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Abstract 

This work is divided into two parts, namely supercapacitor (SC) and microsupercapacitor (µ-

SC). In general, the electrochemical properties of thermally reduced graphene oxide (TRGO) 

were investigated for both SC and µ-SC energy storage applications. The TRGO materials 

was successfully prepared via a series of techniques which mainly involved oxidation of 

graphite using Hummer’s method and the reduction of the oxygen functional groups (OFGs) 

on graphene oxide (GO) using atmosphere pressure chemical vapour deposition (AP-CVD) in 

argon atmosphere. The structural, morphological and electrical characterization of substrate 

(Nickel foam (NF) and microscopic glass (MSG)), prepared GO and TRGO were done using 

X-ray diffraction (XRD), Raman spectrometer, Fourier transform infrared (FT-IR) 

spectrometer, ultraviolet–visible spectroscopy (UV-Vis), atomic force microscopy (AFM), 

scanning electron microscopy (SEM), energy-dispersive X-ray spectrometer (EDS) and four 

point probe (4PP). 

In the SC part, TRGO-200 (numeric at the end of TRGO is the reducing temperature (RT)) 

was directly reduced on NF (current collector) using AP – CVD. This novel method avoided 

the use of binders such as polyvinylidene difluoride (PVDF) and conductive additives such as 

carbon nanotube and carbon acetylene black (CAB). This method is also simpler, quicker, 

cheaper and more effective compared to the conventional electrode preparation route where 

GO can be thermally reduced separately then prepared into a slurry paste with the aid of 

PVDF, CAB and drops of N-methyl-2-pyrolidone (NMP). The three electrode 

electrochemical measurements in 6 M KOH showed a maximum specific capacity of 52.64 

mA h g
-1

 at 0.5 A g
-1

, while the asymmetric device consisting of TRGO on NF and peanut 

shell activated carbon (PAC) i.e., TRGO/NF//PAC showed a specific energy and power of 
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18.72 W h kg
-1

 and 547.52 W kg
-1

 respectively at 1 A g
-1

; and 14.10 W h kg
-1

 and 2.5 kW kg
-

1
 at 5 Ag

-1
. The high coulombic efficiency of 99% and capacitance retention of 80% was 

achieved indicating an outstanding stability, suggesting a significant progress in the 

fabrication of binder- less and conductive enhancement free electrodes for SC energy storage 

devices. 

On the µ-SC part, a novel all – solid – state TRGO µ-SCs fabrication method was 

demonstrated which was simply prepared by an airbrush spray coater, AP – CVD and a mask 

– free AxiDraw sketching apparatus. Similar to the SC electrode preparation, this method was 

also quick, safe, easily scalable and cost effective as compared to the traditional µ-SC 

preparation method such as screen printing, inkjet printing, laser scribing and 

photolithography. The structure of TRGO on MSG was analysed using various techniques 

which indicated a decrease in oxygen functional groups (OFGs), leading to the restacking, 

and change of colour and transparency of the graphene sheets. The electrochemical 

performance showed a rectangular shape cyclic voltammetry (CV) depicting outstanding 

characteristics of electric double layer capacitor (EDLC) behaviour. The µ-SC with 14 digits 

per unit area (cm
-2

) showed the highest capacitance over other µ-SCs with various numbers 

of digits per unit area i.e. 6, 22 and 26 cm
-2

. This behaviour is mainly attributed to increased 

electric field strength as compared to the µ-SC with 6 cm
-2

. When the number of digits per 

unit area exceeds 14 cm
-2

 the electric field increase leading to the charge flow leakage within 

the electrolyte and electrode (short circuit) decreasing the capacitance. In addition, this work 

clearly shows the importance of OFGs on the electrochemical performance of the SCs and µ-

SCs, also narrating that binder-less and conductive additive-free devices can also deliver 

energy and power comparable to those with binder and conductive enhancement.  
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1 

Chapter 1 Introduction 

1.1. Problem statement 

 

According to the Worldometer [1], the world population is currently at approximately 8 

billion people with a growth rate of about 1.09% per year which amounts to 83 million new 

people per year. South Africa is ranked number 25 on the list of population per country with a 

population of roughly 58 million and a population growth rate of 1.20% per year [2]. This 

rapid increase of people leads to an increase in demand of consumables. The increase of 

consumables is also propelled by the development of new technology. Energy in the form of 

electricity is one of the most important consumable in this era. Researchers, scientists and 

engineers in the fields of energy development, production and storage are constantly facing 

challenges to meet the ever growing energy demand. 

Most of the utilized energy today is attained from non-renewable resources and the minority 

is derived from renewable sources as illustrated in Figure 1.1. Non-renewable energy sources 

have a negative impact on our environment, the burning of fossil fuel leaves huge amounts of 

carbon-based by-product materials in our environment which causes global warming leading 

to climate change and its related problems such as the rising of sea level and melting of polar 

ice [3–5]. The nuclear fission of uranium (    
   ) also imposes a challenge of disposing the 

nuclear waste materials which are very dangerous to all living organisms. The nuclear wastes 

are very radioactive and have very long decay times (half-lives), thus the waste stay 

radioactive for a long time [6,7] These non-renewable energy sources are sooner or later 

doomed to run out, hence we cannot heavily rely on them. Thus, due to the high energy 



2 

 

consumption and depletion of natural resources the world is engaged in a transition to 

alternative energy to meet this ever increasing energy demand.  

On the other hand, renewable energy sources seem to be the sustainable alternative energy 

that is ecologically healthy and beneficial to our present and future generations i.e. renewable 

energy sources have significantly less side effects as compared to the non-renewable energy 

sources. Renewable energy has attracted outstanding attention within the past few years. Only 

a fraction of energy used today is generated from renewable sources such as solar, wind, tidal 

and many more (Figure 1.1). Most of these renewable energy sources are highly intermittent 

in nature and have to be supplemented by energy storage device such as a supercapacitor 

(SC) [8–10], batteries [11,12] and flywheels [13]. 

 

 

Figure 1.1. United States energy consumption by Energy Source, Renewable energy sources 

contributed 8% of the energy consumption (2009). Source: U.S. Energy Information 

Administration [14] 
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Currently, batteries such as lithium – ion have high specific energy, while supercapacitors 

(SC) have the highest specific power. In addition to that, SCs are cost effective, have a long 

life span, are efficient and environmentally safe. SCs are promising energy storage devices of 

the future, which have been developed and advanced for the past few decades. The 

significance of SCs in comparison to other energy storage and conversion devices is 

displayed within the Ragone plot in Figure 1.2. It can be seen that SC spans the gap between 

batteries and conventional capacitors. The specific energy of SC is smaller in comparison to 

that of battery or fuel cells. Hence, researchers focus on the fabrication of SC devices that can 

compete with other energy storage and conversion devices while preserving the traditional 

capacitor properties such as long life span and high specific power. 

 

Figure 1.2. Ragone plot for different kinds of electrochemical energy storage devices. 

Adapted from Ref.[15,16] 
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Due to the properties of conventional SC and advancement of technology within fields such 

as medical, textile, mobile and nano-energy generation requires revamped, redesigned and 

miniaturised SC energy storage with different architecture labelled as microsupercapacitors 

(µ-SC) [17–19]. In addition, the advent of the fifth-generation (5G) communication within 

the fourth industrial revolution has further encouraged the development and spread of 

research interest in fields of the Internet of Things (IoTs) and microdevices [20,21]. In these 

applications, a huge and diverse network of interconnected microdevices communicate with 

each other without any sort of delay and disruption. This will ultimately benefit various fields 

such as wearable electronics and personal health care. Given this ubiquity of self-operating 

microdevices that can be embedded in the human body, it is of great importance to develop 

and advance maintenance-free micropower devices that will be compatible with the 

microdevices. These maintenance free micro-energy storages (µ-SCs) can be fabricated 

differently for various purposes and applications such as in textile for wearable technology 

using Polyethylene terephthalate (PET) and two dimensional materials (i.e. 

graphene/graphene oxide) as illustrated in Figure 1.3. In medical applications µ-SC is 

applicable in heart-beat monitoring device (pacemaker) and electronic stethoscope among 

others. 

 

Figure 1.3. Flexible on chip µ-SC integrated on a circuit for wearable technology [22]  
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These µ-SC devices give us the ability to develop and construct distributed energy sources 

that harvest energy from renewable source such as mechanical triggering and vibration i.e. 

triboelectric nanogenerator [23] and piezoelectric [24]. Most of the energy harvest modules 

for µ-SCs are not so conventional like solar and wind energy sources. To fabricate such self-

powered devices, an energy storage module is of very importance since it captures charges 

from the energy harvesting module onto the sensors (for obtaining data) and transponder (for 

transmitting the captured data). Micro-batteries or thin film batteries store more energy than 

µ-SCs, which would make them candidates for micro-power source, however, due to the 

limited lifespan and lower specific power, the microdevices will require periodic maintenance 

and replacement of the micro-batteries. In addition, the low specific power will also limit the 

functions of the high power requiring microdevices. Thus, µ-SCs are the best choice for IoTs 

devices and other microdevices since they have a long lifespan i.e., less maintenance and 

have high specific power.  

This work demonstrates a simple, novel method of fabricating µ-SC energy storage devices, 

which is composed of a spray coater, AP-CVD and an AxiDraw sketching apparatus. Unlike 

other methods which required extremely expensive equipment, are time demanding and are 

health threatening such as laser techniques [25], and photolithography [26,27]. Thus, this 

method yielded results comparable to those from other techniques.  
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1.2. Aim and objectives  

 

The aims and objectives of this research are divided into two parts as follows: 

1. Synthesis and characterization of TRGO electrodes for high-performance binder-less 

and conductive agent free SC applications  

 Oxidation of graphite using Hummers’ method into GO, then reducing the GO 

directly on nickel foam current collector  

 Evaluation of the effects of reducing temperature of the SC performances 

 Effects of different aqueous electrolytes on the SC performance 

 

2. Synthesis and characterization of TRGO µ-SCs for micro-energy storage 

 Preparation and characterisation of TRGO thin films 

 Fabrication of µ-SCs from the TRGO thin films and evaluation of  the effects of 

reducing temperature on the electrochemical performance 

 Evaluation of  the effect of the interdigitated electrodes on the supercapacitor 

performance 

  



7 

 

1.3. Thesis layout 

 

This thesis is divided into five chapters: Chapter 1 gives an insight to the study problem 

together with aims and objectives of this study. Chapter 2 provides the fundamental 

information on SCs and µ-SCs. Chapter 3 gives a brief description of the experimental 

techniques used to prepare the active materials, fabricate the electrochemical devices and the 

techniques used to analyse the active material. The detailed discussions of the obtained 

results are discussed in subchapters of Chapter 4, while Chapter 5 contains the general 

conclusion and future work. 
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Chapter 2 Literature review 

2.1. Introduction 

 

This work focuses on the application of supercapacitors (SCs) and microsupercapacitors (µ-

SCs) for electrochemical energy storage. This chapter briefly presents a summary of the 

different energy storage mechanisms of SCs, µ-SCs architecture, different interdigitated µ-

SCs fabrication techniques, and other parameters involved in the performance evaluation 

such as electrolytes and electrode materials. Fabrication and testing of an electrochemical cell 

as well as evaluation of the electrode materials and microsupercapacitors are also discussed. 

