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Abstract 
Reduced graphene oxide (rGO) has been regarded as a major step in the 

advancement of graphene’s implementation into electrochemical storage 

mechanisms. The issue that has arisen is that by improving one beneficial 

characteristic, it will be detrimental for another (i.e., conductivity and surface 

area). The creation of polymer or nanoparticular based rGO composites 

allows for these issues to be navigated and potentially avoided with its correct 

non-damaging implementation. This thesis explores the fundamental shaping 

and functionalisation of reduced graphene based, before investigating the 

benefits and detriments to utilising the use of assistive mechanics of long 

chained polyanilines, tethered amino alcohol silver nanoparticles and 

aluminium interlayer insertions. All of these materials are monitored with an 

array of physical characterisation techniques to better understand the 

composition and the mechanical mechanisms of the undertaken 

electrochemical reactions. 

 A reduced graphene oxide behaves as an appropriate base in which to 

deposit polyaniline, so to increase the conductivity in an attempt to prevent 

compromising the specific surface area and therefore improve the charge 

storage mechanism. This leads into interlayer aluminium metal insertion 

which presents a greater focus towards improving the electrolytic interaction 

between electrode and electrolyte by improving ion accessibility and porosity. 

In demonstrating rGO’s diversity, the oxygen reduction reaction can be 

undertaken as part of an anion exchange membrane fuel cell, studying the 

effects of using alternative precursors and deposition techniques in order to 

bind silver nanoparticles to the surface of the functionalised graphene. This 

exhibited preliminary results demonstrating an onset potential 70 mV more 

positive than the current Ag/C commercial model. 

 The materials introduced throughout the study provide the 

groundwork for the improvements of supercapacitors and ORR catalysis, but 

also create opportunities for these composites and techniques to be used for 

alternative non-electrochemical research. 
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Graphene oxide (GO) is an oxygen functionalised form of one of research’s 

most revered electrochemical materials, graphene. Its design and architecture 

allow it to operate as a water-soluble material and electrochemical composite 

base. The research behind GO has increased so much over the last decade, 

there are now more research articles regarding its properties and utilisation 

than there are about its predecessor, graphene. Their applications can vary 

from conductive films and energy storage devices to biomedical materials. 

Despite its accolades it has not been successful implemented into commercial 

grade industry, due to its issues with resistivity, environmentally unfriendly 

methods of mass production, porosity, conductivity and specific surface area. 

 This thesis aims to look into the broad scope of GO’s characteristics 

and applications with a focus on how it can be optimised with and without the 

assistance of composite formation. The broad scope of the research 

encompassing the model of energy storage, specifically focusing on 

supercapacitors and anion exchange membrane fuels cells. It begins with the 

examination of graphene oxide as a base material to its utilisation as a 

composite. Focus varies from the specific surface area and porosity of the 

composite carbon, to improving conductivity, analysing synthetic routes of 

formation to trialing the formation metal composites. 

The results presented within this thesis open the door to new methods 

and avenues of synthesis that have yet to be investigated in the worlds most 

oversaturated topic of research, green energy.  
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Chapter 1 

Introduction 

Overview: This chapter will introduce the objectives and aims of the thesis, 

providing an overview for the progression of each topic. In addition to this, 

the fundamentals, history, and latest advancements in supercapacitive energy 

storage are explored and its mechanisms are explained 
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1.1 Background 

The initiative for green energy production has driven an increased demand 

for the development of environmentally sustainable and economically viable 

materials. Demand for energy production has exponentially increased with 

growing populations and greater technological advancements, which has 

amplified the negative effects of our current energy conversion techniques. 

Current major energy production methods rely heavily on non-renewable 

fossil fuel energies such as coal and natural gas, that have an extremely 

negative effect on environmental sustainability.1 For the last 150 years, fossil 

fuels have produced cheap and efficient methods of energy production. Due 

to their high energy densities, they cope with current levels of energy 

demands, with more flexibility in their required output.2 The current non-

renewable energy system is split into segregated energy branches; 

transportation, industrial, commercial and residential, which have very little 

overlap with each other.3  

This demonstrates a lack of synergy within the energy system, 

displaying how inefficient the current system remains. There is also the issue 

that there are no direct alternatives to our fossil fuel setups.  The closest 

identified system is biomass, biofuels and biogas but their energy conversion 

rates remain poor in comparison with current methods.4 There is also the 

problem of availability, with no reliable source of material that doesn’t 

promote destruction of environment. Nuclear, although not a fossil fuel, is 

still finite and its disposal methods remain inadequate.5 Converting power 

grids to sustainable resources currently appeals to all factions working within 

the industry.  

The green economy is a relatively new system that aims to create new 

jobs and labour markets for ecological development without degradation to 

the environment. Governments and corporations have made an effort to drive 

green policies throughout the industry, in order to promote the investment and 

expansion of the market. Both the American and Chinese governments have 

prioritised these developments in an attempt to expand the employment 

economy. In some countries, it does create a negative effect in ‘green jobs’.6 
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In Spain, for every green job created, 2.2 jobs have been dismissed.7 To 

develop these new environmentally friendly technologies, it will be important 

to balance the advancement of research with introduction to the industry and 

minimise economic unrest. Sustainability development is seen to be the most 

important quality in the development of green energy. Both are directly 

related to each other meaning that for sustainable development, green 

energies must be utilised. This would result in a lower environmental impact, 

with a large variety of resources providing flexibility in dependency of their 

use. With careful application, these resources should be able to be utilised 

indefinitely. They should also be localised independent solutions, 

decentralising the reliance for centralised energy consumption.8  

Three keys to increased sustainability; beneficial social and 

environmental impacts, ease of application, economic impact, and 

commercialisation.9 Development of environmental technologies will play 

the most vital part to the integration of these future energies, with a large 

emphasis on energy requirement and generation efficiencies. Main sources of 

renewable energy sources include; solar, hydro, biomass, wind and 

geothermal. Characteristics include being environmentally benign, 

potentially infinite, clean, ability to reduce pollution and deforestation, and 

energy resource dependency on other countries. Increasing energy 

consumption benefits the economy, as well as social and technological 

advancements.10 

Throughout the pursuit of cleaner energies, specific materials and 

metals have been investigated and isolated, but none more so than carbon. It 

has the unique capabilities of being one of the most versatile and 

electrochemically useful materials to us while being the most abundant, 

making it a highly researched concept. Its versatility allows for the adaptation 

of both morphology and composition, creating shapes from nanotubes to 

spheres, and functionalising surfaces, to localised defects. Leading the way 

has been graphene, a material that since 2004, has provided the fundamental 

platform for the prosperity of carbon based research.11 It still remains a key 

focal point in many avenues of electrochemistry, but its specific adaptations 

allow for a more targeted approach to certain mechanisms. One of these 
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adaptations is graphene oxide, a more oxygen functionalised variety of 

graphene.12 This material provides the base for the creation of composite 

materials throughout this thesis.  

1.1.1 A brief history of graphene oxide 

Graphene oxide was first synthesised and studied by Benjamin C. Brodie, an 

Oxford chemist in 1859 in an article cited on the atomic weight of graphite.13 

His original interest was between the comparisons of graphite’s geographical 

sourcing. The study created the basis of research that Schafhäutl had 

conducted in 1940, which delved into graphite compound intercalation, but 

was widely ignored by the scientific community.14 Brodie noted that 

graphite’s characteristics were markedly different to other sources of carbon 

and theorised that by oxidising the graphene, he could prove that graphite was 

its own unique element via elemental analysis. He treated graphite with 

potassium chlorate and nitric acid noting the ‘0.05 mm paper like foils’. He 

further observed the weight gain from the original graphite, as well as a 

yellow colour change, an indication of oxidation. Due to his difficulty in 

observing the material, he studied its composition through combustion, to 

assert that the carbon to oxygen ratio was 11:6 and that none of the original 

reagents used remained in the material (nitrogen/chlorine). This method also 

revealed the first instance of graphite oxide reduction, with the GO exploding 

to form a black powder. This research was eventually published in the 

Philosophical Transactions of the Royal Society of London. This was 

potentially one of the first recorded occasions of an atom thick material being 

synthesised, and it wasn’t until 150 years later that this synthesis regained 

interest through the conception of graphene. His methods and results were 

disputed in the coming years, with chemists’ such as Gottschalk (1865) and 

Berthelot (1870) reproducing his research eventually confirming Brodie’s 

initial results.15,16 Staudenmaier was the next chemist to approach the 

material, modifying the synthesis in 1898.17 His addition of sulphuric acid 

improved the reaction time by two days, as well as further exfoliation the 

layers. The analysis provided by Kohlschutter and Haenni (1918) moves 

away from classical approach of chemical research and instead applied 
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characterisation techniques that identified crystallography, chemical 

reductions, its products and decomposition temperatures.18 It wasn’t until 

William S. Hummers and Richard E. Offeman attempted to improve the 

methods, observing the original alterations remained time consuming and 

chemically hazardous.19 They utilised sulphuric acid, sodium nitrate and 

potassium permanganate. This became the template for all modern 

approaches to the synthesis, to which researchers such as Kovtyukhova et al., 

have been tinkering with for the past couple of decades.20 With the adaption 

of this process, the key has been to address a variety of characteristics of the 

material: to make the synthesis greener; to improve the graphene sheet 

separation; altering the carbon/oxygen and defect ratios; and experimenting 

with varying functionalised oxygen groups.21,1,22 This has allowed for the 

graphene oxides applications to range from electrochemical to biomedical 

purposing, making it one of the most researched and adaptable materials in 

current carbon designs. 

 

 

Figure 1.1: Analysis from Brodie’s article.13 

 

 

 

 

 



Introduction 
 

6 

 Brodie Staudenmaie

r 

Hummers Modified Hummers 

Year 1859 1898 1958 1999 2004 

Oxidant KClO3, 

HNO3 

KClO3 (or 

NaClO3), 

HNO3, 

H2SO4 

NaNO3, 

KMnO4, 

H2SO4 

Preoxidation: 

K2S2O8, P2O5 

H2SO4 

Oxidation: 

KMnO4, 

H2SO4 

NaNO3, 

KMnO4, 

H2SO4 

C:O 

(atomic 

ratio) 

2.16 N/A 2.25 1.3 1.8 

2.28 1.85 2.17   

Reaction 

time  

3-4 days 1-2 days ~2 h Prexo-6 h + 

Ox-2 h 

~5 days 

Layer 

spacing 

(Å) 

5.95 6.23 6.67 6.9 8.3 

Table 1.1: The evolution and design of graphene oxide from 1859 to the present.13,17,19,23 

 

1.2 Thesis Objectives and Overview 

This thesis presents research into the application and characterisation of 

reduced graphene oxide and reduced graphene oxide composites for 

electrochemical purposes. The novel formation of these materials and notable 

difference in design allows them to be applied for alternative purposes such 

as water splitting catalysts or supercapacitive electrodes. Improving the 

performance of these materials requires addressing different characteristics 

like surface area and conductivity.  

Electrodes are usually designed in order to provide electrolyte with 

optimal access to the chosen materials active surface area, while also 
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providing easily accessible active sites and transport throughout the material. 

This is relevant in the size and distribution of micro and mesopores 

throughout the carbon, as they improve the electrode specific capacitance via 

the increase of electrolytic surface adsorption, which in turn, increases charge 

storage density and capacity. This is an important technique when focus is 

drawn to non-faradaic mechanisms, as its importance is noted in the 

electrostatic reversible electrolyte ion surface adsorption. Unfortunately, by 

focusing on specifically improving the specific power gained by the 

improvement to the carbon’s architecture, the specific energy capabilities are 

neglected and become more limited. As a result, incorporating the faradaic 

process into these materials allows for the tailoring and adaptation for the 

electrochemical capabilities of these composites. By inserting or tethering 

polymers or redox active metals to a reduced graphene oxide template, the 

ability to tailor surface reductions, specific surface area and metal weight 

loading allows for the optimal configuration of the composite. As a result, 

this thesis aims to examine the surface modifications and composite 

properties of both supercapacitors and OER catalyst electrodes. 

The thesis begins with a literature review into energy storage and their 

materials, with a specific focus on supercapacitance. It explores the difference 

models and mechanisms of supercapacitance as well as required 

characteristics to improving the alternate storage mechanisms. It continues 

with relevant materials for storage and the characterisation techniques 

required to analyse the electrochemical capabilities of the chosen electrode. 

Chapter 2 presents characterisation techniques, both electrochemical 

and mechanical, that are utilised throughout this thesis, with the aim of 

comparing and improving experimental techniques throughout this research. 

The chapter provides in depth descriptions of the techniques, their necessities 

as tools of analysis, their strengths/weaknesses, and how their analysis 

coordinates with other types and methods of characterisations to validate 

results and hypotheses. 

Chapter 3 explores the development and use of graphene oxide and its 

reduced variants as electrode materials for supercapacitors, focusing on the 
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types of reductions and adaptions to morphology to improve base level double 

layered capacitance. The importance of graphene oxide reduction techniques 

should not be understated, in its ability to influence the conductivity of 

surface carbons, the types and number of oxygen functionalities throughout 

the material, and the level of layer defects throughout the sp2 hybridised 

surface. The morphology, specific surface area and porosity, was modified 

through different drying techniques, comparing the methods of heated 60°C 

vacuum drying to freeze drying under vacuum with the use of liquid nitrogen. 

These techniques were employed to improve the inter layer electrolytic ion 

adsorption during the charge discharge phases of energy storage. These 

techniques were investigated in order to provide a template to the structural 

properties of graphene oxide throughout this thesis, except for Chapter 5 

where alternative methods of reduction are investigated. The second part to 

the chapter involves the incorporation of the conducting polymer, polyaniline, 

in the attempt to improve interlayer and surface conductivity throughout the 

reduced graphene oxide as well as improve the specific surface area of the 

composite, an issue that is constantly being addressed by the developers of 

non-metallic based supercapacitors. 

Chapter 4 looks at depositing and tethering silver nanoparticles to the 

surface of graphene oxide with the intention of applying it as an oxygen 

reduction reaction (ORR) catalyst using a rotating disk electrode (RDE). This 

involved the use of amino alcohol precursors, originally designed for the use 

of silver metal deposition with use of inkjet printing and chemical vapour 

deposition (CVD), to bind to a functional group along the surface of graphene 

oxide, preventing large amounts of particle aggregation and consistent surface 

coverage. This Chapter is a development on the techniques learnt and utilised 

during Chapter 3, with more in-depth analysis and alternative thought 

processes due to the application of the composite. 

Chapter 5 details the chemical reduction of graphene oxide using 

alanes, with the interlayer insertion of aluminium ions to create interlayer 

spacers for the development of electrochemical double layered 

supercapacitors. This Chapter employs the use of a novel synthetic route to 

aluminium metal species between the spaces of the graphene oxide, while 
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introducing techniques of air sensitive chemistry with the use of Schleck 

apparatus. Throughout this chapter, new methods of characterisation are 

introduced due to the change in morphology, application and materials used 

here, but the electrochemical tests are similar to those employed during 

Chapter 3, with the addition of electrochemical impedance spectroscopy.      

 

1.3 Literature review 

1.3.1 Abstract 

In the last decade, supercapacitors have been heralded as the next major step 

in energy storage systems. They operate under the same mechanism as regular 

capacitors but provide much greater energy and power densities. These 

capacitors will either operate under an ion adsorption electrostatic interaction 

or via faradaic pseudo charge storage: providing their own beneficial and 

detrimental properties. This review will focus on the logistics of how a 

supercapacitor functions and its varying compositions, focusing on a range of 

different mechanisms and techniques that can potentially improve the systems 

energy and power densities, and therefore its capacitance. It will then focus 

on potential research and developments by concentrating on specific areas 

that require improving. The review is concluded by suggesting and explaining 

potential future research projects that will be undertaken. 

1.3.2 Introduction to literature  

Over the last few decades there has been a continual geopolitical concern 

expressed towards the increasing demand for energy and its methods of 

production.24 Current approaches have created a dependence on fossil fuels 

and non-renewable energy sources, which has vastly increased environmental 

pollution and CO2 emissions. Reducing our requirement for these traditional 

energy methods and developing cleaner and more sustainable alternatives has 

been a highly sought after objective in material research.25 Solar, biomass and 

geothermal are examples of renewable energy generation methods that 
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possess huge potential for alternative, efficient resources. The development 

of these technologies has driven research into energy storage and conversion.  

Electrical energy storage is the method of converting kinetic or 

chemical energies into electrical via a power network into a form of stored 

energy with reversible mechanisms.26 There are many forms of storage 

systems that operate under different chemical and physical interactions. This 

permits electrical energy to be dispersed at times of high or accumulated at 

times of low demand. Current methods of storage have been utilised in 

portable, vehicular, and stationary devices, constantly adapting and 

improving with the fast-growing technology market. The most effective and 

practical methods of electrochemical storage exist in batteries, fuel cells and 

electrochemical supercapacitors.27 

Energy can be stored in two ways; indirectly in batteries as chemical 

energy via the faradaic process (oxidation/reduction) of electrochemically as 

active reagents, releasing charge between two electrodes and by the non-

faradaic method of storing charge electrostatically on the surface of the 

electrode. The prior uses a set of electrochemically active species which are 

driven up hill to a metastable state, during charging, then discharged, down-

hill, to equilibrium. The alternative method requires charge to be stored 

electrostatically between two oppositely charges plates, both being highly 

efficient methods of storing energy.28 Batteries and fuel cells favour the 

faradaic method whereas supercapacitors usually utilise the non-faradaic.  

 A supercapacitor is a high capacitance cell, storing energy via a static 

charge as opposed to an electrochemical reaction.29 These devices have 

attracted a great deal of interest over the last few decades because of their 

beneficial pulse electrical supply, long cyclability and high dynamic charge 

propagation.30 Supercapacitors have been designed to combine the 

technologies of batteries with dielectric capacitors in order to create a high 

power density, fast charging model, but it wasn’t until their integration with 

hybrid car systems that they became a focal point of electrical storage 

research.31 They do not use a solid dielectric but instead utilise an electrolyte. 

This is sometimes referred to as an ultracapacitor, they have been used in 
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tandem with fuel and battery cells. Supercapacitors are based on the same 

properties that conventional capacitors use, but with improved capacitances 

and energy densities due to higher surface areas and thinner electrodes 

(smaller diffusion distance).32 The performance of a supercapacitor is 

determined by the characterisation of its power density and energy density. 

The specific energy and power densities of the different energy systems can 

be compared by the Ragone chart in Figure 1.2. The energy density specifies 

the energy storage of a system per unit weight. The power density indicates 

the amount of power transferred to work per unit volume. 

 

 

Figure 1.2: A Ragone plot of energy density vs power density for energy storage systems.33 

 

This literature review provides a brief overview of the progression of 

supercapacitors, with a particular focus on carbon electrodes. It will 

investigate the models and mechanisms required to carry out the various 

methods of capacitance charge storage as well as analysing their applications 

and potential developments. The review will be finalised with a summary of 

the topic as well as a project plan for the continuation of this research.  
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1.3.3 Theory of capacitance 

A standard electrostatic capacitor is characterised by the capacitance (C). It 

is the ratio of stored charge (Q) applied to the voltage (V) of a system Eq. (1) 

and is measured by farads (F). 

C = !
"
 (1) 

 

For a standard capacitor, the capacitance is directly proportional to the surface 

area of both electrodes and inversely proportional to the gap distance between 

the electrodes. The capacitance for the Helmholtz double layer model can be 

written as Eq. (2), proposing a mechanism that functioned over two 

monolayers. Where ε0 is the dielectric constant of free space, εr  is the 

dielectric constant between the medium of the two layers, A is the electrode 

plate surface area and D is the distance between the two layers.34 

C = ε0εr	!"            (2) 

 

The two main characteristics of a supercapacitor are the power density and 

the energy density. The density of a parameter can be obtained by calculating 

the quantity of mass per unit of volume/area. The stored energy of the cell is 

directly proportional to the capacitance. The energy that can be stored in a 

supercapacitor with the voltage as the capacitor’s voltage is represented in. 

E =	12		CV2        (3) 

 

The power (P) of a capacitor is the energy of the system consumed per unit 

of time. It is determined by the external load resistance (Rs) of the 

supercapacitor circuit. The combined resistance of the components of the 

circuit is known as the equivalent series resistance. This resistance 

determined the voltage discharge of the system as seen in Eq. (4). 
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P = !!

"#"
 (4) 

  

1.3.4 Background of capacitors 

Capacitors are devices designed to specifically store electrical charge. They 

are composed of two conductors that possess equal but opposite charge. They 

were originally designed to track electrical signals electrostatically and 

electrically filter and store energy.35 Capacitors possess two functions; to 

electrostatically charge and discharge electricity, a role that applied to the 

smooth circuits of power supplies, microcomputers backup circuits and timer 

circuits. It is further utilised by filters that remove particular frequencies to 

block the flow of DC. These functionalities can be observed within the first 

concept of a capacitor, called the parallel plate capacitor. The main advantage 

that these storage systems have is their dynamism of charge propagation as 

well as the ability to completely discharge, without damage to the system like 

in conventional batteries.36 

 Capacitors are able to store charge by forming a specific interfacial 

region between an electrode and the electrolyte called the double layer. This 

model of the region is highly specific and dependent on the electrode material, 

the type of electrolyte and solvent, the temperature, and the ion adsorption 

rate.37 This concept was initially explored in 1879 by Hermann von 

Helmholtz, who assumed that the surface charge of the electrode will be 

neutralised by oppositely charged counter-ions, placed at a certain distance. 

This forms the systems electrical double layer, consisting of an inner (surface) 

and outer (electrolyte/Helmholtz) layer. Notably, there was a linear potential 

drop from the surface to the outer layer, not taking into account any thermal 

motion, ion diffusion or surface interactions.38 The distance of the layer (d) 

exists from the surface to the centre of the counter-ions. This model illustrates 

the simplest possible theory for charge capacitance. Between 1910-13, Louis 

Gouy and David Chapman presented an alternative model; observing how the 

capacitance was reliant on both the applied potential and ionic concentration 

and also suggesting that the counter-ions were not rigidly held in place.39 This 
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model proposed that the counter ions have diffused through a liquid phase 

until their movement creates a counter potential. The kinetic energy of the 

counter-ion will affect the diffuse double layer thickness. Therefore, the 

concentration of counter-ions will decrease with distance from the surface, 

suggesting a more exponential potential decrease. This theory is not entirely 

accurate as Gouy and Chapman assumed that the molarity would simply 

determine the activity of the system while using the Boltzmann distribution 

near the surface.  

Although the Gouy-Chapman model accounts for more variables and 

realities than the Helmholtz model does, it still cannot explain the system’s 

charge reversal. It assumes that the electrolyte ions act as point charges and 

that they have no physical limits while approaching the charged surface; both 

of which are incorrect.40 In 1924, Otto Stern adapted the Gouy-Chapman 

double layer by using part of the Helmholtz model.41 Stern summarised that 

ions possess a finite size and can’t completely adsorb to the surface (within a 

few nm). This meant that the potential and molarity of the diffuse part of the 

layer was low enough to acknowledge the counter ions as point charges. This 

model also accepts that there is a specific ion layer that does adsorb to the 

surface plane, which he dubbed the Stern layer. This meant that the double 

layer that forms does so in order to neutralise the surface charge, creating an 

electrokinetic potential between any mass and the surface known as the 

surface potential.42  

 
Figure 1.3: The diagrams represent the individually devised models of electrical double layer 

structures; (a) The Helmholtz model, (b) Gouy-Chapman model, (c) Gouy-Chapman-Stern 

model. H indicates the thickness of the stern layer where as ψs is the surface potential.43 
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The potential from the surface to the Stern layer drops linearly and then 

exponentially thereafter. Stern therefore summarised that the system’s total 

capacitance was a culmination of a series of alternate capacitances along the 

surface.44 The result of this is the Gouy-Chapman-Stern Model as seen in 

Figure 1.3. 

1.3.5 Models of Capacitors 

1.3.5.1 Parallel plate capacitors 

Parallel plate capacitors are one of the simplest configurations of capacitors, 

composed of two metallic conducting plates which behave as electrodes that 

are separated by a solid insulating dielectric material. When connected to an 

electrical circuit, a voltage difference arises between the positive and negative 

terminal plates. This allows the induced charge to store between the plates, 

creating an internal electrostatic field across the dielectric, effectively 

separating the charge by blocking the electrical energy in the system’s 

external field. In order to increase the capacitance of the cell, the electrode’s 

surface area would need to be increased, the dielectric constant of the system 

increased and the electrode distance shortened.45 

1.3.5.2 Electrolyte capacitors 

The principle of this system is very similar to electrochemical batteries, 

utilising the primarily aluminium anode and cathode materials. One of the 

electrodes is etched by an electrolytic paper containing boric acid solution to 

form an aluminium oxide layer. This behaves as the system’s dielectric. The 

acidic etching of the aluminium electrode provides an effective surface area 

with a 1.3 nm thickness to permit a one direction ionic movement when in 

contact with the cell’s liquid electrolyte.46 This system has a greater 

capacitance than the parallel plate capacitor. However, when placed in series, 

the capacitance seems to be poorer than anticipated. This issue can be 

attributed to the aluminium oxide layer possessing a thickness of less than 

1 nm.  
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1.3.5.3 Current supercapacitors 

The third generation of capacitors is the supercapacitor or ultracapacitor, 

which delivers the highest power and energy density of any previous 

generation devices. Current supercapacitors are a marriage of the design 

principles of conventional batteries and capacitors. Regarding the former, the 

use of inexpensive materials such as carbon and aqueous electrolytes.47 

Whereas the similarities to traditional capacitors are so close that 

combinations of batteries and supercapacitors have yielded vastly superior 

capacitance systems. When compared with a battery, the supercapacitors 

perform with a lower volume energy density and operating voltage, although 

the materials required to encase the system are more expensive.   

With the advancements in this technology, the issue of the low energy 

density has arisen. Their electrodes characteristically exploit the material’s 

high surface area and dielectric interactions to achieve a high cell capacitance 

while maintaining a low internal resistance. This permits the cell to have a 

larger power density than conventional batteries.48 The supercapacitor will 

polarise the electrolyte solution and separate charge via the 

electrode/electrolyte interface. The charges accumulate on the interface 

between the surface of the chosen conductor and the electrolyte solution. The 

power density of a supercapacitor defines the speed at which the cell charges 

and discharges and so is dependent on the system’s voltage and equivalent 

series resistance. 

1.3.6 Composition of capacitors 

An electrochemical capacitor consists of two electrodes, a separator and an 

electrolyte. The electrodes allow for a potential across the cell, permitting the 

formation of two double layers, at the electrode/electrolyte interface. The 

charge does not collect on two electrodes but on the surface interface between 

the surface of the anode/cathode and the electrolyte solution.49 The edge of 

the electrodes consist of metallic collectors, composed of a highly conductive 

and a highly effective surface area of a specific active material. The ion 
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permeable separator acts as a membrane that allows for the movement of 

charged ions but prevents electrical conductance and contact.50  

 The electrodes will finely balance the charge and positioning of the 

systems ions at the interface or Helmholtz layer. This induces a potential 

window across the electrolytic dielectric, comparable to the p-n junction of a 

semiconductor. The accumulation of charge on the electrode surface forms 

two thin dielectric double layers. The separation and accumulation of charge 

therefore creates the capacitance between the electrodes. The potential 

window will be limited by the thermodynamic stability of the chosen 

electrolyte.51 The working voltage of the cell is measured via the 

decomposition voltage of the electrolyte, lifetime, intensity of current and 

temperature. Inert materials with the highest specific surface areas are 

employed as electrodes to form double layers with a maximum number of 

electrolyte ions. Electrode materials will be referred to later in this review. 

1.3.6.1 Types of electrolyte 

The electrolyte of a capacitor can be aqueous, organic, ionic or solid. They 

are selected according to their electrochemical stability and ionic 

conductivity. An aqueous electrolyte is generally composed of either alkali 

(KOH) or acid based (H2SO4) solutions with a limited dissociation voltage of 

1.23 V. Their low viscosity allows for a high mobility which is important for 

ion-pore interactions but with such a low operating voltage, energy storage is 

very limited.52 Adjustments on the electrodes can slightly increase the 

operating voltage of the system but risk increasing the temperature’s 

influence on the system’s degradation. Due to the potentially corrosive nature 

of the aqueous solvents, neutral pH electrolytes have been designed (Na2SO4, 

Li2SO4), allowing for voltage windows of up to 2 V with a good cyclability.53 

Organic solvents are usually produced via quaternary salts being 

dissolved in organic solvents  in order to produce a wider dissociation voltage 

window at 2.5 V, but possess lower ionic conductivities and specific 

capacitance than aqueous solvents.54 The most commonly used organic 

solvents are propylene carbonate and acetonitrile. A higher voltage window 

allows for the organic electrolyte to produce a higher energy density. Due to 
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this specific energy, organic solvents are regularly chosen as a commercial 

and industrial electrolyte but because of their high viscosity, their 

performance is temperature sensitive. 

Ionic liquids are non-solvent electrolytes that utilise molten salts and 

operate at safer, lower vapour pressures. They are thermally stable and 

possess a large potential window (with carbon-carbon electrodes, potentially 

from 3.5 to 4.5 V). This type of electrolyte is promising for the future but still 

currently possesses a low ionic conductivity, lowering its overall power 

density.55 

Listed are just a few of the categories of electrolyte that can be 

employed within a supercapacitor but there remain many subcategories that 

are more specific to electrode and capacitance mechanisms. There is a 

dependence of the capacitor’s energy density on the system’s dissociation 

voltage. The electrolyte can produce lower conductivity because of the 

internal resistance of the capacitor; affecting the cells power density. 

 Electrolyte conductivity will increase with salt concentration up until 

a maximum point. After this maximum, saturation of salt no longer 

contributes and will begin to decrease the conductivity. The graph in Figure 

1.4 illustrates this trend with propylene carbonate holding different salts but 

some of the salts cannot be utilised for commercial purposes. Electrolytes 

such as, 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF4) and 1-

ethyl-1methylpyrrolidinium tetrafluoroborate (MEPY-BF4) are too expensive 

to mass produce and are unsuitable for industrial purposes. 

Tetraethylammonium tetrafluoroborate (TEA-BF4) has a maximum 

conductivity at 1 M which is vastly smaller than the remaining options. Both 

triethylmethylammonium tetrafluoroborate (TEMA-BF4) and 

tetramethylene-pyrolidinium tetrafluoroborate (TMPY-BF4) have yielded 

high ionic conductivities, avoided cellular ion depletion and are not as 

expensive to synthesise and are therefore being utilised for more commercial 

applications. 
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Figure 1.4: A graph illustrating the electrolytic conductivities dependence of concentration 

with quaternary ammonium salts.56 

 

1.3.6.2 Pore size 

Capacitance is directly linked to the pore size of the electrode material. When 

an ion is too large to access a certain pore, it blocks and prevents the 

appropriate ions from diffusing through the position and providing charge 

storage.57 There is a strong correlation between large pores and an increased 

power density and small pores and an increased energy density. This is due 

micropores producing a larger specific surface area and therefore a larger 

specific capacity. Mesopores provide easier ion interaction but over a smaller 

specific surface area and so the materials specific capacitance decreases. 

Chemical synthesis can allow for defined pore sizes to be created for specific 

ions. This can lead to the optimisation of energy and power densities. 

Macropores are around 50 nm in size and are functional to the electrolyte but 

do not possess the effective surface area that mesopores (2 - 50 nm) would 

provide. As well as providing a larger surface area, mesopores will benefit 
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the material’s overall conductivity. Micropores are less than 2 nm and are 

highly beneficial to the energy density of the porous structure due to its 

superior surface area.58 Optimising pore size and distribution in electrode 

materials is key to the electrode-electrolyte interaction and has become a 

primary focus in the development of storage materials.  

1.3.7 Mechanisms of supercapacitors 

Due to the method of charge/discharge, the electrochemical supercapacitors 

can be classed by two different mechanisms; electrochemical double layer 

capacitors (non-faradaic) that store energy electrostatically at the 

electrode/electrolyte interface and pseudocapacitors (faradaic) that utilise the 

adsorption of the activated ions via oxidation/reduction. A combination of 

these models is a hybrid type capacitor that utilises both sources of materials 

but operates with a pseudocapacitive mechanism (Scheme 1.1). 

 

 

 

Scheme 1.1: A chart showing the individual types of supercapacitors. 

1.3.7.1 Electrochemical double layer capacitor 

An Electrochemical double layer capacitor is composed of two carbon based 

electrodes, an electrolyte and a separator that possesses high cycling 

stabilities.59 The system stores charge electrostatically and there is no transfer 

between the electrode and electrolyte (Figure 1.5). 
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 When a voltage is applied, charge will congregate at the surface of the 

electrodes forming an electrochemical double layer.60 This refers to the 

system’s oppositely charged ions separated by a relatively small distance the 

ions will diffuse across the separator into the electrode pores of opposite 

charge. These electrodes are specifically designed to prevent the 

recombination of electrolyte ions. The increased surface area and small 

distance between the electrodes allows for higher energy densities compared 

to regular capacitors. As the process is non faradaic, there is no chemical 

exchange between the electrolyte and electrode promoting high 

electrochemical reversibility and stability (106 cycles).61 By adjusting the 

nature of the electrolyte, the double layered capacitor’s characteristics can be 

altered, employing either an organic (e.g. acetonitrile) or aqueous (H2SO4 and 

KOH) solution. Aqueous ions do not usually require large pore sizes to 

operate - unlike organic ions - but do suffer from lower breakdown voltages. 

When choosing between the two types, the advantages and disadvantages 

must be considered, as well as the function of the supercapacitor. Electrical 

double layer capacitors have the potential to produce power densities of up to 

105 W kg-1. 

 

 

Figure 1.5: The image on the left represents the electrolyte/electrode interaction, the centre 

shows a magnified image of the electrode pores occupied by electrolytic ions and the right 

demonstrates the Stern model for this mechanism.62 
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1.3.7.2 Pseudocapacitors 

Energy is stored faradaically via the transfer of charge across the electrolyte 

and electrode via electrosorption and intercalation reactions 

(oxidation/reduction).63 As such, this type of cell maybe able to achieve 

higher capacitance and energy densities, usually metal oxides and conducting 

polymers. This allows for pseudocapacitors to achieve higher capacities and 

energy densities than electrochemical, double layered capacitors. Conducting 

polymers possess relatively good capacitances and conductivity, with low 

equivalent series resistance. Its charge/discharge cyclability is affected by the 

mechanical stress of the redox interactions. The adsorption of ion and redox 

of the electrolyte are mostly dependent on the surface area of the electrode 

for capacitance size, the other factor being permittivity.64 The inclusion of 

dopants on the electrically conducting polymers relies on their porosity in 

order to distribute electrolytic ions throughout the bulk of the material. Metal 

oxides possess high conductivity via the intercalation, insertion and removal 

of protons within the amorphous structure of the metal. Both methods of 

capacitance possess their merits with double layers, providing a higher power 

output and cyclability, but pseudocapacitance having a greater energy 

density.  

