm 

NanoLab 

H2SO4 98 % Sigma-Aldrich 

HNO3 - Sigma-Aldrich 

NH4OH 28 % Sigma-Aldrich 

HCl 37 % Sigma-Aldrich 

Carbon Black Control number: 030520 PRINTEX XE-2-B 

Polyvinylidene Fluoride 

(PVDF) 
≥ 99.5 % MTI Corp 

N-methyl-2-pyyolidone 

(NMP) 
99.5 % Sigma Aldrich 

Nanodiamond (ND) 98-99 % NaBond Technologies 

Graphite - Asbury Graphite Mills 

Activated Carbon  SUPELCO Analytical 

Nickel Foam - - 
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 Synthesis of Materials 3.2

This section takes account of the synthesis of all electrode materials utilised in ECs 

applications. All chemicals were of analytical grade and used as received. De-ionized 

water is used throughout the synthesis process. 

3.2.1 Synthesis of Onion-Like Carbon (OLC) 

OLC was synthesized from nanodiamond (ND) powder with a purity of 98-99 % 

(NaBond Technologies) and thoroughly characterized [1]. Briefly, ND powder was 

placed in a closed-lid cylindrical graphite crucibles (30 mm in diameter and 20 mm in 

height) and thermally annealed in a water-cooled high-temperature vacuum furnace 

with tungsten heaters (Model: 1100-3580-W1, Thermal Technology Inc.). The heating 

and cooling rates were both 15 °C min-1 and the chamber pressure ranged between 10 

and 100 mPa. The final OLC is annealed at 1750 °C for 3 h.  

3.2.2 Functionalization of Multiwalled carbon nanotubes (CNT) 

Multi-walled carbon nanotubes obtained from Nanolab (purity: > 94%, diameter: 10-20 

nm, length: 5-20 μm), were converted to short and uncapped nanotubes bearing acidic 

functional groups (mainly: -COOH) by following the established multi-step acid 

treatment procedures 1-6, just referred to in this work as CNT.  

A 1 g of pristine CNTs was refluxed in 140 mL of 2.6 M Nitric acid (HNO3) for 48 

h. Sediments of carbon nanotube were separated from the reaction and washed with de-

ionized H2O. The clean deposits were sonicated in a mixture of conc. H2SO4/HNO3 (3:1 

ratio, 95-97%, and 65% purity, respectively) for 24 h, followed by washing with de-

ionised H2O and stirred at 70 ° C for 30 min. in a mixture of H2SO4/H2O2 (4:1, piranha 

solution, 95-97% and 30% purity, respectively). The black powder was finally washed 
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with de-ionized H2O and dried at 50 ° C for 24 h. Figure 3.1 shows a schematic 

representation of the outlined method in acid functionalization of MWCNT. 

 

Figure 3.1: A schematic representation of acid functionalization of MWCNT. 

 

N.B.: Activated carbon (AC) was purchased from SUPELCO analytical and used as 

received. 

3.2.3 Synthesis of Graphene Oxide (GO) 

Graphene oxide (GO) was prepared from expanded graphite powder. The expanded 

graphite is obtained from the graphite powder using a well-established method [2]. 

Briefly, a natural graphite powder (5.0 g) and conc. H2SO4 (15 mL ) were first mixed and 

stirred in the round bottom flask, followed by addition of fuming nitric acid (HNO3) and 

the mixture was stirred for 24 h at room temperature. After stirring, 50 mL of de-

ionized H2O was slowly added to the mixture and centrifuged for 10 min at the speed of 

4000 rpm. After decanting the supernatant, the solid material was then centrifuged 

three times (3x) with de-ionized H2O and dried at 60 oC for 24 h as to obtain a graphite 

intercalation compound (GIC) powder. The as-synthesized GIC powder was thermally 

expanded at 1050 °C for 15 s as to get the expanded graphite (EG). The synthesis of GO 

was carried out using the well-known modified Hummers method. This approach is 

outlined as follows: 1.0 g EG was mixed and stirred with 200 mL of concentrated H2SO4 
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in a 500 mL three-necked flask. Followed by a very slow addition of 10 g Potassium 

permanganate (KMnO4), then the mixture was transferred into an ice bath where 200 

mL de-ionized H2O, and 50 mL H2O2 were added slowly resulting in a color change of 

the suspensions to light brown. After stirring for 30 minutes, the as prepared GO 

particles were then washed with an aqueous HCl (9:1 H2O: HCl by volume), then washed 

by centrifugation with de-ionized  H2O until the pH is adjusted about 5 to 6 and dried 

overnight at 80 °C [2], [3]. 

3.2.4 Synthesis of Carbon/Birnessite-MnO2 Nanohybrid 

The carbon/MnO2 nanohybrid electrode materials (i.e., OLC/MnO2, CNT/MnO2, 

GO/MnO2, and AC/MnO2) were prepared using the conventional hydrothermal 

reduction technique. Typically, ~ 40 mg of various carbon materials (i.e., OLC, CNT, GO, 

and AC) were individually dispersed by sonication in 30 mL of 0.02 M KMnO4 (Merck). 

Subsequently, the mixture (pH = 7.05) of each was refluxed at 130 °C in an oil bath for 

24 h with continuous magnetic stirring. The resultant dispersion was then centrifuged 

and washed several times with deionized water, and finally dried at 60 °C overnight in a 

vacuum oven. All chemicals were of analytical grade and used as received. De-ionized 

water was used throughout the synthesis process. Figure 3.1 shows the schematic 

representation of the synthesis procedure. 

 

Figure 3.2: A scheme depicting the synthetic process of birnessite-type MnO2 on the 

surface of the carbon. 
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3.2.5 Synthesis of Hausmannite Mn3O4 and Carbon/Hausmannite Mn3O4 

Nanohybrid 

Tetragonal hausmannite Mn3O4 nanoparticles were synthesised from Electrolytic 

Manganese Dioxide (EMD) through the annealing process. EMD powder was placed in a 

horizontal tube furnace and ramped from room temperature to 1000 °C at 10 °C min−1 

in the air and kept at this temperature for 40 h. Carbon/Mn3O4 nanohybrid electrode 

materials (i.e., OLC/Mn3O4, CNT/Mn3O4, GO/Mn3O4, and AC/Mn3O4) were obtained by 

dispersing both carbon material (i.e., OLC, CNT, GO or AC) and Mn3O4 nanoparticles, 

(1: 1 mass ratio, Carbon: Mn3O4), in ethanol. Then the mixture was ultrasonicated for 24 

h using a table-top ultrasonic cleaner (VWR B1500-A MTH, operated at 50 W). After 

which samples were washed by centrifugation with copious de-ionized H2O and finally 

dried at 60 °C overnight. 

3.2.6 Synthesis of NiTAPc and GO/NiTAPc 

Nickel (II) tetraaminophthalocyanine (NiTAPc) was synthesised and characterised 

following the well-known procedure introduced by Acher and Jayasree [4]. The 

GO/NiTAPc composite was obtained by dispersing both GO and NiTAPc precursors, 

(1: 1 mass ratio, GO: NiTAPc), in ethanol, followed by ultrasonicated for 2 h. Then the 

samples were washed by centrifugation with copious de-ionized H2O and finally dried at 

60 °C overnight. 
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 Microscopic and Spectroscopic Characterization Equipment  3.3

This section takes account of the microscopic and spectroscopic techniques used in the 

analysis of the as-synthesised electrode materials utilised in ECs applications.  

3.3.1 Scanning Electron Microscopy (SEM) 

The surface morphology and microstructure of all samples in this work were 

investigated using a Zeiss Ultra Plus 55 field emission scanning electron microscope 

(FE-SEM) operated at 2 kV in secondary electron detection mode. The samples are 

prepared by placing the powder on the carbon stickers attached to an aluminium 

holder. 

3.3.2 Energy dispersive X-ray spectra (EDX) 

Energy dispersive X-ray spectra (EDX) were measured with an EDX system (Oxford 

Instruments) at five different positions. The chemical composition was calculated using 

the AZtec energy analysis software (Oxford Instruments).  

3.3.3 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) samples were prepared by dispersing 

powders in ethanol and placing the solution over a copper grid with a lacey carbon film. 

All measurements were carried out with a 2100F microscope (JEOL) operating at 

200 kV.  

3.3.4 X-ray diffraction (XRD) 

X-ray diffraction (XRD) patterns of the samples were collected using a X’Pert-Pro MPD 

diffractometer (PANalytical) with theta/theta geometry (step width: 0.0263°s-1), 

operating a copper tube at 40 kV and 40 mA. The instrumental resolution function is 

characterized with the NIST SRM 660a (LaB6) standard. The XRD patterns were carried 
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out in the range of 5-148 ° 2θ. Qualitative phase analysis of the samples was conducted 

using Bruker EVA using the PDF database. 

3.3.5 Raman Analysis 

Raman spectra were recorded with a Renishaw inVia Raman microscope using a Nb-

YAG laser with an excitation wavelength of 532 nm and a grating with 1800 lines mm-1 

yielding a spectral resolution of ca. 1.2 cm-1. The spot size of the sample was in the focal 

plane ca. 2 μm using an output power of 0.5 mW. Spectra were recorded for 30 s and 

accumulated 50 times to eliminate cosmic rays and to obtain a high signal-to-noise and 

signal-to-background ratio. Peak fitting is achieved by employing Lorentzian peaks 

assuming four components for the carbon spectrum between 1000 and 1800 cm-1.  

3.3.6 Fourier infrared spectroscopy (FTIR) 

Fourier infrared spectroscopy (FTIR) analyses were carried out using Perkin Elmer FT-

IR spectrophotometer. OLC and OLC/MnO2 nanohybrids were analyzed as KBr pellets 

(10 scans). 

3.3.7 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) experiments were carried out on a Kratos Axis 

Ultra-DLD system (Shimadzu) with monochromated Al Kα radiation (1486.6 eV). 

Binding energies were calibrated using the containment carbon (C 1s @ 284.6 eV). The 

spectra analysis was carried out with the XPS Peak 4.1 program, and a Shirley function 

was used to subtract the background.  

3.3.8 Nitrogen gas sorption 

Nitrogen gas sorption measurements have been conducted with a Quantachrome 

Autosorb iQ system. The samples were outgassed at 150 °C for 10 h under vacuum 

condition. Gas sorption was performed in liquid nitrogen (-196 °C) with a relative 
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pressure range from 10-7 to 0.95 in 68 steps. The specific surface area (SSA) was 

calculated with the ASQwin-software using Brunauer-Emmett-Teller (BET) equation [5] 

in the relative pressure range 0.01-0.2. We also calculated SSA and pore size 

distribution (PSD) via quenched-solid density functional theory (QSDFT)[6] with a 

hybrid model for slit and cylindrical pores and pore size between 0.56 and 37.5 nm.  
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 Electrochemical Characterization Procedure  3.4

3.4.1 Fabrication of Carbon/MnO2 Nanohybrid Electrodes for 

Electrochemical Capacitors 

Electrochemical measurements were performed in a single cell configuration using 

Swagelok cells (see Fig. 3.3.). Before use, the nickel foam (current collector) was cleaned 

in a 1 M HCl solution, washed with de-ionized water, and dried under vacuum. Both the 

positive and the negative electrodes were prepared by mixing one of the nanohybrid, 

carbon black (CB) and polyvinylidene fluoride (PVDF) in a weight percentage of 80:15:5 

respectively using pestle and mortar with a few drops of anhydrous N-methyl-2-

pyrrolidone (NMP) to produce a homogeneous paste. The CB and PVDF served as the 

conductive agent and binder, respectively. The resulting slurry was coated onto the 

nickel foam substrate with a spatula. The electrode was then dried at 80 °C overnight in 

a vacuum oven and pressed to a thickness of 250 µm. For comparison, all other 

electrodes used in this work were prepared using the above-outlined procedure. 

3.4.2 Electrochemical Procedure 

All electrochemical measurements were carried out using a Bio-Logic VMP 300 

potentiostat/galvanostat (driven by EC-Lab® v10.40 software) using a two-electrode 

(full cell) configuration for a symmetric pseudocapacitor. A 1 M Na2SO4 was used as an 

electrolyte and a porous glass fiber (Whatman Grade GF/D Glass Microfiber Filters) 

served as the separator. The cyclic voltammetry (CV), tests were carried out in the 

potential range of 0 to 0.8 V at various scan rates (i.e., 5 mV s-1 to 100 mV s-1). The 

galvanostatic charge-discharge (GCD) tests were carried out at varying current densities 

(i.e., 0.1 A g-1 to 10 A g-1). Electrochemical impedance spectroscopy (EIS) measurements 

were conducted in the frequency range from 0.1 Hz to 100 kHz with an open circuit 
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potential and Z-fit tool was used for EIS data analysis (fitting). Aqueous 1 M Na2SO4 was 

used throughout as electrolyte. Voltage-holding (floating) experiments are carried out 

for 10 h at 0.8 V, then galvanostatically charged-discharged between 0.0 and 0.8 V at 

1 A g-1, repeating the process for five times (i.e., a total of 50 h). 

 

Figure 3.3: A cell configuration depicting Swagelok cell used for fabrication of 

electrodes materials in symmetric energy storage pseudocapacitor. 
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4 Chapter 4: Carbon/birnessite-type Manganese Oxide (C/MnO2) 

Nanohybrids as Pseudocapacitor Materials 1 

  

                                                        
1The following publication resulted from part of the research work presented in this chapter 
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rate aqueous symmetric pseudocapacitor based on highly graphitized onion-like 
carbon/birnessite-type manganese oxide nanohybrids, J. Mater. Chem. A. 3 (2015) 3480–3490 
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 Introduction  4.1

There have been extensive studies of varieties of carbon materials for ECs application 

because of their large specific surface area (SSA), high conductivity, facile availability, 

and chemical stability [1], [2]. Amongst the carbon nanomaterials, onion-like carbon 

(OLC), carbon nanotube (CNT), graphene oxide (GO) and activated carbon (AC) have 

attracted significant research interests as electrode materials for energy storage. For 

example, advanced anode electrodes for lithium ion batteries [3]–[5], pseudocapacitors 

[6]–[11] and ultrahigh-power electric double-layer capacitors. The major attractions 

stem from the ability to prepare them on a large-scale and the superior power handling 

capacity [12]. OLCs consist of multi-shell fullerenes [13] that exhibit a high electrical 

conductivity commonly in the range of 2-4 S cm-1 and are prepared by thermal 

annealing of nanodiamonds [14]. However, the limited surface area of OLCs (200-

600 m2 g-1 range) has also resulted in limited double-layer capacitance (usually between 

25 and 50 F g-1, equivalent up to 2 Wh kg-1 at 1 V) [12], [14]. OLCs derived from thermal 

treatment of nanodiamonds (ND) [15] are highly graphitic spherical particles (5-10 nm) 

that consist of concentric carbon shells [16]. Alternative synthesis methods may also 

yield larger OLCs with diameters of more than 10 nm [5], [17] and include condensation 

of carbon vapor, [18] or electron beam irradiation.[19] However, thermal annealing of 

ND [20] at temperatures between 1000 and 2000 °C is the preferred technique to 

synthesize OLC since significant amounts of material can be obtained [21]. Also, a 

narrow size distribution of the ND precursor translates into a narrow size distribution 

of resulting onion-like carbons [6]. Carbon nanotubes (CNT) can be modified at the 

surfaces with functional groups such as carboxylic acid (-COOH) and sulfonic acid (-

SO3H) to give functionalized carbon nanotubes (f-CNTs where f = -COOH or (-SO3H ) 

[22]. Due to its intrinsic properties fine-tuned, CNT has found its path as the energy 
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storage electrode material in ECs application [23], [24]. Graphene and graphene oxide 

have almost similar chemical properties as compared to other carbon allotropes. Due to 

graphene’s high theoretical specific surface area, graphene has found attention as a 

potential electrode material for ECs application [25]–[30]. Apart from its many uses, 

activated carbon (AC) has been widely used also as an ECs electrode [31].  

Birnessite-type MnO2 (in this thesis referred to just “MnO2”) exhibits a two-dimensional 

layered structure (see Fig. 4.1) displaying edge-sharing MnO6 octahedra in the sheets, 

metal cations (for example K+) and water molecules in the interlayer region. Hence, an 

appropriate chemical representation would be KxMn2O4·yH2O (with x ≤ 0.5 and y ≤ 1.5) 

[32]. This metal oxide has become an attractive electrode material for an efficient and 

low-cost development of supercapacitor due to its natural abundance and 

environmental compatibility. However, because of its low electrical conductivity (10-6-

10-5 S cm-1) and reduced power handling capability, electrochemical performance of 

MnO2 electrodes is rather low, which significantly limits its potential applications as 

high-power supercapacitors [33]. The capacitive performance, redox activity of MnO2 is 

improved by the addition of conductive materials [8], [34], [35]. For a detailed 

explanation, see Chapter 2. 
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Figure 4.1: Crystal structure of a birnessite-type MnO2 (with molecular formula 

represented as KxMn2O4·yH2O). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



131 
 

 Results and Discussion  4.2

4.2.1 SEM and TEM analysis  

The surface morphologies of the synthesized electrode materials (i.e., OLC/MnO2, 

CNT/MnO2, GO/MnO2, and AC/MnO2) were studied using FESEM as shown in Fig. 4.2 

and TEM as shown in Fig. 4.3. The synthesized OLC/MnO2, CNT/MnO2, GO/MnO2, and 

AC/MnO2 nanohybrids exhibited different morphologies in comparison to each other. 