 

2.2. Microsupercapacitors 

 

Supercapacitors (SCs) also known as electrochemical capacitors (ECs) or ultracapacitors 

have attracted overwhelming attention in areas of applications such as electric vehicles, 

cameras, and cell phones [1,2]. These devices are an alternative to batteries even though they 

have low specific energy. However, they counteract batteries by possessing better 

electrochemical properties such as unlimited lifespan (theoretically calculated to > 10
5
 

cycles) and higher specific power. Moreover, these SCs devices span the gap between 

batteries and conventional capacitors by having higher specific energy than the latter and 
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having higher specific power than the former [3]. The Ragone plot of SCs and other 

electrochemical energy storage and energy conversion devices is displayed in Figure 1.2, 

while the Ragone plot of microsupercapacitors (µ-SCs), other micro-energy storage devices 

and micro-power consuming devices such as sensors and short-range communications 

modules like Bluetooth is displayed in Figure 2.1. It can be seen that even if the energy stored 

in µ-SC is very small, it is enough to power short-range communication and sensors for 

several minutes at a charge [4]. 

 

 

Figure 2.1. Ragone plot illustrating power and energy density (also referred to as specific 

energy and power) of microsupercapacitors, while the shaded vertical areas illustrate power 

consumption of various microelectronics (top axis). Adopted from Ref [4] 
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Conventional SCs are too bulky and rigid for microdevices. In addition, the assembly 

methods of conventional SCs is not compatible with the fabrication and preparation 

techniques of the microelectronic industries. Note that, the term ―microsupercapacitor (µ-

SC)‖ describe SC devices which are small enough to be integrated into a microelectronic 

device and these µ-SCs come in many flavours (architecture design) as displayed in Figure 

2.2. These devices can be classified into one, two and three dimension configurations. 

Among these different architectures the in-plane interdigital design also referred to as 

interdigitated or comb-style design offers more advantage than other µ-SCs design in that 

they have a shorter ion diffusion distance, easy integration with other microelectronics, 

substantial exposure of the electrode material to the electrolyte and they allow fabrication of 

electrodes from various materials [4–8]. This work is focused on the interdigitated design 

mainly due to the above mentioned properties. Within this work the term ―µ-SC‖ also refers 

to the interdigitated design unless specified. 
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Figure 2.2. Various architectures of µ-SC. (a) one dimensional (linear, fibre) configuration 

composed of parallel, twisted and core-shell; (b) two dimensional (planar) configurations 

composed of sandwich, interdigitated and array; and (c) three-dimensional configuration 

composed of kirigami, sponge and textile. Adopted from Ref [5] 

 

2.3. Energy storage mechanisms 

 

In general, SCs and µ-SCs can be classified based on their electrochemical charge storage 

mechanisms, which are electric double layer capacitor (EDLC), pseudocapacitors also 

referred to as redox electrochemical capacitors (RECs) and hybrid capacitors which is the 
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union of the EDLC and RECs. The flow chart in Figure 2.3 displays an overview of each 

class of SC energy storage mechanism and indicates an example of the active materials 

within those classes. 

 

 

Figure 2.3. The classification of electrochemical capacitors based on charge storage 

mechanism. Adapted from Ref [9]. 
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Figure 2.4 (a) and (b) shows the schematic of a typical SC and µ-SC devices, respectively, 

which consists of two working electrodes i.e. positive (cathode) and negative (anode) 

composed of active material deposited on current collector, an electrolyte which can be either 

aqueous [10,11], gel [12,13] or solid state [14], and a separator that separates the two 

electrodes. In the SC a membrane like filter paper is often used [15,16] while in interdigitated 

µ-SC a space similar to conversional capacitor is used [7,17]. Note that in µ-SC some active 

material such as laser reduced graphene oxide and thermally reduced graphene oxide does not 

require a current collector since the active material is extremely conductive. This was 

illustrated by Gao et al. [7] when fabricating laser reduced graphene/MnO nanocomposite 

electrodes for microsupercapacitors. 

In accordance, with the charge storage mechanism of the electroactive material and device 

architecture of both SC and µ-SC discussed above and also displayed in Figure 2.3, the 

electroactive material charge storage mechanism can be classified into the three categories: 

EDLC, pseudocapacitance and battery type. These charge storage mechanisms which occur 

on both or either of the electrodes are illustrated schematically in Figure 2.4 (c) – (g). 
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Figure 2.4. The schematic illustrating a typical structure of a (a) SC and (b) µ-SCs device. 

Illustration of SCs electrode energy storage mechanism: (c) electrical double layer capacitor 

(EDLC), (d) surface redox capacitance, (e) intercalation capacitance and (f) battery 

behaviour. Classification of elements based on the different charge storage mechanisms: (g) 

surface redox capacitance, (h) intercalation capacitance, (i) battery behaviour and (j) anions 

used to co-ordinate with these transition metal elements. Adapted from Ref [18,19] 
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2.3.1. Electric double layer capacitor 

 

The EDLC schematic is illustrated in Figure 2.4 (c). This process is controlled by a reversible 

adsorption/desorption of electrolyte ions at the electrode/electrolyte interface which forms an 

electrical double layered region. Briefly, atoms, ions or molecules within the electrolyte 

adheres on to the conductive surface of the electroactive material (which is mostly carbon 

based) within the electrode due to the charges difference of the conductive surface and the 

electrolyte ions. Furthermore, in the anode the applied potential will negatively polarise the 

electrode material where the cations will electrostatically adhere onto that surface, while on 

the cathode the opposite occurs with the electrode material being positive and the 

electrostatically adhered ions being negative (anions). The process occurs on the cathode and 

anode simultaneous, resulting in an electric double layer where charge transfer takes place at 

electrode/electrolyte interface. 

The EDL was first modelled and introduced by Hermann von Helmholtz in the mid-19
th

 

century. This proposed model is referred to as the ―Helmholtz double layer‖ displayed in 

Figure 2.5 (a), which consists of the formation of two layers: Positive (electrode material) and 

negative (electrolyte) charges at the electrode/electrolyte interface. This also happens on the 

other electrode where the material will be negatively charged while the cations adhere to it. 

The distance between the two layers on either side of the EDL is in the nanometre regime 

which is significantly smaller than separation distance between the conventional capacitor 

plates. The capacitance (C) in farads (F) of the charge stored via the EDLC mechanism is 

presented as follows: 
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                                                      …. 2.1 

where   ,   ,  , and   are the relative permeability (Fcm
-1

) of the electrolyte, dielectric 

constant of the electrolyte, total surface area in square metre (m
2
) of the electroactive 

material, and charge separation distance in metre (m), respectively. 

From equation 2.1, it can be seen that the EDLC capacitance is directly proportional to the 

surface area of the active material and indirectly proportional to the charge separation i.e. the 

distance between the positively and negatively charge layers. EDLC capacitors have a very 

high surface area (from carbon based materials) and a very small charge separation distance 

[20,21] , which gives them the ability to carry a lot of charge, compared to conversional 

parallel plate capacitors, hence ―SUPERCAPACITORS‖. 

 

Figure 2.5. Different EDLC charge storage mechanism models (a) Helmholtz and (b) Stern 

model. Adopted from Ref [22] 
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The Helmholtz model omitted some important phenomena occurring within the surface 

(electroactive material) of electrode such as surface ionic interaction [23]. This model was 

modified into the Gouy and Chapman model, where omitted concepts within the Helmholtz 

model were included, such as the presence of the diffusion layer, and ion interaction within 

the EDL interface [24]. This model was finally modified into the Stern model displayed in 

Figure 2.5 (b), this is an amalgamation of the concepts and theories from both Helmholtz; and 

Gouy and Chapman models. These new model shows the presence of several ionic distributed 

regions which are the Stern layer (also known as compact layer) containing the inner and 

outer Helmholtz plane and the diffuse layer. Thus, the total EDLC capacitance (  ) 

corresponds to the capacitance obtained from Stern layer (  ) and diffuse layer (  ). 

                                                         
 

  
  

 

  
  

 

  
                                                  … 2.2 

In conclusion, the EDLC processes heavily dependent on the accessible surface area of the 

electroactive material and electrolyte ions charge separation. In general, carbon based 

materials exhibit the EDLC behaviour, during the charging process the electrons travels from 

the negative electrode to the positive electrode through an external circuit and during the 

discharge the reverse processes occurs. Thus, there is no charge transfer across the 

electrode/electrolyte interface. Note that the EDLCs have no chemical reaction involved 

during the energy storage mechanism and are electrochemically stable due to the energy 

storage processes which are physical and highly reversible; hence EDLCs have a very long 

life-span. In addition the amount of charge stored and discharge in the EDLCs also relies on 
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the movement and amount of adsorbed ions rather than batteries that relies on slower 

chemical reactions [21,23–25]. 

 

2.3.2. Pseudocapacitor 

 

Pseudocapacitance (PC) is mainly divided into two categories: surface redox reactions 

displayed in Figure 2.4 (d) and intercalation displayed in Figure 2.4 (e). These PCs are based 

on fast and highly reversible Faradaic redox reactions (oxidation-reduction) or processes 

within the electroactive material or at the surface of the electroactive material which endows 

PCs devices with much higher charge storage capacity. On the contrary, EDLCs store charge 

on the electrolyte/electrode interface purely by electrostatic process, while PCs uses Faradaic 

redox processes implying a charge transfer between electrolyte and electrode through the 

double layer at an applied potential. The surface redox reactions of PC process stores charges 

through adsorption/desorption of electrolyte ions (i.e. on the cations and anions) onto the 

surface of the electroactive material then followed by faradaic redox reactions. The surface 

redox reactions can be further be divided into underpotential deposition (UPD) and redox PC 

as displayed in Figure 2.6. Note that some of the materials that exhibit surface redox reaction 

are displayed in Figure 2.4 (g).  
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Figure 2.6. Schematics of different PCs charge storage mechanism; (a) underpotential 

deposition, (b) redox PC, and (c) intercalation PC. Adopted from Ref [26] 

 

The UPD occurs when the absorbed ions monolayer on the surface of a dissimilar metal 

substrate is deposited at lower potential than the redox potential. The potential difference 

between the low applied potential and redox potential leads to charge transfer between the 

metal substrate and deposited metal monolayer [27–29]. A typical example of a UPD is the 

deposition of lead (Pb) on a gold (Au) substrate surface as displayed in Figure 2.6 (a) [26]. 

The Redox PCs charge storage mechanism happens when the ions adsorbed onto the surface 

or near the surface of electrochemically active material such as RuO2 and MnO2 result in a 

charge transfer, this is also illustrated schematically in Figure 2.6 (b) [26,30].  
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Lastly, the intercalation PC charge storage mechanism occurs when electrolyte ions tunnels 

into the Faradaic electrode material followed by redox charge transfer without changing the 

crystal structure/phase of the electroactive material. An example of the intercalation PC 

would be insertion Li
+
 ions into Nb2O5, also displayed in Figure 2.6 (c). Some of the 

materials which belong to the class of intercalation PC are displayed in Figure 2.4 (h). 