During the 1970’s, Conway theorised a range of different pseudo 

capacitive mechanisms, which were dependent on the chosen electrode 

materials; underpotential deposition, redox pseudocapacitance and 

intercalation pseudocapacitance (Figure 1.6).35 The underpotential deposition 

is based on a Langmuir-type surface proton adsorption onto a noble metal 

surface. Redox pseudocapacitance involves the electrochemical adsorption of 

electrolyte ions to the surface of the material via faradaic charge transfer. 

Intercalation pseudocapacitance is ion intercalation between the layers of a 

redox active material, usually resulting in a faradaic charge transfer (Figure 

1.6).  
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Figure 1.6: Illustrates the different forms of reversible pseudocapacitive mechanisms; (a) 

underpotential deposition (b) redox pseudocapacitance and (c) intercalation pseudo 

capacitance.65 

 

There are three types of hybrid: composite, asymmetric and battery type. 

These combine the two previous forms of capacitor to exploit the advantages 

and lessen the disadvantages.66 There usually is no sacrifice to cyclic stability 

or cost.  

1.3.7.3 Composite capacitors 

 Composite materials are widely applied to a variety of different 

electrochemical techniques such as catalysis, batteries, solar cells and 

imaging. They usually involve the combination of carbon based active 

materials such as carbon nanotubes or graphene oxide alongside additive 

pseudocapacitive materials such as metal oxides, polymers or metal 

dichalcogenides.67 These permit the development of materials with high 

storage capacity and power/energy efficiency. The concept is limited by the 

flexibility and mechanical strength of the supercapacitors, as well as the 

fabrication costs. The specific capacitance of these combined materials will 

reduce with the increased use of the cell’s charge cyclability.  

 Although the two types of capacitive materials are combined, the 

surface reactions will, overall, be of the pseudocapacitance type. Therefore, 

only a thin surface layer is required. By themselves, most metal oxides 
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possess poor electrical conductivity while conducting polymers are 

mechanical unstable, making them unsuitable as electrode materials.68 By 

using carbon as a support, it increases the effectiveness and efficiency of the 

chosen active materials and negates some of the pseudo material’s detrimental 

characteristics. In the literature, there are studies of various carbon supports 

used for composite materials including; graphene, multi-walled carbon 

nanotubes (MWCNT) and hierarchical porous carbons.69 

 

Types of carbon Specific capacitance (F g-1) Electrolyte 

MWCNT 80-135 6 mol/1 KOH 
 
Graphene sheets 150 (at 0.1 A g-1) 30 wt. % KOH in H2O 

 
Exfoliated rGO 

264 (at 0.1 A g-1)  30 wt. % KOH in H2O 

 
Graphene aerogel 325 (at 1 A g-1) 0.5 M H2SO4 

 
Porous carbon (surface 
area, (SBET) = 1880 m2/g, 
pore diameter (Dp) = 2.8 
nm) 
 

205 at (1 mVs-1) 
 

6 M KOH 
 

 

Table 1.2: Carbon nanomaterials found in Supercapacitors.70 

 

Carbon nanotubes have been employed as a support for both metal oxides and 

conducting polymers because of the porosity and high electrical and 

mechanical properties. Pang et al. investigated the synthesis of these 

composites via electrochemical deposition utilising low-cost methods.71 They 

note an interesting interaction between the deposited polymer and the 

nanotube, explaining how it increases polymer electron delocalisation and 

conjugation. This in turn increases the storage and charge rate properties. This 

has the potential to be applied to novel supercapacitors to enhance 

capacitance and power density. 
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Figure 1.7: Models of (a) an electrochemical double layer capacitor and (b) a 

pseudocapacitor.72 

 

Ruthenium oxide has been prepared and combined with a template carbon 

composite via thermal impregnation method.73 With a high concentration of 

RuO2, the specific capacitance achieved was 633 F g-1. An over saturation of 

this metal oxide, however, yields a poor capacitance and rate capability, 

mainly due to the increase of the system’s equivalent series resistance.  

 Asymmetric capacitors are hybrids that amalgamate faradaic and non-

faradaic reactions through the combination electrochemical double layer and 

pseudocapacitors. This can be exhibited in the combinations of activated 

carbon and conducting polymer cathodes.74 The issue is that while current 

conducting polymer electrodes have a high capacitance and low resistances, 

they have very low working voltages and cyclability. Combining these 

different types of electrodes utilises the materials more favourable attributes 

for a high performing electrode.75 Naoi et al. have developed a hybrid with a 

carbon fibre/lithium titanate that has an energy density (29 W h kg-1) twice 

that of the standard commercial electrochemical capacitor.76 

 Battery-type supercapacitors have a similar composition to the 

asymmetric hybrids but involve the coupling of capacitor and battery 

electrodes. This model was designed to combine and utilise the high power 

density of the supercapacitors and high energy densities of modern batteries.77 

Current research focuses on using one carbon electrode and lead dioxide and 
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lithium titanate.78 There has been less focus on this area of composite, but 

current experimental data suggests that these hybrids could lead to an 

alternative energy storage method in the future. 

1.3.8 Materials for supercapacitors - Carbon 

Carbon allotropes have become a highly established material for the bulk of 

electrode materials due to their ability to retain large amounts of electric 

current at high temperatures and sustain a brilliant mechanical stability.79 

Carbon is regularly used in electrochemical double layered capacitance. They 

can be adapted to produce low electrical resistance, achieve high surface areas 

once activated and their pore sizes and distribution can be easily adapted in 

order to combine different allotropes. The level of activation and treatment 

will affect the carbon’s double layer capacitance (CA, μF cm-2), with graphene 

holding one of the highest theoretical capacitances (526 F g-1).80,81 

1.3.8.1 Activated carbon 

Activated carbon, an engineered form of carbon, has a large specific surface 

area, low electrical resistance, and low fabrication costs, allowing it to be one 

of the most widely used electrode materials. Originally sourced from 

carbonaceous materials, the carbon was required to undergo the activation 

process in order to yield its activate form. The precursors ‘unorganised’ 

carbons within its apertures are removed via chemical/thermal methods. 

Thermal activation refers to carbon precursors being treated at high 

temperatures (700 – 1200 °C) while being exposed to oxidising gases such as 

air, CO2 and steam.82 The chemical alternative requires lower temperatures 

(400 – 700 °C) utilising reagents such zinc chloride and phosphoric acid.83 

These techniques increase the surface area of the carbon (up to 3000 m2 g-1) 

by creating new pores in the material. Excessive activation of the carbon leads 

to larger pore volume, resulting in a low material density and conductivity. 

This may not always contribute towards the efficiency of the materials 

capacitance as electrolyte ions possess the potential to become stuck in micro 

pores, preventing smaller ions from initiating charge transfer. Activated 

carbon possesses a unique and complex pore system that is composed from 
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different sizes, achieving a high surface area.84 Depending on the method of 

synthesis, the specific capacitance of the activated carbon can vary from 

75 - 125 F g-1. With quite a high theoretical capacity, it suffers from a much 

lower specific capacitance due to space restriction within the pore walls for 

charge storage. Activated carbon demonstrates a higher specific capacitance 

in aqueous electrolytes (100 - 300 F g-1) than with organic (150 F g-1).85 This 

is because of how organic electrolytes increase the activated carbon’s pore 

numbers that are smaller than their relevant ions and increase the number that 

are not contributing to the system’s collective charge. This highlights the 

relationship between ion size and pore size for electrochemical double layer 

capacity and the importance of electrolyte choice. 

 Although activated carbons retain high surface areas due to their 

porosity, they remain limited by their energy storage and rate capabilities. 

They struggle with pore size management and distribution throughout the 

material. If the pore distribution and size range could be limited, activated 

carbon could be more useful in enhancing a supercapacitor’s energy density 

while maintaining a high-power density and cyclability. 

1.3.8.2 Carbon nanotubes 

The development of carbon nanotubes has been utilised in a vast variety of 

electrochemical applications due to its excellent porosity, high specific 

surface area, electrical conductivity and good mechanical and thermal 

stability.86 The nanotubes’ mesopores are interconnected which permits a 

continual charge distribution that utilises the entire surface area. This means 

that the surface area is exploited more effectively. These mesopores permit a 

facile movement of electrolytic ions throughout the nanotube, creating a low 

equivalent series resistance. There have been a number of techniques 

developed to reduce this resistance further, such as by growing them on the 

chosen current collectors or casting them with a polymeric gel. Carbon 

nanotubes can be categorised as either single or multi walled nanotubes, both 

being investigated as possible energy storage materials. 

 Carbon nanotubes possess a low energy density, due to their small 

specific surface area (< 500 m2g-1), and have difficulty retaining their intrinsic 



Introduction 
 

28 

properties and purity. This can be noted by Zhang et al. in investigating 

entangled carbon nanotubes.87 They noted that the aligned carbon nanotubes 

show faster ionic transport because of their organised pore distribution and 

uniform structure. 

 Methods to try and improve carbon nanotube’s energy density have 

begun with increasing the specific surface area. This can be done via the 

chemical activation of the carbon using potassium hydroxide.88 It is important 

to maintain a balance of porosity to conductivity in order to achieve a high 

rate of capacitance. 

1.3.8.3 Templated carbon 

This method of nanostructured carbon production allows for a greater control 

of pore size distributions, orders, and interconnected networks. Depending on 

the size and structure of the desired pores, there are many different forms of 

templates employed.89 Zeolites have been utilised to form micropores, 

whereas silicate based periodic mesoporous silicas (PMS) can form 

mesoporous structures. The carbon precursor will infiltrate the 

chosen/required template and will be carbonized before the template is 

removed. Using zeolite Y as a template, a carbon structure with a gravimetric 

capacitance of 340 F g-1 is made. It also possesses great mechanical and 

chemical stability, as shown by its high cyclability.90 This method allows for 

pore size to be adapted for the electrolyte ion size, with more ordered ion 

channels for best charge transfer and energy density. The technique can be 

utilised for psuedocapacitance, as these highly porous structures can provide 

better access to the material’s surface functional groups. 

 Mesopores have the potential to increase the material’s kinetic ion 

diffusion on the electrodes while improving their current densities. 

Micropores that are more accessible to the electrolyte ions focus more on 

energy storage. Wang et al. have designed three dimensional hierarchical 

structures that utilise all three pore types for different occupations.91 

Macropores are utilised as ion buffering reservoirs, mesoporous walls permit 

high electrical conductivity and the micropores increase rate of charge 

transfer. Yamada et al. also synthesised a multi pore sized carbon that yielded 
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an electrochemical layered capacitance of 200 - 350 F g-1 in acidic 

electrolyte.  

When fabricating a multi-porous sized carbon compound, it is 

important to select the most suitable template and carbon precursor material. 

This allows for greater control over pore size and distribution, as well as 

carbonising the most chemically and physically adept porous solid possible. 

Using such a novel method and materials lowers production costs and is 

environmentally friendly due to the template’s benign nature. 

1.3.8.3 Carbon aerogels 

Carbon aerogels are designed with a complex network of continuous carbon 

nanoparticles distributed with mesopores. Their ability to bond with the 

supercapacitor’s current collector allows there to be no additional adhesive 

binding agent.92 This permits the aerogel to have a lower equivalent series 

resistance than the activated carbons. This allows for a higher power density; 

a key focus for developing superior supercapacitors. Particle size has become 

a key interest of study, especially if the desired material is synthesised with 

the nanometre scale, due to their ability to modify the bulk properties of the 

composite and increasing the breadth of their functionality. 

This type of electrode integrates carbon based materials with polymer 

and metal oxide, utilising both chemical and physical charge mechanisms.93 

The carbon materials exploit the double layered capacitance charge 

mechanisms while providing a large surface area to optimise the contact area 

between the electrode and electrolyte. These pseudocapacitance materials 

undergo faradaic reactions to increase the system’s capacitance. The 

combination of carbon nanotubes and pyrrole precursors have demonstrated 

a higher level of capacitance than isolated material. This can be credited to 

the even coating of the polypyrrole around the outside of the nanotube, which 

allows for greater accessibility and charge distribution. The ionic movement 

into the electrode does not induce mechanical stress upon the nanotubes, 

allowing for stability comparable to charge deposition electrodes 
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1.3.9 Materials of supercapacitors - Pseudocapacitive 

1.3.9.1 Transition metal oxides 

Metal oxides have been highly regarded as potential electrode materials for 

both lithium-ion batteries and pseudocapacitors due to their facile synthesis 

and ability to faradaically interact with a variety of different ions: specifically, 

lithium via a conversion mechanism. Some of the metals also have the benefit 

of being highly abundant and therefore cheap to procure.64 The metal oxide’s 

structure and positioning can be tailored, which allows for a greater 

understanding of these specific material’s electrochemical properties. There 

has been research into a great many metal oxides, varying in performance and 

characteristics. These can include; MnO2, NiO, RuO2, SnO2, V2O4 and 

Fe3O4.68 

 There are issues that arise with the use of metal oxides, such as their 

wide bandgap as semiconductors, resulting in low electrical conductivity 

performances. This can pose as an issue for electrode materials, as such 

attributes can cause the generation of excess heat when undergoing their 

charge/discharge mechanisms. This mechanism also causes a notable increase 

and decrease in electrode volume, which influences the efficiency and 

capabilities of the other components of the cell. They also suffer from poor 

ionic movement kinetics. The electrode materials being generated at 

nanoscale size or formed as hierarchically porous structures may theoretically 

provide adequate ionic pathways but they also increase the cell’s electrical 

resistance because of the increased number of grain boundaries.33 The 

presented issues mean that the cyclability of these metal oxides is still far 

below the commercial standard. Sawangphruk et al. studied manganese 

oxide-graphene oxide based material which achieved a capacitance of around 

393 F g-1 with a good cyclability retention after 200 cycles.94 

1.3.9.2 Conducting polymers 

These possess good capacitances and conductivities with low resistances and 

production costs. They are low environmental impact materials that are easily 

fabricated and highly conductive with a dopant. Polymers that are regularly 
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employed are polypyrrole (PPy), poly(3,4-ethylene-dioxythiophene 

(PEDOT) and polyaniline (PANI).95 The polymers operate via the faradaic 

model, with the charge transfer operating throughout the bulk volume of the 

chosen material. The conducting polymer electrode utilises a p/n-type 

junction configuration (one n-type and one p-type polymer electrode) which 

produces high potential energies and power densities. It is the n-doped 

electrodes that lack efficiency and therefore prevent the faradaic potential of 

the cell. Their mechanical stability has also been questioned which leads to a 

poor cyclability charge/discharge and has therefore inhibited the progress of 

this pseudocapacitor. 

 Conducting polymers have been combined with carbon nanotubes to 

behave as a composite electrode, with the nanotube incorporation increasing 

the system’s capacitance via their redox reactions. The polymer in this pairing 

will behave as the electron donors while the nanotubes will be acceptors.71 

1.3.10 Characterisation  

1.3.10.1 Electrochemistry  

Electrochemistry is ubiquitous in all areas of analytical chemistry and is a 

very useful method for monitoring electron charge transfers throughout 

electrochemical reactions. This can be faradaic or non-faradaic and results in 

the transfer of charge between the electrode and specific material. This can 

provide insight into key electrochemical measurements such as 

heterogeneous electron transfer electrode reactivity, ionic transport 

mechanisms and energy storage. Cyclic, differential pulse and galvanostatic 

voltammetries are examples of these analytical electrochemical methods.96 

These techniques can be utilised to define the chemical and physical qualities 

of the chosen system cell including diffusion coefficients, faradaic potentials 

and electron transfer rates. Combined with relevant spectroscopy, 

information surrounding the reactions structures and mechanism can further 

our understanding of materials conductivity and capacitance. The cells in 

which faradaic currents can be found are either referred to as galvanostatic or 

electrolytic. 
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1.3.10.2 Galvanostatic cycling  

Galvanostatic cycling involves chemical or electrostatic reactions transpiring 

spontaneously at the surface of the electrode when connected to an external 

conductor. These systems are often used to convert chemical signalling into 

electrical potentials. 

Figure 1.8 represents a recent form of current cycling that defines the 

charge cyclability/DC characteristics of a specific storage system. It allows 

for the calculation of the device’s capacitance and equivalent series 

resistance. By introducing the cell system to a constant current in a potential 

window, the results can be monitored via the repeating cycle of a 

predetermined voltage maximum and 0 V. By monitoring the voltage, the 

electrolytes interaction with the chosen electrodes can be characterised. 

Organic electrolytes usually yield a voltage step up of around 2.7 V whereas 

aqueous is around 1 V. 

 

 

Figure 1.8: The Galvanostatic charge/discharge curves for reduced graphene oxide operating 

at different temperatures.97 
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Above is the charge/discharge curve for reduced graphene oxide, acquired 

using galvanostatic cycling. The rate of voltage in carbon based non-faradaic 

materials throughout the cycle is relatively constant, excluding the initial 

moment of discharge. This moment is described as the IR drop. This is 

because of the system’s resistance energy consumption. The size of the IR 

drop can be used to express the equivalent series resistance. 

EESR = #!"	$%&'
$(

 (6) 

 

The resistance can be represented by encompassing ohms law. The current 

used is a predetermined value (Ii) and the discharge gradient is !"
!#

. The series 

resistance can be further analysed as the resistance per area (Ω.cm-2) of the 

electrode. 

1.3.10.3 Cyclic voltammetry  

This method of characterisation is very similar to galvanostatic voltammetry, 

but it measures the output current and the input voltage. It is utilised to 

investigate the oxidation and reductions of molecular species, as well as 

electron transfer initiated reactions. The voltammogram is acquired through 

the application of a linear potential sweep (a potential that increases/decreases 

with time) to a working electrode. The potential is moved through the formal 

potential, Eº, the system’s applied current will faradaic interact with the 

chosen electrolyte.98 It does this by sweeping the electrodes potential between 

the limits E1 and E2, the sweep/scan rate. When the limit of E2 is reached, the 

sweep is reversed back to E1 to achieve a cyclic scan. The obtained linear 

potential scan of a triangular wave indicates the cyclic excitation signal. 

These results can be portrayed in a cyclic voltammogram as a reversible 

single electrode transfer reaction. There are certain characteristics of the data 

that define the electrochemical reaction; the voltage separation of the current 

peaks, the voltage peaks remain in the same position, the ratio of current peaks 

is equal to one as well as being proportional to the square root of the system’s 

scan rate. 
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Figure 1.9: The Cyclic Voltammograms for different forms of energy storage depending on 

specific materials.99 

 

1.3.11 Future development 

1.3.11.1 Hybrid capacitors  

Hybrid design encapsulates both the electrochemical double layered and 

pseudocapacitor technologies to form a hybrid capacitor. Current research has 

shown that the correct combination of electrodes and synthesis could 

potentially outperform single type systems. This has led to the improvement 

and development of more quantifiable models. A focus point has been 

increasing the mechanical and chemical stability of the chosen materials in 

order to extend current cyclability issues and create a model that can be more 

flexible and more commercially applicable.  

1.3.11.2 Equivalent series resistance 

The resistance of a system impedes the electrode’s ability to achieve its 

theoretical power densities. Therefore, methods have been investigated to 

reduce the cell’s resistance. This has involved the chemical bonding of the 

current collector and electrode together to limit any charge interference or by 
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utilising colloidal thin film suspensions. The manufacturing of pore sizes with 

the specific electrolytes has been investigated to understand how resistance 

develops with electrolyte/electrode interaction. 

1.3.11.3 Electrolyte  

The optimal electrolyte has been consistently heralded as the key to 

improving a supercapacitor. Its ion molarity and chosen operating voltage are 

highly important to the functionality and performance of the capacitance 

system. It has not been a focal point of current supercapacitor research as 

efforts have been primarily focused on the alteration and improvement of 

electrodes. A point has been made that electrolyte optimisation should also 

be a primary focus in the development of these systems. By synergising both 

optimised electrodes and electrolytes, there is the potential to create a highly 

efficient supercapacitor model. 

1.3.11.4 Self-discharge  

A common trait that both batteries and supercapacitors possess is their 

propensity to discharge, but this occurs at a higher rate for supercapacitors.  

Charged supercapacitors contain a higher state of potential energy than their 

discharged forms, which creates a higher thermodynamic pressure within the 

cell. This leads to the gradual decrease in voltage when the cell’s circuit is no 

longer connected to an external circuit. Self-discharge is strongly associated 

with faradaic interactions discharging the electrode surface. This impacts 

their use within commercial devices, as a supercapacitor’s ability to function 

regularly without a constant source of external charge may result in poor 

electrical charge retention. 

1.3.11.5 Improving energy density 

The energy density of a cell is the amount of stored energy in a certain mass 

of given material. The greater the energy density within the system, the 

greater amount of energy can be stored with the material’s mass. It is 

necessary to either increase the specific capacitance of the electrode material 

or increase the working voltage of the system.  
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1.4 Overview and Outlook 

Supercapacitors have presented an alternative energy storage mechanism, one 

that utilises high power densities and cyclabilities. Although highly capable, 

their shortcomings provide enough reason to assume that they cannot 

completely replace batteries as a complete solution to power storage. This is 

heavily noted in the related literature in this review. Currently supercapacitors 

do not possess the necessary energy density to fulfil this role.  

The specific capacitance can be increased by the energy density of the 

system. Current battery models have an energy density that is around seven 

times greater than commercial supercapacitors, indicating the massive 

existing difference between the two storage systems. In research, these 

capacitances can be improved with the inclusion of metal oxides or 

conducting polymers, although the mechanical and chemical stability of the 

composite will be slightly compromised. The commercial capacitors are 

currently based on porous activated carbon electrodes because of their cheap 

fabrication costs and accessibility. This does not mean that they cannot play 

an important role alongside the research and development of batteries. Their 

ability to charge and discharge at extremely high rates and store and retain 

kinetic energies make them extremely useful for vehicles and portable 

electronics. Characteristics such as surface areas, thermal and electrochemical 

conductivity and material porosity have greatly improved in current research, 

with the introduction of composite and template carbon electrode techniques. 

In summary, supercapacitors possess a huge potential for 

development due to their potentially varying designs and relevant 

applications alongside current advancements in technologies and the 

necessity for improved energy storage systems. Key focuses for the future 

will be in improving the specific capacity of the system by improving the 

surface area and porosity. There must also be a focus on cheap sourcing and 

fabrication costs for supercapacitor electrode materials, in an attempt to 

commercialise the research. 

 



Chapter 1 
 

37 

References 

(1)  BP. Statistical Review of World Energy; 2020. 

(2)  Sorrell, S. Reducing Energy Demand: A Review of Issues, Challenges 

and Approaches. Renew. Sustain. Energy Rev. 2015, 47, 74–82. 

https://doi.org/10.1016/j.rser.2015.03.002. 

(3)  Li, L.; Loo, B. P. Y. Alternative and Transitional Energy Sources for 

Urban Transportation. Curr. Sustain. Energy Reports 2014, 1 (1), 19–

26. https://doi.org/10.1007/s40518-014-0005-6. 

(4)  York, R. Do Alternative Energy Sources Displace Fossil Fuels? Nat. 

Clim. Chang. 2012, 2 (6), 441–443. 

https://doi.org/10.1038/nclimate1451. 

(5)  World Nuclear Association. World Nuclear Performance Report 2020; 

2020. 

(6)  IRENA. Renewable Energy and Jobs Annual Review. 2019, 40. 

(7)  Jara, R. M.; Julian,  juan R. R.; Bielsa, J. I. G.; Alvarez, G. C. Study of 

the Effects on Employment of Public Aid to Renewable Energy 

Resource. Eur. J. Polit. Econ. 2010, 7 (1). 

(8)  Nations, U. The Sustainable Development Goals Report; 2020. 

https://doi.org/10.18356/2282dd98-en. 

(9)  Maynard, D. da C.; Vidigal, M. D.; Farage, P.; Zandonadi, R. P.; 

Nakano, E. Y.; Botelho, R. B. A. Environmental, Social and Economic 

Sustainability Indicators Applied to Food Services: A Systematic 

Review. Sustainability 2020, 12 (5), 1804. 

https://doi.org/10.3390/su12051804. 

(10)  Khoshnevis Yazdi, S.; Shakouri, B. Renewable Energy, Nonrenewable 

Energy Consumption, and Economic Growth. Energy Sources, Part B 

Econ. Plan. Policy 2017, 12 (12), 1038–1045. 

https://doi.org/10.1080/15567249.2017.1316795. 

(11)  K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. 



Introduction 
 

38 

V. Dubonos, I. V. G. and A. A. F. Electric Field Effect in Atomically 

Thin Carbon Films. 2004, 306 (5696), 666–669. 

(12)  Khan, Z. U.; Kausar, A.; Ullah, H. A Review on Composite Papers of 

Graphene Oxide, Carbon Nanotube, Polymer/GO, and Polymer/CNT: 

Processing Strategies, Properties, and Relevance. Polym. - Plast. 

Technol. Eng. 2016, 55 (6), 559–581. 

https://doi.org/10.1080/03602559.2015.1098693. 

(13)  Brodie, B. C. Researches on the Atomic Weight of Graphite. R. Soc. 

London 1858, 149, 423–429. 

(14)  Schafhaeutl, C. Ueber Die Verbindungen Des Kohlenstoffes Mit 

Silicium, Eisen Und Anderen Metallen, Welche Die Verschiedenen 

Gallungen von Roheisen, Stahl Und Schmiedeeisen Bilden. J. fur 

Prakt. Chemie 1840, 19, 408–417. 

(15)  Gottschalk, F. Beiträge Zur Kenntniss Der Graphitsäure. J. fur Prakt. 

Chemie 1865, 95, 321–350. 

(16)  Berthelot, M. Recherches Sur Les États Du Carbonne. Ann. Chim. 

Phys. 1870, 19, 391–417. 

(17)  Staudenmaier, L. Verfahren Zur Darstellung Der Graphitsaure. 

Berichte der Dtsch. Gesellschaft 1898, 31, 1481–1487. 

(18)  Kohlschutter, V.; Haenni, P. Zur Kenntnis Des Graphitischen 

Kohlenstoffs Und Der Graphitsaure. Zeitschrift fur amprganische und 

Allg. Chemie 1918, 105, 121–144. 

(19)  Hummers, W. S.; Offeman, R. E. Preparation of Graphitic Oxide. J. 

Am. Chem. Soc. 1958, 80 (6), 1339. 

https://doi.org/10.1021/ja01539a017. 

(20)  Kovtyukhova, N. I. Layer-by-Layer Assembly of Ultrathin Composite 

Films from Micron-Sized Graphite Oxide Sheets and Polycations. 

Chem. Mater. 1999, 11 (3), 771–778. 

https://doi.org/10.1021/cm981085u. 

(21)  Yu, H.; Zhang, B.; Bulin, C.; Li, R.; Xing, R. High-Efficient Synthesis 



Chapter 1 
 

39 

of Graphene Oxide Based on Improved Hummers Method. Sci. Rep. 

2016, 6 (July), 1–7. https://doi.org/10.1038/srep36143. 

(22)  Chen, J.; Yao, B.; Li, C.; Shi, G. An Improved Hummers Method for 

Eco-Friendly Synthesis of Graphene Oxide. Carbon N. Y. 2013, 64 (1), 

225–229. https://doi.org/10.1016/j.carbon.2013.07.055. 

(23)  Shahriary, L.; Athawale, A. A. Graphene Oxide Synthesized by Using 

Modified Hummers Approach. Int. J. Renew. Energy Environ. Eng. 

2014, 02 (01). 

(24)  Council, W. E. World Energy Issues Monitor; London, 2018. 

(25)  Ould Amrouche, S.; Rekioua, D.; Rekioua, T.; Bacha, S. Overview of 

Energy Storage in Renewable Energy Systems. Int. J. Hydrogen 

Energy 2016, 41 (45), 20914–20927. 

https://doi.org/10.1016/j.ijhydene.2016.06.243. 

(26)  Olabi, A. G. Renewable Energy and Energy Storage Systems. Energy 

2017, 136, 1–6. https://doi.org/10.1016/j.energy.2017.07.054. 

(27)  Guney, M. S.; Tepe, Y. Classification and Assessment of Energy 

Storage Systems. Renew. Sustain. Energy Rev. 2017, 75 (November 

2016), 1187–1197. https://doi.org/10.1016/j.rser.2016.11.102. 

(28)  Hall, P. J.; Mirzaeian, M.; Fletcher, S. I.; Sillars, F. B.; Rennie, A. J. 

R.; Shitta-Bey, G. O.; Wilson, G.; Cruden, A.; Carter, R. Energy 

Storage in Electrochemical Capacitors: Designing Functional 

Materials to Improve Performance. Energy Environ. Sci. 2010, 3 (9), 

1238–1251. https://doi.org/10.1039/c0ee00004c. 

(29)  Frackowiak, E. Carbon Materials for Supercapacitor Application. 

Phys. Chem. Chem. Phys. 2007, 9 (15), 1774–1785. 

https://doi.org/10.1039/b618139m. 

(30)  Zhang, L. L.; Zhao, X. S. Carbon-Based Materials as Supercapacitor 

Electrodes. Chem. Soc. Rev. 2009, 38 (9), 2520. 

https://doi.org/10.1039/b813846j. 

(31)  Burke, A. Ultracapacitors: Why, How, and Where Is the Technology. 



Introduction 
 

40 

J. Power Sources 2000, 91 (1), 37–50. https://doi.org/10.1016/S0378-

7753(00)00485-7. 

(32)  Liu, C.; Yu, Z.; Neff, D.; Zhamu, A.; Jang, B. Z. Graphene-Based 

Supercapacitor with an Ultrahigh Energy Density. Nano Lett. 2010, 10 

(12), 4863–4868. https://doi.org/10.1021/nl102661q. 

(33)  Wei, W.; Cui, X.; Chen, W.; Ivey, D. G. Manganese Oxide-Based 

Materials as Electrochemical Supercapacitor Electrodes. Chem. Soc. 

Rev. 2011, 40 (3), 1697–1721. https://doi.org/10.1039/c0cs00127a. 

(34)  Wang, H.; Pilon, L. Accurate Simulations of Electric Double Layer 

Capacitance of Ultramicroelectrodes. J. Phys. Chem. C 2011, 115 (33), 

16711–16719. https://doi.org/10.1021/jp204498e. 

(35)  B.E.Conway. Electrochemical Supercapacitors: Scientific 

Fundamentals and Technological Applications; Kluwer Academic/ 

Plenum Publishers: New York; London, 1999. 

(36)  Aiping Yu, Victor Chabot, J. Z. Electrochemical Supercapacitors for 

Energy Storage and Delivery; 2013. 

https://doi.org/10.1002/9781118991978.hces112. 

(37)  Stojek, Z. The Electrical Double Layer and Its Structure. Electroanal. 

methods Guid. to Exp. Appl. 2010, 3–8. https://doi.org/10.1007/978-3-

642-02915-8_1. 

(38)  Grahame, D. C. The Electrical Double Layer and the Theory of 

Electrocapillarity. Chem. Rev. 1947, 41 (3), 441–501. 

https://doi.org/10.1021/cr60130a002. 

(39)  Shapovalov, V. L.; Brezesinski, G. Breakdown of the Gouy - Chapman 

Model for Highly Charged Langmuir Monolayers: Counterion Size 

Effect. J. Phys. Chem. B 2006, 110 (20), 10032–10040. 

https://doi.org/10.1021/jp056801b. 

(40)  Torrie, G. M.; Valleau, J. P. Electrical Double Layers. 4. Limitations 

of the Gouy-Chapman Theory. J. Phys. Chem. 1982, 86 (16), 3251–

3257. https://doi.org/10.1021/j100213a035. 



Chapter 1 
 

41 

(41)  S.Srinivasan; Srinivasan, S. Chapter 2 Electrode / Electrol Yte 

Interfaces : Structure And. Fuel Cells From Fundam. to Appl. 1900, 

27–96. 

(42)  Kant, R.; Singh, M. B. Generalization of the Gouy-Chapman-Stern 

Model of an Electric Double Layer for a Morphologically Complex 

Electrode: Deterministic and Stochastic Morphologies. Phys. Rev. E - 

Stat. Nonlinear, Soft Matter Phys. 2013, 88 (5), 1–16. 

https://doi.org/10.1103/PhysRevE.88.052303. 

(43)  Pilon, L.; Wang, H.; d’Entremont, A. Recent Advances in Continuum 

Modeling of Interfacial and Transport Phenomena in Electric Double 

Layer Capacitors. J. Electrochem. Soc. 2015, 162 (5), A5158–A5178. 

https://doi.org/10.1149/2.0211505jes. 

(44)  Conway, B. E.; Bockris, J. O.; Ammar, I. A. The Dielectric Constant 

of The Solution in the Diffuse and Helmholtz Double Layers at a 

Charged Interface in Aqueous Solution. R. Soc. Chem. 1949, No. 5, 

612–624. 

(45)  Nakamura, M. Form And Capacitance of Parallel-Plate Capacitors. 

IEEE Trans. Components Packag. Manuf. Technol. Part A 1994, 17 

(3), 477–484. https://doi.org/10.1109/95.311759. 

(46)  Shi, K. Advanced Materials for Energy Storage in Supercapacitors and 

Capacitive Water Purification, McMaster University, 2016. 

(47)  Simon, P.; Gogotsi, Y.; Dunn, B. Where Do Batteries End and 

Supercapacitors Begin ? Science (80-. ). 2014, 343 (March), 1210–

1211. https://doi.org/10.1126/science.1249625. 

(48)  Salanne, M.; Rotenberg, B.; Naoi, K.; Kaneko, K.; Taberna, P. L.; 

Grey, C. P.; Dunn, B.; Simon, P. Efficient Storage Mechanisms for 

Building Better Supercapacitors. Nat. Energy 2016, 1 (6), 1–10. 

https://doi.org/10.1038/nenergy.2016.70. 

(49)  Tsay, K. C.; Zhang, L.; Zhang, J. Effects of Electrode Layer 

Composition/Thickness and Electrolyte Concentration on Both 



Introduction 
 

42 

Specific Capacitance and Energy Density of Supercapacitor. 

Electrochim. Acta 2012, 60, 428–436. 

https://doi.org/10.1016/j.electacta.2011.11.087. 

(50)  Zhang, L. L.; Zhao, X. S. Carbon-Based Materials as Supercapacitor 

Electrodes. Chem. Soc. Rev. 2009, 38 (9), 2520–2531. 

https://doi.org/10.1039/b813846j. 

(51)  Gao, Q.; Demarconnay, L.; Raymundo-Piñero, E.; Béguin, F. 

Exploring the Large Voltage Range of Carbon/Carbon Supercapacitors 

in Aqueous Lithium Sulfate Electrolyte. Energy Environ. Sci. 2012, 5 

(11), 9611–9617. https://doi.org/10.1039/c2ee22284a. 

(52)  Zhang, X.; Wang, X.; Jiang, L.; Wu, H.; Wu, C.; Su, J. Effect of 

Aqueous Electrolytes on the Electrochemical Behaviors of 

Supercapacitors Based on Hierarchically Porous Carbons. J. Power 

Sources 2012, 216, 290–296. 

https://doi.org/10.1016/j.jpowsour.2012.05.090. 