The morphology of the OLC/MnO2 (Fig. 4.2a), CNT/MnO2 (Fig. 4.2b), GO/MnO2 (Fig. 

4.2c) and AC/MnO2 (Fig. 4.2d) clearly show the interaction of MnO2 nanoparticles with 

the carbon support. This observation clearly indicates a successful decoration of MnO2 

in the carbon support samples.  

 

Figure 4.2: SEM images of (a) OLC/MnO2, (b) CNT/MnO2, (c) GO/MnO2 and (d) 

AC/MnO2 nanohybrids. Inset in (a-d) is the high magnification SEM image of 

respective nanohybrids. 
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Figure 4.3 compares the TEM micrographs of OLC/MnO2 (Fig. 4.3a), CNT/MnO2 (Fig. 

4.3b), GO/MnO2 (Fig. 4.3c), and AC/MnO2 (Fig. 4.3d), nanohybrid electrode materials. 

The onion-like structure of the OLC decorated with the MnO2 nanoparticle is clear 

shown on the high magnification TEM image (inset on Fig. 4.3a), indicating a successful 

synthesis of OLC/MnO2 nanohybrid. A clear visibility of the carbon nanotubes covered 

by the MnO2 nanoparticle confirms a successful integration of the CNT/MnO2 

nanohybrid as shown in Fig. 4.3b. The primary particle size of both carbon onions and 

carbon nanotubes is in the range of a few nanometers as seen from the TEM images 

which are in agreement with our previous findings [36], [37]. This primary particle size 

is maintained for the OLC/MnO2 and CNT/MnO2 nanohybrids (Fig. 4.3a and Fig. 4.3b, 

respectively). The MnO2 nanoparticle is clearly distinguished from the graphene oxide 

sheet and the activated carbon structure as shown in both GO/MnO2 and AC/MnO2 

nanohybrids (Fig. 4.3c and Fig. 4.3d, respectively). All these results are in good 

agreement with the results obtained from the SEM images, indicating a successful 

synthesis of the hybrid materials. 
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Figure 4.3: TEM images of (a) OLC/MnO2, (b) CNT/MnO2, (c) GO/MnO2 and (d) 

AC/MnO2 nanohybrids. Inset in (a-d) is the high magnification TEM image of 

respective nanohybrids. 

 

4.2.2 XRD, Raman, FTIR, EDX, and XPS studies 

Since X-ray powder diffraction (XRD) is deemed to be a fundamental analytical tool for 

the characterization and phase identification of crystalline powder materials, this 

technique has been employed for the analysis of the synthesised materials. Figure 4.4 

illustrates X-ray diffraction pattern of synthesized nanohybrid electrode materials 

(i.e., OLC/MnO2, CNT/MnO2, GO/MnO2, and AC/MnO2) and various carbon materials 

(i.e., OLC, CNT, GO, and AC). Figure  4.4a show the XRD patterns of the nanohybrid 

materials with peaks that can be indexed to those of birnessite-type MnO2 structure 

(Sys.: monoclinic, lattice: end-centered, space-group: C2/m (12), a: 0.515 nm, b: 0.284 

nm, c: 0.716 nm) in accordance with JCPDS card of birnessite-type MnO2 (JCPDS 42-

1317). The peak at 2θ values of 12.57°, 25.30°, 37.26° and 66.00° correspond to the 
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(001), (002), (200), and (020) planes of end-centered monoclinic birnessite-type MnO2, 

respectively. All these peaks are observed in the nanohybrid materials, suggesting a 

successful decoration of MnO2 nanoparticles onto the surface of the carbon materials. 

The XRD patterns of all the carbon materials are shown in Fig. 4.4b. The peaks at 2θ 

values of 25.23° and 43.76° correspond to the (002) and (101) planes and can be 

indexed to those of hexagonal graphitic carbon (JCPDS card 75-1621, Sys.: hexagonal, 

lattice: primitive, d-spacing: 0.334 nm, space-group: P63mc (186) a: 0.247 nm, c: 0.679 

nm, a/b: 1.0000, b/c: 0.3638 and c/a: 2.7490). Upon oxidation of graphite, the (002) 

peak shifts to 10.54° as seen in pure GO (without MnO2 particles) in Fig. 4.4b [38]. It is 

worth mentioning the presence of graphite peaks in the nanohybrid materials. The peak 

of (001) plane in the GO/MnO2 nanohybrid material, overlaps with the (002) plane of 

the oxidized form of graphite (GO) and can be clearly seen in other carbon-based 

nanohybrid materials (i.e., OLC/MnO2, CNT/MnO2, and AC/MnO2). In the same manner, 

the peak associated with the (002) plane of the birnessite-type MnO2 overlaps with the 

graphitic carbon peak associated with the (002) plane as it can be clearly observed on 

GO/MnO2 diffractograms (Fig. 4.4a). All diffraction peaks of the metal oxide in the 

OLC/MnO2, CNT/MnO2, and AC/MnO2 nanohybrids are broad indicating the 

nanocrystalline nature of the MnO2 with an average coherence length (domain size) in 

the range of 5-10 nm. The calculated carbon d-spacing for the (002) plane is around 

0.352 nm and remains at that value with or without the presence of MnO2 in all the 

nanohybrid materials. The above calculated d-spacing represents a small increase in 

lattice spacing as compared to an ideal graphite crystal (i.e., 0.344 nm) [39]. The 

successful decoration of MnO2 nanoparticles on the surface of carbon is confirmed by 

the presence of the carbon in the nanohybrid, which will also be shown by Raman 

analysis.  
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Figure 4.4: X-ray diffraction pattern for (a) OLC/MnO2, CNT/MnO2, GO/MnO2, and 

AC/MnO2 nanohybrids, and (b) OLC, CNT, GO, and AC.  

 

Figure 4.5 illustrates Raman spectra of synthesized nanohybrid electrode materials (i.e., 

OLC/MnO2, CNT/MnO2, GO/MnO2, and AC/MnO2) and various carbon allotropes (i.e., 

OLC, CNT, GO, and AC). The presence of MnO2 is confirmed by a strong Raman signal at 

around 565 cm-1 in all the nanohybrid electrode materials (Fig. 4.5a) [40]. The presence 

of the carbon in the hybrid electrode materials is confirmed by Raman peaks associated 

with the carbon D-mode (1350 cm-1) and G-mode (1590 cm-1) (Fig. 4.5a) which are 
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similar to the carbon D-mode and G-mode observed in the pure carbon samples shown 

in Fig. 4.5b. Peak analysis indicates that the hydrothermal synthesis only insignificantly 

changes the carbon structure: both D- and G-mode remain almost unchanged in all the 

nanohybrid materials. In particular, the ID/IG ratios before and after MnO2 deposition 

are virtually identical with values of 1.20 and 1.25, respectively for OLC/MnO2 

nanohybrid.  The FWHM for both the D-mode and the G-mode were measured to 

73.1 cm-1 and 69.8 cm-1 before the deposition and to 78.5 cm-1 and 65.4 cm-1 after the 

MnO2 deposition for the OLC/MnO2 nanohybrid. The CNT/MnO2 nanohybrid ID/IG ratios 

before and after MnO2 deposition have values of 0.95 and 1.00, respectively. The FWHM 

for both the D-mode and the G-mode were measured to 50.8 cm-1 and 43.1 cm-1 before 

the deposition and to 57.2 cm-1 and 53.3 cm-1 after the MnO2 deposition for the 

CNT/MnO2 nanohybrid. The GO/MnO2 nanohybrid have values (ID/IG ratios) of 0.95 and 

0.96, respectively, with the FWHM for both the D-mode and the G-mode measured to be 

128.9 cm-1 and 83.51 cm-1 before the deposition and to 131.2 cm-1 and 85.4 cm-1 after 

the MnO2 deposition for the GO/MnO2 nanohybrid. The intensity ratio (ID/IG) of the 

AC/MnO2 nanohybrid before and after MnO2 deposition exhibited values of 1.06 and 

1.08, respectively, while the FWHM for both the D-mode and the G-mode were 

measured as 123.3 cm-1 and 93.8 cm-1 before the deposition and as 134.2 cm-1 and 

102.7 cm-1 after the MnO2 deposition. There is a minor change related to the carbon 

signal at ~ 1100 to 1200 cm-1 which may be due to a small amount of functionalized 

carbon on the nanohybrids [39]. The Raman modes of the carbon allotropes are 

observed at similar time in their respective nanohybrids, thus, the results obtained from 

the XRD are in agreement with the results obtained from the Raman analysis, 

confirming that the birnessite-type MnO2 was formed during the hydrothermal 

treatment (i.e., reflux process) in the presence of the carbon supports.  
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Figure 4.5: Raman spectra for (a) OLC/MnO2, CNT/MnO2, GO/MnO2, and AC/MnO2 

nanohybrids, and (b) OLC, CNT, GO, and AC.  

 

Figure 5.6 shows a deconvoluted Raman spectra using a Lorentzian Fit, for the 

nanohybrid materials (i.e., OLC/MnO2, CNT/MnO2, GO/MnO2, and AC/MnO2), Fig. 5.6a, 

and also for carbon materials (i.e., OLC, CNT, GO, and AC), Fig. 5.6b. It is well known that 

the D1-mode arise from the defects present in the atomic layers of carbon materials 

whereas, the D2-mode is related to a lattice vibration corresponding to that of the G 

mode [41], [42]. The D3-mode originates from the distribution of amorphous carbon on 
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interstitial sites in the disturbed lattice of graphite or carbonaceous material [43], [44]. 

The D4-mode has been found to be related to lattice vibrations corresponding to sp2-sp3 

bonds [45], [46]. The Raman curve fitting presented in Fig. 5.6 agree well with Raman 

data reported for other carbonaceous material (e.g. soot)[45].  

The ID/IG ratio in all the nanohybrid materials has been observed to remain almost 

unchanged suggesting that, the synthesised nanohybrid materials experienced a similar 

amount of defects. However, there exists a level of amorphousness within the 

nanohybrid materials (shown by the presence of D3-mode), except for the CNT/MnO2 as 

witnessed by the absence of D3-mode. The AC/MnO2 and GO/MnO2 nanohybrid 

materials exhibited much higher amorphousness relative to the OLC/MnO2 and 

suggested by the intensity increase in the area between the D- and G-mode ranges 

(1440-1550 cm-1) which overlaps with the D3-mode. Nonetheless, the structural 

stability of all the nanohybrid materials is maintained since there is no much difference 

in the deconvoluted Raman spectra of the nanohybrid materials and those of the carbon 

supports.  
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Figure 4.6: A deconvoluted Raman spectra for (a) OLC/MnO2, CNT/MnO2, GO/MnO2, 

and AC/MnO2 nanohybrids, and (b) OLC, CNT, GO, and AC. 

 

Figure 4.7 illustrates the FTIR spectra comparing nanohybrid electrode materials (i.e., 

OLC/MnO2, CNT/MnO2, GO/MnO2, and AC/MnO2) as shown in Fig. 4.7a and various 

carbon allotropes (i.e., OLC, CNT, GO, and AC) as shown in Fig. 4.7b. The well pronounce 

peak at 550 cm-1 is due to Mn-O-Mn asymmetric stretching vibration (see Fig. 4.7a) 

indicating the presence of MnO2 nanoparticles in all the nanohybrids. The broad peak at 

3450 cm-1 assigned to hydroxyl groups suggests the presence of water molecules in the 
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interlayers (see also structure given in Fig. 4.1) [47]. The bands at ~ 1070 cm−1, ~ 1200 

cm−1 and ~ 1720 cm−1 in Fig. 4.7b are assigned to the C–O alkoxy stretching, C–O epoxy 

stretching and C O carbonyl stretching vibrations, respectively [48]. It is worth noting 

that the vibration bands mentioned above are due to the functionalization of the 

graphite materials (i.e., GO and CNT) while the intensity of these vibration bands are 

minimal in the OLC and AC since they have not been functionalised. The similar broad 

peak at 3450 cm-1 assigned to hydroxyl groups also appears in the pure carbon 

materials (without MnO2) in Fig. 4.7b, resulting from the moisture exposure on the 

carbon precursor such as OLC and AC, while on the carbon precursor such as CNT and 

GO, in addition to moisture, there exist hydroxyl functional groups from the synthetic 

procedure. All these results agree with the results obtained from SEM and TEM analysis 

and thus indicating a successful decoration of MnO2 to form hybrid electrode materials. 
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Figure 4.7: FTIR spectra comparison for (a) OLC/MnO2, CNT/MnO2, GO/MnO2 and 

AC/MnO2 nanohybrids and (b) OLC, CNT, GO, and AC.  

 

Figure 4.8 illustrates Energy dispersive X-ray (EDX) spectra comparing OLC and 

OLC/MnO2 nanohybrid (Fig. 4.8a) and X-ray photoelectron spectrum (XPS) of the 

OLC/MnO2 nanohybrid (Fig. 4.8b). Chemical analysis confirms the presence of 

birnessite, meaning, not of pure MnO2 but of material following the average formula 

KxMn2O4·yH2O as depicted in Fig. 4.1.  
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Semi-quantitative analysis of OLC EDX spectra (Fig. 4.8a and Table 4.1) show less than 

0.2 mass% of impurities alongside ca. 9 mass% of surface oxygen. The metal oxide 

shows an average molar Mn: K ratio of 4.6:1 which is somewhat larger than the 

maximum stoichiometric value of 4:1. The small difference might indicate the presence 

of minor amounts of residual KMnO4. We note that the previously reported non-carbon 

content of around 47 mass% is in agreement with our EDX data (54.3 weight %). Only 

minor impurities of Si and Na can be detected which stem from impurities in the KMnO4. 

XPS analysis of OLC/MnO2 (Fig. 4.8b) shows the binding energy peaks of Mn and C. The 

Mn 2p region consisted of a spin-orbit doublet with Mn 2p1/2 and Mn 2p3/2 having 

binding energies of 654.2 eV and 642.3 eV, respectively.[49] The energy separation 

between Mn 2p1/2 and Mn 2p3/2, of 11.9 eV is an indication of Mn in a +4 oxidation state 

[50]–[52]. From the XPS survey scan, we also see the presence of significant amounts of 

K in addition to Mn, C, and O. 
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Figure 4.8: (a) Energy dispersive X-ray (EDX) spectra of OLC and OLC/MnO2 

nanohybrid and (b) X-ray photoelectron spectrum (XPS) of the OLC/MnO2 

nanohybrid. 
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Table 4.1: Chemical composition of OLC and OLC/MnO2 nanohybrid  

(mass%)  C O Na Al Si K Mn 

OLC 90.8±1.7 9.1±1.7 - 0.2±0.1 - - - 

OLC/MnO2 45.7±1.4 20.3±1.9 0.2±0.1 0.3±0.1 0.2±0.1 4.5±1.2 28.9±2.6 

 

(atom%) C O Na Al Si K Mn 

OLC 93.0±1.3 7.0±1.3 - 0.1±0.1 - - - 

OLC/MnO2 66.3±1.5 22.1±1.7 0.1±0.1 0.2±0.1 0.1±0.1 2.0±0.6 9.2±1.0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



145 
 

4.2.3 Cyclic Voltammetric (CV) analysis of various carbon-MnO2 based 

electrodes on Ni foam.  

The investigation of the OLC/MnO2, CNT/MnO2, GO/MnO2, and AC/MnO2 nanohybrids as 

a full cell symmetric supercapacitor was carried out using nickel foam as the current 

collector considering its lower cost, better pore size distribution and good surface area. 

Figure 4.11 compares cyclic voltammograms for OLC/MnO2, CNT/MnO2, GO/MnO2, 

AC/MnO2 nanohybrids and OLC in aqueous 1 M Na2SO4 at the scan rate of 5 mV s-1. All 

the cyclic voltammograms of the nanohybrid have exhibited a rectangular shape which 

depicts the contribution of EDL storage mechanism resulting from the presence carbon 

in the nanohybrids. The slight deviation from a perfect rectangular shape is due to the 

pseudocapacitive storage mechanism arising from the metal oxide (i.e., MnO2) in the 

nanohybrid electrode materials.  

 

Figure 4.9: Comparative cyclic voltammograms for OLC/MnO2, CNT/MnO2, 

GO/MnO2, AC/MnO2 nanohybrids and OLC in aqueous 1 M Na2SO4 at 5 mV s-1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



146 
 

The entire nanohybrid electrode materials exhibited better electrochemical 

performance as compared to each other. However, the nanohybrid resulting from the 

decoration of MnO2 on the surface of the OLC (i.e., OLC/MnO2 nanohybrid) displayed 

much higher current response and maximum charge separation followed by the 

CNT/MnO2, GO/MnO2 and AC/MnO2 nanohybrids respectively. This type of behaviour is 

a good indication of a good pseudocapacitive behaviour of the electrode materials. From 

the results observed in Fig. 4.9, it is clear that the introduction of various carbon 

allotropes (i.e., OLC, CNT, GO, AC) has attributed a good synergistic effect that has 

enhanced the electrochemical properties of the nanohybrids resulting in an improved 

pseudocapacitive behaviour of the MnO2. 

