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ABSTRACT 

This dissertation describes the electrochemical properties of nanocarbons (multi-

walled carbon nanotubes (MWCNTs) and graphene oxide (GO)) incorporated with 

manganese dioxide (MnO2) and metallotetrapyrazinoporphyrazines (MTPyzPz, 

where M = Co, Fe) as electrochemical capacitors. Supercapacitive properties of the 

composites formed were investigated using cyclic voltammetry (CV), galvanostatic 

charge-discharge and electrochemical impedance spectroscopy (EIS) in both three- 

and two-electrode systems using 1.0 M H2SO4 and 1.0 M Na2SO4 as electrolytes. This 

study showed that acid functionalized MWCNTs (MWCNTaf) enormously increased 

the specific capacitance of MnO2 from 45 F.g-1 to 1209 F.g-1. Supercapacitive 

properties of nanocarbons modified with cobalt(II)tetrapyrazino-

porphyrazine(CoTPyzPz) and Iron(II)tetrapyrazino-porphyrazine (FeTPyzPz) were 

explored. MWCNTaf modified with CoTPyzPz and FeTPyzPz gave higher capacitances 

than phenylamine-functionalised MWCNTs (MWCNTPhNH2) modified MTPyzPz 

nanocomposites in acidic electrolyte. The specific capacitance obtained for 

MWCNTaf-CoTPyzPz at 1 A.g-1 was 1642 F.g-1 in 1.0 M H2SO4 while 410 F.g-1 was 

obtained for MWCNTaf-FeTPyzPz at 3 A.g-1. This large specific capacitance was 

attributed to the protonation and deprotonation of the porphyrazine 

macromolecule. FeTPyzPz nanocomposites gave higher specific capacitance in acid 

electrolyte than in a neutral electrolyte.  

An asymmetric capacitor cell (coin cell) was made to further investigate the 

suitability of MTPyzPz compounds as electrode capacitor material.  A novel 
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asymmetric electrochemical capacitor (AEC) using functionalised MWCNTs and 

MTPyzPz nanocomposite as the positive electrode and  functionalised MWCNTs and 

carbon  black  (CB)  as  the  negative  electrode  in  a  neutral aqueous Na2SO4  

electrolyte was investigated. CoTPyzPz//CB-MWCNTaf was the best AEC with specific 

capacitance of 70 F.g-1. This AEC cell exhibited energy density and power density of 

8.5 kW.kg-1 and 4.3 KW.kg-1 respectively. A novel AEC with high energy and power 

densities was successfully developed using GO/CoTPyzPz as the positive electrode 

and GO/CB as the negative electrode in 1.0 M Na2SO4. The excellent energy and 

power densities (44 Wh.kg−1 and 31 kW.kg−1 obtained at high current density, 2.4 

A.g-1) coupled with excellent long cycle life, short response time, and low equivalent 

series resistance (ESR) clearly indicate that this asymmetric electrochemical 

capacitor has a considerable potential in developing low-cost and green energy 

storage devices that operate at high energy and power densities.  Interestingly, the 

energy density of the GO/CoTPyzPz//GOCB based AEC falls within the range usually 

seen for nickel metal hydride (NiMH) batteries (30 – 100 Wh.kg-1), but, more 

importantly, has a much better power performance than NiMH batteries (0.25 – 1 

kW.kg-1) widely used in hybrid vehicles such as Toyota Prius and Honda Insight. In 

summary, the findings in this work clearly indicate that CoTPyzPz and FeTPyzPz are 

potentially useful in developing low-cost and ‘green’ electrochemical energy storage 

devices with high capacitance, energy and power densities. The work has indeed 

opened a door of opportunity that will permit the study of other MTPyzPz complexes 

for the development of electrochemical capacitors. 
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1.1 General Overview 

Global warming, one of the biggest threats to human life today is caused by man’s 

dependency on fossil fuels for energy production. Energy demand due to 

modernisation has been increasing in an alarming rate. The demand of energy is 

associated with environmental concerns such as pollution. As energy production is 

scaled up to meet energy demand, nations worldwide are beginning to explore 

renewable energy sources such as solar and wind energy. The focus of research in 

energy today is on improving efficiency in energy production and storage processes. 

The current methods for energy production and storage are less efficient and 

increase the CO2 concentration in the atmosphere. Currently fuel cells, batteries and 

electrochemical capacitors are explored as alternatives to traditional methods of 

energy production, conversion and storage.    

Electrochemical capacitor (EC), sometimes referred to as  supercapacitor, is an 

electric energy storage device that fills the gap between conventional capacitors 

such as electrolytic capacitors and batteries in terms of energy density and power 

density (1). This device can be discharged at a higher rate. The fast energy delivery 

and durability (high cycle number) of the electrochemical capacitors (ECs) makes 

them attractive energy storage devices. ECs can be used in various applications, 

among others, hybrid electric vehicles (2, 3), aircraft emergency door (4), electronic 

devices (5)  and back-up power storage (6). One of the drawbacks of EC in the 

utilizing carbon as its electrode material is low energy density. The makeup of an 

electrode determines how much energy can be stored by the EC. More research on 

carbon as an electrode material in ECs has been done (7-12). Carbon nanotubes have 
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been studied extensively as electrode materials (1, 13-18) and carbon nanotubes 

capacitance can be enhanced by functionalization (19, 20). Acid functionalization of 

carbon nanotubes increases capacitance of the carbon nanotubes by 3-20 folds. This 

enhancement of capacitance is due to psuedocapacitance from the functional 

groups introduced on carbon atoms. Carbon materials have lower energy density. 

The lower conductivity of metal oxides (26) is a greater challenge to it been utilized 

for ECs. Due to lower energy and power density of carbon materials and metal 

oxides, scientists have been exploring hybrid capacitors from composite material 

electrodes (27) in order to increase energy and power density of the multiwalled 

carbon nanotubes (MWCNTs).  Metal oxide (21-23) and polymer (1, 24, 25) electrode 

materials have been extensively researched, and they were found to be 

electrochemically unstable. South Africa has large reserves of manganese ore. MnO2 

due to its theoretical high capacitance (23), less toxicity and environmental 

friendliness, is an excellent alternative to the expensive and toxic RuO2.  

There is a continual effort to investigate electroactive materials as potential 

electrodes for hybrid supercapacitors with high energy density.  Recently, Chidembo 

et al (28) reported NiTAPc/MWCNT nanocomposite with superior supercapacitive 

behaviour as a promising electrode for supercapacitors. In their paper, they 

attributed this supercapacitive behaviour to nitrogen containing groups on the 

phthalocyanine ring. It was reported (29, 30) that capacitance increase in acidic 

electrolyte is proportional to an increase of nitrogen content in the graphene layer 

of carbon. It was found that nitrogen content increases the capacitance of carbon 

materials. Despite a considerable number of nitrogens on its pyrazine ring and 
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increasing basicity of its ring, there are no reports on the capacitive behaviour of 

metallo-porphyrazine macrocycle compounds. 

However, the literature on the use of porphyrazine macrocycle compounds and their 

composites for supercapacitive studies is limited.  

 

1.2 Aims and objectives. 

The main aim of this project is to utilize electrochemical techniques, which are 

cyclic voltammetry (CV), chronopotentiometric galvanostatic charge-discharge and 

electrochemical impedance spectroscopy (EIS) to investigate the supercapacitive 

behaviour of:  

i) MWCNT-MnO2 Nanocomposites 

ii) MWCNTaf-MTPyzPz composites immobilised onto basal plane pyrolytic 

graphite electrode in neutral and acidic electrolyte. 

iii) MWCNTPhNH2-MTPyzPz composites immobilised onto basal plane 

pyrolytic graphite electrode in neutral and acidic electrolyte. 

iv) Asymmetric capacitors made from MWCNTs, Carbon black and MTPyzPz. 

v) Graphene oxide-metallotetrapyrazinoporphyrazino nanocomposites. 

 

1.3 Outline of the dissertation 

Chapter 1 outlines the rationale of the thesis and also present the aims and 

objectives of this study. This chapter also gives a detailed review of supercapacitors - 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 
 

 

5 
 

their history, classification, storage mechanism as well as their performance criteria. 

General review of electrochemistry is also discussed as well as physico-chemical 

characterisation of supercapacitor electrode materials. 

Chapter 2 describes the experimental work, the equipment used and electrode 

modification and fabrication. 

Chapter 4, 5 and 6 presents the results and discussion of synthesised materials 

and prepared modified electrodes with MWCNTs, MnO2 and MTPyzPz materials. 

These chapters will give the detailed electrochemical and physical characterisations 

of various electrode materials under study. 
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2.1 Electrochemical supercapacitors 

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

electrolytic capacitors and electrochemical capacitors (1). Electrostatic capacitors or 

sometimes called conventional capacitors are energy storage devices that are made 

of two metal plates separated by a dielectric which might be a vacuum or a medium 

like air as illustrated in Figure 2.1. When potential is applied to a capacitor, two 

layers of opposite charges accumulate on the two electrodes separated by a 

dielectric. Thus, capacitance C is given by the equation:                                                                                          

                                                          (2.1) 

where, εr is the dielectric of the medium, ε0 is the dielectric of a vacuum, A is the 

area of the capacitor and D is the distance between the electrodes  

 

Figure 2.1: A typical electrostatic capacitor diagram. 

 

Electrolytic capacitors as shown in Figure 2.2 are energy storage devices made of 

two metal plates that are separated by a thin dielectric which is an oxide layer. 

Electrochemical capacitors are devices that store electric charges in the interface 

between the electrode and the electrolyte by non faradaic processes and/or non 

faradaic processes. 
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Figure 2.2: A typical electrolytic capacitor diagram. 

 

Electrochemical capacitors due to their charge storage mechanism can be 

divided into two categories namely: Electrochemical double layer capacitor (EDLC) or 

pseudocapacitor. Figure 2.3 shows a basic design of an electrochemical capacitor. 

Electrochemical capacitors, known by many names such as double layer capacitors, 

supercapacitors, gold capacitors, ultra capacitors, power capacitors or cache 

capacitors.  

 

Figure 2.3: A typical EDLC schematic diagram 
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2.1.1 Historical background 

Electrical charge storage on surfaces was discovered from rubbing of naturally 

occurring amber phenomena (2). In the seventeenth century, a Swedish professor 

Johan Carl Wicke developed an electrophorus. Electrophorus is a capacitive 

generator used to produce electrostatic charge via a process of electrostatic 

induction (3). This electric machine was improved and popularized by Allesandro 

Volta who made the first electric battery in 1800 (4). Wimshurst machine, an 

electrostatic device for generating high voltages was developed by James Wimshurst 

between 1880 and 1883. From this development together with those of Michael 

Faraday’s dielectric concept an electric condenser, Leyden jar was invented (5, 6). 

Leyden jar which stores electrostatic electricity between two surfaces was later 

referred to as a “capacitor”. Work by some researchers (7), (8) led to the proposal 

that an electron charge is equivalent to Faraday’s constant.  

The Work by Sommerfeld (9), Schröendinger (10), and Heisenberg (11) on 

electron energy states in atoms and molecules coupled with key conclusion on 

Faraday’s laws by Hermann Von Helmholtz (12) brought about the full understanding 

of the charging and discharging processes in the atomic level. He developed a double 

layer concept. The understanding that electrical energy could be stored led to a first 

patent by Becker (13) at General electric in 1957. In the patent, he outlined that 

electrical energy storage is due to the charges arrangement at the double layer 

between the porous carbon and aqueous electrolyte. Years later SOHIO (14) 

patented an EC that had high area carbon materials and non-aqueous 

tetraalkylammonium salt electrolyte. 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 
 

 

14 
 

Nippon Electric company (15) introduced the first EC products in 1957 after 

obtaining the license for the technology from SOHIO. In 1970, SOHIO had obtained 

another patent of a disk shaped capacitor based on carbon paste. NEC (16) was the 

first company to launch a double layer capacitor under the name “supercapacitor” 

after obtaining their license from SOHIO. Table 2.1 gives the list of manufacturers 

who are producing capacitors commercially.  

 

Table 2.1: A summary of the commercialized ECs (1, 17, 18). 

Company 

Name  

Device name Country Voltage 

range 

Capacitance/F 

AVX Bestcap USA 3.5-1.2 0.022-0.56 

Cap XX Super capacitor Australia 2.25-4.5 0.09-2.8 

Copper Power stor USA 2.5-5.0 0.47-50 

ELNA Dyna cap USA 2.5-6.8 0.033-100 

ESMA Capacitor 
modules 

Russia 12-52 100-8000 

EPCOS Ultracapacitor USA 5.5,11 5-5000 

Evans Capattery USA 5.5,11 0.01-1.5 

Kold Ban Kapower USA 12 1000 

Maxwell Super capacitor USA 2.5 1.6-2600 

Nesscap EDLC South Korea 2.7 0.01-6.5 

Panasonic Gold capacitor Japan 2.3-5.5 0.1-2000 
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2.1.2 Principles  of Electrochemical capacitors 

Electrochemical capacitors store their energy in the form of electric charge using 

principles similar to conventional capacitors. Capacitance is a measure of an amount 

of electrical energy stored for a given potential. Energy can be stored on the 

capacitor through a non-faradaic process or a faradaic process or both processes. 

Two methods of energy storage, namely, electrochemical double layer capacitance 

and pseudocapacitance will be discussed. 

 

2.1.2.1 Electrochemical double layer capacitance 

EDLC is the name that describes the fundamental charge storage principle of this 

kind of electrochemical capacitors. The separation of charged particles or electronic 

charges at the interfaces of metal electrodes and ionic solutions give rise to the so-

called double layer. The capacitance due to this capacitor behaviour is dependent on 

the large interfacial area and the atomic range of charge separation distances. An 

EDLC consists of two such double layers, each exhibiting its own non faradaic 

capacitive behaviour. The interface structure at electrode surfaces has been 

developed over years. First Helmholtz (19) in 1853 adopted a model where there is 

an array layer of positive or negative charges on the electrode surface and an array 

of opposite sign charges accumulated in the electrolyte. The distance between this 

double layer of charges was between 0.05 nm and 0.2 nm. As illustrated in Figure 

2.4(a), the layer of charges in the electrolyte is fixed and there is a linear drop of 

potential from the electrode to the layer of charges. According to Boltzmann 
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principle (20), it was found that the ions (both positive and negative) on the solution 

side of the double layer will not remain static but will be distributed throughout the 

electrolyte. Gouy (21, 22) used this principle to propose a model  where ions were 

assumed to be point charges distributed in the electrolyte. Gouy point charge model 

(figure 2.4(b)) resulted in large capacitance been predicted and also gave a wrong 

potential profile. The layer of distributed charges as proposed by Gouy was referred 

to as Gouy diffuse layer. In 1924, Stern (23) proposed a model as illustrated in Figure 

2.4(c) as a solution to the overestimation of capacitance by Gouy model. His model 

was a combination of Helmholtz and Gouy double layer models. As illustrated in 

Figure 2.4(c), the difference in potential extends beyond the immediate layer of 

solvated ions in compact (Helmholtz) through the OHP into the diffuse layer.   

 

 

Figure 2.4: (a) Helmholtz (b) Gouy and (c) Stern.(24) 
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 From this model, the overall capacitance, Cdl (double layer capacitance) is given by 

the equation: 

                                  (2.2) 

where, CH is the capacitance from the Helmholtz layer or compact layer and Cdiff  is 

the capacitance from the diffuse layer. Figure 2.5 illustrate the model as proposed by 

Grahame (25), it consists of three regions where the Helmholtz layer is divided into 

inner and outer plane. The inner Helmholtz plane (IHP) is the closest to the electrode 

and contains solvent molecules and specifically adsorbed ions. The outer Helmholtz 

plane is the next region after IHP and consists of solvated ions at their closest 

approach to the electrode. The last region is the diffuse or Gouy layer. The 

determination of EDL behaviour at planar electrode is influenced by the following 

factors (26): 

(i) The electric field across the electrode. 

(ii) Types of the electrolyte ions. 

(iii) Solvent in which the electrolyte ions are dissolved. 

(iv) Chemical affinity between the adsorbed ions and electrode surface. 

In 1963 Bockris et al (27) proposed a model (Figure 2.6) that takes into account 

the influence of the water interactions in the interphase (2). He outlined that 

dielectric constant increase as you move away from the polarised electrode.   
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Figure 2.5: Schematic representation of the Grahame model of the electrical double 

layer (28). 

 

 

Figure 2.6: Double layer model including layers of solvent (27). 
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2.1.2.2 Pseudocapacitance 

Pseudocapacitor was initially investigated in Conway’s laboratory by a  Continental 

group (29). Pseudocapacitance arises when applied potential induces faradaic 

current from processes such as electrosorption and/or oxidation-reduction of the 

electro-active materials. It should be noted that pseudocapacitance is Faradaic in 

origin and that it is potential dependent. There are two types of psuedocapacitance 

namely: adsorption/electrosorption pseudocapacitance and redox 

pseudocapacitance (29). 

(i) Adsorption/electrosorption pseudocapacitance 

Electrosorption pseudocapacitance is a reversible process where ions are 

deposited onto an electrode surface to form a monolayer resulting in a Faradaic 

charge transfer, and hence gives rise to pseudocapacitance. The surface reaction 

equation for adsorption/desorption (29, 30) is given by the following equation: 

(2.3) 

 

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

ions, Aads is the  adsorbed species A, 1-θA is the fractional free surface area available 

for adsorption,  θA is a coverage and V is the electrode potential (31). 

From Langmuir adsorption equation the electrode surface coverage will be given 

by (26, 29): 

(2.4) 
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where, K is an electrochemical equilibrium constant for chemisorption with charge 

transfer. Differentiating the above equation yields a pseudocapacitive relation, Cφ 

(pseudocapacitance) represented by (29): 

 (2.5) 

where, q1 is the faradaic charge required for the complete formation or dispersion of  

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

temperature and F is the faraday’s constant. 

(ii) Redox pseudocapacitance 

A reversible redox process given in equation 2.6 involves an electron transfer 

process between an oxidized species, Ox and a reduced species, Red. 

Ox + ze-    Red                                 (2.6) 

From equation 2.6, the potential, E is given by the Nernst equation 2.7:  

2.7) 

where, E0 is the standard potential and ℜ is relative fractions of oxidation and 

reduction activities defined as [ox]/([ox]+[red]). Differentiating equation 2.7 yields a 

redox capacitance quantity (Cφ) as shown in equation 2.8: 

                                           (2.8) 
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It should be noted that redox pseudocapacitance gives “mirror image” cyclic 

voltammograms as shown in Figure 2.7. Capacitors are categorised into three main 

classes in accordance with their storage mechanism (30):                   

• Electrochemical double layer capacitor 

•  Pseudocapacitor  

• Hybrid capacitor. 

EDLC uses the non-faradaic separation of charges at the double layer while 

pseudocapacitor utilizes the faradaic charge transfer processes. Hybrid capacitors 

use both mechanisms for energy storage. 

 

Figure 2.7: Example of a typical cyclic voltammogram for a redox process 

 

Figure 2.8 illustrates the classification and outlines the materials that are utilized 

for the different electrodes used to make capacitors. 
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Figure 2.8: Classification of electrochemical capacitors (31). 

 

2.1.2.3 Electrochemical double layer capacitors 

Carbon is the material of choice for electrode fabrication in EDLCs. Carbon exists in 

several allotropic forms and possesses desirable properties for double layer 

capacitance. Carbon is mostly used because of its chemical stability, good 

conductivity, high surface area, low cost, good polarizability and pore size. Activated 

carbons, carbide-derived carbons, carbon nanofibers, templated carbons, carbon 

aerogels and carbon nanotubes (24, 32-34) are the most used carbon materials for 

EDLCs. 
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Activated carbons (34) (ACs) are produced from physical (thermal) activation and 

or chemical activation (impregnation with chemical activating agents like KOH, HNO3 

and ZnCl2) of carbon materials. Activated carbons have a surface area (34) as high as 

3000m2.g-1. ACs due to different pore sizes can (35), (36), (37) have capacitance 

ranging between 94 F.g-1 and 413 F.g-1. Pore size is one of the important properties 

of ACs that has an impact on capacitance. ACs have a broad distribution pore sizes 

consisting of micropores (< 2 nm), mesopores (2 nm - 50 nm) and macropores (> 50 

nm). ACs give better capacitance in aqueous electrolytes (100 F.g-1 - 300 F.g-1) than in 

organic electrolytes (< 150 F.g-1) (38). Salitra group (39) have reported that pore sizes 

above 0.4 nm are ideal for EDLC charging in aqueous electrolytes. Béguin et al (40) 

have concluded that there is a correlation between pore size and capacitance. They 

hypothesised that a particular pore size is related to a particular electrolyte used, 

either aqueous or organic. They found that optimal capacitance is obtained when a 

pore size is between 0.7 nm and 0.8 nm for aqueous and organic electrolytes 

respectively. 

Carbide-derived carbons (CDC) are produced by chlorination of the metallic 

carbide. Chmiola et al reported that the best CDC materials are derived from TiC 

(41). TiC-derived carbons (41, 42) have a surface area of about 1600 m2g-1, an 

average micropore width of 0.7 nm and have shown capacitances of between 130 

F.g-1 and 190 F.g-1.  

Carbon nanofibers (CNFs) also called graphite nanofibers or carbon filaments are 

catalytically vapour grown carbon fibres with diameters between 50 nm and 500 nm 

and average pore size of 3 nm - 20 nm (34). Some multibranched CNFs were found 
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to have  capacitance of about 50 F.g-1 at high current density (43) while some 

researchers (44) reported a high capacitance of 297 F.g-1. CNFs are unlikely materials 

to be used for electrode making because they are expensive and have high 

equivalent series resistance (ESR). 