[26,30–33] 

In general, PC can store as much charge as some batteries, but they suffer from low specific 

capacitance, short life span, and poor electrical conductivity. Note that the battery-type 

processes together with the material involved are displayed in Figure 2.4 (f) and (i), 

respectively. Anions used to co-ordinate transition metal elements used in both SC and 

batteries are displayed in Figure 2.4 (j). 

 

2.3.3. Hybrid capacitors 

 

Hybrid capacitors (HCs) utilise both storage mechanisms i.e. EDLCs and Faradaic, hence 

HCs combine high specific power and long life span for EDLC together high specific 

capacitance from the  Faradaic material due to rich redox reactions and great electrochemical 

activities. Thus, HCs can archive a higher electrochemical performance. Moreover, these two 

processes occur simultaneously, but one of them dominates, leading to higher capacitance 

and/or higher operating potential window. In addition, the most common HCs architecture 

consists of a battery type i.e. Faradaic or intercalation storage mechanism as a cathode 
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electrode and EDLC storage mechanism material as an anode electrode (this architecture is 

also known as asymmetric capacitor). These can also be achieved by preparing a pair of 

different electrode materials using with dissimilar charge storage mechanism: Different metal 

oxides, doping conducting polymer materials, composite materials prepared from a carbon 

material incorporated into a conducting polymer or metal oxide. Hybrid capacitor can be 

classified into battery-type, composite and asymmetric [16,34–36]. These SC devices are 

considered to be the future of electrochemical energy storage since they combine the best 

properties of both EDLC and Faradaic storage mechanisms as shown in Figure 2.3 and Figure 

2.4.  

Briefly, this class of SCs also offer the following advantages: Hierarchical porous structure, 

large surface area, reduced charge transfer resistance, good cyclic stability, increased life 

span, good material conductivity, swift ion transport and increased electrochemical active 

site. Hence, HCs are considered to be  the future energy storage devices [37–39].  

 

2.4. Materials and fabrication 

 

It has been shown in Figure 2.4 (a) and (b) that SCs and µ-SCs, mainly consists of the 

electrode, electrolyte and a separator. The electroactive material within the electrode is one of 

the most important components of these electrochemical energy storage devices. The 

electroactive material plays an important role of carrying the charges which leads to the 

determination of specific energy and power. The electrode materials can be classified into 
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three types: Carbon based materials (activated carbon, carbon nanotube, and graphene) 

[36,40–42]; conducting polymers (polythiophene, polyaniline, polyphenylene and sulphide) 

[43–45] and metal oxide/hydroxides (MnO2, NiO and VO2; and two-dimensional layered 

transition-metal dichalcogenides (MoS2, NiS2 and VS2) [16,32,46]. Figure 2.4 (g) – (j) also 

indicates the most commonly used electrochemical materials (elements) and also corresponds 

them to the underlying charge storage mechanisms [18,19,26,47]. 

The SC and µ-SC electrodes can be prepared using various techniques. These techniques 

heavily depend on the chemical and physical properties of the substrate and electroactive 

material. In the fabrication of SC electrodes on nickel foam (NF) only few techniques such as 

slurry paste [15,35], electrodeposition [16,48], chemical vapour deposition [49,50], 

hydrothermal [51,52], dip -coating [53,54] and successive ionic layer adsorption and reaction 

(SILAR) [55,56] are applicable due to architecture of NF. These techniques are able to 

deposit material into the inner NF surface unlike a technique such a spin coating [57]. Slurry 

paste is the most used method in SC NF-electrode where the electroactive material either 

carbon based, polymers, metal oxide/hydroxide and/or composite are mixed together with 

binder such as Polyvinylidene fluoride (PVDF) and Polytetrafluoroethylene (PTFE) and 

conductive enhanceing agent such as carbon acetylene black (CAB) and carbon nanotubes 

(CNTs) are mixed in N-Methyl-2-pyrrolidone (NMP) solvent until a homogenous paste is 

formed. The slurry paste is then applied to the NF via a paint brush [15,35,40,58]. In addition, 

slurry paste gives the ability of controlling the mass of the electroactive material onto NF. 

Moreover, oxygen functional groups on the surface of GO makes it highly soluble in solvents 

such as water and ethanol i.e. GO can be pasted then dried on NF or sprayed on a flat 

substrate such as microscopic glass. 
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Several authors have shown that reduced graphene oxide (rGO) has the tendency of 

restacking into a bulk material due to the presence of van der Waals forces, this has been used 

to fabricate free standing graphene oxide film [13,61]. This work took advantage of the 

above-mentioned GO and rGO in the fabrication of thermal reduced graphene oxide (TRGO) 

directly on NF i.e. TRGO/NF in the absence of binders and conductive enhancement. This 

allows for the electrochemical evaluation of the electroactive material without influences 

from binders and conductive enhancement. Moreover, chemical reduction using reducing 

agents such as hydrazine and ascorbic acid (vitamin C) often introduces functional groups 

such as amino nitrogen atoms and some O-group [62], respectively. 

On the other hand, conversional µ-SC fabrication methods are displayed in Figure 2.7 and 

have been utilised in the fabrication of the next-generation electrochemical energy storage 

devices. In general, the preparation methods in Figure 2.7 have the following challenges: 

Sufficient resolution of the electrode patterns is defined by the patterning methods, 

compatibility with the conditions employed in the semiconductor industry to enable 

integration with other electronic components and depositing electroactive material effectively 

onto micro sized current collector patterns without short circuiting the positive and negative 

electrodes [4]. Note that this work is dedicated to interdigitated µ-SC only. 

As stated above, the fabrication method relies on the chemical and physical properties of both 

the substrate and electroactive material. In the µ-SC device fabrication, the desired output 

also plays an important role in the choice substrate and electrode material. The fabrication 

methods displayed in Figure 2.7 have attracted overwhelming attention for the µ-SC 

manufacturing due to their simplicity, low cost, scalability and more interestingly, their 
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ability to prepare electrodes with unique form such as stretchability, wearability and 

flexibility [4,5,43,63].  

 

 

Figure 2.7. Different fabrication methods for interdigital microsupercapacitors. (a) Laser 

scribing/automated scratching (e.g. AxiDraw), (b) photolithography and spray coating, (c) 

etching, (d) inkjet printing, (e) extrusion printing and 3D printing, (f) screen printing and (g) 

electrochemical polymerization. Adopted from Ref [4,47] 
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In general, these fabrication techniques have been categorized into: Direct patterning of solid 

material on the desired substrate (e.g. Laser scribing and automated scratching displayed in 

Figure 2.7 (a)) and transferring material ink into different µ-SC patterns (photolithography, 

etching, inkjet printing, extrusion printing, screen printing and electrochemical 

polymerization in Figure 2.7 (b) – (g)). However, these techniques can be better classified as 

masked and mask-free techniques, mask-free techniques do require some form of scaffold or 

stencil for electrode fabrication, and thus they are controlled by a driven stage connected to a 

computer. There are laser scribing and automated scratching in Figure 2.7 (a) together with 

Inkjet in Figure 2.7 (d) and extrusion in Figure 2.7 (e) printing. These mask-free techniques 

are straightforward microfabrication method, and only used the required electroactive 

material i.e. there are very little or no wasted material as compared to other masked 

technique.  

These techniques have been used in the preparations of different MXene, graphene and other 

two-dimensional materials based µ-SC. The µ-SC schematic is designed with software such 

as Inkscape and AutoCAD then transposed onto fabrication device like a 3D printer for 

extrusion printing [47,64], AxiDraw for automated scratching [65,66] and paper printer for 

inkjet printing [4,47,67] which will print out the actual µ-SC. This process allows easy 

scalability, and optimization since fabricating µ-SC is very quick and highly reproducible. 

The masked techniques such as photolithography in Figure 2.7 (b), etching in Figure 2.7 (c), 

screen printing in Figure 2.7 (f); and electrochemical polymerization and deposition in Figure 

2.7 (g) have also been used for the fabrication of µ-SC. All these fabrications techniques 
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require some form of a scaffold or stencil (mask). In photolithography, the light is exposed 

through a very expensive photomask, the photosensitive photoresist can be patterned to any 

shape as designed [67,68]; while etching selectively removes the unwanted material via a 

chemical mask such a Poly(methyl methacrylate) (PMMA) and upon removal it leaves 

residues [69,70]. Screen printing uses a chemical permeable fabric scaffold with the desired 

pattern. The electroactive material is printed through the fabric scaffold leaving out the 

desired pattern [4,8,47,67]. Lastly, electrochemical polymerization and deposition can be 

done on a pre-patterned current collector. Thus, during the process, charged particles in the 

suspension move towards the electrode with opposite polarity and coagulate on it. These 

processes have been used in metal oxide/hydroxide and Polyaniline (PANI) [71,72]. 

Generally, these fabrications have a very high waste ratio e.g. electrodeposition/ 

electrochemical polymerization and screen printing requires high amounts of precursor 

material to fabricate few µ-SC device, some material are trapped within the screen printing 

equipment 

In this study, the µ-SCs were prepared as follows: GO was sprayed onto the MSG, then 

thermally reduced using CVD, followed by µ-SC electrode patterning using automated 

scratching (AxiDraw) fabrication technique. Similar to the SC electrode fabrication, this 

method also allows the electrochemical performance evaluation of the TRGO µ-SCs without 

external influences from additives such as binder, conductive agent and by-product from 

chemicals reduction agents. 

Several graphene reducing techniques have been developed and reported, such as thermal 

reduction, chemical reduction, electrochemical, ball milling and many more [62,73,74] In our 

work, thermal reduction was deemed more suitable mainly due to the following reasons: 
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Safe, quick, effective, does not leave by-products within rGO matrix, offers the ability to 

study the effects of oxygen functional groups (OFGs) during the reduction process. Thus, 

TRGO SCs and µ-SCs were fabricated and evaluated for electrochemical energy storage 

application. 

 

2.5. Electrolytes 

 

As important as electroactive materials are, electrolytes are also very important and constitute 

as SCs or µ-SCs basic components which significantly influence the electrochemical 

performance. The electrolyte supplies ionic conduction essential for charge storage and ion 

transport. The significance of the electrolyte heavily depends on the ionic concentration, size, 

type and its electrode material interaction. For the electrolytes to be suitable in 

electrochemical energy storage application, they have to meet the following requirements: 

High electrochemical stability, high ionic conductivity, wide voltage window, low resistivity, 

low volatility, low toxicity and low cost. These electrolytes are located within anode and 

cathode of the SC and µ-SC devices (Figure 2.4 (a) and (b), respectively), while the ions in 

electrolytes are transported through the separator. It is worth mentioning that in the three-

electrode configuration, the electrodes i.e. working, counter, and reference electrodes are 

immersed in the aqueous electrolyte. The electrolytes can be classified as liquid, solid state 

and redox active electrolyte. Furthermore, liquids can be divided into aqueous, organic, and 

ionic liquids electrolytes, while the solid state can be classified into dry state polymer, gel 
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polymer and inorganic electrolytes. Lastly redox active electrolytes can be also classified into 

Aqueous, organic, ionic liquid and gel polymer electrolytes [20,75,76]. 