(53)  Fic, K.; Lota, G.; Meller, M.; Frackowiak, E. Novel Insight into 

Neutral Medium as Electrolyte for High-Voltage Supercapacitors. 

Energy Environ. Sci. 2012, 5 (2), 5842–5850. 

https://doi.org/10.1039/c1ee02262h. 

(54)  Kurzweil, P.; Chwistek, M. Electrochemical Stability of Organic 

Electrolytes in Supercapacitors: Spectroscopy and Gas Analysis of 

Decomposition Products. J. Power Sources 2008, 176 (2), 555–567. 

https://doi.org/10.1016/j.jpowsour.2007.08.070. 

(55)  Balducci, A.; Dugas, R.; Taberna, P. L.; Simon, P.; Plée, D.; 

Mastragostino, M.; Passerini, S. High Temperature Carbon-Carbon 

Supercapacitor Using Ionic Liquid as Electrolyte. J. Power Sources 

2007, 165 (2), 922–927. 

https://doi.org/10.1016/j.jpowsour.2006.12.048. 

(56)  UE, M. Chemical Capacitors and Quaternary Ammonium Salts. 

Electrochemistry 2007, 75 (8), 565–572. 

https://doi.org/10.5796/electrochemistry.75.565. 



Chapter 1 
 

43 

(57)  Kondrat, S.; Pérez, C. R.; Presser, V.; Gogotsi, Y.; Kornyshev, A. A. 

Effect of Pore Size and Its Dispersity on the Energy Storage in 

Nanoporous Supercapacitors. Energy Environ. Sci. 2012, 5 (4), 6474–

6479. https://doi.org/10.1039/c2ee03092f. 

(58)  Seredych, M.; Koscinski, M.; Sliwinska-Bartkowiak, M.; Bandosz, T. 

J. Active Pore Space Utilization in Nanoporous Carbon-Based 

Supercapacitors: Effects of Conductivity and Pore Accessibility. J. 

Power Sources 2012, 220, 243–252. 

https://doi.org/10.1016/j.jpowsour.2012.07.074. 

(59)  Xing, W.; Qiao, S. Z.; Ding, R. G.; Li, F.; Lu, G. Q.; Yan, Z. F.; Cheng, 

H. M. Superior Electric Double Layer Capacitors Using Ordered 

Mesoporous Carbons. Carbon N. Y. 2006, 44 (2), 216–224. 

https://doi.org/10.1016/j.carbon.2005.07.029. 

(60)  Qu, D. Studies of the Activated Carbons Used in Double-Layer 

Supercapacitors. J. Power Sources 2002, 109 (2), 403–411. 

https://doi.org/10.1016/S0378-7753(02)00108-8. 

(61)  Lewandowski, A.; Galinski, M. Practical and Theoretical Limits for 

Electrochemical Double-Layer Capacitors. J. Power Sources 2007, 

173, 822–828. 

(62)  Staaf, L. G. H.; Lundgren, P.; Enoksson, P. Present and Future 

Supercapacitor Carbon Electrode Materials for Improved Energy 

Storage Used in Intelligent Wireless Sensor Systems. Nano Energy 

2014, 9, 128–141. https://doi.org/10.1016/j.nanoen.2014.06.028. 

(63)  Simon, P.; Gogotsi, Y. Materials for Electrochemical Capacitors. Nat. 

Mater. 2008, 7 (11), 845–854. https://doi.org/10.1038/nmat2297. 

(64)  Conway, B. E.; Birss, V.; Wojtowicz, J. The Role and Utilization of 

Pseudocapacitance for Energy Storage by Supercapacitors. J. Power 

Sources 1997, 66 (1–2), 1–14. https://doi.org/10.1016/S0378-

7753(96)02474-3. 

(65)  Augustyn, V.; Simon, P.; Dunn, B. Pseudocapacitive Oxide Materials 



Introduction 
 

44 

for High-Rate Electrochemical Energy Storage. Energy Environ. Sci. 

2014, 7 (5), 1597. https://doi.org/10.1039/c3ee44164d. 

(66)  Zhao, B.; Chen, D.; Xiong, X.; Song, B.; Hu, R.; Zhang, Q.; Rainwater, 

B. H.; Waller, G. H.; Zhen, D.; Ding, Y.; Chen, Y.; Qu, C.; Dang, D.; 

Wong, C. P.; Liu, M. A High-Energy, Long Cycle-Life Hybrid 

Supercapacitor Based on Graphene Composite Electrodes. Energy 

Storage Mater. 2017, 7 (December 2016), 32–39. 

https://doi.org/10.1016/j.ensm.2016.11.010. 

(67)  Lake, J. R.; Cheng, A.; Selverston, S.; Tanaka, Z.; Koehne, J.; 

Meyyappan, M.; Chen, B. Graphene Metal Oxide Composite 

Supercapacitor Electrodes. J. Vac. Sci. Technol. B, Nanotechnol. 

Microelectron. Mater. Process. Meas. Phenom. 2012, 30 (3), 03D118. 

https://doi.org/10.1116/1.4712537. 

(68)  Zhi, M.; Xiang, C.; Li, J.; Li, M.; Wu, N. Nanostructured Carbon-

Metal Oxide Composite Electrodes for Supercapacitors: A Review. 

Nanoscale 2013, 5 (1), 72–88. https://doi.org/10.1039/c2nr32040a. 

(69)  Bose, S.; Kuila, T.; Mishra, K.; Rajasekar, R.; Kim, H.; Hee, J. Carbon-

Based Nanostructured Materials and Their Composites as 

Supercapacitor Electrodes. Chem, J Mater 2012, 767–784. 

https://doi.org/10.1039/c1jm14468e. 

(70)  Chen, X.; Paul, R.; Dai, L. Carbon-Based Supercapacitors for Efficient 

Energy Storage. Natl. Sci. Rev. 2017, 4 (3), 453–489. 

https://doi.org/10.1093/nsr/nwx009. 

(71)  Peng, C.; Zhang, S.; Jewell, D.; Chen, G. Z. Carbon Nanotube and 

Conducting Polymer Composites for Supercapacitors. Prog. Nat. Sci. 

2008, 18 (7), 777–788. https://doi.org/10.1016/j.pnsc.2008.03.002. 

(72)  Moussa, M.; El-kady, M. F.; Zhao, Z. Recent Progress and 

Performance Evaluation for Polyaniline / Graphene Nanocomposites 

as Supercapacitor Electrodes. Nanotechnology 2016, 27 (44), 42001–

42021. https://doi.org/10.1088/0957-4484/27/44/442001. 



Chapter 1 
 

45 

(73)  Li, H.; Wang, R.; Cao, R. Physical and Electrochemical 

Characterization of Hydrous Ruthenium Oxide/Ordered Mesoporous 

Carbon Composites as Supercapacitor. Microporous Mesoporous 

Mater. 2008, 111 (1–3), 32–38. 

https://doi.org/10.1016/j.micromeso.2007.07.002. 

(74)  Frackowiak, E.; Khomenko, V.; Jurewicz, K.; Lota, K.; Béguin, F. 

Supercapacitors Based on Conducting Polymers/Nanotubes 

Composites. J. Power Sources 2006, 153 (2), 413–418. 

https://doi.org/10.1016/j.jpowsour.2005.05.030. 

(75)  Choudhary, N.; Li, C.; Moore, J.; Nagaiah, N.; Zhai, L.; Jung, Y.; 

Thomas, J. Asymmetric Supercapacitor Electrodes and Devices. Adv. 

Mater. 2017, 29 (21). 

(76)  Faraji, S.; Ani, F. N. The Development Supercapacitor from Activated 

Carbon by Electroless Plating - A Review. Renew. Sustain. Energy 

Rev. 2015, 42, 823–834. https://doi.org/10.1016/j.rser.2014.10.068. 

(77)  Li, H.; Cheng, L.; Xia, Y. A Hybrid Electrochemical Supercapacitor 

Based on a 5 V Li-Ion Battery Cathode and Active Carbon. 

Electrochem. Solid-State Lett. 2005, 8 (9), A433. 

https://doi.org/10.1149/1.1960007. 

(78)  Du Pasquier, A.; Plitz, I.; Menocal, S.; Amatucci, G. A Comparative 

Study of Li-Ion Battery, Supercapacitor and Nonaqueous Asymmetric 

Hybrid Devices for Automotive Applications. J. Power Sources 2003, 

115 (1), 171–178. https://doi.org/10.1016/S0378-7753(02)00718-8. 

(79)  Hirsch, A. The Era of Carbon Allotropes. Nat. Mater. 2010, 9 (11), 

868–871. https://doi.org/10.1038/nmat2885. 

(80)  Zhang, L. L.; Zhou, R.; Zhao, X. S. Graphene-Based Materials as 

Supercapacitor Electrodes. J. Mater. Chem. A 2010, 5983–5992. 

https://doi.org/10.1039/c000417k. 

(81)  Halper, M.; Ellenbogen, J. Supercapacitors: A Brief Overview; 2006. 

https://doi.org/Report No. MP 05W0000272. 



Introduction 
 

46 

(82)  Ruiz, V.; Blanco, C.; Raymundo-Piñero, E.; Khomenko, V.; Béguin, 

F.; Santamaría, R. Effects of Thermal Treatment of Activated Carbon 

on the Electrochemical Behaviour in Supercapacitors. Electrochim. 

Acta 2007, 52 (15), 4969–4973. 

https://doi.org/10.1016/j.electacta.2007.01.071. 

(83)  Shen, H.; Liu, E.; Xiang, X.; Huang, Z.; Tian, Y.; Wu, Y.; Wu, Z.; Xie, 

H. A Novel Activated Carbon for Supercapacitors. Mater. Res. Bull. 

2012, 47 (3), 662–666. 

https://doi.org/10.1016/j.materresbull.2011.12.028. 

(84)  Borenstein, A.; Hanna, O.; Attias, R.; Luski, S.; Brousse, T.; Aurbach, 

D. Carbon-Based Composite Materials for Supercapacitor Electrodes: 

A Review. J. Mater. Chem. A 2017, 5 (25), 12653–12672. 

https://doi.org/10.1039/c7ta00863e. 

(85)  Iro, Z. S.; Subramani, C.; Dash, S. S. A Brief Review on Electrode 

Materials for Supercapacitor. Int. J. Electrochem. Sci. 2016, 11 (12), 

10628–10643. https://doi.org/10.20964/2016.12.50. 

(86)  Futaba, D. N.; Hata, K.; Yamada, T.; Hiraoka, T.; Hayamizu, Y.; 

Kakudate, Y.; Tanaike, O.; Hatori, H.; Yumura, M.; Iijima, S. Shape-

Engineerable and Highly Densely Packed Single-Walled Carbon 

Nanotubes and Their Application as Super-Capacitor Electrodes. Nat. 

Mater. 2006, 5 (12), 987–994. https://doi.org/10.1038/nmat1782. 

(87)  Zhang, H.; Cao, G.; Yang, Y.; Gu, Z. Comparison Between 

Electrochemical Properties of Aligned Carbon Nanotube Array and 

Entangled Carbon Nanotube Electrodes. J. Electrochem. Soc. 2008, 

155 (2), K19. https://doi.org/10.1149/1.2811864. 

(88)  Pandolfo, A. G.; Hollenkamp, A. F. Carbon Properties and Their Role 

in Supercapacitors. J. Power Sources 2006, 157 (1), 11–27. 

https://doi.org/10.1016/j.jpowsour.2006.02.065. 

(89)  Zhao, X. S.; Su, F.; Yan, Q.; Guo, W.; Bao, X. Y.; Lv, L.; Zhou, Z. 

Templating Methods for Preparation of Porous Structures. J. Mater. 

Chem. 2006, 16 (7), 637–648. https://doi.org/10.1039/B513060C. 



Chapter 1 
 

47 

(90)  Ania, C. O.; Khomenko, V.; Raymundo-Piñero, E.; Parra, J. B.; 

Béguin, F. The Large Electrochemical Capacitance of Microporous 

Doped Carbon Obtained by Using a Zeolite Template. Adv. Funct. 

Mater. 2007, 17 (11), 1828–1836. 

https://doi.org/10.1002/adfm.200600961. 

(91)  Wang, D. W.; Li, F.; Liu, M.; Lu, G. Q.; Cheng, H. M. 3D Aperiodic 

Hierarchical Porous Graphitic Carbon Material for High-Rate 

Electrochemical Capacitive Energy Storage. Angew. Chemie - Int. Ed. 

2008, 47 (2), 373–376. https://doi.org/10.1002/anie.200702721. 

(92)  Li, J.; Wang, X.; Li, J.; Huang, Q.; Wang, X.; Gamboa, S.; Huang, Q.; 

Gamboa, S.; Sebastian, P. J.; Sebastian, P. J. Studies on Preparation 

and Performances of Carbon Aerogel Electrodes for the Application of 

Supercapacitor. J. Power Sources 2006, 158, 784. 

https://doi.org/10.1016/j.jpowsour.2005.09.045. 

(93)  Hwang, S. W.; Hyun, S. H. Synthesis and Characterization of Tin 

Oxide/Carbon Aerogel Composite Electrodes for Electrochemical 

Supercapacitors. J. Power Sources 2007, 172 (1), 451–459. 

https://doi.org/10.1016/j.jpowsour.2007.07.061. 

(94)  Sawangphruk, M.; Srimuk, P.; Chiochan, P.; Krittayavathananon, A.; 

Luanwuthi, S.; Limtrakul, J. High-Performance Supercapacitor of 

Manganese Oxide/Reduced Graphene Oxide Nanocomposite Coated 

on Flexible Carbon Fiber Paper. Carbon N. Y. 2013, 60 (0), 109–116. 

https://doi.org/10.1016/j.carbon.2013.03.062. 

(95)  Lin, H.; Li, L.; Ren, J.; Cai, Z.; Qiu, L.; Yang, Z.; Peng, H. Conducting 

Polymer Composite Film Incorporated with Aligned Carbon 

Nanotubes for Transparent, Flexible and Efficient Supercapacitor. Sci. 

Rep. 2013, 3, 1–6. https://doi.org/10.1038/srep01353. 

(96)  Jänes, A.; Kurig, H.; Lust, E. Characterisation of Activated 

Nanoporous Carbon for Supercapacitor Electrode Materials. Carbon 

N. Y. 2007, 45 (6), 1226–1233. 

https://doi.org/10.1016/j.carbon.2007.01.024. 



Introduction 
 

48 

(97)  Xu, Y.; Li, J.; Huang, W. Porous Graphene Oxide Prepared on Nickel 

Foam by Electrophoretic Deposition and Thermal Reduction as High-

Performance Supercapacitor Electrodes. Materials (Basel). 2017, 10 

(8), 936. https://doi.org/10.3390/ma10080936. 

(98)  Pell, W. G.; Conway, B. E. Analysis of Power Limitations at Porous 

Supercapacitor Electrodes under Cyclic Voltammetry Modulation and 

Dc Charge. J. Power Sources 2001, 96 (1), 57–67. 

https://doi.org/10.1016/S0378-7753(00)00682-0. 

(99)  Wu, Z. S.; Ren, W.; Xu, L.; Li, F.; Cheng, H. M. Doped Graphene 

Sheets as Anode Materials with Superhigh Rate and Large Capacity 

for Lithium Ion Batteries. ACS Nano 2011, 5 (7), 5463–5471. 

https://doi.org/10.1021/nn2006249. 

 



 49 

 

 

 

Chapter 2  
Experimental techniques 

Overview: This chapter will focus on a number of experimental techniques 

employed throughout this thesis, explaining the background to each device 

and technique. It will also focus on how each physical and electrochemical 

method of characterisation will be utilised in the research conducted in each 

of the following Chapters. 

 



Experimental techniques 
 

 50 

2.1 Characterisation techniques 

This section introduces the analytical methods utilised to investigate and 

scrutinise the materials designed in this thesis, while discussing the 

importance and values of these techniques to the development of various 

projects. Techniques central to this thesis are presented in detail in this 

Chapter. 

2.1.1 X-ray photoelectron spectroscopy (XPS) 

Throughout this thesis, X-ray photoelectron spectroscopy (XPS) is a first 

point of characterisation, as it can quickly inform on the electronic state of 

the materials produced. XPS is a characterisation technique utilised to study 

elemental compositions, chemical and electronic states, as well as surface 

functionalities of a material. It can be used to measure the chemical and 

electronics states of the surface, as well as a general elemental conformation. 

The materials surface is irradiated via X-ray beams, where the kinetic energy 

of the electron emissions from the top 10 nm of the upper layer can be 

measured. These X-rays are usually either monochromatic or filtered Al Kα 

(1486.6 eV) or Mg Kα (1253.6 eV). The scattered electrons are counted to 

construct a spectrum, forming photoelectron peaks of particular characteristic 

energies, which identifies the relevant surface elements.1  

 

 

Figure 2.1: Instrumental representation of XPS with example of spectra.2  
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The X-ray photons are absorbed by atoms/molecules, resulting in the 

emission of an electron. Its kinetic energy is dependent on the incident photon 

and the atomic binding energies. Kinetic energies are attributed to specific 

elements, which elaborate upon binding energies, which tells us the specific 

orbital in which the electron was ejected from as well as its chemical 

environment. The surface of a material represents a separation of phase, and 

therefore we cannot assume that the remaining bulk materials will share the 

same physical/chemical characteristics as the surface.3 This occurs as an atom 

on the surface of a material is not completely encapsulated by other composite 

bulk atoms and therefore has a bonding potential, making it more reactive. 

The electrons emitted from the surface are identified by an energy analyser 

that analysis specific energy ranges (Figure 2.1). The narrow peaks (1s) are 

attributed to the core levels, with binding energies much greater than the 

valence bands, a common characteristic of binding orbitals/ electron 

configuration. Therefore, the valence bands are usually studied by other 

electron excitation sources. 

 

 

 

Figure 2.2: The photoemission involved for XPS surface analysis. 

 

The resultant energies will be plotted in a spectrum, which initially can be 

viewed as survey spectrum. This high-resolution spectra can be deconvoluted 

with the use of Lorentzian/Gaussian functionalities working with either 
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linear, Shirley or Tougaard models.4 These corrections and fittings were 

performed using the Casa XPS software. This exhibits all of the material’s 

elemental peaks, as well as a carbon peak (which occurs due to surface 

impurities if there is no carbon present in the sample). By looking closer at 

the certain elemental peaks, their chemical states can be discerned. Usually, 

one chemical state is attributed to one peak. The XPS spectra obtained 

throughout this thesis was performed using monochromatic Alα radiation on 

a Thermo Scientific Kα photon electron spectrometer. Survey scans operated 

with 0 - 1200 eV binding energies with a pass energy of 160 eV, with a step 

size of 1 eV. The peak positions were calibrated using C1s at 284.8 eV 

(adventitious carbon).5 

The carbon 1s peaks spectra presents information regarding the 

oxygen functionality of the graphene oxide and its reduction values, which 

can be analysed by calculating the samples carbon/oxygen ratios. This is done 

by comparing the peak areas of O1s and C1s with the element’s relative 

sensitivity factors, which scale the relevant elemental peak areas. Within the 

work represented in this thesis, XPS of the carbon environment is paramount, 

since graphene type materials are analysed, in the case of Chapter 3, an in-

depth study of the effect on XPS C1s is presented for both graphene oxide 

and reduced graphene oxide.  

2.1.2 Raman and Fourier transform infrared (FT-IR) spectroscopy 

Raman is a technique that can be used in conjunction to infrared spectroscopy 

to analyse the functional groups and bonds of chosen compounds. A 

monochromatic light, produced by a gaseous laser (e.g., argon), will pass 

through the chosen material, scattering the light isotropically, meaning it will 

scatter light the same in all directions at the same intensity.6 The photons are 

absorbed and quickly released with slightly more/less energy before being 

scattered. This occurs through the alteration of vibrational/rotational energies 

between atoms, which in turn alters the wavelength of the emitted light from 

that of the incident. This splits the light scattering into two forms; Raman 

scatter and Raleigh scatter, which is the new wavelength from the 

incident light. These are recorded as line positions and are noted as 
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wavenumbers (cm-1).3,5,7 Although very similar to infrared in wavelength 

alterations, the spectra differ as seen in Figure 2.3. Electrical symmetry does 

not interact with IR, which therefore means symmetrical diatomic vibrations 

provide no spectra, whereas they do occur in Raman scattering.8 It is common 

in amorphous carbon when collecting the Raman and IR to see certain 

identifying regions. Within the Raman spectra assigned to specifically 

carbon-based materials, there will exist a ratio of sp2 (graphite) and sp3 

(diamond) bonds that are a result of amorphous and crystalline carbon 

structures.9 The amorphous data will be display two vaguely narrow peaks, 

assigned as the G and D bands. The G band indicates the C–C stretching, 

indicative of the carbon’s graphitic mode. The D band is an indication of 

disorder, with its intensity (ID) often compared to that of the G band (IG). The 

ratio will change depending on the resultant functionalisation of the carbon 

due to the nature of its synthesis and reduction properties.10 

 

 

 

Figure 2.3: Comparison data for IR and Raman for reduced graphene oxide found in this 

thesis.  

 

The Selection rule states that vibrations for IR are only active if there is a 

change in dipole movement during a vibration. For a vibration to be Raman 

active, there must be an alteration in the polarisability of the molecule.11 

Raman spectroscopy is a rigid scattering method that analyses molecular 

vibrations within a molecule. IR is a vibrational method of spectroscopy that 
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utilises absorbance, transmittance and refractance. The light is absorbed as 

specific frequencies, which correlate to the vibrational energies of the 

molecular bond.  

2.1.3 Scanning electron microscopy (SEM) 

Scanning electron microscopy is a technique used to take microscopic images 

of a sample, with a resolution between micro to nanometres. It does this by 

focusing an electron beam on a sample to produce an image. This allows us 

to obtain information regarding the materials topography and composition. 

SEM works by accelerating electrons, via a collection of specific 

lenses/apertures, down a column to focus into a beam of electrons that interact 

with the chosen material surface. The system is usually evacuated of air and 

conducted under vacuum, with the pressure dependent on the size and 

strength of the microscope.  

 

 

Figure 2.4: A general construct of a SEM.13 
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The position of the beam is then controlled using scan coils, which are 

attached to the objective lens, which allows for different areas of the sample 

to be investigated.12  

The microscope can produce these images via the sample’s interaction 

with the electron beam, producing another set of electrons, backscattered and 

resultant X-rays, all signals analysed to characterise the sample. The beam 

penetrates a few microns into the sample surface, tailored by the accelerating 

voltage and the density of the sample. The resolution of the images is then 

determined by factors such as the electron spot size and size of the area of 

interaction. The resultant deflected and emitted secondary electrons are 

collected by a detector. 

The SEMs images and data in this thesis were collected using CARL 

ZEISS ULTRA PLUS and LEO1450 devices, with an operating voltage 

window between 5 - 10 kV, depending on how conductive the surface of the 

material is and within a range of 200 μm - 500 nm. The samples were set on 

carbon coated sticky disks, before being gold coated, to prevent the surface 

electron charging and distorting the images.14 

2.1.4 Transmission electron microscopy (TEM) 

Transmission electron microscopy is employed when trying to capture images 

of a sample with a higher resolution than that of scanning electron 

microscopy. It provides information such as specific particle and pore sizes 

as well as crystal structures lattice plane widths and grain boundaries. This 

microscopy provides imaging that further illustrate a materials layer growth 

and composition, quality and defect quantity. Whilst theoretically this is 

similar to SEM, it is distinctly different due to the incorporation of 

intermediate lens and fluorescent screens, as well as not needing a set of X-

ray detectors as showing in Figure 2.5, which facilitates enhanced 

magnification. 

High energy beams are projected through a sample, resulting in 

scattered and unscattered electrons to detected at different wavelengths. An 

electron gun fires a beam through an arrangement of condenser lenses to form 
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a thin accurate beam. This distribution of wavelengths is then converted into 

imaging signals through their refocusing via a projector lens. This includes 

crystal structures and grain boundaries. This microscopy provides imaging 

that further illustrate a materials layer growth and composition, quality and 

defect quantity, and particle sizes and well depths.15 

All TEM images taken throughout this work were performed using on 

a JEOL JEM100CX II at 100 kV. The samples must be very thin, in order to 

allow the electrons to pass through it. The samples were prepared by 

sonicating a small amount of material in methanol or benzene (if air sensitive) 

for ten minutes before being pipetted onto a copper carbon TEM mesh grid, 

before being allowed to dry. 

 

 

Figure 2.5: A general construct of a TEM.13 

 

Once on the sample holder, the grid was placed and configured inside the 

TEM vacuum chamber. Images varied between 500 - 20 nm. The images are 

then analysed using Gatan microscopy suite software.  
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2.1.5 N2 isotherms and specific surface areas. 

The specific surface area of the carbon-based materials throughout this thesis, 

e.g., rGO-PANI (Chapter 3), was determined by 4-point nitrogen physical 

sorption BET (Brauner-Emmett-Teller) measurements, performed on a 

META SORBI-M device. 

It is common for carbon-based materials to have a reasonable specific 

surface are and micropore volume. The shape, size and distribution of these 

pores are highly relevant with regards to the material’s electrochemical 

activity and electrolyte interactions. It is a measure of the relative pressure 

against the volume adsorbed obtained in regard to the volume of nitrogen gas 

that consequently adsorbs onto the surface of the chosen material (the sorbate) 

and then desorbs, at a constant low temperature (-196 °C, 77 K) and varying 

gas pressures. The adsorption is conducted at such a low temperature due to 

the sensitivity of the isotherms within the micro/mesoporous range, with N2 

being in its subcritical phase.16 

The sample is degassed within a narrow glass vessel before being 

exposed to the gas. Once the pressure stabilised the system will reach a 

thermodynamic equilibrium after the nitrogen gas interacts with the material 

to create the adsorbate/adsorbent interfacial layer (Figure 2.6). Physical 

adsorption is used throughout this process due to being reversibility via 

electrostatic and polarised interactions, as opposed to chemisorption that is 

irreversible and utilises chemical interactions. 

The specific surface area is determined by the physical adsorption of 

a gas onto the surface of the chosen material. Therefore, this can be calculated 

by looking at the volume of adsorbate gas in relation to the monomolecular 

layer. The gas is weakly bound to the solid via van der Waals forces. The data 

is utilised in accordance with the Brauner-Emmett-Teller adsorption isotherm 

equation: 

1

[𝑉! $
𝑃"
𝑃 − 1']

= 	
𝐶 − 1
𝑉#𝐶

	×	
𝑃
𝑃"
+	

1
𝑉#𝐶

 (1) 
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P is the partial pressure of the adsorbate gas, P0 is its saturated pressure, V! 

the volume of the adsorbed gas under standard conditions, Vm the volume of 

gas to create a monolayer on the surface of the substrate, and C which is the 

dimensionless constant that relates to the adsorption enthalpy of the N2 gas 

on the solid.17 

 

 

 

Figure 2.6: A diagram demonstrating the steps undertaken to calculate specific surface area 

and pore size.18 

 

2.1.6 Small and Wide-angle X-ray Scattering (SAXS/WAXS) 

Small angle X-ray scattering (SAXS) and Wide-angle X-ray scattering 

(WAXS) are non-destructive characterisation technique used to study the 

nanostructures of both of solids and liquids, specifically macromolecules and 

nanoparticle surface dispersion. It is a method that ideally complements the 

microscopic data due to the data providing structural information about the 

sample area. It is usually a technique assigned to biological molecules but can 

be utilised. SAXS and WAXS was performed on Ganesha. 

The technique works by emitting an X-ray beam from a source which 

interacts with the sample’s electrons which are then subsequently scattered. 

The resultant scattering pattern then presents a fingerprint for specific 
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nanostructures and therefore characterises their shape, particle size and 

general orientation. The scattering patterns are recorded at different angles, 

with the general trend the larger the measured sample, the smaller the required 

scattering angle, using Braggs law to confirm (nl=2d sinq). SAXS is usually 

studied at below 5° which studies particles of sizes between 1 - 100 nm. 

WAXS is used to investigate smaller structures, specifically looking at crystal 

lattices that exist at interatomic levels, looking at structures < 1 nm. It 

typically covers between 5 - 60° (observed in Figure 2.7).19 

 

 

Figure 2.7: A diagram illustrating the degree of scattering angles which are dependent on 

particle size.20  

 

These methods utilise a transmission geometry in which the optics used are 

created in a very intense and narrow synchrotron X-ray beam. This is due to 

the relative scattering signals being weak must be measured in a close 

proximity to the beam. The sample is usually prepared in a 1 mm quartz 

capillary, in which a collimated monochromatic electron beam is focused 

upon. In this thesis, these methods are employed to observe the non-

crystalline nature of the chosen materials but also to note their levels of 

surface functionalisation from base level graphite. 
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2.2 Electrochemical characterisation techniques  

This section will explain the electrochemical characterisation techniques used 

throughout the thesis, beginning with sample preparation, followed by the 

specific techniques of both supercapactive and oxygen reduction reaction 

(detailed in Chapter 4) analysis. 

2.2.1 Three-electrode cell setup 

There are three different types of electrodes required to run a three-electrode 

cell: a working electrode, a reference electrode, and a counter electrode 

(Figure 2.8). The working electrode is the assigned electrode for the material 

being studied, the reference electrode is the experimental reference point for 

the potential measurements, usually a conductive material, and the counter 

electrode is the electrode assigned for the cell to complete the cell’s current 

path. 

 

Figure 2.8: Above shows the three-electrode cell setup in the lab, with the working electrode 

on the left, reference in the middle, and the counter on the right. 

 

The working electrode was prepared to operate within a three-electrode 

system, adjacent to reference and counter electrodes.21 This cell setup is one 

of the most common methods of electrochemical testing. The current 

monitored flows between the counter and working electrodes. It is thought to 
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separate the response more easily between the electrodes than the two-

electrode due to its greater accuracy in potential determination. In a two-

electrode system, the reference electrode will also be working as the cell’s 

counter electrode, meaning that it is very difficult for the electrode to maintain 

a constant potential while allowing a current to pass through it and create 

sudden changes in electrolyte concentration.22 

The counter electrode is usually composed of a highly conductive 

material that will not affect the behaviour of our working electrode. In many 

cases, they will either be made from graphite or in the case of this research, 

platinum mesh (1 cm2). They are sometimes separated from the other 

electrodes in the cell, to prevent any contamination of the working electrode, 

but this practise is not always strictly necessary. The size of the chosen 

counter electrode material needs to be sufficient enough to prevent the 

reactions from influence the working electrodes current determining 

processes. The reference electrode is usually found in a closer proximity to 

the working electrode in order to limit ohmic loss. The conventional reference 

electrode that is used is an Ag/AgCl electrode in a 2 M KCL solution encased 

in a glass capillary as seen in Figure 2.9 and 10. This is filled with the relevant 

electrolytic solution. The measurements are all conducted on a potentiostat, 

measuring different electrochemical methods and conditions, while 

compensating/monitoring ohmic activity within the cell.23,24 
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Figure 2.9: Diagram of a three-electrode cell setup; W.E = working electrode, 

R.E. = reference electrode, and C.E = counter electrode. 

 

This issue is addressed with the separation of the counter/reference electrode 

into their own individual elements to help form the three-electrode system. 

The general concept is the external potential is operating between the 

reference and working electrodes, with an applied/measured amplifier 

ensuring that no current flows between these two individual elements. The 

amplifier then allows a current to flow between the working and counter. This 

allows the reference electrode to remain non polarised and maintain a 

constant potential. This means any change in external potential will only 

come from the working electrode. 

2.2.2 Supercapacitor electrode preparation 

Before the electrode can be assembled, the chosen carbon composite material 

is dried in a vacuum oven for 12 h at 60 °C, in order to remove any solvents 

or residual water. The composition of the electrode materials consists of the 

chosen material (85%), polyvinylidene binder (10%), and activated carbon 

(5%). The Binder was formed by combining solid PVDF (Sigma-Aldrich) 

with the solvent N-methyl-2-pyrrolidone (NMP, Fisher scientific) (1 mg per 

100 μL). The binder would be added to a combination of activated carbon and 

the premade carbon composite, and all components were mixed together 
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using a quartz pestle and mortar. If the consistency of the formed paste is 

correct it will allow for a better spread of the working material across the 

surface of the bare electrode, usually comprised of pressed nickel foam 

(1 cm ´ 2.5 cm). This will further improve surface area coverage and 

therefore electrolyte electrode interaction. The electrode material’s 

conductivity is boosted by the inclusion of the conductive carbon. The paste 

will have around a 1 cm3 coverage of material across its surface, with around 

1 - 4 mg mass loading. Once set, the prepared electrode was dried overnight 

in a vacuum oven at 80 °C to evaporate of any remain NMP solvent and 

provide an accurate mass load. The mass of the working material is calculated 

by weighing the nickel foam before material application and after drying and 

then measuring the difference. So there for the mass is calculated by; 

 

Mass active = 85% × Mass dried deposition − Mass Ni foam (2) 

 

The electrodes were all cleaned in ethanol and deionised water with a 1 M 

KOH or 0.1 M Na2SO4 solution being used for the electrolyte. 

 

 

Figure 2.10: The three electrode GAMRY setup in the lab to test supercapacitor electrodes. 

2.2.3 Galvanostatic cycling 

This method of cycling an electrochemical cell evaluates the charge/discharge 

potentials of energy storage cells/devices, working in tandem with the cyclic 
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voltammetry (CV) to characterise cell performance. Galvanostatic cycling is 

a method of storage characterisation is used to obtain a materials specific 

capacitance, usually for testing the capabilities of a supercapacitor.25 While 

under a continual current, a device is charged/discharged within its potential 

window i.e. the electrode electric potential range between which the 

substance is neither oxidized nor reduced. The voltage over time resultant plot 

exhibits linear results in the case of perfect double layer capacitance, with 

interchanging positive/negative slopes, as seen in Figure 2.11. Any 

discrepancies seen from the conventional linearity may occur due to series 

resistance of the cell, which results in the potential momentarily dropping. 

This is known as an IR (internal resistance) drop, which can be caused by a 

series of issues, such as the efficiency of electron transport in the chosen 

working electrode, electrode/terminal interactions within the cell or ionic 

diffusion within the electrolyte. This drop is conventionally observed when 

the devices alternate from charging to discharging, at the peak of the potential 

window.  

 

Figure 2.11: Examples of an a) an ideal plot, b) a curve that exceed the electrolytic stability 

window, which in turn leads to excess charge transfer) and c) a discharge curve which 

exhibits a large IR potential drop. 
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Dependent on the storage mechanism of the chosen device, the 

supercapacitors will display self-discharge, where some of the current 

becomes lost while in a charged state and not connected to any external 

device. This usually occurs more frequently in EDLCs devices, which rely on 

no faradaic charge mechanisms, which are difficult to maintain.26 

Increasing the systems current density reduces the time for the 

potential difference to progress across both electrodes in between our set 

potential limits. The reduced time limit lowers the capacitance and specific 

capacitance of the material. Depending on the mass of the chosen material on 

the nickel foam, the currents had to be tailored to each electrochemical test, 

with current densities ranging between 1 - 20 A g-1.27 These values allowed 

for the calculation of the specific capacitance (Cs) using the following 

equation; 

 

C! =
"#
$%

  (3) 

 

It specifically focuses on the electrode discharge step, observing the discharge 

current (I) and electrode discharge times (t) against the active mass of the 

electrode (m) and the potential window (V). To establish the stability of the 

material, a cyclability tests were performed, which monitored the specific 

capacitance across thousands of charge discharge steps, with decreasing 

charge discharge an indication of active material degradation. 

