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iv) Abstract 

Supercapacitors are promising energy storage and power output technologies due 

to their improved energy density, rapid charge-discharge cycle, high cycle efficiency 

and long cycle life. Free standing poly(3,4-ethylenedioxythiophene) poly(styrene 

sulfonate) / single walled nanotube films have been characterised by scanning 

electron microscopy, Raman spectroscopy and thermo-gravimetric analysis to 

understand the physical properties of the films. Films with varying compositions of 

poly(3,4-ethylenedioxythiophene) / poly(styrene sulfonate) and single walled 

nanotubes were compared by electrochemical impedance spectroscopy, cyclic 

voltammetry and galvanostatic charge / discharge to understand their 

electrochemical properties. A comparison of the results shows that having single 

walled nanotubes dispersed throughout the polymer matrix increases the 

capacitance by 65 % and the energy density by a factor of 3 whilst achieving good 

capacity retention over 1000 cycles. 

 

Graphene is sp2 hybridised carbon atoms in a honeycomb crystal lattice, which has 

attracted a lot of interest in materials science and condensed matter physics 

research due to its favourable electronic properties, abundance and low cost. 

Exfoliated graphene oxide which has also been partially reduced has been achieved 

using microwave irradiation through the use of a conventional microwave that has 

led to rapid expansion and a marked volume increase of the graphene oxide. This 

has enabled a porous material to be developed that can serve as a conductive 

scaffold and support for composite electrode materials. 



 

 

 
vi 

 

Graphene based materials coupled with transition metal oxides are promising 

electrode materials in asymmetric supercapacitors owing to their unique properties 

which include high surface area, good chemical stability, electrical conductivity, 

abundance, and lower cost profile over time. A composite material consisting of 

graphene oxide exfoliated with microwave radiation (mw rGO), and manganosite 

(MnO) is synthesised in order to explore their potential as an electrode material. 

The composite material was characterised by scanning electron microscopy (SEM), 

x-ray diffraction (XRD), x-ray photoelectron spectroscopy (XPS), and Raman 

spectroscopy. Cyclic voltammetry (CV) and electrochemical impedance 

spectroscopy (EIS) was used to explore the process occurring at the electrode / 

electrolyte interface. Long term cyclability and stability was investigated using 

galvanostatic charge / discharge testing. From the resulting analysis, an asymmetric 

supercapacitor was constructed with the best composite containing 90% MnO- 10% 

mw rGO (w/w). The device exhibited a capacitance of 0.11 F/cm2 (51.5 F/g by mass) 

and excellent capacity retention of 82% after 15 000 cycles at a current density of 

0.5 A/g.  

 

Composites containing CNTs and graphene are materials of particular interest in the 

energy storage and conversion area due to their favourable properties which can 

result in unique optical, electrical, magnetic and chemical properties which are 

substantially different than that of the individual components. It has been shown 

that the combination of both CNTs and graphene allows an expressway of electron 

transport from the electrode material to the current collector. The ability of the 
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CNTs to ‘sandwich’ in between the graphene sheets helps to alleviate restacking by 

acting as a spacer (thus maintaining surface area) while increasing electrical 

conductivity and mechanical stability. 

 

We describe a facile method to develop electrodes of SWNT and exfoliated 

graphene oxide (mw rGO) with varying weight ratios via sonication, centrifugation 

and vacuum filtration. These composites are then optimised with the best 

performing weight ratio to be used in the fabrication of a supercapacitor. Extensive 

electrochemical testing revealed that the incorporation of SWNTs with mw rGO 

yielded an electrode material with large specific capacitances. The specific 

capacitances in all cases exceeded 125 F/g with the optimised / ideal weight ratio of 

90% SWNT – 10% mw rGO exceeding 300 F/g. The thickness of the 90% SWNT – 

10% mw rGO was optimised with the maximum attainable current per unit area 

arising at a thickness of 17 microns. Lastly, a device was fabricated that showed 

excellent reversibility upon current switching from 0.05 A/g up to 4.0 A/g, with a 

specific capacitance of 80 mF/cm2 and 128 F/g respectively at 0.05 A/g. Long term 

testing showed excellent stability over 10 000 cycles, with the maximum attainable 

energy and power density being 5.8 W.h/kg and 1.9 MW/kg. 

  



 

 

 
viii 

 

v) List of abbreviations 

Å Angstrom: 1 x 10-10 m 

α Electron transfer coefficient 

ΔEp Peak voltage 

ε(0) Permittivity of free space 

ε(r) Relative permittivity  

η Overpotential (mV) 

λ(max) Wavelength maximum from UV-vis spectroscopy 

μ Micron 

υ Scan rate (Usually in mV/s unless otherwise stated) 

π 3.142 

π Highest occupied molecular orbital 

π* Lowest unoccupied molecular orbital 

τ(s) Time constant of charging / discharging 

ψ Dimensionless kinetic parameter 

2D 2-dimensional 

A Area (usually in cm2 unless otherwise stated) 

C Concentration of solution in mol/L. 

C Capacitance (F) 

C’(ω) Real part of capacitance (F) 

C”(ω) Imaginary part of capacitance (F) 

C(sp) Specific capacitance (F) 



 

 

 
ix 

 

CCG Chemically converted graphene 
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D Diffusion coefficient (cm2/s) 

deg Degree Celsius 

DOS Density of states 

  ⃗⃗⃗⃗   Vector quantity representing a change in surface area 

  

  
 Scan rate in cyclic voltammetry. 

E Potential in volts 
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EDS Energy dispersive X-ray 

EIS Electrochemical impedance spectroscopy 
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i0 Exchange current 
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1. Introduction. 

1.1. The Energy Problem. 

The energy crisis during the 1970s sparked the development of renewable energy 

sources and energy conservations measures. As supply eventually met demand, 

these programs were scaled back. Ten years later, the hazards of pollution led to 

work on minimisation and reversal of the environmental impact of fossil fuel 

extraction, transport and consumption [1].The United States Department of Energy  

predicts that 20 years from now, the world’s energy consumption will increase by 

20% (Figure 1. 1). The growing concerns over the constant use of fossil fuels and its 

effect on climate change [2], has once again spurred research on sustainable energy 

development and on enhancement in renewable energy systems. Advances in 

energy storage and conversion systems that will make our energy usage more 

efficient are essential if we are to meet the challenge of global warming and the 

finite nature of fossil fuels [2, 3]. 

 

Figure 1. 1: The United States Department of Energy values and forecasts for energy 

utilisation in the period from 1980 to 2030 [4].  
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Currently, there are a variety of electricity generating technologies that have been 

implemented (and are still under development) in order to reduce the dependence 

on the use of coal in electricity generation. These include (and not limited to) 

nuclear energy, wind, solar, geothermal, landfill gas, sewage gas, wood waste, 

biomass, tidal/wave, hydro, and solar thermal [5]. The main issues with these 

current renewable energy generation systems is that the electricity generated must 

be used immediately; and often as is the case electricity production is in peaks and 

troughs due to environmental conditions meaning that the load levelling capability 

is poor and power disruptions result [6]. 

 

The need for the development of efficient energy storage systems is paramount in 

meeting the world’s future energy targets, especially when energy costs are on the 

increase and more people need access to electricity [4, 6]. Energy storage 

technologies can improve efficiencies in supply systems by storing the energy when 

it is in excess, and then release it at a time of high demand [6]. Supercapacitor 

technologies can help with the development of smarter and more efficient systems 

through the use of materials chemistry and materials engineering which specifically 

targets and enhances the nanostructured properties of electrode materials which 

improves the electrochemical response at the electrode / electrolyte interface. 

Further material progression in research and development fundamentals, as well as 

engineering improvements need to be continued in order to create energy storage 

systems that will help alleviate humanities energy storage and conversion 

dilemmas.  
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1.2. Double layer electrochemistry. 

In electrochemistry, voltage or current signals are applied to a system immersed in 

a conductive electrolyte in order to gauge the systems response. Briefly, a standard 

potentiostat used for electrochemical measurements will contain a working 

electrode, counter electrode and a reference electrode. In the electronics of the 

potentiostat, a control amplifier inputs the voltage signal while the current follower 

measures the current at that given input signal [7]. A voltage follower / summing 

amplifier will regulate the potential between the reference and working electrode 

such that there is no current flow [7]. A simplified schematic of a typical 

electrochemical set-up is shown in Figure 1. 2. 

 

Figure 1. 2: Simplified sketch of a typical computer-controlled electrochemical 

instrument. The waveform synthesiser produces the signal required. The D/A 

converter generates the DC bias signal. These two signals are fed into the adder 

potentiostat. The analogue output creates various operational signals. Printed from 

John Wiley & Sons [7]. 
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When there is an applied potential between a working electrode and counter 

electrode, there will be an orientation of dipoles from the electrolyte relative to the 

polarity of the working electrode. The orientation of these dipoles leads to 

adsorption / desorption of ions giving rise to electrical phenomena [8]. The ions, 

electrons, and dipoles will induce an electric field an electric field in this region 

termed that is termed ‘electrical double layer’ as shown in Figure 1. 3. The 

electrode has an associated charge (Q) that is uniformly distributed over the 

interface with respect to the electrolyte. The majority of the charge is located at the 

electrode / electrolyte interface with the electrode / air portion (part of electrode 

not immersed in solution) containing a negligible amount of charge [8]. The 

thickness of a typical electrical double layer is 5Å-10Å and is dependent on the size 

and concentration of the ions in solution. The systems can be considered as a 

parallel plate capacitor as represented by H. L. F. Helmholtz with the larger the 

electrical double layer, then the greater the generated capacitance [8]. It must be 

noted that conservation of charge holds true at the interface such that; Qelectrode + 

Qelectrolyte = 0. 
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Figure 1. 3: Representation of the electric double layer with the negative region 

depicting the electrode and positive region representing the electrolyte. IHP 

represents the inner Helmholtz plane, while OHP is the outer Helmholtz plane. 

 

1.3. Supercapacitors. 

1.3.1. Background Information. 

Electrical energy can be stored in two different forms and can best be described 

when considering a battery and a capacitor. In a battery, it is the available chemical 

energy through the release of charges that performs work when two electroactive 

species undergo oxidation and reduction [7]; this is termed a Faradaic reaction. In a 

capacitor, electrostatic forces between two oppositely charged plates will separate 

charge. The generated potential is due to an excess and deficiency of electron 

charges between the two plates without charge transfer taking place [7]. The 

current that is observed can be considered as a displacement current due to the 

rearrangement of charges [2]; this effect is termed as non-Faradaic in nature. 
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1.3.2. Supercapacitor operation and types. 

There are two types of electrochemical capacitors that are referred to as electric 

double layer capacitors (EDLC) and pseudocapacitors. The construction of these 

devices can vary, with electrodes being fabricated from porous carbon materials 

including activated carbons, graphene, carbon nanotubes, templated carbons, 

metal oxides and conducting polymers [9, 10]. EDLC or supercapacitors have two 

electrodes immersed in an electrolyte solution, separated by a semi-permeable 

dielectric that allows the movement of ions to complete the circuit but prevents a 

short circuit from being formed. They are advantageous as they are able to provide 

large power densities, relatively larger energy densities than conventional 

capacitors, and long life cycles compared to that of a battery and ordinary capacitor 

[11]. The performance of supercapacitors is affected by the power density 

requirements, high electrochemical stability, fast charge/discharge phenomena, 

and low self-discharging [12]. Table 1. 1 below shows a comparison between 

capacitors, supercapacitors and batteries. 

 

Energy storage is achieved by the build-up and separation of electrical charge that 

is accumulated on two oppositely charged electrodes as shown in Figure 1. 4 [13]. 

As stated previously, no charge transfer takes place across the electrode-electrolyte 

interface and the current that is measured is due to a rearrangement of charges. 

The electrons involved in the non-Faradaic electrical double layer charging are the 

conduction band electrons of the electrode. 
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Table 1. 1: Comparison of key parameters for a capacitor, supercapacitor and 

battery [14]. 

Parameters Capacitor Supercapacitor Battery 

Charge time 10-6 – 10-3 sec 1- 30 sec 0.3 – 3 hrs 

Discharge time 10-6 – 10-3 sec 1 – 30 sec 1 – 5 hrs 

Energy Density (Wh/kg) <0.1 1 - 10 20 - 100 

Power Density (W/kg) >10 000 1000 - 2000 50 - 200 

Cycle life > 500 000 > 100 000 500 - 2000 

Charge/discharge 

efficiency. 

≈ 1 0.90 – 0.95 0.7 – 0.85 

 

These electrons leave or enter the conduction band state depending on the energy 

of the least tightly bound electrons or the Fermi level of the system [2]. 

Supercapacitors exhibit very high energy storage efficiencies exceeding 95 %, and 

are relatively stable for up to104-105 cycles [4, 6]. The energy given by the equation, 

E = 0.5 CV2, means that the operating voltage (V) is the key in determining the 

energy characteristics of a supercapacitor. The choice of electrolyte when designing 

and fabricating a supercapacitor device dictates the operating voltage [15]. 

Operating voltages are approximately 1.2 V, 2.7 V, and 3.5 V respectively for 

aqueous, organic and ionic liquid with all of them having associated advantages and 

disadvantages [4, 6]. 
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Figure 1. 4: Schematic diagram of an EDLC supercapacitor with a positive and 

negative electrode, separator and porous carbon. 

 

Like EDLC, a pseudocapacitor consists of two porous electrodes with a separator 

between them all immersed in an electrolyte solution [16]. However the difference 

is that the charge is accumulated during Faradaic reactions near to, or at the 

surface of the electrodes [9], hence non-Faradaic double-layer charging and 

Faradaic surface processes occur simultaneously [17]. The pseudocapacitance arises 

from a Faradaic reaction when some of the charge (q) passed in an electrode 

process is related to the electrode potential V via thermodynamical considerations 

[18]. The two principal cases are adsorption pseudocapacitance arising in 

underpotential deposition processes [18], and homogeneous redox 

pseudocapacitance where the reaction is reversible [18, 19]. Pseudocapacitors thus 

combine features of both capacitors and batteries [9, 20]. A comparison of energy 
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density and power density for various electrical energy storage systems is depicted 

in Figure 1. 5. Current commercial uses of supercapacitors include personnel 

electronics, mobile telecommunications, back-up power storage, and industrial 

power and energy management [21, 22]. A recent application is the use of 

supercapacitors in emergency doors on the Airbus A380, highlighting their safe and 

reliable performance [22]. 

 

 

Figure 1. 5: Ragone plot showing specific power against specific energy for various 

electrical energy storage systems. The times shown are the time constants of the 

device, which are obtained by dividing the energy density and power density [23]. 

 

1.4. Derivation of capacitance. 

For a full understanding of the key parameters important in selecting materials for 

supercapacitors, and more broadly energy storage applications, it is important to 

grasp an understanding of the mathematics involved in determining such key 
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parameters. The capacitance which is by definition the ratio of the charge (q) to the 

voltage (V) is a constant of proportionality that is determined by the geometry, 

separation, type of electrode and also the type of electrolyte [24]. When 

determining the capacitance, it is assumed that the charge is uniform over both of 

the surfaces provided, and that the area is relatively large with the separation 

distance is small. Also, capacitor systems are not in a direct vacuum, but often 

contain a dielectric medium. When this is the case, the total charge generated is 

comprised of two parts; namely the free charge and the polarisation charge [24]. 

 

Gauss law for elementary electrostatics can now be used where if we enclose a net 

volume with an imaginary surface (Gaussian surface); the net charge (q) will be 

given as an integral of the electric field (E) over the surface (A), as governed by 

Equation 1.1 [24]; 

 

 ∫  ⃗⃗    ⃗⃗⃗⃗    Equation 1.1 

The flux of D (Electric field due to free and polarisation charge) is orthogonal to the 

surface. Where D =ε0εrE where εr is the dielectric constant of the material. From the 

assumptions provided above the left hand side of the equation simplifies down to; 

      Equation 1.2 

    
 

    
 Equation 1.3 

And the voltage (V) is given by; 
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    ∫  ⃗    ⃗⃗  ⃗
 

 

 Equation 1.4 

Again the electric field is parallel to the length d, therefore the integral expression 

simplifies to, 

    
 

 
 Equation 1.5 

Therefore we can substitute Equation 1.3 into Equation 1.4 to obtain an expression 

for the capacitance in Farads. 

 
 

 
    

     
 

 Equation 1.6 

 

During charging of a supercapacitor, a re-arrangement of charges occurs between 

the electrode and electrolyte interface [2]. In doing so, the moving charges fight 

against the electric field which is pulling them back meaning that work is required 

to charge a capacitor to its final amount Q [24]. The work that must be done to 

transport a piece of charge is given by; 

 ∫   ∫
 

 

 

 

    Equation 1.7 

Simply by integrating the left and right hand sides of equation 8, an expression for 

the total work done, or maximum energy density is; 

    
 

 

  

 
 Equation 1.8 

Which simplifies down to; 

    
 

 
           Equation 1.9 
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Where C is the specific capacitance and V is the voltage. The power is then just 

simply the energy density per unit time; 

    
 

 
 Equation 1.10 

It can be seen that from the derivations, it is important that materials have not only 

large surface area, but surface area that is accessible by electrolyte ions such that 

ion diffusion is fast. This enables a large energy density and power density which is 

needed in modern day applications. With these considerations, the materials 

chosen must also be stable and robust so the performance does not degrade over 

time. These are the characteristics needed for potential commercial applications. 

 

1.5. Different electrolytes used and their advantages and disadvantages. 

The choice in electrolyte is extremely important for supercapacitor design as it 

influences the performance for energy storage and delivery. The extremely large 

surface area can allow for enhanced energy and power density as long as the micro 

porosity and meso porosity is tailored to suit the type of electrolyte being used. The 

electrolyte can be designed to enhance the cyclability, to sustain target power 

densities during operation, and to have an excellent rate capability (i.e.  excellent 

charge/ discharge behaviour) [25]. 

 

1.5.1. Aqueous Electrolytes. 

For aqueous electrolytes, the maximum operating voltage is theoretically limited by 

the reduction potential of water (1.23 V at 25oC, 1 atm, and 1 molar concentration) 

[25]. Most aqueous electrolyte systems tend to have an electrochemical window of 
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approximately 1 V [25]. Electrolyte conductivity has a significant effect on the 

equivalent series resistance (ESR) of the cell, which determines the power output 

[6]. Concentrated electrolytes are required to minimise the ESR and maximise 

power capability [25]. In general, strong solutions of acidic electrolytes are much 

more corrosive than strong basic electrolytes meaning that the electrolyte has to be 

carefully selected for the particular electrode material as the pH plays an important 

role in the electrochemical performance.  

 

1.5.2. Organic Electrolytes. 

The use of non-aqueous electrolytes in supercapacitors has the main advantage of 

higher operating voltages compared to aqueous systems. Voltage windows can 

range up to 2.5 V and since the stored energy increases as V2, it is possible to attain 

large energy and power densities [25, 26]. It must be noted that to operate at these 

higher voltages, non-aqueous electrolytes must be free of water and oxygen which 

will ensure no evolution of O2 and/or H2O at potential differences above 1.23 V 

[27]. Salts are added to the system to provide mobile ion movement at the 

electrode/electrolyte interface. The most common salt used generally consists of 

lithium ions (eg. LiClO4, LiPF6) as these ions move very well under an electric field, 

and the effective ion diameter is very small [7, 28, 29].  
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1.5.3. Advantages, limitations and comparison for use in 

supercapacitors. 

Aqueous electrolytes tend to have very good kinetic behaviour of the electrolyte 

ions leading to very efficient charge/discharge rates. This behaviour is due to the 

relatively high conductivity and low viscosity of the concentrated solutions [6, 30]. 

For example, the conductivity of 1M H2SO4 is 730 mS cm-1 compared to the much 

lower value of 10-20 mS cm-1 for organic solutions of lithium salts [26]. Time 

constants of symmetrical carbon supercapacitors using H2SO4 were reported to be 

0.1s by Lewandowski et. al. [26]. Other advantages include the purification and 

drying processes are less stringent during production which minimises cost [27]. 

The major disadvantage of aqueous electrolytes is the smaller operating voltage 

that is able to be obtained, which can lead to a reduced power capability. 

 

The advantage of an organic electrolyte is the larger potential window that can be 

achieved which is typically in the order of 2 V. This value of 2 V is limited by any 

residual water and oxygen content in the electrolyte. Current commercial research 

is revolving around the potential to achieve a larger voltage exceeding 3 V, using 

extreme purification processes as well as a corrosion inhibition of the carbon 

electrode. This is advantageous as the energy and power density may be 

significantly enhanced [27]. 

 

The major disadvantages of non-aqueous systems are the lower conductivity and 

the higher viscosity resulting in higher equivalent series resistance (ESR) and 
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reduced wettability if the electrode is hydrophilic. A decrease in wettability will 

effectively reduce the surface area used by the electrolyte, reducing the energy and 

power density. Most commercial systems that use organic electrolytes are 

manufactured in inert atmospheres and are costly to be produced [6]. 

 

1.6. Carbon materials. 

There are a variety of carbon materials that have been suggested for the use in 

supercapacitors. In particular these include activated carbons, carbon nanotubes, 

and graphene / graphene oxide variations [31, 32] 

 

1.6.1. Carbon nanotubes. 

Carbon nanotubes (CNTs) were first discovered in 1953 through research in the 

Soviet Union, but the first accessible results were by Sumio Iijima [33], in 1991 as a 

result of research into buckminster fullerenes. CNTs have a cylindrical shape that 

can be considered as a graphene sheet rolled up; either individually as a single-

walled carbon nanotube (SWNT), or concentrically as a multi-walled carbon 

nanotube (MWNT) as depicted in Figure 1. 6 and Figure 1. 7. However, these sheets 

can have varying degrees of twist along its length that can lead to the nanotubes to 

be either metallic or semi-conducting as the change in chiralities induces different 

orbital overlaps [34]. They exhibit remarkable electrical transport and mechanical 

properties [35], which is why interest and research into this material has increased 

over the last two decades. CNT powders have the potential to be tailored to specific 

energy storage and conversion applications with their being an added advantage 



 

 

 
17 

 

that they can be used in all electrolyte environments that encompass aqueous, 

organic and ionic liquids [36]. 

 

1.6.1.1 CNT brief synthesis overview. 

There are a variety of different methods for making SWNTs and MWNTs that have 

been developed since CNTs were first discovered. These include laser ablation, arc 

discharge, chemical vapour deposition (CVD), and high pressure carbon monoxide 

disproportionation (HiPCO). Recently, work by Harris et. al. has successfully scaled-

up the synthesis of CNT using a fluidised bed reactor [37]. All growing conditions for 

synthesising CNTs require a catalyst to achieve high yields, where the size of the 

catalyst nanoparticles will determine the diameter and chirality of the CNT [38]. The 

CNTs that are formed are generally in a mixture with other carbonaceous product 

including amorphous carbon and graphitic nanoparticles. 

 

1.6.1.2 Single walled nanotubes. 

SWNT have been studied extensively as a supercapacitor and hybrid energy 

material [6, 39, 40]. The structure of a SWNT is illustrated in Figure 1. 6 with a 

cylindrical nature apparent. Its advantage is that it has very good thermal and 

conductive properties where the thermal conductivity can exceed 6000 Wm-1K-1 

and a potential current carrying capacity of 109 A/cm2 [41, 42].  

 

The maximum reported capacitance for SWNT fabricated electrodes (PVA / PVC 

binder; pressed into pellet) is 180 F/g with an energy density of 7 Wh/kg and a 
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power density of 20 kW/kg using KOH electrolyte [43, 44]. Hu et. al. have recently 

reported a solid state paper based SWNT supercapacitor, which has a specific 

capacitance of 115 F/g, energy density of 48 Wh/kg and a large operating voltage of 

3V. The electrode preparation involved pre-processing where cotton sheets were 

immersed in the SWNT dispersion, annealed then immersed in an PVA/ H3PO4 

electrolyte [45]. 

 

Figure 1. 6: (a) Schematic representation of a SWNT [46]. (b) FESEM of SWNTs 

grown onto a Si wafer substrate [47].  

 

1.6.1.3 Multi-walled nanotubes. 

Like their SWNT counter parts, MWNT have also been studied extensively as 

electrode materials for supercapacitors [6, 39, 40]. The advantages over SWNTs are 

their ability to be more easily synthesised on much larger scales, making them more 

suitable for commercial application. The concentric nature of these nanotubes can 

be observed in the SEM image of Figure 1. 7. The maximum capacitance attained 

for electrodes constructed from MWNTs range between 4-140 F/g with the best 

available commercial result at 130 F/g from Maxwell’s Boost capacitor [48]. Wang 

et. al. have recently reported partially exfoliated MWNTs on carbon cloth that gave 
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a specific capacitance in the range of 130-165 F/g with a coulombic efficiency of 

98% [39]. 

 

Figure 1. 7: (a) Schematic representation of a MWNT [46]. (b) TEM images of 

pristine MWNTs [48].  

 

1.6.1.4 Graphene and graphene oxide. 

The discovery of monolayer graphene was observed by chemist and surface 

scientists that can be traced back to the 1960s and 1970s [49]. Graphene is an 

atomically thin layer of sp2 hybridised carbon arranged in a honeycomb lattice (as 

can be seen in Figure 1. 8) with the exfoliation of graphite into individual graphene 

sheets by a simple scotch tape method being reported in 2004 [49]. 
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Figure 1. 8: SEM image of a honeycomb structured film based in graphene oxide 

[48]. 

 

Exfoliation is necessary as a very small amount of the bulk material translates into 

atomically thin films with extremely large surface areas. The synthesis of graphene 

has developed rapidly, with exfoliation occurring by mechanical techniques, 

chemical vapour deposition, solid state carbon source deposition, solution 

exfoliation, and nanotube splitting / unzipping [49, 50]. Alternatively, graphene can 

be synthesised by the forming graphene oxide (GO) through chemical techniques 

such as the Hummer’s method (and its variations) and is termed chemically 

concerted graphene (CCD) [51, 52]. CCG is generally in the form of GO with the 

degree of functionality being able to be tailored depending on the properties 

required. A major advantage of CCG is its straight forward processing and scalability 

which makes it suitable for potential commercial applications in film and device 

manufacturing [53]. Reduced graphene oxide is advantageous for energy storage 

applications due to its giant carrier mobility, quantum Hall effect, crystallinity, and 



 

 

 
21 

 

semi-metal electronic properties [49, 53]. Other potential uses for reduced GO 

could be in the form of gas capture and storage, electrodes for water splitting, and 

fuel cells [54-56]. An SEM image of GO is shown in Figure 1. 9. Here the exfoliation 

of GO enables more porosity (hence larger surface area) to be formed with minimal 

restacking. However, re-stacking of sheets can occur through π-π interactions that 

result in an inter-layer distance of ≈ 0.34 nm which is too small for electrolyte ion 

accessibility [53]. To date, one of the largest reported surface areas has been 

obtained by Srinivas et.al. at 1900 m2/g [54]. S. Bose et. al. in their critical review 

have reported specific capacitances of between 101 F/g and 347 F/g for reduced 

GO and exfoliated GO supercapacitor devices [12, 57, 58]. While J. Miller et. al. 

developed at graphene capacitor with an RC time constant of 200 microseconds 

[59]. 