Template derived carbons are produced by impregnating the inorganic matrix 

with a carbon precursor (e.g. sucrose, propylene, and pitch or polymer solutions). 

Template derived carbon can be tailor made with desired pore volume, pore size and 

surface area (34). Sevilla et al (45) reported that these carbons can have a surface 

area of 1500 m2g-1 – 1600 m2g-1, thus limiting the theoretical capacitance to between 

200 F.g-1 and 220 F.g-1 in aqueous electrolytes and less in organic electrolytes. Zeolite 

Y templated carbon (46), (47) can have a  gravimetric capacitance of up to 340 F.g-1. 

This carbon exhibits good recyclability in excess of 10 000 cycles. 

Carbon aerogels (CAGs) were first made by Pekala (48, 49). CAGs are three 

dimensional mesoporous network of carbon nanoparticles prepared by a sol-gel 

process. Some CAGs are derived from organic aerogels such as resorcinol-

formaldehyde (RF), phenol-furfural (PF), and melamine-formaldehyde (MF) with 

subsequent pyrolysis in inert atmosphere (50). CAGs such as high surface area, good 

polarizability, superior electrical conductivity and high porosity (51) makes them 

good  EDLC electrode materials. High production costs, presence of functional 

groups, difficulty in mass production and inaccessibility of micropores makes CAGs 

less desirable for EDLC purposes (52). Escribano et al (53) reported CAGs with 

specific capacitance of between 70 F.g-1 and 150 F.g-1 for pore diameters between 3 

nm and 13 nm.  
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Recently carbon nanotubes have been extensively researched for 

supercapacitance behaviour due to their intrinsic properties. Carbon nanotubes are 

thoroughly reviewed in section 2.5. 

 

2.1.2.4 Pseudocapacitors. 

Materials mostly used for electrode fabrication of pseudocapacitors are metal oxides 

and conducting polymers. These materials exhibit faradaic reactions that are 

essential for this kind of supercapacitors. Metal oxides have been receiving a 

considerable attention in research since the study of ruthenium oxide (RuO2) 

electrode gave the highest capacitance as compared to carbon based 

supercapacitors. Metal oxides are of immense interest for use in supercapacitors 

due to their high conductivity and redox activity properties. A hydrous RuO2 

prepared by a sol-gel process was found to have  specific capacitance of 740 F.g-1 

(54). Specific capacitance as high as 1170 F.g-1 and 1580 F.g-1 have been obtained 

from composites of RuO2 (55-57). The high cost of RuO2 has made researchers to 

look for an alternative metal oxide that is cheap and less toxic which can yield 

capacitance results comparable to RuO2. Several metal oxides such as Co3O4 (58), 

NiO (59), Fe3O4 (60), SnO2 (61), V2O5 (62),  MnO2 (63-65), Bi2O3 (66) and In2O3 (67) 

have been studied. Metal oxides’ serious drawback for use as electrode materials in 

supercapacitors are their small potential window and short term stability during 

cycling. Recently research on metal oxides has shifted from bulk conventional 

materials to nano-structured materials. Nano-structured material electrodes offer 

high capacitance because of the enhanced surface area and better ion conductivity. 
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Deng et al (68) have reported nano CoO electrode with a specific capacitance of 

2200 F.g-1, which is ten times the capacitance of the bulk CoO. It was recently (69) 

reported that thin metal oxide films give superior capacitance values as compared to 

their bulk and composite metal oxide electrodes. 

Electroconducting polymers (ECPs) have been considered alternative electrode 

materials for capacitance due to their high conductivity, high capacitance, good 

reversibility and low cost (70). ECPs exhibit pseudocapacitive behaviour since their 

energy storage mechanism is due to faradaic processes emanating from p- and n- 

doping (25). From literature several ECPs such as polyaniline (PANI) (71), 

polythiophene(Pth) (72), polypyrrole (PPy) (73), (PEDOT) (74), (PMMA) (75) and 

(PPV) (76) with specific capacitance ranging from 250 F.g-1 to 775 F.g-1 have been 

reported. The drawback of ECPs are their lack of long term stability due to swelling 

or shrinking during charging and discharging process (32). Capacitive results and 

intrinsic properties of PANI make it a highly desirable electrode material. 

Mastragostino et al (77) reported the challenge of inefficiently n-doped ECPs. 

 

2.1.2.5 Hybrid capacitors 

High energy and high power density at high rates are not simultaneously achievable 

by either EDLCs or pseudocapacitors. To achieve high performance, hybrid 

capacitors integrate both energy storage mechanisms in their operation. They utilize 

both the faradaic and non-faradaic processes to store charges. Hybrid capacitors are 

subdivided into three classes, namely composite, asymmetric and battery-type 
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hybrids. Hybrid capacitors are tailor made to meet the following requirements for a 

high performance ECs namely: good electron conductivity, highly accessible specific 

surface area and efficient mass transport (78). 

Composite hybrid capacitor consists of electrodes which contain a carbon 

material that is incorporated into a conducting polymer or metal oxide material. Li 

and co-workers (79) reported a specific capacitance of 587 F.g-1 for PANI/AC 

composite electrode which is higher than of AC and PANI individually. Other 

composites studied were RuO2·xH2O/CNT (1143 F.g-1) (80),  NiO/CNTs (1329 F.g-1) 

(81), PPy/CAG (433 F.g-1) (82). The incorporation of MWCNTs into metal oxides helps 

to circumvent the lack of electrical conductivity in metal oxides. For polymers, the 

formation of composites has shown to counteract the swelling and shrinking of the 

electrodes during charging and discharging process. Composite hybrids are formed 

in order to enhance EC performance, due to synergistic properties from a 

combination of two or more materials. 

Asymmetric hybrid capacitors sometimes referred to as capacitor-

type/capacitor-type capacitor are capacitors with a different positive and negative 

electrode. These capacitors usually have a high operating potential window that 

accounts for an increase in the EC performance (83). From literature, mostly carbon 

materials are used for a negative electrode while pseudocapacitive materials and 

composites are utilized for the positive electrode (84-86). Cheng et al (87) reported 

an optimized nano structured asymmetric hybrid capacitor with excellent power and 

energy density of 50.3 kW.kg-1 and 25.5Wh.kg-1, respectively.  
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Battery type hybrid capacitors are referred to sometimes as battery-

type/capacitor type capacitor. These capacitors are also asymmetric and their 

negative electrode is similar to an anode lithium ion battery anode. 

 

2.1.3 Performance of supercapacitors 

The characteristics of electrode materials and the electrolyte used in the cell 

determine supercapacitor performance. For better performance, electrode materials 

that give maximum capacitance are preferred, and for the electrolyte, minimum 

resistivity is desirable. Power density (35) and energy density (88) are the two main 

characteristic parameters that are used to evaluate cell performance. Energy density 

is calculated from the formula: 

                               (2.9) 

where, C is the capacitance, m is active mass of the electrode and V is the potential. 

Power density is calculated from the formula: 

(2.10) 

where, Pmax is the power density, Vi is the potential, RESR is the equivalent series 

resistance.  

The comparison of power density and energy density is graphically well 

illustrated by a Ragone plot (Figure 2.9). A Ragone plot is used to evaluate the 

performance of a capacitor (32). Energy storage devices (ESD) are characterized by 

the energy and the power available for a load. Figure 2.9 illustrate that 
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supercapacitors must have more power density than batteries and more energy than 

conventional capacitors. 

 

Figure 2.9: Ragone plot of various energy storage devices (21). 

 

2.2 Carbon nanotubes. 

Carbon nanotubes (CNTs) are tubular nanostructures made of sp2 hybridized carbon 

atoms. They are made of graphite sheets that are rolled into cylindrical shaped 

seamless tubes and capped at the end with fullerene-type hemispheres. They are 

categorized into two main types: single-walled nanotube (Figure 2.10a) and multi-

walled nanotube (Figure 2.10b). Further classification of the carbon nanotubes is 

based on how the graphite sheet that consists of the sp2 carbon atoms is rolled.  
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Figure 2.10: Images of (a) single-wall carbon nanotube and (b) multi-walled carbon 

nanotubes. 

 

Carbon nanotubes can further be described in shorthand notation by two indices 

(n,m). The radius and chiral angle of the carbon nanotubes can be estimated from 

Equations 2.11 (89) and 2.12 (89): 

(2.11) 

                      (2.12) 

CNTs (Figure 2.11) can further be described as zigzag, armchair or chiral 

structure. Since their discovery by Iijima (90), carbon nanotubes have attracted a lot 

of interest in research due to their outstanding physical and chemical properties.  
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Carbon nanotubes are widely used as electrode material for supercapacitors due 

to their excellent properties. CNTs have high conductivity, high mechanical strength, 

large specific surface area, high chemical stability, low resistivity and low mass 

density.  

 

Figure 2.11: The diagram of graphene layer rolled into armchair, chiral and zigzag 

nanotube. 

 

CNTs possess strong Van der Waals interactions between the atoms. CNTs are 

highly conductive due to π-electrons delocalization in the carbon framework. 

Entanglement and bundling of CNTs caused by high aspect ratio, decreases their 

dispersion in solvents contributing to low capacitance values (91). Capacitance and 

dispersion of CNTs can be increased by chemical or mechanical activation, 

functionalization and heat and surface treatment. CNTs can be functionalized either 

by non covalent or covalent modification approaches (92). Covalent functionalization 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 
 

 

32 
 

introduces redox active surface functional groups such as carboxyl, hydroxyl, amine, 

fluorine and many more on the CNTs (93). The covalent functionalization of the CNTs 

alters their properties and introduces redox active sites which contribute to the 

increase of capacitance through faradaic reactions. 

Functionalized CNTs are more chemical stable than non-covalent functionalized 

CNTs. The interactions between CNT’s graphite surface and the aromatic component 

of redox material are weak since there are either due to Van der Waals, electrostatic 

interactions or π-π interactions. Niu et al (93) were the first to report the specific 

capacitance of functionalized CNTs (102 F.g-1) in H2SO4. Ahn et al (94) reported that 

capacitance is indirectly proportional to diameter of the CNTs. The introduction of 

surface carboxyl groups enhances capacitance three fold due to the increased 

hydrophilicity of MWCNTs in an aqueous electrolyte. In contrast, the introduction of 

alkyl groups resulted in a marked decrease in capacitance. Notably, the complete 

disappearance of capacitance for samples functionalized with longer alkyl groups, 

indicated the perfect block of proton access to the carbon nanotubes surfaces by 

extreme hydrophobicity (95, 96). The carbon nanotube is a nonpolar material and 

easily aggregates in a polar solvent. Aggregation leads to difficulty in fabricating CNT 

electrodes for energy storage, and this results in the decrease in the performance of 

the electrodes (97). High performance ECs are obtained by combining electrode 

materials that give rise to pseudocapacitance and EDLC storage mechanisms. The 

psuedocapacitance due to functionalization on the CNTs contributes little to the 

overall SC of the CNTs electrode. Recently composites that combine CNTs and 
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electroactive materials are of considerable interest. The carbon based composites 

are seen as best candidates that can give high power and larger energy density.  

 

2.3 Graphene oxide 

Graphene oxide (GO) is an analogue of graphene and also an intermediate during 

the oxidation and exfoliation of graphite (98-100). GO is a single sheet of graphite 

oxide that bears different kinds of oxygen–containing functional groups on the basal 

and edge plane of the carbon framework (98, 101-103). GO can be prepared by 

several methods such as Staudenmaier method, Hummers method and Offeman 

method (100, 104). Several models of GO (Figure 2.12) have been proposed, and 

Lerf-Klinowski’s model and Dekany’s model are the most used models (101, 102).  

 

Figure 2.12: The diagram of graphene oxide model as proposed by Lee et al (103). 
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Hybrid materials are easily formed between GO and organic and inorganic materials 

via non covalent, covalent and/or ionic interactions due to oxygen functional groups 

on GO and π electrons found in GO carbon framework (98, 100). Xu et al (99) have 

reported that GO has a small ESR, higher capacitance of up to 189 F.g-1, good cycle 

stability. They also found that GO’s rate performance is comparable to graphene. 

Several graphene oxide composites like  GO-MnO2 (211 F.g-1) (105), GO/PANI (555 

F.g-1) (106), GO/PPy (633 F.g-1) (107) and RGO/RuO (471 F.g-1) (108) have been found 

to be good  capacitive materials. 

 

2.4 Manganese Oxides 

Manganese is one of the transition metals that are abundant in the earth’s crust 

(109). It occurs in various forms such as pyrolusite (MnO2), rhodochrosite (MnCO3) 

and manganite MnO(OH) in nature. Divalent Mn2+ is the most stable oxidation state. 

Beadouret et al (110) have reported that MnO2 is the best performing electrode 

material as compared to Mn(OH)2, Mn2O3 and Mn3O4. The theoretical capacitance of 

MnO2 is in the range 1100 F.g-1 – 1300 F.g-1 attributable to EDLC and 

pseudocapacitance storage mechanisms (111). Manganese oxides are widely used in 

batteries since they are less toxic, environmentally friendly, and less expensive. 

Methods like Chemical vapour deposition, thermal vapour transport, laser assisted 

catalysis, and electrochemical deposition and condensation are amongst well known 

synthetic methods of MnO2.  All these different methods are an attempt to find a 

suitable MnO2 material with desirable supercapacitive properties. MnO2 can be 

found in one, two or three dimensional structural shapes. Manganese dioxide of 
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various  shapes have been studied, namely nanospheres (112), nanotubes (113), 

nanowires (114),  helices (115), microspheres (116) and core-shell structures (117). 

Amongst the various MnO2 compounds reported we have (113): 

• α-MnO2  (the best supercapacitive material) 

• ε- MnO2 

• γ- MnO2 

• δ- MnO2 

• β- MnO2 

• λ- MnO2 

Forming a MnO2 composite is the ideal way to counteract lack of conductivity and 

electrochemical stability of MnO2. For most supercapacitor applications, MnO2 is 

usually mixed with a carbon material like graphene to improve the conductivity of 

MnO2. The hydrated form of MnO2 has been found to yield satisfactory results. It 

was reported that in an aqueous electrolyte like Na2SO4, the energy storage 

mechanism is faradaic not non-faradaic.  Table 2.2 summarises some of the research 

done on the capacitive behaviour of MnO2 in different electrolytes. The best MnO2 

material that satisfies all the supercapacitor performance requirements has not been 

found yet. This makes the study of the supercapacitive behaviour of MnO2 an area of 

research still to be explored.   
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Table 2.2: Published data on MnO2 and its carbon based composites. 

Electrode Electrolyte Potential 

window/ V 
Scan rate / 

mV.s
-1

  
current density Mass specific 

capacitance/ (F.g
-1

) 
Reference  
Electrode 

Reference 

MnO2 6M KOH -0.8  –  0.8 - 2 A.g-1 460 SCE (118) 

MnO2 1M Na2SO4 0 – 0.9 50 - 322 SCE (119) 

CNT/MnO2 1M LiClO4 /PC 1.5 – 4.0 10 - 491 Li foil (120) 

Mn/C 1M KCl  10 - 271 SCE (121) 

γ-MnO2 0.5M Na2SO4 0.0 – 1.0 5 - 344 SHE (122) 

MnO2 2M (NH4)2SO4 -0.2 – 0.8 5 - 310 SCE (123) 

MnO2/C 1M Na2SO4 -0.8 – 0.8 10 - 410 SCE (124) 

MWCNT/MnO2 1M (NH4)2SO4 0.0 1.0 - 2mA.cm-2 298 SCE (125) 

MnO2 0.1M K2SO4 -0.05 – 0.85 2 - 112 Ag/AgCl (110) 

MnO2/PPy 0.1M Na2SO4 -0.5 – 0.5 5 - 620 SCE (126) 

MWCNT/MnO2 0.5M H2SO4 –
0.5M Na2SO4 

-0.1 – 1.0 - 2.5mA.cm-2 384 SCE (127) 

ε-MnO2 1M Na2SO4 0.0 – 1.0 20 - 320 Ag/AgCl (128) 

MnO2/CNT 1M Na2SO4 0.0 –1.0 - 1mA.cm-2 586 SCE (129) 

α-MnO2 1M NaSO4 0.0 – 0.8 5 - 220 Ag/AgCl (130) 

MnO2 1M LiOH 0.0 1.0 - 10A.g-1 200 Hg/HgO (131) 

CP-CNT-MnO2 0.65M K2SO4 -0.3 – 0.7        1         -           322 Hg/HgSO4     (132) 
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2.5 Macrocyclic compounds 

Metalloporphyrins (MPo), metallophthalocyanines (MPc) and metalloporphyrazines 

(MPz) (Figure 2.13) are tetrapyrrollic macrocyclic systems with a metal central atom. 

The macrocycles differ with respect to the atoms on the meso positions (133). 

Though metalloporphyrazine and metallophthalocyanine have the same atoms on 

the meso positions, they differ with regard to the presence of a benzene ring (134). 

Macrocycles are of potential interest for a variety of applications such as 

photodynamic therapy (PDT) (135) and catalysis (136). Porphyrazines are 

tetraazaporphyrins where the meso carbon atoms of the porphyrinic macrocycles 

are replaced with nitrogen atoms. Porphyrazines absorb stronger in the Q band 

region and have broad soret bands between 300 nm and 400 nm due to π-π* and n-

π* transitions (137, 138). MPz have a higher electronegativity than MPc due to the 

aza bridge that contains nitrogen atoms (139). The presence of the aza bridges make 

porphyrazines (Pzs) strong σ donors, much stronger than porphyrins.  

The  synthetic method by Linstead and Fisher (the cyclocondensation(140) of 

fumaronitrile or maleonitrile) is still the preferred method of porphyrazine synthesis. 

Pzs can also be synthesised by reductive deselenation of TSePyMg with H2S followed 

by ring closure (141). The porphyrazine macrocycle may be annulated with 

heterocyclic rings containing different heteroatoms (N, S, Se.) (142). The 

incorporation of the heterocyclic rings makes the porphyrazine macrocycle to be 

electron deficient (143). The electrochemical and optical properties depend on the 

metal centre on the macrocycle as well as the peripheral modification of the Pzs 
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substituted on the β positions with either the heteroatoms or with six or seven 

membered rings (144).  Tuncer et al (145)  have reported that Pz complexes show 

well defined redox couples ascribed to metal and ring-based processes. 

Porphyrazines have been investigated for photodynamic therapy (146), metal ion 

and gas sensing (147), optical data recording systems, electrochromic displays, and 

magnetic (148), electronic and conductive materials for nanotechnology (141, 149-

151). 

 

Figure 2.13: Macrocycles of (a and d) phthalocyanine,  (b and e) porphyrazine  and (c 

and f) Porphyrins (152). 
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2.5.1 Metallopyrazino porphyrazine 

Metallotetrapyrazinoporphyrazines (MTPyzPzs) as shown in Figure 2.14 are aza-

analogues of well-known phthalocyanine (Pc) macrocycles (153). They are 

symmetrical tetrapyrrollic macrocycles with a six membered heterocyclic ring. 

Kobayashi et al (154) found that the energy level of 1b1u(π*) orbital of  H2TPyzPz is 

lower than that of phthalocyanines.  Kobayashi et al (154) also reported that 

protonation occurs on the nitrogen atoms of a pyrazine ring in CoTPyzPz and 

FeTPyzPz in concentrated H2SO4. Petrik et al (155) reported that in acidic medium, 

TPyzPz can exhibit various protonated forms depending on the strength of the acid. 

Villano et al(142) have shown that properties of TPyzPz are significantly influenced 

by the presence of the external N atoms. The π- delocalization on MTPyzPz enhances 

the possibility π-π interactions. 

 

Figure 2.14: Ball and stick model of metallopyrazinoporphyrazine 
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Linstead macrocyclization of  cyclic maleonitriles is the preferred method of 

synthesising MTPyzPz (156). The synthetic scheme of MTPyzPz is shown in Scheme 1. 
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Scheme 1: Synthetic method of metallopyrazinoporphyrazine (156). 

 

2.6 Electrochemistry of Supercapacitors 

Electrochemistry is the study of what happens at the electrode-electrolyte interface 

and the processes involved at the interface of  phases that conduct ions or conducts 

charges (157). Electrochemistry interrogates the interrelationship between chemical 

changes and electrical phenomena. Electrochemistry is applied in natural and life 

sciences (24). Electrochemistry has been utilized a lot in energy generation and 

storage concepts since the discovery of the Volta pile by Alessandro Volta.  The 

measurement of potential, current and time in electrochemical systems provides 

valuable information on what happens at the interface of the electrode (phase that 

involves the conduction of charges) and the electrolyte (phase that involves the 

conduction of ions) (25). Electrochemistry has been widely used in the area of 

Batteries and supercapacitors. Electroanalytical tools (158) used in electrochemistry 
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are cyclic voltammetry (CV), differential pulse voltammetry (DPV), linear sweep 

voltammetry (LSV), square wave voltammetry (SWV), chronoamperometry (CA), 

chronopotentiometry (CP) and chronocoulometry (CC). The work described in this 

dissertation involves the usage of cyclic voltammetry and chrono potentiometry 

(galvanostatic) which is also called galvanostatic charge-discharge.  

 

2.6.1 Cyclic Voltammetry 

Cyclic voltammetry is an electroanalytical technique that is used to provide 

qualitative information about electrochemical processes that happen at the 

electrode-electrolyte interface (24, 159). This method among others is used for the 

quick screening of materials to identify their potential as electrode material for 

energy storage (25). The relationship between the measured current and the applied 

potential describe the nature of the process that happens at the interface of the 

electrode and the electrolyte. In supercapacitors, this method is hugely valuable as it 

outlines how the current is dependent on voltage. From the acquired 

measurements, a reaction or process can be described as faradaic or non-faradaic.  