2.2.3 Cyclic Voltammetry  

This technique is a central analysis method when observing any 

electrochemical device. The cells current is run over a cycled potential 

window at a fixed rate. This results in a current vs. potential.28 The shape of 

the CV provides an indication of the character of the chosen material. In 

supercapacitors, we would ideally like rectangular voltammogram due to its 

non-pseudocapacitive characteristics. Deviations from this ideal shape will 

also occur because of the series resistance of the designed system, with very 
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similar reasoning to the galvanostatic cycling’s. The shape becomes more 

rounded, becoming more so as the sweeping rate increases. This is due to 

current not being able to react to the resistance immediately when changing 

direction during its voltage sweep.29 Electrolyte degradation also provides a 

variation, an example being when an aqueous electrolyte is oxidised, it causes 

an increase in current, when the voltage is above a certain magnitude. This 

causes a sharpening of the voltammogram in the top corners as seen in the 

Figure 2.12, where Idl is the ideal measured current within the double layered 

charging current, Iexcess is the excess current created by charge transfer 

between the electrolyte/electrode due to excessively high/low  electrolytic 

potentials, and in Figure 2.12 (c), IF  is the additional capacitive current 

attributed to the presence of a pseudocapacitive system. 

 

 

Figure 2.12: Sample CV curves; a) sweep rate limitations, b) electrolyte window exceeded 

by potential window, c) typical pseudocapacitive charge storage window. 

 

The technique is additionally used to monitor a cells redox potential. The 

potential window was generally performed at between 0 - 0.8 V vs Ag|AgCl 

in 3 M of KOH (non-electrolysed), through scan rates varying through 

1 - 100 mV s-1. The potential of the material is measured using a working 
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electrode, which is run against a reference electrode, whose job it is to 

maintain a continual potential. The potential circuit is then completed by the 

counter electrode. This results in excitation signals. These are seen in CV 

excitation signals, which starts from a larger potential and ending at a lower 

one. This alternating of potential is known as the switching potential and is 

recognised at the point the internal potential can oxidise an analyte. It is 

important that it is oxidised first in order for the first scan to be positive, 

where-as the reduction will return the system to its original potential, 

completing the cycle.  

A CV is obtained by measuring the current of the chosen working 

electrodes during the original cyclic potential scans. A conventional cyclic 

voltammogram will demonstrate in single electron reduction/oxidation. The 

reduction is usually noted as proceeding from a positive potential to a 

negative potential, this is known as the cathodic current (ipc), while its peak 

is called the cathodic peak potential (Epc). This is usually the point in which 

all the substrate’s surface has been fully reduced. When the switching 

potential is reached, the potential scan begins to scan positively, creating the 

anodic current (Ipa) where the substrate begins oxidation. The anodic peak 

current (Epa) is the point where the surface of the electrode is sufficiently 

oxidised.25 

The CV in this thesis operates within an electrolysis cell, which 

consists of a working electrode, counter electrode, reference electrode and 

electrolytic solution, usually with H2SO4 or KOH (1 - 0.1 M). This setup will 

operate in tandem with a potentiostat, current to voltage converter, and data 

acquisition software. The reference electrode conserves a constant potential 

window, while the counter electrode conducts a current from the systems 

signal source to the working electrode.  

2.2.5 Electrochemical Impedance spectroscopy  

A cells impedance works in a similar fashion to resistance, it measures a 

system’s ability to resist a current. Impedance is the capability to resist an 

electric current’s flow, independent of Ohm’s law. It is more commonly used 

when circuits become independent of frequencies, which in turn provide no 
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phase shifting between the systems potential or current. A voltage is applied 

the chosen substrate at varying frequencies, while the current is measured. 

This allows the impedance to be a measure of the ratio of frequency dependent 

potential and frequency dependent current. This induces electron transfer 

rates, diffusions, and capacitance to be measured within the system, 

permitting for ion mobility to be monitored in energy storage cells. 

Impedance data is conventionally plotted within a Nyquist plot also 

known as the complex impedance plane representation, usually portrayed as 

a semicircle, illustrating the systems charge transfer, with the area indicating 

the amount of charge transfer that has occurred. As seen in Figure 2.13, The 

data from each frequency point is plotted using an imaginary point (-Zim 

(resistive) or -Z”(reactive)) on the y axis, in order to fit all of the data points 

in the initial quadrant of the plot.30 After this semi-circle, a straight positive 

slope can occur, which is an indication of the impedance within the diffusion 

process, usually within an electrolyte. this is known as Warburg impedance. 

 

 

Figure 2.13: Part of a Nyquist plot for the process of charge transfer, specifically during 

diffusion. 
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2.2.6 Rotating disk electrode preparation 

The electrode was prepared in a similar fashion to that of the supercapacitor 

electrode. A carbon-composite catalyst (10 mg) was combined with Nafion 

solution 30 µL Nafion™ D521, 5 wt% dispersion) and was dispersed in H2O: 

IPA (2 mL, 1:1) via sonicating for 1 h, resulting in the formation of a 

homogeneous ink. The dispersion (9 µL) was then carefully loaded onto the 

glassy carbon electrode (load 100 µg cm-2) via drop-casting before the 

electrode was then dried in a vacuum oven (60 °C) overnight to remove any 

remaining solvent. 

2.2.7 Rotating disk electrode 

In Chapter 4, the electrochemical focus shifts from supercapacitors to anion 

exchange membrane fuel cells, which utilise the oxygen reduction reaction 

via a rotating disk electrode. This applies a form of voltammetry called linear 

sweep voltammetry (LSV). The specific conditions of these tests are noted in 

the methodology section of Chapter 4. 

 

 

Figure 2.14: Diagram of a rotating disk electrode setup; W.E = working electrode, 

R.E. = reference electrode, and C.E = counter electrode. The motor ensured the disk could 

be rotated at various speeds. 
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The disk electrode (Figure 2.14), undergoing angular velocity, interacts with 

part of the electrolytic solution which is described as the hydrodynamic 

boundary layer. This is ‘dragged’ by the spinning disk and flows directly 

upwards, resulting in the created centrifugal force moving the solution away 

from the centre of the electrode. This solution as a result, flows perpendicular 

to the electrode and therefore replaces most of the boundary layer. The rate 

of solution flow can be controlled by the angular velocity of the electrode.31  

The disk material, usually something like platinum, is imbedded into 

a PTFE insulator, and connected to a motor to make the electrode spin. The 

electrode is submerged in an electrolyte (in this case KOH) and spun to create 

a laminar flow at the surface of the electrode. The O2 diffusion limiting 

current (id) can be calculated using the Levich equation;  

 

id = 0.62nFADbulk2/3Cbulkv-1/6ω1/2 

 
(3) 

 

Where n is the number of transferred electrons, F is faradays constant 

(96485 C mol-1) , Cbulk and Dbulk are the concentration of oxygen in bulk 

(1.2 ´ 10-6 mol cm-3) and diffusion coefficient of oxygen in the electrolyte 

(1.9 ´ 10 cm2 s-1), respectively, v is the kinematic viscosity of the solution 

(0.01 cm2 s-1, A is the geometrical surface area, and ω is the electrode’s 

rotation speed. Comparing this with the current calculated using the linear 

diffusion model, specifically utilising Fick’s law; 

 

Jlim = -Dbulk (Cbulk/ 𝛿) 
 

(4) 

 

With Jlim being the maximum O2 flux and 𝛿 is the boundary layer thickness 

which can be expressed by; 

	

𝛿= 1.61Dbulk1/3v1/6 ω-1/2  (5) 
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By altering the rotational speeds, the kinetic current (ik) can be obtained using  

Koutecky-Levich (K-L) plots.32 

 

 

Figure 2.15: An example of a Koutecky-Levich plot; the inversed measured current (j-1) 

versus the inverse square root of rotation rate (ω-1/2). 

 

There remain a few issues when testing for a materials ORR kinetics; 

Oxygen’s low permeability, combined with the thick boundary layers of the 

chosen electrolyte mean that the relevant kinetic information for ORR can 

only be obtained within a small potential window (0.7 - 0.8 V). It also cannot 

perform above certain temperatures (~60 °C). Figure 2.13 shows the result of 

a typical ORR RDE experiment. The intrinsic ORR kinetic current can be 

derived from the measured current density at a certain rotating speed 

(e.g., 1600 rpm). The kinetic current of the reaction is usually normalised to 

the electrode-material loading on the electrochemical surface area, in order to 

obtain the mass activity and specific activity.33 The shape of the graph 

indicates the progression of ORR, with the oxidation step beginning in the 

curve and ending at the plateau, usually around 0 V. A Koutecky-Levich plot 

further enhances the data analysed from the LSV’s, using the equation; 

 

&
'
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These plots are plotted with the square root of the inverse of the angular 

velocity of rotation (w, x-axis) and the inverse of the current (y-axis). The 

resultant slope determines the value n (number of electrons), seen in Figure 

2.15. In Figure 2.16, E1/2 denotes the half wave potential (halfway between no 

current and diffusion limited current density, and Eonset is the onset potential, 

an indication of when ORR becomes kinetically controlled. 

 

  

Figure 2.16: An example of the LSV observed when running an ORR RDE experiment.  

 

2.3 Data collection 

The spectra and date were collected using the following techniques and 

devices; X-ray photoelectron (XPS) results were measured and obtained by 

Al-K-α, Thermo Scientific. Raman spectra was recorded using a 514.5 nm 

laser beam (Renishaw). The FT-IR was obtained with the ALPHA FT-IR 

routine spectrometer. Scanning electron microscopy (SEM), Jeol 6700) and 

transmission electron microscopy (TEM, Jeol 2100), adsorption-desorption 

isotherms via N2 gas (Quantachrome Autosorb-iQC with liquid N2) which 

was used to identify the specific surface area utilising the Brunauer-Emmett-

Teller method (BET). Small angle X-ray scattering (SAXS) and Wide-angle 
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X-ray scattering (WAXS) was performed on Ganesha. The rotating disk 

electrode experiment in Chapter 4 was conducted on Gamry interface 1000E 

three electrode system with a MSR Electrode Rotator (Pine Research 

Instrumentation). Supercapacitor cells also utilised the three-electrode cell 

setup operated on in Chapter 3 with the Autolab (Metrohm PGSTAT302N) 

electrochemical workstation and Chapter 5 with the Gamry interface 1000E. 
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Chapter 3 

Carbon polyaniline composites 

Overview: This Chapter will explore the reduction techniques applied in the 

conversion of graphene oxide (GO) to reduced graphene oxide (rGO). A 

variety of analytical findings will be detailed and the application of these 

materials as supercapacitive electrodes reported. To improve the 

electrochemical characteristics of the carbon-based material, polyaniline 

(PANI) was used to form a composite material with rGO produced from 

hydrothermal synthesis to improve electrochemical performance.
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3.1 Introduction 

3.1.1 An introduction to carbon-based composites 

Activated carbons and carbon-based composites are some of the most 

explored materials employed in supercapacitive design, due to their porosity 

led high surface area, improving both their electrical conductivities and 

specific capacitance.1 These electrochemical characteristics are dependent on 

the levels of activation or functionalisation, whereby the alteration of the 

carbon material from its original form may improve or worsen the electrodes 

performance. In this Chapter, the improvement of reduced graphene oxides 

(rGO) double layer capacitance mechanism is considered, with the aim of 

improving its function through conductivity as opposed to the integration of 

metal compounds. The approaches and techniques used were carried out with 

the intention of minimising damage to the structural integrity of rGO. The 

techniques used such as X-ray photon spectroscopy (XPS), transmission 

electron microscopy and nitrogen adsorption isotherms were used to 

understand and compare methods of synthesis and their eventual 

electrochemical functions. 

The supercapacitor industry is an ever-expanding market, that will be 

worth $1B by 2028, yet the functionality and efficiency of current materials 

is still far from optimal, leading to them usually working in tandem with 

battery systems.2 Although promising, industrial supercapacitors still 

maintain a high cost to performance ratio and a low energy density.3 This 

hybrid cell allows for the cells to possess a higher energy density, and the 

ability to regulate charge and discharge mechanics in a more controlled and 

stable manner. Supercapacitors application is dependent of the energy profile 

of the relevant system, allowing them to incorporate themselves into 

functional processes such as energy harvesting, renewable energies, and 

energy grids, due to their ability to work at low resistances and high 

efficiencies.4 Their primary features are fast electrical potential charge 

discharge from electrode surfaces and theoretically infinite cyclability 

without sustaining considerable loss of capacitance.5 When observing the 

architecture of supercapacitive material, improvement of surface area and 
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electrical conductivity becomes a core focus. This can be attained by focusing 

on optimising the systems porous network. This improves the access of 

electrolytic ions to surface of the relevant electrode while enhancing the 

charge storage capacity between the electrode/electrolyte interface.6 

Carbon based supercapacitive materials offer a unique opportunity 

within research towards energy storage. They are low in cost and abundant, 

providing an alternative to more traditional materials, but with an ever-

increasing demand for electronics to be thinner, more flexible or possess 

greater charge density, it becomes difficult to improve one characteristic 

without being detrimental to another.3 It becomes a finely tuned balance when 

focusing how to proceed with an electrodes design and so characterisation of 

composition and structure becomes integral. There are a few methods that 

improve the necessary supercapacitive elements of our chosen material, in 

this particular case being rGO; improving the surface area and porosity of the 

chosen material, which can be altered through drying methods or functional 

oxygen reduction methods.7 

Observing alternative carbons surface area’s and porosity’s provides 

for better insight to the adaptability of our composite. Carbon is notorious for 

its ability to form different morphologies (nanotubes, spheres etc.) which can 

be beneficial to specific electrochemical activities, depending on the chosen 

application.8 Activated carbon, the most widely recognised carbon sourced 

electrode material, also presents one if the best base specific capacitance 

values (340 F g-1), after which is graphene (0.36 nm thick, 210 F g-1).9 These 

are the most commonly used carbon derivatives that do not exhibit curvature 

or warping, which is observed in nanotubes. Their morphologies are the key 

to their electrochemical efficiencies. This can be observed when a structure 

that is highly porous possesses a high surface area, which in turn displays 

higher energy densities and normalised capacitances, via the carbons 

meso/micropores structures.10 This will inhibit the conductivity of the 

material, as having smaller dimensions with higher porosities creates an 

increased particle resistance. These characteristics reiterate the necessity for 

a balance in the structure to maintain and improve specific capacitance.  
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Graphene oxide (GO) is obtained by exfoliating oxygen 

functionalised graphite or graphite oxide, via sonication.11 The oxidised 

hexagonal lattice possess a vast number of useful properties and abilities. The 

surface functionalities behave as anchoring/tethering points for a variety of 

active species, which helps to prevent the mass agglomeration of the material 

while allowing for an even distribution of the species across the surface of the 

GO.12 Moreover, it possesses adjustable electrochemical properties. In its 

completely unreduced state, it has highly insulating properties due to a large 

proportion of its carbon atoms existing as sp3 hybridised carbon centres bound 

to oxygen groups, as seen in Figure 3.1. This creates a sheet layer resistance 

around 1012 Ω sq-1. The level of surface functional group can be tailored via 

different magnitudes and methods of reduction, transforming the material into 

a semiconductor, like GO, or a graphene type semimetal.13 Although 

adaptable, there are issues to using GO for electrochemical purposing. Its 

electrical properties and surface area can be affected by GO’s ability to 

restack, their multilayer thickness, and surface structural defects. Its 

insulating mechanics, attributed to the large dispersal of oxygen groups, limit 

its capacity for energy storage. Structural defects and holes will also inhibit 

the reduced version of the rGO.14 The same oxygenating groups that create 

these issues are the same that allow GOs ability to alter its structural and 

chemical range via different chemical modifications to the surface 

functionalities, which permit for alternative methods of modifying GO 

physical properties. 

It can be observed that GO has a similar structural layout to that of 

graphene, with the addition of various oxygen containing groups on the sp2 

hybridised carbon plane. It was only discovered in 2006 that GO could be 

suitably dispersed and exfoliated in an aqueous medium.15 The addition of 

the oxygen functional groups allows for the expansion of interlayer distance, 

but also allows for the individual atomic layers to become hydrophilic, 

meaning with the assistance of ultrasonication, they may be exfoliated. The 

GO differs significantly from graphene in both electrical conductivity and 

morphology, due to the presence of insulating oxygen functional groups on 

the surface of GO. 
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Figure 3.1: A representation of the four major oxygen functional groups on the surface of 

GO, alongside defect areas and holes. For consistency, throughout this thesis, exemplar bond 

types will be assigned a colour: e.g.: C–C (orange), C–O (blue), C=O (green), C=C (purple), 

and or C–O–OH (yellow). 

 

3.1.2 An introduction to carbon-polymer composites 

‘Pure’ polymers are a category of electrochemical materials that, in general, 

have reached the limit of their capabilities on their own and by design, which 

has driven the massive development for the design of polymeric composites, 

in an effort to advance and promote their inherent attributes.16 Forming 

polymeric composites creates a unique combination arrangement of 

characteristics, which is individual to other materials, such as the thermal, 

mechanical, electrical and chemical properties.17 

Increasing the surface area of a supercapacitive material is 

proportional with the improvement of its specific capacitance. This usually in 

turn decreases the conductivity of the material, which is a common effect of 
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freeze drying.18 The concept of improving both characteristics 

simultaneously has been a highly sought-after goal in this electrode material 

design but not easily achievable. This has led to the concept of incorporating 

a conducting polymer, with the hope that the two materials can work in 

tandem to exceed the current literature values of non-metallic specific 

capacitance. The three polymers that garner the most attention are polypyrrole 

(PPy), polythiophene (PTh), and polyaniline (PANI).17 Though PANI has the 

lowest individual conductivity and measured specific capacitance from the 

three conducting polymers, it currently remains one of the best non-metallic 

based polymers for carbon composite formation in current literature, with 

studies conducted with multiwalled nanotubes that yielded capacitances of 

670 F g-1, although there remains trepidation to the reproducibility of this 

data.8  

3.1.3 Aims and Objectives 

This Chapter will focus on the methods of GO reduction and incorporation of 

polymers to improve the supercapacitive performance of the material. It will 

compare the use of hydrazine as a chemical reducing agent to the 

hydrothermal method that utilises water. It will further address the importance 

of porosity, by comparing the electrochemical performances of freeze dried 

and vacuum dried rGO, and how increased pore size and surface area are 

important to the electrochemical double layer charge mechanism. The final 

element of this chapter aims to further improve upon the performance of rGO 

with incorporation of the conductive polymer PANI, due to its high specific 

capacitance and non-metallic functionalities. 

Herein, we attempt to improve the base electrochemical values of rGO 

with non-metal, non-pseudocapacitive methods, in that order. 
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3.2 Experimental Methodology 

3.2.1 Materials 

The chemicals that were obtained were used without purification. Graphite 

powder (< 20 micron), hydrochloric acid (35%), sulphuric acid (95%), 

phosphoric acid (≥ 85%), hydrogen peroxide solution (35.5%), potassium 

hydroxide pellets (puriss, ≥ 86%), aniline (≥ 99.5%), ammonium persulfate 

(≥ 98%) and potassium permanganate (99%) were purchased from Sigma-

Aldrich. Nickel foam used for electrochemical testing was purchased through 

the MTI corporation.  

3.2.2 Synthesis of GO 

The GO was synthesised via a modified Hummers method:2 Graphite powder 

(5 g) was vigorously mixed with concentrated H3PO4 (12.5 mL) and H2SO4 

(112.5 mL) at a ratio of 1:9 at 0 °C. When the graphite powder was 

thoroughly distributed, KMnO4 (30 g) was slowly added to the mixture, 

maintaining a temperature below 5 °C, forming a green/black product. The 

reaction was cooled to 0 °C and left stirring overnight. The mixture was left 

as room temperature for 3 h, before it was very slowly heated to 50 °C using 

an oil bath at increments of 5 °C maximum, forming a red brown product. 

Care was taken to avoid heating the graphite powder quickly to avoid the 

reaction becoming too exothermic. Deionised water (600 mL) was slowly 

added to the reaction, while constantly stirring. The temperature was not 

allowed to surpass 55 °C. H2O2 (42.3 mL) was added drop by drop. This 

addition was to remove any excess KMnO4 left in the reaction. This formed a 

bright yellow/orange mixture, which was left stirring at 50 °C for 1 h. It was 

then left overnight with no stirrer bar at the same temperature, in order to 

remove excess water, and turned a light brown. The GO was subsequently 

washed in a HCl solution (2 L, 0.1 M) and centrifuged (5500 rpm, 20 mins) 

to remove any remaining salts. The GO was subsequently washed with DI 

water until the pH of the mixture was between 5.5 - 7.0. This was then freeze- 

dried under vacuum for 6 - 8 days until the product was completely dry. 
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The GO was reduced via the hydrothermal method. The GO powder was 

dissolved in DI water (2 mg mL-1) and ultra-sonicated using a sonicating 

probe for 6 - 8 h, making sure to keep the mixture cool, forming a 

homogenous solution. Using an autoclave, the dispersed GO was 

hydrothermally reduced at 180 °C for 12 h to form rGO, which was black in 

colour. GO was also reduced with hydrazine hydrate for comparison. To do 

this, 200 mg of GO was dispersed in 100 mL of DI water via 2 h sonication, 

in order to form an aqueous suspension. 2 mL of hydrazine hydrate (50% w/v) 

was then added before the suspension underwent reflux at 100 °C for 24 h.18 

The resultant rGO was filtered and washed with DI water and ethanol. To 

form a porous variation of the rGO, the product was freeze- dried under 

vacuum for 3 - 5 days depending on the mass. Conventional versions are 

dried using a vacuum oven at 60 °C overnight.  

3.2.3 Synthesis of rGO - PANI composites 

To form the rGO - PANI composites, rGO was dispersed in HCl (50 mL, 1 M) 

via the use of sonication with different concentrations (1.5 mg mL-1, 

1 mg mL-1, 0.5 mg mL-1, 0.33 mg mL-1, and 0.2 mg mL-1). While under 

constant stirring and N2, aniline (5 mL) was added drop by drop, and then 

further sonicated to enable a thorough dispersion of the monomer. This was 

left to stir at 0 °C for 3 - 4 h. A separate mixture of ammonium persulfate 

(APS, 3.3 g) and HCl (50 mL, 1 M) was vigorously stirred until the APS 

completely dissolved and the solution turned a pale green. This was slowly 

added to the initial rGO-aniline mixture in order to polymerise the monomer. 

Under constant stirring this was left overnight and formed a dark green 

precipitate, which was washed with HCl (1 M) and DI water. The resultant 

solid was dried under vacuum at 70 °C. Note: a colour change to blue, 

indicates it has over oxidised which will affect the efficiency of the working 

electrode. These samples were discarded, and experiments repeated. All 

experiments were repeated, at least in triplicate. 
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3.2.4 Structural characterisation 

The samples underwent a series of characterisation procedures in order to 

study their morphology and design. This was performed with scanning 

electron microscopy (SEM, Jeol 6700) and transmission electron microscopy 

(TEM, Jeol 2100), adsorption-desorption isotherms via N2 gas 

(Quantachrome Autosorb-iQC with liquid N2 at 77 K) which was used to 

identify the specific surface area utilising the Brunauer-Emmett-Teller 

method (BET) with a relative pressure range off 0.03 to 0.2. X-ray 

photoelectron (XPS) results were measured and obtained by Al-K-α, Thermo 

Scientific. The FT-IR was obtained with the ALPHA FT-IR routine 

spectrometer.  Raman spectra was recorded using a 514.5 nm laser beam 

(Renishaw). Wide angle X-ray scattering (WAXS) was performed on 

Ganesha 300 XL. 

3.2.5 Electrochemical characterisation 

The cyclic voltammetry (CV), cycling stability tests and galvanostatic charge 

discharge were conducted using a three-electrode set up, measured by 

Autolab (Metrohm PGSTAT302N) electrochemical workstation at room 

temperature. The test was performed in a KOH aqueous solution (1 M) at 

room temperature as the cell’s electrolyte. The samples were prepared as a 

working electrode with an acid washed nickel foam (1 cm × 1 cm2). This acts 

as a current collector for the chosen material. The samples were mixed with 

polyvinylidene fluoride (PVDF) which behaves as a binder (1 mg μL-1) and 

uniformly dispersed across the electrode and then dried overnight in a vacuum 

oven (60 °C). Usually, 1 mg (±0.01 mg) of the rGO composite was coated 

over half of the nickel foam electrode. It was then compressed under 1 ton of 

force, using a pelletising compressor. This working electrode was used in 

conjunction with a reference electrode, an Ag/AgCl rod, and a counter 

electrode, consisting of platinum foil. The cyclic voltammetry test consisted 

of a potential window between -0.8 V to 0 V with a varying scan rate of 

5 mV s-1 to 200 mV s-1. The cyclic stability test was tested for 2000 cycles 

with a current charge-discharge current density operating at 2 A g-1. The 

galvanostatic charge discharge tests were conducted at varying operating 
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current densities from 1 A g-1 to 10 A g-1 with a potential window between -

0.8 V to 0 V. This test was used to calculate the specific capacitance of the 

rGO composite samples, using the following equation;  

𝐶 =
(I	 × 	∆t)	

(m × ∆V)
 (1) 

 

C is the specific capacitance (F g-1), m is the mass of material on the working 

electrode, I is the discharge current, ∆V is the discharge potential window, 

and ∆t is the time required to completely discharge the electrode. The 

quantitative capacitance differentiation was performed using the CV curves 

with the equation;  

𝑖(𝑉) = 𝑘!" + 𝑘#"!/# (2) 

 

With iV being the current density at fixed potential, k1 the capacitive effect 

factor, k2 is the diffusion process factor and v the scan rate. 

 

3.3 Results and discussion 

The aims of the work presented in this Chapter were to first investigate the 

synthetic routes to optimise rGO for electrochemical purposing, leading into 

the successful combination of PANI with the optimised rGO explored. 

3.3.1 Preparation and characterisation 

GO was first synthesized from natural graphite via the modified Hummers 

method, before being subjected to types of reduction and drying methods. By 

altering the methods of reduction, the levels of graphene surface oxidation, 

can be altered tuning its functionalisation. This was carried out via two 

reduction routes: hydrothermal, and chemical. Hydrothermal methods can be 

tailored by the ratio of GO to water in the autoclave. It is noted that a larger 

ratio of water to GO reduces the oxygen content. Adjusting the temperature 
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will also alter the rate of reaction, exhibiting higher temperatures increasing 

the rate, but this variable is limited to the durability of the Teflon container, 

which should not exceed 180 - 200 °C. This method of reduction can be 

generally seen as more favourable due to its facile, environmentally friendly, 

and industrial scalability. It represents a less acidic/alkaline approach to 

surface reduction, which allows for the maintenance of structural stability and 

prevention of sheet defects or warping.  

 

 

Figure 3.2: Highlighting the chemistry of the GO reduction procedure; 1) represents the 

structure of pure GO; 2) the structure of rGO, following its reduction from GO, above. 

 

The chemical reduction of GO, conversely, is a vastly explored junction of 

graphene research that delves into selective mechanistic reductions, targeting 

certain surface functional groups, in Figure 3.3. It has taken priority over 
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other methods because of its high quality and productivity in the 

manufacturing of rGO, while maintaining a stable suspension. Two key 

reducing agents used are sodium borohydride (NaBH4) and lithium 

aluminium hydride (LiAlH4).19 Their metal hydride nucleophiles are highly 

reactive and can target numerous types of oxygen functional groups. Due to 

their relative strengths, it can become difficult to tailor levels of reduction, 

especially with the reactivity of LiAlH4 in air. There are other reducing agents 

such as hydrohalic acids, ammonias, and thio-based agents but all can react 

harshly with the GO, warping the surface and creating unpredictable defect 

patterns. Hydrazine hydrate (N2H4.H2O) is the last major reducing agent of 

GO.20 It has a highly realised reduction mechanism with GO and seemed a 

good reference point to compare with the hydrothermal step. Despite previous 

studies being conducted, a complete and comprehensive mechanism cannot 

be described. Zhou et al. theorised that the water only hydrothermal route is 

driven by supercritical water.21 When water reaches this critical point under 

a combination of high temperature and pressure, it behaves as a strong 

electrolytic solvent, with a high diffusion coefficient, number of ion 

molecules and dielectric constant, similar to organic solvents. This allows for 

the cleavage of heterolytic ion bonds. It is therefore believed to proceed with 

either the H+- catalysed dehydration of alcohol or as for the H+ protonation of 

hydroxyl groups. They even go to the extent of concluding that hydrothermal 

methods repair post reduction defect regions to recover aromaticity. Thermal 

reduction is a common method of reduction.  

It has the obvious advantage of simultaneously removing the oxygen 

functionalised groups while restoring the original graphitic structure via 

thermal annealing. It’s noted to promote the restoration of the defects of the 

basal planes of the sp2 - sp3 rehybridised carbons. Altering the temperature 

will alter the level or reduction and repair, ranging between 400 - 1200 °C, as 

will the length of time.16, 20 An example of this can be observed in the study 

conducted by Song et al., who report the effects of various degrees of thermal 

treatment of rGO, specifically monitoring the increased effect of the specific 

surface area when the temperature has increased.22 
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Figure 3.3: Suggested mechanisms of functional group formation for the second stage of 

graphene surface oxidation.13 

 

 This is a difficult method to tailor and is practically challenging to 

apply to liquid suspended GO and rGO that encompass any other organic or 

inorganic substrates. The resultant material cannot be readily dispersed and 

proceeds, which impedes its advanced applications, and so will not be 

explored in this Chapter. 
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3.3.2 X-ray photoelectron spectroscopy (XPS) of GO/rGO 

Figure 3.4: XPS spectra for GO (above) C1s (below) O1s spectra; with corresponding 

colours to relevant bonds on representative GO units. 

 

High resolution XPS spectroscopy provides a highly effective method of 

functionalised carbon analysis. There are many contributions to the literature 

reporting the XPS spectra of functionalised graphitic materials, and as such 

various models in fitting the numerous C environments are reported. Pumera 

and Lesiak both include the fitting of sp2 C=C which appears at the higher 

binding energy beneath the large C–C, occasionally appearing as a 

shoulder.23,24 However fitting of this peak is objective, since it is relatively 

small in comparison to the C–C and therefore cannot be quantitatively 

modelled accurately. There are numerous reports where the C=C environment 

is not included,25–27 since it cannot be added accurately and this method is 

applied in the most part in this thesis, unless stated otherwise. 

(a) 

(b) 
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Within Figure 3.4, the existence of oxygen functionalised groups on graphene 

can be observed. The survey spectrum illustrates the presence of just carbon 

and oxygen. This provides an indication to the ratios of carbon to oxygen, 

which is dependent on the level of oxygen functionality on the graphene. GO 

possess the smallest ratio due to being unreduced 6:4, carbon to oxygen 

followed by the hydrothermal, 3:1. The C1s XPS of GO illustrates how 

heavily oxidised the surface has become from its base graphite precursor. The 

signal was deconvoluted into five individual regions, curve fitting the relevant 

spectra utilising a Gaussian-Lorentzian peak shape from a Shirley 

background correction. The major peak is attributed to carbon with sp2 

hybridisation. It was noted here that the C–C established bonding from the 

aromatic rings being positioned at 284.8 eV, alongside the presence of the 

most prevalent oxygen functional groups; carbonyl/alcohol (C–O, 286.8 eV), 

aldehydes and ketones (C=O, 288.2 eV), the esters and carboxylic acids (O–

C=O, 289.3 eV).  

 

 
Figure 3.5: XPS survey spectrum for GO. 

 

The satellite, illustrating the π-π* transition observed in aromatic systems, 

can be observed at ~290 eV.  Its degree of oxidation can vary significantly 
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due to the inaccurate and difficult nature of the modified Hummers method.  

The O1s energy binding was resolved into two regions: the carbonyl/ketone 

functionalities (531 eV) and the hydroxyl/epoxy (535 eV).28 While observing 

the reduced variations of the GO, it can be noted that there still remain 

residual oxygen functionalities on the surface. A conventional C1s peak, as 

seen in Figure 3.5, with the C–C peak has a binding energy peak at 284.6 eV, 

which is a standard peak position for this rGO. 

 

 

Figure 3.6: XPS spectra for rGO (a) C1s (b) O1s spectra; with corresponding colours to 

relevant bonds on representative rGO units. 

 

While observing the reduced variations of the GO, it can be noted that there 

still remain residual oxygen functionalities on the surface. A conventional 

C1s peak, as seen in Figure 3.6, with the C–C peak has a binding energy peak 

at 284.6 eV, which is a standard peak position for this rGO. The peak 

(a) 

(b) 
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positions describe the ratio of bonding groups on the surface; C–O (~17.8%) 

at 286.8 eV, C=O (6.2%) at 288.2 eV, O–C=O (7.8%) at 289.5 eV, followed 

by the satellite region found around 291 eV. This infers that most of the 

surface has been reduced with the C–C bonding ranging in the 66.8%. The 

survey spectrum for rGO shows peaks for C and O as expected (Figure 3.7). 

It can be noted that the carbonyl peak, which also quantifies of the epoxide 

group, is still actively present. This can be attributed to the high concentration 

of hydroxyl groups observed at the edge of that lattice. These are highly stable 

and are not easily removed via hydrothermal reduction. By this ideal, the C–

O group is the metric in how successful the rGO has been reduced.29 

 

 

Figure 3.7: XPS survey spectrum for rGO. 

 

3.3.3 Raman Spectroscopy of GO/rGO 

The Raman spectra of GO and its hydrothermally reduced variation can be 

observed in Figures 3.8 and 3.9. The main purpose of using Raman 

spectroscopy is to understand the electrical and compositional characteristics 

of the graphene variations. Pristine graphite presents a sharp G band around 
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1570 cm-1 and a smaller broader D band, which can be attributed to the 

graphite sheet edges. The initial broadening and intensities of these peaks 

when graphite is oxidised, along with blue shift to a higher wavenumber is an 

indication of in plane sp2 degradation. The most intensive peaks for GO are 

observed between 1300 - 1400 cm-1 (D band) and 1500 - 1600 cm-1 (G band). 

The ratios between the peaks illustrate the defects on the carbon surface, with 

a greater ratio indicating a greater amount of defect.30 It is generally noted 

that the rGO samples will have greater D/G band ratio intensities (ID/IG) than 

those of GO, due to the reduction methods being harsh on the C–C scaffold. 