In the SC study, aqueous electrolytes such as KOH, NaOH and Na2SO4 were used in SC 

rather than other liquid electrolytes, since they provide higher ionic conductivity. These 

electrolytes are quick and simple to prepare (in comparison to organic electrolytes which 

need strict processes and conditions to prepare) and can be used in atmospheric environment. 

Moreover, aqueous electrolytes based SCs display a higher capacitance and higher power 

than organic electrolytes, probably due to the small ionic radius and higher ionic 

conductivity. The aqueous electrolytes based SCs have exceeded the limited theoretical 

operating voltage of 1.23 V attributed to the decomposition of water at high applied potential 

windows. Aqueous electrolytes based SCs have shown the ability to reach higher operating 

potential windows of ~ 2 V due to the synergy between the electrodes and the electrolytes. 

[20,21] 

In the µ-SCs study, gel electrolytes were used. Generally, these electrolytes are prepared via 

the gelation of polymer matrix such as Polyvinyl alcohol (PVA) and PMMA; and electrically 

conductive compounds such as acidic, basic and salts that contains conductive ions. 

Phosphoric (H3PO4) acid, sulphuric (H2SO4) acid and potassium hydroxide (KOH) are the 

most frequently used conductive compound used with PVA matrix. Several studies have 

shown PVA-H3PO4 is the most suitable electrolyte for graphene – based µ-SCs mainly due to 

the smaller ionic radius of H
+
 that can quickly and easily diffuse within the graphene layers 

as compared to large K
+
 and Na

+
 ions. In addition H3PO4 can produce more free ions than 

H2SO4 and KOH at the same molarity [71,77,78]. Thus, PVA-H3PO4 gives higher 
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capacitance and it was used as gel electrolyte in the fabrication of TRGO µ-SC within this 

work. 

 

2.6. Electrochemical testing and 

evaluation 

 

The electrochemical performance of the electrode is investigated using the three-electrode 

configuration displayed in Figure 2.8. Note that the three-electrode configuration is also 

referred to as half-cell, while the two-electrode configuration is referred to as full-cell or 

device. The three-electrode setup consists of a working electrode (WE), counter electrode 

(CE) and reference electrode (RE). The WE is usually made of electroactive material pasted 

on current collector which serves as a platform where electrochemical reaction occurs. In this 

work, nickel foil was used as current collector for the WE. The type of the CE and RE 

depends on the electrolyte used, in this work aqueous electrolytes were utilized and the 

corresponding CE and RE were glassy carbon and silver/silver chloride (Ag/AgCl) filled with 

three molar potassium chloride (3 M KCl), respectively. The RE electrode which has a stable 

and known electrode potential is usually used as a benchmark in the determination of the 

potential of a WE without allowing current thought it, whereas the CE completes the circuit 

and allows the required current through the circuit to balance the current generated at WE 

[20,21,79] 
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Figure 2.8. Schematic diagram of three electrode configuration. 
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For the two-electrode cell setups for SC and µ-SC are illustrated in Figure 2.9 (a) and (b), 

respectively. It can be seen that the CE and RE are joined together and connected to the 

negative, while the WE and sense (S) are also joined and connected to the positive side. The 

connections of the SC and µ-SC are displayed in red and in blue, respectively. In this setup, 

the potential of the device is being measured which also includes the contributions from 

electrolyte and the interactions of the electrolyte and CE. The S measure voltage drop cross 

WE, electrolyte and CE [21]. 

 

Figure 2.9. The schematic view of two electrode cell (a) SC (connected in red) and (b) µ-SC 

(connected in blue), including the coin cell architecture  
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In this work the two-electrodes was used to measure symmetric µ-SCs and asymmetric SC 

devices. The asymmetric device is referred to as any device with a combination of positive 

and negative electrodes with dissimilar properties such as different mass, thickness and type 

of material. On the contrary symmetric device has the same parameters. Note that the 

asymmetric devices are the best SC architecture due to the fact that different materials can be 

used in order to expand the operating potential window, and also use different energy storage 

mechanisms to boost the specific power and energy [16,35,38].  

As previously mentioned, the electrochemical performance of the device is determined 

mainly by the electrodes and electrolytes, which are the most important components. For 

instance the following parameters are affected by the choice of the electrode and electrolyte: 

Life span, capacitance/capacity, resistance and stability. The electrode preparation and 

fabrication including electroactive material coating process is very important. As a result, a 

strict preparation process and fabrication is required to achieve high performance. In recent 

studies, NF has been used as a current collector to study electrochemical performance of 

electrode materials for supercapacitor applications due to higher electrical conductivity, low 

cost, availability, chemical stability in aqueous electrolyte, and mechanical strength to also 

act as a scaffold for the electroactive material [21,40,80].  

The electrochemical performance of the prepared electrodes is evaluated using cyclic 

voltammetry (CV), galvanostatic charge discharge (GCD) and electrochemical impendence 

spectroscopy (EIS).  
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2.6.1. Cyclic voltammetry 

 

The cyclic voltammetry (CV) was utilized to determine the effects of thermodynamics and 

electron transport dynamics on the boundaries in-between the electroactive materials and 

electrolyte ions of the electrochemical device, by interpreting the reactions happening on or 

in the surface of the electroactive material. The CV is applicable in two or three electrodes 

configuration and the measurement is carried out at a certain potential, in which the applied 

potential can be measured at various scan rate (e.g. 5, 10, 20, 50, 100 mVs
-1

 and so on). The 

CV measurements are performed by cycling the potential of WE and monitoring the resulting 

current. Thus, the CV curve is a plot of current response as a function of applied potential as 

illustrate in Figure 2.10 (a) – (c), which also describes the nature of the occurring storage 

mechanism on the electrode/electrolyte interphase. For instance, the CV displayed in Figure 

2.10 (a), reveals the electrochemical double layer i.e. rectangular CV curve behaviour, while 

Figure 2.10 (b) displays the CV plot of PC and lastly the CV curve displayed in Figure 2.10 

(c) corresponds to that of battery-type i.e. it exhibit redox peaks due to  Faradaic reactions. 

The anodic and cathodic scan of the EDLCs curve is similar, suggesting that the measured 

current is independent of the applied potential, while in PCs and battery-type the charge 

accumulation (observed current) on the electrode is dependent on the applied potential 

[45,79–81]. 
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Figure 2.10. Supercapacitor output behaviour of three main types of electrodes; (a) and (d) 

electrochemical double layer capacitor, (b) and (e) pseudocapacitive, and (c) and (f) battery 

type. (a) – (c) schematic of cyclic voltammetry and (d) – (f) corresponding galvanostatic 

charge-discharge. Adopted form Ref [81]. 

 

The CV curve can be used to determine various electrochemical properties of the electrode 

materials such as the specific capacitance (  ) in farads per gram (Fg
-1

) which can be done 

using the following equation (2.3):  

                                                                        
∫     

   
                                                  … 2.3 

Where   ,    and   is the specific current, potential window and scanning rate, respectively. 

In two electrodes asymmetric device there is differences in the specific capacitance and/or 
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capacity, a charge balance, for the two-electrode evaluation where the masses of the 

electrodes were determined based on the charge balancing equation below (2.4) – (2.6): 

                                                                                                                           … 2. 4  

                                                                                                   … 2. 5 

                                                               
  

  
 

       

        
                                                … 2. 6 

where   ,   ,    ,    , m+, m- and    are the charge for positive, charge for negative, 

specific capacity for the positive electrode (mAh g
-1

), specific capacitance (F g
-1

) for the 

negative electrode, masses (mg) of the positive and negative electrodes and    is the 

potential window (V), respectively [15,16,20,21,30].  

Other properties such as the EDLC and Faradaic contribution can be determined from the CV 

using the Power law and Trasatti’s method. Under the power law (2.7): 

                                                                                                                               … 2.7 

the current ( ) corresponding to the scan rate ( ) are plotted in log-log scale of current versus 

scan rate, and   and   are adjustable parameters. The b value of 0.5 indicates that the current 

is controlled by diffusion behaviour and the b value of 1 indicates that the current is 

controlled by surface controlled behaviour (EDLC) [61,82]. In addition, the Transatti’s 

method calculates the quantity of the contribution from the EDLC and Faradaic controlled 

behaviour. First, the total capacitance is calculated from the reciprocal of the extrapolated 
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intercept of the 1/CT versus ʋ
0.5

 and the EDL capacitance (CEDL) was estimated from the 

extrapolated intercept of CEDL versus ʋ
-0.5

 while the pseudocapacitance (Cp) was obtained 

from the difference between CT and CEDL (2.8) [61,83] 

                                                                                                            … 2.8 

 

2.6.2. Galvanostatic charge-discharge 

 

The Galvanostatic charge-discharge (GCD) is one of the most important electrochemical 

characterization tool used for determining the electrochemical performance i.e. specific 

power and energy, voltage holding, stability and self-discharge. The GCD is carried out by 

applying a current between the WE and CE and the generated voltage is measured with 

respect to RE as a function of time, as illustrated in Figure 2.10 (d) – (f). During the GCD 

measurements, the lower and upper potential limits are pre-set for the WEs, while the current 

push the voltage to the upper limit. After the upper limit is reached, the current reverses 

dragging the voltage to the initial lower limits and the next cycle begins again and again. 

Similarly to the CV curves, the GCD curve also reveals the electrochemical charge storage 

behaviour of the electrode as EDLCs (Figure 2.10 (d)), pseudocapacitors (Figure 2.10 (e)) 

and battery-type (Figure 2.10 (f)) [20,81]  

Specific capacitance can also be determined from the GCD depending on the nature of the 

storage mechanism; In EDLC behaviour the following equation (2.9) is applicable  
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                                                           … 2. 9 

where   ,    and    are the specific current (A g
-1

), discharge time (s) and cell potential (V), 

respectively [16]. If the GCD curve shows Faradaic behaviour the specific capacity can be 

calculated by integrating the area under the GCD curve using the following equation: 

                                                                      
   ∫   

   
                                           … 2. 10 

In the case of Faradaic behaviour, the working potential or voltage in case of full cell is non-

linear with time; hence specific capacity is reported. The specific capacity of the electrode 

can be calculated using the following equation: 

                                                                     
    

   
                                                … 2. 11 

Specific energy (  ) in W h Kg
-1

 and specific power (  ) in W kg
-1

 can be calculated from the 

GCD curve using equation (2.12 and 2.13) and (2.14) [45,84], respectively.  

                                                                 
  

   
∫     
  
  

                                           … 2. 12 

Equation 2.12 reduces to equation 2.13 in the case of EDLC behaviour 

                                                                       
 

 
                                              … 2. 13 
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                                                … 2. 14 

where   , ∫     
  
  

 and    are the specific current (A g
-1

), integral under the area of the 

discharge time (V s) and discharge time (s), respectively. The maximum power (    ) in W 

kg
-1

 of the device is obtained using the following equation [45,85]: 

                                                                  
   

       
                                             … 2.15 

where   ,   and     are the cell potential (V), mass in kg and equivalent series resistance. 