Figure 4.10 shows cyclic voltammograms (a) OLC/MnO2, (b) CNT/MnO2, (c) 

GO/MnO2, and (d) AC/MnO2 nanohybrids at the scan rates of 5, 10, 25, 50 and 

100 mV s−1 in the potential range of 0–0.8 V using 1 M Na2SO4 aqueous solution as the 

electrolyte. It is clearly visible that the CV shapes of OLC/MnO2 nanohybrid are almost 

ideally rectangular from the scan rates between 5-100 mV s-1 (see Fig. 4.10a). However, 

the CV curves of CNT/MnO2, GO/MnO2, and AC/MnO2 nanohybrids gradually change 

into an oval shape with the increase of the scan rate, particularly in the scan rate of 50 

and 100 mV s-1. The reason for such change in the CV shapes on the other nanohybrids 

other than OLC/MnO2 may be due to the internal resistance of the electrode material 

inhibiting the charge movements within their porous structure and also the low 

conductivity of the Na2SO4 aqueous electrolyte [50]. The same phenomenon was 

observed in graphene oxide/MnO2 and CNT/MnO2 composites studies by Li et al. and 

Zhang et al. respectively [50], [53]. Comparing the CV curve of the pure OLC as a 

representative of other carbon precursors, it is clear that these carbon allotropes have a 

significant contribution to the electrochemical behaviour of the MnO2. Thus, OLC has 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



147 
 

proved to be the best in opening the channels of the MnO2 by reducing its resistance 

thus increasing the conductivity which resulted in the OLC/MnO2 showing better 

electrochemical performance. Hence, the CV curve of OLC/MnO2 nanohybrid continued 

to retain its rectangular shape even at high scan rate (100 mV s-1) indicating an ideal 

electrochemical capacitive behaviour with rapid diffusion and easy transportation of 

electrolyte ions to the interface of the electrode.  

 

Figure 4.10: Comparison of cyclic voltammograms for (a) OLC/MnO2, (b) 

CNT/MnO2, (c) GO/MnO2, and (d) AC/MnO2 nanohybrids at various scan rates. 

Electrolyte: aqueous 1M Na2SO4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



148 
 

4.2.4 Galvanostatic Charge-Discharge (GCD) analysis of various carbon-

MnO2 based electrodes on Ni foam. 

Galvanostatic charge-discharge technique was adopted as it is believed to be a reliable 

electrochemical method for the evaluation of the electro-capacitive behavior of the 

electrode materials in energy storage device. Figure 4.11a shows the galvanostatic 

charge-discharge curves comparing OLC/MnO2, CNT/MnO2, GO/MnO2, AC/MnO2 

nanohybrids and OLC at 0.3 A g-1 with a cell voltage varied from 0.0 to 0.8 V in aqueous 

1 M Na2SO4. The electrodes materials displayed linear charge-discharge curves that 

resemble an isosceles triangle, suggesting that the electrodes possess an ideal capacitive 

performance and splendid electrochemical reversibility contributed by both faradaic 

and non-faradaic charge storage mechanisms. According to the galvanostatic discharge 

curves, the specific capacitances (Csp), maximum specific energy (Esp) and power (Pmax) 

densities can be calculated using equation 2.16 to 2.18 with the internal resistance of 

the cell calculated using equation 2.19 obtained in chapter 2. For a better analysis of the 

capacitive behaviour of the as-synthesised nanohybrid materials, studies were made 

using various current densities (see Fig. 4. 12) and are shown in Fig. 4.11b. The specific 

capacitance values obtained in Fig. 4.11b were calculated using the equations 

mentioned above. In agreement with the experimental data from the cyclic 

voltammetry, galvanostatic charge-discharge data of OLC/MnO2 nanohybrid showed 

much better pseudocapacitive performance as compared to the other nanohybrid 

electrode materials. The OLC/MnO2 nanohybrid exhibited a higher specific capacitance 

of ~ 254 F g-1 followed by CNT/MnO2 with a specific capacitance of 220 F g-1, while the 

GO/MnO2 was found to be 176 F g-1 and AC/MnO2 exhibited the least value of 148 F g-1 

at a current density of 0.1 A g-1 in aqueous 1 M Na2SO4 electrolyte. As expected, the 

specific capacitance of pure OLC (without the presence of MnO2 nanoparticles) was 
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found to be 14 F g-1 which was remarkably smaller than that of its nanohybrid 

(OLC/MnO2) and the other carbon-MnO2 nanohybrids. It is worth mentioning that 

although the high specific capacitance originates from the contribution of MnO2, the 

conductivity of the nanohybrids also plays a major role in its capacitance. Although all 

carbon nanohybrids have MnO2 content, the corresponding specific capacitance is 

decreasing from the OLC, CNT, GO and AC based on their conductivity. 

 

Figure 4.11: Comparative (a) galvanostatic charge-discharge curves at 0.3 A g-1 and 

(b) Csp vs. current density plot, for OLC/MnO2, CNT/MnO2, GO/MnO2, AC/MnO2 

nanohybrids and OLC in aqueous 1 M Na2SO4.  
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The Csp of nanohybrids (as observed from Fig. 4.11b and Fig. 4.12) decreased with 

increase in current density with OLC/MnO2 nanohybrid (Fig. 4.12a) ranging from 

248 F g-1 (at 0.3 A g-1) to 155 F g-1 (at 10 A g-1), CNT/MnO2 nanohybrid (Fig. 4.12b) 

ranging from 205 F g-1 (at 0.3 A g-1) to 118 F g-1 (at 10 A g-1), GO/MnO2 nanohybrid 

(Fig. 4.12c) ranging from 176 F g-1 (at 0.3 A g-1) to 88 F g-1 (at 10 A g-1) and AC/MnO2 

nanohybrid (Fig. 4.12d) ranging from 148 F g-1 (at 0.3 A g-1) to 75 F g-1 (at 10 A g-1) 

whereas the pure OLC ranged from 11 F g-1 (at 0.3 A g-1) to 2.0 F g-1 (at 10 A g-1) as 

shown in Fig. 4.11b. It is worth mentioning that OLC/MnO2 nanohybrid exhibit low 

internal resistance at high current densities when compared to the other electrode 

materials. The GCD curve of the GO/MnO2 shows in addition to the IR-drop, more 

internal resistance as the cell voltage is towards 0.8 V, indicated the resistivity of 

charges mobility at the electrode-electrolyte interface. The pseudocapacitive 

performances of these nanohybrid electrode materials with much higher specific 

capacitance as compared to the ones reported in the literature suggests that these 

electrode materials are suitable for high power energy storage applications.  
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Figure 4.12: Comparison of galvanostatic charge-discharge curves for (a) 

OLC/MnO2, (b) CNT/MnO2, (c) GO/MnO2, and (d) AC/MnO2 nanohybrids at various 

current densities. Electrolyte: aqueous 1M Na2SO4.  

 

Figure 4.13 shows a Ragone plot comparing energy and power densities for OLC/MnO2, 

CNT/MnO2, GO/MnO2, and AC/MnO2 nanohybrids. As showed from the other 

electrochemical analysis such as CV and GCD, OLC/MnO2 nanohybrid continued leading 

with regard to the pseudocapacitive performance as compared to other carbon/MnO2-

based electrode materials. The maximum energy and power densities of OLC/MnO2 

nanohybrid is apparently higher with values of ~5.6 Wh kg-1 and ~74.8 kW.kg-1, 

respectively. The maximum energy and power density values of CNT/MnO2 nanohybrid 

were found to be ~4.9 Wh kg-1 and ~55.1 kW.kg-1, respectively. The GO/MnO2 

nanohybrid showed maximum energy and power density values of ~3.9 Wh kg-1 and 

~35.8 kW.kg-1, respectively, whereas AC/MnO2 nanohybrid showed maximum energy 
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and power density values of ~3.3 Wh kg-1 and ~30.1 kW.kg-1, respectively. It is worth 

mentioning that these remarkable rate capabilities of the nanohybrid electrode 

materials are much higher than those reported in the literature as shown in Table 4.2.  

 

Figure 4.13: Ragone plot is indicating Energy vs. Power densities for OLC/MnO2, 

CNT/MnO2, GO/MnO2, and AC/MnO2 nanohybrids. Electrolyte: aqueous 1M Na2SO4.  

 

Table 4.2 summarizes the values of the capacitance parameters obtained in comparison 

with literature, and it is evident that OLC/MnO2, CNT/MnO2, GO/MnO2, and AC/MnO2 

nanohybrids exhibit higher performances (regarding power density or rate capability) 

than many state-of-the-art MnO2-based pseudocapacitors. Note that there is no known 

report on symmetric supercapacitor based on birnessite-type MnO2 in the literature so 

far; yet, the latter is of utmost importance to transition to actual devices and not just 

laboratory-relevant data.  

Figure 9-11 summarized the key findings as follows:  

(i) The electrochemical performance (i.e., specific capacitance, charge 

separation, stability, cyclability, energy and power densities) of the MnO2 
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was extensively improved by the addition of various carbon allotropes 

(i.e., OLC, CNT, GO, and AC).  

(ii) The OLC/MnO2 nanohybrid displayed much better electrochemical 

performance compared to the rest of the nanohybrids, followed by 

CNT/MnO2.  

(iii) Thus, the nanohybrids of GO/MnO2 and AC/MnO2 show the least 

electrochemical performance, and the latter exhibited poorer 

electrochemical performance as compared to other nanohybrid electrode 

materials. 

(iv) All the nanohybrid electrode materials displayed much better 

electrochemical performance compared to those of their respective 

carbon allotropes (Note: OLC was used as a representative of the 

contributing effect of the carbon allotropes as shown in Fig. 4.9 and Fig. 

4.11). 

(v) The introduction of various carbon materials has significantly improved 

both the stability and cyclability of MnO2 nanoparticles. 
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Table 4.2: Comparison of electrochemical performance of some MnO2-based aqueous 

symmetric electrochemical capacitors. 

Aqueous 
Electrolyte 

 

Electrode 
Material 

Cell 
Voltage 

(V) 

Specific 
Capacitance 

(F  g−1) 

Current 
Density/ 
Scan Rate 

 

Energy 
(Wh kg−1) 

Power/ 
(kW 
kg−1) 

Ref. 

Na2SO4 OLC 0.8 12 0.1 A g-1 0.3 2.9 This work 

Na2SO4 OLC/MnO2 0.8 254 0.1 A g-1 5.6 74.8 This work 

Na2SO4 CNT/MnO2 0.8 220 0.1 A g-1 4.9 55.0 This work 

Na2SO4 GO/MnO2 0.8 176 0.1 A g-1 3.8 35.6 This work 

Na2SO4 AC/MnO2 0.8 148 0.1 A g-1 3.1 29.7 This work 

Na2SO4 Ni-MnO2 1.0 685 2 mA cm−2 - - [54] 

Na2SO4 Co-MnO2 1.0 560 2 mA cm−2 - - [54] 

Na2SO4 a-MnO2/CNT - 140 2 mV/s - - [55] 

Na2SO4 CNT/PPy/MnO2 - 149 1 mA cm−2 - - [56] 

Na2SO4 MnO2 1.0 198 0.28 A g-1 - - [57] 

KOH MnO2 1.0 401 0.28 A g-1 - - [57] 

Na2SO4 MnO2/CNT-textile 1.0 410 50 mV/s 20.0 13.0 [58] 

H2SO4 aMEGO/MnO2 1.0 256 0.25 A g-1 - - [59] 

KOH GN-(γ-MnO2/CNT) 1.0 310 20 mV/s 43.0 26.0 [60] 

Na2SO4 MnO2/AC 1.2 49 0.1 A g-1 9.7 3.0 [11] 

Na2SO4 GF/ MnO2 1.0 240 0.1 A g-1 8.3 20.0 [61] 

Na2SO4 C/MnO2 DNTAs 0.8 161 5 mV/s 35.0 16.0 [62] 

H2SO4 CNOs/MnO2 1.0 575 0.5 A g-1 19.95* 2.25* [17] 

KOH α-MnO2 1.0 775 2 mV/s 76.0 6.5 [63] 

Na2SO4 MnO2/PDDA/CNO 0.9 219 - 6.1 - [64] 

Na2SO4 α-MnO2/a-MCMB 1.0 357 0.14 A g-1 - - [65] 

Key: GN = graphene nanosheet; GF = graphene foam; CNT = carbon nanotube; DNTA = double-walled 

nanotube array; CNOs = carbon nano-onions; PDDA: polydiallyldimethylammonium, aMEGO = activated 

microwave expanded graphite oxide, a-MCMB= activated mesocarbon microbeads. NB: *= values are based on 

the published corrections from the authors  
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4.2.5 Electrochemical Impedance Spectroscopy (EIS) analysis of various 

carbon-MnO2 based electrodes on Ni foam. 

EIS data were acquired prior and post-floating experiments to understand the 

fundamental pseudocapacitive processes taking place at the electrode/electrolyte 

interface of the nanohybrid electrode materials as shown in Fig. 4.14 measured in the 

frequency range of 100 kHz to 10 mHz in aqueous 1 M Na2SO4. Figure 4.14a shows a 

Nyquist plot comparison for the nanohybrid electrode materials (i.e., OLC/MnO2, 

CNT/MnO2, GO/MnO2 and AC/MnO2) and the inset represents the expanded portion of 

the high-frequency region of the compared Nyquist plots. The equivalent distributed 

resistance (EDR), comprising of both the equivalent series resistance (ESR) and the 

ionic resistance within the porous structure (i.e., RC semicircle), was obtained by 

extrapolating the vertical portion of the plot to the real axis. The OLC/MnO2 device 

shows a lower EDR value (3.1 Ω cm2) compared to that of CNT/MnO2 (with the EDR 

value of 4.8 Ω cm2), GO/MnO2 (with the EDR value of 7.6 Ω cm2) and AC/MnO2 device 

(with the EDR value of 9.1 Ω cm2). However, these values are larger than that of OLC 

alone (1.6 Ω cm2). The RC semicircle of the OLC/MnO2 is slightly smaller (~ 1.8 Ω cm2) 

compared to that of the CNT/MnO2 (~ 1.9 Ω cm2), GO/MnO2 (~ 4.8 Ω cm2) and AC/MnO2 

(~ 4.4 Ω cm2). Nevertheless, these values are smaller than those calculated for OLC 

alone (~ 0.9 Ω cm2), meaning that the ionic resistance of the porous structure of the 

pure EDLC (OLC alone) increased for the nanohybrid pseudocapacitor. Figure 4.14b 

shows a Bode plot comparison for the nanohybrid electrode materials (i.e., OLC/MnO2, 

CNT/MnO2, GO/MnO2 and AC/MnO2) and pure OLC (without MnO2). From the Bode 

plots, the phase angle of the pure OLC is -85: (which is close to the -90: for an ideal 

EDLC) compared to that of the OLC/MnO2 nanohybrid which is -80:, CNT/MnO2 

nanohybrid which is -79:, GO/MnO2 nanohybrid which is -74: and AC/MnO2 
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nanohybrid which is -75: further indicating the pseudocapacitive behavior of the 

nanohybrid devices. The knee frequency (fo,  = -45°) describes the maximum frequency 

at which the capacitive behavior is dominant, and is a measure of the power capability 

of ECs. The higher the fo, the faster the supercapacitor can be charged and discharged. 

The values of the fo were ca. 25 Hz for the OLC/MnO2 (time constant ~ 40 ms) and ca. 22 

Hz (time constant ~ 45 ms) for the CNT/MnO2. The GO/MnO2 displayed fo value of ca. 

17 Hz (time constant ~ 59 ms) and AC/MnO2 ca. 15 Hz (time constant ~ 67 s). These 

values further corroborate the higher-power performance of the nanohybrid electrode 

materials. Also, these results show that most of the stored energy in the nanohybrid 

electrode materials is accessible with power output available on millisecond time scale. 

It is worth noting that most commercially available supercapacitors, including those 

designed for higher power applications, operate at frequencies less than 1 Hz [66].  