This indicates that the overall ‘graphene domain’ is smaller than before 

reduction but there are now more of these isolated domains than before. The 

values are calculated using the Tuinstra-Koenig relation.31 The measure of 

defect density will either increase or decrease depending on the method of 

reduction. A smaller ID/IG ratio indicates a smaller defect density. The overall 

intensity of the peak declines with reduction because of the overall reduction 

of the material’s local electric field.30. The significant background relates to 

the surface not being homogenously oxidised as account to the unselective 

oxidation process during the Hummers reaction.32 

 

 

Figure 3.8: Raman spectroscopy of GO. 
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Oxidised graphitic materials usually present these bands in their Raman 

spectra; the first order spectra (300 - 3000 cm-1) show the characteristic D and 

G bands: the G band being derives from the in-plane vibrations sourced from 

the sp2 carbons (C=C, E2g symmetry), while the D band illustrates the 

presence of sp3 hybridised carbons and their defects within the graphene 

sheets, as noted by the breathing mode of k point phonons of A1g. These bands 

illustrate the graphitic composition of the chosen material. 2D peaks are 

assigned to the band observed in the 2700 cm-1. This Lorentzian peak is 

assigned to the 2nd order of the zone boundary phonons that are produced via 

the Raman scattering’s double resonance with a two-phonon emission. The 

broadening and shifting of this band can be attributed to the multilayering 

graphene sheets forming, observed in more reduced forms of the material. 

 

Figure 3.9: Raman spectroscopy of rGO. 
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3.3.4 Fourier transform infrared (FT-IR) spectroscopy of 

GO/rGO 

The FT-IR spectroscopy technique provides an insight into the degree of 

oxygen functionality on the graphitic basal plane. It provides a more specific 

composition than that of the Raman spectra, but together a complementary 

tool of each other. Pristine graphene exhibits no discernible groups due to its 

lack of functional group. Usual observations of pristine graphene resembles 

close to a straight line.33 The only observable peak occurs at 1608 cm-1, 

assigned to the aromatic sp2 C=C bond. Any remaining peaks are the result 

of impurities on the graphite and are usually not intense. 

 

 

Figure 3.10: FT-IR spectroscopy for GO and rGO freeze dried samples. 

 

Once oxidised, the FT-IR (Figure 3.10) displays a vast array of functionality 

peaks, whose intensities are dependent on the method and reactant 

concentrations of the modified Hummers method. The broadest band is the 

O–H stretching vibrations between 3200 - 3550 cm-1. Carboxyl and alkoxy 

peaks can be observed at 1700 cm-1 and 1100 cm-1 respectively. The epoxy 

stretching vibrations are situated between 1050 - 1250 cm-1 and the O–H 
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deformation peaks at 1350 cm-1. The aromatic sp2 vibrations have shifted to 

higher/lower wavenumbers to 1660 cm-1 and are observed to be the 

unoxidised skeletal vibrations of the original graphite. When the GO is 

reduced, the peaks generally become weaker, and some disappear completely, 

depending on the specific reduction methods, and the 1600 cm-1 C=C peak 

becomes more intense due to the reintroduction of sp2 hybridisation. There is 

the additional presence of –CH2 (2900 cm-1) and –CH (2850 cm-1). Some 

different reductants will target specific oxygen functionalities, while leaving 

others unreduced, forming partially reduced GO.  

3.3.5 Wide-angle X-ray scattering (WAXS) of GO/rGO 

Using X-ray powder diffraction for the materials would provide very little 

information, due to its use in defining the crystallinity in a structure. The 

materials being studied throughout this Chapter are mostly amorphous and so 

to characterised them would require a specialised approach. Wide-angle X-

ray scattering is a technique usually applied to materials of nano/micro scale 

structures. Although it is quite commonly used in biosciences to study 

organelles and microstructures, its broad application means that it can. Be 

further utilised to study metals, polymers, and porous materials. 

The inter sheet gaps provide an important overview to the structural 

layout within GO. The overall concept analysis the layer to layer spacing of 

the graphene sheets and its crystalline structure. Observing GO before and 

after reduction elucidates levels of reduction and graphitic reversion, seen in 

Figure 3.11. Pristine graphite presents a sharp peak at 2θ = 26° with a 

corresponding d-spacing of 0.34 nm.34 Oxidation of graphite shifts the peak 

to a range of 2θ = 9 - 11° with a d-spacing that is around ~9.5 Å, indicating 

the presence of the oxygen functionality on either side of the graphene layer 

increases the d-spacing. Therefore, it can be assumed that the interlayer 

spacing that separates the individual graphene sheet is directly proportional 

to the degree of surface oxygen functionalities.35 
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Figure 3.11: Wide angle X-ray scattering pattern of GO and rGO freeze dried samples. 

 

3.3.6  Transmission and scanning electron microscopy of 

GO/rGO 

Following the initial synthesis via the modified hummers methods the initial 

drying step was carried out using a vacuum oven. Previous worked conducted 

by the Guo group at UCL had suggested that freeze drying the resultant GO 

led to an improvement in supercapacitive performance because of the anti-

aggregated exfoliated GO derived from flash freezing treatment and thermal 

shock exfoliation.36 One of the aims of this work was to investigate this. TEM 

images of GO and the samples produced via freeze drying show a distinctly 

different morphology, in support of the Guo work. The TEM of GO in Figure 

3.12, shows a sheet like morphology, with varying amounts of transparency, 

depending on the stacking and layering of the material. This can be observed 

with the darker areas of the image. Any areas that are lighter in colour indicate 

stacking nanostructure exfoliation, which is more notable in the reduced 

variants of GO, due to the induced layer delamination. The TEM of rGO 

present a more crumpled layered structure, owing to the more amorphous, 

defect ridden carbon layers, to which can be noted in rGO’s SEM compared 
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to the smooth ordered GO sheets. Parallels can be observed between the work 

seen here and the fundamental Guo work, not just in the TEM but also in the 

electrochemical properties of the material (section 3.3.7) 

 

 

 

Figure 3.12: TEM images of (a) freeze dried GO (b) exfoliated freeze-dried rGO. SEM 

images of (c) freeze dried GO (d) exfoliated freeze-dried rGO. 

 

3.3.7 Electrochemical analysis of GO/rGO  

The characterisation of these reductions alongside previously conducted 

research indicates that the chemically reduced GO is generally more densely 

stacked and therefore has a smaller average pore diameter than that of the 

hydrothermally reduced variant. 

 

(a) 

(c) (d) 

(b) 
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Figure 3.13: Electrochemical analysis of hydrothermally reduced freeze-dried vs vacuum 

dried GO. (a) Cyclic voltammograms at scan rate of 10 mV s-1 (b) Galvanostatic charge-

discharge curves of the freeze dried rGO at different current densities. 

 

This seems to have influenced the specific capacity of the material. This is 

calculated by the galvanostatic charge discharge seen in Figure 3.13. When 

the materials are vacuum dried, their pore will be notably smaller, producing 

a much smaller specific capacitance, whereas when they are freeze dried, it 

increases their pore size, and in doing so their electrochemical capabilities 

(observed in Appendix AF 3.3). The hydrazine reduced material produces a 

specific capacitance of 61 F g-1, whereas the hydrothermal is nearly three 
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times more efficient (164 F g-1) as seen in Figure 3.14 and 3.16. This data, 

aligned with published research on the subject, provides a good picture to 

why the GO can be influenced so readily by its method of reduction. It is the 

defects created by not only the functionalisation of the graphitic material, but 

its method of removal that impact the efficiency of the material. It must be a 

careful balancing act when chemical reducing GO, as to not reduce it to the 

point it resembles the original graphitic precursor, to preserve some element 

of functionality and interlayer distancing. It does possess the added benefit of 

simultaneous chemical modification when synthesising a rGO composite 

 

 

Figure 3.14: Electrochemical analysis of hydrothermally reduced freeze-dried) representing 

the specific capacitances of the freeze dried rGO at the current densities (1 A g-1, 2 A g-1, 

3 A g-1, 4 A g-1, 5 A g-1, 8 A g-1, and 10 A g-1). 

 

It can be noted that between the two reduction methods that hydrazine hydrate 

is the more efficient reductant, but suffers from variation limitations in its 

application.18  Hydrazine and its by-products remain highly toxic to aqueous 

and surrounding environments. This generates an increased difficulty and 

expense to operate this method on an industrial scale. Using hydrazine also 
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sometimes acts a nitrogen dopant to the surface, causing the redox observed 

in the slope discharge curve, indicative of slow kinetics.20 

 

 

Figure 3.15: Electrochemical analysis of hydrazine reduced freeze-dried vs vacuum dried 

GO. Galvanostatic charge-discharge curves of the freeze dried rGO at different current 

densities a) vacuum dried and (b) freeze dried. 

 

Figure 3.15 illustrates the difference in charge/discharge rates between the 

two methods. The times are much shorter than that of the hydrothermally 

reduced rGO. It is originally observed that the vacuum dried hydrazine rGO 
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possess the longer discharge time at 1 A g-1 compared to that of its freeze-

dried counterpart. However, as the current density increases, the capacitance 

of the vacuum dried sample becomes lower than the freeze dried. This is 

likely due to its smaller pore size and therefore cannot deal with the higher 

rates of current density. The reason that the freeze-drying process may not 

have been beneficial is that due to the insoluble nature of the hydrazine rGO 

and therefore doesn’t adhere as much to the process, whereas vacuum oven 

drying will improve the more highly reduced structure with more ordered 

stacking, better conductivity and therefore a better specific capacity. 

Solvothermal and hydrothermal approaches are preferred for their less 

hazardous and toxic conditions. The deionised water will act as a strong 

electrolytic medium with a high diffusion coefficient and dielectric 

constant.37,18 The water dehydrates the oxygen functional groups via 

heterolytic bond cleavage. This router offers a greener and safer alternative 

to other methods, as well as maintaining the purity of the material. It also can 

be potentially implemented on an industrial scale, the degree if reduction can 

be easily controlled through alterations to the autoclave pressure, temperature, 

and ratio of water to GO. The issue is that the rGO produced has a poor 

electrical conductivity. 
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Figure 3.16: Electrochemical analysis of hydrazine reduced freeze-dried vs vacuum dried 

GO. (a) Cyclic voltammograms at scan rate of 10 mV s-1. (b) A graph representing the 

specific capacitances of the hydrazine reduced rGO at the current densities (1 A g-1, 2 A g-1, 

3 A g-1, 4 A g-1, 5 A g-1, 8 A g-1, and 10 A g-1). 

 

3.3.8 Synthesis of rGO - PANI 

To improve the potential electrochemical shortfalls that rGO possesses, it was 

combined with varying concentrations of PANI. To create the composites, 

GO was produced via the oxidation of graphite using the modified hummers 

method, before being exfoliated in DI water via the use of sonication. The 

GO was then freeze dried to prevent the aggregation of GO sheets.  
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The oxygen functional groups on the surface of the carbon sheets prevent the 

individual layers from stacking together in solution due to the water 

molecules interacting via hydrogen bonding to the functionalities and so 

forming a homologous solution. This was then hydrothermally reduced using 

an autoclave (2 mg mL-1).  

This method, as noted before, is less hazardous and more 

economically viable than thermal or chemical reduction techniques. This was 

then once again freeze vacuum dried for 5-7 days, allowing for ample time 

for complete drying and layers separation. The rGO was then dispersed within 

1 M of hydrochloric acid at varying concentrations (1.5, 1, 0.5, 0.33, and 

0.2 mg mL-1) and was sonicated for an hour. Aniline was pipetted into the 

mixture slowly, under sonication, to ensure thorough amalgamation of the 

monomer with the rGO sheets, while under nitrogen flow. The resultant 

mixture was stirred for 3-4 h at 0 °C in an ice bath, slowly being brought back 

to room temperature. A separate mixture of ammonium persulfate (APS) and 

HCl was prepared and vigorously stirred to thoroughly dissolve the solid, 

forming a pale green solution. Adding this slowly to the rGO/aniline mixture 

would polymerise the monomer, forming PANI. This resulted in a dark green 

material, an indication that the aniline formed had formed an emeraldine base, 

while if the mixture had turned grey, the PANI had over-oxidised. The 

resultant colour shade of the mixture, after being vacuum dried, was an 

indication of the ratios of PANI to rGO, with the colour being darker with 

more rGO. The resultant powder was washed with dilute HCl (0.5 M) in order 

to remove any remaining APS and unpolymerised monomer. The 

representative scheme (Figure 3.17) shows the changes throughout the 

synthesis. The rGO, through observation was noticeably light and 

electrostatic, with a low material density. 



Carbon polyaniline composites  
 

107 

  

Figure 3.17: Highlights the chemistry of the polymer composite procedure; 1) is pure GO 2) 

the reduction of GO to form rGO. 3) the polymerisation of aniline to form PANI and its 

interaction with rGO. 4) the rGO-PANI composite.38 

 

3.3.9 Preparation and characterisation of composite 

The steps taken in this section of the Chapter were designed to be comparative 

to that of the GO characterisation. The methods of reduction are different 

though. The rGO is partially reduced in the hydrothermal step but also during 

the polymerization of PANI via the use of APS, resulting in different carbon 

to oxygen ratios. This potentially creates and provides new physical and 

electrochemical characteristics. The belief behind using this polymer is that 

the theoretically increased surface area of rGO, along with the improved 

conductivity of the PANI, will enhance the supercapacitive electrodes 

performance.   
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3.3.10 Transmission and scanning electron microscopy of 

rGO - PANI 

The SEM reveals that pure PANI is porous and stacked by nature, existing in 

localised clumps. While pure rGO is highly porous and distributed at the 

similar microscopy levels, the attempted intercalation of PANI had resulted 

in the rGO becoming more clumped and fibrous, inserting themselves within 

the porous polymer as seen in Figure 3.18. 

 

 

Figure 3.18: TEM images of (a) freeze dried rGO (c) PANI (e) rGO-PANI composite. SEM 

images of (b) freeze dried rGO (d) PANI (f) rGO-PANI composite.  
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This is more evident when observing the TEM, where pure rGO is observed 

to have layer stacking, evident by their thick dark lines and overlap edges. 

This would usually indicate the layer spacings. The pure PANI is presented 

with uniform particle sizes and stacking’s due to their linear polymer chains, 

observed as nanofibrillar structure. When combined with rGO, the PANI 

exhibited an almost identical morphology to its pure form, but through the 

addition of the rGO into the polymerisation process, the structure of its 

layering has become altered. The acidic step has caused the carbon sheets to 

linearly aggregate together to form bundles and strands. This creates an 

unequal dispersion of rGO across the surface of the PANI, which does not 

align itself with the literature recordings. It is theorised that the interaction 

between the two chosen materials consists of a charge transfer via the rGO 

acting as the composite’s electron donator and dopant, while the PANI acts 

as the electron acceptor. 

3.3.11 X-ray photoelectron spectroscopy of rGO - PANI 

When comparing the XPS from Figure 3.4 and 3.5, there is an increase in the 

intensity of the C–O/C–N peaks, which is likely due to the inclusion of the 

carbon nitrogen bonding formation on the oxygen functional sites. This may 

also be attributed to the nitrogen to phenol bond within the PANI itself. 

Although not in itself conclusive the XPS in Figure 3.19, there is an indication 

of both materials being present and provides interpretation for composite 

bond formation. The expected ratio increases in the C/O to 7.8, as observed 

in the survey spectrum, whereas the carbon to nitrogen ratio sits at 15.4. The 

peaks observed at 200 and 270 eV are the Cl 2p and 2s peaks respectively, 

most likely by products of the synthesis.  

 



Chapter 3 
    

110 

 

Figure 3.19: XPS survey spectrum for rGO-PANI. 

 

It can be observed in the survey that there are no reactants left in sample 

observed during the polymerisation step. The peak positions observed are of 

bonding groups on the surface in Figure 3.20; C–O, C–N (46.0%) at 286.8 eV, 

C=O (5.4%) at 288.2 eV, O–C=O (8.7%) at 289.5 eV, followed by the 

satellite region found around 291 eV. This demonstrates the C–C bonding 

range is less than before due to the presence of the PANI, at 31.3%. 
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Figure 3.20: XPS spectra for rGO - PANI (a) C1s (b) N1s (c) O1s spectra with 

corresponding colours to relevant bonds on representative rGO - PANI composite units.  

 

3.3.12 Fourier transform infrared spectroscopy of rGO - PANI 

 By overlaying it with the composite rGO-PANI FT-IR spectra in Figure 3.21, 

N-H peaks are observed at 701 cm-1, which can be attributed to the 

introduction of PANI. At 3371 cm-1, there is a more defined band which can 

be assigned to both the aromaticity of the C–H bonds and the presence of N–

H. Pure PANI exhibits peaks at 813 and 1127 cm-1, which are indicative of 

the out of plane warped 1,4 benzene ring (C–H). The peak at 1127 cm-1 is also 

an indication of the systems electron delocalisation and is a typical 

characteristic of this conduction polymers oxidation state. The group of peaks 

at 1297, 1486 and 1580 cm-1 are from the N–H stretch of the polymer, which 

(a) 

(b) 

(c) 
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are part of the aromatic amine, the benzoic ring, and the quinoid stretch 

respectively. There are several peaks observed between 1425 - 1574 cm-1 for 

the FT-IR spectra of the composite, which are a measure of delocalised 

electrons within the benzene ring: due to in part by the inclusion of rGO, with 

the peaks shifting slightly downfield from their conventional positions. This 

is an indication that the p bonds on the rGO are interacting with the equivalent 

conjugated structure on PANI. The same effect can be observed in the quinoid 

stretch (1550 cm-1) for similar reasons.  

FT-IR spectroscopy confirm the presence of the relevant functional 

groups (C=C 1550 cm-1, C=O 1705 cm-1, C–O 1087 cm-1) on rGO. The 

spectra reveals mainly carbonyl groups, with a broad peak at around  

3000 cm-1, confirming the aromatic nature of rGO.  

 

 

Figure 3.21: FT-IR spectroscopy for rGO and rGO - PANI composite. 

 

3.3.13 N2 surface adsorption/desorption of rGO and rGO - PANI 

To understand the significance of the freeze-drying step as opposed to the 

vacuum drying, N2 adsorption/desorption isotherm was employed, a data set 
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that utilised the Brauner-Emmett-Teller method. In Figure 3.22 both the rGO 

and rGO-PANI isotherms exhibit a sickle shaped hysteresis loop. The red line 

indicates N2 adsorption, and the blue line desorption. The hydrothermally 

reduced and freeze-dried GO exhibits a high surface area of 422.06 m2 g-1 

with a large pore size of 0.753 cm-3 g-1. This can be attributed to the rGO in 

the conventional synthesis restacking its layers in an orderly way while 

undergoing drying. Its smaller pore size is due to the exfoliated nature of the 

freeze dried rGO in its 3D morphology and therefore doesn’t aggregate and 

restack. When this rGO was combined with PANI the specific surface area 

and pore sizes dramatically reduced, 68.362 m2 g-1 and 0.359 cm-3 g-1 

respectively.  

This is believed to be because of PANI’s relatively low surface area 

(33.4 m2 g- 1) and the method of composite synthesis, potentially warping and 

aggregating the rGO while in HCl (1 M), as was suggested while observing 

the structure using TEM. This would alter the effectiveness of the initial 

freeze-drying step. Electrochemical testing was performed in order to 

establish whether the introduction of a larger theoretically larger specific 

surface area will improve the specific capacity and charge discharge profile 

of rGO variants. These characteristics were studied to establish the potential 

of these materials being utilised as a supercapactive material, as well as to 

discover the optimal ratio of PANI to rGO. The tests were repeated a 

minimum of three times to illustrate the consistency and effectiveness of the 

synthesis, as well as to confirm the validity of the work undertaken. 
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Figure 3.22: Nitrogen adsorption-desorption isotherms: (a) pure rGO (b) rGO - PANI 

composite. 

 

 

 

 

(a) 

(b) 



Carbon polyaniline composites  
 

115 

3.3.14 Electrochemical analysis of rGO - PANI 

Different ratios of rGO to PANI were compared to attain the optimal ratio of 

composite before investigating methods to improve the specific capacity of 

the systems further. These tests were performed by using a three-electrode 

configuration in a KOH (1 M) aqueous electrolyte; a platinum foil counter 

electrode, an Ag/AgCl reference electrode, and the rGO-PANI composite 

material as the working electrode. The overlay of cyclic voltammetry curves 

(with a scan rate of 10 mV s-1) shows the progressive change of shape, which 

correlates to the increase in specific capacitance. Ratios of rGO to PANI were 

tested to understand what the best combination would be to form the optimal 

composite.  

The results would indicate that the 10 mg mL-1 rGO sample has the 

best performing specific capacitance, which aligns with the charge discharge 

curves in Figure 3.23. The shape of the CV also elucidates to the type of 

capacitance the composite material is utilising. The shape exhibits a small 

amount of pseudocapacitive character, most likely from the electrolytic 

interaction between the PANI and electrolyte ions. This character is not 

overwhelming within the CV, indicating that double layer capacitance 

contributes to the capacitive mechanisms of the composite. The Galvanostatic 

curves in Figure 3.23 were performed at a current density of 1 A g-1 and 

indicated that 10 mg mL-1 had the highest specific capacitance of the selected 

series of 508 F g-1, whereas freeze dried rGO produced a specific capacitance 

of 164 F g-1.  
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Figure 3.23: Electrochemical analysis. (a) Cyclic voltammograms at scan rate of 10 mV s-1. 

(b) Galvanostatic charge-discharge curves of the rGO - PANI ratios at 1 A g-1.  

 

Although very high, even with accordance with non-metallic materials in 

supercapacitance, the use of PANI would produce issues in the long-term use 

of this composite. The severely reduced specific surface area of the composite 

meant that as the current density was increased, there was a sharp drop in 

capacitance readings. This is observed in the materials specific capacitance 

decreasing by 50.1% when the current density was doubled from 1 - 2 A g-1. 
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Figure 3.24: Electrochemical analysis representing the specific capacitances of the 

composites at different rGO - PANI ratios and current densities (1 A g-1, 2 A g-1, 3 A g-1, 

4 A g-1, 5 A g-1, 8 A g-1, and 10 A g-1).  

 

This is usually attributed to the conventional materials ohmic drop and 

sluggish kinetics, but the sharp decline indicates how the material struggles 

to participate with slightly larger current densities, and so the electrolyte 

struggles to interact with the severely decreased surface area and average pore 

size (Figure 3.24) and so impacts the overall systems specific capacitance.  

 

 

Table 3.1: Electrochemical analysis of the specific capacitances at 1 A g-1 of the rGO - PANI 

composites over 3 repetitions. 
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It can be observed that the higher capacitance will come from the rGO 

providing a conductive framework for the PANI, but with also redox being 

involved, the kinetics will slow down.  

 

 

Figure 3.25: Results for 10 mg mL-1 rGO - PANI composites (a) galvanostatic charge-

discharge curves at different current densities. (b) Cyclic stability of rGO - PANI composite 

at 2A g-1. 

 

The difference in capacitance is to be expected due to the composites 

theoretically enhanced conductivity as well as its superior pseudocapacitive 

mechanism. The use of faradaic reactions presented a draw back in the use of 
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this composite however, which can be observed during the cyclability step. 

When rGO is cycled 1000 times it, is possesses very little to no loss in charge 

retention, due to its charge mechanism being non faradaic and therefore not 

physically altering or interacting with its structure. The use of 

pseudocapacitive materials induces a chemical change in the material’s 

surface and so overtime performs less efficiently, depending on the structural 

integrity and overall composition strength. When run at a current density of 

2 A g-1, in accordance with the literature, the cell retains 88% of its specific 

capacitance over 1000 cycles, indicating the degradation of the PANI due to 

its faradaic interactions with the electrolyte. There would have a plateau in 

the specific capacitance decrease when the electrode no longer exhibited 

pseudocapacitance and relied completely on the double layer electrostatic 

charge mechanism. 

 

3.4 Conclusion 

This investigation into the optimisation of rGO yielded a high performing 

composite; rGO-PANI with a concentration of 10 mg mL-1 which resulted in 

a specific capacitance of 508 Fg-1. Through the process of freeze drying, the 

specific capacitance of pure rGO was vastly improved compared to vacuum 

drying the material, as well as the use of hydrothermal methods as opposed 

to chemical methods of reduction. The rGO produced for this study 

performed around 50% more efficiently than those from the literature, owing 

to the increased pore sizes and surface area.  

Assigning the optimal ratio of rGO-PANI produced a composite material that 

was 68% more proficient than pure freeze dried rGO. This was attributed to 

the pseudocapacitive mechanism utilised by the PANI in conjunction with the 

double layered capacitance of the rGO. At a current density of 1 Ag- 1, the 

composite with a rGO/PANI ration of 10 mg mL-1 had a high specific 

capacitance of 508 Fg-1. There can still be some steps taken to improve the 

synthesis of the composite, such as the replacing the acidic medium used for 

polymerisation of design a one pot method to more efficiently integrate the 

two materials together. This would potentially help retain specific surface 
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area and material pore size. From this study, this reduced graphene oxide-

polyaniline material, within its optimal ratios, has the potential to provide a 

better insight into the synthesis and application of non-metallic carbon 

composite materials, as well as address the current issues that remain 

problematic in composite design.
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Chapter 4 

Tethered Silver Nanoparticles to rGO 

Overview: This chapter will discuss the methods and characterisation of 

silver nanoparticles chemically bound via amino-alcohol linkages to the 

surface of reduced graphene oxide via a one pot hydrothermal synthesis. 

Following this an introductory study of the materials application as a catalyst 

for the oxygen reduction reaction is presented. Sections of this work have 

been published in the Journal of Materials Science: "Synthetic tethered silver 

nanoparticles on reduced graphene oxide for alkaline oxygen reduction 

catalysis" DOI: 10.1007/s10853-020-05711-2 
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4.1 Introduction 

Supercapacitors have become devices that have slowly become synonymous 

with graphene oxide. While investigating the conception of graphene oxide 

composites, the research undertaken was not limited to a single 

electrochemical purpose, in an attempt to demonstrate the versatility and 

strengths of the functionalised graphene. This Chapter will focus on the 

utilisation of silver tethered nanoparticles onto the surface of reduced 

graphene oxide, for use as a catalyst for the oxygen reduction reaction (ORR).  

With the increase in energy consumption consistently growing over 

the last half century, there has been a strong drive to improve methods of 

electrochemical storage. An ever-emerging market is that of low temperature 

fuel cells, an environmentally friendly and affordable method of utilising a 

cathodic oxygen reduction reaction catalyst.1 The rate at which this reaction 

progresses without a catalyst remains significantly slower, inhibiting the 

widespread commercialisation of this technology. 

Since the conception of this process, platinum has become ubiquitous 

as a catalyst, in both anion exchange membrane and proton exchange 

membrane fuel cells. The issue that arises with this is the great cost of 

sourcing the metal, driving research to substitute a material with a higher 

catalytic activity via the construction of more nano specific architectures. The 

incorporation of cheaper costing metals is an alternative solution to the issue 

but more often than not produces intrinsically lower activity. The current 

commercially designated design is Pt nanoparticles (5 - 10 nm) dispersed 

within porous carbon, denoted as Pt/C.2 Although now incorporated into the 

carbon, the cost of this catalyst still accounts for around half of the fuel stack3 

(whilst costs vary kWe (kilowatts-electric), they have been reported to range 

from between $180 - 370 at 1000 units per year).4 There is also the issue that 

the relative kinetics of the Pt/C catalyst are still relatively slow and that the 

long term cyclability is potentially poor due to the potential dissolution or 

agglomeration.5 Although still the best performing catalyst, its cost means 

that the future use of this metal for fuel cell remains limited and so noble 

metals that exist in greater abundance have been investigated, with silver and 
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palladium being two of the most sought after due to their catalytic 

performance. Silver was chosen for the project as it was the most common of 

the noble metals while maintaining high catalytic activity. To increase the 

functionality, durability, and activity of the metal, it was employed into a 

graphene oxide framework. The metals chosen mechanism and mechanical 

route of ORR would be important for the usability of the design silver 

composite. 

4.1.1 Mechanism for ORR 

The most commonly used oxidant for cathodes in a fuel cell is oxygen, mainly 

due to is facile availability and the scale of the thermodynamic drive of ORR.6 

The reaction mechanism for the reduction of oxygen follows several 

pathways, summarised in Figure 4.1. 

The four-electron pathway within an alkaline medium: 

O2 + 2H2O + 4e– à 4OH– (1) 

 

Or via the formation of peroxide intermediates via a two-electron pathway: 

O2 + H2O + 2e– à HO2– + OH– (2) 

HO2 + H2O + 2e– à 3OH– (3) 
 

The ΔE energy alters depending on different pH values, meaning that the 

reaction pathways can proceed and be observed in alternative ways, 

depending on the electrolyte chosen. Two different pathways can be observed 

in an acidic medium (pH = 0, [H+(aq)] = 1 mol dm-3)  

O2 (g) + 4H+ (ag) + 4e– à 2H2O (l) E0 = +1.229 V (4) 

O2 (g) + 2H+ (ag) + 2e–à H2O2 (l)  E0 = +0.670 V (5) 

   

The 2 electron pathway forms peroxides as products that exist has highly 

unstable compounds, which will either further reduce the water in an acidic 

medium (6) or decompose via disproportionation (7) 
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H2O2 (g) + 2H+ (ag) + 2e– à H2O (l) E0 = +1.77 V (6) 

2H2O2 (g) à 2H2O (l) + O2  (7) 
       

With an alkaline medium (pH = 14, [OH- (ag)] = 1 mol dm-3) 

O2 (g) + 2H2O (ag) + 4e– à 4 OH– (l) E0 = +0.401 V (8) 

O2 (g) + H2O (ag) + 2e– à 4 HO2– (l) + OH– E0 = -0.065 V (9) 

 

Peroxides reduction to water (10) and decomposition can also occur within 

an alkaline medium 

HO2– (aq) + H2O (l) + 2e– à 3 OH– (aq)  E0 = -0.065 V (10) 

HO2– (aq)  à 2OH– (aq) + O2 (g)  (11) 
 

The high bond energies of an oxygen molecule, make the oxygen reduction 

the slowest reaction within the tested fuel cell, requiring a ΔH of 

+498 kJ mol- 1. This is activation energy must be reached in order to increase 

the current density of the cathode, and with the entropic change being 

positive, oxygen dissociation is much more favourable at higher temperatures 

(according to ΔG = ΔH – TΔS).7 

The main difficulties encountered with the process are the effort to 

drive the oxygen reduction forward and balancing the specific electrode 

materials and electrolytes, as the wrong combination will lead to different 

reduction pathways and intermediates. The electron transfer in the first 

pathway forms a superoxide (O2•–), which is deemed to be the rate 

determining step for most metals tested, including both platinum and silver.8 

When the aqueous electrolyte is utilised with these metals, it forms hydrogen 

peroxide, meaning that the catalytic cathode will use the secondary two step 

method. The hydrogen peroxide intermediate can either diffuse from the 

surface of the electrode surface or become reduced by water. It remains 

unclear whether this method undergoes disproportionation. The two-step 

pathway is an undesired mechanism of oxygen reduction due to the 

production of hydrogen peroxide. This can result in the degradation of the 
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membrane of the electrode, which in turn lowers the cathodic current and 

therefore the cell voltage. This will greatly affect the efficiency of the 

electrode and therefore the pathway that fully reduces oxygen in one step is 

favoured more.9 

The four-electron pathway is the mechanism favoured by these 

specific fuel cells and usually takes place on the surface of platinum 

variants.10 Currently, platinum remains the best performing cathodic catalyst 

for this process but is inhibited by its affordability and rarity and current is 

being  reconsidered as a viable option for the mass production of these fuel 

cells. Anion exchange membrane fuel cells are the current design that are 

receiving the most interest right now due to the fact that they operate with 

very high activities without the use of precious metals in an alkaline medium, 

one of the metals being silver.11 The concept of silver catalysts for ORR has 

been tested over the decades, with the theoretical mechanism navigating the 

2 or 4 electron pathways, depending on the surface oxidation state of the metal 

and the electrodes overall potential. The main difficulties encountered with 

the process are the effort to drive the oxygen reduction forward and balancing 

the specific electrode materials and electrolytes, as the wrong combination 

will lead to different reduction pathways and intermediates. 

Catalysts for ORR should have high conductivity, 

chemical/electrochemical stability, not dissolved when interacting with an 

electrolyte (a common issue), a favourable architecture (specific surface area, 

porosity), and good particle/surface interface. Rarely is there a material that 

meets all of the criteria for a good electrode.12 Electrochemical testing of 

silver electrodes began with Shumilova et al., who initially proposed that the 

silver electrodes proceeded via the 2 and 4 electron pathways but is dependent 

on the oxidation state and holding electrode potential.13  

Transition metal oxides are not normally known to show good 

catalytic performances, bar the noble metals. According to the Sabatier 

principle on the qualitative nature of chemical catalysis, the interactions 

between a catalyst and its substrate should not be overly strong or weak, as 
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too little an interaction will fail to create bonds between the two, while too 

strong will create to slow a dissociation.14  

 

 

Figure 4.1: The mechanism summary above represents the 4-electron pathway (blue) and 
the 2-electron pathway (green). The pathway in red represents the varied number of 
electrons transferred. 

 

4.1.2 Theory – Silver on carbon 

The aim for this Chapter was to explore the versatility of graphene oxide, 

investigating its use as a catalyst for ORR. while incorporating it with 

materials and precursors that had previously been ignored or applied 

elsewhere. The methodology and efficiency of the material synthesis was a 

driving factor in the design of this project, with a focus on a low toxic facile 

(one pot) synthesis.  

 To create the precursor, we explored the one of the original methods 

of silver deposition. The standard route would be to reduce silver nitrate while 

simultaneously reducing the surface of the graphene oxide with reductants 

such as sodium borohydride or hydrazine. The issue with this method of 

synthesis is that it utilises harsh chemicals and the resultant silver 

nanoparticles can become susceptible to dissolution and loss of performance. 

A direction that was pursued was the chemical reduction of 

cetyltrimethylammonium bromide (CTAB) to behave as a spacer for silver 

particles, while tethering the metal to the carbon surface, a method that has 

been explored in methanol oxidation.15 The incorporation of this CTAB 

linkage anchored the nanoparticles to the graphene oxide, prevent dissolution, 

while providing alternative properties and characterisations. The homologous 

solution of hydrazine hydrate, CTAB, silver nitrate, and graphene oxide 
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underwent 20 h of mixing at 100 °C to form the carbon composite. During 

this reduction crystalline nanoparticles formed, and the improved the 

electrocatalytic activity for methanol oxidation as well as the prevention of 

CO2 poisoning, something that plagues non tethered nanoparticles. Focusing 

on the idea of silver deposition, more precursors were explored, specifically 

focusing on chemical vapour deposition and inkjet printing precursors.  