 

2.6.3. Electrochemical impedance 

spectroscopy  

 

The electrochemical impedance spectroscopy (EIS) is used to further evaluate the 

electrochemical behaviour of the prepared electrode materials i.e. parameter such as 

resistance, ion diffusion and charge storage mechanism. It is operated at different potential 

windows, the obtained EIS response of the material can also be used to identify the energy 

storage mechanism .i.e EDLC, PC and battery type similarly to CV and GCD. The EIS is 

often represented in Nyquist plot (imaginary component (Zꞌꞌ) as a function of real 

components (Zꞌ) of the impedance) as displayed in Figure 2.11 (a). The EIS can also be 

illustrated in terms of the Bode plot showing impedance phase angle as a function of 
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frequency, with an ideal impedance phase angel of 90  illustrating ideal SC behaviour 

[85,86]. 

 

 

Figure 2.11. (a) A typical Nyquist plot for an EDLC (green), pseudocapacitive materials 

(blue) and battery type (red). (b) Schematic of SC device with a voltage distribution and the 

corresponding simulated circuit diagram. Adopted form Ref [81,87]. 

It can be seen from Figure 2.11 (a) that the Nyquist plot consists of a lower and a higher-

frequency region. In the high frequency region, the semi-circle is assigned to charge transfer 

resistance (RCT) which is relative to the electronic conductivity, and equivalent series 

resistance (ESR) which is the x value of the starting point of the EIS plot, representing the 

sum of resistance within the electrolyte, interfacial resistance electrolyte/electrode and 

resistance between electrode and current collector. In the lower frequency region, imaginary 
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and real capacitance, ion diffusion coefficient and ion length can be determined. An ideal 

supercapacitor exhibits a vertical line parallel to the imaginary impedance axis, while the 

fabricated SC shows a deviating vertical line at an angle of 45º in mid-frequency region 

represents the ionic diffusion mechanism (Warburg resistance) [81,87].  

The real and imaginary components of the capacitance (     ) and (      ), respectively, 

can be determined by the evaluation of complex capacitance model presented by the 

following equations (2.15) – (2.18): 

The impedance      with       is expressed as  

                                                              
 

        
                                                 … 2.16 

                                                               
      

 |    | 
                                                … 2.17 

                                                              
     

 |    | 
                                                … 2.18 

                                               |    |                                                    … 2.19 

where  ,     ,       and        are the angular frequency, real impedance and imaginary 

impedance, respectively. The (     ) shows accessible capacitance while        gives a 

relaxation time (       , where f is the peak of the frequency). 
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The ion diffusion coefficient (D) of the electrolyte ions into the active electrode material can 

be determined using equation 2.20, but first the Warburg coefficient    can be estimated 

using the equation (2.19) [88,89]:. 

                                                                     
                                       … 2.20 

where   ,    , and       are the electrolyte resistance, charge transfer resistance, real 

impendence corresponding to the angular frequency in the low frequency region. Note 

that   ,     parameters are independent of the frequency. Thus, the slope obtained from 

      dependence on the reciprocal square root of the lower angular frequencies (     ) and 

the D is obtained from the following equation (2.20) [88]: 

                                                                (
  

      
)
 

                                          … 2.21 

where R is the gas constant (8.314 J mol
−1

 K
−1

), T is the temperature (298.5 K), A is the total 

area (cm
2
) of the µ-SC fingers, F is the Faraday’s constant (96,500 C mol

−1
) and C is the 

molar concentration of H
+
 ions   
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Chapter 3 Preparation and analytical 

techniques 

3.1. Introduction 

 

This chapter covers the methods and techniques that were used in the making and analysis of 

the conventional SC and µ-SC electrodes; and devices. The first part of this chapter focuses 

on the preparation and fabrication methods, the last part focuses on the analysis techniques 

used within this study.  

The TRGO electroactive material used in both SC and µ-SC was prepared by Hummers’ 

method, sprayed or pasted on the MSG or NF substrate, then subsequently thermally reduced 

using AP-CVD in argon environment at various temperatures to form TRGO-X where X 

represent the reducing temperature which are 200, 300, 400 and 500 . The electrolyte 

(aqueous electrolyte) for SC was prepared by dissolving pallets such as KOH in deionised 

water (DW), as for the µ-SC, the gel electrolyte was prepared by hydrolysing PVA followed 

by the addition H3PO4 acid. The TRGO/NF electrode and its related device was analysed in 

aqueous electrolyte in both two and three electrode configurations. Moreover, the TRGO-X 

on MSG was patterned using the AxiDraw and used together with the gel electrolyte in 

fabricating two electrode devices. 

The synthesized materials, fabricated electrodes and/or devices that were investigated in this 

study were characterized using the following techniques: The X-ray diffraction (XRD) was 
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used to investigate the crystal structure. The scanning electron microscopy (SEM) and energy 

dispersive X-ray spectroscopy (EDS) was used to obtain the surface morphology and 

elemental information. Raman microscopy was used to obtain the structural properties, while 

the atomic force microscope (AFM) was used to measure the surface roughness and topology 

of the thin films. Fourier transformation infrared (FT-IR) spectroscopy was used to measure 

surface functional groups. Ultraviolet–visible spectroscopy (UV-Vis) was used to measure 

light transparency and absorption of the prepared samples. Four point probe (4PP) was used 

to determine the sheet resistance of the TRGO films. The electrochemical energy storage 

performance of the SC and µ-SC were carried out using potentiostat while monitoring the 

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

impedance spectroscopy (EIS). 

 

3.2. Preparation techniques 

3.2.1. Hummers method 

 

Hummers’ method was developed in the 50s by Hummers and Offeman as a safer, quicker 

and effective way to prepare graphene oxide. This method is an advancement of the 

Staudenmaier’s method which has drawbacks such as fuming nitric acid, possibility of 

explosion, time consuming, and low yield. Thus, Hummers’ method is a better alternative to 

the Staudenmaier’s method; it mainly uses cooled sulphuric acid, potassium permanganate 
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and the precursors like graphite. The process occurs at a low temperature of approximately 50 

  for a short time of less than 3 hours [5,6] 

In this work, 1 g of graphite powder was slowly added into an agitated 120 ml cooled 

sulphuric acid (H2SO4) until a black homogeneous solution was obtained. Potassium 

permanganate (KMnO4) was then added into the black homogeneous solution. The solution 

was continuously stirred at 250 rpm for 180 min at 50   and then left to cool to room 

temperature. Deionised water (100 mL) was added together with 20 ml of hydrogen peroxide 

(H2O2) to stop the reaction by reducing the remaining KMnO4 into a water soluble 

manganese sulphate (MnSO4) as described by the equation below (3.1): 

 

                                                           … 3.1 

 

The GO was cleaned via the decantation method which involves adding DW into the GO 

solution and let it settles, decanting, adding DW, letting the GO settle, decant, repeating until 

the pH was neutral ensuring that GO becomes impurity free. The GO solute was then 

centrifuged at 5000 rpm for 5 min The obtained GO was then dried in an oven at 60   and 

stored for SC electrode and µ-SC fabrication and characterisation [4–6] 
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3.2.2. Preparation of electrode 

 

The electrode preparation methods utilised in the work, in both SC and µ-SC are binder-less 

and also do not require any sort of conductive enhancers. This is primarily due to the high 

conductivity of rGO. This also simplified the µ-SC fabrication by removing the current 

collector, which led to the simplicity of the fabrication method. This developed method 

present a significant progress in the fabrication of binder and conductive enhancement for 

electrochemical energy storage devices. 

 

3.2.2.1. Supercapacitor 

 

The electrode for the SC was prepared via Slurry paste. In brief, the dried GO was mixed 

with ethanol via string and sonication until a slurry paste (solution) is achieved. The slurry 

was then pasted onto nickel foam (NF) current collector, which was then dried in an oven 

over night. 
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3.2.2.2. Microsupercapacitors 

3.2.2.2.1. Spray coating 

 

The thin film used in the fabrication of the interdigitated µ-SC was prepared via spray coating 

method illustrated in Figure 3.1. The GO solution was also prepared by mixing dried GO and 

ethanol, but a less viscous solution was archived as compared to the GO solution for slurry 

pasting for SC electrode. The GO solution was poured into the airbrush which was connected 

to a pressurised argon (Ar) or nitrogen (N2) glass cylinder, then GO was sprayed onto the 

microscopic glass (MSG) [4]. 

 

Figure 3.1. Schematic setup of a spray coater 
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3.2.2.2.2. AxiDraw 

 

An AxiDraw sketching instrument (Figure 3.2 (a)) is coupled with a sharp blade pen (Figure 

3.2 (b)), rather than a pen marker as illustrated in Figure 3.2 (a). The AxiDraw equipment 

was controlled by AxiDraw extension add-on on the Inkscape software. The sharp blade pen 

is used to remove the active material to create the positive and negative electrodes [7]. This 

mask-free electrode fabrication technique has got the following advantages: Simple, cheap 

and quick as compared to other electrode fabrication techniques. 

 

 

Figure 3.2. (a) An AxiDraw sketching instrument and (b) sharp blade pen.  
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The Inkscape project schematic of the µ-SC with 6 digits per unit area is displayed in Figure 3.3 (a), 

while the corresponding TRGO patterned interdigitated electrodes are displayed in Figure 3.3 (b). It 

can be seen that the Inkscape drawn schematic is identical to the Axidraw pattern. The inkscape 

defined parameter which are number of digits per unit area (n), width ( ) Length ( ) and 

Breadth (B), and Edge ( ) were obtained on the patterned TRGO µ-SC as defined on the 

Inkscape project. Interspace ( ) is determined by the thickness of the tip of the sharp blade 

pen. The interspace distance was determined by SEM as displayed in Figure 3.3 (c). 

 

 

Figure 3.3 (a) Inkscape project schematic (with labelled parameter) and (b) digital image of TRGO 

patterned of µ-SC with 6 digits per unit area and (c) SEM image of the interspacing distance. 
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3.2.3. Atmospheric pressure chemical 

vapour deposition/tube furnace  

 

The chemical vapour deposition (CVD) consists of a reaction chamber, pressure sensor, and 

heating element. The chamber was connected to an inlet gas monitored by a flow meters and 

an outlet gas as shown in Figure 3.4. This technique is mostly used for production of high-

purity material in bulk either in thin-film or in powder form, where the CVD process utilizes 

dynamic system of flowing gaseous precursors reacting chemically within the reaction 

chamber under various heating condition. In this work, CVD was operated in atmospheric 

pressure, hence atmospheric pressure chemical vapour deposition (AP-CVD). It was used to 

remove the oxygen functional groups (OFGs) within the surface of GO in an argon gas 

environment which mainly prevent the reactions between carbon the GO and oxygen from 

the environment into carbon mono/dioxide.  