To acquire data, a potentiostat connected to three-electrode system (Figure 2.15) or 

two-electrode system (Figure 2.16) is used. A three-electrode system consists of a 

working electrode (WE), counter electrode (CE) and reference electrode (RE). The 

working electrode is an electrode made of inert materials on which the 

electrochemical reaction to be studied occurs. Working electrodes are usually made 

from gold, platinum and carbon materials. Reference electrode is an electrode which 
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has stable and known electrode potential and is usually used as a point of reference 

in the determination of the potential of a WE. RE such as silver/silver chloride and 

saturated calomel electrode are commonly used in a three electrode system. 

Counter electrode is an electrode that completes an electrochemical circuit cell and 

is usually made of inert materials such as platinum, gold and glassy carbon.   

 

 

Figure 2.15: Schematic diagram of the three electrode system connected to an 

electrochemical analyser. 

 

 

Figure 2.16: Schematic diagram of the two-electrode system connected to an 

electrochemical analyser. 
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A counter electrode with a higher surface area to WE is usually used to make it non-

contributory to the kinetics of electrochemical processes in a cell.  

Typical cyclic voltammograms of electrochemical double layer and 

pseudocapacitive behaviour of electrode are shown in Figure 2.17. The cyclic 

voltammograms of the ideal electric double layer capacitance are rectangular in 

shape (25, 160). This outlines that the charge storage is purely  double layer 

capacitance which is due to non-faradaic processes (28). One prominent observation 

from this kind of behaviour is that applied current is independent of applied voltage 

(25). The reverse scan of an ideal electric double layer material is a mirror image of 

the forward scan. 

A parallelogram shape as shown in Figure 2.17 indicates that there is resistance 

to the transfer of charges between an electrode and the electrolyte.  Electrode 

materials that exhibit faradaic processes give cyclic voltammogram that deviate from 

a rectangular shape. The charge accumulated on the capacitor is dependent on the 

applied potential. For pseudocapacitors, the cyclic voltammograms have redox peaks 

that show the involvement of faradaic reactions (161). 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 (25). From the cyclic voltammograms, one can then distinguish which 

storage mechanism is utilized by a particular electrode material. The electron 

transfer processes can be labelled reversible, irreversible or quasi-reversible and 

Table 2.3 gives summary of the diagnostic criteria for evaluating these processes. 
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Figure 2.17: Typical cyclic voltammograms of different capacitive electrodes (162). 

 

Specific capacitance can be calculated from the cyclic voltammograms using the 

Equation 2.13 (163): 

(2.13) 

where i is the current (A),  is the scan rate (V.s-1) and m is the mass of active 

electrode (g). 
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Table 2.3: The diagnostic criteria for the reversible, irreversible and 

quasi-reversible cyclic voltammetric processes (25, 28, 164, 165). 

Parameter Cyclic Voltammetry Process 

 Reversible Irreversible Quasi-reversible 

Ep Independent of  Shifts cathodically by 

30/αn mV for a 10-

fold increase in V 

Shifts with  

Epc-Epa ~59/n mV at 25°C    

∆E independent of  

but slightly increase 

with  due to 

solution increase 

 Not applicable >   ∆E increases as 

 increases 

 

 

Constant (linear plot) Constant Virtually independent of  

(non-linear plot) 

 

Equals 1  No current on the 

reverse side 

Equals 1 only for α = 0.5 

 

2.6.2 Chronopotentiometry (Galvanostatic charge-discharge) 

Chronopotentiometry is an electroanalytical technique that measures the potential 

of the working electrode against a reference electrode as a function of time at a 
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constant current during electrode polarization (166). This technique was used 

extensively in applications ranging from analysis to measurement of kinetics, 

adsorption, and transport properties (166). Chronopotentiometry is classified into 

four controlled current techniques depending on the excitation criteria namely 

(163): constant current, linearly increasing current, current reversal and cyclic 

chronopotentiometry.  

Figure 2.18(a) shows typical discharge profiles of a battery, an ideal capacitor and 

EC. These devices exhibit different discharge profiles when current is applied. 

Battery takes the longest to discharge while an ideal capacitor discharges very fast. 

Figure 2.18(b), curve ii shows charge-discharge (c-d) profiles of an ideal 

supercapacitor which are a mirror image of each other. Figure 2.18(a) illustrates that 

the relationship between potential and time for the EDLC capacitor is linear. For 

pseudocapacitors,  the relationship between measured voltage and time is non-

linear (25), and the charge-discharge curves are not mirror images of each other. The 

charge-discharge curves of pseudocapacitive material have at least one hump to 

depict the redox activity of the material as shown by curve i in Figure 2.18(b). Curve 

iii in Figure 2.18(b) shows an ohmic potential (IR) drop that depicts the 

uncompensated resistance due to either an electrolyte or electrode.  

Varying the current density gives information about the ability of the electrode 

material to retain capacitance and its power performance. The power of the 

electrode material will be considerably increased when charge-discharge 

measurements are done at higher current density and the electrode is stable. The 
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following equation is used to calculate gravimetric specific capacitance (Cs) (162, 

163)  in three electrode system. 

- (2.14) 

where, i  is the discharge current (A), ∆t is the discharge time (s), m is the active 

mass of the electrode (g) and  ∆E is the potential difference (V). 

 

Figure 2.18: (a) Typical charge-discharge curves of a (i) battery, (ii) EC and  (iii) 

Capacitor (b) typical (i) pseudocapacitive, (ii) EDLC and (iii) EDLC with iR drop charge-

discharge curves (25). 

 

Specific capacitance can also be expressed in terms of volume with units F.cm-3 using 

the following equation:  

                                (2.15) 

where, i, ∆t, ∆E are as outlined above and V is the volume of the electrode (cm3). 
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Specific capacitance can also be expressed per unit area of the electrode material by 

the equation: 

                                            (2.16) 

where, A is a unit area of the electrode material (cm2). 

The columbic efficiency “η” is a measure of the efficiency with which charge is 

transferred in a system facilitating an electrochemical reaction. The energy 

deliverable efficiency is calculated by the equation(16):    

                              (2.17) 

where td is the discharge time and tc is the charging time. 

One important aspect of supercapacitors is that they must have longer cycle life.  

The stability of the supercapacitors must be in the order of thousands of cycles. For a 

two-electrode system gravimetric capacitance is calculated by the equation (167-

169):  

(2.18) 

where -dv/dt is the slope of the discharge curve, whereas m is the total mass of 

active material in a positive and negative electrode. Kӧtz and Carlen (32) reported 

that the total capacitance of a three electrode system is four times the total 

capacitance of a two electrode system. 
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2.6.3 Electrochemical Impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is one of the analytical tools 

frequently used to analyse the dynamic behaviour of supercapacitors.  EIS has been 

used in understanding electrochemical systems (149), including those involved in 

corrosion, electrodeposition (170, 171),  batteries (172) and fuel cells (129). 

Impedance is measured by applying a small sinusoidal AC voltage (between 2V and 

10 V) and measuring a sinusoidal current response (173). The impedance of a system 

can be measured using various techniques (27): 

� Ac bridges 

� Lissajous curves 

� Phase sensitive detection 

� Fast Fourier transform 

� Frequency response analysis. 

For frequency response modulation the in-phase current response gives the real 

(resistive) component of the impedance while the out-of-phase current response 

gives the imaginary (capacitive) component (164). When AC voltage (V) is applied to 

a capacitor C (Figure 2.19), instantaneous charge (q) on the capacitor will be given by 

the formula (164): 

                (2.19) 

The corresponding charging current will be  

             (2.20) 
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where t is time, ω is the angular frequency, and I is the charging current. The 

impedance behaviour of a fast charge transfer reaction under diffusion control at a 

planar electrode is shown on the Complex impedance plane (Figure 2.20). Rs is the 

solution resistance that exists between the working electrode surface and reference 

electrode. Rf or Rct is charge transfer resistance. The diffusional process happening in 

the reaction is represented by Warburg impedance element ω. ESR is the equivalent 

series resistance, and it comprises of solution resistance, resistance within 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°. 

 

Figure 2.19:(a) Two graphs showing a current response curve from an applied 

sinusoidal voltage curve. (b) Vector representation of real and imaginary impedance 

(24).  
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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 while at low frequency is 

nearly parallel to the imaginary axis of the complex plane impedance plot. Randles 

equivalent circuit of a simple charge transfer reaction which involves diffusion is 

presented in Figure 2.21. 

 

 

Figure 2.20: Complex-plane impedance (Nyquist) plot of diffusion controlled faradaic 

process and complex plane of ideal and EDLC (25, 129, 164). 

 

 

Figure 2.21: Randles equivalent circuit of fast charge transfer reaction that involves 

diffusion (129). 
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The impedance plot can be divided into two or more regions in relation to 

frequency. We have high and low frequency and the area where these two meet is 

called knee frequency.   

From the Randles circuit the impedance of the capacitance is given by the following 

equation (174): 

                                            (2.21) 

where, i = - , ω is the angular frequency and C is the capacitance 

Impedance of the CPE can be expressed by (174): 

                                                (2.22) 

where, TCPE is the capacitance when  αCPE = 1 and αCPE is the constant phase 

exponent   (0≤ αCPE ≤1. When αCPE = 0, CPE becomes a resistor. 

At low frequency the maximum specific capacitance is given by the equation (115): 

                              (2.23) 

where, Z” is the imaginary part of the impedance, f the frequency and C is the 

capacitance. 

Data from impedance can be presented in several ways to show the relationship 

between frequency and impedance.  Amongst the methods of data presentation we 
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have Nyquist and bode plots. Nyquist plot (Figure 2.20) is the complex-plane 

impedance and admittance plot. 

In bode plot (Figure 2.22), when the phase angle is ±90, the phenomenon depicts 

an ideal capacitor. When φ = 0 then the material becomes a pure resistor. 

  

 

Figure 2.22: Typical Bode plot of an electrode. 

 

2.7 Microscopic, spectroscopic and thermal techniques of electrode  materials 

Several techniques have been utilized to acquire physicochemical properties of the 

electrode materials. The properties of the electrode surface are very significant since 

they affect what happens at the electrode-electrolyte interface. Material surface 

composition can be correlated to the electronic structure and electrocatalytic 

activity of the material (175, 176). Some of the microscopic and spectroscopic 

techniques used in this study are scanning electron microscope (SEM), Fourier 
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transform infrared spectroscopy (FT-IR), ultra-violet absorption spectroscopy UV-Vis,  

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

(PXRD) and thermogravimetry(TG). The abovementioned techniques are briefly 

explained below. 

 

2.7.1 Scanning electron microscopy. 

SEM is one of the powerful characterisation tools used in nano materials research 

today. SEM is an imaging technique that uses backscattered and/or secondary 

electrons from the interaction of electron beam and specimen surface (Figure 2.23) 

to determine surface characteristics (morphology and topography features) and 

chemical composition of the specimen (177, 178).  

 

 

Figure 2.23: Schematic representation of the types of emissions from the interaction 

of the electron beam and specimen surface (178). 
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The interaction of emitted characteristic X-rays and from the electron beam’s 

interaction with the specimen surface is used to identify material chemical 

composition.  SEM micrographs can depict material characteristics like 

entanglement, porosity, vertically alignment and agglomeration of nanocarbons and 

the other electrode materials. 

 

2.7.2 Energy dispersive X-ray spectroscopy 

Energy dispersive X-ray spectroscopy (EDX), sometimes referred to as EDS or EDAX is 

an analytical tool used to determine elemental composition in material specimen. A 

characteristic photon radiation is produced after an inelastic scattering of beam 

electrons when an outer shell electron occupies   an inner core shell vacancy left by 

the ejection of the inner shell electron (Figure 2.24) (178).  

 

Figure 2.24: Schematic representation of the photon X-ray emission process (178). 
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The emitted photon X-ray radiation depends on the kind of atom involved (177). 

Each element exhibit a characteristic radiation peaks. Thus EDX is a valuable tool for 

elemental composition determination. A spectrum with elemental peaks is 

generated from the EDX data acquired. This technique is mostly used as attachments 

to SEM and TEM instrumentation. 

 

2.7.3 Infrared Spectroscopy. 

Infra-red spectroscopy is a qualitative analytical tool used for organic and inorganic 

compounds identification.  An infra-red spectrum is obtained when an infra-red 

radiation of a continuous wavelength pass through a sample is absorbed by the 

vibrating molecules at a specific wavelength giving rise to an absorption peak at the 

same wavelength (179). The various molecular vibrations in a sample produce 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 (158). Spectral data acquisition is in the order of seconds. This method 

has been used in the confirmation of the carbon nanotube functionalization (180-

182). Again the functional groups in porphyrazine molecules have been confirmed by 

this technique (143, 153). 

 

2.7.4 Powder X-ray diffraction spectroscopy 

Powder X-ray diffraction is a technique mostly used to characterize crystalline 

powder materials. This technique is also useful for unit cell dimensions, sample 
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purity and crystallinity determination (177-179). This technique is derived from 

Bragg’s law (179) where diffraction occurs when a condition for a constructive 

interference (from incident beams) from planes with spacing d is satisfied. XRD data 

is recorded as a plot of x-ray intensity versus a diffraction angle, 2θ. This technique 

has been widely used to determine whether the energy materials used for 

supercapacitors are amorphous or crystalline (64, 183). 

2.7.5 Thermogravimetry 

Thermogravimetry is a method used for the determination of the material thermal’s 

stability and composition. In TG changes to a known amount of a material weight is 

recorded as a function of temperature or time under inert or reactive atmosphere. 

This technique has been used to determine the quality of the MWCNTs. Mirershadi 

et al found that the acid treatment of the MWCNTs enhances their thermal stability 

(184). 

 

2.7.6 Other Characterisation techniques 

UV-Vis technique was used to determine the molecular electronic transitions in 

materials such as porphyrazine. It has been observed that the splitting of the Q band 

in porphyrazine is associated with molecular symmetry.(142, 153) 
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3.1 Materials and Reagents 

All the reagents were used without further purification unless otherwise stated. 

Ultra-pure water (deionised) of resistivity 18.2 MΩ.cm obtained from Milli Q water 

system (Millipore Corp., Bedford, MA, USA) was used for all experiments. Ultra-pure 

N2 gas (99.998%, Afrox) was used for purging the electrolytes before electrochemical 

analysis. The porphyrazine complexes (CoTPyzPz and FeTPyzPz) were donated by 

Prof. Nagao Kobayashi (Tohoku University, Japan). Graphene Oxide was donated by 

Prof. Shaowei Chen (University of California, USA). All reagents used, their purity and 

suppliers are tabulated in table 3.1. 

 

3.2 Synthesis 

3.2.1. Synthesis of manganese dioxide 

Manganese dioxide nanoparticles were synthesised from slight modification of the 

method used by Ragupathy et al (1). 1.00 ml of aniline was added dropwise to a 

vigorously stirred solution of 0.100 M KMnO4 over the period of 20 min, and a 

brownish black precipitate was formed. The brownish black precipitate was ultra-

centrifuged and washed numerously with deionised water until neutral. The 

obtained precipitate was finally rinsed with acetone. A shiny crystalline brownish 

black powder (1.616 g) was obtained after vacuum drying overnight.  
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Table 3.1: List of reagents and chemical suppliers used. 

Reagent Supplier 

Potassium permanganate, KMnO4 ( 99.0%, univAR) Saarchem 

Aniline, C6H7N (99.5%, ACS reagent) Sigma-Aldrich 

Acetone, C2H4O2,  (99.5%, univAR) Saarchem 

MWCNT (95%, ℓ = 5-10μm, diameter = 15±5 nm  Nanolab Inc. 

Nitric Acid, HNO3 (65%,Analar) BDH chemicals 

Sulphuric Acid, H2SO4(98%, univAR) Merck 

Hydrogen peroxide, H2O2 (30%, univAR) Saarchem 

N,N-Dimethylformamide, C3H7NO (99.8%, ACS, distilled) Sigma-Aldrich 

N,N-Dimethylformamide, C3H7NO (99.8%, Uvasol, spectroscopy grade) Merck 

Sodium sulphate anhydrous, Na2SO4  (99.0%, univAR) Saarchem 

Sodium Nitrite, NaNO2(99.0%, GR) Merck 

1,4-Benzenediamine dihydrochloride, C6H4(NH2)2.2HCl (99%, AT) 

Polyvinylidene fluoride ( Average mw∼∼∼∼534 000) 

Carbon Black (EQ-LiB-super) E(EC45 

Aldrich 

Sigma-Aldrich 

MTI 
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3.2.2. Synthesis of MWCNT(x%)-MnO2 

MWCNT(15%)-MnO2 was synthesised by adapting the established method (1, 2). 

Approximately 0.0474 g acid functionalized MWCNT was added to 20 ml of 0.100 M 

KMnO4 solution, followed by a dropwise addition of approximately 0.15 ml aniline 

while stirring (for 20 min). The resultant brownish black mixture was stirred for an 

additional 30 min. Thereafter the brownish black solution was sonicated for 30 min 

and a black powder was collected after filtration. The obtained precipitate was 

washed several times with copious amount of deionised water until pH 7. After 

washing with acetone, a black shiny crystalline powder was obtained. The black 

crystalline was vacuum oven dried (30 °C, 0.54 mBar) overnight. Yield = 0.256 g 

The above procedure was repeated with approximately 0.0948 g of acid 

functionalised MWCNT to give 0.226 g of MWCNT(30%)-MnO2 powder. 

 

3.3 Functionalization of MWCNT 

 

3.3.1. Acid functionalization 

The acid functionalization (Figure 3.1) was done according to the established method 

by Liu and co-workers.(3) A mixture of MWCNT (0.501 g) and 250 ml of 

approximately 2.6 M HNO3 was refluxed for 48 h. The mixture was filtered with 0.45 

μm polycarbonate filter paper. The Black precipitate was washed and thereafter 

dispersed in a piranha mixture H2SO4:H2O2 (4:1) and sonicated for 24 h. The reaction 

was quenched with deionised water and centrifuged until the pH of the filtrate was 

neutral. The black powder was vacuum dried (0.54 mBar, 30 °C). Yield of 64 % was 
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obtained. FTIR (KBr) Vmax(cm-1): 3437 (O-H str.), 2917 (C-H symm. str.), 2849 (C-H 

antisymm. str.) and 1627 (COO-bend). 

 

Figure 3.1: Acid functionalization of MWCNT. 

 

3.3.2. Phenylamine functionalization 

Functionalization of MWCNT with phenylamine (Figure 3.2) was done by following  

the method of one step process synthesis developed by Ellison and co-workers (4) 

for SWCNTs. Approximately 0.052 ml of concentrated H2SO4 was added dropwise to 

a stirred mixture of purified MWCNT (0.0604 g), NaNO2 (0.3308 g) and 

C6H4(NH2)2·2HCl (0.1197 g).  To the mixture, 4.0 ml of DMF was added, and the 

mixture was heated for I hour at 55 °C. A black solid precipitate was obtained after 

filtration. The obtained precipitate was dispersed and sonicated in DMF several 

times until pH 7. Approximately 0.267 g of black solid powder was obtained after 

drying overnight at 60 °C.  
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Figure 3.2: Functionalization of MWCNT with phenylamine. 

 

3.4 Composite formation 

3.4.1. Formation of CoTPyzPz composites 

MWCNT-CoTPyzPz composite was prepared by grinding equal amounts of MWCNTaf 

and CoTPyzPz (1:1 mass ratio) using an agate mortar and pestle for 20 min until an 

even blend of the solids was obtained. The resultant composite was dissolved in 2 ml 

DMF at a ratio of 1:1 (mass: volume ratio). The mixture was sonicated for one hour 

using ultrasonic bath at room temperature. A green MWCNTaf-CoTPyzPz solution 

was obtained after sonication. The above procedure was also used to prepare 

MWCNTPhNH2 -CoTPyzPz. 

 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 
 

 

89 
 

3.4.2. Formation of FeTPyzPz composites 

MWCNTaf-FeTPyzPz composites were prepared by grinding equal amounts of 

MWCNTaf and FeTPyzPz (1:1 mass ratio) using an agate mortar and pestle for 20 

minutes until an even blend of the solids was obtained. The resultant composite was 

dissolved in approximately 2ml DMF at a ratio of 1:1 (mass: volume ratio). A brown 

uniform MWCNTaf-FeTPyzPz solution was obtained after sonication. The above 

procedure was also used to prepare MWCNTPhNH2-FeTPyzPz. 

 

3.4.3. Formation of GO/CoTPyzPz 

The GO-CoTPyzPz hybrid was obtained by milling an equal amount of CoTPyzPz and 

GO (1:1 mass ratio), dissolved in DMF, ultra-sonicated for 30 min and finally dried. 

The same procedure was used for MWCNTaf-CoTPyzPz, MWCNTPhNH2-CoTPyzPz, 

MWCNTaf-FeTPyzPz and MWCNTPhNH2-FeTPyzPz composites used in the two-

electrode system. 

 

3.5 Electrode modification 

Before electrochemical measurements were done, electrodes were either modified 

or made as outlined below. 

 

3.5.1.  Electrode pre-treatment 

BPPGE was first cleaned in accordance to the method reported by Compton’s group. 

First, BPPGE was gentle polished on a p1200C Norton carborundum paper, followed 

by peeling the electrode layers with sellotape to expose a new layer of the electrode. 
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Finally, the electrode was rinsed in acetone to remove any adhesives and impurities. 