4.1.2.1 Inspirations from literature, silver from precursors 

Silver halides and inorganic salts, AgF and Ag acetate have been previously 

explored salts but the issue that arises with using them is their high 

volatilisation and decomposition temperatures, essentially ruling them out of 

studies driven with the intention of utilising low temperatures. To address this 

problem, a focus was directed towards silver ligand pairings, specifically 

observing the b-diketonate complexes. These have previously been used to 

deposit silver films due to their low decomposition temperature. Coyle et al. 

as seen in Figure 4.2 reported the silver films decomposing at relatively low 

temperatures of 140 to 220 °C, with the use of silver iminopyrrolidinate 

precursors.16  

 

 

Figure 4.2: Gravimetric analysis of gold and silver precursor thermal stability with SEM 
images for thin film deposition from Coyle et al.16 
 

The draw back in this precursor design is the air sensitive techniques required 

to synthesise, which creates difficulties in isolating products as well as the 

industrial scalability. Another previously reported precursor is that of silver 
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carboxylate, with the phosphane and phosphite adducts being widely 

researched as well, although the decomposition temperatures still remain high 

(> 200 °C).17,18 Silver films produced via CVD using triphenylphosphine and 

phenanthroline adducts of b-diketonate and b-diketoiminates, led to metallic 

silvers being deposited from temperatures ranging between 200 - 550 °C. The 

results have led to high resistivities though, ten times higher than that of bulk 

silver.19 It was Jahn et al. who initially reported the first instance of an 

aqueous particle free ink that required no additional stabilising ligands. The 

specific precursor designed was [AgO2C(CH2OCH2)3H], an ink which has 

been used to demonstrate deposition onto both glass and polyethylene 

terephthalate substrates, with an increased conductivity due to high sintering 

temperatures. One of the more successfully deposited metallic silver inks 

were reported by Walker et al., onto both glass and ethylene vinyl acetate at 

a low temperature of 90 °C in 15 mins, shown in Figure 4.3.20  

 

 

Figure 4.3: Method of silver precursor formation employed by Walker et al. which uses 
ammonium hydroxide.20 

 

The ink consisted of silver acetate, ammonium hydroxide and formic acid, 

forming an ink that was equivalent in conductivity to that of bulk silver and 

therefore out competes most other silver inks. The issue with this ink was its 

stability, decomposing in only a few weeks. Vaseem et al. adjusted the 

ligands architecture, swapping out the ammonium hydroxide for that of 2-

aminoethan-1-ol, which in provided longer term stability to the ink.21 By 

increasing the stability, deposition temperatures ended up needing to be 

higher than Walkers and the resultant metal was of poorer quality, with a 

lower conductivity to that of bulk silver. This precursor has been further 

modified, adding ethylamine, oxalate, ethyl alcohols and ethylene glycol 
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complexes, all sintered around 150 °C. Exploring these alternative methods 

of silver deposition provided the project with alternative options of silver 

precursors, while noting their stabilities and potential application to silver 

particle deposition on graphene oxide. 

4.1.3 Aims and Objectives 

This Chapter looks at combining a series of silver precursors that were 

investigated by both Vaseem and Walker, with the aim to create a one pot 

synthesis that incorporate the precursor onto the simultaneously reduced 

graphene oxide. We report the use of a series of preformed silver amino-

alcohol precursors that can be chemically bound to graphene oxide while its 

surface is being hydrothermally reduced. With this method of low 

temperature synthesis, we show a low toxic method of composite formation. 

The material is presented as a facile alternative method to ORR performance, 

in which it is confirmed that ORR proceeds via the four-electron route, 

producing water, as opposed to the two-electron, which form hydrogen 

peroxide. 

Herein, we aim to improve upon the synthesis of silver bound rGO, while 

simultaneously attempting to emulate or better the commercial standards of 

Ag/C based electrodes. 
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4.2 Experimental Methodology 

4.2.1 Materials 

The chemicals that were obtained were used without purification. Graphite 

powder (< 20 micron), sulphuric acid (95%), hydrochloric acid (35%), 

phosphoric acid (> 85%), hydrogen peroxide (35.5%), potassium hydroxide 

pellets (puriss ≥ 86%), potassium permanganate (99%), Sodium Hydroxide 

97%, 2-aminoethan-1-ol (≥ 99%), 1-aminopropan-2-ol (93%), 2-methyl-2-

aminopropan-1-ol (≥ 99.0%), and Silver nitrate (99%) were purchased from 

Sigma-Aldrich. Silver acetate (99%) was obtained from Alfa Aesar. Formic 

acid (99%) was from Fisher scientific.  

4.2.2 Synthesis 

4.2.2.1 Modified Hummers method 

Graphite powder (5 g) was actively mixed with phosphoric acid (H3PO4, 

12.5 cm3, 1 M) and sulphuric acid (H2SO4, 112.5 cm3, 1M) at a ratio of 1:9 at 

between 0-5 °C. Potassium permanganate (KMnO4, 30 g) was slowly added, 

ensuring the temperature does not rise above 5 °C. This exothermic reaction 

produces a green/black mixture. The reaction was subsequently cooled back 

down to 0 °C and left to stir overnight. The mixture was allowed to reach 

room temperature for 3 h, before being very slowly heated to 50 °C in a silica 

oil bath, at increments of 5 °C maximum, to form a red product. Deionised 

water was slowly added to the mixture while constantly stirring, maintaining 

a temperature below 55 °C. Hydrogen peroxide (H2O2, 42.25 mL. 1 M) was 

added dropwise to remove any excess unreacted KMnO4. This produced a 

bright yellow/orange mixture, which was left to stir at 50 °C for 1 h, before 

being left unstirred overnight, in order to remove any excess water. This 

resulted in a light brown graphene oxide (GO) mixture being formed. This 

product was subsequently washed with hydrochloric acid (HCL, 2 m3, 0.1 M) 

and centrifuged to remove any remaining unwanted salts. The GO was 

washed further with deionised water until its pH was between 5.5 - 7. This 

was dried under vacuum for 6 - 8 days until the product was dry 
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The graphene oxide powder was dissolved in deionised water (2 mg cm-3) and 

ultra-sonicated using a sonicating probe to ensure optimal particle dispersion 

for 6 - 8 h. The dispersed graphene oxide was hydrothermally reduced via the 

use of an autoclave at 180 °C for 12 h to form reduced graphene oxide (rGO). 

The product was filtered and dried using a vacuum oven at 60 °C overnight. 

To increase porosity, the reaction was freeze dried under vacuum for 3 - 5 

days, depending on quantity. 

4.2.2.2 Reduced graphene oxide – Silver Nitrate for Composite A 

Graphene oxide (100 mg), Silver nitrate (0.177 g, 2.6 mM) and DI water 

(400 mL) was ultrasonicated under a nitrogen flow for 2 h. Sodium hydroxide 

(44 mL, 8 M) was slowly added, while the mixture was being stirred at 80oC 

for 20 h. The resultant mixture was centrifuged (5500 rpm) for 15 mins 

lengths, 3-4 times to remove any unreacted NaOH with DI water. 

4.2.2.3 Silver precursor synthesis for Composite B 

Silver acetate (AgC2H3O2, 1.002 g, 6 mmol) was added to ammonium 

hydroxide (NH4OH, 2.5 cm3, 20 mmol) and was stirred under ambient 

conditions for 15 mins. Under sonication, formic acid (CH2O2, 0.2 cm3, 

5 mmol) was added dropwise to ensure thorough distribution, with the 

solution being further mixed with use of a vortex. Any silver metal particles 

that form in the solution are produced because of the reduction of silver ions 

via the formic acid. The solution was filtered and stored in a dark place to 

ensure degradation of the silver precursor (Ag (OCHO).x(NH3)2). 

4.2.2.4 Silver precursor synthesis for Composite C 

Silver acetate (AgC2H3O2, 2.006 g, 12 mmol) was added to 2-aminoethan-1-

ol (CH3CH(NH2) OH, 4 cm3, 4.04 g, 66 mmol) and deionised water (4 cm3) 

and was stirred under ambient conditions for 15 mins. Under sonication, 

formic acid (CH2O2, 0.2 cm3, 5 mmol) was added dropwise to ensure 

thorough distribution, with the solution being further mixed with use of a 

vortex forming the silver precursor (Ag (OCHO).x (CH3CH(NH2) OH) 2). 
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4.2.2.5 Silver precursor synthesis for Composite D 

Silver acetate (AgC2H3O2, 2.005 g, 12 mmol) was added to 1-aminopropan-

2-ol (CH3CH(OH)CH2NH2, 4 cm3, 3.89 g, 52 mmol) and deionised water 

(4 cm3) and was stirred under ambient conditions for 15 mins. Under 

sonication, formic acid (CH2O2, 0.2 cm3, 5 mmol) was added dropwise to 

ensure thorough distribution, with the solution being further mixed with use 

of a vortex forming the silver precursor (Ag (OCHO).x 

((CH3CH(OH)CH2NH2)2). 

4.2.2.6 Silver precursor synthesis for Composite E 

Silver acetate (AgC2H3O2, 1.01 g, 6 mmol) was added to 2-methyl-2-

aminopropan-1-ol ((CH3)2C(NH2) CH2OH, 2 cm3, 1.87 g, 21 mmol) and 

deionised water (4 cm3) and was stirred under ambient conditions for 15 mins. 

Under sonication, formic acid (CH2O2, 0.2 cm3, 5 mmol) was added dropwise 

to ensure thorough distribution, with the solution being further mixed with 

use of a vortex forming the silver precursor 

(Ag(OCHO).x((CH3)2C(NH2)CH2OH)2). 

All the precursors will form silver metal particles when formic acid is 

added, which requires separation via filtration. All need to be stored in the 

dark to prevent silver degradation. 

4.2.2.7 Reduced graphene oxide - silver composite  

Graphene oxide (100 mg) was added to deionised water (10 cm3) and 

sonicated for 1.5 h to ensure thorough dispersion. The specific silver 

precursor (25 μm3, 50 μm3, 100 μm3, 200 μm3) was added dropwise to the 

solution and was further sonicated for 2 h. The mixture was placed in an 

autoclave and was heated to 180 °C for 12 h, before being filtered, washed 

and freeze dried under vacuum. 

4.2.3 Structural characterisation  

The composites underwent a series of characterisation techniques to better 

understand their architecture and composition. Imaging was obtained with 

transmission electron microscopy (TEM, Jeol 2100), scanning electron 
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microscopy (SEM, Jeol 6700), adsorption-desorption isotherms via N2 gas 

(Quantachrome Autosorb-iQC with liquid N2 at 77 K) which was used to 

identify the specific surface area utilising the Brunauer-Emmett-Teller 

method (BET) with a relative pressure range off 0.03 to 0.2, and X-ray 

photoelectron (XPS) results were performed and acquired with Al-K-α, 

Thermo Scientific. Raman spectra was attained with use of a 514.5 nm laser 

beam (Renishaw). The FT-IR was taken with the ALPHA FTIR routine 

spectrometer.   

4.2.4 Electrochemical characterisations  

Electrochemical testing was performed using a three-electrode system using 

a potentiostat (Gamry Interface 1000E). A glassy carbon (GC) electrode 

(diameter 5 mm, surface area 0.20 cm2) was utilised as the working electrode, 

with a platinum grid counter electrode and an Ag/AgCl reference electrode 

(saturated in KCl). To prepare the working electrode, typically, Ag/rGO 

sample (10 mg) with Nafion solution 30 µL Nafion™ D521, 5 wt % 

dispersion) were dispersed in H2O: IPA (2 mL, 1:1) by sonicating for 1 h to 

form a homogeneous ink. The dispersion (9 µL) was then loaded onto the 

glassy carbon electrode (load 100 µg cm-2) via drop-casting before the 

electrode was then dried in a vacuum oven (60 °C).  Prior to ORR catalytic 

activity testing, oxygen was bubbled through KOH solution (0.1 M) for 

30 mins to guarantee the solution was oxygen saturated. The working 

electrodes were also activated with use of cyclic voltammetry, by scanning at 

a scan rate of 100 mV s-1 between -0.9 and 0.6 V vs. Ag/AgCl in the O2 

saturated KOH (0.1 M) for 100 cycles. Linear sweep voltammetry (LSV) was 

then used to test the ORR activity at a scan rate of 20 mV s-1, in O2-saturated 

KOH (0.1 M). Polarization curves (i.e., LSVs) were measured from -0.7 to 

0.1 V (vs. Ag/AgCl) at varying rotation speeds (between 400 and 2500 rpm), 

measured with a MSR Electrode Rotator (Pine Research Instrumentation. A 

commercial Ag/C catalyst (PK Catalyst, 40% Silver supported on Vulcan 

XC-7240) was the reference material with the equivalent loading. Koutecky-

Levich plots (j−1 vs ω−1/2) were analysed at various electrode potentials. The 
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slope of their linear fit was utilised to calculate the electron transfer number 

(n) based on the Koutecky-Levich equation: 

 

𝑗!" =	 𝑗#!" +	𝑗$!" =	 𝑗#!" + (𝐵𝜔"/&)!" (12) 

  

where j is measured current density, jK is ORR’s kinetic current density, and 

ω is angular velocity of rotation. Here, B is correlated to the diffusion-limited 

current density via the term jL = Bω1/2, which is defined as: 

 

𝐵 = 0.62𝑛𝐹𝐶'(𝐷')&/(𝜈!"/) (13) 

 

n is the overall number of electrons transferred throughout the oxygen 

reduction, F is the Faraday constant (96485 C mol−1), DO is the diffusion 

coefficient of oxygen (1.9 × 10−5 cm2 s−1), ν is the kinematic viscosity of 

solution (0.01 cm2 s−1), and CO is the bulk oxygen concentration 

(1.2 × 10−6 mol cm−3).22,23 

 

4.3 Results and Discussion 

4.3.1 Preparation and characterisation 

Firstly, we replicated the work of Tian et al., in order to create a establish a 

baseline of comparison, which involved the combination of silver nitrate and 

graphene oxide, under chemical reduction conditions via  sodium hydroxide, 

which produced composite A – an amalgam of silver NPs on reduced 

graphene oxide.24 Consistent with the literature, X-ray photoelectron 

spectroscopy (XPS) (Figure 4.8) and transmission electron microscopy 

(TEM) images (Figure 4.9) indicate the level of reduction of graphene oxide 

and reveals silver nanoparticles of d <18 nm on the surface. The objective of 

this research was to design a procedure that could be employed in a one pot 

synthesis and create a more stable material, with an interest to eliminate the 
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use of NaOH, a corrosive and harmful reagent, from the synthesis, or any 

different chemical reducing agent, therefore a, alternative avenue to Ag NPs 

on rGO was explored. 

We began with adjusting the silver precursor formulation first 

reported by Walker et al., in which it was combined with GO, this time using 

a hydrothermal aqueous route. This removed the need for sodium hydroxide 

entirely – yielding B. The idea was to explore alternative silver deposition 

techniques (CVD, Inkjet printing) in which other techniques had utilised.  

 

 

Figure 4.4: Tethering of Ag NP to the rGO sheets via a SN2. Reaction. on an epoxy group 
via an amalgamation of silver acetate, formic acid and an array of amino-alcohols of the 
type: HOCRR'CR''R'''NH2 (R, R', R'', R''' = H (AE); R, R'', R''' = H, R' = Me (AP); R, R' 
= H, R'', R''' = Me (AMP)) to produce composite C, D and E, respectively. 
 

Interestingly, both samples A and B exhibit similar Raman spectra (Figure 

4.12), demonstrating how neither synthetic technique of deposition modifies 

the bonding interaction on the surface of rGO, however, TEM images of 

composite B reveals the Ag NPs to be large and scant, as illustrated in more 

detail further into the Chapter. The Inductively coupled plasma mass 

spectrometry (ICP-MS) of composite B also shows the silver percentages to 

be within a comparable range to the other samples, within a 13 - 32% weight 

loading (Appendix AT 4.2), but because this precursor formulation is prone 

to decomposition, it isn’t therefore as effective for the functionalisation of  

rGO layers.25,21 The concern was that the decomposition of the precursor had 
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led to premature agglomeration of the silver and therefore the particles 

became too large to be deposited as nanoparticles. By employing Vaseem et 

al.’s precursor design, the hope was that silver could be readily dispersed on 

the GO before undergoing the hydrothermal reduction stage, which in turn 

would prevent particle agglomeration. The use of these precursors led to the 

tethering of silver particles to the surface of the rGO, via the ligands designed 

to stabilise the precursors and prevent decomposition. 

To explain this research, silver acetate, formic acid and a range of 

amino-alcohols of the type HOCRR'CR''R'''NH2 (R, R', R'', R''' = H (AE); R, 

R'', R''' = H, R' = Me (AP); R, R' = H, R'', R''' = Me (AMP)), were combined, 

which would behave as tethering ligands, were combined with GO in 

hydrothermal syntheses in order to manufacture Ag NP linked to rGO sheets. 

the primary amino-alcohol AE yielded composite C, the inclusion of a methyl 

group to the chain in AP produced composite D and the bulkier AMP gave 

composite E (see Figure 4.4). 

 

 

Figure 4.5: Synthetic steps required to synthesis required to form silver precursors using 

amino alcohols; a) silver 2-aminoethan-1-ol, b) silver 1-aminopropan-2-ol, c) silver 2-

methyl-2-aminopropan-2-ol. 

 

4.3.2 Chemical mechanism 

In order to understand the binding mechanism of amino-alcohol linkages to 

rGO sheets, it is important to recognise the various methods of surface 

a) 

b) 

c) 
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oxidation during the synthesis of GO via the modified hummers proceedure.26 

the majority of the oxygen groups are created via the surface oxidation of 

graphite, specifically with the manganite ions. The ion is attracted to bonds 

located next to acetone to create a carboxylic acid group, before developing 

into an epoxy group via a leaving alcohol (Figure 4.6). This reaction is called 

the Julia-Colonna epoxidation, a theorised stage of graphene oxide 

functionalisation, due to the nature of the oxygen electron withdrawing 

groups on the GO surface.27 Surface oxygen functional groups were then 

further altered or removed via the hydrothermal reduction mechanism. In the 

example of the epoxy group, it undertakes a regioselective SN2 reaction.28 The 

hydroxide will then target the electrophile in a less encumbered position once 

the epoxy’s oxygen atom has been protonated, producing an additional 

alcohol group. 

 

 

Figure 4.6: The Julia-Colonna epoxidation reaction on graphene oxide. 
 

Utilising this model, it can be suggested that the OH groups on each amino-

alcohol in C, D and E undergo this SN2 reaction to become bound to a less 

sterically hindered/less substituted carbon. The amine end datively interacts 

with the Ag NP, which form in situ during the reaction between the silver 

acetate precursor with the formic acid additive, thus inhibiting nanoparticular 

Ag aggregation. The precursor designs used in the synthesis of C, D and E 

have each produced Ag NP bound to rGO layers, as illustrated by the Raman 

spectra (Figure 4.12). 
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Figure 4.7: Hypothesised reaction mechanism of silver amino-alcohol tethering to the 
surface of graphene oxide sheets via an SN2 addition reaction. 

 

Composite sample  Linker used Reference 

A No linker Replicated from Tian et al.24 

B No linker Adapted: rGO heated with Ag 
ink from Walker and Lewis.20 

C 
 

This work 

D 

 

This work 

E 

 

This work 

Table 4.1: Identification of composites (A-E) reported in this Chapter. In all cases Ag NP 
are synthesised and deposited onto rGO sheets, where linkers were used their structure is 
given. 

 

4.3.3 X-ray photoelectron spectroscopy (XPS) of Ag - rGO 

The XPS of composites A to E demonstrate the level to which the oxygen 

functionalised groups on the rGO are reduced and if the alternative precursors 

influence the amount or nature of reduction. It can be observed from the XPS 

of composites A to E (Figure 4.8) that the silver (0) oxidation state is present 

in all of these samples. The literature values for silver (368.2 eV (3d5/2) and 

374.2 eV(3d3/2)) are consistent for all composites Ag 3d peaks at 368+0.2 eV 

and 374+0.2 eV corresponding to the Ag 3d5/2 and 3d3/2, respectively.29 By 

analysing the C1s environments in the second column of Figure 4.8 for 

HO
NH2

HO
NH2

HO
NH2

H+H

H+H

-
H
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composites A to E, we can understand reduction levels the graphene oxide 

has experienced, specifically noting which of the oxygen functional groups 

have been targeted during the deposition/tethering process. The C1s peaks 

mostly demonstrate a similar level of reduction throughout the composites, 

but not in the case from composite A It is probable that NaOH might have 

been less effective in the reduction of the C=O group. By noting the survey 

data (Appendix AF 4.1), the ratio of carbon to oxygen on the rGO can be 

extrapolated. The difference in ratios between the samples is quite large, 

around 10% more carbon in the amino-alcohol linked silvers than with the 

A/B samples (Table 4.2). The theorised reason behind this is the same to how 

the linkages bind to the surface. The addition of the amino-alcohol ligand 

increases the percentage of carbon, while creating an alcohol group which 

becomes more susceptible to being reduced and removed from the GO as 

water via an elimination reaction. It is interesting to note that these differences 

between the A/B composites and the C, D, and E are observed throughout the 

chemical characterisation methods seen in this Chapter 

 

 

 

 

 

 

 

 

 

Table 4.2: Carbon/oxygen ratios from the XPS survey data, demonstrating the decreased 
oxygen content with the involvement of amino-alcohol linkages. 

 

Carbon/oxygen Carbon (%) Oxygen (%) 

rGO 74.31 25.69 

A 73.84 26.16 

B 84.94 15.06 

C 85.85 14.15 

D 86.04 13.96 

E 88.16 11.84 
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Figure 4.8: X-ray photoelectron spectroscopy (XPS); a) Spectra presenting the Ag 3d (1st 
column) and C1s (2nd column) of different Ag NP-rGO composites (A to E). 
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4.3.4 Transmission and scanning electron microscopy of Ag - rGO 

  

Figure 4.9: TEM (left) and SEM (right) images of Ag NP - rGO composites, specifically 
composites A and B. 
 

The result of using varying silver precursor designs during the reduction og 

GO to rGO is illustrated in the TEM images (Figure 4.9 and 4.10). The 

technique created by Tian et al.’s Ag NP rGO composites (composite A) 

show reduced graphene oxide to be more densely and heavily layered, 

indicating thicker more prominent layers and compact surface area.24 The 

remaining composites B-E, have been synthesised using a hydrothermal route 

which result in the TEM images exhibit very thin layers, demonstrated by 

their creased and almost whisper-like images. It can be assumed that the 

variation of sizes and scattering of the silver particles across the carbon 

surface will vary depending on synthetic route chosen. Tian et al.’s NaOH 

method to composite A formed the smallest particle size, around 

19.17±2.88 nm in size (Appendix AT 4.1). Composite C closely followed 

this, which utilised the simplest amino-alcohol (C) as a tethering agent, 

creating marginally larger particles (21.55±2.88 nm), demonstrating 
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excellent nanoparticular dispersion across the surface of the rGO. The TEM 

images of composites B, D and E observe particles within range of 

60 - 120 nm, with merely adequate dispersion. This can be potentially 

understood to be due to the increased size and abilities of the more 

complicated precursor ligand and its strenuous interactions with the rGO’s 

surface epoxy groups, potentially instigating the particles to cluster and form 

silver metal.  

 

 

Figure 4.10: TEM (left) and SEM (right) images for the different Ag NP - rGO composites 
from composites C to E, respectively.  
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4.3.5 Raman spectroscopy of Ag - rGO 

 

 

Figure 4.11: Raman spectra of composites A and B. 
 

Raman spectroscopy is vital to understanding the behaviour of the silver 

amino-alcohol linkage’s interactions with reduced graphene oxide. It can be 

observed the prominent peaks that usually outline rGO are signified by a 

lower shifted D band (around 1350 cm- 1), which indicates the presence of 

graphene oxide’s disordered sp2 carbon structure and the G band (around 

1500 cm-1) that illustrates the extent of C–C stretching as seen in Figure 4.11. 

In composites C, D and E (Figure 4.12), there is an obvious change in the D 

and G bands by around 12 - 22 cm-1. These composites are the Ag NP - rGO 

composites that utilise the amino alcohols for nanoparticle surface tethering. 

This alteration can be possibly attributed to the shift in C–C bond lengths on 

the surface of the rGO, owing to the precursors influence on the rGO surface 

binding and reduction effects. The shift designated to the smaller peak, 

around 450 - 650 cm-1, are most likely due to the N–C–O bounds, that are not 

usually found in conventional rGO and characterises and distinguishes the 

data from the other composites and basic carbons. It is common to see 2D 

band in carbon materials between 2500 - 3000 cm-1. For a sample such as 
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graphene we would strong peak, akin to the other band seen in these Raman 

spectra. A small element of this region can be seen in these examples, but it 

only resembles an amorphous bump, mainly due to the 3D nature of these 

composites from the existence of the surface oxidation groups as well as the 

freeze-drying nature of the synthesis. All of these peaks essentially signify 

the lack of these structures’ crystallinity and their distorted structures. 

Interestingly when estimating the defects on the carbon surface, using the D 

and G peak intensities (ID/IG ratio values), it can be observed that composites 

A, B, and E all have the calculated ratios 1.12, 1.12, 1.13 respectively. The 

ratio is much higher in composites C and D, where ratios of 1.17 and 1.18 are 

observed, which indicates may indicate the extent of surface distortion 

undergone during the synthesis. 

 

 
Figure 4.12: Raman spectra of composites C to E. 

 

 

 



Chapter 4 

 

 
151 

4.3.6 Fourier transform infrared spectroscopy (FT-IR) of 
Ag - rGO 

 

 

Figure 4.13: FT-IR for the silver composites A and B 

 

When looking at the infrared spectroscopy, there isn’t an absolute way of 

observing the silver tethering with the amino-alcohol linkages, but it does 

reaffirm what has been illustrated in previous characterisation techniques 

performed. As has been observed in Chapter 3 (Figure 3.10), the aromatic sp2 

C=C bond can be seen by the presence of the sharp peak at ~1550 cm-1 and 

the broad strong peak at ~1080 cm-1 can be assigned to the C–O function 

group, which is a common peak value for rGO. The noisy region that appears 

around 864 cm-1 can be attributed to C–H bending that appear within the 

graphene oxide backbone. The broad peaks seen between 300 to 3500 cm-1 is 

the typical region for O–H, remaining functionality on the graphene oxide 

surface, which can be specifically observed in sample A and B (Figure 4.13) 

and the N–H bonds in the samples formed by amino-alcohols, but due to the 

peak being weak, it would be difficult to discern from the data. All of the 

spectra contain the peaks ~1715 cm-1, signifying the presence of the ketone 

(C=O). Sample A possesses the strongest ketone peak, mainly due to the mild 
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reducing strength of the ketone form the NaOH, whereas the hydrothermal 

method seems to reduce the peak intensity, as seen in the GO/rGO FT-IR in 

Chapter 3. In observing the C, D, and E (Figure 4.14), there are very few 

notable difference peak intensities and no difference in peak positions. The 

larger ligand precursor seems to be inhibiting the surface reductio, noting by 

their slightly larger peaks, descending from E-C. 

 

Figure 4.14: FT-IR for the silver composites C to E, respectively. 

 

4.3.7 Electrochemical analysis of Ag - rGO 

In order to assess the electrochemical activity of these now characterised Ag 

NP-rGO composites, oxygen reduction electrocatalysis rotating disk 

electrode (RDE) experiments were performed in an O2-saturated 0.1 M KOH 

solution (Figure 4.15,16). A 5 mm GC RDE modified was used with the Ag 

NP-rGO catalysts or a commercial Ag/C (seen in 4.2.4), and linear sweep 

voltammograms (LSVs) were measured at 1600 rpm rotation speeds. (Figure 

4.16). The results indicated that tethered Ag NP-rGO catalysts C, D and E 

provide a markedly more positive (i.e., lower overpotential) onset potential, 

in comparison to the commercial Ag/C (Ag/C). Specifically, the onset 

potential of C (0.01 V vs. Ag/AgCl) is nearly 70 mV positive more than 
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Ag/C, indicating notably improved catalytic activity. This is while having a 

comparable overall current density as well. This agrees with previously 

published data from the literature regarding novel Ag ORR electrocatalysts 

and  their commercial Pt/C in similar conditions.30,31,32 Composite E produces 

a similar current density to the commercially used catalyst Ag/C, although it 

can be noted that it has a less positive onset potential than composite C. 

Composite D displays a markedly lower current density, which is nearly half 

that of the other Ag carbon composite catalysts. This may be due to composite 

D (AP precursor) only participating in a partial ORR to generate H2O2. 

 

 

Figure 4.15: ORR at Ag catalyst; LSVs of C, D and E tethered Ag particles, alongside a 
commercial Ag/C catalyst at 1600 rpm. 
 

Rotation rate dependent LSV curves for C and E composite catalysts, 

observed with rotational speeds between 400 to 2500 rpm, can be seen in 

Figures 4.16 a) and b) respectively. From these results, Koutecky-Levich (K-

L) plots could be extracted and analysed (j−1 vs ω−1/2 – see 4.2.4 

Electrochemical characterisations). The LSV curves didn’t reach a definitive 

plateau, due to their increasing background catalytic contributions via the 

presence of the rGO. Therefore the rotation rate dependant current at the three 
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specific potentials (-0.4, -0.5 and -0.6 V vs. Ag/AgCl) similar the ostensible 

limiting value were utilised.33  The K-L plots at all chosen potentials observed 

a fine linearity which therefore meant that the electron transfer number could 

be extrapolated using the K-L equation and the gradient from the slope. The 

number of electrons transferred per oxygen molecule was observed to be 

n = 3.0, 3.5 and 4.0 for composite C, whereas n = 3.1, 3.5 and 4.1 at the 

identical voltages for composite E at -0.4, -0.5 and -0.6 V vs. Ag/AgCl 

respectively. With these values both being relatively close to four, it can be 

assumed that the ORR has proceeded via the four-electron, or a pseudo-four-

electron (via H2O2) route, generating water (Appendix AF 4.3).32 The Y-

intercept of the K-L plot is near to 0, which elucidates to fast electron transfer 

kinetics throughout the RDE.23 Comparing the experimentally observed 

rotation rate dependent limiting current with the calculated theoretical values 

additionally illustrate a four-electron ORR (see Appendix AF 4.3 and 4.4). 

 Composites D and E show comparable Ag particle sizes, but it is 

fascinating to note in what way the ORR activities are differ between them. 

The disparity of the onset potential linker to linker is a possible side effect of 

the relative pKa values of the each individual amino-alcohols, which effects 

their binding capabilities (pKa: AE = 9.5, AP = 15.3 AMP = 9.7). The 

linkage in composite D is regarded as the most basic of the three and so it can 

be observed to possess the highest onset potential. It is well understood that 

rGO’s surface functionalisation, in particular that bound N species, will 

change the resultant onset potential, as is observed in the data recorded 

throughout the electrochemical testing (Figure 4.15, 16).34 This therefore 

endorses the notion that tethering via aminoethanol linkages influences the 

performance Ag-rGO catalysts. This can be potentially attributed to the effect 

of the functional linkage on the silver, via electron withdrawing or potentially 

from an increased particle stability. The one-pot nature of this methodology, 

along with the influence of the amino-alcohol linkages, could allow for 

adjustments to this synthetic procedure and therefore, there is great potential 

for the improvement and expansion of future catalysts of this kind. 
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Figure 4.16: Rotation rate dependent LSVs and inset Koutecky-Levich plots for C (a) and 
D (b) respectively. Recorded in O2-saturated 0.1 M KOH solution as a scan rate of  
20 mV s-1. 
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4.4 Conclusion 

Throughout this Chapter we have observed that the combination of novel 

silver precursor formulations (including a range of amino-alcohol ligands) 

with GO in a hydrothermal synthesis has produced Ag NP bound to rGO 

sheets. The synthetic route that employs the simple amino-alcohol AE 

(composite C), demonstrates the most dispersed and equal particle size 

(12 – 25 nm) and therefore can be attributed to the relative ligand sizes. All 

three amino-alcohol amalgamated composites (C-E) exhibited carbon shifts 

within their Raman spectra, which was consistent with the binding of the 

amino-alcohol to the rGO, which is not observed for composites A and B. 

This provides some insight into how the silver particles bind to the surface of 

the rGO. Composites A and B, which have been included throughout this 

Chapter, are present as a point of comparison to the literature and therefore 

do not use amino-alcohols linkages in their synthesis, which therefore meant 

that the Ag NP were not tethered. Their comparison allows for the 

characterisation data to illustrate the extent to which the tethering process 

changes the surface composition of rGO. The work throughout this Chapter 

demonstrates the concept of a simple, scalable, non-toxic (aqueous 

hydrothermal) route to yield functional Ag NP-rGO composites with high 

catalytic performances when electrochemically tested for ORR. Therefore, 

this designed synthetic has great potential as a potential avenue to 

manufacture inexpensive, high-performance catalysts for potential AEM fuel 

cells in the future. This research presents the initial steps into the subject area 

of silver amino-alcohol tethering, with further research required to fully 

optimise and utilise the techniques and methods conducted throughout this 

project. 
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Chapter 5 
Aluminium intercalated rGO composites 

Overview: This chapter will investigate the use of supported aluminium 

hydride to explore novel methods of simultaneous reduction of reduced 

graphene oxide, while inserting aluminium (Al) species between the 

functionalised graphene layers to improve electrolytic interaction and specific 

surface area. The aim was to produce a non-faradaic carbon-based material 

for application as a supercapacitor, while exploring new techniques in 

reduction. Sections of this work are in a preliminary manuscript for future 

publication. 
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5.1 Introduction 

5.1.1 Introduction to aluminium hydrides and air sensitive 

methods 

Aluminium hydride (AlH3 or alane) is a metastable solid that possesses higher 

volumetric hydrogen density (148 g H2/L) than that of liquid hydrogen, with 

a gravimetric H2 density greater that 10 wt.%. It also demonstrates very fast 

hydrogen evolution rates at low temperatures while a very low heat of 

reaction (7 kJ mol-1). These unique characteristics have allowed aluminium 

hydride to be employed in technologies such as hydrogen storage and 

explosives. In this work, we report the investigation of alane species  

employed as reducing agents for graphene oxide.1 

 Lithium aluminium hydride (LAH) is a highly usefully reducing 

agents for a long time, being non-selective it therefore reduces more 

functional groups than chemicals such as hydrazine and borohydrides. 

Lithium aluminium hydride was first reported in 1942 by Stecher and 

Wiberg who managed to prepare an impure low yielding product, in the form 

of AlH3 × 2N(CH3)3.2,3 In 1947, Finholt et al., designed an aluminium hydride 

solution in diethyl ether, with the procedure observed in equations 1 and 2 

above.4  

3 LiH + AlCl3 + nEt2O    AlH3 × nEt2O + 3 LiCl (1) 

3 LiAlH4 + AlCl3 + nEt2O    4 AlH3 × nEt2O + 3 LiCl (2) 

 

It was originally conceived that the ether could not be separated from the 

alane without the loss of hydrogen, but in 1955, Chizinsky et al. managed to 

cleanly separate the ether and alane by filtering the etherated solution into 

inert pentane and vacuuming off the solvent to leave g-AlH3.5 More recently 

in 2012, Pumera et al., utilised LAH as a chemical reducing agent for 

graphene oxide (GO), noting its powerful and unselective behaviour, capable 

of reducing epoxy, esters carbonyl and carboxylic groups whereas other 
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reagents are much more selective and limited in their reductions, as seen in 

Figure 5.2.6 They highlight the effect of some of the reducing agents being 

too passive or in some cases, like in the case of hydrazine potentially nitrogen 

doping the sp2 surface, too strong. The concept of using LAH was to eliminate 

functional groups on the GO surface, without reducing the important 

electronic properties of their graphene-based materials. The study itself is 

highly comprehensive in comparing the two most common forms of the 

chemical reduction of GO being sodium borohydride (NaBH4) and hydrazine 

(N2H2) with that of LAH and noting its physical characterisations. They 

specifically note the higher C/O ratios when using LAH, concluding that 

reducing agent, well established within organic chemistry, is highly beneficial 

towards the end reduction of GO to reduced graphene oxide (rGO). 