In brief, GO on NF/MSG was placed within the reaction chamber; Ar gas was introduced into 

the system to purge the atmospheric environment and also to create its own inert 

environment. In simple terms, during the reduction the heat is generated from the heaters 

within the CVD, which led to the removal of the OFGs on the surface the GO sheets. This is 

a very effective, simple, and safe method of reducing GO [8–10]. 
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Figure 3.4. The schematic diagram of a horizontal CVD 

 

3.2.4. Electrolyte preparation 

 

The electrolyte is the substance located between the two-working electrode in device 

configuration. This substance supplies the electrochemical device with ions essential for 

charge storage. Moreover, the significance of the electrolyte heavily depends on the ionic 

concentration, size, type and its electrode material interaction. The electrolytes utilised in this 

work were aqueous electrolyte in conventional SC and a gel electrolyte in µ-SC devices.  
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3.2.5.1. Aqueous electrolyte 

 

The electrolyte was prepared by dissolving pellets of potassium hydroxide (KOH) in 

deionised water. The molarity (C) of the electrolyte is calculated using the following 

equation: 

                                                                                                          … 3.2 

where   is the mass of the pellets in gram is,   is the volume of the deionised water in dm
3
, 

and    is the relative molar mass in g/dm
-3

.  

 

3.2.5.2. Gel electrolyte 

 

The PVA gel electrolyte was prepared by hydrating PVA under a constant stirring and 

heating at 90   until the solution turns clear or transparent as illustrated in Figure 3.5. The 

volume ratio (in  ) of H3PO4 and PVA were thoroughly mixed to fabricate PVA-H3PO4.  
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Figure 3.5. Solution of PVA and deionised water (a) before gelation and (b) after gelation. 

 

3.3. Analysing techniques 

3.3.1. X-ray diffraction 

 

The X-ray diffraction (XRD) is a non-destructive analytical technique used for bulk phase 

structural identification of crystalline materials which includes organic and inorganic samples 

like metals, minerals and ceramics. The XRD can be used to study various crystal unit cell 

structure parameters such as atomic spacing (interplanar spacing), crystallite size, and phase 

quantification [11,12]. 
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With reference to the powder XRD (PXRD); during the PXRD operation (a schematic is 

displayed in Figure 3.6 (a)), the X-rays are generated at the cathode ray tube (source, X-ray 

tube), then pass through the slit to produces monochromatic radiation and directed towards 

the sample. Interaction between incident X-rays and the sample material produces different 

rays via constructive interference when a condition satisfies the Bragg’s Law shown in Figure 

3.6 (b) and mathematically displayed using  equation (3.3) [2,3]: 

                                                                                                                    … 3.3 

where  ,  ,  , and   are a positive integer, wavelength of the incident X-rays, interplanar 

spacing and scattering angle, respectively. 

 



75 

 

 

Figure 3.6. Schematic (a) detailing the basic components of X-ray diffractometers, and (b) 

illustration of the diffraction by crystallised atoms. 

 

The X-ray analysis was done under Copper (Cu) X-ray source with a known wavelength   = 

0.15406 nm. The goniometer displayed in Figure 3.6 (a) is used to measure the angle at 

which constructive interference occurs. Bragg’s equation 3.3 was used to determine the   
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spacing in Figure 3.6 (b) of the analysed material, and the XRD plot of the scattered X-ray 

intensity as a function of the diffraction scattering angle    which is unique for each and 

every material is displayed in Figure 3.7 (graphite [2,3]) 

 

 

Figure 3.7. The XRD pattern of graphite. (Adopted from this study) 
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3.3.2. Fourier transform infrared 

spectroscopy 

 

Fourier Transform Infrared (FTIR) Spectroscopy is a non-destructive analytical technique 

that uses detection of molecular vibration based on the processes of infrared absorption 

(transmittance) and Raman scattering to identify inorganic and organic compounds. The 

schematic of the FTIR is shown in Figure 3.8 (a), which elucidate the following basic 

components: Radiation (infrared) source, interferometer (interferogram), mirrors and 

detector. The incident photon from the infrared source is scattered upon interaction of the 

photons and the chemical bonds within the examined material. The signal from the material 

moves through a fixed mirror and a beam splitter onto a rapidly moving mirror to reduce the 

noise then into an interferometer to a computer. The generated FTIR plot shows the intensity 

of the chemical vibration notch in transmittance percentage as a function of wavenumber as 

displayed in Figure 3.8 (b).  
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Figure 3.8. (a) Schematic diagram of an FTIR instrument and (b) FTIR spectrum of GO. 

(Adopted from [13] and [14], respectively) 

 

3.3.3. Raman spectroscopy 

 

Raman spectroscopy is a non-destructive vibrational technique, just like the FTIR, it has a 

high molecular specificity making it an excellent technique for material analysis especially 

carbon based materials such as graphene, carbon nanotube and fullerene. It can provide 

structural information such as crystallinity; chemical phase and structure; and molecular 

interactions [15–17]. 
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In summary, Raman spectroscopy analyses the scattered incident photons from the laser 

source after the interaction of the laser with the examined material’s chemical bond. The 

interaction of the chemical bonds within the material and the incident photons with an energy 

of     (where   is the planks constant and   is the laser angular frequency) creates a time-

dependent perturbation which increases the ground states energy (   ) to         making 

the material’s molecule unstable. Since the molecule is unstable i.e. the molecule has no 

stationary state, the photons are emitted back and forth from the ground state to the virtual 

state. If the energy/frequency of the emitted photon is the same as the incident one (elastic 

scattering), this is referred to as Rayleigh scattering. On the contrary, if the molecule returns 

to a ground state and photons lose and gain some energy (inelastic scattering), this process is 

referred to as Stokes and Anti-Stokes process respectively. These processes i.e. Rayleigh 

scattering, Stokes and Anti-Stokes process are displayed schematically in Figure 3.9 (a), and 

the plot in Figure 3.9 (b) shows a typical Raman spectrum of the processes. 
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Figure 3.9. (a) Energy level diagram for Raman scattering, and (b) a typical Raman 

spectrum. Adopted from confocal Raman microscopy manual from WITec. 

 

Components of a typical Raman spectrometer system are illustrated in Figure 3.10. In 

general, the detection of the Raman spectrum occurs after the elimination of the Rayleigh 

scattering mainly by the optical filter together with the diffraction grating used to disperse the 

Raman scattered light. The weak Raman scattered intensity is analysed by an extremely 

sensitive detector, the charge-couple devices (CCDs) which are commonly used in Raman 
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detectors due to their low signal-to noise ratios and high quantum efficiencies. Within the 

CCDs, the charge collection from the scattered photons are directly proportional to the 

Raman scattering intensity. These Raman systems or other Raman systems have several laser 

source options which are often chosen based on the desired wavelength and spot [3,18,19]. 

 

 

Figure 3.10. Schematic illustration of the beam path for confocal Raman microscopy. 

Adopted from Ref [18] 
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3.3.4. Atomic force microscopy 

 

The Atomic force microscopy (AFM) is a form of scanning probe microscope developed in 

the 80s. The AFM has become a powerful tool in fields of science and engineering, which 

explores the surface properties and structures. The basic components of a typical AFM 

instrument are illustrated in Figure 3.11. The AFM has a probe with a very sharp tip attached 

to a microfabricated silicon cantilever. The scanning of the sample surface by the probe is 

carried with the piezoelectric scanner, which moves sideways, and expanding or shrink 

within response to the applied voltages. A laser beam is reflected from the cantilever onto the 

segmented (into 4 parts) photodiode detector, that detects vertical and lateral distortion and 

deflections of the cantilever. The AFM can be measured in different modes such as contact, 

tapping and non-contact. In general, the probe or the sample moved vertically altering the 

distance between the surface and probe [19–22].  
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Figure 3.11. Schematic drawing of the atomic force microscopy. Adopted from Ref [22].  

 

3.3.5. Scanning electron microscopy 

and energy-dispersive x-ray 

spectroscopy 

 

Scanning electron microscopy (SEM) is a technique mainly used for surface images of any 

material within the micro to nanometer range. Typical SEM images or analysis yields 

information about composition, topography, morphology and crystallography of materials. 

The SEM utilised as focused beam of electrons under extreme vacuum condition to capture 

high resolution and obtain high levels of magnification. When a focused electron interacts 
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with the sample’s surface, it generates low energy (~ 50 eV) secondary electrons which are 

used for image construction by measuring the intensity of the secondary with respect to the 

position of the primary scanning electrons. The low magnification SEM images of GO is 

displayed in Figure 3.12 (a) which shows GO has a rough sheet-like morphology. 

 

 

Figure 3.12. (a) Low magnification SEM image of GO (adopted from this study) and (b) 

schematic diagram of basic SEM components (Adopted from Ref [23]). 

 

In addition, the X-rays that are emitted together with the low energy secondary electrons 

when the primary scanning electrons beam strikes the sample can be characterized by an 
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energy dispersive X-ray spectroscopy (EDS). The EDS detector (in Figure 3.12 (b)) is an 

add-on to the SEM equipment. Every element has a unique energy difference between the 

inner and outer electron shells, thus the X-ray emitted from the material yields elemental 

identification which gives the EDS the ability to provide elemental composition of the 

sample.  

 

3.3.6. Ultraviolet–visible spectroscopy 

 

Ultraviolet-visible spectroscopy (UV-Vis), like Raman and FTIR, is a technique which is 

useful for compound identification; this is mainly because most compounds contain 

chromophores. Chromophores are parts of the molecule where the absorption proceeds such 

as carbonyl (O = C<) chromophores within GO structures. The chromophore absorb specific 

wavelength from the ultra-violet or visible light [24,25]. Basic schematic of UV-Vis 

instrument is illustrated in Figure 3.12. There are two basic UV-Vis configurations namely 

single beam and double beam instrument. In general, the beam is generated at the source that 

enters the entrance slit onto the dispersion device with either a prism or monochromatic 

diffraction grating, it then enters an exit slit to the sample and finally, to the detector [24–27]. 
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Figure 3.13. Schematic diagram of a single beam UV-Vis spectrometer. Adopted from Ref 

[26] 

 

3.3.7. Four point probe 

 

The four point probe (4PP) uses four sharp probes arranged in a linear array. 4PP is used in 

the determination of the bulk resistivity of materials especially semiconductors. The 

resistivity of material is very important since it is also related to the conductivity of the 

material, which plays a significant role in determining the flow of electrons. The sheet 

resistance of the thin film can be determined by dividing bulk resistivity with the known 

thickness of the bulk material. The schematic of the 4PP is illustrated in Figure 3.14, with the 

two outer probes sourcing the direct current ( ) and the inner probes measuring the voltage 
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drop ( ). From this voltage the sheet resistance (      ) can be calculated using the following 

approach (3.4) which relies on the geometric factor ( ) [19,28–30]:  

                                                                    
 

 
                                                … 3.4 

 

 

Figure 3.14. A typical schematic of a four-point probe/sheet resistance measuring system, 

with the two outer probes sourcing a direct current while the inner two probes are measuring 

the corresponding voltage drop. Adopted form Ref [28] 
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3.3.8. Electrochemical characterization 

 

In this work, the electrochemical measurements of the electrode of the SC and µ-SC were 

performed within the standard laboratory conditions using Biologic VMP-300 16 channel 

potentiostat controlled by the EC-Lab V11.33 software as shown in Figure 3.15. A 

potentiostat is basically an analytical instrument used to control and also monitor the working 

electrode’s potential in a multiple electrode electrochemical system. Briefly, with reference to 

three electrode configurations, external wires from the potentiostat connect to the working 

(WE), counter (CE) and reference (RE) electrodes. The potentiostat controls the applied 

signal on the WE with respect to the RE, simultaneously, the current flows between the WE 

and CE, with negligible current flow between the WE and RE [31,32]. The EC-Lab version 

VMP 11.33 software, allows it the potentiostat to monitor the electrochemical cell in different 

modes such as cyclic voltammetry (CV), galvanostatic charge-dischage (GCD), and 

electrochemical impedance spectroscopy (EIS) in either three- (half-cell) and two- (device or 

full-cell) electrode configuration. 
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Figure 3.15. Biologic VMP-300 potentiostat equipped with 16 channels controlled with the 

EC-Lab software, inset illustrate three electrode configurations.  