To better understand the pseudocapacitive behaviour of these devices, the EIS 

data (shown in Fig. 4.14a) were fitted with the electrical equivalent circuit (EEC) which 

comprise Voigt RC elements (Fig. 4.14c), involving a series resistance (Rs), charge-

transfer resistance (Rct) and constant phase elements (CPE or Q). From Table 4.3, the Rs 

of the OLC (0.25 Ohm) are lower than that of the OLC/MnO2 (0.38 Ohm), CNT/MnO2 

(0.95 Ohm), GO/MnO2 (0.97 Ohm) and AC/MnO2 (1.53 Ohm). Also, the Rct value of the 

OLC (0.38 Ohm) is lower than that of the OLC/MnO2 (0.94 Ohm), CNT/MnO2 

(1.64 Ohm), GO/MnO2 (2.46 Ohm) and AC/MnO2 (3.27 Ohm) (Table 4.3). These results 

further suggest that the OLC component serves to reduce the internal resistance of the 

OLC/MnO2, thereby improving the conductivity and capacitance of the OLC/MnO2-based 

symmetric pseudocapacitor as compared to other carbon supports (i.e., CNT, GO and 

AC) on their subsequence nanohybrid electrode materials. The equation gives the 

impedance of CPE (4.1) [67]: 
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]Q(jw)[
Z

nCPE

1


      (4.1) 

where Q represents the frequency-independent constant relating to the electroactive 

surface properties, w is the radial frequency; the exponent n arises from the slope of log 

Z vs. log f (and has values –1 ≤ n ≤ 1). If n = 0, the CPE behaves like a pure resistor; n = 1, 

CPE acts as a pure capacitor, n = –1, CPE behaves as an inductor; while n = 0.5 

corresponds to Warburg impedance (Zw) which is related to the diffusion of the ions. 

The n values observed for these electrodes are > 0.7, explicitly confirming porous 

nanohybrid electrode materials with pseudocapacitive behaviour, corroborating the CV 

and GCD data of Fig. 4.9 and Fig. 4.11, respectively. 

 

Figure 4.14: Comparative (a) Nyquist, (b) Bode plots for OLC/MnO2, CNT/MnO2, 

GO/MnO2, and AC/MnO2 nanohybrids in aqueous 1 M Na2SO4 and (c) The Electrical 
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Equivalent Circuit (EEC) used to fit the experimental EIS data. The inset in (a) is the 

expanded portion of the high-frequency region. 

 

Table 4.3: Comparative fitting parameters for the EIS data for the CNT/MnO2, 

CNT/MnO2, GO/MnO2 and AC/MnO2 nanohybrid using the Voigt equivalent circuit. 

Parameter OLC/MnO2 CNT/MnO2 GO/MnO2 AC/MnO2 

Rs /  0.38 0.20 0.95 0.31 0.97 0.23 1.53 0.12 

Q1 / mF.s(α-1) 2.28 1.06 2.11 0.96 2.51 0.10 4.33 0.52 

n1 0.79 0.17 0.73 0.17 0.71 0.11 0.72 1.02 

Rct1 /  0.94 0.13 1.64 0.13 2.46 0.95 3.27 1.22 

Q2 / mF.s(α-1) 3.14 0.41 3.58 0.68 3.43 0.25 1.63 0.11 

n2 0.86 0.25 0.81 0.25 0.59 0.22 0.66 1.80 

Rct2 /  1.65 1.54 4.71 1.54 7.76 1.80 17.09 1.67 

 

Voltage-holding (or floating) experiments represent a reliable analysis method for 

establishing the long-term stability of ECs electrodes [68], [69]. In this work, the 

stability for OLC/MnO2, CNT/MnO2, GO/MnO2, and AC/MnO2 nanohybrid was 

interrogated using voltage-holding, and EIS data was required to understand the 

behavior of the electrodes prior and post voltage-holding experiments as shown in Fig. 

4.15. In this work, the OLC/MnO2 nanohybrid exhibited excellent stability during 

voltage-holding over 50 h at 1 A g-1 as represented by a small internal resistance after 

voltage-holding (Fig. 4.15a). Subsequently, CNT/MnO2, GO/MnO2, and AC/MnO2 

nanohybrid exhibited a decrease in stability as compared to the OLC/MnO2 nanohybrid 

as depicted by an increase in internal resistance after voltage-holding experiments and 

shown in Fig. 4.15b-d, respectively. The OLC/MnO2 performance as explained above, 
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has been illustrated by the gradual decrease in the specific capacitance as the current is 

kept constant at a high potential, retaining 200 F g-1 (i.e., approximately 90% of its 

initial capacitance of 220 F g-1). The excellent stability of the OLC/MnO2 nanohybrid 

showed that this device can be charged and discharged without significant deterioration 

in its efficiency (Fig. 4.15a). The stability of the CNT/MnO2 nanohybrid as shown in Fig. 

4.15b exhibited a steady decrease, resembling that of OLC/MnO2 while showing a much 

decrease in Csp as compared to the OLC/MnO2 after 50 h voltage-holding, retaining 

120 F g-1 (i.e., approximately 70% of its initial capacitance of 174 F g-1). These devices 

can be charged and discharged without significant deterioration in their efficiency. The 

above values correspond with a maximum specific energy of 5.6 Wh kg-1 and an 

excellent power density of 74.8 kW kg-1 for OLC/MnO2 and maximum specific energy of 

4.9 Wh kg-1 and a good power density of 55.1 kW kg-1 for CNT/MnO2 nanohybrid. Both 

the GO/MnO2 (Fig. 4.15c) and AC/MnO2 (Fig. 4.15d) depicted exponential decrease in 

Csp as compared to the OLC/MnO2 and CNT/MnO2. A drop in Csp for AC/MnO2 after 50 h 

voltage-holding cost the nanohybrid approximately 44% of its initial capacitance and 

thus retaining 73 F g-1 (i.e., approximately 66% of its original capacitance of 110 F g-1). 

The above calculated pseudocapacitive performances of all the nanohybrids are 

compared as shown in Fig. 4.16. It is worth noting that although the nanohybrids 

performed invariably as compared to each other, their pseudocapacitive performances 

are still much better than some values obtained in the literature. The improved 

performance of this hybrid symmetric pseudocapacitor is attributed to the combination 

of the high electrical conductivity of various carbon supports with the highly reversible 

redox reactions (pseudocapacitance) arising from the nanostructured MnO2 material. 

This chapter has shown that the use of different carbon supports has a significant 

contribution to the pseudocapacitive performance of the MnO2, improving its stability 
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through the synergistic effect resulting from the conductive porous carbon support. The 

OLC proves to be the best carbon support (compared to CNT, GO, and AC) yielding much 

better electrochemical performance from the birnessite-type MnO2. 

 

Figure 4.15: Nyquist plots for (a) OLC/MnO2, (b) CNT/MnO2, (c) GO/MnO2, and (d) 

AC/MnO2 nanohybrids before and after voltage holding in aqueous 1 M Na2SO4. The 

inset in (a-d) is the expanded portion of the high-frequency region. 
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Figure 4.16: A 50 h voltage-holding experimental comparison for OLC/MnO2, 

CNT/MnO2, GO/MnO2, and AC/MnO2 nanohybrids at 0.8 V cell voltage. Electrolyte: 

aqueous 1 M Na2SO4. 

 

The results obtained from the deconvoluted Raman spectra, and XRD spectra confirm 

the trend of electrochemical performance from CV, GCD, and EIS data. The OLC/MnO2 

(due to the small particle size of both the OLC and MnO2 together with the crystallinity 

of the nanohybrid) exhibited the best specific capacitance and followed by the 

CNT/MnO2 nanohybrids (due to its crystallinity and good interaction of CNT with 

MnO2). Subsequently, GO/MnO2 and AC/MnO2 nanohybrid materials exhibited much 

smaller specific capacitance than the nanohybrid materials mentioned above. 
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4.2.6 TGA and Gas sorption analysis  

The OLC/MnO2 nanohybrid showed better pseudocapacitive performance than other 

nanohybrids. Therefore, further analyses were done on the nanohybrid to understand 

the % composition of the MnO2 decorated on the OLC and its porosity. Similar, the 

synthetic process was employed for the decoration of the MnO2 on various carbon 

allotropes. Therefore, the TGA analysis of OLC/MnO2 was used to estimate the amount 

of MnO2 in the synthesized nanohybrid. The MnO2 nanoparticles represented 46 mass% 

of the OLC/MnO2 nanohybrid material (see Fig. 4.17). Also, the TGA data shows the 

excellent thermal stability of OLC with an onset of oxidation at around 630 °C as a result 

of the highly graphitic character of carbon onions synthesized at 1750 °C.

 

Figure 4.17: TGA of OLC and OLC/MnO2 nanohybrid. 
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Figure 4.18 shows nitrogen gas sorption data for synthesized OLC/MnO2. As noted, 

OLC/MnO2 exhibits a DFT SSA of 122 m2 g-1 with a distribution of micropores (<2 nm) 

and mesopores (between 2 and 50 nm). This measurement represents a severe loss in 

the specific surface area compared to OLC with a DFT SSA of 391 m2 g-1 and is mostly 

related to the higher molecular mass and higher density of MnO2 in addition to pore 

blocking.[70]. Figure 4.18b shows that the overall pore size distribution is preserved 

after the addition of MnO2 at a lower total pore volume in OLC/MnO2 nanohybrid. 

 

Figure 4.18: (a) Nitrogen adsorption-desorption isotherms at -196 °C and (b) Pore size 

distribution, overlays of OLC and OLC/MnO2 nanohybrid. 
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 Conclusion  4.3

This work investigated the electrochemical performance of highly graphitized onion-

like carbon (OLC), carbon nanotube (CNT), graphene oxide (GO) and activated carbon 

(AC) integrated with nanostructured birnessite-type MnO2 materials (i.e., OLC/MnO2, 

CNT/MnO2, GO/MnO2 and AC/MnO2) as electrode materials for symmetric 

pseudocapacitor devices. From the full-cell experiment, the OLC/MnO2 nanohybrid 

exhibited better performance when using Ni foam as the current collector (regarding 

specific capacitance and rate capability) compared to other nanohybrid electrode 

materials. The OLC/MnO2 device gave excellent electrochemical performance with a 

specific capacity of 255 F g-1, specific energy density of 5.6 Wh kg-1, power density of 

74.8 kW kg-1, capacity retention upon long-hour voltage-holding, very low equivalent 

distributed resistance. As much as the OLC/MnO2 exhibited much better performance, 

all the nanohybrids (CNT/MnO2 with maximum specific capacitance, energy and power 

density of 174 F g-1, 4.9 Wh kg-1 and 55.1 kW kg-1, respectively, GO/MnO2 with 

maximum specific capacitance, energy and power density of 135 F g-1, 3.9 Wh kg-1 and 

35.8 kW kg-1, respectively and AC/MnO2 with maximum specific capacitance, energy 

and power density of 110 F g-1, 3.3 Wh kg-1 and 30.0 kW kg-1, respectively) have 

demonstrated to be better electrode materials for high power ECs devices. The 

symmetric pseudocapacitor devices exhibited “knee frequency” fo values of ca. 25 Hz for 

the OLC/MnO2 (time constant ~ 40 ms) and ca. 22 Hz (time constant ~ 45 ms) for the 

CNT/MnO2. The GO/MnO2 displayed fo value of ca. 17 Hz (time constant ~ 59 ms) and 

AC/MnO2 ca. 15 Hz (time constant ~ 67 s). These results show that most of the stored 

energy in the nanohybrid electrode materials is accessible with power output available 

on millisecond time scale. Using such a nanohybrid materials, it is possible to overcome 

the main limitation of MnO2, namely its poor electrical conductivity (10-6 – 10-5 S cm-1) 
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and to exploit its main advantages, namely low-cost, high abundance, and 

environmentally-friendliness, for high power energy storage devices. Indeed, the 

electrochemical properties of OLC/MnO2 nanohybrid as high-rate energy storage device 

have great potential for the development of high power aqueous-based supercapacitors 

that can be deployed for high-power technological applications.  
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5 Chapter 5: Carbon/hausmannite-type manganese oxide 

(C/Mn3O4) nanohybrids as pseudocapacitor materials 2 

  

                                                        
2The following publication resulted from part of the research work presented in this chapter 
and is not referenced further: 
K. Makgopa, and K. I. Ozoemena, A high-rate aqueous symmetric pseudocapacitor based on 
highly graphitized onion-like carbon/hausmanite-type manganese oxide (Mn3O4) nanohybrids, 
RSC Advances, (Submitted).  
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 Introduction  5.1

The rapid developmental growth of the economy and significant social advancement 

necessitate many kinds of energy storage and conversion devices, thus more research 

on alternative energy storage and conversion devices is critical (see Chapter 1&2). 

Nanomaterials of about the length scale of less than 100 nm, have received increasing 

interest owing to their fundamental scientific significance as well as their potential 

applications that derive from their fascinating electrical, magnetic, and catalytic 

properties [1], [2]. As compared to the bulk active electrode materials, the 

corresponding nanomaterials possess more excellent electrochemical activity, such as 

higher capacitance, larger surface areas, and relatively good conductivity, thereby; 

nanomaterials have vast potential application in electrochemistry field [3]. It is well 

known that the electrochemical performance of the electrochemical capacitor device 

depends on the morphological properties (i.e., size, shape, surface area, and 

architecture) of the electrode materials [4]. Considerable attention is devoted to 

manganese oxide based materials, especially because of their environmental 

friendliness in character. Among these electrode materials, manganese oxides, 

characterized by their high theoretical specific surface area (1370 m2 g-1), high 

theoretical capacitance, low-cost, abundance and environmentally friendly in nature, 

have attracted significant interest as electrode active materials for ECs [3], [5]–[11]. 

Recently, a tetragonal hausmannite metal oxide, Mn3O4, which has some polymorphs, 

has attracted considerable attention because of a variety of applications such as energy 

storage, ion exchange, and molecular adsorption [12]. Moreover, Mn3O4 is known to be a 

potential candidate as electrode materials for electrochemical capacitors (ECs) 

applications due to the most stable oxide of manganese, non-toxic and cost-effective 

[13]. Hausmannite, Mn3O4, is one of the oxides of manganese which contain both the di- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



177 
 

and trivalent manganese (Mn2+ and Mn3+, respectively). This type of oxide material 

belongs to the spinel group, and it forms a crystal structure of a tetragonal. Figure 5.1 

shows the molecular crystal structure of the tetragonal hausmannite, Mn3O4, obtained 

with Diamond crystal structure software using ICSD file number 68174. The Mn2+ atom 

is coordinated by four oxygen atoms situated at the corners of a tetragonal prism. The 

Mn3+ is also coordinated by four oxygen atoms at the equatorial position to show 

square-planar coordination geometry (see inset of Fig. 5.1).  

 

Figure 5.1: Crystal structure of tetragonal hausmannite Mn3O4. 
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 Results and Discussion  5.2

5.2.1 SEM and TEM analysis  

The surface morphology of all synthesized materials was investigated using FESEM. 

Figure 5.2 displays FESEM images of various synthesized materials (i.e., OLC/Mn3O4, 

CNT/Mn3O4, GO/Mn3O4, and AC/Mn3O4). Variation in morphology for the synthesized 

OLC/Mn3O4 (Fig. 5.2a), CNT/Mn3O4 (Fig. 5.2b), GO/Mn3O4 (Fig. 5.2c), and AC/Mn3O4 

(Fig. 5.2d) nanohybrids is easily noticed from the FESEM images. The inset in Fig. 5.2 

represents the high magnification of the respective nanohybrid electrode materials. An 

explicit interaction of Mn3O4 nanoparticles is present in the nanohybrid electrode 

materials with the carbon support being clearly distinguishable, indicating a successful 

decoration of Mn3O4 in the synthesized nanohybrid electrode materials (Fig 5.2). The 

particles of OLC and Mn3O4 in OLC/Mn3O4 nanohybrid have a similar appearance 

(regarding size). The entangled CNT in the presence of Mn3O4 illustrates a successful 

decoration of Mn3O4 in CNT/Mn3O4 nanohybrid. The GO/Mn3O4 morphology exhibited 

particles of Mn3O4 intercalated between the sheets of the GO. This arrangement of 

Mn3O4 sandwiched between GO sheets in GO/Mn3O4 helps in preventing the restacking 

of the GO sheets which would have distorted the performance of nanohybrid. 
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Figure 5.2: SEM images of (a) OLC/Mn3O4, (b) CNT/Mn3O4, (c) GO/Mn3O4 and (d) 

AC/Mn3O4 nanohybrids. Inset in (a-d) is the high magnification SEM image of 

respective nanohybrids. 

 

Figure 5.3 compares the TEM images which further interrogates the surface 

morphologies of various synthesized electrode materials (i.e., OLC/Mn3O4, CNT/Mn3O4, 

GO/Mn3O4, and AC/Mn3O4). The result is shown in Fig. 5.3a represents the onion-like 

structure of the OLC decorated with the Mn3O4 nanoparticle to form OLC/Mn3O4 

nanohybrid. It is clearly shown (by a clear visibility of both the OLC and Mn3O4) on the 

high magnification TEM image (inset on Fig. 5.3a), that a successful synthesis of 

OLC/Mn3O4 nanohybrid is achieved. In Fig. 5.3b, a clear visibility of carbon nanotubes 

(CNT) covered by the Mn3O4 nanoparticle confirms a successful synthesis of the 

CNT/Mn3O4 nanohybrid. The primary particle size of both carbon onions and carbon 

nanotubes is in the range of a few nanometers as seen from the TEM images which are 

in agreement with our previous findings [14], [15]. The primary particle size is 
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maintained for the OLC/Mn3O4 and CNT/Mn3O4 nanohybrids (Fig. 5.3a and Fig. 5.3b, 

respectively). The Mn3O4 nanoparticle can also be clearly spotted from the graphene 

oxide sheet as shown in GO/Mn3O4 nanohybrid (Fig. 5.3c). The manganese oxide 

nanoparticles (Mn3O4) are randomly scattered on the piece of graphene. Similar 

morphology is displayed on AC/Mn3O4 nanohybrid (Fig. 5.3d) indicating the presence of 

both AC and Mn3O4 nanoparticles. All these results are in good agreement with the 

results obtained from SEM images, showing a successful synthesis of the nanohybrid 

materials. 