 

Figure 1. 9: SEM of exfoliated GO sheets. 
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1.6.1.5 How and why carbon materials can address the issues of 

energy storage and conversion. 

Nanostructured materials are of great interest in the energy storage and conversion 

field due to their favourable mechanical, and electrical properties [3, 35]. Carbon 

nanotubes (CNTs) and graphene are types of nanostructured materials that possess 

favourable electrical and mechanical properties due to the confinement of one 

dimension, combined with the surface properties that contribute to the enhanced 

overall behaviour. The potential of nanostructured materials is not only limited to 

energy storage and conversion devices; but also to nanotransistors [34, 60], 

actuators [34, 60], electron field emission [34, 60], and biological sensing devices 

[61, 62]. 

The use of carbon-based nanomaterials as electrode materials is practical and 

economically viable because cheap carbon pre-cursor materials are abundant [13]. 

As the research into carbon nanotubes (CNTs) has increased over the last 20 years, 

the cost of these materials has significantly reduced alongside improvements in 

processability and scalability [63].  

 

The advantage of incorporating carbon materials and specifically CNTs and 

graphene as part of the electrode material is the excellent mechanical and electrical 

properties. They provide mechanical support to the substrate while enhancing the 

conductive and electrochemical properties. The low cost of the carbon precursor 

material used to synthesise CNTs makes device fabrication scalable and 

economically viable [64]. CNT and graphene assemblies can have extremely high 
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specific surface areas, which are extremely important in capacitor design. These 

carbon electrode materials can be confined to a smaller areas increasing the 

electrode-electrolyte contact and decreasing the weight of the device therefore 

maximising the overall gravimetric performance of the device [65]. Conductive 

carbons are also chemically stable, which enhances the resistance to degradation of 

the electrode surface [66].  

 

1.7. Surface Functionalities. 

The presence of surface functionalities such as oxygen, nitrogen, hydrogen, boron 

and catalyst nanoparticles (dependent on the synthesis environment and pre-cursor 

materials) can affect the capacitive behaviour of the electrode through the 

introduction of Faradaic reactions [67], changes in electric and ionic conductivity 

[15], and influencing wettability [68]. A schematic representation of a sp2
 hybridised 

carbon lattice with various dopants is show in Figure 1. 10. 

 

Figure 1. 10: Schematic representation of a sp2 hybridised carbon lattice that has 

been doped with; (a) oxygen functional groups, (b) nitrogen functional groups, (c) 

boron. 
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1.7.1. Oxygen. 

Carbon materials will have functional groups present on their surface as a result of 

the precursors and preparation conditions [15]. Most of these functional groups are 

in the form of carboxyl ( –COOH), Carbonyl (C=O) as well as others such as phenol, 

quinone and lactone groups [6, 15]. Activation procedures such as post treatment 

with H2SO4 and / or HNO3 will lead to acid oxygen functionalities [6] 

 

Most of these groups are bonded with carbon atoms at the edge of hexagonal 

carbon layers where Faradaic reactions via interactions with the electrolyte lead to 

pseudocapacitance such as those developed with transition metal oxides RuO2 and 

MnO2 [15, 69]. These functional groups can also be purposely added onto the 

surface of carbons via oxidation with O2 or acid treatment with HNO3 or H2SO4 [70]. 

In aqueous systems, the presence of oxygen containing functional groups can lead 

to an enhanced wettability as well as pseudocapacitance as mentioned above, 

which maximises the electroactive surface area leading to larger energy densities 

[15, 60]. The following reactions occur [71]: 

 

>C-OH < -- > C=O + H++ e- 

>C=O + e-< -- > C – O- 

 

In non-aqueous systems, however, oxygen functionalities are detrimental to device 

performance. Parasitic redox reactions can lead to a degradation of the electrode, 

as well as adverse effects relating to voltage proofing and increased leakage current 
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[6, 72]. These redox reactions will reduce the cycle life of a device, as well as 

lowering the operating voltage. 

 

Shen et. al. reported in 2011 the effects of changing the carboxylic group 

concentration on SWNTs. The specific capacitance, power density and energy 

density 0.5 M H2SO4 electrolyte increased with carboxylic group density reaching a 

maximum of 149.1 F/g, 304.8 kW/kg, and 20.71 Wh/kg, respectively. The 10 µm 

film electrodes were fabricated using vacuum filtration to create “bucky papers” 

onto a mixed  cellulose estate membrane [73].  

 

1.7.2. Nitrogen. 

Nitrogen containing carbons have recently attracted interest due to its n-type 

behaviour that promotes large pseudocapacitance, which can be obtained even if 

the surface area of the material is decreased [74]. In some instances, up to 3-fold 

increase in capacitance have been reported [75]. Typical examples of redox 

reactions involving nitrogen are described below [76]: 

 

>C+NH + 2e- + 2H+↔ CH2-NH2 

>CH-NHOH +2e- + 2H+ ↔ CH2-NH2 + H2O 

 

The chosen precursor material affects the types of functionalities that are attached 

to the carbon backbone. Nitrogen containing groups (such as amino functionalities, 

tertiary and quaternary nitrogens) may be added via various methods with 
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compounds containing nitrogen including treatment with urea, melamine, aldehyde 

resins and polyacrylonitrile [6, 77-81]. Surface areas for nitrogen doped carbon 

materials are thought to be in excess of 400 m2/g [15]. This is much lower than pure 

SWNTs and pure MWNTs that have been reported to attain a surface area greater 

than 1315 m2/g and 830 m2/g respectively; suggesting that pseudocapacitance 

makes up a substantial portion of the total capacitance [82, 83]. Y. Zhang et. al. 

have showed that N-doped MWNTs synthesised via CVD growth exhibited a 

capacitance of 44.3 F/g, which was more than twice the value obtained than that of 

the un-doped MWNTs in a 6M KOH electrolyte [84]. K. Lee et. al. have shown that 

the nitrogen content on vertically aligned CNTs increases the capacitance until a 

certain point due to an increased donation of an electron by the N (N acts as an n-

type dopant) and an enhanced wettability in aqueous systems [85]. Excessive  N-

doping significantly reduced the conductivity and inhibited charge storage and 

delivery [85]. The doped and un-doped CNTs were directly grown onto a stainless 

steel substrate using CVD [85]. 

 

1.7.3. Boron. 

Boron is another interesting material for doping CNTs due to its p-type nature 

which promotes CNT growth and increases the oxidation temperature of the 

nanotubes [86]. However the development of boron doped CNTs for the use as 

electrodes in supercapacitor devices is not well established [15]. Work by Shiraishi 

et. al. showed that boron doping MWNTs, increased the capacitance per surface 

area from 6.5 μF/cm2 to 6.8 μF/cm2 in 0.5M LiBF4/PC [87]. These electrodes were 
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once again synthesised using CVD[87]. Wang et. al. reported in 2008 that interfacial 

capacitance was increased by 1.5-1.6 times in boron-doped carbon than that in 

boron-free carbon with alkaline electrolyte (6 M KOH) and/or acid electrolyte (1 M 

H2SO4) [88]. The carbon material was made into a slurry using carbon black and 

PTFE binder and pasted onto a Ni mesh current collector [88]. 

 

1.7.4. Advantages, limitations and comparison. 

It can be seen that CNTs can be tailored different ways in order to tune (to a 

degree) the performance of the electrode material. This control has been 

demonstrated by firstly, varying the chirality of the nanotube to produce the single-

walled or the multi-walled variety. Both CNT types have associated advantages and 

disadvantages with SWNTs being able to be synthesised with a high degree of 

purity; while MWNTs can be synthesised on a larger scale. CNTs can also have 

functionalities (through addition of oxygen or nitrogen containing groups) added to 

their structure through treatment in order to change the surface properties and 

hence wettability of the material. These functionalities enable enhanced 

compatibility to an electrolyte to maximise electroactive surface area usage and 

hence performance. Further doping with specific elements such boron and nitrogen 

can introduce a p-type/n-type behaviour where electrons contribute a Faradaic 

response to the system and enhance capacitance and energy density. However, it 

must be noted that when Faradaic processes occur at the electrode/electrolyte 

interface, irreversible processes increase degradation of the electrode over time. 

Specific capacitance of CNTs is in the order of 5 – 165 F/g with an increase 
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thereafter as a result of doping (i.e due to Faradaic contribution). When considering 

graphene and GO, the degree of crystallinity and functionality can also be varied 

depending on the synthesis method and extent of exfoliation. Reported 

capacitances for graphene based devices have a wide range exceeding 100 F/g, 

while extremely fast time constants have been reported due to the flat nature and 

mesoporosity of the graphene surface. Exfoliation of the graphene structure is 

extremely important as it minimises the effects of restacking, hence allowing 

maximum utilisation of the surface area. It must be pointed out that with electrical 

energy devices, there is always a trade-off between energy and power density. 

Therefore the electrode material has to be tailored to meet the requirements of the 

specific application. 

 

1.8. Composite electrode materials. 

Typical carbonaceous electrode materials (activated carbon, CNTs, graphene, CDC) 

with high surface areas used in supercapacitors have somewhat reached a limit 

when it comes energy storage capacity, thus restricting their possible applications 

[89]. Pseudocapacitor materials such as conducting polymers and metal oxides that 

are able to meet the needs of higher energy density are currently being developed 

and combined with carbonaceous materials in order to create composites that 

when designed into hybrid supercapacitors have advantages of fast rate capability, 

high storage capacity, and long cyclability [31, 89, 90]. Figure 1. 11 depict two 

processes at the electrode / electrolyte interface where EDLC and a reversible redox 

reaction leads to pseudocapacitance.  
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Figure 1. 11: Schematic diagram of a reversible redox reaction, as well as EDLC 

occurring at the electrode/electrolyte interface leading to pseudocapacitance. 

 

1.8.1. Carbon / polymer. 

The advent of researching supercapacitor composites comprised of inherently 

conducting polymers (ICPs) and CNTs is an area of research as the conductive 

polymer matrix, combined with the network like structure of the CNTs provides an 

enhanced electronic and ionic conductivity that can considerably improve charge 

storage and delivery [91-93].  

 

H. Lee et. al. reported a polypyrrole / CNT composite electrode material that was 

fabricated into a device which had a specific capacitance of 153 F/g (1 M LiClO4 / 

PC), coupled with an excellent stability (≈85% capacity retention) over 5000 cycles 

using galvanostatic charge / discharge [94]. The polypyrrole / CNT composite is 

depicted in Figure 1. 12 where SWNTs are thoroughly dispersed throughout the 

polypyrrole fibre matrix. Kim et. al. recently fabricated a ternary composite material 

consisting of MWNTs, graphene, and PANI where a specific capacitance of 1118 F/g 
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was achieved. The stability of this electrode was on the order of 85% capacity 

retention after 500 cycles using galvanostatic charge / discharge [95]. Hu et. al. 

have recently reported a composite electrode materials containing MWNTs coated 

with polypyrrole that achieved a high capacitance of 587 F/g in a 0.1 M NaClO4 / 

acetonitrile electrolyte.  

 

Figure 1. 12: SEM image of polypyrrole/SWNT composite showing coating of the 

polypyrrole fibre by CNTs [96].  

 

1.8.2. Carbon / metal oxide. 

Metal oxides exhibit pseudocapacitive behaviour over small rages of potentials, 

through redox processes which contribute electron transfer between the electrode 

/ electrolyte interface (Figure 1. 11). Common materials used in the construction of 

such devices are oxides of manganese (Mn), ruthenium (Ru), iridium (Ir), platinum 

(Pt), Rhodium (Rh), palladium (Pd), gold (Au), cobalt (Co) and tungsten (W) [14, 18]. 

By combining metal oxides with CNTs, composites can be formed that combine 

both Faradaic and non-faradic effects enabling a larger energy density to be 
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obtained, while still holding reasonable power density. Figure 1. 13 shows MnO2 

particles that have been formed (insitu) in the presence of MWNTs. 

Very recent work on carbon / metal oxide composites can be found in the review by 

Wang et. al. [39]. Myoungki et. al. reported recently in their a RuO2 / MWNT 

electrode material which achieved a specific capacitance of 628 F/g [97]. The 

electrode was fabricated by dispersing the mixture in ethanol and casting onto 

carbon paper [97]. Li et. al. reported that when MWNT were coated with MnO2 

(Figure 1. 13), a capacitance of 350 F/g was achieved [98]. More novel materials 

have been created by incorporating MWNTs and Co3O4 yielded specific 

capacitances of 200 F/g [99] (acetylene black / PVDF slurry on Ni gauze); while 

Jayalakshmi et. al. reported in 2007 V2O5.xH2O / CNT film with a specific 

capacitance of 910 F/g with the material bring ground into a paste with paraffin and 

spread onto a graphite electrode, and tested in 0.1 M KCl [100].  

 

Figure 1. 13: Surface cross-section morphology of MnO2 particles being grown 

(insitu) onto MWNTs [101].  
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1.8.3. Polymer / metal oxide. 

As stated in section 1.8.2 above; metal oxides exhibit pseudocapacitive effects 

which contributes Faradaic charge transfer into the system. The combination of 

metal oxides with conductive polymers has been of particular interest due to the 

face that this polymer can act as a conductive binder which can supress 

degradation of the electrode surface and thus maintain good charge storage and 

delivery capability. 

 

Work compiled by Z. Dong et. al. on polypyrrole / manganese oxide composite 

electrodes (Figure 1. 14) yielded specific capacitances of 376 F/g in 0.5 M Na2SO4 / 

H2O [102].  

 

J. Shaikh et. al. reported CuO / poly(acrylic acid) composites that yielded specific 

capacitances of 65 F/g in 1 M H2SO4; while most recently S. Mujawar et. al. showed 

that composites comprised of polyaniline and TiO2 yielded a specific capacitance of 

740 F/g at a discharge rate of 3 A/g in 0.5 M H2SO4 [103, 104]. 
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Figure 1. 14: Doped polypyrrole / manganese oxide nanocomposite developed by Z. 

Dong et.al for the use in supercapacitor device applications [102].  

 

1.8.4. Composite carbon architectures. 

Creating composite materials utilising CNTs and graphene / graphene oxides can be 

advantages due to the fact that the CNTs will provide microporosity (large surface 

area to maximise capacitance and hence energy density); while graphene / 

graphene oxide can be used to tailor the mesoporosity which improve ions kinetics, 

enhancing the power density [12]. In Figure 1. 15 composite of graphene oxide 

coated with SWNTs are depicted that has been formed into a porous film. The 

edges of the graphene oxide protrude out with a uniform coating of SWNTs. 

Recently, Li et. al. fabricated different mass loadings of graphene and CNT 

composite electrodes by solution casting onto glass, annealing then peeling off 

[105] They reported capacitance ranges of 70-110 F/g at a scan rate of 1 mV/s in 

1M H2SO4 [105]. Xiangjun Lu have reported a CNT / graphene composite which was 

bound together with polypyrrole (through a filtration process) that achieved a 
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specific capacitance of 361 F/g at a current density of 0.2 A/g in 1 M KCl. The 

electrode exhibited excellent stability with only a 4% capacity loss over 2000 cycles 

[105]. Dong et. al. have shown that is it possible to form SWNT/graphene oxide core 

shell structures and spray coat the subsequent material onto a current collector 

[106]. The performance of these core structures yielded a material with a specific 

capacitance of 194 F/g using galvanostatic charge / discharge at a high current 

density of 0.8 A/g in 1 M KOH [106]. 

 

 

Figure 1. 15: SEM image of a reduced graphene oxide / SWNT composite formed 

into a film produced by Z. Huang et. al. [107]. 

 

1.9. Conclusions. 

It can be seen that there has been extensive research and development in the use 

of CNT as electrode materials for energy storage applications. Currently they 

provide an excellent platform for devices that require high power density due to 

the very high surface areas and fast rate capability. Further studies need to be 
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implemented in order to better understand the relationship between electrode 

porosity and electrolyte. This is an enhanced understanding of the role of micro and 

mesoporosity and its effect on system performance. Electrolyte selection is also 

critical to device performance as it is proportional to the square of the voltage. The 

main classes of electrolytes are aqueous based, organic based and room 

temperature ionic liquids. Evolving work has focused on using CNT materials in 

conjunction with doping of various functional groups such as carboxyl’s, amine’s 

and elements such as boron and nitrogen in order to enhance the electrode 

performance through increased usage of electrode surface area and / or Faradaic 

contributions. The most recent work has focused on the creation of composite 

materials via the combination of CNTs with conducting polymers or metal oxides. 

This has amassed into a prevalent area of research through the search for the 

discovery of hybrid energy storage devices that are able to have high energy and 

high power density which are beneficial for creating more energy efficient systems 

and providing a greater range of applications. 

 

1.10. Thesis objectives. 

Research in the area of energy storage and conversion over the last decade has 

indicated that carbon materials in the form of nanotubes and graphene have great 

potential as electrode materials for supercapacitors. These materials can act as 

conductive supports and are advantageous due to their electronic properties, 

abundance and low cost. The purpose of this study is to improve the 

electrochemical performance of electrode materials for energy storage 
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applications. This is to be achieved by utilising appropriate materials, and 

combining them into composites in order to improve performance through the 

optimisation of key functional parameters that include; (i) surface area, (ii) 

conductivity, (iii) porosity, and (iv) kinetic mobility. In this thesis, nanostructured 

carbon additives in the form of CNTs and / or GO are combined with other 

conductive materials to form these composite electrodes. The reason for doing this 

is to develop electrode materials that have the right balance of microporosity and 

mesoporosity which enables utilisation of all the electroactive surface area and 

maximises the kinetics of the electrolyte ions. Optimum ratios of the composite 

materials are based on varying the weight ratios and studying the physical and 

electrochemical effects of these systems. The first approach is combining SWNTs 

with conducting polymer poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) 

or (PEDOT:PSS) whereby the PEDOR:PSS acts a conductive binder, thus enhancing 

conductivity. The second approach is a dedicated to developing exfoliated GO. This 

GO is used in the third and fourth approach to combine exfoliated GO and SWNTs. 

In the third approach, exfoliated and reduced GO is combined with the metal oxide 

manganosite (MnO) to enhance the non-Faradaic charge storage and delivery with 

Faradaic processes. Lastly, exfoliated and reduced GO is combined with SWNTs in 

order to develop an electrode platform whereby the GO sheets are separated by 

SWNTs thus tailoring the micro and mesoporosity. 
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2. Experimental. 

 

2.1. Chemicals and reagents used. 

All chemicals and reagents are listed and were used as received unless otherwise 

stated.  

 

Table 2. 1: Chemicals and reagents used. 

Reagent Name Grade / batch Company 

Acetonitrile Analytical reagent Ajax Finechem 

Commercial Poly(3,4-

ethylenedioxythiophene) 

poly(styrenesulfonate) 

batch# A65 00000 AC AGFA 

Carbon black Vulcan XC72R CABOT 

Carbon nanotubes; single 

walled 

HiPCO variety, batch# 

P0900. Individual 

diameter 0.8 – 1.2 nm. 

Length 100 – 1000 nm. 

Unidym Carbon 

Nanotubes 

Ethanol  Analytical reagent, 96% 

(v/v) 

Ajax Finechem 

Graphite powder   Bay Carbon Inc.  

 

H2SO4  Analytical reagent, 98 

(w/v) 

Univar 
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H2O2  

 

Analytical reagent, 30% 

(w/v ) 

Univar 

HCl  

 

Analytical reagent, 36% 

(w/v) 

Univar 

KMNO4 Analytical reagent  Sigma-Aldrich 

K3Fe(CN)6 Analytical reagent Ajax 

Polytetrafluoroethylene 

60 wt% dispersed in water 

 Sigma-Aldrich 

UV cure glue   Dynman Light Weld 

 

 

2.2. Physical characterisation techniques. 

Physical characterisation of synthesised materials was achieved by scanning 

electron microscopy (SEM), energy dispersive x-ray (EDS), Raman spectroscopy, x-

ray diffraction (XRD), UV-visible spectroscopy (UV-vis), x-ray photo-electron 

spectroscopy (XPS), thermo-gravimetric analysis (TGA), ultra sonication, and sputter 

coating. Here, SEM was able to show the morphology of the various studied 

materials. EDS was employed to observe qualitatively different compositions 

throughout a material. Raman spectroscopy used to assess the vibrational 

properties of the various materials fabricated. XRD was employed in order to 

understand the crystallinity of the structure and what type of compounds were 

present. XPS was used to quantify the O and C component before and after 

exfoliation. TGA was able to show the thermal stability of materials. UV-vis was 
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employed to observe any changes in conjugation and also monitor absorbance for 

concentration calculations. Probe sonication and centrifugation was used to obtain 

uniform dispersions of SWNTs, GO, mw rGO and the various composites formed.  

 

2.2.1. Scanning electron microscopy. 

In scanning electron microscopy (SEM), a small bias voltage is applied between a 

conducting specimen and the tip of a probe. The bias voltage applied causes 

electrons to tunnel through the barrier separating the two surfaces due to the small 

proximity of the probe tip and specimen surface. As the probe scans the specimen, 

a constant tunnelling current is maintained through a feedback system [1]. The 

probe tip electrons interact with electrons in the sample leading to the generation 

of various signals that are detected (see inset of Figure 2. 1). Their detection, 

coupled with the two dimensional motion of the electron beam (raster scan 

pattern) forms an image of the specimen that contains information on its 

topography and composition [1]. 

 

SEM and transmitted electron detection (TED) images were obtained from a JEOL 

JSM-7500FA field emission SEM as is seen in Figure 2. 1. For SEM and TED imaging 

the accelerating voltage was 5.0 kV and 30 kV respectively with the emission 

current being set at 10 μA and 20 μA . Samples for TED imaging were drop cast onto 

200 rest copper grids coated with a uniform carbon-layer (EMS, USA). 
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Figure 2. 1: Photograph of JEOL-7500FA field emission gun scanning electron 

microscope. (Inset); mechanism of scanning electron microscopy [2]. 

 

2.2.2. Energy dispersive X-ray spectroscopy. 

Energy dispersive x-ray (EDS) are characteristic x-ray signals that are detected after 

electrons from the probe tip have interacted with the specimen as is depicted in the 

inset of Figure 2. 1. 

 

EDS spectra were taken on a JEOL JSM-6490LA, where the accelerating voltage was 

15kV and the emission current was 19.5μA. 

 

2.2.3. Raman spectroscopy. 

A majority of compounds, whether organic or inorganic that have covalent bonding 

adsorb various frequencies of electromagnetic radiation in the infrared region 
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portion of the electromagnetic spectrum. This region lies in between the visible and 

microwave spectrum where the vibrational infrared frequencies lie at wavelengths 

between 4000 cm-1 to 650 cm-1 [3]. When light of these wavelengths are absorbed, 

it induces different types of vibrations within molecules, with the absorbance 

spectra being characteristic to each molecule. 

 

The reason for this is due to the fact that every type of bond has a different natural 

frequency of vibration, and since two of the same type of bond in different 

compounds are in slightly varying environments, no two different molecules can 

have the same infrared adsorption pattern [3]. 

 

Raman spectroscopy was carried out on a Jobin-Yvon Horbia 800 using a 632.81 nm 

laser. The data analysis was carried out using Labspec V.5.45.09 software. 

 

 

Figure 2. 2: Photograph of Raman spectroscopy apparatus, Jobin-Yvon Horbia 800. 
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2.2.4. X-ray diffraction. 

X-rays are electromagnetic waves with wavelengths ranging from 0.01 nm to a few 

nanometres. This wavelength size is comparable to that of inter-planar spacing in 

crystals, thus meaning the use of X-rays are useful in structure determination [4]. In 

X-ray diffraction (XRD) the X-ray beam is incident on a surface of a material, 

interacting with the planes of atoms in the crystal. Here, a portion of the X-ray 

beam will become scattered / diffracted due to interaction with the crystal 

structure. This diffracted beam is at a well-defined angle 2θ to the incident beam as 

can be seen from Figure 2. 3 [4]. Every diffraction pattern for an element or 

compound is unique, thus allowing the structure of different materials to be 

assessed. XRD was carried out on a GBC MMA XRD (λ = 1.54 Ǻ) with the voltage and 

current kept at -40 kV and 25 mA respectively. 

 

Figure 2. 3: (a) A schematic illustration of X-ray diffraction by a crystal [5]. (b) 

Photograph of GBC MMA XRD machine used for XRD experiments. 
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2.2.5. UV-visible spectroscopy. 

In some cases, useful information can be obtained in the UV-visible (vis) portion of 

the electromagnetic spectrum which varies between 190 nm and 800 nm. In this 

type of spectroscopy, a portion of the incident radiation is adsorbed where 

electrons in the material undergo a transition from a low energy state to a high 

energy state where the electromagnetic radiation is equal to the energy difference 

between the excited and ground state [3].  Since there are many possible electronic 

transitions each differing only very slightly (see Figure 2. 4), the spectrum will 

consist of a broad band adsorption centred about a major wavelength of the 

transition. 

 

Figure 2. 4: Electronic energy levels and transitions of the excitation process. 

 

Changes in position of this wavelength occur for different molecules / compounds 

and when combined with other techniques leads to valuable structural insights [3]. 

UV-visible spectroscopy was recorded using a UV 3600 Shimadzu UV-Vis-NIR 

spectrophotometer to monitor the changes (if any) in the degree of conjugation 
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between graphene oxide (GO) before and after irradiation microwave irradiation. 

The wavelength range was performed between 700 nm and 250 nm. 