Prior to use, the nickel foam (current collector) was cleaned in a 1 M HCl solution, 

washed with a copious amount of de-ionized water, and dried under vacuum. 

 

3.5.2.  Electrode modification with MWCNTaf 

Basal plane pyrolytic graphite (BPPG) disc encased in Teflon, with copper as current 

collector was used as a bare electrode. The drop dry method was utilized in 

electrode modification. Approximately 20 μL of sonicated MWCNTaf solution was 

dropped on bare BPPGE, and the electrode was oven dried at 50 °C for 10 min 

(Figure 3.3).  

 

 

Figure 3.3: Schematic representation of BPPG electrode modification using drop dry 

method. 
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Mass of the active material on the electrode was assumed to be 20 µg. The above 

procedure was used in modifying the electrode with the following materials MnO2, 

MWCNT(15%)-MnO2, MWCNT(30%)-MnO2, CoTPyzPz, FeTPyzPz, MWCNTaf-

CoTPyzPz, MWCNTPhNh2-CoTPyzPz, MWCNTaf-FeTPyzPz and MWCNTPhNh2-

FeTPyzPz. These modified electrodes were used in the three-electrode system.  

 

3.5.3. Positive electrode preparation 

For the two electrode system, the following procedure was used to make a positive 

electrode (cathode). The positive electrode (MWCNTs-CoTPyzPz hybrid) was 

prepared by mixing CoTPyzPz, MWCNTs, carbon black (CB) and polyvinylidene 

fluoride (PVDf) in a mass ratio of 4:4:1:1 using a pestle and mortar and dispersing in 

a few drops of anhydrous N-methyl-2-pyrrolidone 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 (201 cm2) with a spatula. 

The electrode was then dried at 80 ºC for 8 h in a vacuum oven, and pressed to a 

thickness of about 0.5 mm. The same procedure was used to prepare GO-CoTPyzPz 

positive electrode. (mass of active materials in the electrodes are tabled in the 

appendix) 

 

3.5.4. Negative electrode preparation 

The negative electrode or an anode (CB-MWCNTs) was prepared by mixing carbon 

black (CB), MWCNTs and polyvinylidene fluoride (PVDf) in a mass ratio of 8:1:1 using 

a pestle and mortar and dispersing in a few drops of anhydrous N-methyl-2-

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 
 

 

92 
 

pyrrolidone to produce a homogeneous paste. PVDF served as the conductive agent 

and binder, respectively. The resulting slurry was coated onto the 15mm diameter 

nickel foam substrate (201 cm2) with a spatula. The electrode was then dried at 80 ºC 

for 8 h in a vacuum oven, and pressed to a thickness of  0.5 mm. CB-GO was 

prepared by using the same procedure for making CB-MWCNTs negative electrode. 

 

3.6 Asymmetric cell preparation 

An asymmetric cell was assembled in a coin cell (Figure 3.4). An anode and a cathode 

were separately immersed in an electrolyte for 24 h.  Firstly, the cathode was placed 

in a bottom coin cell casing facing upward, then a 16mm diameter separator disk 

made from Whatman no 1 filter paper was placed on top of the cathode.  

 

Figure 3.4: Schematic representation of coin cell fabrication. 
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An electrolyte was poured on top of the separator to ensure sufficient wetting of the 

separator. An anode was placed on top of the separator facing downwards. A coin 

cell spring was placed on top of the anode before closing the coin cell with a top 

casing.  1.0 M Na2SO4 aqueous electrolyte was poured into the casing before they 

were sealed. 

 

3.7 Equipment and characterization 

Thermogravimetric analysis (TGA) data of the composite materials were collected on 

a Mettler Telodo 851e instrument. Approximately 10 ± 2 mg of a sample was placed 

in an open 70 μL alumina pan. The samples were heated from room temperature to 

1000 °C at a heating rate of 10 °C min-1. Data was collected in air at a flow rate of 50 

ml min-1.  

Fourier transform infrared spectroscopy (FTIR) data were collected using a Perkin 

Elmer spectrum RX I FTIR spectrometer with pure anhydrous potassium bromide 

(KBr) as the background. Sample pellets were prepared from a mixture of active 

material and KBr (1% of material in KBr). Background corrected spectra were 

recorded at room temperature in the wavenumber region 4000-400 cm-1 at a 

resolution of 2 cm-1. 

The UV–visible spectra were recorded using a Cary 300 UV–Visible 

Spectrophotometer, utilising Varian software (version 3.0). A spectrophotometer 

DMF grade solvent was used to prepare solutions for UV analysis.  

Ultrahigh resolution field emission scanning electron microscope (FESEM) images 

were captured using JEOL JSM 6000 F Japan at an accelerating voltage of 2 KeV. 
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Samples for FESEM morphological analysis were prepared by drop drying samples on 

an aluminium plate thereafter the plate was coated with carbon twice using Polaron 

h/v coater 

Scanning electron microscope (SEM) images and Energy dispersive x- ray 

spectroscopy (EDX) analysis were captured on JEOL 5800 LV at an accelerating 

voltage of 5 KeV and   20 KeV respectively. Samples for SEM analysis were prepared 

as follows: A small amount of the sample was placed on a carbon sticky tape. Excess 

powder was removed by blasting with air. The samples were gold plated twice with 

SEM auto coating unit, E2500 Polaron LTD sputter. Transmission electron microscopy 

(TEM) imaging analysis were carried out using JEOL JEM-2100 

Powder X-ray diffraction patterns (XRD) analyses were recorded using PANlytical 

X-pert pro diffractometer with variable divergence and receiving slits and X’celerator 

detector using Fe filtered Co-Kα radiation operating with X’pert high score plus 

software with powder samples  

Basal plane pyrolytic graphite electrode (BPPGE) fabricated in-house from BPPG 

plate was used as a working electrode for electrochemical studies in this project. A 

5.0 mm diameter disk of BPPG was connected to a copper wire and held in place 

with conducting silver vanish. Teflon was used as the casing for the fabricated 

electrode.  

All electrochemical experiments were performed with Autolab potentiostat 

PGSTAT 20 (Eco Chemie, Utrecht, Netherlands) controlled by General Purpose 

Electrochemical Systems data processing software (GPES, version 4.9) using a 
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conventional three-electrode system. Ag/AgCl (sat’d KCl) and platinum rod were 

used as a reference and counter electrode respectively. The same equipment was 

used for two electrode system measurements. 

Electrochemical impedance spectroscopy (EIS) measurements were performed 

with an Autolab Potentiostat PGSTAT instrument using Frequency Response Analyser 

software. Measurements were taken between 10 mHz and 100 kHz, while some 

between 10 mHz and 10 kHz using a 5 mV rms sinusoidal modulation. 
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CHAPTER 4 

 

MULTI-WALLED CARBON NANOTUBES MODIFIED 

WITH MANGANESE DIOXIDE NANOPARTICLES 
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4.1. Surface characterisation MWCNT-MnO2 

Surface characterisation of electrode materials is of great importance since 

capacitance is affected by physical attributes of materials like crystallinity.  

Thermogravimetry is a tool that can be used to estimate adsorbed water, predict 

stability, and confirm the stoichiometry of a compound as well as to study 

decomposition reactions. Figure 4.1 (a) and (b) shows the TG and DTG curves of 

MnO2, MWCNT and MWCNTs-MnO2 composites measured in air. The total mass loss 

of the electrode materials are as follows: 

     MWCNT(30%)-MnO2 (57%) > MWCNT(15%)-MnO2 (35%) > MnO2 (22%) >              

MWCNTaf (15%) 

Thermogravimetric curves show that MWCNTs has better thermal stability 

compared to the MnO2. From DTG curves, four major weight losses can be observed 

for the composites while three could be observed for MnO2. The incorporation of 

MWCNTs with MnO2 to form a composite enhanced the thermal stability of MnO2. A 

significant mass loss of about 14 % between 0 °C and 400 C was associated with the 

liberation of water by both the composites and pure MnO2. This indicates that both 

MnO2 and its MWCNTs composites are hydrated. The amorphous nature of the 

materials is also confirmed by SEM micrographs. The loss of water crystallization 

from the synthesized materials is essential for the movement of charges and 

contributes to the increase in capacitance (1). A sharp peak between 400 °C and 500 

°C is associated with the loss of oxygen atoms from octahedral framework as Mn4+ 

turns to Mn3+. A sharp peak at 885°C for MWCNT(15%)-MnO2, MWCNT(30%)-MnO2 

and MnO2 is  attributed to the phase change of MnO2 to Mn3O4 (2) due to the 
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release of O2 during the conversion. From the graphs in Figure 4.1, it is evident that 

there is a phase transition from MnO2 to Mn2O3 since there is a small peak at around 

600°C.(1, 3)  

 

Figure 4.1: Thermogravimetric analyses (a) and derivative thermogravimetric 

analyses (b) curves of MnO2, MWCNTaf, MWCNT(15%)-MnO2and MWCNT(30%)-

MnO2 composite 
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X-ray diffraction (XRD) patterns of synthesised MWCNT(15%)-MnO2 and 

MWCNT(30%)-MnO2 are shown in Figure 4.2. The synthesized MnO2 and composites 

are poorly crystalline and thus are presumed to be amorphous since no distinctive 

peaks can be observed. Additionally, the peaks feature a broad background which is 

an indication of the amorphous nature of these MnO2 and its composites.   

The XRD pattern of the acid functionalised MWCNT shows peaks at 2Ѳ = 30°, 51° 

and 63°. The latter peak is characteristic of metal impurities in MWCNT (3-5). 

 

Figure 4.2: XRD pattern of MWCNT(15%)MnO2,  MWCNT(30%)MnO2 and  MWCNT 

 

The FTIR spectra of MnO2, acid functionalized MWCNT and MWCNT(30%)-MnO2 

were measured in the range 400 cm-1 – 4000 cm-1 using KBr. The broad absorption 

band at approximately 3482 cm-1 appears in all spectra as shown in Figure 4.3. This 

band is attributable to the hydroxyl stretching frequency. This confirms that the 
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materials are hydrated as seen from TG curves. Carboxylation of MWCNT is 

confirmed by the carbonyl stretching frequency at 1648 cm-1. Peak at around 600 

cm-1 is attributable to Mn-O stretching frequency in MnO6 octahedra. The peak at 

around 1654 cm-1 is due to C=C stretch from the CNTs and appears in all the spectra. 

This confirms that the composite consists of MnO2 and functionalised MWCNT.      

 

Figure 4.3: The FTIR spectra of (i) MWCNTaf, (ii) MnO2 and (iii) MWCNT (30%)-MnO2 

 

The morphology of the electrode material is depicted in Figure 4.4. The images 

show that there is an agglomeration of the MnO2 particles. This agglomeration was 

previously been reported (3) and it is caused by particle-particle collisions. There is 

no particular particle shape observable for MnO2 and the composites. Ragupathy et 

al (1) reported an amorphous MnO2 that exhibited highly clustered granules.  

The EDX plots confirm the elemental composition of the synthesised materials. 

From the plots it is evident by the peak intensities that the carbon content in the 
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composites is not the same. It is also evident that the synthesised material contains 

the K atom.  

 

Figure 4.4: SEM images and EDX plots of (i) MnO2, (ii) MWCNT(30%)-MnO2 and (iii) 

MWCNT(15%)-MnO2. 
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4.2. Electrochemical properties 

4.2.1. Cyclic voltammetric experiments 

Figure 4.5 shows cyclic voltammograms of MWCNTaf, MnO2, MWCNT (30%)-MnO2 

and MWCNT (15%)-MnO2 which were obtained between -0.2 V and 0.8 V in 1.0M 

Na2SO4 at a scan rate of 5 mV.s-1. From the CV measurements, MWCNT (15%)-MnO2 

electrode exhibited a big current separation while MWCNTaf had the lowest current 

separation. The current separation trend for the studied materials is: 

MWCNT (15%)-MnO2  >  MWCNT (30%)-MnO2  > MnO2  > MWCNT. 

This observation is intriguing since the composite that contained 30% of MWCNT 

performed significantly less as compared to the composite with 15% MWCNT. Cyclic 

voltammograms of all materials are almost rectangular in shape; this indicates the 

excellent reversibility and ideal capacitive property of the electrodes (6).  

 

Figure 4.5: Comparative cyclic voltammograms of MnO2, MWCNT and MWCNT-

MnO2 composite at 5 mV.s-1 using 1.0 M Na2SO4 
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The cyclic voltammogram curves of the composites and MnO2 have a partially 

distorted rectangular shape due to the polarisation resistance. Polarisation 

resistance is due to poor conductivity of MnO2. Cyclic voltammograms of acid 

functionalised MWCNT (Figure 4.6) at different scan rates maintain the rectangular 

shape and the cathodic and anodic are perfect mirror images of one another. The 

anodic and the cathodic current separation are the same at the middle of the 

potential range indicative of the good supercapacitive nature of the materials. The 

composites [MWCNT(15%)-MnO2 and MWCNT(30%)-MnO2], show a much better 

capacitive behaviour as compared to the pure systems (MnO2 and MWCNT). 

 

Figure 4.6: Cyclic voltammogram evolutions of acid functionalised MWCNTs in 1.0 M    

Na2SO4 at different scan rates. 

 

Kelliher et al (7-9) proposed two charge storage mechanisms for MnO2 in a 

neutral medium as follows: 
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(3.1) 

where, M+   = Li+ , Na+, K+ or H3O+ or  

 (3.2) 

Where, M+   = Li+, Na+, K+ or H3O+ 

 

The specific capacitance shown on figure 3.7 was obtained from the formula 

                                                         

(3.3) 

where,   is average current (A), ν is the scan rate (V.s-1) and m is the mass of the 

active electrode mass (g) 

 

Figure 4.7: Comparative cyclic voltammograms of MnO2, MWCNT and 

MWCNT(15%)-MnO2 and MWCNT(30%)-MnO2 in 1.0 M Na2SO4 at 5 mV.s-1. 
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Table 4.1 shows specific capacitance values at various scan rates for the MnO2 based 

systems. MWCNT(15%)-MnO2 composite gave the highest capacitance of 885 F.g-1 at 

5 mV.s-1. The specific capacitance results show that as the scan rate increases, the 

specific capacitance decreases. The large capacitance of MWCNT(15%)-MnO2 can be 

attributed to the porous nature of the materials used (6). The interaction of 

individual materials in the composites is extraordinaire, especially where we have 

less amount of MWCNT. 

The impact of scan rate on capacitance is shown in Figure 4.8.  As the scan rate 

increases the voltammogram loops shrinks from the end of the potential range 

limits, thus showing increased resistivity as scan rate is increased. The inaccessibility 

of electrode material pores at high scan rate and the ionic resistivity contributes to 

the decrease in specific capacitance (1). 

 

Table 4.1: Specific capacitance values of MnO2 based systems from CV. 

Electrode Gravimetric Specific capacitance at various scan rates in 

1.0M Na2SO4 electrolyte between -0.2  and 0.8 V  

 2 mV.s
-1 5 mV.s

-1 10 mV.s
-1 20 mV.s

-1 40mV.s
-1 

MnO2 65 53 39 28 19 

MWCNT 17 14 10 5 2 

MWCNT(15%)-MnO2 1099 885 723 578 448 

MWCNT(30%)-MnO2 138 135 130 120 106 
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Figure 4.8: Cyclic voltammograms of MWCNT(15%)-MnO2 at various potential scan 

rate from in 1.0 M Na2SO4 

 

SEM images have shown that the MnO2 is porous. At high scan rate the electrolyte 

ions do not have sufficient time to penetrate to the inner pores of the material. The 

interaction between the electrode and the electrolyte is mainly at the surface and 

therefore, capacitance decreases as scan rate increases (10). The capacitance of the 

MnO2 pure system and composite in H2SO4 and alkaline medium could not be done 

due to the complexities in these electrolytes. MnO2 has been found to dissolve in 

H2SO4 solution while in alkaline medium, it gives several irreversible redox peaks. 

The presence of adsorbed H2O as confirmed by TGA and FTIR and the absence of 

noticeable redox peaks in the cyclic voltammogram curves suggest that the charge 

storage mechanism is in accordance with mechanism as shown by Equation 4.2. 
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Thus, the charge storage is a surface process. This suggests that for the composites, 

their storage of charges might be through both double layer capacitance and 

pseudocapacitance. 

As outlined in Chapter 1, the pseudocapacitance storage mechanism is not 

essentially by redox process but proton intercalation that happens at the surface of 

the electrode (11) as presumed to be the case for the composites. 

 

4.2.2. Galvanostatic charge-discharge experiments 

Galvanostatic charge-discharge (c-d) has been found to be the best and accurate 

method for determination of specific capacitance (12). Figure 4.9(a)–(e) shows the 

galvanostatic charge-discharge curves of various electrodes of MnO2 and MnO2 

composites in 1.0M Na2SO4 at the current density of 2 A.g-1.  

In Figure 4.9, c-d curves of all electrodes are almost symmetrical and mirror 

images of each other. The discharge curves are also linear in the entire potential 

range showing that the electrode materials used have good capacitive behaviour.  

The triangular shape of charge and discharge cycle is indicative that the electrodes 

have good capacitive behaviour and high reversibility. Specific capacitance was 

calculated from the Equation 4.4: 

(4.4) 

where, I is the discharging current applied (A), Δt is the discharging time (s), m is the 

mass of the active electrode (g) and ΔE is the discharge voltage difference. The 
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Specific capacitances calculated from charge-discharge curves for MWCNTs, MnO2 

and the composites electrodes using equation 4.4 are given in Table 4.2.  

 

Figure 4.9: Galvanostatic charge-discharge curves of (a) MnO2, (b) MWCNT, (c) 

MWCNT(30%)-MnO2, (d) MWCNT(15%)-MnO2 and (e) comparative electrodes at a 

current density of 2 A.g-1 in 1.0 M Na2SO4. 
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Table 4.2: Supercapacitive parameters of MnO2 systems.  

Electrode Specific capacitance/(F.g
-1

) Energy  efficiency/% 

MnO2 45 97 

MWCNT 44 99 

MWCNT(30%)-MnO2 207 101 

MWCNT(15%)-MnO2 1209 99 

   
 

MWCNT(15%)-MnO2 gave the highest capacitance of 1209 F.g-1, which is six times 

higher than the value of the MWCNT(30%)-MnO2. The high capacitance of 

MWCNT(15%)-MnO2 composite  can be attributed to the good surface area network 

provided by 15% MWCNT composition and to the moderate diffusion rate, moderate 

mobility in aqueous solutions and moderate adsorption-desorption rate of Na2SO4 

(13). It can be assumed that the 15% of MWCNT is an ideal composition to give an 

entangled network that gives the best surface area and good conductivity (2). The 

energy deliverable efficiency was calculated using equation 1.18. All the electrodes 

have great energy efficiency which is above 97% and (Table 4.2) this indicates good 

electrochemical reversibility. 

Current density studies were performed for MWCNT (15%)-MnO2 (Figure 4.10). The 

results suggest that as current density increases, specific capacitance decreases. The 

decrease of specific capacitance is due to surface energy storage process of MnO2 

electrode. The hydrated Na+ ions from the electrolyte have enough time at low 

current density to access the pores of the porous MnO2 composites while at high 
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current density, some pores become unreachable. In order to evaluate the 

electrochemical stability of the best performing MWCNT(15%)MnO2 electrode 

suitability for good performance as a supercapacitor, galvanostatic charge-discharge 

measurements were performed in 1.0 M Na2SO4 between -0.2 V and 0.8 V. Figure 

4.11 shows the cycle stability of MWCNT(15%)-MnO2 at 2 A.g-1. Greater loss of 

capacitance happened within 100 first cycle.  This could be due to non-activation of 

the electrode prior to measurements. After 100th cycle the electrode lost 30% of its 

specific capacitance at cycle 500. Figure 4.11 shows a long cycle performance of 

MWCNT(15%)-MnO2 electrode in 1.0 M Na2SO4 aqueous electrolyte at 2 A.g-1.  

 

Figure 4.10: Galvanostatic charge-discharge of MWCNT(15%)-MnO2 at different 

current densities. 

 

For the first 100 cycles capacitance drops significantly and thereafter stabilises 

indicating that the electrode could be utilized for EC applications. The change of c-d 

profiles of the MWCNT(15%)-MnO2 electrode at the 2nd and 500th cycle is shown  in  
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Figure 4.11: Cycle life of MWCNT(15%)-MnO2 at current density of 2 A.g-1. The inset 

shows the charge-discharge cycles around 500 cycles. 

 

Figure 4.12: Charge-discharge curves for cycle 2 (a) and cycle 500 (b) at a current 

density of 2 A.g-1. 
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4.2.3. Electrochemical Impedance spectroscopy (EIS) experiments 

Electrochemical impedance spectroscopy (EIS) is the best method to interrogate and 

evaluate the electrical properties of the electrode materials such as electrical 

conduction, ion transfer and capacitance (10, 14). Nyquist (complex-plane 

impedance) plots at 0.3 V vs. Ag/AgCl for MWCNT, MnO2, MWCNT(15%)-MnO2 and 

MWCNT(30%)-MnO2 are shown in Figure 4.13. For MWCNT the Nyquist plot exhibits 

a straight line perpendicular to the imaginary axis which implies that the MWCNT 

electrode is ideally polarizable. For the composites a depressed semicircle at a higher 

frequency and a slopping line is observed at low frequency.  

 

Figure 4.13: Nyquist plot of various electrodes in 1.0 M Na2SO4 measured at 0.3 V 

between 10 kHz to 10 MHz. Inset: expanded nyquist plots. 