 

Figure 3.16 display the SC device in the coin cell design and interdigitated µ-SC design 

fabricated in this work. The entire SC electrodes within the coin cell device were fabricated 

by homogenously dissolving GO into ethanol, pasting the GO slurry solution onto the NF 

current collector, drying the GO/NF electrode, then finally thermally reducing using an AP-

CVD at various temperatures. The obtained TRGO/NF electrodes were placed within the coin 

cell cases and other components such as separator, aqueous electrolyte and spring. The same 

electrode preparation methods for SC were followed on the µ-SC fabrication: GO solutions 

were sprayed on the microscopic glass (MSG), dried, thermally reduced and the obtained 

TRGO thin film on MSG were taken to an AxiDraw to pattern the µ-SC electrodes. Thin 

sheets of copper foils were connected onto the patterned µ-SC and secured in place with 

Kapton (also known as Polyimide) tape. PVA-H3PO4 gel electrolyte was drop casted onto the 
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interdigitate patterned electrodes, and then the fabricated SC and µ-SC devices were 

connected on the potentiostat to evaluate the electrochemical performance.  

 

 

Figure 3.16. Electrochemical devices (a) SC coin cell design and (b) interdigitated µ-SC 

design.  
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Chapter 4 Results, discussion and 

conclusion 

 

This chapter presents all the experimental findings of the structure, morphology and electrical 

properties of the substrates i.e. nickel foam and microscopic glass, precursor graphite, 

intermediate graphene oxide and finally thermal reduced graphene oxide. The 

electrochemical performance of the fabricated SC electrodes and devices together with the 

fabricated µ-SC devices are also discussed. 

 

4.1. Supercapacitor 

 

Supercapacitors (SCs) also referred to as Ultracapacitors, are devices known for high specific 

power and long life span, compared to batteries known for their higher specific energy [1,2]. 

Carbon based materials (predominately SC materials) have been modified to enhance the 

specific energy of SC. This modification has been done using two routes: Development of 

composite materials [3–5] and heterogeneous doping [3–7]. In this study, the specific energy 

of the TRGO-SC was increased by the presence of OFG which increase the 

psuedocapacitance behaviour and also serve as an ion pathway into the internal bulk material. 

The TRGO was only reduced enough to revive the conductivity, Zhao et al. [8] showed that 

GO reduced at lower than 200   is not conductive, which decrease the capacitance. The 
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proposed electrode preparation technique does not require a conductive enhancement and a 

binder. This approach gives us the possibility of evaluating the material’s electrochemical 

behaviour, since literature has shown that additives affect the overall performance [9–11]. 

Zhu et al. [9] reported the effects of binders; Nafion, Polytetrafluorethylene (PTFE) and 

PVDF while using carbon nanotube as a conductive agent. The PTFE sample had higher 

capacitance retention of 90.8% while PVDF and Naflon had 79.7 and 87%, respectively. 

However, Liu et al. [11] reported the enhancement of the electrochemical performance of 

NiCo-MOF nanosheets by the addition of carbon acetylene black (CAB). The sample 

containing CAB had an increased specific capacitance and a lower solution resistance as 

compared to the ones without CAB. Additive free electrodes have been mostly reported for 

free standing electrodes [12–14], but Moyseowicz et al. [15] reported a binder free 

poly(aniline-co-pyrrole)/thermally reduced graphene oxide (PAP/TRGO) composite.  

In this work, we focus on low temperature, binder and conductive enhancement free 

TRGO/NF for SC application. The main aim of the study is to investigate the effects of 

thermally reducing temperature and monitoring the electrochemical performance of untainted 

reduced graphene oxide. Moreover, directly reduced GO on NF without the binder and 

conductive additives avoids inactive surfaces with conversational binder electrodes and 

allows for more efficient charge transport. This allows the proper measurement of the 

material without any influence from additives. A device was fabricated with TRGO/NF being 

a positive electrode while the negative electrode was prepared from peanut shell activated 

carbon (PAC) [1,16] i.e. TRGO/NF//PAC. 
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4.1.1. Results and discussions 

 

The study of the prepared TRGO/NF is presented in this section. The results obtained from 

this study are described in the publication and supplementary information below: 
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Supplementary information 

 

Low temperature thermally reduced graphene oxide directly on Ni – Foam using 

atmospheric pressure - chemical vapour deposition for high performance 

supercapacitor application 

 

Vusani M. Maphiri, Daba T. Bakhoum, Samba Sarr, Ndeye F. Sylla, Gift Rutavi, 

Ncholu Manyala* 

Department of Physics, Institute of Applied Materials, SARChI Chair in Carbon Technology and Materials, 

University of Pretoria, Pretoria 0028, SouthAfrica 

*Corresponding author email: ncholu.manyala@up.ac.za, Tel.: + (27)12 420 3549 Fax: + (27)12 420 2516 

 

The digital image displayed on Fig. S1 was taken using a Witec Raman confocal equipped 

with the Zeiss EC Epiplan 50  / 0.75 objective with a camera exposure of 1/25. 
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Fig. S1. Digital image of TRGO/Ni-Foam 

 

 

Fig. S2. (a) CV curve at 20 mVs
-1

 and (b) GCD curve at 5 A g
-1

 for 1 M Na2SO4, 1 M NaOH 

and 6M KOH, (c) is the CV curve at 20 mVs
-1

 for Ni-Foam and TRGO/Ni-Foam 
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The 400 and 800   samples were prepared the same way as the TRGO/Ni-Foam at 200  . 

The only difference is the desired temperatures of 400 and 800   were used. The heating rate 

was also set to 10  /min and the material was also reduced for an hour at the respective 

desired temperature. After an hour the AP-CVD was moved away from quartz region with 

TRGO/Ni-Foam to allow it to cool down to room temperature. 

Fig. S3. (a) CV curve at 20 mVs
-1

 and (b) GCD curve at 5 A g
-1

 for TRGO/Ni-Foam reduced 

at 200, 400 and 800   

 

Charge balance, for the two-electrode evaluation where TRGO/Ni-Foam was used as a 

positive electrode and peanut shell activated carbon (PAC) with an EDLC behaviour in the 

negative. The masses of the electrodes were determined based on the charge balancing 

equation below:  

                                                                                                                           … (S1) 

                                                                                                   … (S2) 

                                                               
  

  
 

       

        
                                                 … (S3) 
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where   ,   ,    ,    , m+, m- and    are the charge for positive, charge for negative,  

specific capacity for the positive electrode (mAh g
-1

), specific capacitance (F g
-1

) for the 

negative electrode,  masses (mg) of the positive and negative electrodes and    is the 

potential window (V), respectively.  

 

The columbic efficiency was calculated using equation (S4) 

                                                             
  

  
      [%]                                          … (S4) 

where    and    are the discharge and charge time (s), respectively.  
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4.1.2. Concluding remarks 

 

In summary, additives (binder and condutive enhancement) free TRGO/NF electrode was 

successfully prepared using a low temperature one step AP-CVD at 200   for an hour. The 

SEM showed the adhesion of graphene sheets on the surface of NF. Absence of conductive 

enhancement and binder allowed the determination of the real electrochemical performance. 

The presence of oxygen content significantly increased electrochemical performance of the 

positive TRGO electrode. This is because the CV and GCD of the TRGO electrode prepared 

at higher reducing temperature had a small capacitance and specific energy in comparison to 

that prepared at 200 , also illustrated by Zhoa et al. [8]. The two electrodes (device) showed 

a high specific capacitance of 78.78 F g
-1

 at 1 A g
-1

 with the corresponding specific energy 

and power of 18.73 W h kg
-1

 and 547.52 W kg
-1

, respectively. The specific energy and power 

at 5 A g
-1

 was estimated to be 14.10 W h kg
-1

 and 2.5 kW kg
-1

, respectively. The maximum 

power from the device was estimated to be 306.25 kW kg
-1

. The EIS showed that the device 

is highly capacitive due to lack of a semi-circle and high impendence phase angle of – 86   
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4.2. Microsupercapacitor 

 

The preparation and fabrication method of conventional SCs are not compatible with the 

fabrication requirement of µ-SC devices. As discussed in Chapter 2, the µ-SCs require new 

fabrication techniques which can be classified as masked and mask-free techniques. Some 

masked techniques such as photolithography use a photoresist material that is very expensive 

and has a tendency of contaminating the patterned material upon removal [2,17–19]. 

However, the mask-free techniques are better, since they do not require any photoresist and 

also do not require large amounts of precursor material just to pattern a few µ-SC devices like 

electrodeposition and electrochemical polymerization methods [20–22]. Here are the 

examples of mask-free techniques: Inkjet printing, extrusion printing and stage driven 

patterning techniques such as micro-plasma-jet, AxiDraw and laser reducing [2,23–26]. All 

these printing and patterning techniques are computer controlled. In general, the stage driven 

techniques are relatively quick and cost effective. Liu et al. [2] used ambient micro-plasma-

jet etching to pattern µ-SC on multi-walled carbon nanotubes (MWNTs) on a Polyethylene 

terephthalate (PET) substrate. A solid-state polyvinyl alcohol-H3PO4 gel electrolyte was used 

and a stack capacitance of 2.02 F cm
−3

 was obtained at a scan rate of 10 mV s
−1

. In this part 

of the study, AxiDraw was used similar to Ref [23,24] that reported patterning of MXene-

based material for µ-SC application. Among the stage driven patterning techniques, AxiDraw 

coupled with a sharp pen blade is the most cost effective patterning approach when 

comparing to the accessories required for laser and plasma jet equipment. 
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A deep electrochemical analysis was done using several approaches such as power law and 

Trasatti’s analysis which estimated the contribution of the diffusion and surface controlled 

behaviour. These were attributed to the impact of oxygen content present within the TRGO 

µ-SC electrodes. Note that the ion diffusion coefficients of the TRGO µ-SCs estimated and 

attributed to the amount of OFGs (from FTIR) and large interplanar distance (from XRD) 

allowing passage of ions into the inner bulk material. Thus, higher specific power was 

achieved. 