 

UV-vis was also used to calculate the concentration of GO dissolved in solution 

based on the linearity of the absorbance responses for known concentrations at 

550 nm. This was used to determine any concentrations of GO after centrifugation 

where larger agglomerates are removed from a dispersion. 

 

Figure 2. 5: Photograph of Shimadzu UV-Vis-NIR spectrophotometer.  

 

2.2.6. X-ray photoelectron spectroscopy. 

X-ray photoelectron spectroscopy (XPS) is a type of spectroscopic technique used 

for elemental quantitative analysis of samples. The spectra is obtained by 

irradiation of the sample in question with a beam of x-rays which knocks out 

electrons from the 1s, 2s, 2p, 3s, etc. orbitals of the material as is shown by Figure 
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2. 6 [6]. A detector records the kinetic energy and number of electrons that have 

been emitted through this interaction. The energy of the emitted electron is 

characteristic of that material and the resulting spectra are thus unique. This 

technique can describe any change in surface chemistry between different 

materials [6]. 

 

XPS was performed on a PHOIBOS 100 hemispherical energy analyser from SPECS, 

using Al, Kα radiation (1486.6 eV) in fixed analyser transmission mode. 

 

Figure 2. 6: Representation of the processes involved in XPS.  

 

2.2.7. Thermo-gravimetric analysis. 

TGA was performed using a Q500 (TA Instruments) with the data analysis carried 

out using the Q Series software V. 2.5.0.255 (TA Instruments). Temperature range is 

between 1000C to 9000C at a ramp rate of 10 deg/min with a combined gas flow of 

10 ml/min Ar and 90 ml/min air. 
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Figure 2. 7: Photograph of the TGA Q500 system. 

 

2.2.8. Ultra-sonication. 

The dispersion of carbon containing composites was carried out using a Branson 

Digital Sonifier Model 102C at 450 W, 20 Hz in a pulsed method (2 seconds on, 1 

second). Different composites had varying sonication times and amplitude which 

are outlined in the specific chapter. 
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Figure 2. 8: Photograph of Branson Digital Sonifier. 

 

2.2.9. Centrifugation. 

Centrifugation of carbon materials and their composites dispersed in various 

solvents was performed using an eppendorf centrifuge 5702. 

 

Figure 2. 9: Eppendorf centrifuge used to remove agglomerates from solution. 
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2.2.10. Contact angle measurements. 

Contact angle measurements were performed using a Contact Angle System OCA, 

Data physics instruments with software SCA202 V. 3.11.6. 

 

 

Figure 2. 10: Photograph of Dataphyics contact angle instrumentation. 

 

2.2.11. Sputter coating. 

Sputter coating was performed using a EDWARDS FTM6 Auto 306. The sputter 

coating of Pt onto substrates such as polyvinyidene fluoride and indium tin oxide 

(ITO) was performed in order to improve the current collecting capabilities of 

fabricated electrode which helped to improve charge storage and delivery, while 

minimising and equivalent series resistance (ESR) loss. 
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Figure 2. 11: Photograph of EDWARDS FTM6 sputter coater. 

 

2.2.12. Conductivity. 

Conductivity measurements on composite materials were performed after using a 

Jandel Model RM3 conductivity tester. 

 

2.3. Electrochemical analysis techniques. 

2.3.1. Introduction. 

Electrochemistry is used to study and probe non-Faradaic and Faradaic effects at 

the electrode / electrolyte interface. The main electrochemical techniques used are 

cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS). 

Galvanostatic charge / discharge (GCD) was employed for device testing in order to 

replicate the performance of the synthesised materials under real world conditions. 



 

 

 
66 

 

2.3.2. Cyclic voltammetry. 

The CV response of the various electrode materials were performed in either a two 

or three-electrode set-up using an EDAQ Australia™ system with EChem V 2 

software (ADI Instruments Pty. Ltd). Initial material electrochemical 

characterisations were performed in the three electrode configuration with a 

Ag/AgCl reference electrode for aqueous systems, and 1M NaNO3 electrolyte. All 

organic electrolyte tests were completed with an Ag/Ag+ reference and a 

commercially provided electrolyte (Cap-XX Ltd.) in acetonitrile. The counter 

electrode was Pt mesh with an area of approximately 1.7 cm2.  

 

For three electrode systems, the capacitance is calculated as follows: InEquation 

2.1, I is equal to (Ia-Ic)/2, where Ia and Ic are anodic and cathodic current, 

respectively (A), dv/dt is the scan rate (V/s). In Equation 2.2, the potential V is 

integrated with respect to time to obtain the capacitance. I is the response current 

density (A). The limits of the integral are the potential window. In Equation 2.3, the 

specific capacitance is calculated by dividing the capacitance by the mass where m 

is the weight of the active material and binder of one electrode. To obtain the 

capacitance per area (see Equation 2.4), then the capacitance is simply divided by 

the area A in cm2. 

 

    
 

  
  

 
Equation 2.1 

   
 

  
∫       Equation 2.2 
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 Equation 2.3 

     
 

 
 Equation 2.4 

 

In two electrode systems, the specific capacitance per electrode is calculated as per 

Equation 2.5 where once again I is equal to the integral under the CV curve with 

respect to time, dv/dt is the scan rate (V/s), and m is the weight (g) of one electrode 

(active material plus binder). The energy density (ECV) is a function of capacitance 

(C) multiplied by the square of the voltage (V); while the power density is the 

energy density multiplied by the scan rate (
  

  
) and divided by the voltage (V). See 

Equation 2.6 and Equation 2.7. 

 

     
  

 
 Equation 2.5 

     
 

 
     

  Equation 2.6 

           
      

 
 Equation 2.7 
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Figure 2. 12: Photograph of EDAQ potentiostat with three-electrode cell. 

 

2.3.3. Electrochemical impedance spectroscopy. 

All EIS measurements were performed at room temperature where the frequency 

range spanned 100 kHz to 0.1 Hz with an AC amplitude of 10 mV (rms) using a 

Gamry EIS 3000™ system. Each sample is immersed in the electrolyte for 5 minutes 

prior to the measurement (with the open circuit potential being monitored) to 

ensure that the working electrode is stable. Initial material electrochemical 

characterisations were performed in the three electrode configuration with a 

Ag/AgCl reference electrode for aqueous systems, and 1M NaNO3 electrolyte. All 

organic electrolyte tests were completed with an Ag/Ag+ reference and a 

commercially provided electrolyte (Cap-XX Ltd.) in acetonitrile. The counter 

electrode was Pt mesh with an area of approximately 1.7 cm2. Equivalent circuit 
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modelling and values for Rs, Rp, Rct, Cdl, Cf, fp were obtained using ZViewTM V 3.2, 

Scribner Associates. 

 

The capacitance (C) from impedance for a three electrode system can be calculated 

according to Equation 2.8 where C that is a complex number is comprised of a real 

part (C’) Equation 2.9), and an imaginary part (C”) (see Equation 2.10). Where Z’ is 

the real part of impedance (Ω), Z” is the imaginary part of impedance (Ω), f is the 

frequency (Hz), and |Z| is the modulus of the impedance (Ω). Values can be either 

divided by the mass of the electrode (active material plus binder) or the geometric 

area (cm2). The time constant τ(s) of charging / discharging is calculated by is 

multiplying the reciprocal of the peak frequency fp by 2π which is depicted by 

Equation 2.11 [7]. 

 

            Equation 2.8 

         
  

    | | 
 Equation 2.9 

        
  

    | | 
 Equation 2.10 

       
 

       
 Equation 2.11 

 

The specific capacitance per electrode for a two electrode system is outlined by 

Equation 2.12 and Equation 2.13; where m is the mass of one electrode (active 

material plus binder). 



 

 

 
70 

 

        
   

 
 Equation 2.12 

        
   

 
 Equation 2.13 

 

 

Figure 2. 13: Photograph of the Gamry EIS software and system. 

 

2.3.4. Galvanostatic charge / discharge. 

For long-term cyclability of the device, Galvanostatic cycling tests were carried out 

with a Neware potentiostat, Test Control V.5.0 software, able to record a point 

every 1s. The potential window studied was between either 0 V and 1.0 V or 0 V 

and 1.1 V depending on the chapter in question. Calculations for specific 

capacitance per electrode, energy density and power density can be obtained by 

Equation 2.14,Equation 2.15, and Equation 2.16 below, where Id is the discharge 

current, ∆Td is the discharge time, V is the potential difference during discharge 

excluding the portion of the iR drop, and m is the mass of one electrode (active 
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material plus binder) [8, 9]. The term ESR represents ‘equivalent series resistance’ 

and is calculated by dividing either the voltage drop at the beginning of the 

discharge cycle by the total current; or conversely can be obtained from EIS where 

the ESR is the intercept of the plot of the on the real axis [8-10]. The calculation of 

ESR was used in some cases for the calculation of maximum power density as is 

shown by Equation 2.17. The reason for this is due to the fact that when testing a 

supercapacitor test cell, all resistances (leads, current collectors, electrodes, 

electrolyte and separator) must be taken into account as only a portion of the 

measured resistance can be attributed to the electrode material [11]. 

     
       

  
 Equation 2.14 

    
 

 

   

 
 Equation 2.15 

   
 

 

   

 
 Equation 2.16 

   
 

 

  

      
 Equation 2.17 

 

 

Figure 2. 14: Photograph of Neware cell tester. 
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2.4. Electrode fabrication. 

Specific to each chapter. 

 

2.5. Device fabrication. 

Specific to each chapter. 
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3. Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) : single walled 

carbon nanotube composite electrodes for supercapacitor device 

applications. 

 

3.1. Introduction. 

Nanostructured materials, particularly carbon nanotubes (CNTs) are potentially 

useful in energy storage and conversion devices due to their favourable mechanical, 

and electrical properties.[1, 2] which when combined with their surface properties 

contribute to an enhanced overall behaviour. The potential of nanostructured 

materials in energy storage systems includes batteries, fuel cells, renewable energy 

storage, devices for load levelling, and uninterrupted power supply [3-6]. 

 

The development of composites for use in supercapacitor electrodes comprising 

inherently conducting polymers (ICPs) and CNTs is an area of research as the 

conductive polymer matrix, combined with the network-like structure of the CNTs 

provides enhanced electronic and ionic conductivity that can considerably improve 

charge storage and delivery.[7-9] The use of poly(3,4-ethylenedioxythiophene) 

poly(styrene sulfonate), (PEDOT/PSS) has been reported in the literature due to its 

high stability with respect to repeated cycling, which makes it very suitable as a 

potential electrode material in supercapacitor device applications [10, 11]. Recent 

research has focused on improving the mass transport of counter ions into and out 

of the film during charging / discharging by preparing nanostructured and high 

surface area electrodes which limits the distance over which ion diffusion can 
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occur, thus improving power and energy density [10, 12]. However the 

development of flexible stand-alone composites for device components remains of 

high interest due to PEDOTs potential as a viable electrode material due to its 

conjugated backbone and processability [7, 9, 10, 13]. PEDOT/PSS has a conjugated 

backbone that allows easy transportation of de-localised electrons through the π 

orbital system [14]. It is interesting as a charge storage material because of the 

oxygen atoms that have unfilled valence shells leading to higher doping levels.[14, 

15] The challenge in fabricating a composite material containing ICPs and CNTs is 

achieving the correct ratio of the two materials. Pristine CNTs can agglomerate due 

to strong van der Waals interactions between adjacent tubes reducing electroactive 

surface area; while the incorrect amount of ICPs can alter the porosity in such a way 

as to hinder electrolyte ion movement into the pores of the electrode [16]. 

To address this, we describe a facile method to develop free standing films of 

PEDOT/PSS-SWNT via vacuum filtration and their subsequent use in a novel 

supercapacitor. Physical characterisation of the PEDOT/PSS-SWNT films have shown 

SWNTs to be well dispersed throughout the polymer giving rise to uniform films 

that can support their own weight. Extensive electrochemical testing revealed that 

the incorporation of SWNTs with PEDOT/PSS yielded an electrode material that had 

an increased energy density coupled with excellent capacity retention and long 

term stability. 
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3.2. Experimental specific to chapter 3. 

3.2.1. Synthesis of poly(3,4-ethylenedioxythiophene) poly(styrene 

sulfonate). 

Polymerization of 3,4-ethylenedioxythiophene (EDOT) in the presence of 

polystyrenesulfonate (PSS) was carried out by dissolving the PSS (13.14g) in 200mL 

water by vigorous stirring, followed by degassing for 3-5 minutes. EDOT (distilled) 

5.3g was added drop wise to this solution while stirring. The stirring was continued 

for 2hr followed by ultrasonication for 30min. Ammonium persulfate 11.8g 

dissolved in 200mL water was then added slowly while stirring. Ferrous ammonium 

sulphate 5 mg dissolved in 5 mL water was added drop wise to the reaction mixture 

and left to stir overnight. The resultant dark blue/black polymer solution was 

dialysed (tubing) in water for 24hr. A film was then made to measure the 

conductivity (four point probe) six times measurement gave a conductivity 

approximately to 0.5 S/cm.  

 

3.2.2. Composite film fabrication. 

The composite film that was used as the electrode material was made using single 

walled nanotubes (SWNTs, HiPCO, Unidym Carbon Nanotubes, batch P0900) and 

poly (3,4-ethylenedioxythiophene) poly(styrene sulfonate) (PEDOT/PSS) mixed in 

40% w/w in H2O. The PEDOT/PSS and SWNTs were mixed and sonicated for one 

hour (Sonics Vibracell ultrasonic processor, 500 watt, 30% amplitude), with a pulse 

of one second on and one second off, total time two hours. It was then vacuum 

filtered using a hydrophilic 0.22μm filter, and washed once with ethanol to remove 
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water. The films are described as 20% SWNT, 30% SWNT, 40% SWNT, and 50% 

SWNT. For example, the 20% SWNT refers to a composition of 30 mg SWNT, 120 mg 

PEDOT/PSS in H2O. Each composite film was subsequently annealed at 900C for 90 

minutes. The film referred to as SWNT only was made using vacuum filtration as 

stated above with the SWNTs dispersed in a 1% triton X-100/H2O solution. 

 

3.2.3. Capacitor fabrication. 

The PEDOT/PSS-SWNT supercapacitor was made by sputter coating 2 pieces of the 

PEDOT/PSS-SWNT film with Pt (approximately a 10 nm coating each film) and 

pressing in between ITO glass with the two films with an approximate loading of 8 

mg/cm2, being separated by a Millipore© - Durapore® PVDF hydrophilic separator 

of thickness 110 microns and a 0.22 micron pore size. A clamp was used to hold the 

system in place while UV cure glue (Dynman Light Weld) and UV light source 

(Dynmax Blue Wave 50) was used to seal the 0.25 cm2
 cell. Lastly, a small hole was 

left where 1M NaNO3 in H2O was added as the electrolyte via vacuum filling, with 

the hole being sealed thereafter. 

 

3.3. Discussion of Results. 

3.3.1. Physical characterisation of PEDOT:PSS-SWNT film. 

3.3.1.1 Scanning electron microscopy. 

SEM images of the PEDOT/PSS-SWNT composites are shown in Figure 3. 1. The 

morphology of the system depicts a very rough surface where the PEDOT/PSS 

polymer has encased bundles of SWNTs, with a highly porous structure apparent. 
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This porous network is very desirable as it maximises surface area, potentially 

allowing large capacitances to be obtained [17]. In  Figure 3. 1 the morphology 

changes as the ratio of PEDOT/PSS to SWNTs is varied. In Figure 3. 1a (20% SWNT) 

and Figure 3. 1b (30% SWNT), the bundles of SWNTs are smallest with the SWNTs 

uniformly distributed throughout the polymer matrix, where large spacing is 

apparent between adjacent nanotube bundles. In Figure 3. 1c (40% SWNT) and 

Figure 3. 1d (50% SWNT), the bundles of SWNTs are larger with the 40% SWNT 

composition still maintaining a fine structure and a randomly distributed nanotube 

network. The larger apparent agglomerates of the 50% SWNT composition are to be 

expected as the SWNT concentration is the largest and hence much harder for 

uniform distribution to occur.  

 

Figure 3. 1 : SEM image of PEDOT/PSS-SWNT composite showing PEDOT/PSS 

polymer to be integrated with the SWNT. (a) 20% SWNT, (b) 30% SWNT, (c) 40% 

SWNT, (d) 50% SWNT. 
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3.3.1.2 Raman Spectroscopy. 

Figure 3. 2a and Figure 3. 2b show the Raman spectra of all PEDOT/PSS-SWNT 

composite films, as well as pure PEDOT/PSS and pure SWNT. The spectra is 

characteristic of single walled nanotubes with the radial breathing mode (RBM) 

between 120 cm-1 and 305 cm-1 that represents the coherent vibration of the C 

atoms in the radial direction [18]. The ratio of the G/D band (D band is the disorder 

induced band arising from defects in the walls of the nanotubes; the G band is a 

result of phonon wave confinement along the circumferential direction of the 

nanotube that leads to tangential C-C stretching transitions) is 24.52 indicating a 

high degree of purity for the SWNTs [18, 19]. When comparing the composite films 

to PEDOT/PSS only, it can be seen that the peaks located at 1146 cm-1 (S-O 

stretching vibration), and between 1400-1580 cm-1 (assigned to PEDOT stretching) 

for the PEDOT/PSS only, disappear as SWNT are added into the system [20]. The use 

of the 632.81 nm excitation wavelength results in scattering from PSS that is very 

weak compared to PEDOT as stated by Stavytkska-Barba et. al. [20]. It is thought 

that SWNTs at this 632.81 nm line produce more intense scattering phenomena 

meaning the PEDOT/PSS signal is somewhat suppressed and not visible in the 

spectra of the composite material.  

 

The diameter of the SWNTs can be estimated by evaluating the peaks of the RBM 

using Equation 3.1 [21], where d is the diameter in nanometres and ω is the 

wavenumber in cm-1.  
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 Equation 3.1 

For pure SWNTs, there are four distinct peaks in this RBM region at 170 cm-1, 232 

cm-1, 264 cm-1, and 302 cm-1; which correspond to a mixture of diameters ranging 

from 1.46 nm, 1.07 nm, 0.94 nm and 0.82 nm respectively. From Figure 3. 2b it can 

be seen that there is a marginal shift in the 170 cm-1 232 cm-1, 264 cm-1 and 302 cm-

1 RBM bands towards slightly smaller wavenumbers as the amount of PEDOT/PSS is 

increased. 

 

Figure 3. 2: (a) Stack of Raman spectra depicting PEDOT/PSS only, 20% SWNT, 30% 

SWNT, 40% SWNT, 50% SWNT and SWNT only, (b) RBM bands for, 20% SWNT, 30% 

SWNT, 40% SWNT, 50% SWNT and SWNT only composite films, (c) Image of 50% 

SWNT sample after filtering and drying. 
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In Table 3. 1 below, the SWNT bundle diameters have increased only very 

marginally indicating that a uniform and very well exfoliated dispersion between 

SWNTs and PEDOT/PSS has still occurred. Qualitatively speaking, the PEDOT/PSS-

SWNT RBM intensity is also much larger than pure SWNT which is caused by the 

more pronounced radial expansion / contraction of the SWNTs in the PEDOT/PSS 

matrix. Figure 3. 2c is a 50% SWNT film prepared after filtering and drying. The 

sample is relatively strong and able to support its own weight.  

 

Table 3. 1: SWNT bundle diameter as PEDOT/PSS is added to the system. Laser line 

was at 785 nm excitation. 

% SWNT d(nm)1st peak d(nm) 2nd peak d(nm) 3rd peak d(nm) 4tht peak 

     

100 1.456 1.071 0.939 0.821 

50 1.478 1.083 0.944 0.825 

40 1.478 1.089 0.953 0.825 

30 1.478 1.083 0.944 0.825 

20 1.478 1.083 0.948 0.825 

a diameter calculated from RBM values using Equation 3.1. 

 

3.3.1.3 Thermo-Gravimetric Analysis. 

The thermal stability of the PEDOT/PSS-SWNT composite was examined by TGA. 

Figure 3. 3 shows the weight loss of the composite material upon heating in an air / 

Ar mixture. The first weight loss up to 1800C can be ascribed to the loss of water [8]. 

The degradation peak at 320 0C is due to the decomposition of PSS where the PSS 
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degrades via rupture of the sulfonate group from styrene [8, 22] .The steepest 

weight loss is due to the oxidation of the SWNTs at 420 0C followed by another 

decomposition of PEDOT/PSS at 505 0C which is thought to occur due to the 

polymer backbone rupturing [8, 22]. The residual amount of material left over at 

850 degrees for the SWNT are the metal catalyst particles consistent with 

compositional content of the batch number. For PEDOT/PSS, the residual amount is 

likely to be salt associated with the dopant.  From the TGA, it was deduced that any 

annealing of the PEDOT/PSS-SWNT composite film prior to electrochemical analysis 

could safely be conducted at 900C under vacuum. 

 

Figure 3. 3: TGA curves of (a) SWNT only, (b) PEDOT / PSS only, (c) PEDOT / PSS-

SWNT composite material (30% SWNT). Temperature range is between 1000C to 

9000C at a ramp rate of 10 deg/min. 
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3.3.2. Electrochemical properties of PEDOT/PSS-SWNT films 

3.3.2.1 Three electrode tests. 

Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) was 

used to determine the electrochemical properties of the PEDOT/PSS-SWNT films in 

which the ratios of PEDOT/PSS to SWNTs had been varied as outlined in the 

experimental section. 

 

The Nyquist plot of Figure 3. 4a is characteristic of capacitive type behaviour [23]. In 

the high frequency domain (inset), a small semi-circle is observed (bulk RC 

response) that can be attributed to a contact impedance generated between the 

SWNTs and PEDOT/PSS as well as electrolyte resistance within the pores of the 

composite material [24, 25]. In the middle frequency regime, an extremely small 

450 degree inclination can be seen (Warburg response) which arises as a result of 

distributed capacitance / impedance in a porous material [26]. The fact that this 

region is extremely small is important as it signifies fast ion re-arrangement / 

kinetics [26]. 

 

In the low frequency portion of the spectrum, the plot tends towards a vertical line 

where the imaginary part of impedance rapidly increases which is characteristic of 

capacitive behaviour [27, 28]. When comparing the polarisation resistance (Rct) of 

Figure 3. 4a inset, it can be seen that the size of the semi-circle at high frequencies 

decreases when the composition of PEDOT/PSS-SWNT increases from 20% SWNT to 

50% SWNT. 
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Figure 3. 4: (a) Nyquist plot (with inset) for PEDOT/PSS-SWNT film with varied 

composition, (b) imaginary part of capacitance verses frequency. All composite films 

were annealed for 90 minutes at 90 0C. Electrolyte used is 1M NaNO3, with a Pt 

mesh counter of 1.7 cm2 and Ag/AgCl reference electrode. 

 

The imaginary part of capacitance (Figure 3. 4b) represents the energy dissipation 

of the complex part of the capacitance, characteristic of an irreversible process, 

which can lead to the hysteresis of the electrochemical process [25, 26, 29]. The 

relaxation time constant τ(s) can be evaluated from Figure 3. 4b by finding the peak 

frequency fp of      , multiplying fp by 2π and inverting. When comparing the 
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PEDOT/PSS-SWNT films of varied composition, there is a shift in fp towards higher 

frequency (hence lower time constant) from 20% SWNT to 50% SWNT. The higher 

frequency indicates better rate capability and hence faster charging of the electric 

double layer [30]. The values of τ(s) for the PEDOT/PSS-SWNT films can be seen in 

the inset of Figure 3. 4b where the smallest τ(s) was calculated to be 1.0 s. The 

values for the imaginary part of capacitance       have been calculated according 

to H. Kurig et. al. (see Chapter 2, section 2.2) [25]. 

 

The PEDOT/PSS-SWNT film displays a highly rectangular CV curve at 5 mV/s, as is 

observed in Figure 3. 5a. These results indicate that the charge – discharge 

responses of the electric double layer are highly reversible and kinetically facile 

[24]. However, the CV above scan rates of 10 mV/s (not shown) did not keep its 

rectangular shape. This can be attributed to the time constant of the system where 

the transient response falls off exponentially with the RC time constant [31]. This 

means that as the scan rate increases, the concentration gradient at the electrode / 

electrolyte interface increases and the time constant becomes larger. The transient 

response is pronounced leading to a lag between charging and discharging of the 

capacitor causing distortion of the CV [32]. The specific capacitance was calculated 

from CV using the attained current density of 0.67 A/g at a scan rate of 5 mV/s, 

(which can be seen in Figure 3. 5a using equations obtained from Chapter 2, section 

2.2 [25], with the maximum value being 133 F/g. A general trend can be seen in 

Figure 3. 5b with the specific capacitance reaching the maximum at approximately 
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30% SWNT composition of PEDOT/PSS-SWNT with the capacitance falling off either 

side. 

 

Figure 3. 5: CV of PEDOT/PSS-SWNT films where the composition of PEDOT/PSS and 

SWNT has been varied, (d) specific capacitance for PEDOT/PSS-SWNT calculated at a 

scan rate of 5 mV/s and average current of 0.67 A/g. All composite films were 

annealed for 90 minutes at 90 0C. Electrolyte used is 1M NaNO3, with a Pt mesh 

counter of 1.7 cm2 and Ag/AgCl reference electrode. 
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The distribution of capacitance in this way suggest that at 30% SWNT and 40% 

SWNT composition the ideal amount of PEDOT/PSS and SWNTs is ascertained 

allowing the right balance between porosity size, connectiveness of nanotubes and 

amount of conductive polymer matrix. This result is also in agreement with 

conductivity values obtained for each of the different films with the conductivity 

increasing from 10 S/cm for the 20% SWNT film to 15 S/cm for the 30% SWNT, 20 

S/cm for the 40% SWNT film, and a decrease back to 17 S/cm for the 50% SWNT 

film. 

 

3.3.2.2 Supercapacitor devices with varying PEDOT/PSS-SWNT 

compositions. 