 

 
 

Figure 5.1: A schematic for procedure for the preparation of the chemically reduced 

graphene materials from Pumera et al.’s LAH reduction paper.6 

 

As highlighted in Chapter 3, the reduction of GO and improvement to rGO’s 

surface area was achieved using various multistep reduction routes. Pumera’s 
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LAH reduction of GO represents a more challenging synthetic route due to 

the inert conditions required to prevent LAH’s oxidation. Secondly the 

biproducts using LAH (e.g., Li), required quenching and washing to remove 

the reactive species that remained. Therefore this work, utilising an alane 

based reducing agent, free from lithium became a main focus due to the fact 

that aluminium oxide is highly stable and would not interfere with any 

electrochemical mechanisms implemented upon it.7 It was also theorised that 

the presence of the aluminium could potentially create an interlayer spacing, 

simultaneously improving the surface area of electrolyte interaction without 

compromising the structural integrity of the rGO. It is well reported in the 

supercapacitor literature that interlayer spacers enhance electrochemical 

performance in rGO.8–12 

 

 
 

Figure 5.2: Images from the aluminium powder - rGO journal article, published by Fan et 

al.14 (a-d) shows the reduction of GO, (e) TEM of GO, (f) SEM of Al powder and GO, (g, h) 

SEM of rGO with inset pressed rGO film (15mm). 

 

Aluminium, as a group 3 metal does not contain a complete octet of electrons 

and is therefore electron deficient and prone to oxidation. Unsurprisingly it 

has been explored as a reducing agent before, but via a completely different 
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method.13 Fan et al., explore the use of aluminium powder being used in an 

acidic GO solution containing hydrochloric acid.14 The aluminium interacts 

with the acidic H+ to form Al3+, resulting in the negatively charged GO sheets 

adsorbing the metal to its surface to form a spherical aluminium structure. It 

additionally changed the solutions colour from brown to colourless, seen in 

Figure 5.2. Apart from these examples, there are not many recorded 

publications of aluminium and the reduction of rGO. In utilising a non-lithium 

based alane, there is also the added benefit of not needing to remove the 

remaining aluminium oxide from the rGO once re-oxidised, since this side 

product is chemically inert. This was a concept built around the design of an 

MXene compound investigated by Gogotsi et al., who are group that explore 

the insertion of compounds such as carbon nanotubes between MXene layers 

to prevent close layered stacking and improve the surface area and lithium 

storage mechanisms (ion insertion).15  

Mxenes are a generally new 2D transition metal carbide, carbonitrides 

and nitrides. They are highly flexible and highly conductive but suffer from 

similar synthetic issues to that of graphene, hence why some form of insertion 

is necessary. It also required very harsh methods of etchings and production, 

so in this case is less appealing to use.16 

5.1.2 Aims and Objectives 

Throughout this Chapter, the investigation into the use of stabilised AlH3 

species will be explored as not only a reducing agent, but as a method of 

improving the specific surface area of rGO via interlayer insertion of 

aluminium metal in an inert environment, before being allowed to 

oxidise/hydrolyse and stabilise forming aluminium oxide/hydroxide. This 

was in order for the material to be employed safely as a supercapacitor 

electrode. Herein, we present multiple routes to both aluminium oxide and 

hydroxide interspaced rGO and with the aim of improving their effect on 

electrochemical performance of rGO, as well as highlighting the strengths and 

challenges for the future.  
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5.2 Methodology 

5.2.1 Materials  

The chemicals that were obtained were used without purification. Graphite 

powder (< 20 micron), hydrochloric acid (35%), sulphuric acid (95%), 

phosphoric acid (≥ 85%), hydrogen peroxide solution (35.5%), potassium 

hydroxide pellets (puriss, ≥ 86%), sodium sulfate (99%, anhydrous powder) 

and potassium permanganate (99%) were purchased from Sigma-Aldrich. 

Nickel foam used for electrochemical testing was purchased through the MTI 

corporation.  

All reagents that were used in the alane syntheses were obtained 

without purification from Sigma-Aldrich/Merck unless stated otherwise. All 

non-deuterated solvents were pre-dried using dry solvent stills and dried over 

the appropriately sized molecular sieves (3 or 4 Å) to ensure no O2 gas. 

Deuterated solvents were procured from Cambridge Isotope Laboratories, in 

which they stored over 4 Å molecular sieves, degassed. Triethyl-amine (TEA) 

was distilled in vacuo and was stored in a fridge at 7 °C. Anhydrous AlCl3 

powder (≥98%), sublimed in order to be purified for synthesis, and LiAlH4 

powder (reagent grade, 95%) was purified via dissolution in and then 

recrystallised from Et2O. All aluminium based reactions were performed 

using a standard Schlenk line and glove box technique in vacuum or under an 

atmosphere of N2 in order to prevent oxidation of materials. 

5.2.2 Synthesis of Graphene Oxide (GO) 

The graphene oxide (GO) was synthesised via a modified Hummers method: 2 

Graphite powder (5 g) was vigorously mixed with concentrated H3PO4 

(12.5 mL) and H2SO4 (112.5 mL) at 0 °C. When the graphite powder was 

thoroughly distributed, KMnO4 (30 g) was slowly added to the mixture, 

maintaining a temperature below 5 °C, forming a green/black product. The 

reaction was cooled to 0 °C and left stirring overnight. The mixture was left 

as room temperature for 3 h, before it was very slowly heated to 50 °C using 

an oil bath at increments of 5 °C maximum, forming a red brown product. 



Chapter 5 
 

 168 

Care was taken to avoid heating the graphite powder quickly to avoid the 

reaction becoming too exothermic. Deionised water (600 mL) was slowly 

added to the reaction, while constantly stirring. The temperature was not 

allowed to surpass 55 °C. H2O2 (42.25 mL) was added drop by drop. This 

addition was to remove any excess KMnO4 left in the reaction. This formed a 

bright yellow/orange mixture, which was left stirring at 50 °C for 1 h. It was 

then left overnight with no stirrer bar at the same temperature, in order to 

remove excess water, and turned a light brown. The graphene oxide was 

subsequently washed in a HCl solution (2 L, 0.1 M) and centrifuged 

(5500 rpm, 20 mins) to remove any remaining salts. The GO was 

subsequently washed with DI water until the pH of the mixture was between 

5.5 - 7. This was then freeze- dried under vacuum for 6 - 8 days until the 

product was completely dry. This process can be found in both Chapter 3 and 

4. 

5.2.3 Synthesis of etherate alane (Et2O.AlH3) and Al-rGO 

composites 

Aluminium trichloride (0.2046 g, 1.5 mmol) was dissolved in diethyl ether 

(~15 mL) was added. This solution was cooled using dry ice/ice bath and was 

added dropwise to ethereal (~15 mL) lithium aluminium hydride solution 

(0.17 g, 4.5 mmol). This mixture was brought back to room temperature, 

while under constant stirring and N2 gas flow. The Young’s tap flask was 

sealed and left to react overnight. 

A white precipitate formed in the base of the flask. Hexane (~20 mL) 

was added under vigorous stirring. Lithium chloride precipitated out of the 

reaction solution evidencing the formation of AlH3. The precipitate settled, 

before the being slowly filtered via a filter cannula onto dry graphene oxide 

(0.2 g), which had been dried under vacuum in a desiccator and young’s flask 

three times to ensure the removal of moisture. Initial addition progressed 

slowly with no visible changes in colour or texture to the graphene oxide. 

There was no bubbling or release of gas initially observed. The mixture of 

ethereal alane, hexane and graphene oxide stirred over 5 days at room 
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temperature. The GO solid turned from brown to black, indicating reduction 

to rGO. 

The reaction mixture was filtered leaving rGO-Al composite, a black powder. 

Both flasks were pumped down to dryness. The filtrate produced a white 

powder (unreacted alane, other soluble species). The black powder was dried 

and washed repeatedly with dry ether to ensure removal of any alane species.  

The final black powder was stored under an inert atmosphere in a sample vial 

(~0.38 g). The sample could be removed from the flask and was stable to air, 

however, when submerged in water, while cooled at -78 °C, the product 

ignited into flames. 1H NMR (C6D6) of the black powder showed no Al–H 

proton environment. This synthesis was repeated multiple times to ensure 

reproducibility.  

5.2.4 Synthesis of trimethylamine alane (TMA.A)  

Lithium aluminium hydride (5.24 g, 138 mmol) was dissolved in diethyl ether 

(50 mL) while being cooled with dry ice. Trimethyl ammonium chloride 

(11 g, 155 mmol) was subsequently mixed with diethyl ether (50 mL) cooled 

with dry ice to -78 °C. The mixtures were combined at -78 °C via cannula. 

The solution was stirred for 1 h before it was brought back to room 

temperature and left stirring overnight. Lithium chloride precipitate 

confirmed the formation of products. The colourless solution was removed 

via a filter cannula where the ether was removed via vacuum to form a white 

solid powder (Me3NAlH3). The product was then sublimed via cold finger 

yielding high purity Me3NAlH3 (~87% yield). The sublimation proceeded 

under a closed static vacuum system, while submerged in a water bath at 

30 °C to allow the product to form on the cold finger. The product was kept 

in a N2 atmosphere at 2 °C. 1H NMR (500 MHz, C6D6) δ 4.12 (br s, 6H, 

Al2H6), 1.84 (s, 18H, CH3). 13C NMR (75 MHz, C6D6) δ 47.68 (CH3). 
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5.2.5 Synthesis of Al-rGO composite with trimethylamine alane 

(TMA.A)  

Trimethylamine alane (0.3998 g, 4.49 mmol) was dissolved in diethyl ether 

(~25 mL), which was added dropwise to dried graphene oxide (0.2 g). This 

was stirred for 7 days. The powder turns from brown (GO) to black (rGO). 

The powder was repeatedly washed with dry diethyl ether before being dried 

via vacuum and weighed (yield ~0.28 g). The sample was stable to air, 

however, when submerged in water, while cooled at -78 °C, the product was 

flammable, but less so than the previous sample (section 5.2.3). 1H NMR 

(C6D6) of the black powder showed no Al–H proton environment. This 

synthesis was repeated 2 times to ensure reproducibility.  

5.2.6 Structural Characterisation 

The samples underwent a series of characterisation procedures in order to 

study their morphology and design. This was performed with scanning 

electron microscopy (SEM, Jeol 6700) and transmission electron microscopy 

(TEM, Jeol 2100), adsorption-desorption isotherms via N2 gas 

(Quantachrome Autosorb-iQC with liquid N2 at 77 K) which was used to 

identify the specific surface area utilising the Brunauer-Emmett-Teller 

method (BET) with a relative pressure range off 0.05 to 1. X-ray 

photoelectron (XPS) results were measured and obtained by Al-K-α, Thermo 

Scientific, inert samples were measured on indium with a sealed 

depressurised XPS case. The FT-IR was obtained with the ALPHA FTIR 

routine spectrometer.  Raman spectra was recorded using a 514.5 nm laser 

beam (Renishaw). Wide angle X-ray scattering (WAXS) was performed on 

Ganesha 300 XL. 1H NMR weas collected on a Bruker 600 MHz NMR 

instrument at 298 K. 1H NMR were calibrated using the C6D6 peak at 

7.16 ppm. 

5.2.7 Electrochemical Characterisation 

The cyclic voltammetry (CV), cycling stability tests and galvanostatic charge 

discharge were conducted using a three-electrode set up, measured using a 
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Gamry interface 1000E electrochemical workstation at room temperature. 

The test was performed in an aqueous solution of NaSO4 (0.1 M) at room 

temperature as the cell’s electrolyte. The samples were prepared as a working 

electrode on an acid washed nickel foam (1 cm × 1 cm2). This acts as a 

current collector for the chosen material. The samples were mixed with 

polyvinylidene fluoride (PVDF, 1 mg μL-1) which behaves as a binder and 

uniformly dispersed across the electrode. Usually, 1 mg (±0.01 mg) of the ‘Al 

containing rGO samples’ were coated over half of the nickel foam electrode. 

The nickel electrode was then dried in a vacuum oven overnight (60 °C) 

before it was compressed under 1 ton of force, using a pelletising compressor. 

This working electrode was used in conjunction with a reference electrode, 

an Ag/AgCl rod, and a counter electrode, consisting of platinum grid. The 

cyclic voltammetry test consisted of a potential window between -0.9 V to -

0.3 V with a scan rate of 20 mV s-1. The cyclic stability test was tested for 

1000 cycles with a current charge-discharge current density operating at 

2 A g-1. The galvanostatic charge discharge tests were conducted at operating 

current densities from 1 A g-1 to 10 A g-1 with a potential window between -

0.7 V to 0 V. This test was used to calculate the specific capacitance of the 

rGO composite samples, using the equation; found in the electrochemical 

characterisation in Chapter 3 (3.2.5)  

 

5.3 Results and discussion 

5.3.1 Preparation and characterisation 

This Chapter was built upon the concept of one pot synthesis; the idea being 

to utilise a reducing reagent for GO, while improving and modifying the 

characteristics and architecture of the graphene like substance. The 

experimental approach was initially based on research conducted by Pumera 

et al., who are well cited in the field of graphene oxide and have employed 

various reducing agents in the production of rGO, including hydrazine, 

sodium borohydride and LAH.6 Interestingly however, the stabilised alane 

species utilised throughout this Chapter, namely: etherate alane (Et2O.AlH3) 
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and trimethylamine alane (TMA.AlH3 or N(CH3)3.AlH3) were originally 

designed for use as low temperature deposition precursors for conductive 

aluminium metal films, in keeping with Chapter 4 of this work, where silver 

precursors were utilized in the functionalisation of rGO. Douglas et al. has 

previously reported the use of these air sensitive alanes to isolate metal 

organic decomposition precursor inks, and upon heat or a form of initiation, 

the precursor breaks down via the reduction of its metal centre to form 

metallic aluminium, while the remaining ligands are removed as gaseous by-

products.17 Like LAH, these precursors required an inert atmosphere to 

prevent premature oxidation and assist in the precursor’s formation of the 

metal. The design of these precursors was centred around low temperature 

decomposition, which is why there was a driven focus towards aluminium 

trihydrides/alanes which have decomposition temperatures of ~60 °C, and 

very cleanly decomposes to leave both H2 and Al. In order to prevent the alane 

polymerising with itself, it requires a donor atom such as nitrogen or oxygen 

in order to provide enough valence electrons to form an octet. The simplest 

form of this stable alane therefore is alane is etherate alane (Et2O.AlH3). Due 

to its simplicity, it is also the most reactive and volatile out of the alanes 

produced for thin film deposition. In this Chapter, this Et2O.AlH3 will be 

viewed as the most basic form of the alane and bears the closest resemblance 

to LAH in terms of reducing ability and non-selective nature.  

In the following sections exhaustive characterisation will show that 

the functional groups reduced by Et2O.AlH3 operate in a similar fashion to 

that of LAH.6 When added to the GO (Figure 5.3, Stage 1), the resultant black 

powder is confirmed to be a composite mixture: rGO/Al via various 

characterisation, including 1H NMR which confirmed no trace of AlH3 or 

solvent remained in the samples at Stage 2. From there, two pathways were 

explored. Due to the reactive nature of aluminium metal, the oxide inevitably 

forms when exposed to air (Stage 3). This powder when exposed to air was 

stable in its activity and did not exhibit the same reactivity toward water that 

Stage 2 does (Stage 2 vigorously burns upon contact with water). It is 

theorised that the stabilised alane species undergo redox reaction forming Al 

metal and H2 gas, which in turn reduces GO to rGO, this accounts for the 
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reactivity of the Stage 2 powder with water. The remaining functional groups 

on the rGO surface form a dative interaction with the aluminium metal in 

Stage 2 in order to stabilise it. From there, the interlayer Al can seed the 

growth of aluminium oxides upon exposure to air, which can act as a spacer 

between the rGO sheets.  

 

  

 

 

Figure 5.3: Highlighting the chemistry of the graphene oxide reduction procedure with 

etherate aluminium hydride: 1) represents the structure of pure graphene oxide; 2) the 

proposed structure of reduced graphene oxide and aluminium in an inert environment, 

following its reduction from etherate aluminium hydride; 3). The result of exposing the stage 

2 product to atmospheric oxygen, producing aluminium oxide; 4) the result of the additional 

of deionised water to the stage 2 products, forming crystalline aluminium hydroxide. 
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To further probe this theory (and to dispel any doubt that aluminium oxides 

may have formed at Stage 2), the reactivity of the rGO/Al with water was 

explored, yielding the distinctly different product of Stage 4. DI water was 

added to the dried powder (Stage 2) in the initial test while cooled in an ice 

bath and the powder became volatile and set alight, an indication of Al metal 

still being present in the powder.18  

 

 

 

Figure 5.4: Highlighting the chemistry of the graphene oxide reduction procedure with 

trimethylamine aluminium hydride: 1) represents the structure of pure graphene oxide; 2) the 

proposed structure of reduced graphene oxide and aluminium in an inert environment, 

following its reduction from trimethylamine aluminium hydride; 3). The result of exposing 

the stage 2 product to atmospheric oxygen, producing aluminium oxide; 4) the result of the 

additional of deionised water to the stage 2 products, forming small aluminium hydroxide 

crystals. 
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To ensure the reaction was safe for future replications, the addition of DI 

water was cooled further in a dry ice bath with at acetone at -78 °C. The 

addition of the water according to the characterisation techniques employed 

was the formation of aluminium hydroxide, which presented an alternative 

avenue of investigation. Therefore yielding chemically stable, unreactive 

rGO sheets spaced with Al2O3 or Al(OH)3. The effect of this on the 

electrochemistry of these powders is explored in section 5.3.12 

Following this, a milder reducing agent: trimethylamine alane 

(TMA.AlH3) was employed in analogous reactions, as a direct point of 

comparison. TMA.AlH3 is distinct from the work of Pumera in that it does 

not contain lithium (as with the Et2O.AlH3 above).6 In the structure of 

TMA.AlH3, a molecule of amine (rather than ether) is used to support the 

AlH3 moiety, rendering it less reactive than its ethereal counterpart. This 

amine-based precursor was treated in exactly the same way with GO (as seen 

in Figure 5.4) as Et2O.AlH3, conducting the reaction under inert N2. Using 

this precursor allowed a more comparative overview of alane based reduction. 

TMA.AlH3 reacted in a similar fashion to Et2O.AlH3, showing reactivity 

toward oxygen and water commensurate with our previous results. This 

Chapter will analyse the individual precursors in their own sections, so to 

fully understand their effect during their reductions with GO. 
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5.3.2 X-ray photoelectron spectroscopy (XPS) of Al-rGO samples 

produced using Et2O.AlH3 

 

Figure 5.5: XPS spectra for Et2O.AlH3 reduced Al - rGO Al 2p and their corresponding Al 

survey region adjacent to them (a) in N2 (Stage 2, carried out using air sensitive XPS) (b) in 

air (Stage 3) (c) in H2O (Stage 4) 

 

During these investigations, the XPS spectra provided vital information to 

how the alane interacts with the rGO in inert N2, oxides and wet conditions. 

Looking at the Al 2p peaks we can understand how Al behaves in these 

various scenarios. Figure 5.5 (a) shows the untreated inert Al-rGO powder 

(Stage 2), displaying a higher than usual binding energy for the region at 

75.1 eV, usually attributed to AlO(OH).19 The original hypothesis of 

aluminium metal being present was determined by experimental observations 
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but observing this spectra indicates some level of potential oxidation. 

Therefore, it is theorised that the remaining oxygen functionalities on the 

surface of rGO interact with the Al metal to stabilise it without forming 

aluminium oxide. Figure 5.5 (b) demonstrates the optimal aluminium oxide 

symmetrical peak at ~74.1 eV. There is no peak splitting observed here due 

to the lack of asymmetric peaks observed with the Al metal. This is typical of 

many metal oxides, as splitting usually occurs when a metal species contains 

unpaired electrons.20 Al0 is usually signified as a doublet due to its spin orbital 

coupling, which means that it has two possible states that have different 

binding energies and therefore form the two peaks 2p3/2 and 2p1/2.21 Figure 5.5 

(c) is indicative of aluminium hydroxide sitting with a higher chemical shift 

than the oxide variant, sitting asymmetrically at 75.1 eV. 

 The carbon peaks, usually for observing the level of reduction on the 

rGO throughout this thesis, provides an element of support to the theory of 

stabilised aluminium, pre-oxidation. Figure 5.6, we observe the inert 

aluminium’s C1s peak with the relevant peaks observed when GO is reduced; 

sp2 hybridised carbon (C–C, 284.5 eV) carbonyl/alcohol (C–O, 286.8 eV), 

aldehydes and ketones (C=O, 288.2 eV), the esters and carboxylic acids (O–

C=O, 289.3 eV). The shape is also indicative of graphitic carbon. It is 

therefore interesting to observe that at this point in the mechanism, the ratio 

of carbon to oxygen (Appendix AF 5.1) sits at 42:57, which demonstrates a 

much lower carbon content than normal unreduced GO (6:4, as seen in 

Chapter 3). The oxidation of the aluminium further increases the measure of 

oxygen expectantly to 4:6 as a result of the aluminium oxide appearing. What 

is interesting to note is the pronounced nature of the O–C=O at ~ 289 eV. 

This is the linkage theorised to stabilise the aluminium metal, and therefore, 

when the Al itself has oxidised via atmospheric oxygen, the peak reappears. 

This would also explain why the oxygen peaks remains so high in the Figure 

5.6 (a) post inert reduction. The C1s peak for aluminium hydroxide again 

displays the extent to which the rGO remains functionalised. The ratio of 

carbon to oxygen again decreases, but by a negligible amount (38:62).  
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Figure 5.6: XPS spectra for Et2O.AlH3 reduced Al - rGO C1s spectra (a) in N2 (b) in air (c) 

in H2O; with corresponding colours to relevant bonds on representative rGO units. 

 

What the C1s XPS reveals during this process with the use of Et2O.AlH3 is 

that graphitic carbon is not formed, but essentially resembles something like 

it in its inert phase. By re-oxidising the aluminium, it can be observed that 

these oxygen functionalities still exist, specifically when the Al2O3 forms, the 

O–C=O reappears. It can be noted that the peak fitting differs with each C1s 

spectrum. Adding too many peaks to the XPS would yield incorrect results 

and therefore, it should be fitted in a justifiable and deconvoluted manner. 
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5.3.3 X-ray photoelectron spectroscopy of Al-rGO samples 

produced using N(CH3)3.AlH3 

 

Figure 5.7: XPS spectra for N(CH3)3.AlH3 reduced Al - rGO Al 2p and their corresponding 

Al survey region adjacent to them (a) in N2 (b) in air (c) in H2O. 

 

The aluminium ‘metal’ and aluminium oxide 2p peaks of the t TMA.AlH3 

resemble similarities in shape and peak positions to that of the previous 

Et2O.AlH3 with Figure 5.7 (a) sitting at 75.1 eV and (b) 74.1 eV. Through 

what can be observed for the sample exposed to water, the 2p peak seems to 

display aluminium oxide at 74.5 eV (green region) and the split expected 

from aluminium metal. This may be due to the TMA.AlH3 being less reactive, 

and therefore any unreacted alane decomposes to form the oxide in solution. 
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This wouldn’t rule out the presence of aluminium hydroxide, but the amount 

of it would be severely reduced due to the reaction’s premature oxidation. 

Conversely, the C1s peaks present interesting observations in complete 

contrast to the Et2O.AlH3 reaction mechanism.  

 

 

Figure 5.8: XPS spectra for N(CH3)3.AlH3 reduced Al - rGO C1s spectra (a) in N2 (b) in air 

(c) in H2O; with corresponding colours to relevant bonds on representative rGO units. 

 

Figure 5.8 (a) resembles something similar to that of unreduced GO 

(Figure 3.4, Chapter 3). Its carbon to oxygen ratio is much more equal than 

its etherate counterpart (49:51). It is much broader than the graphitic based 

carbon peaks, which means region and peak positions for specific functional 
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groups are less refined. This initially reveals that the increased stability of the 

TMA.AlH3 means that the GO has been less reduced than its less stable 

counterpart. However, one the aluminium oxidises in Figure 5.8 (b), the C1s 

functional peak looks more refined, with more obvious positionings of 

remaining functional groups. Its C:O ratio is the first of these samples that 

has more carbon than oxygen content (52:48). Figure 5.8 (c)’s C1s peak 

reveals a very broad region of carbon functionalities. Due to its shape, it can 

be assumed that reduction of the GO peak has occurred, but its broad nature 

spanning form 281 - 292 eV demonstrates the extent to which the oxygen 

groups still remain. It demonstrates the highest proportion of carbon to 

oxygen (56:44) compared to all of the samples tested throughout this Chapter, 

elucidating to the presence of large presence of aluminium oxides. 

5.3.4 Raman spectroscopy of Al-rGO samples produced using 

Et2O.AlH3 

Raman spectroscopy can provide information relevant information, looking 

at not only peak positions but also defect ratios throughout the reaction. 

Usually for first order Raman spectra, the D (1325 cm-1) and G (1592 cm-1) 

bands are indicative of carbon-based materials. The 2D band is present in the 

spectra but not very defined in nature. This is usually assigned to the in-plane 

modes of the carbon sheets. This indicates that there may still be a few 

reduced amorphous graphene oxide layers remaining.22 
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Figure 5.9: Raman spectroscopy of Et2O.AlH3 reduced Al - rGO variants. 

 

Raman is usually used to characterise graphene-based compound’s layer 

numbers, defect densities, general architectural strain and the extent of 

surface dopants. It is observed in most literature that GO and rGO possess 

essentially the same shape and positions of D and G bands, observing the ID/IG 

defect ratios being different. Figure 5.9 shows the Raman spectra of the 

Et2O.AlH3, with both of the D and G peaks lining up with each other. This is 

an indication that the generic carbon bond lengths would have altered in a 

negligible fashion, and therefore there was no permanent bonding or 

alteration to the rGO’s surface from the presence of the reducing agent. The 

height and slight disproportion to the oxidised variation could well be 

attributed to the presence of Al2O3, which usually has a small peak around the 

410 nm region.23 The N2 exposed samples possesses an ID/IG ratio of 1.12, 

with the O2 variation being slightly greater at 1.12, and the H2O exposed alane 

having the largest defect ration of 1.19, although, these ratios remain 

relatively negligible in difference. It provides a general indication of 

increased disorder from an increased D band which is synonymous with the 

reduction of surface oxygen functionalities. 
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5.3.5 Raman spectroscopy of Al-rGO samples produced using 

N(CH3)3.AlH3 

 

 

Figure 5.10: Raman spectroscopy of N(CH3)3.AlH3 reduced Al - rGO variants. 

 

The data represented in the TMA.AlH3 Raman spectra (Figure 5.10) can be 

used to corroborate the data revealed from the XPS spectra. Once the alane is 

exposed to atmospheric oxygen, there is observed to be an increase in surface 

reduction on the rGO.  

The higher intensity G band of the O2 exposed TMA.AlH3 notes an 

increased presence of the sp2 C–C stretching as opposed to the D band which 

observes the level of defects (ID/IG ratio of 0.99). The ratio is greater in the 

inert stage of the reaction process, noting some level of reduction to the GO 

surface (ID/IG = 1.03) and the H2O exposed alane possesses the highest defect 

ratio of 1.08. 

5.3.6 Fourier transform infrared (FT-IR) spectroscopy of Al-rGO 

samples produced using Et2O.AlH3 

The Fourier transform infrared spectroscopy illustrates the condition of the 

rGO and the remaining surface functionalities after the aluminium hydride 

reduction, seen in Figure 5.11. The inert Et2O.AlH3 reduced Al-rGO 
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demonstrates a high level of reduction, with a very small OH band in the 

~3000 cm-1 region, it also possesses a small ketone peak at 1737 cm-1, a peak 

that is not observed in the oxidised or water exposed samples. This comes as 

a surprise as the carboxylic group is observed in the oxidised XPS (Figure 5.6 

(b)) and would therefore would have meant the presence of a ketone peak. 

The oxidised sample possesses a much broader and more intense OH band, 

whereas the water exposed sample has a very strong peak at 3416 cm-1, 

indicative of the presence of hydroxide which is observed from the presence 

of aluminium hydroxide crystals. This works in tandem with the increase in 

the C=C region for oxygen at 1554 cm-1 and water at 993 cm-1, while noting 

lower intensity peaks for the inert samples. When the aluminium oxidises, it 

seems that some of the oxygen groups further reduce. The only oxygen group 

that remains unaffected is the C–O peaks at 1217 - 1095 cm-1. When 

compared with the LAH reduction reported by Pumera et al., the IR shows 

near complete reduction compared to the spectra recorded in this Chapter, 

resembling something akin to graphite.6 This is likely due to the higher 

concentrations of reduction reagents. 

 

 

Figure 5.11: FT-IR spectroscopy for Et2O.AlH3 reduced Al - rGO variants. 
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5.3.7 Fourier transform infrared spectroscopy of Al-rGO samples 

produced using N(CH3)3.AlH3 

The TMA.AlH3 samples produces completely contrasting spectra to the 

Et2O.AlH3 reduced sample. The inert and oxidised samples observed in 

Figure 5.12 show significant O–H bands (~3000 cm-1), which are indicative 

of a low level of reduction, resembling similar traits to standard GO. The 

presence of the peaks in the same region in the water exposed sample can be 

attributed to the presence of aluminium hydroxide. A N–H peak at      

3157 cm-1 can be observed to be remnants of the decomposed TMA ligand 

that would have been usually shieled by the usually present OH band. As is 

observed in Figure 5.7 (c), there is a level of reduction undertaken once the 

aluminium has oxidised, all of the oxygen functionalities, bar OH, reduces in 

intensity with the presence of atmospheric O2. This is an observation that can 

be likened to how the Et2O.AlH3 reaction mechanism has worked and can be 

likened with the XPS. There is also a more pronounced amount of C=C peaks 

present in the O2 and water exposed peaks, which indicates reduction. 

 

 

Figure 5.12: FT-IR spectroscopy for N(CH3)3.AlH3 reduced Al - rGO variants. 
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5.3.8 Wide-angle X-ray scattering (WAXS) of Al-rGO samples 

produced using Et2O.AlH3 

Due to the amorphous nature of graphene oxide, there always be the 

observation of the broad peak between 2q = 14-29°. As observed from 

Chapter 3, plain GO has a crystalline peak at 2q = 10.70°, which indicates a 

lattice spacing of 0.827 nm, an indication of graphite oxidation. The inert 

sample doesn’t possess this interlayer spacing, resembling something similar 

to heavily reduced graphene oxide. As is with the data previously observed 

before this section, when the aluminium is oxidised, the surface of the reduced 

graphene oxide seems to reoxidise (Figure 5.13). There are two peaks that 

appear when exposed to O2. One can be assumed to be the re-emergence of 

oxygen functional group spacing at 2q = 9.51°, which has a resultant d 

spacing of 0.93 nm. There is another peak that emerges at 2q = 12.15°, 

potentially a result of the now inconsistent levels of spacing, potentially 

attributed to the addition of aluminium oxide between the rGO layers. You 

would not expect to see any Al2O3 peaks in this range of measurements, with 

the peaks expected from 40° to 80° 2q, although there is sometimes a peak at 

around 2q = 27 - 28° , which is not observed here.24 The water exposed 

sample resembles a mix of rGO, with the recognised oxidation peak at 

2q = 11.85° (001) with a reduced spacing of 0.74 nm and that of low range 

aluminium hydroxide. From what can be observed as well as compared with 

literature values, it can be indexed as a purely monoclinic phased gibbsite 

Al(OH)3.25 The observable peaks are 2q = 18.84° (002), 20.71° (110), and 

36.43° (021, 311). This confirms the formation of the aluminium hydroxide 

crystals within the amorphous rGO broad peaks. It is interesting to observe 

the small aluminium oxide peak at 2q = 28.30°, indicating that less of the 

aluminium is integrated within the rGO. 
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Figure 5.13: (a) Wide angle X-ray scattering pattern of Et2O.AlH3 reduced Al - rGO 

variants, the indexed peaks referring to the Al(OH)3, (b) is the XRD pattern of the gibbsite 

Al(OH)3.25  

 

5.3.9 Wide-angle X-ray scattering of Al-rGO samples produced 

using N(CH3)3.AlH3 

The initial observations taken from the WAXS in Figure 5.14 of the both the 

inert and oxidised TMA.AlH3 samples still have their (001) peaks, seen in 

Figure 3.11 in Chapter 3, attributed with the oxidised functionalities on the 

rGO surface. The inert sample 2q = 10.09, indicating d spacing of 0.87 nm 
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and the oxygen exposed at 2q = 8.6 with d spacing 1.02 nm. The water 

exposed TMA.AlH3 sample is very much less specified than that of its 

Et2O.AlH3 counterpart, but a general assumption can be made about its shape 

being similar to that of the aluminium hydroxide. The peaks remain to 

undefined to completely verify their positioning, but it can be assumed that it 

will be a form of aluminium hydroxide. 

 

 

Figure 5.14: Wide angle X-ray scattering pattern of N(CH3)3.AlH3 reduced Al - rGO 

variants. 

 

5.3.10 Transmission (TEM) and scanning (SEM) electron 

microscopy of Al-rGO samples produced using Et2O.AlH3 

Due to the nature of the microscopy measuring process, it was not possible to 

access an inert sample preparation TEM or SEM and therefore the following 

sections on capture images and data for oxygen and water exposed samples. 

Due to the method of which these materials are dried, they will not resemble 

the rGO freeze dried samples observed in previous Chapters TEM images. In 

Figure 5.15 (a) you observe thin rGO like sheets that appear transparent in 
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appearance. This has indicated that the sheets aren’t stacking on top of each 

other. It can also be observed the formation of what can assumed to be Al2O3 

and that they are situated between the layers of reduced graphene oxide. This 

is important in the sense that the aluminium oxide has been washed out while 

preparing the sample in a methanol solution. This is an important observation 

as it means that it won’t be washed out by the electrolyte when testing its 

electrochemical capabilities. The particles themselves are not defined and 

seem to have agglomerated, which is common in aluminium oxide formation. 

Figure 5.15 (b) shows the water exposed aluminium hydroxide formation. 

There is a definite crystal formation on the surface of the rGO and once again 

the aluminium has not been washed out during the methanol preparation. The 

sheet remains transparent which indicates low rGO sheet stacking, and the 

crystal size in general is quite large, ranging from 30 nm to well over 200 nm. 
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Figure 5.15: Morphology and individual microstructures; TEM images of 

Et2O.AlH3 reduced Al - rGO (a) in air (b) in water. 