 

4.2.1. Results and discussions 

4.2.1.1. Part I 

 

The results obtained from the study of thermally reduced graphene oxide microsupercapacitor 

fabricated via Mask-free AxiDraw Direct Writing are described in the publication and 

supplementary information below: 
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Fig. S1 Optical image of (a) Spray gun, (b) GO thin film on microscopic glass (MSG), (c) 

axiDraw, (d) sharp blade pen and (e) TRGO patterned with µ-SC of various digits per unit 

area on microscopic glass 
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Fig. S2 Inkscape blueprint schematic for the n (a) 6, (b) 14, (c) 22 and (d) 26 digits µ-SC 

 

The effective area was calculated using the formula (equation S1) derived below. The 

interspace area was subtracted from the total surface area. The interspace area has two 

components which is the horizontal (along the breadth) and vertical (along the length) 

component. 

Effective area = Total surface area – Total interspace area  

   = Total surface area – (Horizontal interspace area + Vertical interspace area)  

  = L   B – ((n   W   )   B   (n   1)    ) 
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   = L   B –      ((n  W)   B   (n   1))) 

   = L   B – (    (L   B   (n   1)))                                    … (S1) 

 

Thus, Total interspace area is given by (equation S2)  

                                                        (L   B   (n   1))                                     … (S2) 

 

Table S1. Dimensions and parameters of µ – SC (6), (14), (22) and (26)  

Parameters µ-SC (6) µ-SC (14) µ-SC (22) µ-SC (26) 

Number of digits per unit area, n (cm
-2

) 6 14 22 26 

Width,   (mm) 1.66 0.71 0.45 0.38 

Length,   and Breadth, B (mm) 10 10 10 10 

Interspace,  (µm) 38 38 38 38 
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Edge,   (mm) 4 4 4 4 

Total surface area (mm
2
)* 100 100 100 100 

Total interspace area(mm
2
) 2.28 5.32 8.36 9.88 

Effective area (mm
2
) 97.72 94.68 91.64 90.12 

*Total surface area and effective area doesn’t include µ-SC edge area (see Fig. S7) 

 

Fig. S3 (a) Areal capacitance of the total surface area versus effective area at 6, 14, 22 and 26 

digits per unit area (cm
-2

) and (b) ESR and phase angle as a function of reducing temperature 
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The CV curves of the µ-SC are displayed in Figs. S11 and S12 where (a) – (d) corresponds to 

the TRGO 200 to TRGO-500, respectively, measured at the potential window of 0 – 0.8V. 

The scan rate of these µ-SCs increased from 50 to 1000 mVs
-1

 as the reducing temperature 

increased from 200 to 500 . Thus, the scan rate is directly proportional to the reducing 

temperature.  

Fig. S4 The CV curves at (a) TRGO-200, (b) TRGO-300 and (c) TRGO-400 at various scan 

rates 
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Table S2. The areal capacitance determined from the CV curve 

Scan rate mV s
-1

 Areal capacitance (mF cm
-2

) 

TRGO-200 TRGO-300 TRGO-400 TRGO-500 

5 0.7074 0.1451 0.0444 0.0319 

10 0.5421 0.1227 0.0382 0.0298 

20 0.3773 0.1061 0.0348 0.0274 

50 0.2085 0.0865 0.0301 0.0256 

80 0.1498 0.0756 0.0282 0.0244 

100 - 0.0695 0.0267 0.0239 

200 - 0.0506 0.0234 0.0220 

500 - - 0.0179 0.0194 

800 - - 0.0148 0.0172 

1000 - - 0.0140 0.0159 

 

The area capacitance (C) was evaluated from the GCD curve by applying equation (S3) as 

shown below 

                                                                   
     

      
                                                       …(S3) 

where, I is the discharge current,    is the discharge time,   is the area and    is the voltage. 
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Fig. S5 The GCD curves of µ-SC at different current densities for (a) TRGO-200, (b) TRGO-

300 and (c) TRGO-300  

 

Table S3. The areal capacitance determined from the GCD curve 

Current density 

(µA cm
-2

) 

Areal capacitance (mF cm
-2

) 

TRGO-200 TRGO-300 TRGO-400 TRGO-500 

0.083 - - 0.0600 0.0387 

0.16 - 0.2143 0.0536 0.0366 
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0.33 - 0.1952 0.0517 0.0367 

0.5 - 0.1904 0.0501 0.0364 

0.66 1.2255 0.1809 0.0481 0.0356 

0.83 1.2262 0.1754 0.0472 0.0354 

1.66 1.1569 0.1506 0.0434 0.0338 

 

The µ-SCs of TRGO-200 to TRGO-500 delivered an areal power density ranging from 

0.3316 to 0.3709 mW cm
-2

 corresponding to the areal energy density in the range of 0.1368 – 

0.0017 mW h cm
-2

. It is very clear that the delivered energy decreased as the reducing 

temperature increased while the power is increasing. 

 

 

Fig. S6. (a) SEM cross-sectional image of the TRGO-500 µ-SC and (b) Ragone plot of the 

TRGO-200, TRGO-300, TRGO-400 and TRGO-500 
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Fig. S7 Digital photography of µ-SC in (a) parallel and (c) series. Inkscape blueprint of µ-SC 

in (b) parallel and (d) series  
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4.2.1.1. Part II 

 

The results obtained from the study of thermally reduced graphene oxide microsupercapacitor 

fabricated via Mask-free AxiDraw Direct Writing were further analysed and are described in 

the publication and supplementary information below: 
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4.2.2. Concluding remarks 

 

In brief, we have successful in fabricated TRGOs thin films on MSG via spray coating and 

AP-CVD annealing process. The XRD of the prepared TRGO thin films showed a decrease 

of the interspace distance, while the EDS and UV-Vis showed an increase of carbon content 

and decrease in transparency, respectively as the RT increases. The Raman spectra indicated 

the presence of D and G peaks commonly observed on carbon based materials such as soot 

and activated carbon. The 4PP showed an increase in TRGO thin film conductivity as a 

function of RT. The TRGO thin film was patterned using an AxiDraw sketching apparatus 

into TRGO µ-SC. The µ-SC with 14 numbers of digits per unit area (cm
-2

) was found to show 

better electrochemical properties than those µ-SCs with 4, 22 and 26 digits cm
-2

 due to the 

increased electric field strength leading to an increase of capacitance. The TRGO-500 µ-SC 

proved to be a better performing device against µ-SCs reduced at lower temperatures, 

regardless of the small capacitance due to lack of OFGs that serves as pathways into the bulk 

material and increase wettability. The increase of temperature resulted in a µ-SC with a better 

EDLC behaviour and rate capability due to the presence of low resistive oxygen content. The 

TRGO-500 µ-SC has the smallest relaxation time (  ) of 1s, higher phase angle of -85 , 

diffusion length close to the imaginary impendence, higher CV scan rate and GCD current 

density range and a CV rate capability of 56% at 1 V s
-1

 indicating exceptional capacitive 

properties.  

Furthermore, the electrochemical performance showed that the TRGO-200 µ-SC has higher 

areal energy due to more ion diffusion to the internal surface, this was confirmed by the 
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power law and Trasatti’s analysis. While the µ-SCs prepared at higher RT show a lower areal 

energy, the XRD showed a narrow interplanar distance and lack of OFGs forbids 

intercalation, thus enhancing surface controlled behaviour leading to an increased areal power 

also confirmed by the power law and Trasatti’s analysis. The ability to vary RT, number of 

digits per unit area and integrating µ-SC in a series or parallel configuration gives the 

possibility of controlling the energy and power performance to meet different requirements of 

the miniaturised devices.  
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Chapter 5 General conclusions and 

future work 

5.1. General conclusion 

 

In this work, the electrochemical performances of TRGO in SC and µ-SC devices were 

investigated. The TRGO on different substrates i.e. NF and MSG were successfully 

synthesized using a series of techniques: Oxidation of graphite using Hummers’ methods, 

spraying of GO on MSG or slurry pasting GO on NF, thermally reducing GO on their 

respective substrate. TRGO on NF was electrochemically tested, while TRGO on MSG was 

patterned into TRGO µ-SCs then electrochemical tested.  

The structural, morphological and electrical properties of the substrates, precursor graphite, 

intermediate GO, and final material TRGO were characterised using: X-ray diffraction 

(XRD), Raman spectroscopy, Fourier transform infrared (FTIR) spectroscopy, scanning 

electron microscopy (SEM), energy-dispersive X-ray spectrometer (EDS), atomic force 

microscopy (AFM), ultraviolet–visible spectroscopy (UV-Vis), and four point probe (4PP). 

The XRD analysis of GO showed a successful oxidation of graphite, and that of TRGO on 

NF and MSG also showed a successful reduction of GO. This was evidenced by the change 

of peak and also to the peak shift as the reducing temperature increased. Just like in the XRD, 

the Raman, FTIR, EDS and UV-Vis spectra of GO and TRGO revealed several features such 

as graphitized carbon material and reduction of OFGs. In addition, EDS analysis of the 

prepared sample confirmed that carbon and oxygen are the main elements. The SEM images 
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of the TRGO on NF/MSG showed sheet like material, while the 4PP showed increasing 

conductivity as the reducing temperature increased. 

The electrochemical behaviour of the TRGO/NF was first analysed in a three-electrochemical  

configuration using different electrolytes (1 M Na2SO4, 1 M NaOH and 6 M KOH). The 6 M 

KOH electrolyte showed the best performance (higher current response) compared to other 

electrolytes due to the high concentration of OH
-
 anions and ionic conductivity [1,2]. An 

asymmetric device was fabricated using TRGO/NF as a positive and PAC as negative 

electrode i.e. TRGO/NF//PAC device. A detail report of the structural, morphological and 

electrochemical performance of PAC can be obtained from Ref [3,4]. The prepared 

asymmetric electrochemical device showed a higher specific energy and power comparable 

to other similar devices. The fabrication method used in this work gave a symmetric µ-SC 

and the obtained electrochemical performances are comparable with those in the published 

reports as shown in Figure 5.1. The TRGO-500 µ-SC has volumetric energy and power 

densities similar to those reported in Refs. [5–7] including lithium film batteries. This simple 

method produces µ-SC device with similar energy and power to those device’s prepared via a 

complex and sophisticated method. 
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Figure 5.1. Ragone plot of the TRGO-500 µ-SC compared to other similar devices 

 

5.2. Future work 

 

In future work, a negative carbon based electrode fabricated using binder and conductive 

enhancer-free route will be developed and electrochemically investigated for supercapacitor 

application. These will lead to the proper electrochemical investigation of additive free SC 

devices. Different electrolytes will be investigated with an aim of trying to extend the 

operating potential window, subsequently leading to an increased capacitance leading to 
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higher specific energy. In addition, heteroatom doping with elements such as nitrogen and 

sulphur will be investigated.  

Furthermore, heteroatom doping and composite material of TRGO will be used to prepare 

mask free doped TRGO µ-SCs. The heteroatom or metal oxide/polymer will increase the 

specific energy. The Axidraw will be used to pattern TRGO µ-SCs array, this will give the 

TRGO µ-SCs an increased potential window and specific energy, since in arrays, devices can 

be connected in parallel and series configurations.  
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