 

Figure 5.3: TEM images of (a) OLC/Mn3O4, (b) CNT/Mn3O4, (c) GO/Mn3O4 and (d) 

AC/Mn3O4 nanohybrids. Inset in (a-d) is the high magnification TEM image of 

respective nanohybrids. 
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5.2.2 XRD, Raman, FTIR, EDX, and XPS studies 

X-ray powder diffraction (XRD) is a fundamental analytical tool for the characterization 

and phase identification of crystalline powder materials. Figure 5.4 illustrates a typical 

X-ray diffraction pattern of synthesized nanohybrid electrode materials (i.e., 

OLC/Mn3O4, CNT/Mn3O4, GO/Mn3O4, and AC/Mn3O4), overlaid with that of pure 

tetragonal hausmannite (Mn3O4) nanoparticles (Fig. 5.4a) and various carbon allotropes 

(i.e., OLC, CNT, GO, and AC) (Fig. 5.4b). From the XRD patterns of the electrode materials 

shown in Fig. 5.4a, it is revealed that the XRD peaks in the pattern can be indexed as 

those of tetragonal hausmannite (Mn3O4) structure (Sys.:tetragonal, lattice: body 

centered, space-group: I 41/amd (141) a: 0.576 nm, c: 0.944 nm, a/b: 1.0000, b/c: 

0.6106  and c/a: 1.6378) in accordance with JCPDS card of tetragonal hausmannite 

(Mn3O4). These parameters are also confirmed by ICSD card of tetragonal hausmannite, 

Mn3O4, (JCPDS 18-0803/ICSD-68174). The peak at 2θ values of 18.14°, 29.04°, 32.53°, 

36.29°, 38.15°, 44.59°, 50.89°, 58.69°, 60.06° and 64.78° correspond to the (101), (112), 

(103), (211), (004), (220), (105), (321), (224), and (400) planes of body-centered 

tetragonal hausmannite Mn3O4, respectively, and this similar peaks are witnessed in 

nanohybrid materials [16]. The other peaks present in the nanohybrid electrode 

materials can be indexed as those of graphitic carbon using the JCPDS card 75-1621 and 

also confirmed by graphite ICSD card 31170 (Sys.: hexagonal, lattice: primitive, space-

group: P63mc (186) a: 0.247 nm, c: 0.679 nm, a/b: 1.0000, b/c: 0.3638 and c/a: 2.7490). 

These peaks indicate the presence of carbon in the nanohybrid [17], [18]. This graphitic 

carbon peaks can also be observed in the pure carbon diffractograms (Fig. 5.4b) 

confirming the results found from the nanohybrids XRD patterns. The width of all 

diffraction peaks for the metal oxide, Mn3O4, in both pure tetragonal hausmannite 

(Mn3O4) and the nanohybrid electrode materials are narrow, indicating the crystalline 
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nature of the Mn3O4. The strong intensities of the diffraction peaks relative to the 

background signal means that the resultant product has a high purity Mn3O4 tetragonal 

phase [19]. For graphite, an intense crystalline peak occurs at a 2θ value of 24.97° as 

seen from the OLC, CNT, and AC, which is the characteristic peak of the (002) plane in 

hexagonal graphite. Upon oxidation of graphite, the (002) peak shifts to a 2θ value of 

10.65° as seen in pure GO (without Mn3O4 nanoparticles) in Fig. 5.4b [20]. The 

calculated d-spacing for the (002) plane at 24.97°of carbon is 0.356 nm and remains at 

that value with or without the presence of Mn3O4 in nanohybrid. This value represents a 

small increase in lattice spacing compared to an ideal graphite crystal (i.e., 0.340 nm) at 

a 2θ value of 26.23° as well-known for the carbon structure [18]. Though, the carbon is 

expected to influences the electrochemical properties of the metal oxide, Mn3O4, but it 

does not alter the tetragonal crystal structure of the Mn3O4 material.  
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Figure 5.4: X-ray diffraction pattern for (a) OLC/Mn3O4, CNT/Mn3O4, GO/Mn3O4, and 

AC/Mn3O4 nanohybrids, and (b) OLC, CNT, GO, and AC.  

 

Raman spectroscopy is a fundamental analytical tool for the characterization of carbon-

based materials to understand their chemical bonding. This technique can precisely 

distinguish sp2 and sp3 hybridized bonding of carbon atoms and also indicates the 

purity of the carbon samples by providing the defects vibrational peak of the 

synthesised material [21]. Figure 5.5 illustrates Raman spectra of synthesized 

nanohybrid materials (i.e., OLC/Mn3O4, CNT/Mn3O4, GO/Mn3O4, and AC/Mn3O4), 
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overlaid with pure Mn3O4 nanoparticles (Fig. 5.5a) and that of various carbon allotropes 

(i.e., OLC, CNT, GO, and AC) (Fig. 5.5b). The presence of Mn3O4 is confirmed by a strong 

Raman signal at around 652 cm-1 in all the nanohybrid electrode materials (Fig. 5.5a) 

[22], [23]. The presence of the carbon in the hybrid electrode materials is confirmed by 

Raman peaks associated with the carbon D-mode (1350 cm-1) and G-mode (1590 cm-1) 

(Fig. 5.5a) which are in agreement with the peaks observed from pure carbon-based 

materials (i.e., without Mn3O4) shown in Fig. 5.5b. The G-mode is allocated to the E2g 

phonon of sp2 carbon atoms, and the D-mode is assigned to the extent of defects in the 

carbon sample [8], [22], [24]. The ratio of D-mode and G-mode intensities (ID/IG) 

validates the extent of its defects in the carbon samples. In particular, the ID/IG ratios 

before and after Mn3O4 deposition are almost identical with values of 0.98 and 0.97, 

respectively for OLC/Mn3O4 nanohybrid. The FWHM for both the D-mode and the G-

mode were measured to 73.1 cm-1 and 69.8 cm-1 before the deposition and to 74.9 cm-1 

and 98.6 cm-1 after the Mn3O4 deposition for the OLC/Mn3O4 nanohybrid. The 

CNT/Mn3O4 nanohybrid ID/IG ratios before and after Mn3O4 deposition have values of 

0.95 and 1.01, respectively. The FWHM for both the D-mode and the G-mode are 

measured to 50.8 cm-1 and 43.1 cm-1 before the deposition and to 57.45 cm-1 and 

72.6 cm-1 after the Mn3O4deposition for the CNT/Mn3O4 nanohybrid. The intensity ratio 

(ID/IG) of the GO/Mn3O4 nanohybrid before and after Mn3O4 deposition has a value of 

0.95 and 0.98, respectively. The FWHM for both the D-mode and the G-mode measured 

to be 128.9 cm-1 and 83.51 cm-1 before the deposition and to 154.6 cm-1 and 168.4 cm-1 

after the Mn3O4 deposition. The intensity ratio (ID/IG) of the AC/Mn3O4 nanohybrid 

before and after Mn3O4 deposition has the value of 1.06 and 1.15, respectively. The 

FWHM for both the D-mode and the G-mode were measured to 123.3 cm-1 and 93.8 cm-1 

before the deposition and to 118.3 cm-1 and 90.1 cm-1 after the Mn3O4 deposition. The 
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Raman bands for the carbon allotropes are observed at the similar time in their 

respective nanohybrids. Thus, these results suggest a successful decoration of Mn3O4 to 

produce nanohybrid electrode materials. This data is in good agreement with the data 

obtained from the XRD analysis. 

 

Figure 5.5: Raman spectra for (a) OLC/Mn3O4, CNT/Mn3O4, GO/Mn3O4, and 

AC/Mn3O4 nanohybrids, overlaid with pure Mn3O4 and (b) OLC, CNT, GO, and AC.  
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Figure 5.6 shows a deconvoluted Raman spectra (Lorentzian Fit) for the nanohybrid 

materials (i.e., OLC/Mn3O4, CNT/Mn3O4, GO/Mn3O4, and AC/Mn3O4), Fig. 5.6a, and also 

for carbon materials (i.e., OLC, CNT, GO, and AC), Fig. 5.6b. The D1-mode has been 

suggested to arise from the defects present in the atomic layers of carbon materials 

[24]. The D2-mode is related to a lattice vibration corresponding to that of the G mode 

[25]. The D3-mode originates from the distribution of amorphous carbon on interstitial 

sites in the disturbed lattice of graphite or carbonaceous material [26], [27]. The D4-

mode is related to lattice vibrations corresponding to sp2-sp3 bonds [28], [29]. The 

Raman curve fitting presented in Fig. 5.6 agree well with Raman data reported for other 

carbonaceous material (e.g. soot)[28].  

In all the nanohybrid materials, the ID/IG remains almost unchanged suggesting 

the similar amount of defects in the materials. However, there exists a level of 

amorphousness within the nanohybrid materials (shown by the presence of D3-mode), 

except for the CNT/Mn3O4 as witnessed by the absence of D3-mode. The AC/Mn3O4 and 

GO/Mn3O4 nanohybrid materials exhibit much higher amorphousness relative to the 

OLC/Mn3O4, and this observation is indicated by the intensity increase in the area 

between the D- and G-mode range (1440-1550 cm-1) which overlaps with the D3-mode. 

Nonetheless, the structural stability of all the nanohybrid materials is maintained since 

there is no much difference in the deconvoluted Raman spectra of the nanohybrid 

materials and those of the carbon supports.  
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Figure 5.6: A deconvoluted Raman spectra for (a) OLC/Mn3O4, CNT/Mn3O4, 

GO/Mn3O4, and AC/Mn3O4 nanohybrids, and (b) OLC, CNT, GO, and AC.  

 

To further differentiate the structure of Mn3O4 nanoparticles in the nanohybrid 

materials, FTIR analyses of OLC/Mn3O4, CNT/Mn3O4, GO/Mn3O4, and AC/Mn3O4 

nanohybrids overlaid with pure Mn3O4 were carried out. The above results compared 

with the FTIR analyses of the various carbon allotropes (i.e., OLC, CNT, GO, and AC) 

without Mn3O4, and their corresponding spectra comparison are presented in 

Figure 5.7. As seen from Fig. 5.7a, there are two well pronounce peaks at 489 cm-1 and 
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617 cm-1 corresponding to the vibration of the Mn–O stretching modes, associated with 

Mn in tetrahedral and octahedral sites, respectively [30]. The broad peak at 3450 cm-1 is 

assigned to hydroxyl groups which suggest that there are water molecules in the 

synthesized materials [31]. It is worth noting that this broad peak assigned to –OH 

group is pronounced in GO and GO/Mn3O4 due to the intensive exposure to harsh acidic 

environment during synthesis [32]. These peaks are clearly shown from the FTIR 

spectra of pure carbon samples (without Mn3O4) shown in Fig. 5.7b. The C–H stretching, 

carbonyl/carboxyl C O, aromatic C C, epoxy C–O, alkoxy C–O and carboxyl C–O 

functional groups are seen at 2912, 1722, 1580, 1414, 1384 and 1106 cm−1, respectively 

[32]. Moreover, the intensity of the absorption peaks related to the oxidized groups 

decreased slightly in the FTIR spectra of the various nanohybrid materials as compared 

to those in the relative spectrum of pure carbon samples, indicating the presence of the 

Mn3O4 in the synthesised nanohybrid materials. There is a good agreement between the 

results obtained in this FTIR analysis with those obtained from the above discussion 

(i.e., SEM, TEM, XRD, and Raman), thus indicating a successful decoration of Mn3O4 to 

form nanohybrid electrode materials. 
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Figure 5.7: FTIR spectra comparison for (a) OLC/Mn3O4, CNT/Mn3O4, GO/Mn3O4 

and AC/Mn3O4 nanohybrids and (b) OLC, CNT, GO, and AC.  
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5.2.3 Cyclic Voltammetric (CV) analysis of various carbon/Mn3O4-based 

electrodes on Ni foam.  

Cyclic voltammetry is a potentiodynamic electroanalytical technique that is used to 

provide qualitative information about electrochemical processes that happen at the 

electrode/electrolyte interphase in a voltaic cell. This method is used with the aim of 

collecting electrochemical information regarding the synthesised electrode materials. 

The investigation of the OLC/Mn3O4, CNT/Mn3O4, GO/Mn3O4, AC/Mn3O4 nanohybrids 

and Mn3O4 as a full cell symmetric supercapacitor was carried out using nickel foam as 

the current collector considering its lower cost, better pore size distribution and good 

surface area. Figure 5.8 compares cyclic voltammograms for OLC/Mn3O4, CNT/Mn3O4, 

GO/Mn3O4, AC/Mn3O4 nanohybrids and pure Mn3O4 in aqueous 1 M Na2SO4 at the scan 

rate of 5 mV s-1. All the cyclic voltammograms of the nanohybrid materials have 

exhibited a rectangular shape which depicts the contribution of EDL storage mechanism 

resulting from the presence of graphitic carbon in the nanohybrid materials. The slight 

deviation from a perfect rectangular shape is due to the pseudocapacitive storage 

mechanism arising from the metal oxide, Mn3O4, in the nanohybrid electrode materials. 

As seen from Fig. 5.8, the entire nanohybrid electrode materials exhibited better 

electrochemical performance as compared to each other, but the nanohybrid resulting 

from the decoration of Mn3O4 on the surface of the OLC (i.e., OLC/Mn3O4 nanohybrid) 

displayed much higher current response and maximum charge separation as compared 

to other nanohybrid electrode materials. The electrochemical performance (i.e., current 

response and charge separation) of the rest of the nanohybrid electrode materials 

decreased from CNT/Mn3O4, GO/Mn3O4, and AC/Mn3O4 nanohybrids, respectively. This 

type of behaviour is a good indication of a good pseudocapacitive behaviour of the 

electrode materials as a result of the synergistic effect coming from Mn3O4 and the 
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introduction of various carbon allotropes (i.e., OLC, CNT, GO, AC) in the nanohybrids. As 

can be seen from the CV of Mn3O4; it exhibited a small current response and charge 

separation, indicating poor electrochemical behaviour. But the electrochemical 

properties of the nanohybrids have been enhanced resulting in an improved 

pseudocapacitive performance of the Mn3O4. 

 

Figure 5.8: Comparative cyclic voltammograms for OLC/Mn3O4, CNT/Mn3O4, 

GO/Mn3O4, AC/Mn3O4 nanohybrids and Mn3O4 in aqueous 1 M Na2SO4 at 5 mV s-1.  

 

Figure 5.9 shows cyclic voltammograms for (a) OLC/Mn3O4, (b) CNT/Mn3O4, (c) 

GO/Mn3O4, and (d) AC/Mn3O4 nanohybrids at various scan rates (from 2 to 100 mV s−1) 

in the potential range of 0–0.8 V, using 1 M Na2SO4 aqueous solution as the electrolyte. 

The CV shapes of the entire nanohybrid electrode materials are almost ideally 

rectangular from the scan rates between 5-100 mV s-1. However, these CV curves exhibit 

a gradual change into a sharp apex towards the voltage of 0.8 V with the decrease of the 

scan rate, particularly in the scan rate of 10 to 5 mV s-1. The reason for such change in 

the CV shapes on the nanohybrids may be due to the internal resistance of the electrode 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



192 
 

material inhibiting the charge movements within their porous structure and also the 

low conductivity of the Na2SO4 aqueous electrolyte [33]. Is seen that OLC/Mn3O4 

nanohybrid exhibited a small internal resistance as compared to the others and 

followed by the CNT/Mn3O4 indicating that both the OLC and CNT contributed 

significantly to improving the conductivity of Mn3O4 nanoparticles, resulting in 

improved charge mobility towards the electrode/ electrolyte interface. 

 

Figure 5.9: Comparison of cyclic voltammograms for (a) OLC/Mn3O4, (b) 

CNT/Mn3O4, (c) GO/Mn3O4, and (d) AC/Mn3O4, nanohybrids at various scan rates. 

Electrolyte: aqueous 1M Na2SO4.  
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5.2.4 Galvanostatic Charge-Discharge (GCD) analysis of various 

carbon/Mn3O4-based electrodes on Ni foam.  