 

The inset of the Nyquist plots shows that the MWCNT(15%)-MnO2 has smaller 

internal resistance than any other electrodes. Internal resistance consists of ionic 
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resistance of an electrolyte, contact resistance between the electrode and current 

collector and intrinsic resistance of an electro-active material (2, 15). From the 

Nyquist plot the ionic resistance of MWCNT, MnO2, MWCNT(30%)-MnO2 and 

MWCNT(15%)-MnO2 has been found to be about 12 Ω, 17 Ω, 22 Ω and 11 Ω, 

respectively. The latter electrode has the lowest ionic resistance, and this could have 

contributed to its high specific capacitance as compared to other electrodes.  

This also confirms that the composite with 15% of MWCNT has better 

interconnectivity between MnO2 particles. From Figure 4.13 and 4.14, knee 

frequency (which is a measure of charge transfer in an electrochemical reaction) has 

been found to be 0.48 kHz, 1.45 kHz, 1.10 kHz and 3.31 kHz for MnO2, MWCNT, 

MWCNT(30%)-MnO2 and MWCNT(15%)-MnO2, respectively.  

 

Figure 4.14: Admittance plots of MWCNT, MnO2, MWCNT(15%)-MnO2  and 

MWCNT(30%)-MnO2 
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The higher knee frequency of the latter electrode implies a better electrochemical 

response and thus confirms c-d results already found that MWCNT(15%)-MnO2 has  

highest specific capacitance.  

Phase angle (Figure 4.15) of the electrodes follows the trend: MWCNT(15%)-

MnO2 < MWCNT(15%)-MnO2 < MnO2 < MWCNT. All the phase angle observed (Table 

4.3) were above 45° indicating that all electrode materials are suitable for 

supercapacitor application (16).  MWCNT(15%)-MnO2 gave the best response time 

amongst all the electrodes studied. This indicates that the electrode can be charged 

and discharged at a rapid rate (16, 17). 

 

Table 4.3: Supercapacitive parameters of MnO2 based systems from EIS.  

Electrolyte: 1.0 M Na2SO4, Frequency range = 10 kHz – 10 mHz, amplitude = 5 mV 

Electrode Specific 

capacitance/ 

F.g
-1

 

Knee 

frequency/ 

KHz 

Phase 

angle/º 

Response 

time /ms 

MnO2 14 0.48 75 2 

MWCNT 26 1.45 88 0.7 

MWCNT(30%)-MnO2 41 1.10 73 0.9 

MWCNT(15%)-MnO2 169 3.31 57 0.3 

 

The specific capacitance (Csp) from EIS was calculated according to the following 

equation (18-20):  
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3.5 where Z” is the imaginary part of the impedance and f is the measurement 

frequency.  

MWCNT(15%)-MnO2 gave highest specific capacitance of 169 F.g-1 as compared to 

the other electrodes.  

 

Figure 4.15: Bode plots of MWCNT, MnO2, MWCNT(15%)-MnO2 and MWCNT(30%)-

MnO2 

 

Between 0.1 Hz and 1 Hz, Cs for MWCNT(15%)-MnO2 decreases significantly with the 

increase in frequency. It can be assumed that at this frequency range, the Na+ ions 

have greater accessibility into the material. 
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Figure 4.16: Frequency dependence of specific capacitance of MWCNT, MnO2, 

MWCNT(15%)-MnO2 and MWCNT(30%)-MnO2 

 

4.3. Conclusion 

MnO2, MWCNT(15%)-MnO2 and MWCNT(30%)-MnO2 were synthesised by reduction 

of KMnO4 with aniline. The electrodes exhibited good capacitive behaviour. The 

specific capacitance of MWCNT(15%)-MnO2 was 1209 F.g-1, six times larger than the 

specific capacitance of MWCNT(30%)-MnO2. This good electrochemical behaviour 

can be attributable to increase in conductivity in the composite, better 

interconnectivity among the MnO2
 particles and accessibility of MnO2 particles (1, 
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10). The Cs of MWCNT(15%)-MnO2 is a promising supercapacitor electrode material 

considering its good cycle stability, lowers internal resistance and good 

electrochemical reversebility. This MWCNT(15%)-MnO2 electrode performs well at 

lower frequency as shown by EIS. 
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CHAPTER 5 

 

SUPERCAPACITIVE BEHAVIOUR OF CoTPyzPz-

MWCNT NANOCOMPOSITES 
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5.1. Physical characterisation of CoTPyzPz-MWCNT nanocomposites 

5.1.1. Comparative microscopic images 

Figure 5.1 displays FESEM images of various MWCNTs, CoTPyzPz and CoTPyzPz at 

1.00 keV after sonication in DMF.  MWCNTaf are less entangled as compared to 

MWCNTPhNH2.  

              

 

Figure 5.1: Typical FESEM images of (i) MWCNTaf, (ii) MWCNTPhNH2, (iii) CoTPyzPz, 

(iv) MWCNTaf-CoTPyzPz and (v) MWCNTPhNH2-CoTPyzPz. 
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From the micrographs, it can be seen that MWCNTaf provides interconnectivity 

between the CoTPyzPz particles and seems also to wrap around the particles. In 

Figure 5.1 (v), MWCNTPhNH2-CoTPyzPz shows less entanglement and connectivity. 

MWCNTs interactions result in their entanglement when drying after their 

deposition onto a substrate (1). Du et al. (2) reported that open porous entangled 

CNTs with high surface area contribute to easy access of solvate ions to the 

electrode-electrolyte interface.   

Figure 5.2 shows the energy dispersive X-ray (EDX) images of CoTPyPyz and 

MWCNTaf-CoTPyzPz and outlines that C, N and Co are major elemental composition 

of the material analysed. Elements such as thallium could be remnants of a starting 

reagent or deposits during gold plating of the sample for EDX analysis.  

 

Figure 5.2: EDX spectra of (i) CoTPyzPz and (ii) MWCNTaf-CoTPyzPz. 
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5.1.2. Comparative FTIR 

The FTIR spectra shown in Figure 5.3, depicts the functional groups found in 

MWCNTaf, MWCNTPhNH2, CoTPyzPz, MWCNTaf-CoTPyzPz and MWCNTPhNH2-

CoTPyzPz. The peak at 3436 cm-1 can be ascribed to (O-H) stretching vibration in 

MWCNTaf and MWCNTaf-CoTPyzPz, and while a peak at 3447 cm-1 in MWCNTPhNH2 

and MWCNTPhNH2-CoTPyzPz can be ascribed to N-H stretching vibration. The 

stretching (C-N) vibration at 1115 cm-1 in Figure 5.3 confirms the functionalization of 

MWCNT with phenylamine. Acid functionalization of MWCNTs is confirmed by the 

carbonyl peak around 1728 cm-1 in Figure 5.3.  

 

 

Figure 5.3: FTIR spectra of MWCNTPhNH2, MWCNTPhNH2-CoTPyzPz, MWCNTaf, 

MWCNTaf-CoTPyzPz and CoTPyzPz. 
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The metal ligand (M-N) vibration band is observed at around 823 cm-1, and this 

indicates strong bonding between the metal ion and the four surrounding nitrogen 

atoms in the pyrrole rings (3). Peaks at 1647 cm-1, 1637 cm-1 and 1656 cm-1 for 

MWCNTPhNH2-CoTPyzPz, MWCNTaf-CoTPyzPz and CoTPyzPz, respectively are 

indicative of C=N bond in porphyrazine core.(4)  

 

5.1.3. Comparative UV-Vis analysis 

Figure 5.4 shows the UV-Vis spectra of MWCNTaf, MWCNTPhNH2, CoTPyzPz, 

MWCNTaf-CoTPyzPz and MWCNTPhNH2-CoTPyzPz in DMF. The electronic spectra 

show an intense and broad peak around 624 nm, 630 nm and 628 nm for CoTPyzPz, 

MWCNTaf-CoTPyzPz and MWCNTPhNH2-CoTPyzPz, respectively. These peaks are 

due to a transition and are ascribed as Q bands.  

 

Figure 5.4: UV-Vis spectra of MWCNTaf, MWCNTPhNH2, CoTPyzPz, MWCNTaf- 

CoTPyzPz and MWCNTPhNH2-CoTPyzPz.   
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The Q band shifted to the red with about 4 nm and 6 nm, indicative of a smaller 

HOMO-LUMO (5, 6) gap in CoTPyzPz composites. This also indicates that the 

incorporation of the pyrazine rings expand the -conjugated system (7). The value of 

the Q band found is in comparable to the value found by Uslu Kobak et al. (8). No 

peaks are observed for MWCNTaf and MWCNTPhNH2.  

The Q-band has a red shift due an expansion of the π conjugated system (9). A 

single Q band depicts a tetrapyrrollic macrocycle with D4h symmetry (10). Soret 

bands (B band) of CoTPyzPz, MWCNTaf-CoTPyzPz and MWCNTPhNH2-CoTPyzPz were 

at 327 nm, 280 nm and 276 nm, respectively. The B-Bands of the CoTPyzPz 

composites are red-shifted. Onay et al. (11) reported that a broad band of 

metallated porphyrazine molecule is observable within 300 nm – 400 nm range as 

stipulated in literature for metallated porphyrazine. The Q-band is much broader 

which suggests that the molecules of CoTPyzPz and its composites had aggregated 

(12, 13).  

 

5.1.4. Comparative Thermogravimetry 

The TG and DTG curves of MWCNTaf, MWCNTPhNH2, CoTPyzPz, MWCNTaf-CoTPyzPz 

and MWCNTPhNH2-CoTPyzPz are shown in Figure 5.5(a). Physically and chemically 

adsorbed water molecules were released between 0 °C and 300 °C. The TG curves 

show that the materials have an average weight loss of 90% except for 

MWCNTPhNH2 and CoTPyzPz which showed weight loss of 35 % and 70 %, 
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respectively. From the results, the order of stability based on the initial 

decomposition of the compounds or composites is as follows: 

MWCNTaf > MWCNTPhNH2 > MWCNTp > CoTPyPz > MWCNTPhNH2-CoTPyzPz > 

MWCNYTafCoTPyPz 

 

Figure 5.5: Thermogravimetric curves (a) and Differential Thermogravimetric curves 

(b) of MWCNT (pristine), MWCNTaf, (MWCNTPhNH2, CoTPyzPz, MWCNTPhNH2-

CoTPyzPz and MWCNTaf-CoTPyzPz 
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All of the substances have about 90% residual weight loss except MWCNTPhNH2 and 

MWCNTPhNH2-CoTPyzPz, which have 35% and 70% residual weight loss respectively. 

The DTG curves [Figure 5.6(b)] of pristine and acid functionalised MWCNT 

decompose in a one step process while CoTPyPz, MWCNTPhNH2 and composites 

undergo two or more thermal decomposition steps. From the results it can be 

deduced the highest stable material is MWCNTaf which has the highest onset 

temperature than the other materials (14). 

 

5.2. Supercapacitive behaviour of MWCNT-CoTPyzPz 

5.2.1. Cyclic voltammetry analysis 

Figure 5.6 compares cyclic voltammetric evolutions of MWCNTaf, MWCNTPhNH2, 

CoTPyzPz, MWCNTaf-CoTPyzPz and MWCNTPhNH2-CoTPyzPz electrodes in 1.0 M 

H2SO4  at 10 mV.s-1 scan rates. Figure 5.7 shows the cyclic voltammetric evolutions of 

bare BPPG, MWCNTaf and MWCNTPhNH2. CV evolutions of MWCNTaf and 

MWCNTPhNH2 have deviated from a rectangular shape which depicts utilisation of 

EDL storage mechanism. The same phenomenon is observed for the same electrodes 

in 1.0 M Na2SO4 electrolyte (Figure 5.9). The current separation of MWCNTaf is 

bigger than of MWCNTPhNH2 (Table 5.1). The current separation of these carbon 

electrodes is bigger in H2SO4 than in Na2SO4. The enhancement of capacitance can 

be attributed to the oxidative functionalization of MWCNTs. Oxidative 

functionalization introduces oxygen functionalities and increases MWCNTs 

wettability. Niu et al. (15) reported a value of 113 F.g-1 after CNT chemical oxidation. 
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Figure 5.6: Comparative cyclic voltammograms of various electrodes in 1.0 M H2SO4 

electrolyte at 10 mV.s-1. 

 

Capacitance of functionalised MWCNT can be increased by psuedocapacitance by 

some of the following redox reactions (16):  

         5.1 

     5.2 

The curve for MWCNTPhNH2 (Figure 5.7) is not perfectly rectangular, and the anodic 

region is not the mirror image of the cathodic region. 
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Figure 5.7: Comparative cyclic voltammograms of Bare BPPG, MWCNTaf and 

MWCNTPhNH2 electrodes in 1.0 M H2SO4 electrolyte at 10 mV.s-1. 

 

Hulicova-Jurcakova et al. (17) concluded that nitrogen surface functionalities on 

MWCNT enhance capacitance in accordance with the following equations: 

                  5.3          

                    5.4

  

Cyclic voltammograms of CoTPyzPz, MWCNTaf-CoTPyzPz and MWCNTPhNH2-

CoTPyzPz (Figure 5.6) in 1.0 M H2SO4 are not rectangular-shaped, and the anodic 

scan is not a mirror image of the cathodic scan. The current separation of MWCNTaf-
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CoTPyzPz CV is much bigger than the other electrode materials. The CV curves of 

CoTPyzPz, MWCNTaf-CoTPyzPz and MWCNTPhNH2-CoTPyzPz (Figure 5.6) show 

several redox peaks. Peaks found on the CV curves are given in Table 5.1. There are 

two peaks, one anodic and the other cathodic that are prominent in 1.0 M H2SO4. 

Deviation of the CVs from rectangular shape and redox peaks illustrate that charge 

storage in these materials is enhanced by pseudocapacitance. 

      

Table 5.1: CV data of various electrodes at 10 mV.s -1 in 1.0 M H2SO4.  

 Redox Processes 

Electrode Anodic Peak/V Cathodic peak/V 

 I II III IV V VI 

CoTPyzPz -0.100 - 0.334 - 0.107 -0.167 

MWCNTPHNH2-CoTPyzPz -0.093 0.173 0.342 - 0.115 -0.185 

MWCNTaf-CoTPyzPz -0.097 - 0.356 0.361 0.097 -0.176 

   

 

A redox process with the E1/2 at -0.134, -0.139 and -0.137 for CoTPyzPz, 

MWCNTPhNH2-CoTPyzPZ and MWCNTaf-CoTPyzPz respectively may be the 

attributed to the protonation and deprotonation of the complexes. Hulicova-

Jurcakova et al. (17) reported that carbonised melamine mica composites have 

superior capacitance due to the pyridinic and pyrrolic nitrogen content. There are 

several types of nitrogens in tetrapyrazino porphyrazine (H2TPyzPz) that are 

susceptible to protonation. Ledson et al. (18) and Beeby et al. (19) reported that 
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azomethine nitrogens in phthalocyanine can be protonated in an acidic medium. 

Hulicova-Jurcakova et al. (17) assumed that protonation of H2TPyzPz occurs first at 

azomethine nitrogens. They also concluded that H2TPyzPz can be deprotonated. 

Theodoridis et al. (20) also confirmed that the high electronegativity of H2TPyzPz is 

due to meso methine nitrogens. Villano et al. (21) reported that in macrocycle like 

H2TPyzPz, stepwise one-electron reductions occur due to electron deficiency of the 

entire macrocycle. It can be assumed that a superior specific capacitance observed in 

1.0 M H2SO4 electrolyte for electrode materials (CoTPyzPz, MWCNTaf-CoTPyzPz and 

MWCNTPhNH2-CoTPyzPz) in the present study can be due to protonation and 

deprotonation process. MWCNTaf-CoTPyzPz gave the highest specific capacitance in 

acidic electrolyte of 723 F.g-1. This specific capacitance is 5 times the value of 

CoTPyzPz and 10 times the value of MWCNTaf. As reported  previously, MWCNTaf 

provides a porous network which is favourable for CoTPyzPz to form a composite 

that has good electrochemical performance. The values for the specific capacitance 

shown in Table 5.2 are calculated from the formula:  

                                                                     5.5    

where average current is (A), ν is the scan rate (V.s-1) and m is the mass of the 

active electrode mass (g).  Figure 5.8 shows cyclic voltammograms of MWCNTaf, 

MWCNTPhNH2, BPPG, CoTPyzPz, MWCNTPhNH2-CoTPyzPz and MWCNTaf-CoTPyzPz 

while Figure 5.9 shows only the first three electrodes in 1.0 M Na2SO4 at 10 mV.s-1 

scan rate. The last three electrodes exhibit cyclic voltammograms that are non-

rectangular and unsymmetrical. This type of CVs with well-resolved anodic and 
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cathodic peak  depicts a contribution to specific capacitance by a pseudocapacitive 

storage mechanism. The redox couple at about E1/2 = 0.169 V for MWCNTPhNH2-

CoTPyzPz in 1.0 M Na2SO4 might be due Na+ ion  incorporation in the porphyrazine 

complex.  The high electronegative porphyrazine complex can also enhance the 

diffusion of the Na+ into its surface.  Good reversibility of the fast charge-discharge 

response is illustrated by the increasing peak current as scan rate increases (22) 

(Figure 5.10). 

 

Table 5.2: Specific capacitance of CoTPyzPz based systems from CV at 

various scan rates in 1.0 M Na2SO4 and 1.0M H2SO4.  

Electrode 

Gravimetric Specific capacitance at various scan rates in two 

electrolytes between -0.2 and 0.8 V. 

   

 2 mV.s
-1  10 mV.s

-1  25 mV.s
-1 

   

 1.0 M  

Na2SO4 
1.0 M 

 H2SO4 
1.0 M 

Na2SO4 
1.0 M 

H2SO4 
1.0 M 

Na2SO4 
1.0 M 

H2SO4 

MWCNTPhNH2 23 90 19 37 11 20 

MWCNTaf 34 69 27 39 20 25 

CoTPyzPz 68 144 22 92 19 66 

MWCNTPhNH2-

CoTPyzPz 
219 455 86 249 68 168 

MWCNTaf-

CoTPyzPz 
369 723 116 270 60 177 
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Figure 5.8: Comparative cyclic voltammograms of Bare BPPG, MWCNTaf, 

MWCNTPhNH2, MWCNTaf-CoTPyzPz and MWCNTPhNH2-CoTPyzPz electrodes in 1.0 

M Na2SO4 electrolyte at 10 mV.s-1. 

 

 

Figure 5.9: Comparative cyclic voltammograms of MWCNTaf, MWCNTPhNH2 and 

CoTPyzPz electrodes in 1.0 M Na2SO4 electrolyte at 10 mV.s-1. 
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Figure 5.10: Cyclic voltammogram evolutions of MWCNTPhNH2-CoTPyzPz in 1.0 M    

Na2SO4 at different scan rates. 

 

5.2.2. Galvanostatic charge-discharge analysis 

Galvanostatic charge-discharge measurements were done in 1.0 M H2SO4 and 1.0 M 

Na2SO4 to evaluate the electrochemical properties of the functionalised MWCNTs 

and composites of CoTPyzPz. Figure 5.11 displays comparative charge-discharge 

curves of MWCNTs and CoTPyzPz composites electrodes measured at a current 

density of 1 A.g-1 in 1.0 M Na2SO4 with potential varied from -0.2 V to 0.8 V versus 

Ag/AgCl. MWCNTaf and MWCNTPhNH2 electrodes have linear charge-discharge 

curves, indicating double layer capacitor behaviour.  
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Figure 5.11: (a) Charge-discharge (c-d) curves of (iv) MWCNTPhNH2-CoTPyzPz and (v) 

MWCNTaf-CoTPyzPz in 1.0 M Na2SO4 at 1 A.g-1. (b) c-d curves of (i) MWCNTPhNH2, 

(ii) MWCNTaf and (iii) CoTPyzPz. 