Supercapacitor cells were fabricated using varying compositions of PEDOT/PSS and 

SWNTs.. The Nyquist plot of Figure 3. 6a are characteristic of capacitive type 

behaviour as has been explained previously [23]. As observed for the three 

electrode system, all composite supercapacitor devices exhibit an extremely small 

450 degree Warburg region signifying fast ion re-arrangement / kinetics of the 

electrolyte ions in the device [26]. The PEDOT/PSS-SWNT film displays a highly 

rectangular CV curve at 50 mV/s, as is observed in Figure 3. 6b with the largest 

average current density of 1.55 A/g arising from the 30% SWNT film. These results 

indicate that there is a minimal lag time between the charge – discharge responses 

of the electric double layer, signifying a highly reversible and kinetically facile 

behaviour [24]. However, the CV above scan rates of 50 mV/s (not shown) did not 

keep its rectangular shape and thus the specific capacitance decreased. Compared 
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to the three electrode system, the devices were able to have highly rectangular 

curves at faster scan rates due to much better connection of the active material 

with the current collector. The specific capacitance per electrode was calculated at 

50 mV/s using equations available in chapter 2, section 2.2.2 [33], with the 

maximum value being 66 F/g for the 30% SWNT device and 75 F/g for the 40% 

SWNT device.  

 

Figure 3. 6: Nyquist plot (with inset) for PEDOT/PSS-SWNT device with varied 

composition of PEDOT/PSS and SWNTs. (b) CV of PEDOT/PSS-SWNT films where the 

composition of PEDOT/PSS and SWNT has been varied. Scan rate at 50 mV/s. 

Electrolyte used was aqueous 1M NaNO3. All composite films were annealed for 90 

minutes at 90 0C. EIS was conducted at OCP. 
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The symmetry of the charge / discharge curves (Figure 3. 7) signifies excellent 

capacitive characteristics, with the discharge time decreasing significantly as the 

applied current is increased leading to a decrease in specific capacitance as can be 

seen by Figure 3. 7 [34, 35]. A very small potential drop (iR drop) at the very 

beginning of the constant current discharge is observed for all PEDOT/PSS-SWNT 

devices. The iR drop is attributed to a couple of factors including; (i) the contact 

resistance between PEDOT/PSS and SWNT, and (ii) contact resistance between the 

electrode material and current collector [36, 37].  

 

 

Figure 3. 7: Galvanostatic charge / discharge of PEDOT/PSS-SWNT device with 

varying SWNTs concentrations. (a) 0.2 A/g, (b) 0.4 A/g (c) 1 A/g, (d) 2 A/g. The cycle 

that is shown is cycle 2. 
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From Figure 3. 8, it can be seen that the largest specific capacitance is obtained for 

the 40% SWNT device and reaches 104 F/g at a current density of 0.2 A/g. Its 

corresponding highest energy density and highest power density was calculated to 

be 7 Wh/kg and 825 W/kg respectively. The next best performing device is the 30% 

SWNT device (85 F/g at 0.2 A/g with a highest energy density and power density of 

6 Wh/kg and 1110 W/kg respectively) then followed by the 20% SWNT and SWNT 

only devices. Calculations for specific capacitance per electrode, energy density and 

power density can be obtained from Chapter 2, section 2.2.  

 

Figure 3. 8: Influence of the constant current density on capacitance for varying 

compositions of PEDOT/PSS-SWNT supercapacitor devices. 

 

The galvanostatic charge / discharge curves of Figure 3. 9a and Figure 3. 9b show 

excellent symmetry and overlay of cycles 2, 500 and 1000 signifying good capacity 

behaviour. The 30% SWNT and 40% SWNT device displayed excellent capacity 
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retention (Figure 3. 9c with less than 10% decrease over 1000 cycles. The decrease 

can be attributed to some film swelling as the electrolyte ions intercalate in and out 

of the pores of the film, as well as some energy loss to irreversible processes that 

lead to hysteresis [26, 38].The specific capacitance values are well maintained, even 

at a high current density of 1 A/g meaning that the rate capability of the device is 

good [39]. The superior rate capability of the 40 SWNT device can be attributed to 

the reduced short diffusion paths of ions leading to faster kinetics (ion insertion / 

extraction) in the electrode film [39, 40] 

 

Figure 3. 9: Galvanostatic charge / discharge of (a) 30% SWNT; (b) 40% SWNT at a 

current density of 1 A/g, (c) Galvanostatic charge / discharge test over 1000 cycles 

at 1 A/g, (d) Plots of utilisable specific energy density verses specific power density 

(Ragone plot) for varying PEDOT/PSS-SWNT supercapacitor devices. The values are 

calculated from CV using equations given in Chapter 2, section 2.2). 
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There is also a marketable difference in the energy density which can be observed 

in the Ragone plot of Figure 3. 9d. In all devices, the power density either 

approaches or exceeds 1000 W/kg; however the addition of the PEDOT/PSS 

significantly increases the energy density. It can clearly be established that the 

maximum energy and power density occur when the ratio of PEDOT/PSS to SWNTs 

is 30% SWNTs and 40% SWNTs; while there is a decrease either side of these ratios. 

Equations for the calculation of maximum energy and power density for the 30% 

SWNT and 40% SWNT were are outlined in Chapter 2, section 2.2. The values for 

the 30% SWNT device were 2.80 Wh/kg and 1105 W/kg, while the 40% SWNT 

device was 1.56 Wh/kg and 1042 W/kg respectively. At this 30% and 40% ratio of 

PEDOT/PSS to SWNT it is thought that the kinetics of the electrolyte ions and 

availability of electroactive surface area is maximised, leading to improved charge 

storage and delivery [41]. 

 

Comparatively, Snook et. al have reported composites containing PEDOT/PSS and 

carbon nanotubes that can reach specific capacitances ranging from 85 F/g to a 150 

F/g; while the energy density can exceed 0.92 Wh/kg and power density can range 

from 100 W/kg to 3000 W/kg [16]. Frackowiak et. al reported PEDOT/PSS and multi 

walled nanotube composites that achieved capacitance values of 100 F/g with 

excellent stability [42].  

 

Recent work published by Lei et.al. Involving electrochemical capacitors made from 

PEDOT mixed with activated carbon in an ethylene based organic electrolyte 
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yielded energy densities and power densities approaching 200 Wh/kg and 10000 

W/kg respectively [43]. Lastly, Zhu et. al. have reported extremely large specific 

capacitances exceeding 500 F/g for a composites of  polyaniline nanorods and 

sulfonated mulit-walled carbon nanotubes [44]. 

 

Overall, the increase in energy density, while power density is still maintained 

makes it possible for the use of this PEDOT/PSS-SWNT electrode material as an 

effective electrode in the use of supercapacitor design and fabrication. Coupled to 

this, it may be plausible to use a PEDOT/PSS conducting polymer / CNT composite 

as the cathode in an asymmetric supercapacitor where enhanced energy density is 

required. 

 

3.4. Conclusions. 

In summary, a supercapacitor device containing free standing PEDOT/PSS-SWNT 

composite material was constructed and tested successfully in order to evaluate its 

performance. The first part of the paper presents physical characteristics of the 

PEDOT/PSS, SWNTs and the composite material formed with the PEDOT/PSS and 

SWNT. The SEM images show uniformly dispersed bundles of SWNTs in a 

PEDOT/PSS polymer matrix. The SWNT diameter in the polymer matrix is on 

average less than 1.5 nm in diameter, while the Raman spectra shows a large D/G 

band ratio, with a slight shift of the RBM mode toward smaller wavenumbers as 

PEDOT:PSS is added. The TGA clearly shows defined peaks for the decomposition of 
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PEDOT/PSS and SWNTs arising from the rupture of the polymer backbone and 

oxidation of the nanotubes. 

 

The second part of this chapter compares the electrochemical properties of the 

varied compositions of PEDOT/PSS-SWNT films using a three electrode system. The 

30% SWNT composition had the smallest time constant of 1.0 s and the largest 

specific capacitance of 133 F/g 

 

The third part of this chaper compares supercapacitor devices made from the four 

compositions studied. The PEDOT/PSS-SWNT device with the 40% SWNT 

composition was the best performing in terms of capacitance, energy density and 

maintained power density as compared to the 20% SWNT, 30% SWNT and 50% 

SWNT compositions. In all instances the impedance spectra showed Nyquist plots 

that were characteristic of capacitive behaviour, with all the CV plots displaying 

highly rectangular curves and the galvanostatic charge / discharge exhibiting very 

triangular cycles and a lengthy discharge time. The 40% SWNT device displayed the 

largest specific capacitance and energy density with the power density being 

around the same order of magnitude as all other devices. Using galvanostatic 

charge / discharge at a current rate of 1 A/g, the specific capacitance was calculated 

to be 104 F/g, while the maximum energy and power density were 7 Wh/kg and 

825 W/kg respectively. The stability of the 40% SWNT device was very good with 

the capacity retention over 1000 cycles being greater than 90% of the initial value 

at cycle 2. 
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4. Synthesis of graphene oxide. 

4.1. Introduction. 

Graphene is a one-atom thick, two-dimensional (2D) material composed of sp2 

hybridised carbon which is a good candidate for energy storage materials due to its 

superior electrical conductivity, mechanical properties, thermal conductivity, high 

surface area, and its minimal cytotoxicity [1, 2]. Graphene nano-sheets were first 

obtained by mechanical exfoliation (“scotch tape” method) of bulk graphite and by 

epitaxial CVD [3]. Further developments have led to graphene, and more generally 

graphene oxide (GO) to be synthesised by several methods such as chemical vapour 

deposition (CVD), micro mechanical exfoliation, epitaxial growth, the creation of 

colloidal suspensions, and inorganic reactions [3, 4]. Chemical means of creating 

graphene / GO are more viable as these methods are straight forward to synthesise, 

and thus more effective for large-scale manufacturing, which can lead to the 

development of devices on a commercial scale [5, 6]. Coupled to this has been the 

further improvement in creating dispersions of graphene / GO that are more 

uniform in terms of lateral thickness, lateral area, and size through the selection 

and use of good dispersion solvents and post treatment [6, 7]. 

 

The exfoliation of GO using microwave irradiation is of particular interest as the 

process can be performed at room temperature, using a conventional microwave 

leading to a marked volume increase of the GO, forming an extremely porous 

powder [8]. Coupled to this, microwave irradiation of GO can be considered a 

“green approach” to exfoliation to graphene oxide as no harmful and toxic 
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chemicals are used. The benefit of exfoliation is that it provides a porous material 

that can serve as a conductive scaffold and support for the formation of stable and 

robust composite materials. 

 

4.2. Experimental specific to chapter 4. 

4.2.1. Synthesis of graphene oxide. 

Graphene oxide was synthesised using a modified Hummers method as outlined by 

Marcano et. al. [3]. In detail, 1 g of graphite powder (Bay Carbon Inc.) was added to 

60 ml of concentrated (98% w/v) H2SO4 (Univar) and mixed thoroughly for a few 

minutes. Then 3.5 g of KMNO4 (Sigma-Aldrich) was added in small aliquots so as the 

temperature did not exceed 1000C. This mixture was left stirring overnight for 18 

hours. At this point of the synthesis, the following reaction has taken place [9]; 

 

                     

→          
                                  

At this point some rapid bubbling occurs due to the release of carbon dioxide 

following the reaction scheme [9]; 

                   →                            

 

300 ml to 500 ml of distilled H2O is added (ice bath condition) to hydrolyse the 

intercalation compound that forms graphite oxide. Lastly, 30% aqueous H2O2 

(Univar) (drop wise, approximately 3 ml) is added until a complete colour change is 

observed. The H2O2 is added after hydrolysis to decompose permanganate ions into 
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manganese (IV) ions where after the manganese (IV) ions are removed by vacuum 

filtration (PVDF membrane, 0.22 micron pour size) by washing twice each with 

concentrated (36% w/v) HCl (Univar), water, and ethanol. The HCl ensures no 

undesirable manganese hydroxides form, which can get trapped in between the 

graphene / graphite layers [10]. After vacuum filtration the slurry is dried in a 

vacuum oven overnight at 500C.The  

 

EDX spectra of Figure 4. 1 confirms that no Mn(OH)2 has precipitated as no Mn peak 

is apparent. The C and O peaks are from the GO while the F peak is ascribed to the 

PVDF membrane and Na from residual NaCl due to the ocean. 

 

Figure 4. 1: EDX spectra of the GO oxide film that was made via vacuum filtration 

onto a hydrophilic PVDF membrane. 
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4.2.2. Preparation of exfoliated graphene oxide. 

Exfoliated GO (mw rGO) was formed by using a conventional microwave oven (1200 

W) as can be seen by the schematic diagram of Figure 4. 2.. After irradiation, the 

GO glowed red-hot accompanied by fuming and sparking, leading to a remarkable 

volume expansion caused by the violent expulsion of the volatile species from the 

interlayer spaces of the graphene intercalation compound (see Figure 4. 2) [8, 11]. 

There was a visibly observable difference between graphite, GO and mw rGO as a 

result of chemical treatment that changed the colour of graphite from grey to black, 

and microwave irradiation which produced a powder that was very lightweight in 

nature. It is important for exfoliation that the synthesised material remains moist so 

that the irradiation can rapidly release moisture from the GO sheets. If the sample 

is dried out too much, then little if any exfoliation occurs.  

 

 

Figure 4. 2: Schematic representation of the synthesis of GO and exfoliation by 

microwave irradiation. 

 



 

 

 
108 

 

4.2.3. Electrode fabrication for organic and aqueous electrolyte 

testing. 

Organic electrode fabricated via a drop cast method onto a heated Al substrate. 

Mw rGO was first dispersed in cyclohexyl pyrrolidone (CHP) and probe sonicated in 

an ice bath for 60 minutes at 30% amplitude. After this, the dispersion was 

centrifuged to remove any larger agglomerates. Following this, the dispersion was 

placed into a sonicator bath overnight with electrodes being made thereafter. CHP 

was selected based on the fact that there is extremely good matching between 

solvent and graphene surface energy which leads to the large scale exfoliation of 

graphene and GO [7]. The electrodes were then placed into a vacuum oven over 

night with the electrode being washed in acetonitrile prior to entering the oven. 

The initial temperature was 100oC, and after 3 hours the electrode was washed 

once more with acetonitrile. The temperature was then increased to 175oC and left 

for 12 hours. The approximate loading of mw rGO was 0.5 mg/cm2. 

 

The electrodes for electrochemical testing in aqueous media were fabricated by 

dispersing the mw rGO in ethanol and adding 10% PTFE binder. The suspension was 

probe sonicated for 30 minutes to ensure good mixing of the binder and mw rGO. 

After this, the vial containing the suspension was placed onto a hot plate at 650C 

and constantly mixed using a magnetic stirrer until all a majority of the ethanol 

evaporated, leaving a binded slurry. A spatula was used to spread the slurry onto a 

stainless steel mesh current collector, which was then placed into a vacuum oven at 



 

 

 
109 

 

100oC and dried for 12 hours to remove any excess moisture. The approximate 

loading of mw rGO plus PTFE after drying was 0.8 mg/cm2. 

 

4.2.4. Brunauer-Emmett-Teller Measuremnets. 

Brunauer-Emmett-Teller (BET) measurements are gas adsorption experiments on a 

solid surface that are able to deduce the specific surface area of that material. Here, 

the pores are filled with liquid N2 at a relative pressure of P/P0 close to unity [12]. 

When the relative pressure is lowered, a liquid volume will desorb from the surface 

of the material that is being studied which removes the condensate from the 

largest pores and reduces the thickness of the layer that is physically adsorbed. 

Further reduction in the relative pressure subsequently removes more condensate 

from the next largest pore size and so on [12]. The volume of N2 used can be 

correlated to the volume of the material being studied [13, 14]. BET measurements 

were performed using a Autosorb IQ gas adsorption system from Quantachrome 

Instruments ™ with ASiQWin V.1.11 software.  
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Figure 4. 3: Photograph of BET system used for surface area determination of GO 

and mw rGO. 

 

4.3. Discussion of Results. 

4.3.1. Physical characterisation of as synthesised and microwave 

exfoliated graphene oxide. 

The need for a quick and rapid method to exfoliate GO is paramount in order to 

have a fast and cost effective method that allows scaling for industrial scale 

production of graphene and graphene oxide [6]. Having well exfoliated GO is 

important as is allows the GO to be much more easily dispersed and stabilised, 

hence reducing aggregation and paving the way for better processability of carbon 

materials [7, 15]. 
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4.3.1.1 Scanning electron microscopy. 

In Figure 4. 4 below, SEM images are shown that depict the change of graphite into 

GO and further into mw rGO. In Figure 4. 4a, large graphite platelets can be 

observed where a large amount of stacking is apparent. Figure 4. 4b, the GO 

produced shows large stacked sheets which have a wave and crumpled like nature 

with some other carbonaceous agglomerates also apparent. In Figure 4. 4c after 

microwave irradiation has occurred, the GO expands and forms an accordion type 

structure that is highly porous [11]. Figure 4. 4d is a zoomed in region of Figure 4. 4c 

where the individual crumpled GO sheets form an interconnected network with 

minimal re-stacking. 

 

Figure 4. 4: SEM image of (a) As-received graphite (Bay Carbon Inc(c) ); (b) GO after 

wash treatment, (c) mw rGO after microwave irradiation ( 3 x 10s bursts); (d) 

zoomed in image of the mw rGO.  
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4.3.1.2 X-ray diffraction. 

Microwave irradiation of the GO led to exfoliation through the removal of volatile 

species from the interlayer spaces of the graphene intercalation compound [8, 11]. 

The XRD spectra of Figure 4. 5 shows the two distinct peaks for GO at 2θ = 10.2o 

and 22.0o, and one distinct peak for mw rGO at 2θ = 22o. The sharp peak at 10.2o is 

characteristic of GO powder that corresponds to an interlayer distance of 0.87 nm 

[15, 16]. The broader peak at 2θ = 22o corresponds to the (002) crystal plane of 

graphite and amorphous carbon [17]. It is clear that after exfoliation using 

microwave irradiation, the sharp peak at 2θ = 10.2o is much more suppressed as a 

result of the rapid expansion of the GO layers. Conductivity measurements show an 

order of magnitude change for GO from 167 ± 14 kΩ/square to 21 ± 4 kΩ/square for 

mw rGO. 

 

Figure 4. 5: XRD spectra of GO and mw rGO powder before and after microwave 

irradiation. 



 

 

 
113 

 

4.3.1.3 X-ray photoelectron spectroscopy. 

The X-ray photoelectron spectra (XPS) of the graphene oxide before and after 

exfoliation (Figure 4. 6a and Figure 4. 6b) supports the conclusion that some 

reduction of the GO has occurred after the microwave irradiation. Each of the C1s 

spectra for GO and mw rGO can be deconvoluted into three peaks corresponding to 

certain functional groups. For GO, sp3 carbon at 285.1eV, epoxy at 286.6 eV and 

ester at 288.3 eV. For mw rGO, sp2 carbon at 284.4 eV, sp3 C at 285.3, and an π-π* 

shake up at 289.1 eV [3, 15, 18].  

 

Figure 4. 6: Comparison of the C1s spectra for of (a) GO powder before microwave 

irradiation. (b) mw rGO after microwave irradiation.  
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The relative abundance of C and O for GO was 71.85% and 26.49% with similar 

sized peaks corresponding to a C/O ratio of 3:1. While for mw rGO the relative 

abundance of C and O was 92.22% and 7.53% with the epoxy / hydroxyl / carbonyl 

and carboxylate peaks much more depressed than the carbon peak corresponding 

to a C/O ratio of 12:1. It must also be noted that the slight shift of the deconvoluted 

peaks for mw rGO is due to the enhanced regular structure as compared to the GO 

[3]. 

4.3.1.4 Raman spectroscopy. 

The Raman spectra of GO shown in Figure 4. 7a is characteristic of a sp2 hybridised 

material that contains defects on the graphene / graphite basal planes. The D band 

peak of GO is associated with the disorder degree of graphene occurring at 1328 

cm-1; while the G band peak associated with first order scattering of the stretching 

vibration mode E2g observed for sp2 carbon domains occurs at 1586 cm-1 [1]. After 

microwave irradiation, there is a slight shift in both D and G band peaks from 1326 

cm-1 and 1588 cm-1to 1343 cm-1 and 1591 cm-1 respectively. The shift in both the D 

band and G band is due to the modification of the hexagonal network of carbon 

atoms with defects [19]. The ratio of the G/D band increased from 0.8 to 0.9, 

suggesting a slight reduction of the GO and a decrease in the quantity of structural 

defects [20]. A very weak 2D peak is present at 2616 cm-1 which is characteristic of 

chemically converted graphene oxide as full conversion to pure graphene does not 

occur [1]. 
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Figure 4. 7: (a) Raman spectra of GO, mw rGO and graphite powder before and after 

microwave irradiation. (b) Raman spectra of mw rGO powders that have been 

annealed in a H2 / Ar atmosphere (1:4 v:v) at a flow rate of 250 mL min-1 for 10, 60, 

and 120 minutes. (c) Raman spectra of (b) graphite, GO, and mw rGO that has been 

annealed at different temperatures in air for 10 minutes. (d) mw rGO annealed at 

4000C for different times in air. 
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As a comparison, samples of mw rGO were annealed at 4000C for 10, 60 and 120 

minutes in a H2 / Ar atmosphere (1:4 v:v) at a flow rate of 250 mL min-1, as by Z. Wu 

et.al (Figure 4. 7b). when reducing graphene sheets [1]. The presence of H2 gas is 

used as it is a good reducing agent. There is an improvement in the G/D band ratio 

when the mw rGO is annealed in a H2 / Ar atmosphere (see Table 4. 1). The G/D 

ratio increased for an increased annealing time of 120 minutes reaching 0.87 after 

120 minutes. In Figure 4. 7c, mw rGO powders were annealed at varying 

temperatures ranging from 400oC to 600oC in air with the best G/D ratio being 0.8 

for an annealing temperature of 400oC. In Figure 4. 7d, the temperature was kept 

constant at 400oC and the time of annealing increased form 10 minutes to 120 

minutes. The G/D ratio was maximum at 0.82 after 40 minutes. A detailed analysis 

of the G/D band ratio for all annealing treatments is outlined in Table 4. 1. 

 

Table 4. 1 G/D band ratio for mw rGO powders at different annealing rates, times 

and atmospheres. 

Material G/D Annealing 
temp (0C) 

G/D Annealing  
time (min) 
@ 4000C 

G/D Annealing 
in H2/Ar 

G/D 

GO 0.69 400 0.8 10 0.8 10 0.66 
mw rGO 0.8 450 0.79 20 0.79 60 0.74 

  500 0.77 30 0.79 120 0.87 
  550 0.75 35 0.8   
  600 0.69 40 0.82   
    60 0.82   
    120 0.64   
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4.3.1.5 Brunauer-Emmett-Teller measurements. 

The porosity characteristics of GO and mw rGO were investigated using N2 

adsorption-desorption isotherms (BET measurements) at 77K. In Figure 4. 8, it can 

be seen that both GO and mw rGO show N2 adsorption. At low to middle relative 

pressures (0-0.8) the isotherms are of a type 4 nature where linearity and hysteresis 

effects (>0.4) are observed indicating a mesoporous structure [12]. In the high 

relative pressure regime (0.8-1) there is an abrupt increase in N2 adsorption which 

is due to some macroporosity also being apparent [18]. The fact the adsorption / 

desorption is slightly shifted towards larger values for mw rGO indicates a higher 

surface area [21]. Surface area and total pore volume is compared in Table 4. 2 with 

the SBET and total pore volume increasing from 814 m2/g and 2.59 cm3/g to 893 

m2/g and 2.71 cm3/g respectively. In the inset of Figure 4. 8, it can be seen that the 

pore sizes are not significantly changed before and after microwave irradiation. The 

pore range distribution ranges from 20 Å to 800 Å indicating that this material is 

highly mesoporous and contains suitable dimensions for effective electrolyte ion 

interaction. As a comparison, Srinivas et. al. in 2012 synthesised various GO derived 

carbons and studied their gas adsorption properties. They found that the specific 

surface area could be varied from 600 m2/g to 1900 m2/g [21]. 
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Figure 4. 8: Adsorption-desorption isotherms for GO and mw rGO. The inset 

represents pore size distributions.  

 

Table 4. 2: Surface characteristics of GO and mw rGO. 

Material SBET (m2/g) Total Pore 

Volume 

(cm3/g) 

Average Pore 

Size (Å) 

GO 814 2.59 19.15 

mw rGO 893 2.71 19.11 

 

4.3.1.6 Thermo-gravimetric analysis of graphite, GO and mw rGO. 

A comparison of results from thermo-gravimetric analysis (TGA) under a N2:air flow 

at a heating rate of 20C/min are shown in Figure 4. 9. Three significant weight loss 

events are apparent for the GO after washing treatment. Below 1000C is the weight 

loss of intercalated water that was not removed during drying, with the weight loss 

between 120 – 3000C as a result of CO, CO2 and H2O from the most labile functional 
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groups [3, 11, 15]. Between 400oC and  6000C is the majority of the weight loss due 

to sample burning, where the carbon starts to decompose with O2 forming CO2 

[11]. The TGA of the mw rGO does not show the peaks between 120 – 3000C 

attributed to CO, CO2 and H2O, only two decomposition peaks at approximately 

5780C and 6360C respectively. The 5780C peak is due to sample burning once more, 

while the remaining material that decomposes at 6360C corresponds to domains 

that did not undergo any intercalation and functionalisation that was removed 

during irradiation [11, 22]. As mentioned above, microwave irradiation of the GO 

led to exfoliation through the removal of volatile species from the interlayer spaces 

of the graphene intercalation compound [8, 11]. The pure graphite has the largest 

decomposition temperature at 800oC which is to be expected due to its highly 

graphitic nature [11].  

 

Figure 4. 9: Thermogravimetric analysis of graphite, graphene oxide as synthesised 

and after microwave irradiation. (Blue lines are first derivative peaks, which specify 

the temperature at weight loss events). 
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4.3.1.7 Comparison of mw rGO powders annealed in air at different 

and in a H2 / Ar atmosphere.. 

In Figure 4. 10, a comparison of the TGA’s for the mw rGO powders annealed at 

different temperatures ranging from 400 0C to 600 0C showed that the 

decomposition temperature is maximum at 621oC at an annealing temperature of 

400oC, indicating that 400 0C is a suitable temperature for post treatment of the 

powders. The increase is mass of the 500oC plot is due to some trapped residue in 

the heating chamber which dissociated onto the Pt pan during heating.  