The galvanostatic charge-discharge technique is a reliable electrochemical method for 

the evaluation of the electro-capacitive behavior of the electrode materials in energy 

storage device. Thus, this approach is adopted for further interrogation of the 

nanohybrid electrode materials. Figure 5.10a shows the galvanostatic charge-discharge 

curves comparing OLC/Mn3O4, CNT/Mn3O4, GO/Mn3O4, AC/Mn3O4 nanohybrids and 

Mn3O4 nanoparticles at 0.3 A g-1 with a cell voltage varied from 0.0 to 0.8 V in aqueous 

1 M Na2SO4. The electrodes materials displayed linear charge-discharge curves that 

resemble an isosceles triangle, which suggests that the electrode materials possess an 

ideal capacitive performance and splendid electrochemical reversibility contributed by 

both faradaic and non-faradaic charge storage mechanisms. According to the 

galvanostatic discharge curves, the specific capacitances (Csp), maximum specific energy 

(Esp) and power (Pmax) densities can be calculated using equation 2.16 to 2.18 with the 

internal resistance of the cell calculated using equation 2.19 (see chapter 2). For a better 

analysis of the capacitive behaviour of the as-obtained nanohybrid electrode materials, 

studies were made using different current densities (see Fig. 5. 11) and their values are 

presented in Fig. 5.10b. The specific capacitance values obtained in Fig. 5.10b were 

calculated using the equations mentioned above. The experimental data obtained from 

galvanostatic charge-discharge are in good agreement with the experimental data 

obtained from cyclic voltammetry with OLC/Mn3O4 nanohybrid still exhibiting much 

better pseudocapacitive performance as compared to the other nanohybrid electrode 

materials. The OLC/Mn3O4 nanohybrid showed higher specific capacitance of 195 F g-1 

followed by CNT/Mn3O4 with a specific capacitance of 180 F g-1 while that of GO/Mn3O4 

was found to be ~ 160 F g-1. The AC/Mn3O4 exhibited the least specific capacitance of 
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124 F g-1 compared to other nanohybrids at the current density of 0.1 A g-1 in aqueous 

1 M Na2SO4 electrolyte. It is worth noting that the specific capacitance of pure Mn3O4 

(without the presence of any carbon allotropes) was found to be ~ 69 F g-1 at the current 

density of 0.1 A g-1 (in aqueous 1 M Na2SO4 electrolyte) which was extremely smaller 

than that of the nanohybrid energy storage devices. Although the high specific 

capacitance observed from the nanohybrids originates from the contribution of Mn3O4, 

the conductivity of the nanohybrid electrodes also played a significant role. Thus, the 

carbon supports played a major role in the improvement of the pseudocapacitance of 

Mn3O4 as witnessed by fairly small specific capacitance seen from pure Mn3O4 

(Fig. 5.10). 

For a further understanding of the electrochemical behaviour of the prepared 

electrodes (i.e., OLC/Mn3O4, CNT/Mn3O4, GO/Mn3O4, AC/Mn3O4 nanohybrids and Mn3O4 

nanoparticles), the GCD was performed at different current densities (0.1 to 10 A g-1) 

current density as shown in Fig. 5.11. The Csp of OLC/Mn3O4 nanohybrid as observed 

from Fig. 11a have decreased with an increase in current density with values ranging 

from 188 F g-1 (at 0.3 A g-1) to 110 F g-1 (at 10 A g-1). The Csp of CNT/Mn3O4 nanohybrid 

as observed from Fig. 11b have decreased with an increase in current density with 

values ranging 167 F g-1 (at 0.3 A g-1) to 88 F g-1 (at 10 A g-1) whereas, the Csp of 

GO/Mn3O4 nanohybrid as observed from Fig. 11c have decreased with an increase in 

current density with values ranging from 148 F g-1 (at 0.3 A g-1) to 65 F g-1 (at 10 A g-1). 

The Csp of AC/Mn3O4 nanohybrid as observed from Fig. 11d have also decreased with an 

increase in current density with values ranging from 116 F g-1 (at 0.3 A g-1) to 30 F g-1 

(at 10 A g-1) whereas that of pure Mn3O4 ranged from 53 F g-1 (at 0.3 A g-1) to 10 F g-1 (at 

10 A g-1). It is worth mentioning that OLC/Mn3O4 nanohybrid exhibit low internal 
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resistance even at the high current density compared to the other electrode materials, 

and this observation is also seen from the CV as shown in Fig. 5.9a.  

The GCD curve of the GO/Mn3O4 shows more internal resistance as the cell 

voltage is towards 0.8 V indicating the resistivity of charges mobility at the electrode-

electrolyte interface. The pseudocapacitive performances of these nanohybrid electrode 

materials with much higher specific capacitance as compared to the ones reported in 

the literature suggests that these electrode materials are suitable for high power energy 

storage applications. In conclusion, the OLC/Mn3O4 nanohybrid pseudocapacitor 

electrode has shown to be the best as compared to the nanohybrid pseudocapacitors 

arose from the combination of CNT, GO, and AC with Mn3O4 nanoparticle (CNT/Mn3O4, 

GO/Mn3O4, and AC/Mn3O4 nanohybrid, respectively). 
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Figure 5.10: Comparative (a) galvanostatic charge-discharge curves at 0.3 A g-1 and 

(b) Csp vs. current density plot, for OLC/Mn3O4, CNT/Mn3O4, GO/Mn3O4, AC/Mn3O4 

nanohybrids and Mn3O4 in aqueous 1 M Na2SO4.  
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Figure 5.11: Comparison of galvanostatic charge-discharge curves for (a) 

OLC/Mn3O4, (b) CNT/Mn3O4, (c) GO/Mn3O4, and (d) AC/Mn3O4 nanohybrids at 

various current densities. Electrolyte: aqueous 1M Na2SO4.  

 

Figure 5.12 shows a Ragone plot comparing energy and power densities for OLC/Mn3O4, 

CNT/Mn3O4, GO/Mn3O4, AC/Mn3O4 nanohybrids and Mn3O4. As showed from other 

electrochemical analysis such as CV and GCD, OLC/Mn3O4 nanohybrid continued leading 

with regard to the pseudocapacitive performance as compared to those of CNT/Mn3O4, 

GO/Mn3O4, AC/Mn3O4 nanohybrids and Mn3O4 based electrode materials. The 

maximum energy and power density of OLC/Mn3O4 nanohybrid are apparently higher 

with calculated values of 4.3 Wh kg-1 and 52 kW kg-1, respectively. The maximum energy 

and power density values of CNT/Mn3O4 nanohybrid were found to be 3.9 Wh kg-1 and 

33 kW kg-1, respectively. The GO/Mn3O4 nanohybrid showed maximum energy and 

power density values of 3.6 Wh kg-1 and 24 kW kg-1, respectively, whereas AC/Mn3O4 
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nanohybrid showed maximum energy and power density values of 2.8 Wh kg-1 and 18 

kW kg-1, respectively. A pure Mn3O4 nanoparticle showed maximum energy and power 

density values of 1.5 Wh kg-1 and 8 kW kg-1, respectively. The electrochemical 

performance of the nanohybrids has consistently proved to be much better than those 

of the pure Mn3O4 indicating that indeed Mn3O4 coupled with suitable support, possess 

a great potential for its deployment in the high-power, energy storage devices. It is 

worth mentioning that these remarkable rate capabilities of the nanohybrid electrode 

materials are much higher than those reported in the literature, and this is due to the 

calcination process involved in synthesizing the Mn3O4 together with the presence of 

graphitic carbon in the nanohybrid electrode materials. 

 

Figure 5.12: Ragone plot is indicating Energy vs. Power densities for OLC/Mn3O4, 

CNT/Mn3O4, GO/Mn3O4, AC/Mn3O4 nanohybrids and Mn3O4. Electrolyte: aqueous 

1M Na2SO4.  
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5.2.5 Electrochemical Impedance Spectroscopy (EIS) analysis of various 

carbon/Mn3O4 based electrodes on Ni foam. 

The electrochemical impedance spectroscopy (EIS) has gained popularity as a vital 

electrochemical characterization technique that can measure and give feedback on the 

electrical resistance of several systems such as ECs and LIBs [34]. In this study, EIS was 

employed to understand the solution phenomenon/mechanisms occurring at the 

electrode/electrolyte interface of the synthesised electrode materials and thus, EIS data 

were acquired prior and post-floating experiments as shown in Fig. 5.13 (measured in 

the frequency range of 100 kHz to 10 mHz in aqueous 1 M Na2SO4). Figure 5.13a shows 

a Nyquist plot comparison for the electrode materials (i.e., OLC/Mn3O4, CNT/Mn3O4, 

GO/Mn3O4, AC/Mn3O4 and Mn3O4) and the inset represents the expanded portion of the 

high-frequency region of the compared Nyquist plots. The equivalent distributed 

resistance (EDR), comprising of both the equivalent series resistance (ESR) and the 

ionic resistance within the porous structure (i.e., RC semicircle), was obtained by 

extrapolating the vertical portion of the plot to the real axis [35]. The OLC/Mn3O4 device 

shows a lower EDR value (12.1 Ω cm2) compared to that of CNT/Mn3O4 (with the EDR 

value of 17.5 Ω cm2), GO/Mn3O4 (with the EDR value of 23.5 Ω cm2) and AC/Mn3O4 

device (with the EDR value of 30.1 Ω cm2). However, these EDR values are smaller than 

that of Mn3O4 alone (51.5 Ω cm2) indicating the high resistivity of the metal oxide 

nanoparticles. Also, the RC semicircle for the OLC/Mn3O4 is slightly smaller (7.1 Ω cm2) 

than that of the CNT/Mn3O4 (10.4 Ω cm2), GO/Mn3O4 (14.1 Ω cm2) and AC/Mn3O4 (18.6 

Ω cm2). Nevertheless, these values are smaller than those calculated for Mn3O4 

nanoparticles (44.2 Ω cm2), meaning that ionic resistance within the porous structure of 

pure Mn3O4 decreased for the nanohybrid pseudocapacitor. Bode plot, (plotted as a 

function of frequency) is one of the crucial ways of representing the gain and phase of 
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an electrochemical system. It is referred to as the frequency domain behaviour of a 

system. Figure 5.13b shows a Bode plot comparison for the nanohybrid electrode 

materials (i.e., OLC/Mn3O4, CNT/Mn3O4, GO/Mn3O4 and AC/Mn3O4) as well as pure 

Mn3O4. The pseudocapacitive behavior of the nanohybrid devices was emphasized as 

seen from the Bode plots. The phase angle for the OLC/Mn3O4 nanohybrid is -74o, 

CNT/Mn3O4 nanohybrid is -69o, GO/Mn3O4 nanohybrid is -65o, AC/Mn3O4 nanohybrid is 

-66o and Mn3O4 are -66o. This values may further be compared to that of a pure OLC 

with a phase angle of -85o (the value close to -90o for an ideal EDLC) as shown in 

Chapter 4 (Fig. 4.13b). The knee frequency (fo,  = -45°) describes the maximum 

frequency at which the capacitive behavior is dominant, and also measure the power 

capability of ECs. The higher the fo, the faster the supercapacitor can be charged and 

discharged or the higher the power density is achieved from the supercapacitor.  

The values of the fo were ca. 21 Hz for the OLC/Mn3O4 (time constant ~ 48 ms) and ca. 

18 Hz (time constant ~ 55 ms) for the CNT/Mn3O4The GO/Mn3O4 displayed fo value of 

ca. 14 Hz (time constant ~ 71 ms) and AC/Mn3O4 ca. 12 Hz (time constant ~ 83 ms). 

These values further corroborate the higher-power performance of the nanohybrid 

electrode materials. Also, these results show that most of the stored energy in the 

nanohybrid electrode materials is accessible with power output available on 

millisecond time scale. It should be worth noting that most commercially available 

supercapacitors, including those designed for higher power applications, operate at 

frequencies less than 1 Hz [36]. For a better understanding of the capacitive behaviour 

of the devices, the EIS data (presented in Fig. 5.13a) were fitted with the electrical 

equivalent circuit (EEC). The EEC comprise of Voigt RC elements, involving a series 

resistance (Rs), charge-transfer resistance (Rct) and constant phase elements (CPE or Q) 
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as shown in Fig. 5.13c. The parameters obtained from this analysis are tabulated and 

presented in Table 5.1.  

From Table 5.1, the Rs value of the OLC/Mn3O4 (1.64 Ohm), is lower than that of the 

CNT/Mn3O4 (2.38 Ohm), Mn3O4 (2.45 Ohm), GO/Mn3O4 (3.41 Ohm) and AC/Mn3O4 (3.93 

Ohm). Also, the Rct value of the OLC/Mn3O4 (4.05 Ohm) is lower than that of the 

CNT/Mn3O4 (5.78 Ohm), GO/Mn3O4 (7.98 Ohm), AC/Mn3O4 (10.05 Ohm) and Mn3O4 

(15.97 Ohm). These results further suggest that the OLC component serves to reduce 

the internal resistance of the OLC/Mn3O4. Thereby, improving the conductivity and 

capacitance of the OLC/Mn3O4-based symmetric pseudocapacitor as compared to other 

carbon supports (i.e., CNT, GO, and AC) with respect to their subsequence nanohybrid 

(CNT/Mn3O4, GO/Mn3O4, and AC/Mn3O4) electrode materials. As shown from Table 5.1 

and Fig. 5.13, Mn3O4 electrode material seem to behave in such a way of resisting charge 

mobility within its internal structure, thus giving poor electrochemical performances as 

compared to the Mn3O4 decorated on a carbon support (nanohybrids). The equation 5.1 

gives the impedance of CPE [37]: 

]Q(jw)[
Z

nCPE

1


        (5.1) 

where Q represents the frequency-independent constant relating to the electroactive 

surface properties, w is the radial frequency; the exponent n arises from the slope of log 

Z vs. log f (and has values –1 ≤ n ≤ 1). If n = 0, the CPE behaves like a pure resistor; n = 1, 

CPE acts as a pure capacitor, n = –1, CPE behaves as an inductor; while n = 0.5 

corresponds to Warburg impedance (Zw) which is related to the diffusion of the ions. 

The n values observed for these electrodes are > 0.75, explicitly confirming porous 

nanohybrid electrode materials with pseudocapacitive behaviour, corroborating the CV 

and GCD data of Fig. 5.10 and Fig. 5.13, respectively. 
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Figure 5.13: Comparative (a) Nyquist, (b) Bode plots for OLC/Mn3O4, CNT/Mn3O4, 

GO/Mn3O4, and AC/Mn3O4 nanohybrids in aqueous 1 M Na2SO4 and (c) The 

Electrical Equivalent Circuit (EEC) used to fit the experimental EIS data.  The inset in 

(a) is the expanded portion of the high-frequency region. 
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Table 5.1: Comparative fitting parameters for the EIS data for the Mn3O4, OLC/Mn3O4, 

CNT/Mn3O4, GO/Mn3O4, and AC/Mn3O4 nanohybrids using the Voigt equivalent circuit. 

Parameter OLC/Mn3O4 CNT/Mn3O4 GO/Mn3O4 AC/Mn3O4 Mn3O4 

Rs /  1.640.72 2.380.09 3.410.56 3.93 0.93 2.450.16 

Q1 / mF.s(α-1) 2.620.13 2.390.99 1.360.71 1.030.11 0.730.14 

n1 0.840.08 0.820.23 0.790.14 0.770.21 0.750.31 

Rct1 /  4.050.84 5.780.64 7.981.29 10.050.12 15.971.29 

Q2 / mF.s(α-1) 3.780.29 3.080.23 5.001.64 1.540.07 2.330.69 

n2 0.790.17 0.761.94 0.680.18 0.800.2 0.610.14 

Rct2 /  7.931.27 9.361.38 13.192.06 15.380.48 24.584.94 

 

It has been established that voltage-holding (also known as floating) experiments 

represent a reliable analysis method for determining the long-term stability of 

electrochemical capacitor electrodes [38], [39]. In this study, the stability for 

OLC/Mn3O4, CNT/Mn3O4, GO/Mn3O4, and AC/Mn3O4 nanohybrid was interrogated using 

voltage-holding and the EIS data was required to understand the behavior of the 

electrodes prior and post voltage-holding experiments as shown in Fig. 5.14. The 

OLC/Mn3O4 nanohybrid exhibited excellent stability during voltage-holding over 50 h at 

1 A g-1 as represented by a small internal resistance after voltage-holding (Fig. 5.14a). 

Subsequently, CNT/Mn3O4, GO/Mn3O4, and AC/Mn3O4 nanohybrid exhibited a decrease 

in stability as compared to the OLC/Mn3O4 nanohybrid as depicted in Fig. 5.14b-d, 

respectively. The better performance of OLC/Mn3O4 nanohybrid has been illustrated by 

the gradual decrease in the specific capacitance as the current is kept constant at a high 

potential, retaining ca. 134 F g-1 (i.e., approximately 83% of its initial capacitance of ca. 

161 F g-1). The stability of the CNT/Mn3O4 nanohybrid showed a steady decrease in 
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specific capacitance as compared to that of OLC/Mn3O4 after 50 h voltage-holding, 

retaining ca. 118 F g-1 (i.e., approximately 80% of its initial capacitance of ca. 146 F g-1). 