 

MWCNTaf and MWCNTPhNH2 electrodes show good reversibility since their 

charge and discharge curves are mirror images of other. MWCNTPhNH2-CoTPyzPz 
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and MWCNTaf-CoTPyzPz c-d curves are non-linear, typical for electrodes that exhibit 

pseudocapacitor behaviour. The curves depict a non-linear dependence of voltage 

on time. The Specific capacitance of the electrodes was estimated from the 

equation: 

                              5.6 

where, I is the discharging current applied (A), Δt is the discharging time (s), m is 

the mass of the active electrode (g) and ΔE is the discharge voltage difference. The 

specific capacitance values in Na2SO4 for all the electrodes are shown in Table 5.3: 

 

Table 5.3: Supercapacitive parameters of CoTPyzPz based systems in 

neutral electrolyte from charge-discharge 

                                       Electrolyte: 1.0 M Na2SO4, current density =  1 A.g
-1

 

Electrode 

Specific  

capacitance/ 

(F.g
-1

) 

Energy 

efficiency/

% 

Specific 

Energy/ 

Whkg
-1

 

Specific 

Power/ 

Wkg
-1 

MWCNTPhNH2 7 80 7.0 1007 

MWCNTaf 37 97 10 995 

CoTPyzPz 20 91 5.7 1011 

MWCNTPhNH2-

CoTPyzPz 

351 83 97 1000 

MWCNTaf-

CoTPyzPz 
299 76 83 1001 
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From the above results it can be seen that the combination of MWCNTs and 

CoTPyzPz in 1:1 mass ratio enhances specific capacitance drastically. The tenfold 

increase of specific capacitance of the composites can be attributable to 

interconnectivity of CoTPyzPz particles by MWCNTs as seen from the SEM images 

(figure 5.1). It should be noted that MWCNTs possess high surface area, and they are 

highly porous; thus the electrolyte ions can easily penetrate and interact with 

CoTPyzPz molecules, which are embedded within the MWCNTs network. Figure 5.12 

displays comparative charge-discharge curves of MWCNTs and CoTPyzPz composites 

electrodes measured at a current density of 1 A.g-1 in 1.0 M H2SO4 with voltage 

varied from -0.2  to 0.8 V. Charge-discharge curves of MWCNTaf and MWCNTPhNH2 

deviate slightly from linearity, where potential is time dependent. This outlines that 

MWCNTs show a double layer capacitive behaviour. The c-d curves of CoTPyzPz, 

MWCNTaf-CoTPyzPz and MWCNTPhNH2-CoTPyzPz show non uniform linearity 

between 0.8 V and 0.1 V with a significant deviation from linearity between -0.2 V 

and 0.1 V. Non-linearity of charge–discharge curves of MWCNTaf-CoTPyzPz clearly 

outlines the pseudocapacitance behaviour of the material in the voltage range -0.2 V 

to 0.8 V. The pseudocapacitive behaviour of the electrodes confirms the result found 

from CV studies. The charge-discharge profiles of CoTPyzPz, MWCNTaf-CoTPyzPz and 

MWCNTPhNH2-CoTPyzPz electrodes show a plateau between -0.2 V and      0 V. Seel 

et al. (23) have reported that the intercalation and de-intercalation of PF6
- ion into 

graphite is indicated by plateau (24) on the charge-discharge profile.  
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Figure 5.12: Charge-discharge curves of (iv) MWCNTPhNH2-CoTPyzPz and (v) 

MWCNTaf-CoTPyzPz in 1.0 M H2SO4 at 1 A.g-1.  (b) Charge-discharge curves of (i) 

MWCNTPhNH2, (ii) MWCNTaf and (iii) CoTPyzPz in 1M H2SO4 at 1 A.g-1. 
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The observed plateau in the studied electrodes is assumed to be due to the 

protonation and deprotonation of the porphyrazine macromolecule. The specific 

capacitance values in H2SO4 were found to increase in the following order: 

 

   MWCNTPhNH2-CoTPyzPz (1902 F.g-1) > MWCNTaf-CoTPyzPz (1642 F.g-1) > CoTPyzPz 

(287 F.g-1) > MWCNTPhNH2 (132 F.g-1) > MWCNTaf (25 F.g-1) 

 

  It should be noted that the capacitance of MWCNTPhNH2 exceeded that of 

MWCNTaf. This could be due to the wettability of the electrode material because of 

the incorporation of the phenylamine groups. Both composites, MWCNTaf-CoTPyzPz 

and MWCNTPhNH2-CoTPyzPz gave highest specific capacitances as compared to 

other materials. The Specific capacitances of these composites are about 6 times 

higher than the specific capacitance of CoTPyzPz. The high specific capacitance may 

be due to increased wettability and or the increased surface area of the 

electroactive material when mixed with open tubular network of MWCNTs. Several 

authors gave several possibilities that explained the increased specific capacitance in 

the composites they studied. Chidembo et al. (25) reported that the high specific 

capacitance (981 F.g-1) of MWCNT-NiTAPc composite may be due to high surface 

area, porous nature of the nanocomposite and the incorporation of amine groups on 

the phthalocyanine ring. Zhang et al. (26) reported that CNTs open tubular network 

makes them a good support for active materials. Obreja et al. (27) reported that 

MWCNTs in an aqueous electrolyte have threefold increase in capacitance due to 

their hydrophilicity caused by functionalization of MWCNTs with surface hydroxyl 
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groups. Yuan et al. (28) summarised the enhancement of capacitance of hybrid 

composites of CNTs and pseudocapacitive materials as due to (i) synergy between 

EDLCs and pseudocapacitors (ii) open mesoporous network formed by the 

entanglement of CNTs that allow ions to diffuse into the active surface, which lowers 

ESR and high resilience of CNTs. Hall et al. (29)  reported that incorporation of 

heteroatoms on CNTs increases wettability. 

Figure 5.13 shows that specific capacitance of MWCNTaf-CoTPyzPz decreases as 

current density increases.  

 

Figure 5.13: Specific capacitance of MWCNTaf-CoTPyzPz in (i) 1.0 M H2SO4 and (ii) 

1.0 M Na2SO4 at different current densities. 
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The following equation was used to obtain the energy deliverable or Coulombic 

efficiency (η): 

                                              (5.7) 

where td and tc are discharging time and charging time respectively. The η / % values 

are given in Table 5.3 and 5.4. The electrodes in neutral electrolyte take more time 

to charge and less to discharge since all η values in Na2SO4 are all below 100 %. A 

different trend is observed in H2SO4, at 1.0 A.g-1 the η values are above 100% with 

the exception of MWCNTPhNH2 electrode. For MWCNTaf-CoTPyzPz in H2SO4, the η 

value decrease from 150 % to 95 % as current density increased from 1 A.g-1 to 10 

A.g-1. This 95 % value at 10 A.g-1 of MWCNTaf-CoTPyzPz suggests that the redox 

activity of the electrode is feasible even at high current density (30). 

The specific power (SP) and specific energy (SE) of the various electrodes 

calculated using equation 1.10 and 1.11 are given in Table 5.3 and 5.4. The specific 

power is about 1000 W.Kg-1 for all the electrodes in 1.0 M Na2SO4 and 1.0 M H2SO4.  

For all the electrodes SE was higher in 1.0 M H2SO4 electrolyte than in 1.0 M Na2SO4 

electrolyte. MWCNTaf-CoTPyzPz gave the highest SE of 472 Wh.kg-1. The SE value 

obtained for MWCNTaf-CoTPyzPz was far greater than 10 Wh.kg-1, a minimum value 

required for electrochemical supercapacitors. This values compares well with higher 

SE values reported for MWCNT-NiTAPc (134 Wh.kg-1) (25) and MWCNT-polyNiTAPc 

(140 Wh.kg-1) (31). The specific energy and the specific power calculated with the 

three electrode system is not the true reflection of the capability of the electrode 

materials. 
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Table 5.4: Supercapacitive parameters of CoTPyzPz based systems in 

acidic electrolyte from charge-discharge 

                                          Electrolyte: 1.0 M H2SO4, current density =  1 A.g
-1

 

Electrode 

Specific  

capacitance/ 

(F.g
-1

) 

Energy 

efficiency/

% 

Specific 

Energy/

Whkg
-1

 

Specific 

Power/ 

Wkg
-1 

MWCNTPhNH2 
132 98 2.1 1014 

MWCNTaf 24.9 116 37 1001 

CoTPyzPz 287 137 79 1007 

MWCNTPhNH2-

CoTPyzPz 

1642 114 456 1000 

MWCNTaf-CoTPyzPz 1902 150 472 938 

 

5.2.3. Electrochemical impedance analysis 

The Nyquist plots in Figure 5.14 and 5.15 show an incomplete semicircle at high 

frequency while a straight sloping line is observed at low frequencies. At lower 

frequencies, the deviation of the vertical line from the imaginary impedance axis 

signifies the level of diffusion resistance  of the electrolyte into the pores of the 

electrode material (32). The slope of the 45° portion of the curve is called the 

Warburg resistance (ZW) and is a result of the frequency dependence of ion 

diffusion/transport in the electrolyte to the electrode surface (33). From the Nyquist 

plot (Figure 5.14), MWCNTaf has the least diffusion resistance which can be 

attributable to its porous network structure (34) while CoTPyPyz has the highest 

diffusion resistance due to the aggregation as seen in the SEM images (Figure 5.1). It 

can be seen that blending of MWCNTaf and CoTPyzPz results in a composite that has 
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a reduced diffusion resistance which is due to the porous network of the entangled 

MWCNTaf. From figure 5.15 the “knee” frequency values are 3.73 kHz, 268 Hz, 838 

Hz and 373 Hz for CoTPyzPz, MWCNTaf, MWCNTPhNH2-CoTPyzPz and MWCNTaf-

CoTPyzPz respectively.  Most of the energy stored in MWCNTaf-CoTPyzPz will be 

accessible at 373 Hz. This knee frequency denotes the maximum frequency at which 

capacitive behaviours is dominant, and is an indication of the power capability of a 

supercapacitor (2). The time response of the electrodes is given in Table 5.5 where 

CoTPyzPz has the smallest time response of 0.268 ms. Most commercial 

supercapacitors have a “knee” of less than 1 Hz. While the value obtained for 

MWCNTaf-CoTPyzPz (373 Hz) is almost 4 times the value reported by Niu et al. for 

mats of MWCNTs (15) and 2 times the value reported by Hughes et al. for MWCNT-

PPy (35). 

 

Figure 5.14: Nyquist plot of MWCNTaf, MWCNTPhNH2, MWCNTaf-CoTPyzPz and 

MWCNTPhNH2- CoTPyzPz in 1.0 M H2SO4 measured at 0.42 V. 
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Figure 5.15: Expanded Nyquist plot of MWCNTaf, MWCNTPhNH2, MWCNTaf-

CoTPyzPz and MWCNTPhNH2- CoTPyzPz in 1.0 M H2SO4 measured at 0.42V. 

 

The phase angle of the electrodes has been reported in Table 5.5. 

MWCNTPhNH2-CoTPyzPz shows two angles, one at 65° and another one at 48°.  

Bode plots (Figure 5.15) shows the deviation from the normal trend where at high 

frequency the electrode material are not resistive and behaves like a pure capacitor 

at lowest frequencies. 
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Table 5.5: Supercapacitive parameters of -CoTPyzPz  based systems from 

EIS. 

 Electrolyte: 1.0 M H2SO4, Frequency range =  10 kHz 

–10 mHz 

Electrode 
Specific  

capacitance/ 

(F.g
-1

) 

Knee 

frequency/ 

kHz 

-Phase        

angle / ° 
Response 

time / ms 

MWCNTaf 21 0.268 78 3.72 

CoTPyzPz 70 3.73 59 0.268 

MWCNTPhNH2-CoTPyzPz 159 0.838 65 1.19 

MWCNTaf-CoTPyzPz 176 0.373 82 2.68 

 

The specific capacitance values obtained for EIS are showing large deviation from the 

values obtained by both CV and galvanostatic charge/discharge.   

 

 

Figure 5.16: Bode plot of MWCNTaf, MWCNTPhNH2, MWCNTaf-CoTPyzPz and 

MWCNTPhNH2-CoTPyzPz in 1.0 M H2SO4 measured at 0.42 V. 
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This discrepancy in specific capacitance may be due to (i) redox switching 

“hysteresis” (36), (ii) involvement of heterogeneous functionalities(2), (iii) limited 

electrolyte access (35), (iv) immobility of ions during impedance experiment (37, 38) 

and (v) morphology of materials e.g. thick films (39, 40).  

 

5.3. The electrochemical characterization of MWCNTs-CoTPyzPz//CB-MWCNTs 

asymmetric capacitors 

To further evaluate the MWCNTPhNH2-CoTPyzPz and MWCNTaf-CoTPyzPz 

composites for real device application, asymmetric capacitors using activated 

carbon as a negative electrode were fabricated. It has been reported that 

asymmetric capacitor systems has larger electrochemical windows which leads to 

an increase in capacitance, energy density and power density (41-44). 

Figure 5.17(a) shows CV curves of MWCNTPhNH2-CoTPyzPz//CB-MWCNTPhNH2 

and MWCNTaf-CoTPyzPz//CB-MWCNTaf asymmetric supercapacitors at a scan rate 

of 20 mV.s-1 using 1.0 M Na2SO4 electrolyte. The asymmetric supercapacitors exhibit 

a reasonable capacitive behaviour with a quasi-rectangular CV curves with redox 

humps between -0.2 V and 0.8 V. The quasi rectangular shape and redox humps of 

this CV curves suggest that the energy storage mechanism for these supercapacitors 

is a combination of pseudocapacitance and EDLC. As scan rate is increased, the 

cathodic peak shifts towards the positive direction and the anodic peaks shifts 

towards the negative direction due to ionic resistivity. The resistivity at high scan 

rates has been attributed to the depletion or saturation of protons in the electrolyte 

(45-47). Figure 5.17(a) also shows that the capacitance of MWCNTaf-CoTPyzPz//CB-
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MWCNTaf is bigger than the capacitance of MWCNTPhNH2-CoTPyzPz//CB-

MWCNTPhNH2.  The galvanostatic charge-discharge at a current density 0.2 A.g-1 is 

shown in Figure 5.17(b). The charge-discharge profiles showed a slight deviation 

form perfect symmetrical triangular shape, indicative of a good capacitive behaviour. 

The shape of the c-d curve implies both MWCNTPhNH2-CoTPyzPz//CB-

MWCNTPhNH2 and MWCNTaf-CoTPyzPz//CB-MWCNTaf use EDLC and 

pseudocapacitive mechanisms to store energy.  The IR drop of both composites 

decreases as current density increases. The average internal resistance (ESR) of 

MWCNTaf-CoTPyzPz//CB-MWCNTaf and MWCNTPhNH2-CoTPyzPz//CB-

MWCNTPhNH2 was calculated to be 18 Ω and 29 Ω respectively according to 

equation:              

                                                                      4.8      

where Vc is the potential at the end of charging, Vd is the potential at the beginning 

of discharge, and I is the current applied. The values of the IR drop further shows 

that MWCNTaf-CoTPyzPz//CB-MWCNTaf is a better asymmetric capacitor as 

compared to MWCNTPhNH2-CoTPyzPz//CB-MWCNTPhNH2.  
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Figure 5.17:(a) Cyclic voltammograms of MWCNTaf-CoTPyzPz//CB- MWCNTaf (i) and MWCNTPhNH2-CoTPyzPz//CB-MWCNTPhNH2 (ii) 

in 1.0 M Na2SO4 at 20 mV.s-1. (b) Charge-discharge profiles of MWCNTaf-CoTPyzPz//CB- MWCNTaf (i) and MWCNTPhNH2-

CoTPyzPz//CB-MWCNTPhNH2 (ii) in 1.0 M Na2SO4 at 250 mA.g-1. (c) Nyquist plot of MWCNTaf-CoTPyzPz//CB-MWCNTaf at -0.34 V (i), 

MWCNTaf-CoTPyzPz//CB- MWCNTaf at 0.20 V (ii), MWCNTPhNH2-CoTPyzPz//CB-MWCNTPhNH2 at 0.20 V (iii) and MWCNTPhNH2-

CoTPyzPz//CB-MWCNTPhNH2 at -0.34 V in 1.0 M Na2SO4 in the frequency range 100 kHz to 10 MHz.  (d) Bode plots of MWCNTaf-

CoTPyzPz//CB- MWCNTaf (i) & (iv) and MWCNTPhNH2-CoTPyzPz//CB-MWCNTPhNH2 at 0.20 V  (ii) & (iii) at 0.20 V in 1.0 M Na2SO4 
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Table 5.6 shows the specific capacitance calculated from c-d curves according to the 

equation: 

                                                  4.5 

where C =                                                     4.6 

where I is the current (A), ∆t is the discharging time, ∆V is the discharge voltage, m is 

the total mass of the positive electrode and the negative electrode. The Csp of 

MWCNTaf-CoTPyzPz//CB-MWCNTaf is 70 F.g-1 and of MWCNTPhNH2-CoTPyzPz//CB-

MWCNTPhNH2 is 49 F.g-1 at 0.2 A.g-1.   

 

Table 5.6: Supercapacitive behaviour parameters of MWCNTPhNH2-

CoTPyzPz//CB- MWCNTPhNH2 and MWCNTaf-CoTPyzPz//CB- MWCNTaf   

supercapacitors 

                                  Electrolyte: 1.0 M Na2SO4, current density =  250 mA.g
-1

 

Electrode 

Specific 

capacitance

/ (F.g
-1

) 

Energy 

efficiency/

% 

Specific 

Energy/Wh

kg
-1

 

Specific 

Power/ 

Wkg
-1

 

MWCNTPhNH2-

CoTPyzPz//CB-

MWCNTPhNH2 
49 60 4.9 4968 

MWCNTaf-

CoTPyzPz//CB-

MWCNTaf 

70 86 8.5 4306 
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Figure 5.18 shows the Ragone plot of MWCNTaf-CoTPyzPz//CB-MWCNTaf at 2 V and 

of MWCNTPhNH2-CoTPyzPz//CB-MWCNTPhNH2 at two voltages. At a cell voltage of 

2 V, MWCNTaf-CoTPyzPz//CB-MWCNTaf delivered an energy density of 8.5 Wh.kg-1 

at a power density of 4306 W.kg-1 and maintained 5.9 Wh.kg-1 at 5.42 kW. kg1, while 

MWCNTPhNH2-CoTPyzPz//CB-MWCNTPhNH2 has gave an energy density of 4.9 

Wh.kg-1 at power density of 4968 W.kg-1 and maintaining 3.9 Wh.kg-1 at 5233 W.kg-1. 

From Figure 5.18 it was observed that the energy density of MWCNTPhNH2-

CoTPyzPz//CB-MWCNTPhNH2 is dependent on the cell voltages. The energy density 

values obtained is slightly higher to what commercial devices can achieve (48, 49).  

The energy density can be improved by mass balance of the electrodes (50). 

The energy density results of this novel AEC cells are comparable to energy densities 

of other asymmetric supercapacitor cells. For example, the power and energy 

density of MnO2 nanowire/Graphene composite is 7.0 Wh.kg-1and 5000 W.kg-1, 

respectively (51). The coulombic efficiency of MWCNTaf-CoTPyzPz//CB-MWCNTaf 

and MWCNTPhNH2-CoTPyzPz//CB-MWCNTPhNH2 was found to be 86 % and 60 % 

respectively. 

The electrochemical impedance of MWCNTaf-CoTPyzPz//CB-MWCNTaf and 

MWCNTPhNH2-CoTPyzPz//CB-MWCNTaf are displayed in Figure 5.17(c) and (d). The 

spectra show nearly vertical lines at low frequency which are a characteristic good 

capacitance performance of the electrode materials. The Internal resistance (ESR) of 

the cells at 0.2 V were found to be 9.63 Ω and 2.14 Ω for MWCNTPhNH2-

CoTPyzPz//CB-MWCNTPhNH2 and MWCNTaf-CoTPyzPz//CB-MWCNTaf respectively. 

From Figure 5.17(c) it can be seen that the internal resistance does not increase 
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even after 1000 cycles for MWCNTaf-CoTPyzPz//CB-MWCNTaf. From Figure 5.17(d) 

it can be seen that the phase angle of MWCNTaf-CoTPyzPz//CB-MWCNTaf and 

MWCNTPhNH2-CoTPyzPz//CB-MWCNTPhNH2 are 77.2º and 77.9º respectively. This 

confirms that the charge storage mechanism is a combination of pseudocapacitance 

and double layer capacitance since for a pure ideal EDLC the phase angle is 90 º (31, 

52).  

 

 

Figure 5.18: Ragone plot of MWCNTaf-CoTPyzPz//CB-MWCNTaf and MWCNTPhNH2-

CoTPyzPz// CB-MWCNTPhNH2. 

 

Based on the EIS data, the specific capacitance was found to be 45 F.g-1 and 26 F.g-1 

decreasing to 35 F.g-1 and 15 F.g-1 for MWCNTaf-CoTPyzPz//CB-MWCNTaf and 

MWCNTPhNH2-CoTPyzPz//CB-MWCNTPhNH2, respectively after 1000 cycles. The 

1000

2000

3000

4000

5000

6000

7000

0.0 2.0 4.0 6.0 8.0 10.0

P
o

w
e

r 
D

e
n

si
ty

/(
W

.k
g

-1
)

Energy/(Wh.kg-1)

MWCNTaf/CoTPyzPz -(2V)

MWCNTPhNH2/CoTPyzPz -(2V)

MWCNTPhNH2/CoTPyzPz -(1.6V)

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

 

 

154 
 

values of Csp obtained from EIS confirm that MWCNTaf-CoTPyzPz//CB-MWCNTaf 

performs better as compared to MWCNTPhNH2-CoTPyzPz//CB-MWCNTPhNH2 cell.  

The loss of capacitance in both asymmetric capacitor cells may be due to the loss of 

electrode materials, gas evolution during cycling and imperfect contact between 

electrode surface and the current collector (53, 54).  

Figure 5.19 shows the plot of Csp versus frequency before and after stability 

experiment. Csp of the AEC cells decreased after stability cycling. MWCNTaf-

CoTPyzPz// CB-MWCNTaf AEC cell gave the highest Csp of 45 F.g-1. 

 

Figure 5.19: Comparison of specific capacitance of MWCNTaf-CoTPyzPz//CB-

MWCNTaf and MWCNTPhNH2-CoTPyzPz//CB-MWCNTPhNH2 from EIS data. 

 

Figure 5.20 shows the stability of the asymmetric capacitor cells. It was found 

that there is a decrease of capacitance of 32 % and 47 % of MWCNTaf-
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CoTPyzPz//CB-MWCNTaf and MWCNTPhNH2-CoTPyzPz//CB-MWCNTPhNH2 

respectively without considering first cycles as activation process of the studied 

materials. Capacitance of the cells decreases with about 11 % and 14 % for 

MWCNTaf-CoTPyzPz//CB-MWCNTaf and MWCNTPhNH2-CoTPyzPz//CB-

MWCNTPhNH2 respectively after 1000 charge-discharge cycles. From the results a 

significant decrease occurred in the first 100 cycles, which were considered 

activation cycles. Thus, also from capacitance it can be seen that MWCNTaf-

CoTPyzPz//CB-MWCNTaf cell perform better; thus MWCNTaf-CoTPyzPz electrode 

composite material can be a suitable electrode material. 