 

Figure 4. 10: Thermogravimetric analysis of mw rGO powders after annealing at 400 

0C, 450 0C, 500 0C, 550 0C, and 600 0Cin air for 10 minutes. (Inset is first derivative 

peaks, which specify the temperature at weight loss events). 
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From Figure 4. 11, it can be seen that there is a slight shift towards higher 

decomposition temperatures after the treatment of the mw rGO powders in the H2 

/ Ar atmosphere. After 10 and 60 minutes treatment the decomposition 

temperature was approximately 5600C; while after 120 minutes the decomposition 

temperature reached 5800C. The increased decomposition temperature indicates a 

higher degree of thermal stability and enhanced sp2 hybridisation [11, 23]. The 

residue left over (approximately 6%-9% weight (%)) is most likely due to some 

contamination where residual material from the chamber wall has impacted on the 

Pt pan. 

 

Figure 4. 11: Thermogravimetric analysis of mw rGO powders after annealing at 400 

0C in an atmosphere of H2 / Ar (1:4 v/v) for 10, 60, and 120 minutes.  
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4.3.2. UV-visible spectroscopy of mw rGO powders. 

4.3.2.1 Mw rGO powders annealed in air and 1:4 ratio of H2 / Ar. 

The UV-Vis spectra of the GO, mw rGO and mw rGO annealed in air at 4000C are 

shown in Figure 4. 12. The degree of conjugation can be determined by the λmax of 

each UV-Vis spectrum. The more π→π* transitions (conjugations), the less energy 

that is required for the electronic  transition, resulting in a higher λmax [3]. It can be 

seen that the GO material as synthesised has a λmax = 263 nm. The mw rGO along 

with the annealed mw rGO at 4000C  have a λmax in the range of 268-271 nm. In all 

materials, the shoulder peak around 300 nm can be attributed to n→π* transitions 

of the carbonyl groups [3]. These results indicate that annealing at 400 0C slightly 

improves the conjugation of the GO material. 

 

Figure 4. 12: UV-Vis spectra recorded for GO and mw rGO dispersed in organic 

solvent, N-Cyclohexyl-2-pyrrolidone at different annealing temperatures in air. 

Concentrations of the solutions varied between 0.02-0.06 mg/ml.  
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The UV-Vis spectra of the H2 / Ar treated sample (Figure 4. 13) treated for 60 and 

120 minutes shows a slight increase in the λmax to approximately 273 nm and 276 

nm respectively, indicating better conjugation [3]. After 10 minutes, λmax was equal 

to 270 nm and is in the same range as the mw rGO powders treated in air. 

 

 
Figure 4. 13: UV-Vis spectra recorded for mw rGO annealed in a H2 / Ar atmosphere 

(1:4 v/v) at a flow rate of 250 mL min-1 for 10, 60, and 120 minutes. Powders were 

dispersed in ethanol where the concentrations of the solutions varied between 0.02-

0.06 mg/ml. 

 

4.3.3. Kinetic studies of graphene oxide and microwave exfoliated 

graphene oxide. 

 

4.3.3.1 Activity of carbon electrodes. 

Imperfections that disrupt the sp2 conjugation of graphene can alter its electrical, 

chemical, and mechanical properties [24]. Early studies by McCreery and co-
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workers show that defects can alter the electrochemical activity of highly 

orientated pyrolytic graphite (HOPG) electrodes [25, 26]. A further extension of this 

in the role of such defects on the heterogeneous rate constant on the surface of 

graphene and graphene oxide. Recent literature on graphene and its derivatives has 

shown that edges and defects are more reactive than the basal plane due to an 

increase in the density of states (DOS) near the Fermi level [26, 27].  

 

For enhanced electron transfer, the density of the defects needs to be high, while 

still maintaining conductivity that results in larger carrier densities and higher 

interfacial capacitance [25, 26]. In addition to the redox mechanism and the DOS, 

edge plane defects are significant and will alter the electrochemical reactivity 

toward a particular redox process and apparent k0  will be controlled by these 

defects [24, 26, 27]. The redox couple potassium ferricyanide (K3Fe(CN)6) was used 

due to the fact that K3Fe(CN)6 is not a truly outer sphere electron transfer species 

and its electron transfer kinetics will be influenced by its adsorption the carbon 

surface and the chemical nature of the carbon. 

 

4.3.3.1 Cyclic Voltammnetry. 

It is useful to compare the electron transfer behaviour at the electrode / electrolyte 

interface of GO and mw rGO using the redox couple K3Fe(CN)6. 

 

The CV of  is of GO that has been cycled in a potassium ferricyanide electrolyte at 

varied scan rates. It can be seen that as the scan rate increase, the peak anodic 
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current increases which is indicative of the oxidation reaction; Fe(CN)6
4-  Fe(CN)6

3- 

+ e-. As can be seen on the reverse sweep, there is little if any presence of a 

reversible reduction reaction; Fe(CN)6
3- + e-  Fe(CN)6

4-. The decrease in current 

between -0.2 V and – 0.4V is due to the reduction of any residual dissolved oxygen 

in the electrolyte that was not removed by N2 bubbling [28, 29]. The inset of a 

shows the peak as a function of the square root of the scan rate. The trend is linear 

indicating an electrochemical behaviour that is controlled by the electron transfer 

process [30]. 

 

The reason for non-reversible behaviour may be due to large interactions between 

the GO functional groups and Fe(CN)6
3- as well as the larger amount of GO stacking 

which hinders diffusion and does not allow reduction. The standard heterogeneous 

rate constant    for an oxidation of a non-reversible reaction can be calculated 

using  [31]. 
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Equation 4.1 

Where ΔEp is the peak voltage (mV), E1/2 is the half wave potential (mV),    is the 

heterogeneous electron transfer rate constant (cm/s), D is the diffusion coefficient 

(cm2/s), and   is the scan rate (V/s), α is the transfer coefficient, R, T, n and F have 

their usual meaning. 
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In an ideal reversible reaction, satisfying the Butler-Volmer theory, the transfer 

coefficient α which represents ideal symmetry of the electron energy barrier is 0.5. 

Deviation from this occurs for non-ideal systems and it manifests itself as distortion 

and significant disappearance of the non-reversible redox couple. α of GO was 

calculated using the slope in the linear portion of the Tafel plot of b and . From the 

Tafel plot, α was calculated to be 0.98. α was then used in conjunction with 

Equation 4.3 to calculate k0. It can also be seen that in the Tafel plot, there is 

deviation away from the linear segment as the overpotential (η) approaches 0.2 V. 

The reason for this is due to the fact that back reactions arising from dissolved 

oxygen can no longer be neglected. At higher overpotentials, the negative 

deviations come from mass transfer limitations [31].  

 

   
     

       
    

  
  

 Equation 4.2 

 

Where η is the overpotential (mV), α is the transfer coefficient, i is the current (A), 

and i0 is the exchange current (A), R, T, n, and F have their usual meaning. 

 

The electron transfer rate constant k0 was calculated to be 3.77 x 10-8 ± 1.99 x 10-9 

cm/s. To confirm these results, the heterogeneous rate constant can be calculated 

from impedance spectroscopy using Equation 4.4 and Equation 4.5. Here,    

corresponds to the exchange current, A is the electrochemical surface area 

calculated from voltammetry, C is the bulk concentration and Rct is the charge 
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transfer resistance [30, 31]. The calculation yields    = 8.86 x 10-7 ± 4.21 x 10-8 cm/s 

which confirms non-reversible kinetics as obtained from the Nicholson method.  

 

   
  

     
 Equation 4.3 

         Equation 4.4 

 

Figure 4. 14: Electrochemistry at the GO electrode. (a) CV of 0.01 M K3Fe(CN)6 

containing 0.1 M NaNO3 at varied scan rates. Inset; Peak anodic current I(p) versus 

the square root of the scan rate obtained from the CV. (b) Tafel plot of the anodic 

branch current-overpotential curve at a scan rate of 2 mV/s. Material slurry was 

cast onto stainless steel mesh using a thin spatula. 
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In the CV of Figure 4. 15a, the scan rate of the mw rGO electrode is increased from 

2 mV/s to 10 mV/s. Here it can be seen that as the scan rate increases, the peak 

separation (ΔEp) increases. ΔEp is much greater than the 59 mV of ideal Nerstian 

behaviour reflecting an electrochemical behaviour that is controlled by a slow 

electron transfer process [30]. The electron transfer being quasi reversible signifies 

that the rate of electron transfer is too slow to keep the redox couple in equilibrium 

when the potential is changed rapidly. The inset of Figure 4. 15a shows the peak 

anodic current verses the square root of the potential scan rate obtained from the 

forward sweep of the ferricyanide redox couple. The plot once again shows good 

linearity signifying an electrochemical behaviour that is controlled by the electron 

transfer process and is diffusion controlled [30, 32]. 

 

In Figure 4. 15b, the dimensionless kinetic parameter Ψ, that is determined from 

the potential peak separation, is related to the electron transfer rate constant    

from Nicholson’s working curve and is given by  [32, 33]. 

 

          (
  

    
)      Equation 4.5 

 

Where    is the heterogeneous electron transfer rate constant (cm/s), D is the 

diffusion coefficient (cm2/s), and   is the scan rate (V/s), R, T, n and F have their 

usual meaning. The standard heterogeneous rate constant   can be determined by 

calculating the slope of Ψ verses υ-1/2, leading to a value of 1.05 x 10-5 ± 1.83 x 10-9 
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cm/s. EIS k0 yielded values of 4.96 x 10-5 ± 2.04 x 10-7 cm/s which suggests quasi-

reversible kinetics as confirmed by the results obtained from the Nicholson 

method. 

 

Overall it can be seen that mw rGO has a much faster electron transfer rate 

constant than GO with the values being 1.05 x 10-5 ± 1.83 x 10-9  cm/s and 8.86 x 10-

7 ± 4.21 x 10-8 cm/s respectively. This is due to the reduced nature of the GO sheets 

as well as the porosity attained during microwave exfoliation. As a comparison, M. 

Pacios et. al. calculated the rate constants (using the Nicholson method) of 

graphite, HOPG basal and edge with the values reported being 3.5 x10-4 cm/s, 2.5 x 

10-5 cm/s, and 7.0 x 10-3 cm/s respectively. 
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Figure 4. 15: Electrochemistry at the mw rGO electrode. (a) CV of 0.01 M K3Fe(CN)6 

containing 0.1 M NaNO3 at varied scan rates. Inset; Peak anodic current I(p) versus 

the square root of the scan rate obtained from the CV. (b) Peak separation ΔEp and 

Nicholson’s kinetic parameter Ψ versus the reciprocal of the square root of the scan 

rate. Material slurry was cast onto stainless steel mesh using a thin spatula. 

 

4.3.3.2 Electrochemical impedance spectroscopy and cyclic 

voltammetry in commercially provided organic electrolyte. 

In Figure 4. 16, the effects of thee annealing treatments on the electrochemistry is 

compared. A comparison of the CV in Figure 4. 16a shows that the air and H2 /Ar 

annealed mw rGO electrodes obtain a larger current density with a more square 

behaviour apparent that is indicative of double layer capacitance with better 
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reversibility if the charging-discharging process [34]. The capacitance was calculated 

at 5mV/s and the values were 14 F/g (mw rGO); 27 F/g (Air annealed at 4000C), and 

25 F/g (H2 / Ar annealed at 4000C). From the Nyquist plot of Figure 4. 16b, it can be 

seen that the mw rGO has an extended Warburg diffusion (450) region indicating 

slow ion transport at the electrode / electrolyte interface [35]. Both annealed 

samples show a reduced Warburg region that indicates faster kinetics. The 

polarisation resistance (the approximate semi-circle that intercepts the x-axis at 

high frequencies) is also severely reduced after annealing. The value for the mw 

rGO electrode decreases from approximately 384.9 Ω.cm2 to 30. Ω.cm2 and 93.7 

Ω.cm2 for the for the air annealed and H2 / Ar annealed, indicating that the 

resistance of the electrolyte ions within the smallest macro and meso-pores of the 

material is reduced [36]. Figure 4. 16c compares the rate capability of the electric 

double layer (speed of charge / discharge) with the annealed mw rGO in air 

showing the fastest time constant.  

 

It was expected that the mw rGO powder treated in the H2 /Ar atmosphere would 

give the best performance in terms of capacitance due to the fact the material 

displayed a greater degree of sp2 hybridisation leading to an enhanced wettability 

in the organic electrolyte. This was not the case however; but it was observed that 

when testing the electrode treated in the H2 / Ar atmosphere at 4000C, the 

electrode showed degradation and peeling off from the ITO. The mw rGO that was 

not treated, and the air treated mw rGO showed little / or no degradation over the 

course of the electrochemical measurements. 
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Figure 4. 16: mw rGO, powder annealed in air at 4000C for 40 minutes, and powder 

annealed in a H2 / Ar atmosphere (1:4 v/v) at 4000C for 120 minutes. (a) CV 

comparison at 100 mV/s, (b) Nyquist comparison, (c) Imaginary part of capacitance 

verses frequency. System is three electrode with a Pt mesh counter, electrolyte 

supplied by Cap-XX(c), and a Ag/Ag+ reference electrode. Material slurry was cast 

onto stainless steel mesh using a thin spatula. 
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4.3.3.3 Electrochemical impedance spectroscopy and cyclic 

voltammetry in 1M NaNO3 / H2O. 

In Figure 4. 17 the effects of thee annealing treatments on the electrochemistry is 

compared. A comparison of the CV in Figure 4. 17a shows that the air and H2 /Ar 

annealed mw rGO electrodes obtain a larger current density with a more elliptical / 

square behaviour that is indicative of double layer capacitance that is sluggish [34]. 

The capacitance was calculated at 5mV/s and the values were 9 F/g (mw rGO); 33 

F/g (Air annealed at 4000C), and 13 F/g (H2 / Ar annealed at 4000C). From the 

Nyquist plot of Figure 4. 17b, it can be seen that the H2 / Ar annealed mw rGO has 

an extended Warburg diffusion (450) region indicating slow ion transport at the 

electrode / electrolyte interface [35]. Both annealed samples show a larger 

Warburg region that indicates slower kinetics. The time constants that relate to the 

rate of charging / discharging have been calculated using the peak of the imaginary 

capacitance (Figure 4. 17c). The samples that have been annealed show a shift to 

the left of imaginary part of C indicating a larger time constant. The polarisation 

resistance (the approximate semi-circle that intercepts the x-axis at high 

frequencies) is also increased after annealing. The value increases from 

approximately 100.4 Ω for the mw rGO electrode to 192.7 Ω.cm2 and 589.3 Ω.cm2 

for the air annealed and H2 / Ar annealed, indicating that the resistance of the 

electrolyte ions within the smallest macro and meso-pores of the material is 

increased [36].  
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Figure 4. 17: mw rGO, powder annealed in air at 4000C for 40 minutes, and powder 

annealed in a H2 / Ar atmosphere (1:4 v/v) at 4000C for 120 minutes. (a) CV 

comparison at 100 mV/s, (b) Nyquist comparison, (c) Imaginary part of capacitance 

verses frequency. System is three electrode with a Pt mesh counter, electrolyte is 1M 

NaNO3 in H2O, and a Ag/ AgCl reference electrode. Material slurry was cast onto 

stainless steel mesh using a thin spatula. 
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It can be seen that the air annealed mw rGO powder gave the best performance in 

terms of capacitance due to the fact the material displayed an enhanced wettability 

in the aqueous electrolyte meaning that more of the electroactive surface area was 

utilised. When the solution resistance values are compared for the three electrodes 

it can be seen that the air annealed is 4.0 Ω.cm2, followed by the H2/ Ar treated and 

mw rGO electrode at 4.8 Ω.cm2 and 8.4 Ω.cm2 respectively. 

 

4.4. Conclusions. 

In summary, graphene oxide has been synthesised from commercially available 

graphite which has then been exfoliated used microwave irradiation. The benefit of 

synthesising and exfoliating GO in this manner is that it provides a porous and 

conductive scaffold which can be used in the development of composite materials. 

The synthesis involved chemical reactions with H2SO4, KMnO4, and H2O which 

introduced functional groups on the graphene sheets. Washing treatments with 

HCL, and ethanol ensured that no Mn(OH)2 precipitates formed throughout the 

graphene oxide which was confirmed by EDS. 

 

SEM images showed before and after microwave irradiation showed a flat and 

stacked structure was converted into an porous / accordion type structure where. 

XRD showed that  after microwave irradiation the sharp peak at 2θ = 10.2o is much 

more suppressed as a result of the rapid expansion of the GO layers. XPS confirmed 

that after irradiation the relative abundance of C increased, and O decreased from 

71.85% and 26.49%  to 92.22% and 7.53%. The FTIR spectra was not as clear but 
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C=C and C=O stretching vibrations were observed at 1524 cm-1,1511 cm-1and 1685 

cm-1,1699 cm-1 indicating the presence of functional groups. Raman spectroscopy 

showed the typical D and G bands and a very weak 2D band that is characteristic of 

chemically converted graphene. Thermo-gravimetric analysis showed significant 

weight loss events for GO due to the rapid expansion and release of H2O, CO and 

CO2 with the decomposition of carbon occurring at 6000C. The mw rGO showed a 

decomposition temperature of 450oC. 

Raman spectra showed that varying the annealing times and atmospheres resulted 

in slight alteration of the G/D band ration. The optimum temperature for annealing 

was found to be at 400oC. For annealing in air, the optimum temperature was 400oC 

for 40 minutes. For annealing in an atmosphere of H2 / Ar, the optimum 

temperature was 400oC for 120 minutes. UV-Vis showed that after microwave 

exfoliation, λmax increased from 263 nm to between 268-271 nm indicating a higher 

degree of conjugation. 

 

Lastly, three electrode electrochemical measurements were performed in organic 

and aqueous conditions. In the organic system the capacitance (calculated at 

5mV/s) were 14 F/g (mw rGO); 27 F/g (Air annealed at 4000C), and 25 F/g (H2 / Ar 

annealed at 4000C). While for the aqueous system, the capacitance (calculated at 

5mV/s) were 9 F/g (mw rGO); 33 F/g (Air annealed at 4000C), and 13 F/g (H2 / Ar 

annealed at 4000C). In both instances the mw rGO powder that was annealed in air 

had the best performance in terms of capacitance but the organic system displayed 

a more rectangular behaviour indicating faster charge / discharge effects.  
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The mw rGO that had been synthesised and optimised will be used in the ensuing 

chapters for further investigation into composite electrode materials for 

supercapacitor device applications. The mw rGO will act as a mesoporous high 

surface area conductive scaffold aiding charge storage and delivery mechanisms. 
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Chapter 5:  Single walled carbon 
nanotube – microwave reduced 
graphene oxide composite 
electrodes. 
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5. Single walled carbon nanotube - microwave reduced graphene oxide 

composite electrodes. 

 

5.1. Introduction 

An ideal graphene sheet is a single-atom thick nanostructured sheet arranged in a 

two dimensional honeycomb lattice with a theoretical surface area of 2630 m2/g 

(BET surface area measurements of graphene oxide outlined in Chapter 4), and high 

electrical conductivity giving it the potential for the use in electrochemical energy 

storage devices [1, 2]. Economically speaking, graphitic forms of carbon are widely 

available, while large scale synthesis of graphene (and its derivatives such as 

graphene oxide) is relatively simple to perform [2, 3]. The advantage of graphene is 

its ability to be used as a high surface area conducting scaffold in a given electrode 

system, which provides good electrical properties but a robust and support of the 

structure [3]. Its disadvantage is that the conductivity of polycrystalline graphene is 

limited by the high resistance of the grain boundaries [4]. Carbon nanotubes (CNTs) 

are materials of great interest in the area of energy storage and conversion due to 

their favourable electrical and mechanical properties; as well as low cost and 

abundance compared to rare earth elements such as ruthenium oxides that are 

used in supercapacitors [5, 6]. The theoretical amount of current a CNT can carry 

within its length is 109 A/cm2 while Young’s modulus ranges from 1054 – 1200 GPa 

[7, 8]. 

 



 

 

 
144 

 

Composites containing CNTs and graphene are materials of particular interest in the 

areas of energy storage and conversion area due to their physical properties which 

can result in unique optical, electrical, magnetic and chemical properties which are 

substantially different than that of the individual components [1, 9]. It has been 

shown that the combination CNTs and graphene allows an expressway of electron 

transport from the electrode material to the current collector. The ability of the 

CNTs to ‘sandwich’ in between the graphene sheets helps to alleviate restacking by 

acting as a spacer (thus maintaining surface area) while increasing electrical 

conductivity and mechanical stability [1, 10]. Thus, the integration of graphene and 

CNTs into a hybrid electrode material allows the formed composite to utilise the 

properties of both materials, creating new properties that could not be attained by 

either material alone [11, 12]. This enables a highly efficient nano-structured 

system that is highly desirable for electrochemical applications [13].  

 

In this chapter, we describe a facile method to develop electrodes of single walled 

nanotubes (SWNTs) and microwave exfoliated graphene oxide (mw rGO) with 

varying weight ratios via sonication, centrifugation and vacuum filtration. These 

composites are then optimised with the best performing weight ratio to be used in 

the fabrication of a supercapacitor. Physical characterisation of the SWNT – mw 

rGO films have shown SWNTs to be well dispersed on the mw rGO sheets. Extensive 

electrochemical testing revealed that the incorporation of SWNTs with mw rGO 

yielded an electrode material with large specific capacitances. Further 

enhancement was made by plasma treating these samples which added functional 
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groups that provided greater access of the aqueous electrolyte. The specific 

capacitances in all cases exceeded 125 F/g with the optimised / ideal weight ratio of 

90% SWNT – 10% mw rGO exceeding 300 F/g. The thickness of the 90% SWNT – 

10% mw rGO was optimised with the maximum attainable current per unit area 

arising at a thickness of 17 microns (mass loading of 1.57 mg/cm2). Lastly, a device 

was fabricated with an electrode thickness of 17 microns that showed excellent 

reversibility upon current switching from 0.05 A/g up to 4.0 A/g, with a specific 

capacitance of 80 mF/cm2 and 128 F/g respectively at 0.05 A/g. Long term testing 

showed excellent stability over 10 000 cycles, with the maximum attainable energy 

and power density of the SWNT-mw rGO active material being 5.8 W.h/kg and 1900 

kW/kg. 

 

5.2. Experimental specific to chapter 5. 

5.2.1. Synthesis and fabrication of SWNT- microwave exfoliated 

graphene oxide films. 

SWNTs and mw rGO were dispersed using 1-cyclohexyl-2-pyrrolidone (CHP) at a 

concentration of 1 mg/ml using a combination of probe sonication at 30% 

amplitude for 90 minutes (2s on, 1s off pulse), (Branson probe sonifier) and bath 

(Branson B1500R-MT) for 90 minutes. The dispersion was left overnight for 

reaggregation to occur after which centrifugation (Eppendorf Centrifuge 5415 D) 

was done for 90 minutes at 2500 rcf [14]. The concentration of the supernatant 

solution was determined via Ultra Violet-Visible Spectroscopy (UV-VIS) using a 

Shimadzu UV-1800. The sample was then diluted to a concentration of 0.4 mg/ml. 
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The full description of the synthesis of microwave exfoliated graphene oxide is 

outlined in Chapter 4.  

 

 Dispersions of SWNT and mw rGO were mixed via a combination of probe 

sonication for 30 minutes at 30% amplitude (330W, 1s on / 1s off pulse), followed 

by bath sonication for 90 minutes. SWNT-mw rGO composites were prepared by 

having varied weight ratios of SWNT (Unidym Carbon Nanotubes, batch# P0900) 

which were used as received, and mw rGO. The weight ratios were: 

 

 100% SWNT, 95% SWNT-5% mw rGO; 

  90% SWNT-10% mw rGO;  

 85% SWNT-15% mw rGO;  

 80% SWNT-20% mw rGO;  

 50% SWNT-50% mw rGO;  

 40% SWNT- 60% mw rGO;  

 100% mw rGO.  

 

Films of SWNT-mw rGO at different compositions were made using vacuum 

filtration onto platinum sputter coated (100 nm thickness) hydrophilic Millipore 

PVDF membrane (VVP) with a pore size of 0.1 um. All electrodes prior to testing 

were washed with acetonitrile (to remove excess CHP), dried overnight in a vacuum 

oven at 80oC and plasma treated for 20 minutes to enhance the wettability of the 

electrode in aqueous environments. The film thickness was 1 μm which 
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corresponded to a mass loading of 0.049 mg/cm2. The films were then 

characterised by three electrode experiments (section 5.2.2).  

 

At the optimum SWNT-mw rGO weight ratio, films were fabricated via the vacuum 

filtration method described previously to increase the film thickness. Film thickness 

was increased by increasing the volume of SWNT-mw rGO dispersion during 

vacuum filtration. The thicknesses and corresponding mass loadings were: 

 

 1 μm, 0.049 mg/cm2; 

 1.5 μm, 0.098 mg/cm2; 

 2.5 μm, 0.196 mg/cm2; 

 4.5 μm, 0.393 mg/cm2; 

 6.5 μm, 0.589 mg/cm2;  

 10.5 μm, 0.982 mg/cm2;  

 17 μm, 1.571 mg/cm2; 

 21.5 μm, 1.965 mg/cm2.  

 

5.2.2. Three electrode electrochemical measurements. 

Electrochemical studies of the fabricated electrodes with varied weight ratios were 

performed using a three electrode set up in order to determine the optimum 

electrode composition. Subsequently, after the optimum electrode composition of 

90%SWNT-10% mw rGO was determined, the thickness of the electrode (at this 

weight ratio) was varied in order to analyse the electrochemical response / kinetic 
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response as a function of thickness. Three electrode measurements and device 

studies were employed to study the varied thicknesses. Once the optimum 

electrode composition and thickness was deduced, long term supercapacitor device 

testing took place. The three electrode set-up comprised of 1 M NaNO3 /H2O, a Pt 

mesh counter electrode (1.75 cm2) and the SWNT- mw rGO as the working 

electrode. 

 

5.2.3. Plasma treatment of single walled – microwave exfoliated 

graphene oxide films. 

Plasma treatment was performed using a Harrick Plasma Cleaner PDC-32G-2 and 

Plasmaflo PDC-FMG. Air flow was kept at 1100 mTorr with exposure being varied 

for 10 minutes, 20 minutes, 30 minutes, and 40 minutes. 

 

5.2.4. Profilometry measurements. 

The SWNT-mw rGO composite films had their thickness varied by adding more of 

the dispersion during vacuum filtration. The thickness was measured using a Veeco 

Wyko NT9100 profilometer. The purpose of this was to determine the thickness of 

the best performing SWNT-mw rGO ratios, then subsequently use this for device 

fabrication. 