This excellent stability of the OLC/Mn3O4 and CNT/Mn3O4 nanohybrids showed that 

these devices can be charged and discharged without significant deterioration in its 

efficiency (Fig. 5.15). The stability of GO/Mn3O4 and AC/Mn3O4 nanohybrids exhibited 

much decrease in specific capacitance compared to OLC/Mn3O4 and CNT/Mn3O4 after 

50 h voltage-holding. GO/Mn3O4 retained specific capacitance of 68 F g-1 (i.e., 

approximately 59% of its initial capacitance of 116 F g-1) and AC/Mn3O4 retained 51 F g-

1 (i.e., approximately 53% of its original capacitance of 96 F g-1). The above values 

correspond with a maximum specific energy of 4.3 Wh kg-1 and an excellent power 

density of 52 kW kg-1 for OLC/Mn3O4 and a maximum specific energy of 3.9 Wh kg-1 and 

an excellent power density of 33 kW kg-1 for CNT/Mn3O4 nanohybrid. The above values 

for GO/Mn3O4 nanohybrid correspond with a maximum specific energy of 3.6 Wh kg-1 

and power density of 24 kW kg-1, whereas, the AC/Mn3O4 nanohybrid values 

correspond with the maximum specific energy of 2.8 Wh kg-1 and power 

density of 18 kW kg-1. It is worth noting that although the nanohybrids performed 

differently as compared to each other, their pseudocapacitive performances are still 

much better than some values obtained in the literature. The enhanced performance of 

these hybrid electrochemical capacitor devices is due to the combination of the high 

electrical conductivity of various carbon supports with the highly reversible redox 

reactions (pseudocapacitance) arising from the nanostructured Mn3O4 material. This 

Chapter has shown that the electrochemical performance of Mn3O4 nanomaterial is 

enhanced by the use of various conductive carbon supports and thus improving its 

stability through the synergistic effect resulting from the porous carbon with Mn3O4. 
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Figure 5.14: Nyquist plots for (a) OLC/Mn3O4, (b) CNT/Mn3O4, (c) GO/Mn3O4, and 

(d) AC/Mn3O4 nanohybrids before and after voltage-holding in aqueous 1 M Na2SO4. 

The inset in (a-d) is the expanded portion of the high-frequency region. 
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Figure 5.15: A 50 h voltage-holding experimental comparison for OLC/Mn3O4, 

CNT/Mn3O4, GO/Mn3O4, and AC/Mn3O4 nanohybrids at 0.8 V cell voltage. 

Electrolyte: aqueous 1 M Na2SO4. 

 

The as-discussed results from Fig. 5.8 confirms the trend of electrochemical 

performance observed from CV, GCD, and EIS data, with the OLC/Mn3O4 (due to the 

particle small particle size and its crystallinity) giving the best specific capacitance and 

followed by the CNT/Mn3O4 nanohybrids (due to its crystallinity). Subsequently, 

GO/Mn3O4 and AC/Mn3O4 nanohybrid materials exhibit much smaller specific 

capacitance than the nanohybrids mentioned above but still shows an improved specific 

capacitance compared to the pure Mn3O4 nanoparticles (without carbon sample). 
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 Conclusion  5.3

This work investigated the electrochemical performance of a highly graphitized onion-

like carbon (OLC), carbon nanotube (CNT), graphene oxide (GO) and activated carbon 

(AC) decorated with nanostructured tetragonal hausmannite (Mn3O4) particles (i.e., 

OLC/Mn3O4, CNT/Mn3O4, GO/Mn3O4 and AC/Mn3O4), and their application in a 

symmetrical pseudocapacitor device. The results demonstrate that all nanohybrid 

electrode materials have better electrochemical performance, regarding specific 

capacitance and rate capability as energy storage devices. Among the four synthesized 

nanohybrid electrode materials, OLC/Mn3O4 has shown to have much better 

pseudocapacitive performance as compared to other nanohybrid electrode materials 

and followed by CNT/Mn3O4 GO/Mn3O4, and AC/Mn3O4 nanohybrid, respectively. The 

OLC/Mn3O4 device gave an excellent electrochemical performance with a maximum 

specific capacitance of ~ 195 F g-1, the specific energy density of 4.3 Wh kg-1, the power 

density of 52 kW kg-1. This nanohybrid material also shows capacity retention upon 

long-hour voltage-holding and cycling, very low equivalent distributed resistance 

Although, the OLC/Mn3O4 nanohybrid exhibited much better performance than the rest, 

all the nanohybrids (CNT/Mn3O4 with maximum specific capacitance, energy and power 

density of 180 F g-1, 3.9 Wh kg-1 and 33 kW kg-1, respectively, GO/Mn3O4 with maximum 

specific capacitance, energy and power density of 160 F g-1, 3.6 Wh kg-1 and 24 kW kg-1, 

respectively and AC/Mn3O4 with maximum specific capacitance, energy and power 

density of 124 F g-1, 2.8 Wh kg-1 and 18 kW kg-1, respectively) demonstrated to be better 

electrode materials for high power ECs device. The symmetric pseudocapacitor devices 

exhibited “knee frequency” fo values of ca. 21 Hz for the OLC/Mn3O4 (time constant ~ 48 

ms) and ca. 18 Hz (time constant ~ 55 ms) for the CNT/Mn3O4The GO/Mn3O4 displayed 

fo value of ca. 14 Hz (time constant ~ 71 ms) and AC/Mn3O4 ca. 12 Hz (time constant ~ 
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83 ms). These results show that most of the stored energy in the nanohybrid electrode 

materials is accessible with power output available on millisecond time scale.  

By the use of these nanohybrid electrode materials, the main limitation of Mn3O4 

electrode material, namely its poor electrical conductivity was overcome, and we 

managed to exploit the main advantages (i.e., low-cost, high abundance, and 

environmentally-friendliness) for application in high-power energy storage devices. 

Indeed, it has been shown that the electrochemical properties of OLC/Mn3O4, 

CNT/Mn3O4, GO/Mn3O4 and AC/Mn3O4 nanohybrid electrode materials as high-rate 

energy storage devices have great potential for the development of high power 

aqueous-based electrochemical capacitors that are deployed for high-power 

technological applications. 
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6 Chapter 6: Graphene Oxide/Nickel (II)Tetraaminophthalocyanine 

(GO/NiTAPc) Composite as Pseudocapacitor Material3 

  

                                                        
3The following publication resulted from part of the research work presented in this chapter 
and is not referenced further: 
K. Makgopa, P. M. Ejikeme, and K. I. Ozoemena, Graphene oxide-modified nickel (II) tetra-
aminophthalocyanine nanocomposites for high-power symmetric pseudocapacitor, 
Electrochemica Acta, (Accepted) 
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 Introduction  6.1

Thus far, the role of carbon allotropes as the prime electrode material for ECs has been 

extensively emphasized especially in Chapter 2, 4 and 5. In this chapter, Graphene Oxide 

(GO) has been selected as the template of choice and its interaction with transition 

metal phthalocyanines (MPc’s) is interrogated. The interest on GO began after 

Graphene, a two-dimensional honeycomb lattice of sp2-bonded carbon atoms brought to 

general attention in 2004 by Novoselov and Geim [1], displayed a significantly lower 

capacitance value. The poor performance of graphene results from aggregation, 

agglomeration, and possible poor wetting by various electrolytes. Several researcher 

highly esteemed graphene more than graphene oxide, due to its high theoretical surface 

area (2630 m2/g), high electrical conductivity, high (electro)chemical stability, and 

excellent mechanical properties [2]–[4]. To maintain a high surface area of the 

assembled, macroscopic electrode and avoiding graphene restacking due to van der 

Waals interactions between the layers, remains a major challenge [4] and thus, 

graphene oxide (GO) has been considered as an electrode material instead of pure 

graphene [5], [6]. GO is an intermediate product during the synthesis of graphene and 

has particularly attracted attention mainly due to its cheap production on a large scale 

from graphite through modification of Hummer’s method [7], [8]. GO can be in situ 

activated to show a large specific surface area via ion insertion in organic electrolytes 

yielding up to 220 F/g (in 1 M TEA-BF4) [9].  

Transition-metal phthalocyanines (MPc’s) as electrode active materials have been 

introduced as pseudocapacitors [10], [11]. A significant aspect of the development of 

advanced ECs is the improvement of their energy density without sacrificing their high 

power density and cycle ability by designing composite material with high surface area, 

excellent conductivity, and proper pore size distribution.  
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Metallophthalocyanine (MPc) complexes and their derivatives are well-known classes 

of N4-macrocyclic metal compounds with attractive physical and chemical properties 

[12]. They have been widely studied for a possible range of technological applications 

such as electrochemical capacitors, sensors, field effect transistors photocatalysis and 

electrocatalysts [13]–[16], see chapter 2. MPc complexes such as nickel (II) 

tetraaminophthalocyanine (NiTAPc) have been supported on multi-walled carbon 

nanotubes (MWCNTs) and tested as a pseudocapacitance device in 1 M H2SO4 

electrolyte and has shown exciting electrochemical capacitive performance [17], [18]. 

These promising results have motivated us to investigate supercapacitors devices based 

on GO and NiTAPc. The efficient combination of GO with NiTAPc is expected to prevent 

restacking and also improves the conductivity of the composite thereby leading to the 

improved electrochemical performance of the electrode material. 
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 Results and Discussion  6.2

6.2.1 SEM, TEM, XRD and UV-vis analysis  

In this study, we examined the morphologies of GO, NiTAPc, and GO/NiTAPc composite 

by SEM and TEM. Fig. 6.1a-d shows the SEM images of exfoliated GO sheets, NiTAPc 

nanoparticles, and GO/NiTAPc composite with a diameter of several hundred 

nanometers to a few micrometers. Compared with GO sheets (Fig. 1a) and NiTAPc 

particles (Fig. 6.1b), GO/NiTAPc composite displays an obviously different morphology 

(Fig 1c at low magnification and Fig. 1d at high magnification) to that of its precursors, 

which showed successful decoration of NiTAPc on the GO sheets. An efficient 

overlapping is achieved that in some cases give isolated composite structures. The 

flakes of exfoliated GO appear thicker and with a rounded morphology which provides a 

direct demonstration on the π–π stacking interaction. It is evident from the SEM images 

of the GO/NiTAPc composite (Fig. 6.1c, d) that the nanoparticles of the NiTAPc were 

randomly scattered on the surface of the graphene oxide sheets. 

Fig. 6.2a-c shows the TEM images of exfoliated GO sheets, NiTAPc particles, and 

GO/NiTAPc composite. The black spots in Fig. 6.2c illustrate the adsorption of NiTAPc 

molecules on GO sheets. The TEM results are in agreement with those obtained from 

SEM. Investigations have revealed that the self-assembly of the conjugated molecular 

systems via intermolecular π–π interactions can form structures with different 

morphologies [18], [19]. Hence, elaborate characterizations tools are of a great deal in 

comprehending the interaction of the as-synthesized composite material. 
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Figure 6.1: SEM images of (a) GO, (b) NiTAPc, (c) GO/NiTAPc composite (low mag.) and 

(d) GO/NiTAPc composite (high mag.) 
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Figure 6.2: TEM images of (a) GO, (b) NiTAPc, (c) GO/NiTAPc composite (low mag.) and 

GO/NiTAPc composite (high mag.) 

 

Figure 6.3 shows the UV-vis spectra comparing GO, NiTAPc, and GO/NiTAPc 

composite. There is an absorption peak at around 260 nm on the GO spectrum due to π–

π* overlap. NiTAPc showed the characteristic Q band at 730 nm which is due to 

aggregation and a vibrational Q0–0 band at 630 nm, a weak band around 430 nm due to 

metal–ligand charge transfer transition, and a B band at 310 nm. Upon integration with 

the GO, there is a significant disappearance of Q-band of NiTAPc at 430 nm and while 

the B band at 310 nm of NiTAPc has overlapped with the GO peak in GO/NiTAPc 

composite. This change in the UV-vis spectrum is a clear indication of the interaction 

between the GO and NiTAPc via strong co-facial aggregation (face-to-face assembly) to 
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form a GO/NiTAPc composite which has led to maximum contact between the NiTAPc 

molecules. 

 

Figure 6.3: UV spectra of GO, NiTAPc, and GO/NiTAPc in DMF. 

 

Figure 6.4 illustrate XRD patterns of GO, NiTAPc, and GO/NiTAPc hybrid. The pattern of 

GO reveals an intense, sharp peak centred at 2θ = 12.5°, corresponding to the (001) 

inter-planar spacing of 0.79 nm. Due to its aggregation, NiTAPc exhibits several weak 

reflections with one at 2θ = 31.8° (0.34 nm), corresponding to the interplanar distance 

between two adjacent macrocycles and the other one at 2θ = 16.6° (0.62 nm) [19], [20]. 

Compared with GO and NiTAPc, the XRD pattern of the GO/NiTAPc composite shows a 

peak at 2θ = 13.7° (0.75 nm), which is lower than that of pristine GO which is an 

indication of the presence of GO within the composite and a weak peak at 2θ = 31.8° 

(0.34 nm) is still presence yet its intensity overshadowed due to the interaction of GO 
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with NiTAPc indicating the presence of phthalocyanine macrocycles within the 

composite.  

 

Figure 6.4: XRD patterns of GO, NiTAPc, and GO/NiTAPc composite. 
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6.2.2 The comparative electrochemical performance of GO/NiTAPc 

electrode material. 

Electrochemical measurements were carried out in two-electrode systems and the ECs 

device was fabricated in a symmetric-type cell. The electrochemical behavior of the ECs 

electrodes was investigated by cyclic voltammetry, galvanostatic charge–discharge and 

electrochemical impedance spectroscopy. Figure 6.5 shows, cyclic voltammograms 

acquired at the scan rate of 25 mV s-1 (Fig. 6.5a), galvanostatic charge-discharge curves 

acquired at the constant current density of 0.5 A g-1 (Fig. 6.5b), comparing GO, NiTAPc 

and GO/NiTAPc composite-based electrode materials, scan rate studies (Fig. 6.5c) and 

rate capability studies of the GO/NiTAPc composite (Fig. 6.5d), in 1 M Na2SO4 aqueous 

electrolyte at the potential range of 0 to 0.8 V. CV curve of graphene oxide impregnated 

with Ni (II) Tetraamine Phthalocyanines (GO/NiTAPc) composite exhibited better 

quasi-rectangular shape with the largest charge separation, suggesting the highest 

specific capacitance and also indicating that this hybrid material would be more desired 

as electrode material for the supercapacitor application as compared to its precursors 

(GO and/or NiTAPc ). The galvanostatic charge/discharge curves of the GO/NiTAPc 

composite (Fig. 6.5b) displayed good electro-capacitive performance that is in 

agreement with the results shown from the CV in Fig. 6.5a. Furthermore, the scan rate 

studies of the GO/NiTAPc composite were performed, and the electrode materials 

continued to display a stable capacitive performance even at the higher scan rate of 100 

mV s-1 (see Fig. 6.5c), maintaining the quasi-rectangular shape and high charge 

separation. The galvanostatic charge/discharge behavior of GO/NiTAPc electrode was 

further studied at various current densities of 0.5, 1, 2 and 10 A g-1 (see Fig. 6.5d). These 

charge/discharge curves were almost linear (symmetrical), and the isosceles triangles 

indicated excellent supercapacitor behaviors. The ability of the GO/NiTAPc composite 
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to be cycled at a very high current densities (up to 10 A g-1, Fig. 6.5d), shows that this 

electrode material it can be suitable for high power energy storage applications. 

According to the galvanostatic discharge curves, the specific capacitances (Csp), 

maximum specific energy (Esp) and power (Pmax) densities can be calculated using 

equation 2.16 to 2.18 with the internal resistance of the cell calculated using equation 

2.19 (see chapter 2)[21]. 

A symmetric two-electrode device, fabricated with the Ni foam, of GO/NiTAPc 

composite showed a large specific capacitance (Csp) of 163 F g-1 and maximum specific 

energy density (Esp) of 3.6 Wh kg-1, which were much higher than that of its precursors 

NiTAPc and GO with specific capacitance (Csp) of 60 F g-1 and 15 F g-1, specific energy 

density (Esp) of 1.3 Wh kg-1 and 0.3 Wh kg-1, respectively at the current density of 0.1 A 

g-1 and between the potential range of 0 to 0.8 V in 1 M Na2SO4 aqueous electrolyte. The 

GO/NiTAPc electrode material showed an excellent maximum power density (Psp) of 

140.0 kW kg-1 at a higher current density of 10 A g-1. A higher specific capacitance of 

GO/NiTAPc composite could be attributed to the synergic contributions of both the GO 

and NiTAPc precursors and thus resulting in an improved electrochemical performance 

of the composite. The galvanostatic charge/discharge behavior of (GO/NiTAPc) 

electrode was further studied at various current densities of 0.3, 0.5, and 1 A/g. 

(Fig. 6.5c). These curves with the technique adopted to test the performance of 

electrochemical capacitor electrodes exhibits charge/discharge curves that have a 

symmetric nature (approximately isosceles), suggesting the excellent capacitive 

performance.  
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Figure 6.5: Nickel foam based 2-electrode (symmetric) configuration: (a) comparative 

cyclic voltammograms for GO, NiTAPc and GO/NiTAPc at 5 mV/s, (b) comparative 

galvanostatic charge-discharge curves for GO, NiTAPc and GO/NiTAPc at 0.5 A g-1, 

(c) CVs at different scan rates for GO/NiTAPc and, (d) comparative galvanostatic charge-

discharge curves for GO/NiTAPc at different current densities. Electrolyte: aqueous 1M 

Na2SO4. 