 

 

Figure 5.20: Cycling stability of MWCNTaf-CoTPyzPz//CB-MWCNTaf and 

MWCNTPhNH2-CoTPyzPz//CB-MWCNTPhNH2 from charge-discharge curves at 200 

mA.g-1. 
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5.4. Conclusion 

In a three electrode system, MWCNTaf-CoTPyzPz and MWCNTPhNH2-CoTPyzPz 

exhibited good electrochemical specific capacitance in H2SO4 electrolyte than in 

Na2SO4. Specific capacitance of BPPG electrode modified with MWCNTaf-CoTPyzPz 

particles in H2SO4 was 1902 F.g-1. The value obtained in acidic electrolyte is ten times 

more to the value obtained in Na2SO4 electrolyte. This phenomenon in acidic 

electrolyte is attributable to the protonation and deprotonation due to the basicity 

of the nitrogen atoms in the porphyrazine molecules. These electrodes also 

exhibited good electrochemical behaviour with good energy deliverable efficiency, 

good cycle stability and lower charge transfer resistance. MWCNTaf-CoTPyzPz//CB-

MWCNTaf and MWCNTPhNH2-CoTPyzPz//CB-MWCNTPhNH2 asymmetric cells have 

good cycling stability with a loss of about 10 % loss specific capacitance after 1000 

cycles. These asymmetric cells have a specific energy density of 4.9 Wh.kg-1 and 8.5 

Wh.kg-1 for MWCNTaf-CoTPyzPz//CB-MWCNTaf and MWCNTPhNH2-CoTPyzPz//CB-

MWCNTPhNH2 respectively.  
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CHAPTER 6 

 

 

 

SUPERCAPACITIVE BEHAVIOUR OF FeTPyzPz-MWCNT NANOCOMPOSITES 
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6.1. Physical characterisation of FeTPyzPz-MWCNT nanocomposites 

6.1.1. Comparative microscopic images 

FESEM images of MWCNTs and FeTPyzPz-MWCNTs composites as depicted in Figure 

6.1 show a porous entangled morphology of all the electrode materials. Images of 

FeTPyzPz show lumps surrounded by small aggregated particles.  

 

Figure 6.1: Typical FESEM images of (i) FeTPyzPz, (ii) MWCNTPhNH2, (iii) MWCNTaf, 

(iv) MWCNTaf-FeTPyzPz and (v) MWCNTPhNH2-FeTPyzPz. 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

 

 

167 
 

The MWCNTs seem to wrap around the FeTPyzPz particles. Špitalskyet al. (1) have 

reported that MWCNTs form dense morphology that has intra and inter bundle 

porosity. According to Yuen (2), functionalized MWCNTs appear to be curled and 

entangled with a porous network. Iijima et al. (3) discovered that MWCNTs are 

thread like tangles and curls as they form bundles. 

 

6.1.2. Comparative EDX 

EDX profiles of FeTPyzPz, MWCNTaf-FeTPyzPz and MWCNTPhNH2-FeTPyzPz shown 

in Figure 6.2 gives the analytical details of the electrodes elemental composition. 

Major elements found are C, N and Fe. Other elements found in the sample are 

sodium and oxygen which might be from synthesis. A pronounced peak of thallium 

could be from gold plating of the sample holder.  

 

Figure 6.2: EDX spectra of (i) MWCNTPhNH2-FeTPyzPz and (ii) MWCNTaf-FeTPyzPz 

and (iii) FeTPyzPz. 
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6.1.3. Comparative FTIR 

Figure 6.3 shows FTIR spectra overlay of MWCNTs, FeTPyzPz and FeTPyzPz-MWCNTs 

composites. FeTPyzPz and the composites show a peak at around 1619 cm-1 that is 

attributed to the C—N stretching vibrations of the bond in the porphyrazine core (4). 

Acid functionalization of MWCNTs was confirmed by the presence of CO stretching 

vibration at 1712 cm-1 in MWCNTaf and MWCNTaf-FeTPyzPz spectra. The broad 

peaks that appear around 3436 cm-1 are due to OH stretching frequency in acid 

functionalized MWCNTs and N-H stretching vibrations in MWCNTPhNH2.  

 

 

Figure 6.3: FTIR spectra of MWCNTPhNH2, MWCNTPhNH2-FeTPyzPz, MWCNTaf, 

MWCNTaf-FeTPyzPz and FeTPyzPz. 
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6.1.4. Comparative UV-Vis analysis 

Figure 6.4 shows the UV-Vis spectra of MWCNTs, FeTPyzPz and FeTPyzPz-MWCNTs 

composites in DMF. The electronic spectrum for FeTPyzPz shows a monomeric Q-

band peak at 621 nm with a shoulder at 640 nm. The Q band of FeTPyzPz is 

characteristic of a tetrapyrrollic macrocycle with a D4h symmetry (5). Peaks at 374 

nm and 490 nm show ligand to metal charge transfer transitions of the type a2u(ring) 

→ eg(metal) (5). MWCNTaf-FeTPyzPz and MWCNTPhNH2-FeTPyzPz composite 

material show a similar trend as FeTPyzPz with suppressed Q band. This similarity 

means the composite electronic structures were not altered significantly. MWCNTaf 

and MWCNTPhNH2 spectra have no peak, an indication of MWCNTs functionalization 

(6-8). Another weak band observed (Figure 6.4) at 374 nm, 370 nm and 364 nm for 

FeTPyzPz, MWCNTPhNH2-FeTPyzPz and MWCNTaf-FeTPyzPz respectively is classified 

as a B band (Soret band). 

 

Figure 6.4: UV-VIS spectra of MWCNTaf, MWCNTPhNH2, FeTPyzPz, MWCNTPhNH2-

FeTPyzPz and MWCNTaf-FeTPyzPz. 
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This B band is characteristic of the tetrapyrrollic derivatives and shows that there is 

coupling between nonbonding lone pair electrons and the macrocyclic  system (4, 

9). 

 

6.1.5. Comparative Thermogravimetry 

Figure 6.5 and 6.6 displays the TG and DTG curves of MWCNTaf, MWCNTPhNH2, 

MWCNTp, FeTPyzPz, MWCNTaf-FeTPyzPz and MWCNTPhNH2-FeTPyzPz materials 

heated in air from 25°C to 1000 °C. Between one to three major mass loss steps are 

distinguishable on TG and further elucidated by the DTG (Figure 6.6).MWCNTp, 

MWCNTaf and MWCNTPhNH2 show no significant mass loss between 25°C to 350 °C. 

At the same temperature range, FeTPyzPz and composites show mass loss of about 

20% due to the physisorbed and chemisorbed water (10).MWCNTp and MWCNTaf 

show one major mass loss at 612 °C and 657 °C respectively. MWCNTPhNH2 show 

one major mass loss at 537 °C and a minor mass loss 834 °C. A major mass loss for 

FeTPyzPz occurred at 473 °C.  MWCNTPh2-FeTPyzPz exhibited a major mass loss at 

388 °C, 430 °C and 534 °C. MWCNTaf-FeTPyzPz showed two major mass losses at 

416 °C and 625 °C. The incorporation of the MWCNTs into FeTPyzPz lowers the onset 

temperature for the decomposition of the macrocycle. These results suggest that the 

composites exhibit lower oxidation resistance than FeTPyzPz. The order of stability 

based on the initial decomposition temperature of the porphyrazine is as follows: 

MWCNTaf > MWCNTPhNH2>MWCNTp>FeTPyPz> MWCNTPhNH2-FeTPyzPz > 

MWCNTaf-FeTPyPz 
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Figure 6.5: Thermogravimetric curves of MWCNTPhNH2, MWCNTaf, MWCNT 

(pristine), FeTPyzPz, MWCNTPhNH2-FeTPyzPz and MWCNTaf-FeTPyzPz. 

 

 

Figure 6.6: Differential thermogravimetric curves of (i) (MWCNTPhNH2, (ii) 

MWCNTaf (iii) MWCNT (pristine), FeTPyzPz, MWCNTPhNH2-FeTPyzPz and MWCNTaf-

FeTPyzPz. 
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6.2. Supercapacitive behaviour of MWCNT-FeTPyzPz 

Cyclic voltammetry is one of the diagnostic tools that can be used to investigate the 

electrochemical properties of materials such as capacitive behaviour. The shape of 

the cyclic voltammogram depicts an energy storage mechanism which an electrode 

material utilizes. A rectangular shape suggests a double layer storage mechanism 

while a distorted rectangular shape with redox peaks outlines a pseudo-capacitive 

storage mechanism (11-15). 

 

6.2.1. Cyclic voltammetry analysis 

Figure 6.7 shows the CV curves of BPPG, MWWCNTPhNH2, MWCNTaf, FeTPyzPz, 

MWCNTPhNH2-FeTPyzPz and MWCNTaf-FeTPyzPz electrodes at 10 mV.s-1 using  1.0 

M H2SO4 electrolyte. The inset shows that the cyclic voltammograms of BPPG, 

MWCNTPhNH2 and MWCNTaf are not perfectly rectangular, andthis signifies 

deviation from ideal double layer supercapacitive behaviour. Some redox humps on 

the CVs indicate that functionalization of MWCNTs enhances capacitance through 

pseudocapacitance. MWCNTaf and MWCNTPhNH2 have been found to contain 

oxygen and nitrogen functional groups respectively, which enhance capacitance in 

acidic electrolytes through charge transfer reactions (15-18). The redox process on 

the MWCNT occurs through the following previously proposed reactions such as (16, 

19-21):  

  6.1 

   6.2 

where C* is the carbon framework. 
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Specific capacitance from the CVs was calculated according to the equation 5.3 (22-

24): 

     6.3 

where  is average current (A), ν is the scan rate (V.s-1) and m is the mass of the 

active electrode mass (g).  Specific capacitance values from comparative cyclic 

voltammograms in 0.1 M H2SO4 at 10 mV.s-1 follows the trend:  

MWCNTaf-FeTPyzPz (502 F.g-1) > MWCNTPhNH2-FeTPyzPz (408 F.g-1) > FeTPyzPz 

(127 F.g-1) > MWCNTaf (39 F.g-1) > MWCNTPhNH2 (37 F.g-1). 

 

 

Figure 6.7: Cyclic voltammograms of Bare, MWCNTPhNH2, MWCNTaf, FeTPyzPz, 

MWCNTPhNH2-FeTPyzPz and MWCNTaf-FeTPyzPz in 1.0 M H2SO4 at a scan rate of 10 

mV.s-1. Inset: Cyclic voltammograms of Bare, MWCNTPhNH2, MWCNTaf. 
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The high Csp values found for the composites suggest that there are good synergistic 

effects in the combination of functionalized MWCNTs and FeTPyzPz. The MWCNTS 

seems to provide a porous network that connects the FeTPyzPz particles that 

undergo faradaic reactions. It has been reported that composites such MWCNT-

NiTAPc (18), NiO/CNT(10%) (25), PPy/MWCNT (26) and MWCNT/PANI (27) gave a 

superior Csp than individual electrode materials. Figure 6.7 and 6.8 show CV curves of 

MWCNTaf-FeTPyzPz and MWCNTPhNH2-FeTPyzPz at different scan rates. The CV 

curves (Figure 6.9) depict that the redox couple is quasi-reversible due to the shifting 

of anodic and cathodic peaks as scan rate increases (28, 29). 

 

 

Figure 6.8: Cyclic voltammogram evolutions of MWCNTaf-FeTPyzPz in 1.0 M H2SO4 at 

different scan rates. 
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Figure 6.9: Cyclic voltammogram evolutions of MWCNTPhNH2-FeTPyzPz in 1.0 M 

H2SO4 at different scan rates. 

 

6.2.2. Galvanostatic charge-discharge analysis 

Figure 6.10 shows the galvanostatic charge-discharge curves obtained for 

MWCNTPhNH2, MWCNTaf, FeTPyzPz, MWCNTPhNH2-FeTPyzPz and MWCNTaf-

FeTPyzPz at a current density of 3 A.g-1 in 1.0 M H2SO4. The charge-discharge curves 

of are mostly linear showing an ideal capacitor behaviour while the non-linear 

charge-discharge curves of FeTPyzPz, MWCNTPhNH2-FeTPyzPz and MWCNTaf-

FeTPyzPz indicates that the redox process occurs at the electrode (30). The specific 

capacitance was calculated from the equation: 
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      6.4 

where, I is the discharging current applied (A),Δt is the discharging time (s), m is the 

mass of the active electrode (g) and ΔE is the discharge voltage difference. Table 6.1 

shows the specific capacitance, energy efficiency, specific energy and specific power 

for the electrodes studied at 3 A.g-1 in 1.0 M H2SO4. The specific capacitances for the 

composites were bigger; MWCNTaf-FeTPyzPz gave the highest specific capacitance 

of 410 F.g-1. The mixing of MWCNT and FeTPyzPz provides a porous network that 

allows electrolyte ions to have access to the FeTPyzPz particles. The high 

conductivity of the MWCNTs enhances electron transport between FeTPyzPz 

molecules.  

 

 

Figure 6.10: Charge-Discharge curves of MWCNTPhNH2, MWCNTaf, FeTPyzPz, 

MWCNTPhNH2-FeTPyzPz and MWCNTaf-FeTPyzPz in 1.0 M H2SO4 at a current 

density of 3 A.g-1. 
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Table 6.1: Supercapacitive parameters of FeTPyzPz based systems from c-

d measurements 

 Electrolyte: 1.0 M H2SO4, current density =  3 A.g
-1 

Electrode 

Specific  

capacitance/

(F.g
-1

) 

Energy 

efficiency/

% 

Specific 

Energy/

Whkg
-1 

Specific 

Power/W

kg
-1 

MWCNTPhNH2 10 98 3 3032 

MWCNTaf 50 116 15 3097 

FeTPyzPz 156 109 45 3042 

MWCNTPhNH2-FeTPyzPz 309 107 87 3020 

MWCNTaf-FeTPyzPz 410 140 115 3010 

 

The high specific capacitance in MWCNTaf-FeTPyzPz can be attributed to the 

heteroatoms functionalities that increases wettability of the electrode surface and 

introduce redox active sites (11). 

The enhancement of the capacitance could be following the same mechanism 

(Figure 5.11) as proposed by Lota et al. (31) due to the pyridinic N present in the 

porphyrazine molecules. 

 

 

Figure 5.11: Scheme of possible redox reactions based on presence of pyridinic 

groups (31). 
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6.2.3. Electrochemical impedance spectroscopy analysis 

EIS measurements were done to understand the fundamental behaviour of the 

electrodes. Figure 6.12(a) shows a Nyquist plot of MWCNTPhNH2-FeTPyzPz and 

MWCNTaf-FeTPyzPz electrodes measured in the frequency range of 100 kHz to 10 

MHz in 1.0 M H2SO4 aqueous electrolyte. The inset of Figure 6.12(a) shows a partial 

semicircle. The Nyquist plot shows that both MWCNTaf-FeTPyzPz and 

MWCNTPhNH2-FeTPyzPz have a lower charge transfer resistance. This suggests that 

the electrodes can offer a good rate performance (32). At lower frequencies, the 

Nyquist plots are not parallel to the y axis, and this indicates that the electrodes are 

not purely EDLC, but that the storage of charges happens through both 

pseudocapacitance and EDLC. 

 

 

Figure 6.12: (a) Nyquist plot (inset: expansion of Nyquist at high frequency) plot and 

Bode plot of MWCNTPhNH2-FeTPyzPz and MWCNTaf-FeTPyzPz in 1.0 M H2SO4. 
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Figure 6.13 shows a plot of specific capacitance versus frequency of MWCNTPhNH2-

FeTPyzPz and MWCNTaf-FeTPyzPz. Specific capacitance from impedance data was 

obtained using equation 2.23.  From the graph it can be seen that at higher 

frequency both composites have almost same behaviour while between 0.1 Hz and 

10 Hz, MWCNTaf-FeTPyzPz performs better than MWCNTPhNH2-FeTPyzPz. At lower 

frequency MWCNTPhNH2-FeTPyzPz exhibit a specific capacitance of about 660 F.g-1.  

 

 

Figure 6.13: Frequency dependent specific capacitance of MWCNTPhNH2-FeTPyzPz 

and MWCNTaf-FeTPyzPz in 1.0 M H2SO4. 

 

6.3. The electrochemical characterisation of MWCNTs/FeTPyzPz asymmetric 

supercapacitors. 

Asymmetric supercapacitors are more favourable for aqueous electrolyte since they 

give high energy density due to their large electrochemical potential window. Figure 
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6.14 shows CV evolutions of MWCNTaf-FeTPyzPz//CB-MWCNTaf and MWCNTPhNH2-

FeTPyzPz//CB-MWCNTPhNH2AECs at 5 mV.s-1 using 1.0 M Na2SO4 electrolyte. The CV 

curves of both asymmetric supercapacitors exhibit a rectangular-like shape with 

slight observable redox peaks between -0.4 V and 0.2 V. This depicts that the 

asymmetric supercapacitor charge storage is a combination of EDLC and 

pseudocapacitance. Figure 6.15 shows that as the scan rate is increased, the CV 

profiles of the both asymmetric supercapacitors are not distorted indicating a 

desirable fast charging-discharging characteristic of the devices (33, 34). 

 

 

Figure 5.14: CV curve of (i) MWCNTaf-FeTPyzPz//CB-MWNTaf and (ii) 

MWCNTPhNH2-FeTPyzPz//CB-MWCNTPhNH2AECsat 5 mV.s-1 in 1.0 M Na2SO4 

electrolyte. 
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Figure 6.15: CV curves of (a) MWCNTaf-FeTPyzPz//CB-MWCNTaf and (b) 

MWCNTPhNH2-FeTPyzPz//CB-MWCNTPhNH2 asymmetric ECs at different scan rates 

in 1.0 M Na2SO4 electrolyte. 

 

Figure 6.16 shows galvanostatic charge-discharge curves of MWCNTaf-

FeTPyzPz//CB-MWCNTaf and MWCNTPhNH2-FeTPyzPz//CB-MWCNTPhNH2 at a 

current density of 300 mA.g-1 using 1.0 M Na2SO4 aqueous electrolyte. At a potential 

window of 1.8 V, the charge and discharge curves of MWCNTaf-FeTPyzPz//CB-

MWCNTaf are symmetrical, indicating a good coulombic efficiency and excellent 

chemical reversibility. Comparing the ESR of the two supercapacitors calculated from 

the IR drop, it was found that MWCNTaf-FeTPyzPz//CB-MWCNTaf had smaller ESR of 

10.4 Ω as compared to ESR of MWCNTPhNH2-FeTPyzPz//CB-MWCNTPhNH2 (25.75 

Ω). Figure 6.17 shows that as current density increases, the specific capacitance of 

both asymmetric cells decrease. Specific capacitance of MWCNTaf-FeTPyzPz//CB-

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

 

 

182 
 

MWCNTaf and MWCNTPhNH2-FeTPyzPz//CB-MWCNTPhNH2 at different density is 

shown in Figure 6.18. 

 

Figure 6.16: C-D curves at 300 mA.g-1 of (i) MWCNTaf-FeTPyzPz//CB-MWCNTaf with 

cell voltage of 1.8 V, (ii) MWCNTPhNH2-FeTPyzPz//CB-MWCNTPhNH2 with cell 

voltage of 2.0 V and (iii) MWCNTaf-FeTPyzPz//CB-MWCNTaf with cell voltage of 2.0 

V in 1.0 M Na2SO4 electrolyte. 

 

 

Figure 6.17: C-D curves at different current densities of (a) MWCNTPhNH2-

FeTPyzPz//CB-MWCNTPhNH2 with cell voltage of 2.0 V and (b) MWCNTaf-

FeTPyzPz//CB-MWCNTaf with cell voltage of 1.8 V in 1.0 M Na2SO4 electrolyte. 
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This increase in capacitance after 1000 charge-discharge cycles may be attributed to 

the electro-activation of the electrode (35). This implies that the electrolyte ions 

were more able to penetrate the electrode surface due to increased wettability of 

the electrode. The specific capacitance of MWCNTPhNH2-FeTPyzPz//CB-

MWCNTPhNH2 asymmetric cell after 1000 charge-discharge cycles increased by 59 % 

at 300 mA.g-1 in a potential window of 2.0 V. Figure 6.18 also shows that specific 

capacitance decreases as current density increases.  

 

 

Figure 6.18: Specific capacitance of (a) MWCNTaf-FeTPyzPz//CB-MWCNTaf 

asymmetric supercapacitor cell before and after stability test and (b) MWCNTPhNH2-

FeTPyzPz//CB-MWCNTPhNH2. 
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Figure 6.19 shows the Ragone plots of asymmetric supercapacitor cells relating 

energy density and power density at different potential windows. At cell potential of 

2.0 V, the energy density for MWCNTaf-FeTPyzPz//CB-MWCNTaf asymmetric 

supercapacitor cell reaches 8.2 Wh.kg-1 where power density was 6.2 kW.kg-1. At 

lower cell potential of 1.8 V, energy density decreases to 5.0 Wh.kg-1 at power 

density of 5.8 kW.kg-1. For MWCNTPhNH2-FeTPyzPz//CB-MWCNTPhNH2 asymmetric 

cell the best energy density of 16 Wh.kg-1 at a power density of 1.6 kW.kg-1was 

obtained after 1000 cycle performance. It was observed that at lower potential 

windows, the energy density as well as power density values were very small.  