  

5.2.5. Fabrication of supercapacitor. 

Supercapacitor device fabrication and testing occurred for the 90% SWNT-10% mw 

rGO at a thickness of 17 microns (see section 5.2.1). The test cell developed was 
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using a Swagelok® system where a nylon union tube fitting was modified to house 

two stainless steel plates as can be seen by Figure 5. 1 .This type of cell is commonly 

used in supercapacitor device testing as shown by Demarconnay et. al. and Malak-

Polaczyk et.al. [15, 16]. The as-prepared electrode material to be studied was 

sandwiched between these two plates, with the PVDF membranes acting as a 

separator. The 1 M H2SO4 electrolyte was added through the top nut. The fasteners 

on either end of the stainless steel rods were used to strongly attach wires for 

electrical connection to the potentiostat. The Swagelok® test cell and electrodes 

used are shown in Figure 5. 1. The optimum drying regime for the composite 

electrode was at 1550C in a vacuum oven for 8 hours, and then followed by 

annealing at 310oC on a hot plate (fume hood) for a further 8 hours to ensure the 

removal of residual CHP.  

 

Figure 5. 1: Swagelok test cell comprising a nylon fitting and two stainless steel 

plates inserted either side. Bottom is SWNT- mw rGO composite material. 
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5.3. Discussion of Results. 

5.3.1. Physical characterisation of single walled carbon nanotubes – 

microwave reduced graphene oxide films. 

5.3.1.1 Scanning electron microscopy, Raman Spectroscopy, x-ray 

diffraction and x-ray photoelectron spectroscopy of mw rGO. 

Please refer to Chapter 4, section 4.3 for physical characterisation of GO and mw 

rGO using Raman spectroscopy, XRD, and XPS. 

 

5.3.1.2 Scanning electron microscopy. 

In Figure 5. 2, a cross- section of SWNT – mw rGO composite electrodes on 

platinised PVDF membrane with varying weight ratios is shown. The 100% mw rGO 

shows reduced GO sheets that have some porosity to them, but re-stacking is 

apparent as some flat sections of the GO sheets will tend to re-stack. When the 

SWNT- mw rGO composites are considered, it appears that there is a layering effect 

due to π-π stacking interactions where mw rGO sheets are covered with SWNTs and 

hence are separated [17]. Physically, the mw rGO acts as a spacer and scaffold that 

enhances the dispersibility of the SWNTs. This effect is thought to better tailor the 

micro-porosity and mesoporosity of the system which maximises the utilisable 

surface area. 
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Figure 5. 2: SEM cross-sectional images of SWNT – mw rGO composite with varying 

weight ratios. (a) 100% SWNT, (b) 95% SWNT- 5% mw rGO, (c) 90% SWNT- 10% mw 

rGO, (d) 85% SWNT- 15% mw rGO, (e) 80% SWNT- 20% mw rGO, (f) 50% SWNT- 50% 

mw rGO, (g) 40% SWNT- 60% mw rGO, (h) 100% mw rGO. 
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In Figure 5. 3, there is significant disparity between the surface images of 100% 

SWNT, 90% SWNT-10% mw rGO, and 100% mw rGO. When considering the 100% 

SWNT film (Figure 5. 3a Figure 5. 3b), the SWNTs are distributed in a non-uniform 

manner with varying bundle sizes and some agglomeration being apparent. For 90% 

SWNT-10% mw rGO (Figure 5. 3c and Figure 5. 3d ), mw rGO islands / platelets are 

uniformly dispersed throughout the SWNT matrix. Conversely, these GO platelets 

help to better disperse the SWNTs In Figure 5. 3d, the boundary between two 

sheets is shown. Here, the GO sheets are joined with SWNTs. It is most likely that 

the high surface energy of the GO edges attracts the ends of the SWNTs and forms 

a connection. The 100% mw rGO film (Figure 5. 3e and Figure 5. 3f) contains a 

random distribution of sheets that are crumpled in nature and absent in large 

restacking effects. 
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Figure 5. 3: SEM surface images. (a) 100% SWNT (low magnification). (b) 100% 

SWNT (high magnification). (c) 90% SWNT – 10% mw rGO (low magnification). (d) 

90% SWNT – 10% mw rGO (high magnification). (e) 100% mw rGO (low 

magnification). (f) 100% mw rGO (high magnification).  
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5.3.1.3 Raman spectroscopy and X-ray diffraction. 

The Raman spectra observed in Figure 5. 4 of SWNTs and mw rGO composite 

electrodes are characteristic of single walled nanotubes where the 632.81 nm line 

has been used. The radial breathing modes are located between 150 cm-1 and 305 

cm-1 that represent the coherent vibration of the C atoms in the radial direction 

[18]. The ratio of the D/G band (D band at 1304 cm-1 is the disorder induced band 

arising from defects in the walls of the nanotubes; the G band at 1591 cm-1 is a 

result of phonon wave confinement along the circumferential direction of the 

nanotube that leads to tangential C-C stretching transitions) is slightly increased 

after plasma treatment for all electrodes due to the addition of some functional 

groups. Further in the chapter (section 5.3.1.5), the effects of plasma treatment can 

be seen by an increase in wettability of the electrode. However the fact that before 

and after plasma treatment the D/G ratio of SWNT is 0.116 and 0.150 respectively 

indicates a high degree of purity for the SWNTs [18, 19]. The shoulder peak (1553 

cm-1) to the left of the G band (1591 cm--1) is most likely from the effect of 

functional groups on the sp2 breathing mode [18]. 

 

As the ratio of SWNT is decreased (and subsequently mw rGO is increased) it can be 

seen that the D band of the composite broadens. This broadening is thought to be 

two D band peaks associated with SWNT and mw rGO with the D band of the mw 

rGO becoming stronger as its weight ratio is increased. It can be seen from Figure 5. 

4 that there is an extremely small difference in the D/G band ratio of the Raman 

spectra for the samples prior to and after plasma treatment. This may suggest that 
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the plasma treatment is sufficient enough to provide an enhanced wettability of the 

electrode surface, but the there are no significant alteration to the materials 

structure [20]. It can be seen that the 100% SWNT shows smalls bundles of SWNTs 

that form the film, with calculation of the SWNT bundle size estimated in Table 5. 1 

for all composites [21]. The SWNT bundle diameters have only increased very 

marginally indicating a uniform and very well formed suspension between SWNT 

and mw rGO has still occurred. Calculation of average bundle size is obtained from 

Equation 5.1 where d is the diameter in nanometres and ω is the wavenumber in 

cm-1 [21].  

 

Figure 5. 4: Raman spectroscopy of SWNT-mw rGO composite electrodes at 632.81 

nm laser line. (a) As synthesised. (b) After 20 minutes plasma treatment. 

   
   

 
 Equation 5.1 
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Table 5. 1: Comparison of radial breathing modes and  D/G band ratio for SWNT – 

mw rGO composite electrodes before and after 20 minutes plasma treatment. 

%Composition 

of SWNT:mw 

rGO (w/w) 

Before 

treatment        

d1st peak 

(nm) 

Before  

treatment        

d2st peak 

(nm) 

Plasma 

treated            

d1st peak 

(nm) 

Plasma 

treated         

d2st peak 

(nm) 

D/G 

Before 

D/G 

plasma 

treated 

100:0 1.149 0.969 1.153 0.974 
0.116 0.150 

95:5 1.147 0.970 1.151 0.974 
0.109 0.138 

90:10 1.149 0.973 1.152 0.973 
0.106 0.133 

85:15 1.151 0.972 1.152 0.974 
0.111 0.118 

80:20 1.147 0.970 1.149 0.973 
0.096 0.114 

50:50 1.149 0.970 1.152 0.974 
0.186 0.212 

40:60 1.147 0.971 1.154 0.974 
0.182 0.229 

0:100 - - - - 
1.168 1.240 

 

5.3.1.4 X-Ray Diffraction. 

In the XRD of Figure 5. 5, 100% mw rGO, 90% SWNT-10%mw rGO and 100% SWNT 

is compared. It can be seen that the broad peak centered between 21o and 22o due 

to (002) graphitic plane [22]. The broadness of the XRD peak from all samples is 

most probably due to either an increase in disorder of the through-plane direction 

and/or structural defects induced by probe sonication [23]. The (002) plane for 90% 

SWNT – 10% mw rGO composite is slightly shifted to the left to 2θ = 21o due to the 

increase in interplanar spacing of the GO sheets caused by the insertion of the 

SWNTs (4.04 Å compared to 4.43 Å). For the 100% SWNT and 90% SWNT-10% mw 
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rGO samples, it can be seen that there is a sharp peak at 40o coresponding to the 

(100) plane with an interplanar spacing of 2.2 Å, which is expected for highly pure 

SWNTs as described by Zhou et. al. [24]. 

 

Figure 5. 5: XRD comparison of pure SWNT, 90% SWNT-10% mw rGO, and pure mw 

rGO. 

 

5.3.1.5 Contact angle comparison prior to and after plasma 

treatment. 

Contact angle comparison of mw rGO-SWNT electrodes prior to, and after plasma 

treatment clearly shows an enhancement in the wettability of the electrodes 

towards water as there is a significant decrease in the contact angle of the water 

droplet which can be seen in Figure 5. 6. Contact angle ranges from 46.3o to 79.1o 

(see Figure 5. 6a -Figure 5. 6h) indicating normal wetting behaviour [25]. After 

plasma treatment (see Figure 5. 6i), the contact angle is less than 1o
 for all 
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composites indicating an ideal wetting behaviour [25]. It can be seen that there is 

not a systematic change in the contact angle and this is due to the fact these 

composites are three-dimensional systems with no spatial symmetry / non-uniform 

roughness meaning that the contact angle can vary from point to point along the 

surface [25, 26]. A comparison of contact angle measurements before and after 

plasma treatment is outlined in Table 5. 2. 

 

Table 5. 2: Contact angle before and after 20 minutes plasma treatment. 

% Composition of SWNT-

mw rGO (w/w) 

Contact angle 

before(degrees) 

Contact angle 

after(degrees) 

100:0 46.3 <1 

95:5 52.1 <1 

90:10 54.5 <1 

85:15 50.0 <1 

80:20 47.0 <1 

50:50 75.8 <1 

40:60 79.1 <1 

0:100 74.9 <1 
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Figure 5. 6: Contact angle measurements. (a) 100% SWNT, (b) 95% SWNT- 5% mw 

rGO, (c) 90% SWNT- 10% mw rGO, (d) 85% SWNT- 15% mw rGO, (e) 80% SWNT- 

20% mw rGO, (f) 50% SWNT- 50% mw rGO, (g) 40% SWNT- 60% mw rGO, (h) 100% 

mw rGO. (i) 90% SWNT – 10% mw rGO after plasma treatment. 
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5.3.2. Electrochemical characterisation of single walled carbon 

nanotubes – microwave reduced graphene oxide films. 

 

5.3.2.1 Three electrode testes with varying weight compositions. 

5.3.2.1.1. Three electrode measurements of single walled carbon 

nanotube- microwave reduced graphene electrodes as 

synthesised. 

The CVs observed in Figure 5. 7a display a highly rectangular nature indicative of 

electric double layer capacitance [9]. The largest observed current response (w/w) 

at 500 mV/s was for the 100% SWNT, 95% SWNT: 5% mw rGO, 90% SWNT: 10% mw 

rGO, 85% SWNT: 15% mw rGO composite electrodes. In Figure 5. 7b, the 90% 

SWNT-10% mwrGO electrode had its scan rate varied from 20 mV/s to 500 mV/s. It 

can be seen that the square nature of the CV is maintained throughout these 

multiple scan rates as a result of a fast charging / discharging process and hence 

fast electrochemical response [27]. The capacitance is calculated at 20 mV/s and 

500 mV/s and compared in Figure 5. 7c. The 95% SWNT: 5% mw rGO, 90% SWNT: 

10% mw rGO, and 85% SWNT: 15% mw rGO obtained the highest specific 

capacitance exceeding 200 F/g (mass of active materials). Ratios either side of these 

decreased in specific capacitance. The capacitance for the composites at high scan 

rates of 500 mV/s was also still relatively high exceeding 50 F/g. 
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Figure 5. 7:  (a) Cyclic voltammetry at 500 mV/s of SWNT : mw rGO composite 

electrodes with varying weight ratios on a Pt sputter coated (100 nm) PVDF 

membrane. (b) Cyclic voltammetry at 20 mV/s of 90%SWNT : 10%mw rGO 

composite electrode. (c) Specific capacitance comparison at 20 mV/s and 500 mV/s. 

System is three electrode with a Pt mesh counter (1.75 cm2), Ag/AgCl reference 

electrode and 1 M NaNO3 / H2O electrolyte. 
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Figure 5. 8: SWNT : mw rGO composite electrodes with varying weight ratios on a Pt 

sputter coated (100 nm) PVDF membrane. (a) Nyquist plot comparison. (b) Phase 

angle comparison. (c) Imaginary part of impedance verses capacitance. (d) Time 

constant as a function of SWNT : mw rGO composition. System is three electrode 

with a Pt mesh counter (1.75 cm2), Ag/AgCl reference electrode and 1 M NaNO3 / 

H2O electrolyte. 

 

Figure 5. 8a depicts a Nyquist plot comparison of the SWNT: mw rGO composite 

electrodes and electrodes of pure SWNT and pure mw rGO.  It can be seen that in 

the high to middle frequency regime (see inset of Figure 5. 8) the imaginary part of 

impedance rapidly rises with the usually observed semi-circle nearly 

indistinguishable from the graph indicating double layer capacitance and fast ion 

migration during charging / discharging of the electric double layer [9, 28]. In the 

inset of Figure 5. 8 the pure SWNT and pure mw rGO have the largest series 
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resistance (Rs) of 8.2 Ω 7.8 Ω respectively with this significantly reducing when 

composites are made. The addition of SWNT and mw rGO increases the wettability 

which is likely to be caused by an enhanced tailoring of the mesoporosity that 

allows easier access of water molecules. In the low frequency portion of the 

spectrum, the imaginary part of impedance starts to curve with the real part of 

impedance also increasing, and is extremely prevalent for the SWNT electrode and 

electrodes with 85% or greater weight loading of SWNTs. The reason for this is most 

likely as a result of Faradaic reactions that take place due to the presence of 

carboxyl and hydroxyl functional groups. To further investigate this low frequency 

portion of the spectrum, the phase angle verses frequency can be compared (Figure 

5. 8b) and it shows a deviation in the phase angle at low frequencies (≈ <0.5 Hz) 

which suggest ion diffusion processes connected with Faradaic reactions [29]. 

The imaginary part of capacitance plotted against frequency Figure 5. 8c can be 

used to evaluate the frequency response of all composites by comparing the 

position of the peak frequency (fp). It can be seen that the composite SWNT : mw 

rGO electrodes and pure mw rGO have peak frequencies slightly shifted to the right 

(towards higher frequencies) indicating an enhanced rate capability as compared to 

pure SWNTs [30]. The time constant (τ(s)) of the system can be evaluated by 

multiplying the peak frequency by 2π and inverting. τ(s) can describe the speed at 

which the double layer charges and discharges as shown in  Figure 5. 8d. The SWNT 

: mw rGO composites with ratios (w/w) of 90%: SWNT: 10% mw rGO, 85% 

SWNT:15% mw rGO, and 80% SWNT:20% mw rGO had τ(s) of approximately 17 ms 

[31]. The 50%: SWNT: 50% mw rGO, 40% SWNT:50% mw rGO, 100% mw rGO has 
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the smallest τ(s) approaching 10 ms due to lower capacitance. This is to be 

expected due to the flatter nature and re-stacking effects of the GO surface, and 

that the SWNTs are less well dispersed. It can be seen that by adding mw rGO to 

SWNT we can create a system that has the balance of micro and mesoporosity 

which allows the best utilisation of electroactive surface area and fast charging / 

discharging effects. 

 

5.3.2.1.2. Microwave reduced graphene oxide – single walled 

carbon nanotube composite electrodes with 20 minutes 

plasma treatment prior to electrochemical testing. 

Plasma treatment of the elctrode materials prior to electrchemical testing has taken 

place in order to improve the wettability of the electrode surface (without changing 

the properties of the bulk) through the addition of functional groups [32]. This is 

achieved through oxygen radicals interacting chemically with the surface atoms 

leading to the formation of oxygen-rich functional groups [32]. 

 

The CVs on the plasma treated electrodes observed in Figure 5. 9a once more 

display a rectangular nature indicative of electric double layer capacitance at a scan 

rate 500 mV/s once more [9]. In Figure 5. 9b, multiple scan rate ranges retain their 

rectangular nature due to fast charging / discharging over the potential range of 1.1 

V [11]. The largest observed current was clearly for the 90% SWNT- 10% mw rGO 

composite electrodes with the specfic capacitance calculated at 20 mV/s and 500 

mV/s compared in Figure 5. 7c. The 100% SWNT, 95%:5%, 90%:10%, 85%:15%, and 
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80% SWNT: 20% mw rGO ratios of SWNT: mw rGO (w/w) obtained the highest 

specific capacitance ranging between 250 F/g and 306 F/g (mass of active 

materials). The mw rGO is helping to access the capacitance of the SWNTs. Ratios 

with a greater weight percent of mw rGO decreased in specific capacitance. The 

capacitance for the composites at high scan rates of 500 mV/s (Figure 5. 9c) was 

again relatively high for ratios 100% SWNT, 95% SWNT: 5% mw rGO, and 90% 

SWNT: 10% mw rGO  ranging between 80 F/g and 120 F/g respectively. Ratios 85% 

SWNT: 15% mw rGO, 80% SWNT: 20% mw rGO, 50% SWNT: 50% mw rGO, 40% 

SWNT: 60% mw rGO, and 100% mw rGO were all significantly lower in specfic 

capacitance at 500 mV/s at approxiamtely 40 F/g. 
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Figure 5. 9: (a) Cyclic voltammetry at 500 mV/s of SWNT : mw rGO composite 

electrodes with varying weight ratios on a Pt sputter coated (100 nm) PVDF 

membrane. (b) Cyclic voltammetry at 20 mV/s of 90%SWNT : 10%mw rGO 

composite electrode. (c) Specific capacitance comparison at 20 mV/s and 500 mV/s. 

All electrodes have been plasma treated for 20 minutes prior to electrochemical 

testing. System is three electrode with a Pt mesh counter (1.75 cm2), Ag/AgCl 

reference electrode and 1 M NaNO3 / H2O electrolyte. 

 

Figure 5. 10 depicts a Nyquist plot comparison of the SWNT: mw rGO composite 

electrodes and electrodes of pure SWNT and pure mw rGO. It can be seen that in 

the high to middle frequency regime (see inset of Figure 5. 10) the imaginary part of 

the impedance rapidly rises (near vertical behaviour) with the usually observed 

semi-circle nearly indistinguishable from the graph indicating double layer 

capacitance and fast ion migration during charging / discharging of the electric 

double layer [9, 28]. In the inset of Figure 5. 10 the pure mw rGO electrode has the 
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largest series resistance (Rs) of 12.1 Ω.cm2, with this significantly reduced when 

composites are made. As previously stated, the addition of SWNT and mw rGO 

increases the wettability which is likely to be caused by an enhanced tailoring of the 

mesoporosity that allows easier access of water molecules. In the low frequency 

portion of the spectrum, the imaginary part of impedance starts to curve with the 

real part of impedance also increasing, and is extremely prevalent for the SWNT 

electrode and electrodes with 85% or greater weight loading of SWNTs. The reason 

for this occurrence is due to Faradaic reactions that probably take place due to the 

presence of carboxyl and hydroxyl functional groups. This non-ideal behaviour is 

highlighted in the low frequency portion of the phase angle verses frequency plot 

(Figure 5. 10b) which shows a deviation in the phase angle at low frequencies (≈ 

<0.5 Hz) which suggests ion diffusion connected with Faradaic reactions [29]. 
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Figure 5. 10: (a) Nyquist plot comparison. (b) Phase angle comparison. (c) Imaginary 

part of impedance verses capacitance. (b) Time constant as a function of SWNT : 

mw rGO composition. System is three electrode with a Pt mesh counter (1.75 cm2), 

Ag/AgCl reference electrode and 1 M NaNO3 / H2O electrolyte. All electrodes have 

been plasma treated for 20 minutes prior to electrochemical testing. SWNT : mw 

rGO composite electrodes with varying weight ratios on a Pt sputter coated (100 

nm) PVDF membrane. 

 

In Figure 5. 10c the imaginary part of capacitance shows  that the composite SWNT 

: mw rGO electrodes and pure mw rGO have peak frequencies slightly shifted to the 

right (towards higher frequencies) indicating an enhanced rate capability as 

compared to pure SWNTs [30]. The time constant (τ(s)) for the SWNT : mw rGO 

composites with ratios (w/w) of 85%: SWNT: 15% mw rGO, 80% SWNT: 20% mw 

rGO, 50% SWNT: 50% mw rGO, and 40% SWNT: 60% mw rGO had the smallest τ(s) 



 

 

 
169 

 

of approximately 10 ms [31]. The mw rGO has a slightly increased τ(s) (as compared 

to the composites) at 13 ms which may be due to surface effects of the plasma 

treatment on the pure mw rGO. It can be seen that by adding mw rGO to SWNT and 

plasma treating we can create a system that now has an increased utilisable surface 

electroactive surface area. Coupled to this is a micro and meso porosity benefit that 

enables fast charging / discharging effects. 

 

5.3.2.2 Comparison of as fabricated and plasma treated  composite 

electrodes. 

It can be seen in Figure 5. 11 that there is a difference in specific capacitance at 

both 20 mV/s and 500 mV/s prior to and after 20 minutes plasma treatment. The 

largest observed capacitance was for the 90% SWNT – 10% mw rGO (w/w) 

electrode at 306 F/g and 124 F/g respectively. From Figure 5. 11c, the time constant 

for the different weight ratios is plotted prior to and after plasma treatment. It can 

be seen that at high weight ratios of SWNT (exceeding 80% SWNT) the time 

constant is significantly reduced with the plasma treatment of the films. The plasma 

treatment adds some carboxyl functional groups which enhances wettability (see 

Table 5. 2) and increases the available electrode surface area [32]. 
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Figure 5. 11: A comparison of electrodes before and after plasma treatment for 20 

minutes prior to electrochemical testing. System is three electrode with a Pt mesh 

counter (1.75 cm2), Ag/AgCl reference electrode and 1 M NaNO3 / H2O electrolyte. 

(a) Specific capacitance of the electrode calculated at 20 mV/s. (b) Specific 

capacitance of the electrode calculated at 500 mV/s. (c) Time constant calculated by 

finding the peak frequency from the imaginary capacitance versus frequency plot. 
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Figure 5. 12: Ragone plot comparison (calculated from CV) showing power density 

versus energy density for SWNT : mw rGO composite electrodes with varying weight 

ratios. (a) Before, and (b) Plasma treated for 20 minutes prior to fabrication. 

 

In Figure 5. 12a the energy density verses power density is plotted (Ragone plot) 

and it can be seen the by creating composites of SWNT and mw rGO the energy and 

power density can be enhanced. The best performing composites prior to plasma 

treatment were the 95% SWNT : 5% mw rGO, and 90% SWNT : 10% mw rGO with 

the energy density and power density reaching 45 W.h/kg and slightly below 300 

kW/kg respectively. 
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After 20 minutes plasma treatment of the electrode surface (see Figure 5. 9b) the 

energy and power density is increased as compared to the untreated samples. The 

best performing composite was the 90% SWNT : 10% mw rGO with the energy 

density and power density exceeding 65 W.h/kg  and 470 kW/kg respectively. 

 

5.3.2.3 Varying plasma treatment times of 90% SWNT – 10% mw rGO 

films. 

To optimise the 90% SWNT -10% mw rGO, the plasma treatment time was varied in 

order increase the amount of functional groups resulting so that the capacitance 

and utilisable electrode surface area could be maximised. From Figure 5. 13a and 

Figure 5. 13b it can be seen that 20 minutes plasma treatment times attains the 

highest result the CV at 500 mV/s obtain the largest capacitive current. When the 

plasma treatment is less than 20 minutes, it is thought that the degree of 

functionalisation is not enough which hampers the electrolyte wetting. When the 

plasma treatment time is greater than 20 minutes, the current is reduced once 

more meaning the capacitance is less. The excessive plasma treatment starts to 

degrade the electrode, which was visible after 40 minutes for the composite films 

started to peel off from the platinised PVDF membrane. 
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Figure 5. 13: Various plasma treatment times for 90% SWNT – 10% mw rGO a 

composite electrode. (a) CV at 500 mV/s. (b) Specific capacitance values calculated 

at 500 mV/s. (c) Nyquist plot. (d) Real part of capacitance versus frequency. 

 

Electrochemical impedance spectroscopy also supports the optimum plasma 

treatment time being 20 minutes. Firstly the Nyquist plot of Figure 5. 13c shows 

that for the 0, 10, and 20 minute plasma treated samples, the imaginary part of the 

impedance is more vertical than the 30 and 40 minute samples indicating more 

ideal capacitive behaviour [33]. In Figure 5. 13d, the real part of capacitance is 

largest for the 20 minute plasma treated sample. 
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5.3.2.4 90% SWNT- 10% mw rGO electrodes with varied thickness. 

At 20 mV/s the CVs of Figure 5. 14a display a rectangular shape indicative of 

capacitive behaviour [34]. As the thickness of the film increases from 1 micron to 

21.5 micron, the capacitive current per unit area increases as there is more material 

that interacts with the electrolyte. The limiting amount is for the 17 micron and 

21.5 micron electrode as the CVs overlap, indicating maximum usage of surface 

area. In Figure 5. 14b, the 17 micron film has its scan rate increased from 5 mV/s to 

500 mV/s. It can be seen that at high scan rates of 500 mV/s a large capacitive 

current is still apparent indicating the electrode can respond quickly. The distortion 

of the CVs (elliptical appearance) is a result of a hindered kinetic process as the 

diffusion pathways in / out of the electrode material are slower resulting in a lag 

between charging and discharging [35, 36].  
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Figure 5. 14: 90% SWNT-10% mw rGO electrodes with varied thicknesses. (a) Varied 

thicknesses 20mV/s. (b) 17 micron thickness with varied scan rate. System is three 

electrode with a Pt mesh counter (2cm2) and 1 M aqueous NaNO3. 