 

The capacitive performance for the GO/NiTAPc-based symmetric pseudocapacitor cell 

is compared with other related MPc-based composites from literature. The GO/NiTAPc-

based device is characterized by high power compared to related MPc-based complexes 

and even other Carbon/MnO2 systems shown in Table 6.1. 
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Table 6.1: Comparison of capacitive performance of various metallophthalocyanines-

based and some carbon/MnO2-based symmetric (two-electrode) systems. 

Aqueous 
Electrolyte 
 

Electrode 
material 

Device 
configuration 

Voltage 
window 
(V)  
 

Specific 
Capacitance 
 

Specific 
energy 
Wh 
kg−1 

Specific 
power/  
kW kg−1 

Ref. 

1 M Na2SO4 GO/NiTAPc Symmetric 0.8 163 F g-1 3.6  140.0  This work 

1 M Na2SO4 NiTAPc Symmetric 0.8 60 F g-1 1.3 - This work 

1 M Na2SO4 GO Symmetric 0.8 15 F g-1 0.3 - This work 

EtOH(C2HF3O2) TNFePc Symmetric 0.8 63 F g-1 - - [22] 

1 M Na2SO4 GO/CoTPyzPz Asymmetric 1.6 500 F g-1 44.0 31.0 [23] 

PVA/H3PO4 CNPs/MnO2 Symmetric 0.8 800 F g-1 4.8 39.0 [24] 

1 M Na2SO4 GF/MnO2 Symmetric 1.0 240 F g-1 8.3 20.0 [25] 

1 M Na2SO4 AC/MnO2 Symmetric 1.2 49 F g-1 9.7 3.0 [26] 

Key: CoTPyzPz = Cobalt (II) Tetrapyrazyl porphyrazine; CNT = Carbon Nanotubes; GF = Graphene foam; 

GO = Graphene Oxide; CNPs = Carbon nano-particles; TNFePc = Iron Tetranitrophthalocyanine; EtOH = 

Ethanol solution; C2HF3O2 = Trifluoroacetic acid. 

 

EIS is a very powerful tool used to investigate the electrochemical characteristics of the 

electrode/electrolyte interface using a Nyquist plot, which is a representation of the real 

and imaginary parts of the impedance in a sample. The Nyquist plots of GO, NiTAPc, and 

GO/NiTAPc composite are shown in Fig. 6.6a. The intercept in the high frequency region 

on the x-axis corresponds to the resistance of the electrolyte solution (Rs), and is also 

referred to as the equivalent series resistance (ESR), which consists of the resistance of 

the aqueous electrolyte, the intrinsic resistance of the composite material, and the 

contact resistance at the electrode. The ESR values for the GO, NiTAPc, and GO/NiTAPc 

electrodes were 1.8, 2.0 and 3.4 respectively, as observed from Fig. 6.6a. It is worth 

stating that for ideal supercapacitors, the EIS (Nyquist) plot should be a line 

perpendicular to the real axis at low frequency. However, comparing both samples, the 

Nyquist plots of GO/NiTAPc composite is much closer to the ideal behavior due to the 
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small charge transfer of GO and NiTAPc, thus indicating a better capacitive behavior. 

This improved electrochemical performance is due to the synergistic effect between GO 

and NiTAPc, leading to the improved conductivity of the hybrid and a decrease in the 

internal resistance of the electrode. It is worth mentioning that, to the best of our 

knowledge, there is no literature report on the use of GO with NiTAPc to prepare 

supercapacitor composite of GO/NiTAPc in a two-electrode cell (symmetric cell). This 

composite material show an excellent power handling ability as is still capable of 

maintaining almost 50% of its original specific capacitance at the higher current density 

of 1 A g-1 and further exhibit a small drop in specific capacitance as a function of the 

current density (up to A g-1 range), Fig. 6.6b. 
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Figure 6.6: (a) Nyquist plot comparing GO, NiTAPc, and GO/NiTAPc symmetric 

pseudocapacitor, and (b) plot of specific capacitance versus gravimetric currents for the 

GO/NiTAPc composite. All data were acquired from nickel-foam-based symmetric cells 

of the electrode materials in 1M Na2SO4 aqueous solutions. 

 

For clearer insights into the capacitive behaviour of the devices, the EIS data were fitted 

with the electrical equivalent circuit (EEC) which comprise Voigt RC elements (Fig. 6C 

inset), involving a series resistance (Rs), charge-transfer resistance (Rct) and constant 

phase elements (CPE or Q). From Table 6.2, the Rs of the GO/NiTAPc (~ 0.31 Ohm) are 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



228 
 

lower than that of the NiTAPc (~ 3.02 Ohm) and GO (~ 2.03 Ohm). Also, the Rct value of 

the GO/NiTAPc (~ 1.17 Ohm) is lower than that of the NiTAPc (~ 5.15 Ohm) and GO 

(~ 12.29 Ohm). These results further suggest that the GO component serves to reduce 

the internal resistance of the NiTAPc, thereby improving the conductivity and 

capacitance of the GO/NiTAPc-based symmetric pseudocapacitor. The impedance of 

CPE is given by the equation 6.1 [27]: 

]Q(jw)[
Z

nCPE

1


     (6.1) 

where Q represents the frequency-independent constant that describes the 

electroactive properties of the surface-confined species, w describes the radial 

frequency, n is obtained from the slope of log Z versus log f (with values in the –1 ≤ n ≤ 1 

range). Note that when n = 0, the CPE describes a pure resistor; when n = 1, CPE 

describes a pure capacitor, when n = –1, CPE describes an inductor; and when n = 0.5, 

the CPE describes a Warburg impedance (Zw) due to the diffusion of the ions. The n 

values observed for these electrodes are > 0.7, explicitly confirming a porous electrode 

with pseudocapacitive behaviour, corroborating the CV data of Fig. 6.5a. 
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Table 6.2: Comparative fitting parameters for the EIS data of the GO, NiTAPc and 

GO/NiTAPc using the Voigt equivalent circuit. 

Parameter GO NiTAPc GO/NiTAPc 

Rs /  2.03  0.56 3.02 0.51 0.31 0.28 

Q1 / μF.s(α-1) 0.11 0.53 0.12 0.25 0.70 0.26 

n1 0.70 0.13 0.71 0.16 0.78 0.17 

Rct1 /  12.29 1.41 5.15 0.12 1.17 0.23 

Q2 / mF.s(α-1) 6.07 0.38 1.29 0.22 3.48 0.66 

n2 0.80 0.17 0.80 0.18 0.88 0.27 

Rct2 /  14.86 1.68 3.78 0.64 6.51 0.83 

 

Cycling stability test of the GO/NiTAPc-based symmetric pseudocapacitor was first 

examined by using the conventional long-term repetitive cycling. As shown in Fig. 6.7, 

the symmetric pseudocapacitor showed excellent stability upon 1000 continuous 

cycling at the current density of 1 A g-1, with ca. 100% of the initial capacitance 

retention (see Fig. 6.7). The efficiency of the delivered energy ( / %) was obtained 

from equation (6.1) 

(%) x 100
d

c

t

t
 

         (6.1) 

where td is the discharge time and tc the charge time.  
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Figure 6.7: Stability test of GO/NiTAPc composite at the current density of 1 A g-1. All 

data were acquired from nickel-foam-based symmetric cells of the electrode materials 

in 1M Na2SO4 aqueous solutions. 

 

Further stability test of the GO/NiTAPc-based symmetric pseudocapacitor was 

evaluated using the voltage-holding experiments conducted at 1 A g-1 for 50 h (Fig. 

6.8a), to complement the traditional long-term cycling analysis. Figs. 6.8b and c show 

the Nyquist plot and Bode plots, respectively, obtained before and after voltage-holding. 

The fitted impedimetric parameters are given in Table 6.3. There are no significant 

differences in the Rs and Rct values before and after 50 h voltage-holding experiments, 

indicating insignificant loss of power or loss of contact between the GO and NiTAPc or 

the current collector after long-hour cycling.  The superior cycling stability of the 

GO/NiTAPc nanocomposite is an indication that the pseudocapacitor can quickly 
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undergo charge-discharge cycles with no significant decay in efficiency. The Ragone plot 

(Fig. 6.8d) is consistent with the expectation at different current densities, with 

maximum energy and power at 3.6 Wh kg-1 and 140 kW kg-1, respectively. The enhanced 

electrochemical performance of this GO/NiTAPc-based symmetric pseudocapacitor may 

be ascribed to the efficient distribution and integration of the NiTAPc particles within 

the GO sheets thus acting as fillers and inhibiting the GO sheets π-π restacking and also 

resulting in excellent contact between the two materials which allows better 

conductivity (ionic mobility). The electrochemical cycling stability shows that 

GO/NiTAPc nanocomposite can undergo continuously charge-discharge without 

significant decay in power generation efficiency. The results observed under this test 

are in good agreement with those shown by cycling experiments.  

 

Figure 6.8: Nyquist (a) and Bode (b) plots obtained before and after the 50-h voltage-

holding tests, (c) 50 h voltage holding experiments at 0.8 V cell voltage and (d) Ragone 

plot indicating energy vs. power density, for the GO/NiTAPc symmetric 

pseudocapacitor.  
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Table 6.3: Comparative fitting parameters of the EIS data of the GO/NiTAPc-based 

symmetric pseudocapacitor obtained before and immediately after the 50-h voltage-

holding tests. The Voigt electrical equivalent circuit was used in the fitting (see inset, 

Fig. 6a). 

Parameter 
GO/NiTAPc-based symmetric Pseudocapacitor 

Before 50 h voltage-holding After 50 h voltage-holding 

Rs /  0.31 0.28 0.42 0.83 

Q1 / μF.s(α-1) 0.70 0.26 0.35 0.17 

n1 0.78 0.17 0.80 0.24 

Rct1 /  1.17 0.23 1.55 0.27 

Q2 / mF.s(α-1) 3.48 0.66 1.72 0.58 

n2 0.88 0.27 0.48 0.26 

Rct2 /  6.51 0.83 2.09 0.27 
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 Conclusion 6.3

This work investigated the electrochemical performance of graphene oxide decorated 

with particles of nickel (II) tetraaminophthalocyanine (GO/NiTAPc) when used as a 

symmetrical pseudocapacitor device. The device gave an excellent electrochemical 

performance with a specific capacitance of (Csp) of 163 F g-1 and specific energy density 

(Esp) of 3.6 Wh kg-1, capacity retention upon long-hour voltage-holding (50h) and long 

cycling (1000 cycles). The use of GO/NiTAPc composite material exhibits the abilities of 

MPc’s for the development of green and low-cost energy storage devices since they have 

already found their footing in various applications. The results also show that it is 

possible to overcome the main limitations of GO while exploiting its main advantages 

for the development of energy storage devices.  
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 Concluding Remarks 7.1

The performance of the ECs electrode materials and their practicality dependent on two 

factors: (1) their engineering that is cost effective yet without compromising the 

electrochemical performance, (2) method of fabrication that increases substrate-

electrode contact for an improved mobility of ions. In this study, some of the aspects 

revolving around the key points above have been considered. This thesis investigated 

the electrochemical capacitive properties of carbon nanomaterials integrated with 

nanostructured birnessite-type MnO2 (Carbon/MnO2) and tetragonal hausmannite-type 

Mn3O4 (Carbon/Mn3O4) as electrode materials for enhanced performance in symmetric 

pseudocapacitors. This work further explores the synergistic effect of graphene oxide 

decorated with particles of nickel (II) tetraaminophthalocyanine (GO/NiTAPc 

composite) as electrode materials for improved performance (power and energy 

densities) in symmetrical pseudocapacitor device. The physical properties of the 

synthesised energy storage materials were investigated using scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), energy dispersive X-ray 

spectroscopy (EDX), X-ray powder diffraction (XRD), X-ray photoelectron spectroscopy 

(XPS), gas adsorption technique (i.e BET), infra-red spectroscopy, Raman spectroscopy 

and thermogravimetric analysis (TGA) techniques while the electrochemical properties 

were investigated using cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) 

and electrochemical impedance spectroscopy (EIS). From the study of carbon 

nanomaterials integrated with nanostructured birnessite-type MnO2, it has been 

discovered that OLC/MnO2 nanohybrid exhibited better performance (regarding 

specific capacitance, rate capability, and energy density) compared to other 

nanohybrids such as CNT/MnO2, GO/MnO2, and AC/MnO2. This device gave maximum 

specific capacitance of 255 F g-1, the specific energy density of 5.6 Wh kg-1 and excellent 
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power density of 74.8 kW kg-1. The CNT/MnO2, exhibited a maximum specific 

capacitance, energy and power density of 174 F g-1, 4.9 Wh kg-1, and 55.1 kW kg-1, 

respectively. The stated values of CNT/MnO2 are closely related to those obtained from 

OLC/MnO2. The GO/MnO2 displayed  135 F g-1, 3.9 Wh kg-1, and 35.8 kW kg-1, and 

AC/MnO2 was 110 F g-1, 3.3 Wh kg-1, and 30.0 kW kg-1, respectively. The carbon 

nanomaterials integrated with nanostructured tetragonal hausmannite-type Mn3O4, 

OLC/Mn3O4 nanohybrid exhibited better performance compared to other Mn3O4 

nanohybrid electrode materials (i.e., CNT/Mn3O4 GO/Mn3O4, and AC/Mn3O4). This 

device exhibited a maximum specific capacitance of 195 F g-1, the specific energy 

density of 4.3 Wh kg-1 and power density of 52 kW kg-1. The CNT/Mn3O4 exhibited a 

maximum specific capacitance, energy and power density of was 180 F g-1, 3.9 Wh kg-1, 

and 33 kW kg-1, respectively. While the GO/Mn3O4 displayed values of 160 F g-1, 

3.6 Wh kg-1, 24 kW kg-1 and AC/Mn3O4 was 124 F g-1, 2.8 Wh kg-1, 18 kW kg-1, 

respectively. The synergistic effect of graphene oxide (GO) decorated with particles of 

nickel (II) tetraaminophthalocyanine (NiTAPc) resulted in GO/NiTAPc nanohybrid 

displaying better pseudocapacitive performance relative to its precursor (i.e., GO and 

NiTAPc). This pseudocapacitor device exhibited a maximum specific capacitance of 

163 F g-1, the specific energy density of 3.6 Wh kg-1 and high-power density of 

140 kW kg-1. These values are much higher than those of its individual precursors 

NiTAPc (60 F g-1 and 1.3 Wh kg-1) and GO (15 F g-1 and 0.3 Wh kg-1). These symmetric 

pseudocapacitor device displayed better stability with good capacitance retention upon 

long-hour voltage-holding (50h) and long cycling (1000 cycles).  

In summary, the properties of MnO2 and Mn3O4 can be improved by the use of highly 

graphitized carbon source that also possess conductivity that is relatively greater than 

that of MnO2 for better performance of MnO2-based ECs electrode material. 
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Metallophthallocyanines can also be used as energy storage materials for the 

application in electrochemical capacitors. The synergistic effect of GO and NiTAPc 

brings an improved performance in a symmetric cell-type configuration. This excellent 

capacitive performance shows promising opportunities for the development of 

aqueous-based pseudocapacitors made of carbon nanomaterials with transitional metal 

oxides and metallophthalocyanine (MPc) complexes (N4-macrocyclic metal 

compounds). 
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 Recommendations for Further Research 7.2

Further research is necessary for the future to explore the pseudocapacitive behaviour 

of these investigated electrode materials with a view of improving their properties fully. 

Such futures studies should include the following: 

 Investigation of the carbon/birnessite MnO2 and carbon/hausmannite Mn3O4 

using the full-cell asymmetric device for increasing the voltage window, as this is 

the characteristic that directly influences the energy density of the ECs device. 

 Investigation of the GO/NiTAPc composites using the full-cell asymmetric device 

for increasing the voltage window, as this is the characteristic that directly 

influences the energy density of the ECs device. 

 Exploring the suitability of these electrodes materials in the different 

electrolytes, such as ionic liquid, organic and non-neutral aqueous. This will be 

important considering that the findings of this work showed excellent 

electrochemical performance in aqueous electrolyte. 

 There is a need to explore other synthetic routes to make manganese-based 

electrodes with fine-tuned electrochemical properties (i.e., use of surfactants to 

eliminates agglomeration and aggregation of metal oxide and metal 

phthalcyanines. 

 Other transition metal oxides (i.e., Co, Ni, Fe, W, V) incorporated on various 

carbon supports and the ternary composites should be designed for the energy 

storage applications. 

 There is a need to explore other MPc-based electrodes (i.e., CoPc, FePc, NiPc) 

incorporated on various carbon supports and the ternary composites should be 

designed for the energy storage applications. 
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 The use of other different conducting substrates other than Nickel foam to 

understand the role of a current collector towards the improvement of the 

electrochemical capacitive performance. 
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