 

Figure 6.19: Ragone plot of (a) MWCNTaf-FeTPyzPz//CB-MWCNTaf asymmetric 

supercapacitor cell before and after stability test and (b) MWCNTPhNH2-

FeTPyzPz//CB-MWCNTPhNH2 asymmetric supercapacitor cell before and after 

stability test in 1.0 M Na2SO4 electrolyte. 

 

Figure 6.20 shows the Nyquist plot for MWCNTaf-FeTPyzPz//CB-MWCNTaf and 

MWCNTPhNH2-FeTPyzPz//CB-MWCNTPhNH2 asymmetric cells. At high frequency, 
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MWCNTaf-FeTPyzPz//CB-MWCNTaf asymmetric cell shows a pronounced semi-circle 

while MWCNTPhNH2-FeTPyzPz//CB-MWCNTPhNH2 asymmetric cell does not have a 

well-defined semi-circle. MWCNTaf-FeTPyzPz//CB-MWCNTaf and MWCNTPhNH2-

FeTPyzPz//CB-MWCNTPhNH2 asymmetric cell gave an internal cell resistance of 2.1 

Ω and 4.2 Ω, respectively. At low frequency, the Nyquist plot of MWCNTaf-

FeTPyzPz//CB-MWCNTaf asymmetric cell is more vertically linear as compared to the 

Nyquist plot of MWCNTPhNH2-FeTPyzPz//CB-MWCNTPhNH2 asymmetric cell. This 

indicates that MWCNTaf-FeTPyzPz and CB-MWCNTaf can perform well as electrode 

materials for supercapacitors.  Since the plots at low frequency are not vertical 

linear, this indicates that the materials used are not purely EDLC but a combination 

of both EDLC and pseudocapacitance. 

 

Figure 6.20: Nyquist plots of MWCNTaf-FeTPyzPz//CB-MWCNTaf and 

MWCNTPhNH2-FeTPyzPz//CB-MWCNTPhNH2 asymmetric supercapacitors in 1.0 M 

Na2SO4 at 0.2 V. 
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Figure 6.21: Cycling performance of MWCNTaf-FeTPyzPz//CB-MWCNTaf and 

MWCNTPhNH2-FeTPyzPz//CB-MWCNTPhNH2 AECs at 5 mA. 

Galvanostatic charge-discharge was used to investigate the long term cycling 

performance of the asymmetric cells. Figure 6.21 shows capacitance as a function of 

a number of cycles for both asymmetric cells. The specific capacitance of MWCNTaf-

FeTPyzPz//CB-MWCNTaf decreased by 26 %, whilst that of MWCNTPhNH2-

FeTPyzPz//CB-MWCNTPhNH2 first increased by 38 % and thereafter decreased by 19 

%. 

 

6.4. Conclusion 

In a three electrode system it was found that the composite MWCNTaf-FeTPyzPz 

electrode gave a superior specific capacitance of 410 F.g-1 at 3 A.g-1 as compared to 
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the other composite MWCNTPhNH2-FeTPyzPz electrode. It was established that 

when functionalised MWCNTs are incorporated into FeTPyzPz, the specific 

capacitance atleast doubles. The composites exhibited good electrochemical 

behaviour with lower charge transfer resistance in Na2SO4 electrolyte. Both 

MWCNTaf-FeTPyzPz//CB-MWCNTaf and MWCNTPhNH2-FeTPyzPz//CB-

MWCNTPhNH2 asymmetric attained reasonable specific capacitance of 62 F.g-1 and 

143 F.g-1 respectively after stability tests at 300 mA.g-1.  MWCNTaf-FeTPyzPz//CB-

MWCNTaf has good cycle stability.  MWCNTaf-FeTPyzPz//CB-MWCNTaf and 

MWCNTPhNH2-FeTPyzPz//CB-MWCNTPhNH2 asymmetric cells gave a reasonable 

energy density of between 8 Wh.kg-1 and 16 Wh.kg-1 respectively. 
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CHAPTER 7 

 

 

Supercapacitive behaviour of GO-CoTPyzPz 

nanocomposites 
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7.1. Physical characterisation of GO/CoTPyzPz nanocomposites 

7.1.1. Comparative microscopic images 

FESEM images of GO, CoTPyzPz and GO/CoTPyzPz are shown in Figure 7.1. From the 

micrographs of the GO/CoTPyzPz it can be seen that the graphene oxide sheet is 

spread on top of CoTPyzPz particles creating a porous network. This morphology of 

the GO/CoTPyzPz composite enhances the electrical conductivity of the composite.  

 

Figure 7.1: Typical FESEM images of (i) GO/CoTPyzPz, (ii) GO and (iii) CoTPyzPz. 

 

7.1.2. Comparative FTIR 

Figure 7.2 shows the FTIR spectra of GO, CoTPyzPz and GO/CoTPyzPz. The spectra 

depicts the nature of the chemical groups found the GO, CoTPyzPz and 

GO/CoTPyzPz. From the FTIR spectra, the broad band between 3600 and 3100 cm-1 is 

attributable to O-H stretching band for GO, N-H stretching vibrations in CoTPyzPz 
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and O-H or N-H vibrations in the GO/CoTPyzPz.  A peak at 1715 cm-1 confirms the 

presence of C=O in GO.  The C=N pyrazine ring stretching for CoTPyzPz and 

GO/CoTPyzPz appeared at 1633 cm-1. The composite shows the strong M-N vibration 

band (metal ion and the four nitrogen atoms in pyrrole) at 756 cm-1. Strong band at 

2874 cm-1 is assigned to aliphatic carbons in GO, CoTPyzPz and GO/CoTPyzPz.  

 

Figure 7.2: FTIR spectra of (i) GO/CoTPyzPz, (ii) GO and (iii) CoTPyzPz. 

 

7.1.3. Comparative Raman analysis 

From the Raman spectra (Figure 7.3), both GO and GO/CoTPyzPz show same peak 

positions for the D and G peaks at 1344 cm-1 and 1593 cm-1, respectively. However, 

there is a marginal increase in the D to G band intensity ratio, D/G, from 0.87 to 0.91 

upon integration with the CoTPyzPz. The increased D band intensity reflects a 
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disorder in the carbon structure. The stronger D peak intensity observed in the 

GO/CoTPyzPz is related to the smaller size of the GO/CoTPyzPz compared to the 

pristine GO, which is a reflection of more defects. The strongest peak at 1530 cm-1 

for CoTPyzPz mainly involves stretching of C–N–C and C–N bonds coupling with 

expanding of pyrroles (1). The second strongest peak at 1327 cm-1 for CoTPyzPz 

mainly involves stretching of the pyrroles and N–Co bonds coupling with C–H and C–

N–C bonds in-plane bending. The weak peak at 655 cm-1 for CoTPyzPz can be 

attributed to an expansion of pyrrole rings and stretching of N–Co bond. The 

shoulder vibration mode at 455 cm-1 is typical N–H vibrations. The integration with 

the GO led to an enhanced, but a broad vibration mode at 671 cm-1 for the 

GO/CoTPyzPz, suggesting more expanded pyrrole rings and stretching of the N–Co 

bond (2). 

 

Figure 7.3: Raman spectra of GO/CoTPyzPz, GO and CoTPyzPz. 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

 

 

197 
 

7.1.4. Comparative UV-Vis analysis 

Figure 7.4 shows the UV/Vis spectra of GO, CoTPyzPz, and GO/CoTPyzPz in 

DMF. The GO spectrum presented an adsorption peak around 260 nm (π-π* 

transition). The CoTPyzPz showed the characteristic  Q band at 630 nm with a 

shoulder at 730 nm due to aggregation (1), a vibrational Q0-0 band at 577 nm, a 

weak band around 430 nm due to metal-ligand-charge-transfer (MLCT)  

transition,  and a B band  at 345 nm.  Upon integration with the GO, the original 

Q-band of the CoTPyzPz at 630 nm almost disappeared, slightly blue-shifted to 

621 nm, while the peak at 730 nm became broader and more pronounced.  

 

Figure 7.4: UV-VIS spectra of (i) GO/CoTPyzPz, (ii) GO and (iii) CoTPyzPz. 

 

This incredible change in the UV-Vis spectrum is a clear indication of the 

interaction between the GO and the CoTPyzPz via strong co-facial aggregation 

(face-to-face assembly). The slight blue shift suggests that the energy gap 
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between the HOMO and LUMO of the GO/CoTPyzPz hybrid has become wider 

than that of the CoTPyzPz (3, 4). The co-facial aggregation should result in 

maximum contact between the CoTPyzPz molecules and the graphene sheet, 

thus leading to a fast electron transport through the graphene during the 

faradaic redox reaction. 

7.2. Supercapacitive behaviour of GO/CoTPyzPz 

Figure 7.5(i) shows the CV curves of GO, CoTPyzPz and GO/CoTPyzPz composite at 20 

mV.s-1. The CV curve of GO electrode shows a nearly rectangular shape with no 

observable redox peaks.  

 

Figure 7.5: Electrochemical properties of electrode materials using a three-electrode 

system in 1.0 M Na2SO4 electrolyte. (i) CV curves of GO, CoTPyzPz and GO/CoTPyzPz 

on nickel foam electrodes at a scan rate of 20 mV.s-1. (ii) Galvanostatic charge-

discharge curves of GO/CoTPyzPz at different charge density. 
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This indicates that the GO electrode exhibit an EDL capacitive behaviour. The CV 

curve of CoTPyzPz exhibits a redox peaks between -0.2 V and 0.2 V which are 

attributable to the Na+ ion insertion into the electronegative porphyrazine molecule. 

This pseudocapacitive behaviour is greatly enhanced in the GO/CoTPyzPz composite. 

The well-defined redox peaks can be attributed to the enhancement of electron 

mobility through the highly conductive GO that has formed a porous network over 

CoTPyzPz molecules. Figure 7.5(ii) shows galvanostatic charge-discharge curves of 

GO/CoTPyzPz electrode in 1.0 M Na2SO4 electrolyte solution at different current 

density. The c-d curve at 0.5 A.g-1 is linear and symmetrical while at 1.0 A.g-1, the c-d 

curve shows a hump between -0.2 V and 0 V indicative of a pseudocapacitive 

behaviour. 

 

7.3. Asymmetric supercapacitive behaviour of GO/CoTPyzPz//CB-GO cell. 

To further evaluate GO/CoTPyzPz composite for real device application, an 

asymmetric supercapacitor was made with activated carbon as the negative 

electrode and GO/CoTPyzPz as a positive electrode using 1.0 M Na2SO4 as an 

electrolyte. Activated carbon was used as to extend the cell voltage to 1.6 V. Figure 

7.6(i) shows the CV curves of GO/CoTPyzPz//CB-GO asymmetric supercapacitor at 

different scan rates in 1.0 M Na2SO4 aqueous electrolyte. The CV curves are quasi 

rectangular shaped with redox peaks, this depicts that the charge storage 

mechanism is a combination of EDLC and psuedocapacitance. As the potential scan a 

rate is increased, CV curves still retain their shape indicating a desirable fast charge-

discharge phenomenon.  
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Galvanostatic charge-discharge was used to further evaluate the performance of 

an asymmetric cell. Figure 7.6 (ii) shows galvanostatic charge-discharge curves of 

GO/CoTPyzPz//CB-GO cell at different current density in 1.0 M Na2SO4 aqueous 

electrolyte. The charge and discharge curves are symmetrically. This indicates that 

the cell has an excellent electrochemical reversibility and good columbic efficiency. 

 

 

Figure 7.6: CV curves of GO/CoTPyzPz//CB-GO asymmetric supercapacitor at a 

different scan rate between -1.0 V and 1.0 V in 1.0 M Na2SO4 aqueous electrolyte (ii) 

Galvanostatic charge-discharge curves of GO/CoTPyzPz//CB-GO at different charge 

density. 

The specific capacitance was evaluated from discharge curve according to 

Equations (4): 

      7.1 
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      7.2 

where C is the capacitance, Csp is the specific capacitance, ∆t is the change in the 

discharge time, ∆V is the change in the discharge voltage after the IR drop and M is 

the total mass of the anode and the cathode electrode materials. The Specific 

capacitance of the cell was found to be 399 F.g-1 at a current density of 1.9 A.g-1 

decreasing to 275 F.g-1 at 9.5 F.g-1 (table 7.1). Energy deliverable efficiency was 

found to increase from 83 % to 96 % with the increase in current density.  

Figure 7.7(i) shows a Ragone plot of GO/CoTPyzPz//CB-GO asymmetric cell. The 

power density (Pmax) and energy density (E) were calculated according to the 

following equations (4): 

    7.3 

                7.4 

where V is the applied voltage, m is the total mass of active materials in both the 

anode and  the cathode and Rir is the internal resistance calculated from the voltage 

drop of the discharge curve according the equation (4): 

                                     7.5 

where ∆ViR is a potential difference of the discharge curve from the end of the iR 

drop to the end of discharge. From the Ragone plot it can be seen that 

GO/CoTPyzPz//CB-GO asymmetric cell possesses the energy density of 36 Wh.kg-1 at 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

 

 

202 
 

a power density of 31 kW. kg-1, and still maintains the energy density of 24 Wh.kg-1 

at power density of 41 kW.kg-1.  

 

Table 7.1: Supercapacitive behaviour parameters of 

GO/CoTPyzPz//CB-GO asymmetric cell at different current 

densities 

 
Electrolyte: 1.0 M Na2SO4 

Current 

density/ 

A.g
-1 

Specific  

capacitance

/(F.g
-1

) 

Energy 

efficiency

/% 

Specific 

Energy/W

hkg
-1 

Specific 

Power/k

Wkg
-1 

     

1.9 399 83 36 31 

4.8 315 92 28 37 

9.5 275 96 24 41 

 

The energy density obtained for the GO/CoTPyzPz//CB-GO asymmetric capacitor 

cell is higher than other Na2SO4 aqueous electrolyte based asymmetric ECs, such as 

MGC//graphene (30 Wh.kg-1) (5), GHCS–MnO2//GHCS (22Wh.kg-1) (6), GNCC//AC (20 

Wh.kg-1) (7) and MnO2-coated graphene//graphene (11 Wh.kg-1) (8). The energy 

density value obtained is higher than the energy range of the electrochemical 

capacitors (∼ 0.2 to 10 Wh.kg-1) (9). A long cycling stability is one of the important 

performance requirements for supercapacitor applications. Figure 7.7 (ii) shows a 

specific capacitance versus cycle number. The long term cycling performance was 

evaluated from charge-discharge curves of GO/CoTPyzPz//CB-GO asymmetric 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

 

 

203 
 

capacitor cell. The specific capacitance in the first 300 cycles decreased slightly and 

thereafter decreased significantly until it normalized at about 300 F.g-1. The stability 

study proves that the device can charge and discharge continuously at a very high 

current density with little or no significant loss in efficiency. 

 

 

Figure 7.7: (i) Ragone plot of GO/CoTPyzPz//CB-GO asymmetric supercapacitor in 1.0 

M Na2SO4 aqueous electrolyte (ii) cycle performance of GO/CoTPyzPz//CB-GO 

asymmetric cell with a voltage window of 1.6V at a current density of 2.4 A.g-1 in 1.0 

M NaSO4 aqueous electrolyte. 

 

Figure 7.8(i) shows the Nyquist plot of GO/CoTPyzPz//CB-GO asymmetric 

supercapacitor before and after stability performance. An inset shows the high 

frequency range of the Nyquist plot.  
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Figure 7.8: (i) Nyquist plot of GO/CoTPyzPz//CB-GO asymmetric supercapacitor in 

1.0 M Na2SO4 aqueous electrolyte (ii) Bode plot of GO/CoTPyzPz//CB-GO asymmetric 

supercapacitor in 1.0 M Na2SO4 aqueous electrolyte. 

 

The plot shows that there is no obvious or well defined semi-circle before and after 

the cycle stability tests. The equivalent series resistance (ESR) before and after 

stability test have is 1.46 Ω and 1.63 Ω. This low ESR indicates that the EC cell can be 

utilized for high power density applications (6). From the Bode plots, the phase angle 

decreased from 76 to 62 degrees, indicating further transition to more 

pseudocapacitive properties (figure 7.8(ii)). There is also a slight change in the 

polarisation resistance after 1000 cycles (from 0.34 to 0.50 Ω), which may be due to 

loss of adhesion of some active material with the current collector, and/or corrosion 
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of the current collector caused by the dissolved oxygen in electrolytes during the 

charge/discharge cycling. 

 

7.4. Conclusion  

The electrochemical capacitive properties of a novel aqueous asymmetric 

electrochemical capacitor based on a GO/CoTPyzPz nanocomposite have been 

reported. Electrochemical tests revealed that GO/CoTPyzPz nanocomposite had 

good electrochemical capacitance behaviour in the potential window of 0V to 1.6V. 

The GO/CoTPyzPz//CB-GO asymmetric cell gave a high specific capacitance of 275 

F.g-1 at a high current density of 9.5 A.g-1. A high energy density of 36 Wh.kg-1 was 

obtained at power density of 31 kW.kg-1. The obtained specific energy is highly 

comparable to values obtained other asymmetric supercapacitors of between 30 

Wh.kg-1 and 50 Wh.kg-1 (5, 6, 10, 11). These asymmetric cells have shown excellent 

energy deliverable efficiency. 
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8.1. Conclusion 

The composites, MWCNT(30%)-MnO2 and MWCNT(15%)-MnO2 were synthesised 

and characterised successfully. The composites were found to be hydrated. 

MWCNT(15%)-MnO2 immobilized onto BPPGE gave the highest Csp of 1209 F.g-1 

while the Csp of MWCNT(30%)-MnO2 was 207 F.g-1. The incorporation of the 

MWCNTs provides connectivity between individual MnO2 molecules thereby 

increasing conductivity and specific area. This leads to an enhancement of specific 

capacitance of MWCNT(15%)-MnO2 by 27 fold as compared to specific capacitance 

of MNO2 and MWCNTs. MWCNT(15%)-MnO2 showed excellent specific capacitance 

(1209 F.g-1), excellent energy efficiency (101%) and excellent cycle stability after 

activation. Therefore, the synthesised MWCNT(15%)-MnO2 composite is a promising 

electrode material for supercapacitors. 

From the novel study of the composites of CoTPyzPz and MWCNTs, it was found 

that porphyrazine composites have excellent supercapacitive behaviour in H2SO4 

than in Na2SO4. The porphyrazine composites exhibited a dominantly 

pseudocapacitive behaviour. This could be attributed to the hydrogen protonation 

and deprotonation on the azomethine nitrogens or nitrogens on the pyrazine ring. 

The acid functionalized MWCNTs porphyrazine composites performed better than 

phenylamine functionalized MWCNTs porphyrazine composites. MWCNTaf-

CoTPyzPz was found to be a promising supercapacitor electrode material. From two-

electrode system, MWCNTaf-CoTPyzPz//CB-MWCNTaf exhibited an excellent energy 

density, power density and better cycle stability. Therefore, it was found to be the 

best supercapacitor cell studied. This study reported for the first time an asymmetric 
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capacitor that utilizes porphyrazine molecules. This makes the composites of 

metallotetrapyrazinoporphyrazine and MWCNTs to be promising electrode materials 

for supercapacitors. GO/ CoTPyzPz nanocomposites interrogated for the first time 

showed a superior capacitive behaviour. An assembled GO/ CoTPyzPz//CB-GO 

asymmetric supercapacitor cell exhibited energy density comparable to NiMH 

batteries  and a high power to these NiMH batteries currently used in hybrid vehicles 

like Toyota Prius. 

This study has successfully used electrochemical methods to characterise 

manganese oxides composites and porphyrazine composites. The suitability of these 

materials for supercapacitor applications was determined, and they exhibited 

excellent supercapacitive behaviours. The introduction of nanocarbons such as 

functionalized MWCNTs and GO was found to enhance the capacitive behaviour of 

the materials. 

 

8.2. Recommendations 

To further explore these materials for use in commercial supercapacitor 

applications it is recommended that: 

• New methods should be employed of making these composites material with 

the aim of increasing stability.  

• More methods of analysis such as XPS and BET should be done, to further 

elucidate the physical properties of the composites. 
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• Energy storage mechanism in the porphyrazine macrocycle molecules should 

be fully explored. 

• Electrode fabrication without current collectors should be made. This will 

enable determine the effect of the current collector on capacitance. 
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Mass of positive and negative electrodes of different asymmetric cell 

MWCNTaf-CoTPyzPz//CB- MWCNTaf cell   

 Mass of active materials/mg 

 Positive electrode Negative electrode 

MWCNTaf-CoTPyzPz 6.4  

CB- MWCNTaf  6.5 

 

 

MWCNTPhNH2-CoTPyzPz//CB- MWCNT PhNH2 cell   

 Mass of active materials/mg 

 
Positive electrode 

Negative 
electrode 

MWCNT PhNH2-CoTPyzPz 2.0  

CB- MWCNT PhNH2  5.0 

 

 

 

MWCNTaf-FeTPyzPz//CB- MWCNTaf cell   

 Mass of active materials/mg 

 Positive electrode Negative electrode 

MWCNTaf-CoTPyzPz 6.5  

CB- MWCNTaf  9.0 

 

 

MWCNTPhNH2-FeTPyzPz//CB- MWCNT 

PhNH2 cell 
 

 

 Mass of active materials/mg 

 Positive electrode Negative electrode 

MWCNTPhNH2-FeTPyzPz 1.0  

CB- MWCNT PhNH2  6.0 
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GO/CoTPyzPz//CB-GO cell   

 Mass of active materials/mg 

 Positive electrode Negative electrode 

GO/CoTPyzPz 0.6  

CB-GO  1.5 
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