 

The effects of an increase in thickness can be seen by the Nyquist and imaginary 

capacitance plots of Figure 5. 15. In the Nyquist plot of Figure 5. 15a, the width of 

the high frequency semi-circle that corresponds to the polarisation resistance (Rp) 

increases with thickness. This is because as the thickness of the film is increased, 

there is an increase in diffusion length, as well as a change in the porosity of the 
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electrode that also effects electrolyte diffusion, making it more sluggish [37]. For 

the 10.5, 17, and 21.5 micron thicknesses Rs also shifts slightly to the right 

indicating an increase in the series resistance. The change in Rp with thickness is 

clearly observed in Figure 5. 15b (with inset) where Rp increases from 3.4 Ohm.cm2 

to 117.5 Ohm.cm2 as electrode thickness increases from 1 micron to 21.5 micron. 

Coupled to this in the middle frequency portion of the spectrum, there is a slight 

extenuation of the Warburg diffusion region which also indicates sluggish 

electrolyte diffusion [38, 39]. At low frequencies, the imaginary part of the 

impedance increases indicating capacitive behaviour [40]. It can also be seen that in 

this low frequency part, there is a deviation from the parallel vertical line due to: (i) 

Distributed distribution of pore sizes that induces a non-ideal capacitance response; 

and (ii) Carboxyl redox reactions due to the plasma treatment which contributes 

some pseudo capacitance [38, 41]. In Figure 5. 15c. there is a shift to the left of the 

imaginary capacitance peak versus frequency (and hence a decrease in time 

constant) resulting in lower charging / discharging time of the electrical double 

layer [42]. The increase in time constant with increasing thickness can be seen in 

Figure 5. 15d. Here, there is a general increase in τ(s) as the thickness varies from 1 

micron to 4.5 micron. Once the thickness exceeds 4.5 microns, there is a sharp 

increase in τ(s) until a plateau is reached at 10.5 microns. The plateau is due to the 

fact that the thickness, coupled with the porosity structure is such that ion diffusion 

pathway is fully exhausted and the rate of charge / discharge cannot get any slower 

[39, 43]. 
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Figure 5. 15: 90% SWNT-10% mw rGO electrodes with varied thicknesses. (a) 

Nyquist plot. (b) Rp as a function of thickness. (c) Imaginary capacitance versus 

frequency. (d) τ(s) as a function of thickness. 

 

  

5.3.3. Supercapacitor device testing of SWNT-mw rGOcomposite. 

5.3.3.1 90% SWNT- 10% mw rGO optimisation. 

The 90% SWNT – 10% mw rGO was selected as the best ratio to fabricate a device 

as the three electrode tests of varying weight ratios has shown the 90% SWNT – 

10% mw rGO composite electrode with a plasma treatment time of 20 minutes 

attained the highest specific capacitance of 306 F/g and 123 F/g as scan rates of 20 

mV/s and 500 mV/s respectively. In this section the device study is in two parts; (i) 

Optimising the 90% SWNT – 10% mw rGO supercapacitor with a film thickness of 17 
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micron by looking at the heat treatment of the electrode to remove / evaporate 

excess CHP and the use of 1 M NaNO3 and 1 M H2SO4. (ii) Once annealing and 

electrolyte optimised, a device study with varying applied currents and long term 

testing.  

 

In Figure 5. 16, device testing has taken place using the Swagelok test cell (see 

section 5.2.4) under different annealing and electrolyte conditions in order to 

optimise the device performance. In Figure 5. 16a, the comparison of the CV curves 

clearly shows that the largest current (green line) is obtained for device electrodes 

that have been annealed at 310oC for 6 hours and cycled in 1 M H2SO4. A large 

redox peak is observable between 0.3 V and 0.55 V due to redox behaviour 

associated with the interaction of functional groups of the composite material and 

the sulphuric acid [44, 45]. When considering the Nyquist plot of Figure 5. 16b, it 

can be seen that the size of the semi-circle (charge transfer resistance Rp) decreases 

when the electrodes are annealed prior to device testing. There is further reduction 

in Rp when sulphuric acid is used as the electrolyte. The series resistance Rs 

(intercept of the Nyquist plot with the x-axis) also shifts to the left to 0.12 Ohm.cm2 

indicating better contact resistance and lower internal resistance of the electrode 

[46, 47].  

 

The manifestation of two semi-circles is also apparent when using sulphuric acid 

due to enhanced pseudocapacitive effects that can be represented by two 

characteristic processes [44]. The first process is typical double layer capacitance 
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due to ion-rearrangement in response to the alternating voltage signal. The second 

is thought to occur as a result of charge imbalance at the electrode / electrolyte 

interface as a result of the redox behaviour. Here, electrolyte ions are being 

attracted / repelled at the interface to balance the charge. In Figure 5. 16c, each 

device was compared using galvanostatic charge / discharge testing (GCD) in order 

to evaluate long term cycling. It can clearly be seen that for all devices as the 

current is varied from 0.05 A/g to 1.0 A/g there is a decrease in specific capacitance. 

The 3100C annealed electrode cycled in 1 M H2SO4 has the largest specific 

capacitance of 80 mF/cm2 at 0.05 A/g with a stable response of 61 mF/cm2 at 1.0 

A/g. When the current was switched back to 0.05 A/g (cycle 1100-1200) the 

capacity retention was 98%. All other treated electrodes performed significantly 

less with a rapid decrease in the performance of the as-fabricated electrode in 1 M 

NaNO3. The effects of annealing are that it is able to minimise the amount of 

residual CHP in the electrode, which will increase the active surface area and 

improve the conductivity within the materials structure. Coupled to this, sulphuric 

acid enhances the redox behaviour as it is thought that H+ or OH- must be involved 

in the electrochemical reactions according to the strong dependence of 

pseudocapacitance on the H+ concentration [45]. 



 

 

 
180 

 

 

Figure 5. 16: 90% SWNT-10% mw rGO supercapacitor with each electrode at a 

thickness of 17 micron. Devices have been optimised by annealing utilising different 

electrolytes.(a) CV, (b) Nyquist plot comparison, (c) GCD comparison up to 1.0 A/g.  
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In Figure 5. 17a, GCD curves show a symmetrical behaviour, but with a slight 

curvature at low current rates of 0.1 A/g and 0.2 A/g indicating redox behavior [41]. 

In Figure 5. 17b, the device has been pushed from 0.05 A/g (cycle 1-100) to 1.0 A/g 

(cycle 1001-1100) then back to 0.05 A/g (1101-1200). Succeeding this, the current 

density was increased to 4.0 A/g (cycle 1701-1800) and finally back to 0.05 A/g 

(cycle 1801-1900) to show the reversibility of the device. After pushing the device 

to 1.0 A/g, 98% capacity retention was restored when the current was switched 

back to 0.05 A/g. When the device was pushed to 4.0 A/g then back to 0.05 A/g, the 

capacity retention was still 83%. The fact that the capacity is recoverable from 

varying applied currents is a good sign of stability. In the ragone plot of Figure 5. 

17c, it can be seen that the 90% SWNT – 10% mw rGO displays a high energy of 6 

Wh/kg and a maximum power density 1.9 MW/kg respectively. Equations for 

energy and power density are outlined in Chapter 2, Section 2.2 where the ESR was 

determined from the intercept of the Nyquist plot and is only 0.13 Ohm.cm2. In 

comparison, commercially available supercapacitors range from 10 μF-470 mF 

(Murata© polymer and electric double layer capacitors) [48, 49] to 3000 F (Maxwell 

Technologies© ultracapacitor) [50]. These where the energy and power density 

range can range from 0.1-10 Wh/kg to 1-100 kW/kg [47, 51].  

 

Long term stability testing (Figure 5. 17d) over 10 000 cycles (≈ 13 days) at 1.0 A/g 

shows and extremely stable and reversible response of the electrode during the 

charge / discharge process, with the capacity retention of 95% at cycle 10 000. The 
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initial increase in capacitance is due to an initial activation where full wetting and 

volume expansion / contraction equilibrates the system [52]. 

 

Figure 5. 17: 90% SWNT-10% mw rGO supercapacitor. (a) GCD curves. (b) C(sp) versus 

cycle no. for different current loadings. (c) Ragone plot of power density versus 

energy density. (d) Long term cyclability at 1.0 A/g using GCD. 

 

This excellent stability can be seen in the Nyquist plot of Figure 5. 18a where EIS has 

been used to track changes of the electrode during cycling. The Nyquist spectra at 

cycle 0, 5000, and 10000 show little change in the impedance response indicating a 

stable and durable electrode material [53]. It can be seen that Rs does not change 

and remains constant at 0.13 Ohm.cm2 after 10 000 cycles. After the initial cycle, 

there are some volume changes and activation of the electrode material due to 

penetration of the electrolyte ions into the composite structure. Cycles 5000 and 10 
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000 show a rapid increase in the imaginary part of the impedance at low 

frequencies which is indicative of capacitive behaviour [38].  

 

From the SEM image of Figure 5. 18b and Figure 5. 18c, it can be seen that there is 

no observable difference in the physical structure of the 90% SWNT – 10% mw rGO 

electrode before and after 10 000 cycles of GCD. In both cases mw rGO is covered 

and separated by SWNTs. However, it is apparent that after GCD in Figure 5. 18c, 

the electrode is denser due to the cell configuration that presses both electrodes 

and separator between the stainless steel plates. Overall the electrode is stable and 

robust thus maintaining its integrity as it undergoes the charge / discharge process 

which is extremely important in real world applications where consistency and 

reliability must be guaranteed.  
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Figure 5. 18: (a) Nyquist plot prior to and after 5000 and 10 000 cycles. (b) and (c) 

SEM images of electrodes before and after 10 000 cycles of GCD. 

 

5.4. Conclusion. 

In summary, a composite material comprising of SWNTs and mw rGO has been 

successfully synthesised and fabricated into a composite electrode material. The 

composite was successfully optimised as an electrode material for the use in a 

supercapacitor. SEM showed a structure whereby SWNTs were better dispersed as 
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they were able to coat mw rGO sheets thus preventing restacking and maximising 

utilisable electroactive surface area. Raman spectroscopy showed that the ratio of 

the D/G band slightly increased after plasma treatment due to the addition of 

functional groups. While the D band peak of the composite also broadened as the 

weight ratio of mw rGO increased due to the large D/G ratio of pure mw rGO. 

 

The optimum ratio for the electrode which maximises capacitance (≈300 F/g) was 

calculated to be 90% SWNT – 10% mw rGO. 20 minutes plasma treatment time 

maximised the wettability of the electrode surface with contact angle 

measurements showing that there was a significant decrease in the contact angle 

(≈550 to <10) after plasma treatment. It was found that a thickness of 17 micron was 

optimum in order to insure that the capacitance per unit weight was maximised. 

Electrode annealing involved heating the electrode at 155oC for 8 hours in a 

vacuum oven followed by a further 8 hours at 3100C on a hot plate (fume hood) in 

order to insure the removal of any residual CHP. Device fabrication was completed 

using a Swagelok© test cell with 1 M H2SO4 as the electrolyte of choice. Varying 

charge / discharge rates showed a device that could handle up to 4.0 A/g with the 

excellent switching capability between 0.05 A/g and 4.0 A/g. Long term testing of 

the device showed excellent stability over 10 000 cycles with 95% capacity 

retention. EIS over the course of long term testing showed little change indicating a 

stable and robust electrode. 
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6. Manganosite : microwave exfoliated graphene oxide electrodes for 

asymmetric supercapacitors. 

 

6.1. Introduction. 

Within the last decade, there has been an increased effort in the development of 

new hybrid energy storage devices that possess both high energy and high power 

density which are beneficial for creating more energy efficient storage and delivery 

[1]. Asymmetric supercapacitors are promising hybrid energy storage devices as 

they are able to provide a wider operating voltage at higher energy compared to 

symmetric capacitors [2]. Such supercapacitors are comprised of an anode that is 

usually an activated carbon, while the cathode is generally a composite consisting 

of a carbon material and transition metal oxide. Asymmetric supercapacitors make 

use of the different potential windows in the anode and cathode leading to an 

increased operational voltage of the aqueous electrolyte in the cell meaning that 

specific capacitance, energy and power density are maximised [2]. 

 

Manganosite consists of Mn2+ and O2- molecules forming an octahedral geometry 

and a cubic crystal structure [3]. It has potential for use in hybrid energy storage 

devices due to its quasi-reversible electron transfer that provides high pseudo-

capacitive energy density [4]. Over the last decade, manganese oxides with 

different morphologies including rods, nanotubes, and nanowires have been 

developed and characterised [1, 5, 6]. In this manuscript, we report a hybrid 

electrode architecture that incorporates MnO particles onto the active surfaces of 
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an exfoliated GO matrix. For the composite, the microwave exfoliated reduced 

graphene oxide (mw rGO) nanosheets serve primarily as a high surface area 

conductive framework providing support for the adherence of MnO particles. 

Physical characterisation of the composite electrodes has shown the MnO particles 

to be dispersed throughout the mw rGO matrix. Electrochemical testing of the 

composite electrodes yielded a material that was stable over a wide range of 

current densities and had excellent capacity retention. 

 

6.2. Experimental specific to Chapter 6. 

6.2.1. Hydrothermal synthesis of manganosite (MnO). 

The MnO was prepared using a hydrothermal synthesis method at the Materials 

Science Research Centre, Faculty of Science, Chiang Mai University. Potassium 

permanganate (KMnO4, 97% Aldrich, USA) and Manganese sulfate (MnSO4, 97% 

Sigma, USA) were prepared by dissolving in deionised water as 0.1M and 0.6M, 

respectively. Mixing was accomplished by drop-wise addition of 100 ml KMnO4 

solution into 100 ml of MnSO4 solution while stirring. The mixed solution was 

transferred into a Teflon-lined stainless steel autoclave. The hydrothermal synthesis 

was carried out at 140 °C for 12h. After the reaction was complete, the autoclave 

was cooled down to room temperature. The black product was washed with 

deionised water and ethanol, filtered and then dried at 60 °C for 24h [7]. 
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6.2.2. Synthesis of microwave exfoliated graphene oxide 

The full description of the synthesis of microwave exfoliated graphene oxide is 

outlined in Chapter 4.  

 

6.2.3. Fabrication of electrodes. 

The fabrication of the working electrode was carried out by employing a similar 

method to that outlined by Yan et. al. [8]. Different mass ratios of MnO and mw 

rGO in ethanol were probe sonicated for 30 minutes. After 30 minutes, PTFE (10 wt. 

%) dissolved in ethanol was mixed into the MnO-mw rGO ethanol mixture and 

sonicated for a further 30 minutes. The resulting solution was then stirred on a hot 

plate (using a magnetic stirrer) at 60oC for approximately 2 hours until the ethanol 

had sufficiently evaporated and the heat allowed the PTFE to bind the material to 

form a slurry. The four weight ratios of MnO to mw rGO that where prepared were; 

0% MnO- 100% mw rGO, 60%  MnO- 40 % mw rGO, 70%  MnO- 30% mw rGO, and 

90%  MnO- 10 % mw rGO respectively. Each slurry was then spread over a stainless 

steel mesh using a fine spatula and dried overnight in a vacuum oven at 100oC. 

Standardised practices for composite electrode preparation of transition metal 

oxides involve using a conductive additive and binder to provide a supporting 

scaffold [9, 10]. MnO by itself is a poor conductor (10-9 ohm-1 cm-1) [11], which is 

why the mw rGO was added to provide a conductive scaffold and enhance charge 

storage and delivery. A film of MnO exceeding 90% (w/w) under the same 

fabrication conditions could not be formed. 
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6.2.4. Supercapacitor device fabrication. 

For device testing, the positive electrode was made as outlined above in Section 

6.2.3. The negative electrode was made out of commercially purchased activated 

carbon (VC-72, Cabot). Firstly, the activated carbon was functionalised by mixing a 

70% (w/w) HNO3 (Univar) and 98% (w/w) H2SO4 (Univar) solution in a 3:1 bath and 

sonicated for 2 hours. The resulting material was then washed with deionised water 

until a neutral pH was reached. The functionalised activated carbon (FC) was then 

mixed with a PTFE binder (10% w/w) (Sigma-Aldrich) to form a slurry that was 

subsequently spread onto a stainless steel current collector. All electrodes had a 

geometric area of 1cm2, with an approximate equal mass loading of 4 mg/cm2. 

Devices were constructed by sputter coating two pieces of indium tin oxide (ITO) 

glass with 100 nm of Pt to help minimise contact resistance. The two electrodes 

were pressed between the two current collectors with a PVDF separator of 

thickness 110 microns and 0.22 micron pore size (Millipore© - Durapore®). A clamp 

was used to hold the system in place (constant force of 156 N), while UV cure glue 

(Dynman Light Weld) and UV light source (Dynmax Blue Wave 50) was used to seal 

the cell. Lastly, a small hole was left where 1M NaNO3 in H2O was added as the 

electrolyte via vacuum filling, with the hole being sealed thereafter with UV cure 

glue. 
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6.3. Discussion of Results. 

6.3.1. Physical characterisation of MnO: mw rGO films. 

6.3.1.1 Scanning electron microscopy of mw rGO. 

The SEM images shown in Figure 6. 1a and Figure 6. 1b are of the raw GO and mw 

rGO powders whilst the images of Figure 6. 1c and Figure 6. 1d are of GO and mw 

rGO that have been drop cast onto a TEM grid. From Figure 6. 1, some qualitative 

observations can be made. Firstly, in Figure 6. 1a, the SEM is of the GO after it has 

been washed and dried as outlined in Chapter 4, section 4.2.2. It can be seen that 

its structure is uneven, containing valleys and elevated regions, which reflect vast 

amounts of sheet stacking. In Figure 6. 1b, after microwave irradiation; the GO 

expands leading to the development of an accordion type structure that is highly 

porous, forming an interconnected network with minimal re-stacking [12]. Optical 

image comparisons are shown in the insets of Figure 6. 1a and Figure 6. 1b. In 

Figure 6. 1c, the GO that has been drop cast onto a TEM grid, is extremely flat 

indicating uniform GO sheets. In Figure 6. 1d, the mw rGO was also drop cast onto a 

TEM grid, with the ensuing images depicting mw rGO sheets that have a crumpled 

shape. This crumpling effect adds porosity to the system and hence surface area, 

which could play a key role in the development and preparation of composite 

electrode materials. 
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Figure 6. 1: a) SEM image of GO powder after it has been washed and dried as 

outlined in section 6.3.1.1. Inset shows optical image of the GO sample. b) SEM 

image of mw rGO powder. Inset shows an optical image of the sample after 

microwave irradiation on the film. c) TED image of GO after it has been drop cast 

onto a TEM grid. d) TED image of mw rGO after it has been drop cast onto a TEM 

grid. 

 

6.3.1.2 Raman Spectroscopy, x-ray diffraction and x-ray 

photoelectron spectroscopy of mw rGO. 

Please refer to Chapter 4, section 4.3 for physical characterisation of GO and mw 

rGO using Raman spectroscopy, XRD, and XPS. 
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6.3.1.3 Scanning electron microscopy of MnO – mw rGO composoite. 

Manganosites exhibit pseudocapacitive behaviour over small ranges of potentials, 

through redox processes which contribute electron transfer between the electrode 

/ electrolyte interface. By combining MnO with mw rGO, composites can be formed 

that combine both Faradaic and non-faradic effects enabling a larger energy density 

to be obtained, whilst maintaining reasonable power density. 

 

In Figure 6. 2a, the SEM image of the MnO particles after hydrothermal synthesis 

shows large cube type structures that have a porous nature. When the MnO is 

imaged at larger magnification (Figure 6. 2b), it can be seen that the particles are 

comprised of larger spherical platelets and smaller rod-like structures. The MnO 

particles have a distribution of sizes ranging from 20 nm to 1 μm. To show the 

distribution of the MnO in the mw rGO matrix, EDS spectra was recorded on a 

section of the image (Figure 6. 2c and Figure 6. 2d). It is apparent that there is a 

good distribution of MnO as there is significant overlay of Mn (Kα) lines throughout 

the composite material, with the lighter regions (approaching white) being more 

intense. From these qualitative observations, the MnO particles are well mixed 

throughout the mw rGO matrix 
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Figure 6. 2: a) SEM image MnO powder after hydrothermal synthesis. (b) SEM image 

of MnO powder at higher magnification showing spherical platelets and rod shaped 

structures. (c) SEM image of 90% MnO- 10% mw rGO composite. (d) EDS map of Mn 

(Kα) showing the uniformity of distribution in the  90% MnO- 10% mw rGO 

composite.  

 

6.3.1.4 X-ray diffraction of MnO- mw rGO composite. 

The 2θ peaks of MnO (Figure 6. 3) at 35o, 41o, 59o, 70o, and 74o correspond to the 

Manganosite type MnO (JCPDS 00-001-1206). When considering the composite 

MnO- mw rGO, the carbon (002) peak at 26o along with the 35o, 41o, 59o of MnO 

are clearly visible. The broad peak of the mw rGO is due to graphene oxide and 

other amorphous carbons; while the extremely sharp peaks of MnO are due to 

good crystallinity of the metal oxide [8, 13]. 
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Figure 6. 3: (a) XRD spectra of MnO, mw rGO, and MnO- mw rGO at varying weight 

ratios. 

 

6.3.2. Electrochemical properties of MnO: mw rGO electrodes using 

a three electrode system. 

6.3.2.1 Cyclic voltammetry of MnO: mw rGO with varied weight 

composition. 

The cyclic voltammograms shown in Figure 6. 4a and Figure 6. 4b depict a 

comparison of mw rGO, 60% MnO – 40% mw rGO, 70% MnO – 30% mw rGO and 

90% MnO – 10% mw rGO composite electrodes on a stainless steel mesh current 

collector. In all cases, the CV obtained are quasi-rectangular, indicating a pseudo 
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capacitive type behaviour (mixture of non-Faradaic and Faradaic responses). The 

slight kink observed between 0.2 V- 0.3 V for the 70% MnO – 30% mw rGO and 0.5 

V-0.6 V for 90% MnO – 10% mw rGO are oxidation peaks thought to be due to 

Faradaic reactions of the MnO and carbon. A proposed quasi reversible reaction 

that may account for this is described below;  

MnO + C+ + e- ↔ MnOC  

CVs above scan rates of 50 mV/s (not shown) started to lose their rectangular shape 

and distort. This distortion can be attributed to ohmic polarisation (iR uncompensated) 

due to increased current at higher scan rates (i ~  dc/dx) as well as an RC time 

constant that is too large for the higher sweep rates used [14]. The largest current 

and capacitance by area (Figure 6. 4a) was obtained for the 90% MnO- 10% mw rGO 

at 42.5 ± 9.2 mF/cm2, while the 70% MnO- 30% mw rGO was 26.6 ± 1.2 mF/cm2. 

Both the 60% MnO- 40% mw rGO and pure mw rGO had values of 18.4 ± 1.1 

mF/cm2 and 19.1 ± 0.3 mF/cm2 respectively.  

 

The results of current response and capacitance by mass (Figure 6. 4b) behave in a 

different trend due to the fact that the mw rGO is an extremely light material, while 

comparatively the MnO is quiet dense. Hence, as the weight ratio of MnO increases 

the mass of MnO will dominate. The largest current and capacitance by mass was 

obtained for the 60% MnO- 40% mw rGO at 10.4 ± 0.8 F/g, while the 70% MnO- 

30% mw rGO was 7.7 ± 1.0 F/g. Both the 90% MnO- 10% mw rGO and pure mw rGO 

had values of 4.4 ± 1.0 F/g and 3.8 ± 0.3 F/g respectively.  
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The capacitance area and by mass weight was calculated at 50 mV/s according to 

equation 2.2 and 2.3 in Chapter 2. The capacitance calculations were calculated at a 

larger scan rate of 50 mV/s to show a suitable rate capability. 

 

Figure 6. 4: Comparison of CVs for mw rGO, 60% MnO – 40% mw rGO, 70% MnO – 

30% mw rGO and 90% MnO – 10% mw rGO composite electrodes. Scan rate is at 50 

mV/s. System is three electrode with a Pt mesh counter, and Ag/AgCl reference. 

Electrolyte used is aqueous 1M NaNO3. Material slurry was cast onto stainless steel 

mesh using a thin spatula. (a) Current response by area, (b) Current response by 

mass. 
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6.3.2.2 Impedance spectroscopy conducted at open circuit potential. 

In Figure 6. 5a (experiment conducted at open circuit potential (OCP = 100 mV)) it 

can be seen that there is systematic behaviour in the variation of the Nyquist plot 

as the weight percent of MnO is increased. The 90% MnO-10% mw rGO displayed 

the smallest semi-circle at high frequencies signifying that the kinetics of this 

system is the fastest with an increase in the semi-circle as the weight percent of 

MnO decreased. In this system, the semi-circle (Rct) is likely to represent a couple of 

processes. (i) Electrolyte resistance and double layer capacitance within the pores 

of the electrode, which is best modelled by a transmission line model; (ii) Charge 

transfer resistance associated with equation 1 [15, 16].  

 

The low frequency increase in the imaginary impedance looks to be mainly 

capacitive from double layer charging / discharging, and redox processes as the 

slope is much steeper than the 45o associated with Warburg diffusion [17] . This 

result physically speaking is thought to occur due to the MnO particles being large 

(see Figure 6. 2) which at the high weight ratio of 90% MnO- 10% mw rGO 

effectively causes the surface of the electrode to be better interconnected and 

more mesoporous [18]. At high frequencies, the intercept of the real part of 

impedance (Z’) with the x-axis Rs (which represents the resistance of the electrolyte, 

intrinsic resistance of the substrate and contact resistance) slightly decreases as the 

weight percent of MnO increased [8]. This reflects the fact that the wettability of 

the electrode / electrolyte interface is increased [19]. The inset of Figure 6. 5 is an 

equivalent circuit model which was used to obtain values for Rs and Rct. In the 
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model Rs represents the ionic resistance of the electrolyte, the contact resistance 

between the active materials and current collectors, and the intrinsic resistance of 

the substrates [20]. Rct is the resistance to charge transfer, and CPE is a constant 

phase element which represents the frequency dependence of the charge transfer 

processes occurring in a porous structure that is filled with electrolyte [21]. W0 is 

the Warburg diffusion element corresponding to electrolyte diffusion in the bulk of 

the electrode [22]. 

 

The imaginary part of capacitance versus frequency (Figure 6. 5b) represents the 

energy dissipation of the complex part of capacitance, characteristic of an 

irreversible process, which can lead to the hysteresis of the electrochemical process 

[8, 14, 16, 23]. The relaxation time constant (τs) can be evaluated from Figure 6. 5b 

by finding the peak frequency (fp ) of Im C(ω), multiplying by 2π and inverting. In 

Figure 6. 5b, with the experiment conducted at OCP, the 90%MnO-10% mw rGO 

showed the largest peak frequency. As the weight ratio of MnO is increased, there 

is a shift of fp towards higher frequencies (hence lower time constant) due to faster 

pseudocapacitive effects. The time constant as a function of frequency is shown in 

the inset of Figure 6. 5b. Refer to Table 6. 1 for Rs and Rct as a function of MnO 

composition. 
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Figure 6. 5: (a) Nyquist plots (with inset) of experimental impedance data (scattering 

dot) and fitting results (dashed line) for MnO – mw rGO composite electrodes as the 

mass percentage of MnO is changed. (b) Comparison of the imaginary part of 

capacitance versus frequency for the MnO – mw rGO composite electrodes. 

Experiment conducted at open circuit potential. System is three electrode with a Pt 

mesh counter, and Ag/AgCl Electrolyte used is aqueous 1M NaNO3. Material slurry 

was cast onto stainless steel mesh using a thin spatula. 
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Table 6. 1: Comparison of Rs, and Rct as the weight ratio of MnO to mw rGO is 

increased. Substrate is stainless steel mesh. Values for EIS obtained at open circuit 

potential. 

% Composition of 

MnO : mw rGO (w/w) 

R(s) (ohm.cm2) R(ct) (ohm cm2) 

0:100 8.4 ± 0.5 94.0 ± 5.6 

60:40 4.7 ±0.2 293.2 ± 12.5 

70:30 7.3 ± 0.2 174.8 ± 4.9 

90:10 5.2 ± 0.3 87.6 ± 5.1 

 

6.3.2.3 Impedance spectroscopy conducted at zero voltes versus the 

reference. 

In the Nyquist plot of Figure 6. 6a (experiment conducted at zero volts versus the 

reference electrode), it can be seen that at low frequencies approaching 0.01 Hz, 

the imaginary part of impedance rapidly increases and shows very similar behaviour 

to that of Figure 6. 5a. When we consider the inset of Figure 6. 6a, there are two 

semi-circles apparent (R1 and R2), reflecting two time constants. These two semi-

circles are as a result of the multiple interfaces apparent at the electrode / 

electrolyte interface through new boundaries that are formed during testing [22]. 

The first interface is thought to be due to double layer capacitance and the Faradaic 

process of Mn2+ being converted to Mn+ as mentioned previously. The second 

interface could possibly be caused by the formation of hausmannite (Mn2+Mn3+
2O4) 

during the impedance spectroscopy and cyclic voltammetry experiments, creating a 

multi-component system. In Figure 6. 6 the ternary system has been modelled by 
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an equivalent circuit consisting of Rs that represents the ionic resistance of the 

electrolyte, the contact resistance between the active materials and current 

collectors, and the intrinsic resistance of the substrates. R2 and R3 are the charge 

transfer resistances at the interfaces, while CPE1 and CPE2 are responsible for the 

capacitance components of the system generated at each interface [24, 25]. W0 is 

the Warburg impedance. The formation of hausmannite (Mn2+Mn3+
2O4) during 

device testing is discussed further down at Figure 6. 9. At high frequencies, the 

intercept of the real part of impedance (Z’) that refers to Rs decreases as the weight 

percent of MnO increased signifying a decrease in the wettability of the electrode 

[8, 26]. As the weight ratio of MnO increase, R1 and R2 decrease meaning the charge 

transfer properties / electron transfer kinetics are significantly improved [18, 24]. 

(The kinetics of the system in terms of the electron transfer rate constant (k0) is 

inversely proportional to R; hence the greater the weight percent of MnO, the 

faster the electron transfer [18]). Physically speaking, it is thought that reduced 

amount of mw rGO and increased amount of MnO causes better inter-connectivity 

of the MnO, and less hausmannite (as a percentage of MnO) to be formed which 

enhanced charge storage and delivery (see Table 6. 2).  

 

The imaginary part of capacitance versus frequency (Figure 6. 5b and Figure 6. 6b) 

represents the energy dissipation of the complex part of capacitance, characteristic 

of an irreversible process, which can lead to the hysteresis of the electrochemical 

process [8, 14, 16, 23]. The relaxation time constant (τs) can be evaluated from 

Figure 6. 5b and Figure 6. 6b by finding the peak frequency (fp ) of C’(ω), multiplying 
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by 2π and inverting. In Figure 6. 5b, with the experiment conducted at OCP, the 

peak frequencies are much lower than in Figure 6. 6b (conducted at 0 V versus 

reference), with the 90%MnO-mw rGO showing the largest peak frequency. As the 

weight ratio of MnO is increased, there is a shift of fp towards higher frequencies 

(hence lower time constant) due to the driving force at the working electrodes 

surface (Figure 6. 6b). The time constant as a function of frequency is shown in the 

inset of Figure 6. 5b and Figure 6. 6b with τs being roughly a factor of 4 times less 

for the experiment conducted at zero volts versus reference than at OCP where 

there is no DC current flow between the working and the counter electrode. Refer 

to Table 6. 1 and Table 6. 2 for Rs, R1 and R2  as a function of MnO composition. 
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Figure 6. 6: (a) Nyquist plots (with inset) of experimental impedance data (scattering 

dot) and fitting results (dashed line) for MnO – mw rGO composite electrodes as the 

mass percentage of MnO is changed. (b) Comparison of the imaginary part of 

capacitance versus frequency for the MnO – mw rGO composite electrodes. 

Experiment conducted at zero volts versus the reference electrode. System is three 

electrode with a Pt mesh counter, and Ag/AgCl Electrolyte used is aqueous 1M 

NaNO3.Material slurry was cast onto stainless steel mesh using a thin spatula. 
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Table 6. 2: Comparison of capacitance, Rs, Rp and Rct as the weight ratio of MnO to 

GO is increased. Substrate is stainless steel mesh. Values for EIS obtained at zero 

volts versus the reference electrode. 

% Composition of MnO 

: mw rGO (w/w) (w/w) 

R(s) (ohm cm2) R(1) (ohm cm2) R(2) (ohm cm2) 

0:100 7.5 ± 0.1 89.5 ± 0.9 - 

60:40 1.5 ± 0.1 11.5 ± 0.2 31.2 ± 0.2 

70:30 0.4 ± 0.5 22.5 ± 0.3 12.8 ± 0.7 

90:10 2.5 x10-6 ± 5 x10-

8 

10.0 ± 6.3 5.7 ± 0.3 

 

6.3.3. Supercapacitor device testing of 90% MnO: 10% mw rGO. 

6.3.3.1 Cyclic voltammetry and galvanostatic charge / discharge. 

To investigate device performance of our composite material, an asymmetric 

supercapacitor device was constructed using the 90% MnO-10% mw rGO as the 

cathode and functionalised activated carbon (FC) as the anode. Selection of the 

90% MnO-10% mw rGO was based on results from the 3-electrode cell comparisons 

of varying weight ratios of MnO and mw rGO. The 90% MnO- 10% mw rGO 

displayed the largest current per unit area and superior kinetics due to the 

enhanced interconnectivity of the MnO and mw rGO resulting in superior charge 

storage and delivery properties. The cyclic voltammograms of Figure 6. 7a are of 

the asymmetric 90% MnO- 10% mw rGO // FC device and exhibit rectangular 

behaviour over a potential window of 1.1 V indicating very good charging and 

discharging of the device [27, 28]. The rectangular shape is maintained even up to 
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the high scan rate of 200 mV/s. In Figure 6. 7b and Figure 6. 7c, galvanostatic charge 

/ discharge has been employed in order to simulate and understand real world 

conditions. The charge / discharge curve (Figure 6. 7b) is very symmetrical, with a 

slight bend / kink of the charging curve due to the asymmetric nature of the device 

and the fact that some slower redox processes are occurring due to the MnO [29, 

30]. The time difference between charging and discharging gets smaller and smaller 

as the current is increased from 0.1 A/g to 1.0 A/g; but then nearly goes back to its 

original time difference when the current is reduced back to 0.1 A/g. This signifies 

very good reversibility at different current densities which is useful for real world 

applications as the system is able to handle different current ranges [31]. In Figure 

6. 7c, the specific capacitance is computed as a function of cycle number with a 

step-wise increase in the current every 100 cycles. It can be seen that good stability 

is achieved at current densities of up to 0.5 A/g. At higher current densities 

approaching 1.0 A/g, the specific capacitance decreases rapidly. When the system is 

switched back to its initial conditions (0.1 A/g) at cycles 900-1000, the total charge 

is only slightly less (approximately 96% of the charge) than cycles 1-100, indicating 

excellent stability. In Figure 6. 7d, galvanostatic charge / discharge was used to plot 

energy density versus power density. The maximum calculated [14, 32] energy and 

power densities were 2.6 W.h/kg and 9024 W/kg respectively. The increase in the 

energy at low current density is due to the enhanced utilisation of available 

electroactive surface area. At these low rates, the electrolyte has time to fully wet 

all of the available surface area. 
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Figure 6. 7: (a) CV of 90% MnO-mw rGO // FC asymmetric supercapacitor at 20 

mV/s, 50 mV/s, 100 mV/s, and 200 mV/s. (b) Galvanostatic charge / discharge tests 

for varying current rates. (c) Specific capacitance over 100 cycles as the current 

density is increased from 0.1 A/g to 1.0 A/g. (d) Ragone plot. Energy and power 

density values calculated from galvanostatic charge / discharge. 

 

6.3.3.2 Stability performance. 

In Figure 6. 8a, the specific capacitance is plotted against cycle number showing the 

capacity retention of our asymmetric device. It can be seen that initially there is a 

decrease in the specific capacitance due to initial activation of the composite 

material which comprises wetting and changes in volume as the electrolyte is being 

adsorbed / desorbed into the pores of the material [27, 33]. Once equilibrium is 

reached the capacitance stabilises. After approximately 1000 cycles, the specific 

capacitance rises, reaching a maximum between approximately 3100 and 5800 
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cycles due to enhanced redox behaviour of the MnO. There is a slight fall away in 

the specific capacitance with a plateau occurring after 9000 cycles due to 

degradation that is caused by changes in volume and the formation of hausmannite 

(see Figure 6. 8) [34]. It can be seen that initially the specific capacitance was 0.11 

F/cm2 (51.5 F/g equivalent by mass) and after 15 000 cycles it was 0.09 F/cm2 (41.7 

F/g equivalent by mass) indicating a capacity retention of 82%. Our specific 

capacitance of 0.11 F/cm2 also matches the required value of specific capacitance > 

0.10 F/cm2 (peak power demands of pulsed loads) for the devices used in battery-

powered electronics [35-38]. Our capacity retention of 82% is comparable to those of 

other asymmetric supercapacitors such as MnO2 //AC (96% retention after 1000 

cycles) [39]; MnO2 //CNTs/SnO2 (92% retention after 100 cycles) [40]; and 

LiTi2(PO4)3 (85% retention after 1000 cycles) [41]. The advantage of our system is 

the relative abundance and non-toxic nature of graphene and manganese, with the 

added benefit of no harmful electrolytes being used [42].  

 

In Figure 6. 8b, the Nyquist plot reflects the asymmetric device just as it was made 

and after 15000 cycles. For the long term galvanostatic charge / discharge, a 

current density of 0.5 A/g was selected based on Figure 6. 7c where 0.5 A/g was the 

maximum current density that showed good stability. In the Nyquist plot of Figure 

6. 8b, it can be seen that at high frequencies a small semi-circle is observed with the 

initial part of this semi-circle exhibiting an elongated region. It is thought that there 

are actually two semi-circles (Rp and Rct) in these regions which are not able to be 

resolved. The first Rp, is a smaller semi-circle representing predominately non-
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Faradaic charge transfer effects and some very small irreversible redox processes 

from functionalisation of the FC anode during charging / discharging [43]. The 

second Rct, a larger semi-circle as a result of Faradaic processes arising from MnO 

[44]. It is apparent however that after 15 000 cycles the size of the semi-circle is 

much larger due to an increase in Rct with a decrease in the specific capacitance 

also apparent which is caused by the formation of another manganese compound 

as discussed below . Accompanied with this, is an increase in Rs from 4.5 Ω to 10.0 

Ω. This occurs because as the device continues to be cycled, some degradation of 

the composite occurs through volume changes and irreversible redox processes 

that increase the contact resistance and slow down the electron transfer kinetics, 

thus reducing the effectiveness of charge storage and delivery [20, 45]. At low 

frequencies for both plots, the imaginary part of capacitance rapidly rises, 

indicating good pseudo-capacitive behaviour [34].  

 

To further understand the behaviour of this 90% MnO- 10% mw rGO // FC 

asymmetric device, equivalent circuit modelling (Figure 6. 8b inset) was employed 

in order to establish values for Rs, Rp, Rct, Cdl and Cf before and after long term 

galvanostatic charge / discharge testing [46, 47]. The model chosen reflects the 2-

electrode device where both the FC and the 90% MnO-10% mw rGO must be 

considered [48]. In the Nyquist plot of Figure 6. 8b, there are thought to be two 

semi-circles that are not well resolved at the high to middle frequency regime, with 

pseudocapacitive behaviour extending to the low frequency portion of the 

spectrum where the imaginary part of capacitance rapidly rises but is not perfectly 
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vertical. These selected components correspond to two constant phase elements 

(CPEdl and CPEf) each accompanied with an associated charge transfer resistance 

that represent non ideal behaviour of the two electrodes [46, 49]. The Warburg 

element (Wo) was also selected due to the frequency dependence of the porous 

capacitance and also counter ion diffusion to the electrode surface that balances 

the charge while Faradaic processes are taking place [45]. Rs represents the ionic 

resistance of the electrolyte, the contact resistance between the active materials 

and current collectors, and the intrinsic resistance of the substrates [20]. Values for 

Rs, Rp, Rct, Cdl, Cf, fp, and τ(s) are outlined in Table 6. 3 below. 

 

Table 6. 3: Values for Rs,. Rp, Rct, Cdl, and Cf obtained from fitting to model. τ(s) 

obtained from imaginary part of capacitance verses frequency.  

Cycle Rs 

(ohm.cm2) 

Rp 

(ohm.cm2) 

Rct 

(ohm.cm2) 

Cdl (F) Cf (F) fp (Hz) τ(s) 

Initial 4.5 5.9 18.6 0.0014 0.0085 0.32 0.50 

15 

000th 

10.0 18.0 39.5 0.0013 0.0051 0.062 2.57 
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Figure 6. 8: (a) Specific capacitance versus cycle number at a current density of 0.5 

A/g. (b) Nyquist plots (with inset) of experimental impedance data (scattering dot) 

and fitting results. (solid line) for 90% MnO- 10% mw rGO // FC asymmetric device in 

the frequency range from 100 000 Hz to 0.01 Hz measured before and after 15 000 

galvanostatic charge / discharge cycles. 

 

6.3.3.2.1. X-ray diffraction of supercapacitor electrode before 

and after long term cycling. 

Due to the nature of the curve in Figure 6. 8b where there is a change in the specific 

capacitance profile, XRD was employed after the 15 000th cycle in order to observe 

any changes in the crystallographic structure of MnO. In Figure 6. 9, an XRD spectra 

has been taken on the 90% MnO- 10% mw rGO electrode material before and after 

long term galvanostatic charge / discharge which resulted in a change of the XRD 
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spectra. It was discovered that after this long term cycling, hausmannite (Mn2+ 

Mn3+
2O4) was present in the sample as is shown by the XRD spectra of Figure 6. 9. 

The ensuing analysis uses Equation 6.1, which describes the percentile volume 

fraction conversion of manganosite to hausmannite by using the normalised ratios 

of the relative intensities as described by Bhattacharya et. al. [50].  

 

    
                 

                                    
 Equation 6.1 

Where V is the volume fraction, Imanganosite (hkl) and Ihausmannite (hkl) are the intensities of 

the respective planes chosen. 

 

After 15 000 cycles, 86% of MnO (cubic) was present whilst the remaining 14% was 

converted to hausmannite (tetragonal) due to the appearance of main peaks at 2θ 

= 32.7, 36.2, 44.0, and 60.3 (card no. 00 001 1127) which is a mixture of Mn2+ 

Mn3+
2O4. This result shows that the stability of our MnO- mw rGO composite is very 

good with the decrease in specific capacitance (Figure 6. 8) primarily being as a 

result of the formation of hausmannite which creates another interface in the 

system that is not electrochemically active, thus inhibiting charge storage and 

delivery and contributing to the increased Rs and τ(s) values. 
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Figure 6. 9: XRD comparison before and after galvanostatic charge / discharge. The 

current density is 0.5 A/g for 15 000 cycles. 

 

6.4. Conclusions. 

In summary, we have successfully synthesised GO through a modified Hummer’s 

method and exfoliated the GO using microwave irradiation. The ensuing SEM and 

STEM images show significantly altered structure that is highly porous forming an 

interconnected network with minimal re-stacking of the graphene. The XRD 

confirms the exfoliation of the GO due to the significant decrease of the sharp peak 

at 2θ = 10.2o
; while XPS spectra confirms that reduction of the GO is apparent due 

to the much sharper C=C at 284.4 eV peak with the relative abundance of C and O 

increasing to 92.22% and 7.53% respectively. The G/D band ratio of the Raman 

spectra also increased from 0.8 to 0.9 signifying the GO has somewhat been 

reduced. The addition of the MnO particles show that they are dispersed 
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throughout the GO matrix, with the size of the MnO particles varying from 20 nm to 

1 μm. 

 

A composite material was made of MnO and mw rGO with three electrode testing 

performed in order to gauge which weight ratio of MnO to mw rGO would provide 

the best electrochemical response in terms of capacitance and kinetic behaviour. 

The results concluded that the 90% MnO- 10% mw rGO was the best performing 

material with 0.107 F/cm2, the most rectangular CV and smallest charge transfer 

resistance. This material was then used to make an asymmetric supercapacitor with 

functionalised activated carbon. Device testing showed that our composite material 

displayed excellent reversibility when the current density was altered from 0.1 A/g 

to 1.0 A/g and then back to 0.1 A/g. The long term cyclability tests over 15 000 

cycles was also very good with a capacity retention of 82% at 0.5 A/g. XRD showed 

the amount of MnO remaining in the device was 86% while the remaining 14% was 

converted to hausmannite after the 15 000th cycle. 
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7. General conclusions and perspectives. 

 

7.1. Conclusions. 

Carbon based materials such as CNTs and mw rGO were used as a conductive 

scaffold and support in the development of composite electrodes for the use in 

energy storage applications. The combination of materials included signle walled 

nanotubes (SWNTs) with poly(3,4-ethylenedioxythiophene) poly(styrene sulfonate) 

(PEDOT/PSS); microwave exfoliated graphene oxide (mw rGO) with manganese 

oxide (MnO), and mw rGO with SWNTs. All composites were made with varying 

weight ratios and tested electrochemically using a three electrode system in order 

to determine the optimum weight ratio. Subsequent to this, the best performing 

ratios were then successfully fabricated into supercapacitor devices and their 

performance evaluated. 

 

7.2.  Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) single 

walled carbon nanotube composite electrodes for supercapacitor device 

applications. 

Free standing PEDOT/PSS : SWNTs have been characterised by scanning electron 

microscopy, Raman spectroscopy and thermo-gravimetric analysis to understand 

the physical properties of the films. Films with varying compositions of PEDOT/PSS : 

SWNTs were compared by electrochemical impedance spectroscopy, cyclic 

voltammetry and galvanostatic charge/discharge to understand their 

electrochemical properties. A comparison of the results shows that having single 
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walled nanotubes dispersed throughout the polymer matrix increase the 

capacitance by 65% and the energy density by a factor of 3 whilst achieving good 

capacity retention over 1000 cycles. 

 

7.3. Synthesis of microwave exfoliated graphene oxide. 

GO was synthesised using a modified Hummer’s methods using commercially 

available graphite. The GO was exfoliated using a conventional 1200 W microwave 

oven that induced rapid volume expansion of the GO sheets. This formed a reduced 

GO material that had porosity and a marked increase in volume. Physical 

characterisation using SEM, TGA, Raman, XRD, XPS and UV-Vis confirmed the 

porous structure and reduction of the GO. Electrochemical measurements in 

aqueous and organic environments showed the mw rGO had the largest 

capacitance of 33 F/g and 27 F/g respectively signifying that this material is an 

excellent conductive scaffold for composite electrode materials. 

 

7.4. SWNT-mw rGO composite electrodes. 

Composites containing varying weight ratios of SWNT and mw rGO were fabricated 

using sonication, centrifugation and vacuum filtration into uniform electrodes. 

Physical characterisation took place via SEM, Raman spectroscopy, and contact 

angle measurements. Three electrode electrochemical measurements deduced that 

the 90% SWNT – 10% mw rGO ratio with 20 minutes plasma treatment was the best 

performing with a specific capacitance of 306 F/g at 20 mV/s and 123 F/g at 500 

mV/s. respectively This weight ratio (90% SWNT-10% mw rGO, with 20 minutes 
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plasma treatment) was then fabricated into a thin supercapacitor device and 

tested. CVs of the device showed a rectangular behaviour up to scan rates of up to 

500 mV/s.. Lastly the current rate could be pushed to 4.0 A/g with stable capacity 

retention of 95% over 10 000 cycles tested at 1.0 A/g. The EIS analysis before and 

after long term testing showed a high frequency response and little change in the 

impedance spectra signifying a stable and robust electrode material. 

 

7.5. Manganosite- microwave exfoliated graphene oxide electrodes for 

asymmetric supercapacitors. 

A composite material consisting of mw rGO and MnO was synthesised in order to 

explore their potential as an electrode material. The composite material was 

characterised by SEM, XRD, XPS, and Raman spectroscopy. CV and EIS were used to 

explore the process occurring at the electrode / electrolyte interface. Long term 

cyclability and stability was investigated using galvanostatic charge / discharge 

testing. From the resulting analysis, an asymmetric supercapacitor was constructed 

with the best composite containing 90% MnO- 10% mw rGO (w/w). The device 

exhibited a capacitance of 0.11 F/cm2 (51.5 F/g by mass) and excellent capacity 

retention of 82% after 15 000 cycles at a current density of 0.5 A/g.  

 

7.6. Future Work. 

Throughout the course of this study, it has become apparent that certain material 

parameters are critical and must be taken into account in order to optimise a 

materials performance for energy storage applications. These factors include; (i) 
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surface area, (ii) conductivity, (iii) porosity, and (iv) kinetics. By combining 

complementary materials into composites, an electrode material can be tailored to 

optimise these critical factors mentioned above. This improves the synergy of 

composite materials through enhanced electrochemical performance, thus 

amplifying the charge storage and delivery properties. The mechanism by which 

this could be achieved is to create an electrode structure where all the components 

are simultaneously optimised in-situ (instead of adding each component 

individually) leading to a fully integrated and coherent assembly.  

 

One way of achieving total incorporation could involve a suspension of GO and 

CNTs with a metal ion solution containing a reducing agent. The metal ion solution 

could be reduced in two ways: (i) the suspension would be vacuum filtered and 

dried producing a layer-cake type material. The material could then exposed to 

microwave irradiation that would exfoliate the GO while concurrently reducing the 

GO and metal ions into metal / metal oxide nanoparticles. (ii) The suspension could 

be heated sufficiently which will lead to the formation of nanoparticles dispersed 

throughout the solution. Vacuum filtering and microwave irradiation would be used 

once more to exfoliate and reduce GO.  

 

It is possible that these types of structures would have uniformly distributed metal / 

metal oxide nanoparticles throughout the SWNT – mw rGO matrix, while it is 

thought that the exfoliation in the presence of CNTs would allow for a better 

adherence of the CNTs to the mw rGO. Overall this would enhance the 
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electrochemical properties of the material significantly as the energy and power 

density would be maximised. 

 

7.7. Future developments going forward. 

With energy consumption as a whole on the increase, coupled with the rapid 

economic development of countries such as Brazil, China, India, and Russia there 

will be a concerted effort to improve how energy is utilised. This expansion in 

industrialisation has already and will continue to lead to a further increase in the 

price of oil. Coupled to the rise in fossil fuel costs are drivers of an ageing energy 

infrastructure system and demand for a low-carbon emission economy through the 

use of renewable energy [1, 2]. To help accommodate all these factors the supply 

and demand challenge may be addressed by smarter and more efficient energy 

systems. Energy storage utilisation will continue to play an increasing key role in 

providing a solution to the energy problem. Energy must be efficiently stored when 

it is in excess, and released at a time of high demand. This is extremely important 

for renewables that are not load-following [3]. 

 

With these energy challenges and ongoing research and development, including 

those that have been conducted over the last decade, the awareness of the 

benefits of electrochemical capacitors is increasing. As the research and 

development into energy storage and conversion has increased, the applications of 

electrochemical capacitors has increased with the technology becoming more 

diverse meaning that systems can better be tailored / targeted for specific 
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applications ranging from higher energy density to high power densities where fast 

charge / discharge efficiencies are needed [3]. The most commonly used material 

for supercapacitors has been activated carbon with new nanostructured materials 

such as carbon nanotubes, graphene and its derivatives coming to the forefront of 

the current fundamental research [4]. In this study, the important conclusions 

observed relating to improved surface area (Chapter 4 and Chapter 5), porosity 

(Chapter 3 and Chapter 5), and the benefits of pseudocapacitive effects (Chapter 6) 

clearly demonstrate that the way forward in terms of trying to improve energy 

density and power density is in the use of nanostructured carbon materials in 

composite structures coupled with other carbons, and / or conducting polymers / 

metal oxides in order to take advantage of the electrochemical properties and 

robustness that these materials provide.  

 

Future developments will most likely see supercapacitors combined with other 

energy saving technologies (for example batteries, thermo cells, and / or renewable 

energy devices) that form part of a hybrid energy storage and power delivery 

system. These will be suitable for large scale and domestic demand strategies as 

need for energy continues to grow. These future advancements will not only enable 

better automotive and portable electronics, but they will revolutionise the fields of 

medicine, defence and consumer goods thus providing a step change in energy 

storage technologies [5]. 
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