 

The SEM provides an oversight as to how the materials look. Figure 5.16 (a) 

looks to look like reduced graphene oxide that has been vacuum dried, with 

observable particles on the surface, the Energy-Dispersive X-ray 

Spectroscopy (EDS) reveals a good coverage and distribution of aluminium 

across the surface of the material. Figure 5.16 (b) show the formation of 

aluminium hydroxide crystals across the surface of rGO. What can be 

observed is that the crystals dominate the surface of the rGO to the point that 

there is very little carbon being observed in its EDS. Any carbon that is seen 

is from the background carbon tape used to hold the sample. 
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Figure 5.16: Morphology and individual microstructures; SEM images of 

Et2O.AlH3 reduced Al - rGO and their corresponding EDS adjacent to them (a) in air (b) in 

H2O (a) in air (b) in water. Substrate breakthrough regions in black. 

 

5.3.11 Transmission and scanning electron microscopy of Al-rGO 

samples produced using N(CH3)3.AlH3 

The TMA.AlH3 samples are slightly different to those of the etherate 

stabilised alane samples. The oxidised variation (Figure 5.16 (a) shows the 

formation of aluminium oxide as before, but the aluminium is more loosely 

dispersed and seems to appear less so between the rGO layers and covers 

more of the surface. The water exposed version of the material seems to have 

formed crystals similar to the Et2O.AlH3 version, but the crystal formation is 

definitely smaller, ranging between 20 nm to 100 nm. This could explain with 

the Al(OH)3 peaks were less defined in the WAXS data than the Et2O.AlH3 

reduced counterpart. 
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Figure 5.17: Morphology and individual microstructures; TEM images of N(CH3)3.AlH3 

reduced Al - rGO (a) in air (b) in water. 

The SEM in Figure 5.18 (a) shows rGO to have a similar morphology to GO. 

Firstly, is noticeable from its adjacent EDS is that there isn’t much aluminium 

observed on the surface, this could be due to the how much of the TMA.AlH3 

reduced the surface of GO and how much of it may have washed away and 

therefore did not undergo inter layer insertion. The SEM images of the water 

exposed TMA.AlH3 sample produces something that looks quite different to 

the other samples. The layers look very thin and the architecture of the rGO 

looks very different and less ordered, potentially due to the formation of 

aluminium hydroxide. The difference between this sample and the Et2O.AlH3 

sample is that the crystals in Figure 5.18 (b) are not easily noticeable, nor any 

resultant particles. The EDS shows a large coverage of aluminium, which 

indicates its note able presence, akin to the etherate water exposed alane rGO. 
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Figure 5.18: Morphology and individual microstructures; SEM images of N(CH3)3.AlH3 

reduced Al - rGO and their corresponding EDS adjacent to them (a) in air (b) in H2O (a) in 

air (b) in water. Substrate breakthrough regions in black 
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5.3.12 N2 surface adsorption/desorption of Al-rGO samples 

produced using Et2O.AlH3 

 

Figure 5.19: Nitrogen adsorption-desorption isotherms of Et2O.AlH3 reduced Al - rGO. 

 

N2 surface adsorption and desorption was used to understand the effect that 

the Et2O.AlH3 had on the reduction of the rGO and its eventual Al insertion. 

Using the Brauner-Emmett-Teller method (BET, Chapter 2, Section 2.1.5) 

and the sickle shaped hysteresis loops observed in Figure 5.19, the BET 

surface area and pore sizes could be calculated, presented in Table 5.1. The 

data illustrated that the water exposed Et2O.AlH3 reduced Al(OH)3-rGO 

(658 m2 g-1) have around 6 times the surface area of the air exposed samples 

(118 m2 g-1). Noting the similarities in their pore size and the size of the 

Al(OH)3 crystals in Figure 5.15, it can be accurately deduced that the 

Aluminium compounds formed have more of an influence over the increased 

surface area, than that of the reduced state of the rGO. The large crystals 

provide a larger surface area of the N2 adsorption than the Al2O3 particles and 

so produce a largest BET surface area result of any sample recorded in this 

Chapter. 



Aluminium intercalated rGO composites 
 

 195 

 

Samples of Al-rGO BET surface 

area (m2 g-1) 

Limiting 

pore volume 

(cm-3 g-1) 

Et2O.AlH3 in O2 118 0.0096 

Et2O.AlH3 in H2O 658 0.070 

 

Table 5.1: Summary of the surface area and pore sizes for the Et2O.AlH3 reduced Al - rGO. 

 

5.3.13 N2 surface adsorption/desorption of Al-rGO samples 

produced using N(CH3)3.AlH3 

 

Figure 5.20: Nitrogen adsorption-desorption isotherms of N(CH3)3.AlH3 reduced Al - rGO. 

 

The BET surface area for the N(CH3)3.AlH3 reduced Al-rGO (Figure 5.20, 

Table 5.2) produce results inverse of the Et2O.AlH3 reduced results. The 

oxygen exposed variant exhibits the higher surface area (591 m2 g-1) 

compared to the water exposed sample (95 m2 g-1). Observing Figure 5.17 

indicates much smaller Al(OH)3 crystals than that of the etherate samples 

which may indicate its smaller surface area, while the unreduced nature of the 
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oxygen exposed Al-rGO backed up by  in Figure 5.12, may explain its high 

surface area. The oxygen functionalities and poor rGO layer stacking means 

that the sample structure would be more amorphous, less ordered and 

therefore displays a higher surface area. 

 

Samples of Al-rGO BET surface 

area (m2 g-1) 

Limiting 

pore volume 

(cm-3 g-1) 

N(CH3)3.AlH3 in O2 591 0.081 

N(CH3)3.AlH3 in H2O 95 0.0064 

 

Table 5.2: Summary of the surface area and pore sizes for the N(CH3)3.AlH3 reduced 

Al - rGO. 

 

All of the isotherms in this Chapter can be categorised as non-porous, due to 

their very small pore volumes and the fact that most of the nitrogen adsorption 

occurs at the nitrogen saturation point, which is seen by the steepness of the 

curve at higher pressures. 

5.3.14 Electrochemical analysis of Al-rGO samples produced using 

Et2O.AlH3 

The electrochemical properties of the Et2O.AlH3 reduced Al-rGO were at this 

first step investigated by looking at the galvanostatic charge discharge cycle, 

and then the cyclic voltammetry (CV). The charge discharge data provides an 

indication to specific capacitance of the chosen material, while the CV 

provides an insight into the mechanism in which the cell will instigate storage. 
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Figure 5.21: Electrochemical analysis of Et2O.AlH3 reduced Al - rGO in O2 (a) 

Galvanostatic charge-discharge curves at different current densities (b) Cyclic 

voltammograms at scan rate of 20 mV s-1. 

 

The curved nature/ semi plateau of the of the curve in Figure 5.21 (a) indicated 

that there is a level of psuedocapacitance/redox occurring, illustrating the 

slower kinetics involved. If their process was non faradaic, a straight-line 

discharge would be observed. In Figure 5.21 (b), the CV of the oxidised 

Et2O.AlH3 Al-rGO is observed. Its leaf like shape provides an indication of 

its sweep rate limitations, which can be further understood in Chapter 2 

Section 2.2.4. This generally occurs because of the rate limiting electrical 

transport limitations in either the electrode or the ionic transport limits from 

the chosen electrolyte, this means that at this scan rate, the interfacial double 

layer doesn’t possess enough time to form because of transport limitations.  
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Figure 5.22: Electrochemical analysis of Et2O.AlH3 reduced Al - rGO in H2O (a) 

Galvanostatic charge-discharge curves at different current densities (b) Cyclic 

voltammograms at scan rate of 20 mV s-1. 

 

It could also be attributed to the electrode being resistive, due to the fact that 

Al2O3 is insulating the layers.26 This is generally the indication of a slow 

charge mechanism but doesn’t seem to affect the charge capabilities of the 

oxidised variant. At 1 A g-1, this sample demonstrated the longest discharge 

time at 475 s. At the tip of each peak is what’s known as an IR drop. It is a 

non-ideal behaviour that is indicative of the very high current. This step 

change is the result from an instant voltage drop when changing from charge 

to discharge. It is due to the ohmic resistances in the system, sourced from the 

electrode, electrolyte or any contact resistances. 
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Figure 5.23: Electrochemical specific capacitance analysis Et2O.AlH3 reduced Al - rGO (a) 

A graph representing the specific capacitances Et2O. AlH3 - rGO at the current densities 

(1 A g-1, 2 A g-1, 3 A g-1, 4 A g-1, 5 A g-1, 8 A g-1, and 10 A g-1), (b) Cyclic stability of 

Et2O. AlH3 - rGO variants at 2A g-1.  

 

The CV observed in Figure 5.22 (b) demonstrates more shape more aligned 

to the characteristic rGO shape. This shows that there is no rate limiting sweep 

in this sample, and that, due to its non-box like shape that it is undergoing no 

pseudocapacitive characteristics and is therefore a good supercapacitive 

materials.  

The air exposed Et2O.AlH3 reduced sample demonstrates an overall 

better capacitance between the charge densities 1 - 10 A g-1 peaking at 

679 F g-1 at 1 A g-1. Increasing the charge density causes the specific 
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capacitance to inevitably drop and therefore lower values are expected. The 

drop is usually attributed to the material’s ohmic drop and slow kinetics, but 

a sharp decline usually indicates that the material struggles to deal with larger 

and energy densities and so the electrolyte struggles to fully interact with the 

materials surface. The oxidised version displays greater resilience to the 

increase in charge density before dropping sharply whereas the water exposed 

takes a sharp drop when increased from 1 A g-1 to 2 A g-1, as seen in Figure 

5.23 (a). in Figure 5.23 (b), the cyclability of both materials can be observed 

because of the assumed electrochemical nature of these materials, initially the 

concept of electrode degradation was small, due to its not faradaic based 

storage mechanism. The oxidised Et2O.AlH3 Al-rGO had a capacitance 

retention of 93.3% at 2 A g-1 over 1000 cycles which remains very high, with 

an obvious plateau after an initial decrease. The water exposed sample has a 

greater rate of capacitance loss, at 85.9%, with the chart trending towards a 

steady decline. This could be attributed to whether the electrolytic 

interactions with the aluminium hydroxide have chemically affected its 

composition or if prolonged exposure to the electrolyte would have 

potentially displaced the interlayered crystals. 

 The next step to take in this research would be to analyse the 

remaining electrode material and examine how it has been affected after 

electrochemical testing, but that is current beyond the scope and capacity of 

this thesis. The materials designed here possess a remarkably high specific 

capacitance due to the improved layer separation provided by the aluminium 

and therefore, deserve more investigations in the future. 

5.3.15 Electrochemical analysis of Al-rGO samples produced using 

N(CH3)3.AlH3 

Interestingly, the lower levels of reduction have not affected the rGO in an 

electrochemically negative way. The CV’s both (Figure 5.24 and 5.25 (b)) 

display very slight pseudocapacitive characteristics, observed by the small 

bumps on the top and bottom of the shapes. This will most likely aid in the 
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double layer charging mechanism and therefore capacitive performance of the 

TMA.AlH3 reduced rGO.  

 

 

 

Figure 5.24: Electrochemical analysis of N(CH3)3.AlH3 reduced Al - rGO in O2 (a) 

Galvanostatic charge-discharge curves at different current densities (b) Cyclic 

voltammograms at scan rate of 20 mV s-1. 

 

The discharge time of the oxygen exposed TMA variant demonstrated the 

most superior discharge time at 485 s, and therefore the highest specific 

capacity of all the materials tested throughout at 693.1 F g-1, as seen in Figure 
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5.25 (a). The water exposed sample’s discharge time at 1 A g-1 is 428 s which 

although it is less than its oxidised variation, is still very high, resulting a 

specific capacitance of 612 F g-1. The decline in specific capacitance when 

increasing the current density is less severe than that of the Et2O.AlH3 

variants, and the TMA.AlH3 produced rGO’s share more consistent overall 

capacitance ranges. 

 

 

Figure 5.25: Electrochemical analysis of N(CH3)3.AlH3 reduced Al - rGO in H2O (a) 

Galvanostatic charge-discharge curves at different current densities (b) Cyclic 

voltammograms at scan rate of 20 mV s-1. 
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Figure 5.26: Electrochemical specific capacitance analysis N(CH3)3.AlH3 reduced Al - rGO 

(a) A graph representing the specific capacitances N(CH3)3.AlH3 - rGO at the current 

densities (1 A g-1, 2 A g-1, 3 A g-1, 4 A g-1, 5 A g-1, 8 A g-1, and 10 A g-1), (b) Cyclic stability 

of N(CH3)3.AlH3 - rGO variants at 2A g-1. 

 

The similarities in electrochemical data end with the similar range of specific 

capacitances. When observing the cyclability of both materials, there are 

notable differences in stabilities (Figure 5.26). It is observed over 1000 cycles 

that the water exposed TMA.AlH3 reduced rGO sample increases its overall 

cyclability by 5% whereas the oxygen exposed decreases to 89.9% overall. A 

decrease in specific capacitance can usually be attributed to the non-cyclic 

pseudocapacitive mechanisms, similar to the example explored in the 

polyaniline example set in Chapter 3. This might be attributed to an initial 
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slow charging mechanism, before levelling off to the true specific 

capacitance. What is interesting to note is how one it reaches its peak 

capacitance; it maintains that range of stability and plateaus over the next 900 

cycles. This proves excellent stability and is a stark contrast to the water 

exposed Et2O.AlH3 reduced Al-rGO, which suffers from initial stability 

issues. 

 

 

Table 5.3: Electrochemical analysis; A table showing the specific capacitances at different 

current densities of the aluminium hydride-based composites over 2 repetitions. 

 

Table 5.3 compares all the specific capacitances recorded during this Chapter, 

where it can be noted the effects of increasing the charge densities on the 

specific capacitances. It can also be noted the marked difference between the 

specific capacitances recorded here and base level hydrothermally reduced 

graphene oxide form Chapter 3 that records 164 F g-1 at 1 A g-1. Results 

recorded from the literature for the improved morphology of rGO for 

supercapacitive purposing have not yielded result observed throughout this 

Chapter, with the specific capacitance here being 2-3 times larger than 

recorded values without pseudocapacitive assistance via composite 

formation.27–31  
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5.4 Conclusion 

This Chapter has explored the reduction of GO with use of air sensitive 

etherate and trimethylamine stabilised alanes, as well as a preliminary 

investigation into the resultant materials application as supercapacitor 

electrodes. The synthetic route employs the use of an aluminium hydride 

moieties that are supported by two ligand styles to reduce the surface of GO 

in order to simultaneously remove oxygen functionalities while inserting 

aluminium metal between layers in an attempt to improve interlayer 

distancing and electrolytic interactions. This interspaced Al has then been 

used to seed the growth of either aluminium oxides (via exposure to air), or 

hydroxides (via exposure to water), such that the layered structure of the rGO 

can be maintained. The IR and Raman spectra demonstrated to what level the 

rGO had been reduced and to the presence of aluminium hydroxide with the 

addition of water, whereas the XPS provided some insight to how the specific 

alane reduces the surface while the aluminium metal was stabilised within the 

rGO layers. The N2 isotherms displayed results that can be corroborated, with 

the other characterisation data, but do not seem to influence the 

electrochemical results. The resultant materials developed possessed very 

high specific capacitances at 1 A g-1, with the TMA.AlH3 oxygen exposed 

sample produced the highest specific capacitance at 693 F g-1. Future 

challenges for this work would include more in-depth post electrode 

investigation to fully understand the implications of electrochemical cycling 

on the chemical and architectural composition of the samples. 

 The work observed throughout this Chapter demonstrates an 

adaptation on that of Pumera et al., addressing the surface reduction of GO, a 

main objective of this thesis, while simultaneous incorporating a novel and 

untested method to improve and effect the rGO structure to better benefit is 

electrochemical capabilities.6 The research conducted therefore has great 

potential to further investigate in order to optimise and improve upon these 

preliminary findings. This research also represents a further opportunity to 

incorporate graphene oxide based materials into the world of air sensitive 

chemistry, opening up a new avenue of material design and synthesis. 



Chapter 5 
 

 206 

References 

(1)  Graetz, J.; Reilly, J. J.; Yartys, V. A.; Maehlen, J. P.; Bulychev, B. M.; 

Antonov, V. E.; Tarasov, B. P.; Gabis, I. E. Aluminum Hydride as a 

Hydrogen and Energy Storage Material: Past, Present and Future. J. 

Alloys Compd. 2011, 509 (SUPPL. 2), S517–S528. 

https://doi.org/10.1016/j.jallcom.2010.11.115. 

(2)  Graetz, J. Metastable Metal Hydrides for Hydrogen Storage. ISRN 

Mater. Sci. 2012, 2012 (Figure 1), 1–18. 

https://doi.org/10.5402/2012/863025. 

(3)  Thiemann, C.; Brett, C. M. A. Electrosynthesis and Properties of 

Conducting Polymers Derived from Aminobenzoic Acids and from 

Aminobenzoic Acids and Aniline. Synth. Met. 2001, 123, 1–9. 

(4)  Finholt, A. E.; Anderson, C. D.; Agre, C. L. The Reduction of 

Isocyanates and Isothiocyanates with Lithium Aluminum Hydride. J. 

Org. Chem. 1953, 18 (10), 1338–1340. 

https://doi.org/10.1021/jo50016a012. 

(5)  Chizinsky, G.; Evans, G. G.; Jr., T. R. P. G.; Jr., M. J. R. Non-Solvated 

Aluminium Hydride. J. Am. Chem. Soc. 1955, 77 (11), 3164–3165. 

(6)  Ambrosi, A.; Chua, C. K.; Bonanni, A.; Pumera, M. Lithium 

Aluminum Hydride as Reducing Agent for Chemically Reduced 

Graphene Oxides. Chem. Mater. 2012, 24 (12), 2292–2298. 

https://doi.org/10.1021/cm300382b. 

(7)  Sayah, Z. El; Brahmi, R.; Beauchet, R.; Batonneau, Y.; Kappenstein, 

C. Synthesis, Characterization and Treatment of Alane (Aluminium 

Hydride, AlH3). 7TH Eur. Conf. Aeronaut. Sp. Sci. Synth. 2017, 1–14. 

https://doi.org/10.13009/EUCASS2017-478. 

(8)  Yu, H.; Zhang, B.; Bulin, C.; Li, R.; Xing, R. High-Efficient Synthesis 

of Graphene Oxide Based on Improved Hummers Method. Sci. Rep. 

2016, 6 (July), 1–7. https://doi.org/10.1038/srep36143. 

(9)  Song, L.; Khoerunnisa, F.; Gao, W.; Dou, W.; Hayashi, T.; Kaneko, 

K.; Endo, M.; Ajayan, P. M. Effect of High-Temperature Thermal 

Treatment on the Structure and Adsorption Properties of Reduced 



Aluminium intercalated rGO composites 
 

 207 

Graphene Oxide. Carbon N. Y. 2013, 52, 608–612. 

https://doi.org/10.1016/j.carbon.2012.09.060. 

(10)  Zhao, B.; Chen, D.; Xiong, X.; Song, B.; Hu, R.; Zhang, Q.; Rainwater, 

B. H.; Waller, G. H.; Zhen, D.; Ding, Y.; Chen, Y.; Qu, C.; Dang, D.; 

Wong, C. P.; Liu, M. A High-Energy, Long Cycle-Life Hybrid 

Supercapacitor Based on Graphene Composite Electrodes. Energy 

Storage Mater. 2017, 7 (December 2016), 32–39. 

https://doi.org/10.1016/j.ensm.2016.11.010. 

(11)  Liu, C.; Yu, Z.; Neff, D.; Zhamu, A.; Jang, B. Z. Graphene-Based 

Supercapacitor with an Ultrahigh Energy Density. Nano Lett. 2010, 10 

(12), 4863–4868. https://doi.org/10.1021/nl102661q. 

(12)  Li, Z.; Gadipelli, S.; Yang, Y.; Guo, Z. Design of 3D Graphene-Oxide 

Spheres and Their Derived Hierarchical Porous Structures for High 

Performance Supercapacitors. Small 2017, 13 (44). 

https://doi.org/10.1002/smll.201702474. 

(13)  Li, Z.; Fan, G.; Tan, Z.; Guo, Q.; Xiong, D.; Su, Y.; Li, Z.; Zhang, D. 

Uniform Dispersion of Graphene Oxide in Aluminum Powder by 

Direct Electrostatic Adsorption for Fabrication of 

Graphene/Aluminum Composites. Nanotechnology 2014, 25 (32). 

https://doi.org/10.1088/0957-4484/25/32/325601. 

(14)  Fan, Z.; Wang, K.; Wei, T.; Yan, J.; Song, L.; Shao, B. An 

Environmentally Friendly and Efficient Route for the Reduction of 

Graphene Oxide by Aluminum Powder. Carbon N. Y. 2010, 48 (5), 

1686–1689. https://doi.org/10.1016/j.carbon.2009.12.063. 

(15)  Gogotsi, Y.; Anasori, B. The Rise of MXenes. ACS Nano 2019, 13 (8), 

8491–8494. https://doi.org/10.1021/acsnano.9b06394. 

(16)  Alhabeb, M.; Maleski, K.; Anasori, B.; Lelyukh, P.; Clark, L.; Sin, S.; 

Gogotsi, Y. Guidelines for Synthesis and Processing of Two-

Dimensional Titanium Carbide (Ti3C2Tx MXene). Chem. Mater. 

2017, 29 (18), 7633–7644. 

https://doi.org/10.1021/acs.chemmater.7b02847. 

(17)  Douglas, S. P.; Knapp, C. E. Low-Temperature Deposition of Highly 

Conductive Aluminum Metal Films on Flexible Substrates Using 



Chapter 5 
 

 208 

Liquid Alane MOD Precursors. ACS Appl. Mater. Interfaces 2020, 12 

(23), 26193–26199. https://doi.org/10.1021/acsami.0c05429. 

(18)  Nguyen, L.; Hashimoto, T.; Zakharov, D. N.; Stach, E. A.; Rooney, A. 

P.; Berkels, B.; Thompson, G. E.; Haigh, S. J.; Burnett, T. L. Atomic-

Scale Insights into the Oxidation of Aluminum. ACS Appl. Mater. 

Interfaces 2018, 10 (3), 2230–2235. 

https://doi.org/10.1021/acsami.7b17224. 

(19)  Zähr, J.; Oswald, S.; Türpe, M.; Ullrich, H. J.; Füssel, U. 

Characterisation of Oxide and Hydroxide Layers on Technical 

Aluminum Materials Using XPS. Vacuum 2012, 86 (9), 1216–1219. 

https://doi.org/10.1016/j.vacuum.2011.04.004. 

(20)  Biesinger, M. C.; Payne, B. P.; Grosvenor, A. P.; Lau, L. W. M.; 

Gerson, A. R.; Smart, R. S. C. Resolving Surface Chemical States in 

XPS Analysis of First Row Transition Metals, Oxides and Hydroxides: 

Cr, Mn, Fe, Co and Ni. Appl. Surf. Sci. 2011, 257 (7), 2717–2730. 

https://doi.org/10.1016/j.apsusc.2010.10.051. 

(21)  Sciortino, L.; Lo Cicero, U.; Magnano, E.; Píš, I.; Barbera, M. Surface 

Investigation and Aluminum Oxide Estimation on Test Filters for the 

ATHENA X-IFU and WFI Detectors. Sp. Telesc. Instrum. 2016 

Ultrav. to Gamma Ray 2016, 9905, 990566. 

https://doi.org/10.1117/12.2232376. 

(22)  Kaniyoor, A.; Ramaprabhu, S. A Raman Spectroscopic Investigation 

of Graphite Oxide Derived Graphene. AIP Adv. 2012, 2 (3). 

https://doi.org/10.1063/1.4756995. 

(23)  Meng, X.; Xu, W.; Li, Z.; Yang, J.; Zhao, J.; Zou, X.; Sun, Y.; Dai, Y. 

Coupling of Hierarchical Al2O3/TiO2 Nanofibers into 3D 

Photothermal Aerogels Toward Simultaneous Water Evaporation and 

Purification. Adv. Fiber Mater. 2020, 2 (2), 93–104. 

https://doi.org/10.1007/s42765-020-00029-9. 

(24)  Liu, J.; Khan, U.; Coleman, J.; Fernandez, B.; Rodriguez, P.; Naher, 

S.; Brabazon, D. Graphene Oxide and Graphene Nanosheet Reinforced 

Aluminium Matrix Composites: Powder Synthesis and Prepared 

Composite Characteristics. Mater. Des. 2016, 94, 87–94. 



Aluminium intercalated rGO composites 
 

 209 

https://doi.org/10.1016/j.matdes.2016.01.031. 

(25)  Saalfeld, H.; Wedde, M. Refinement of the Crystal Structure of 

Gibbsite, A1(OH)3. Zeitschrift fur Krist. - New Cryst. Struct. 1974, 

139 (1–2), 129–135. https://doi.org/10.1524/zkri.1974.139.1-2.129. 

(26)  Van der Linden, B.; Terryn, H.; Vereecken, J. Investigation of Anodic 

Aluminium Oxide Layers by Electrochemical Impedance 

Spectroscopy. J. Appl. Electrochem. 1990, 20 (5), 798–803. 

https://doi.org/10.1007/BF01094309. 

(27)  Anwar, A. W.; Majeed, A.; Iqbal, N.; Ullah, W.; Shuaib, A.; Ilyas, U.; 

Bibi, F.; Rafique, H. M. Specific Capacitance and Cyclic Stability of 

Graphene Based Metal/Metal Oxide Nanocomposites: A Review. J. 

Mater. Sci. Technol. 2015, 31 (7), 699–707. 

https://doi.org/10.1016/j.jmst.2014.12.012. 

(28)  Zhu, Y.; Murali, S.; Stoller, M. D.; Velamakanni, A.; Piner, R. D.; 

Ruoff, R. S. Microwave Assisted Exfoliation and Reduction of 

Graphite Oxide for Ultracapacitors. Carbon N. Y. 2010, 48 (7), 2118–

2122. https://doi.org/10.1016/j.carbon.2010.02.001. 

(29)  Li, Z.; Gadipelli, S.; Yang, Y.; He, G.; Guo, J.; Li, J.; Lu, Y.; Howard, 

C. A.; Brett, D. J. L.; Parkin, I. P.; Li, F.; Guo, Z. Exceptional 

Supercapacitor Performance from Optimized Oxidation of Graphene-

Oxide. Energy Storage Mater. 2019, 17 (December 2018), 12–21. 

https://doi.org/10.1016/j.ensm.2018.12.006. 

(30)  Wu, Z. S.; Ren, W.; Xu, L.; Li, F.; Cheng, H. M. Doped Graphene 

Sheets as Anode Materials with Superhigh Rate and Large Capacity 

for Lithium Ion Batteries. ACS Nano 2011, 5 (7), 5463–5471. 

https://doi.org/10.1021/nn2006249. 

(31)  Wu, Z. S.; Sun, Y.; Tan, Y. Z.; Yang, S.; Feng, X.; Müllen, K. Three-

Dimensional Graphene-Based Macro- and Mesoporous Frameworks 

for High-Performance Electrochemical Capacitive Energy Storage. J. 

Am. Chem. Soc. 2012, 134 (48), 19532–19535. 

https://doi.org/10.1021/ja308676h. 

 



 209 

 

 

 

Chapter 6 
Conclusion 

Overview: This thesis outlines novel and simple synthetic routes and 

premises to the simultaneous reduction and architectural adaptation of 

reduced graphene oxide (rGO) for its improvement as a sole of 

complimentary material to electrochemical applications. This Chapter 

concludes with an overview of each designed material, with potential remarks 

to improvements and future application. 
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6.1 Conclusions 

6.1.1 Reduced graphene oxide – polyaniline composite 

The research conducted throughout this thesis has been with the aim to 

optimise, characterise and implement reduced graphene oxide (rGO) as an 

electrochemical base/composite material. Chapter 3 begins with 

understanding rGO’s structure, composition and methods of synthesis. It then 

explores using hydrothermally reduced, freeze-dried rGO as a 

supercapacitive electrode with a recorded specific capacitance of 164 F g-1. 

The results demonstrated a superior performance to that of the vacuum dried, 

and hydrothermally reduced variant. The Chapter then focuses on the 

integration of polyaniline as a conductive dopant to rGO functionalised 

surface. The results revealed a high specific capacitance for non-metallic 

composites, yielding 508 F g-1 at a ratio of 10:1 (rGO/PANI). The polymer 

behaved with a pseudocapacitive mechanism, to improve the specific capacity 

of rGO, but by behaving in this manner, led to the initial degradation of the 

materials. The improved surface area and porosity of the rGO as a material 

and base composite were key factors in the improvement to the electrode 

materials throughout this investigation.  

The progression of this research topic would feature addressing the 

acidic nature of the reaction, and by doing so ensure the maintenance of the 

improved surface area from the inclusion of the freeze-drying process. 

6.1.2 Silver tethered nanoparticles on reduced graphene oxide 

The research conducted in Chapter 4 sees rGO employed as a composite base 

for tethered silver nanoparticles, to be employed as an oxygen reduction 

reaction (ORR) catalyst in anion exchange membrane fuel cells. The 

combination of novel silver precursors via a one pot hydrothermal synthesis 

has demonstrated in the dispersal of silver nanoparticles across the surface of 

rGO, bound via amino-alcohol linkages. The characterisation results 

demonstrated suitable surface binding via rGO’s epoxides surface 

functionalities. The amino alcohol linkages vary in size and dexterity, with 
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the less bulky linkage demonstrating the smaller particle sizes (12 - 25 nm). 

The research in this Chapter presents the idea of a non-toxic and simplistic 

route to produce silver rGO composites which possess a high catalytic 

performance when utilises as an ORR electrode, especially when compared 

with a commercial grade catalyst. These catalysts are observed to carry out 

ORR along the 4-electron pathway, indicating a high efficiency catalytic 

route of conversion. It can therefore be observed that this inexpensive and 

high preforming catalyst has the scope to improved and built upon for 

potential future projects around this topic. The next steps of such a project 

would be in addressing the efficiency of the ligand to surface interactions, 

exploring the use of alternative functionalised carbons or potentially working 

with materials that are more selective in the functional groups that the 

possess. 

6.1.3 Aluminium intercalated reduced graphene oxide  

The final research Chapter explores the reduction of rGO by the use of 

etherate and trimethylamine stabilised alanes, in the aim to not only reduce 

the surface of rGO, but to also improve spacing and the layer separation of 

this graphene variant as well. It is one of the few times air sensitive chemistry 

has been performed with such a combination of materials and with this study, 

in a completely novel way. The research additionally delves in this Al(OH)3-

rGO and Al2O3-rGO being utilised as a supercapactive electrode. The benefits 

of intercalating either aluminium oxide or aluminium hydroxide were both 

explored, analysing the effect that the molecules have on the spacing of the 

rGO sheets, as well improving their electrochemical performances. The 

results yielded high specific capacitances for these rGO non faradaic based 

materials, topping 693 A g-1 by the TMA.Alane reduced rGO exposed to O2.  

This research exists in its early stages and provides a solid platform 

for future studies. The challenge in the future would be addressing the 

increased cyclability of the materials, as well as post electrochemical analysis 

of the tested electrodes to completely understand their physical and chemical 

characterisation. 
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6.2 Concluding remarks 
Reduced graphene oxide is a graphitic based oxygen functionalised layered 

material that is currently one of the most researched carbons in 

electrochemical research. Its ability to exist within the spectrum of graphene 

and activated carbons grants rGO the ability to be utilised in a multitude of 

applications, ranging from electrode materials to forming composite materials 

for antibacterial surfaces. Its oxygen functionalised surface allows it to 

behave as an optimal composite base, for the integration of polymers, 

nanomaterials, metal oxides and beyond. 

 This thesis addresses the benefits of rGO, while focusing on the ways 

to solve its negative traits. These can be achieved with addressing its 

conductivity and improving its surface area and porosity. The materials 

synthesised and designed here are within their preliminary stages, with a wide 

scope for not only improvement but the potential to use these base level 

materials to an even greater extent. 
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AF 3.1: Nitrogen adsorption-desorption isotherms for GO. 
 
 

 
BET surface 
area (m2 g-1) 

Pore volume 
(cm-3 g-1) 

GO 231 0.0233 
 
AT 3.1: Summary table for the nitrogen adsorption-desorption isotherms of GO. 
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AF 3.2: Nitrogen adsorption-desorption isotherms for hydrazine reduced freeze-dried vs 
vacuum dried GO. 
 

Samples of Hydrazine 
reduced rGO 

BET surface 
area (m2 g-1) 

Pore volume 
(cm-3 g-1) 

Vacuum dried 802 0.0433 

Freeze dried 414 0.0991 

 
AT 3.2: Summary table for the nitrogen adsorption-desorption isotherms of hydrazine 
reduced freeze-dried vs vacuum dried GO. 
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AF 3.3: Nitrogen adsorption-desorption isotherms for hydrothermally reduced freeze-dried 
vs vacuum dried GO. 
 
 

Samples of 
hydrothermally reduced 
rGO 

BET surface 
area (m2 g-1) 

Pore volume 
(cm-3 g-1) 

Vacuum dried 500 0.0591 

Freeze dried 422 0.753 

 
AT 3.3: Summary table for the nitrogen adsorption-desorption isotherms of hydrothermally 
reduced freeze-dried vs vacuum dried GO. 
 
 

Particle 
length (nm) 

A B C D E 

1 11.5 102.0 28.8 98.0 90.6 

2 22.9 79.5 26.3 79.0 83.6 

3 19.7 86.1 19.01 71.6 110.7 

4 11.6 78.7 21.0 87.4 85.3 

5 17.4 75.1 16.8 83.69 72.24 

6 28.9 80.1 17.3 85.2 81.9 

7 18.3 70.8 18.2 65.9 65.9 

8 17.2 81.9 21.8 100.9 92.1 
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AT 4.1: Histogram data used to estimate the average particle size using the TEM imaging. 
 

9 26.7 86.9 15.1 118.8 71.0 

10 20.7 90.5 25.5 73.1 76.4 

11 16.9 99.3 20.0 74.8 91.3 

12 16.8 75.1 25.4 59.6 93.3 

13 13.7 67.1 23.2 114.7 78.3 

14 14.1 78.4 18.4 97.9 57.3 

15 22.3 97.6 33.3 64.5 81.1 

16 17.9 123.9 17.8 85.7 61.9 

17 19.6 104.2 22.3 67.4 83.4 

18 21.4 91.5 19.5 86.4 72.2 

19 19.5 72.7 18.7 60.8 57.7 

20 26.0 107.9 22.6 94.3 71.9 

Mean 19.2 87.4 21.6 83.4 78.9 

Error 1.05 3.3 1.01 3.8 2.9 
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AF 4.1: XPS spectra of the O1s, N1s, and survey data on the surface of the silver precursor 
composites. 
 
 
 

 

 

 

 

 

 

 

AT 4.2: Inductively coupled plasma mass spectrometry (ICP-MS) silver loading % on each 
synthesised material. 
 

Composite Silver load (%) 

B 84.9 

C 85.9 

D 86.0 

E 88.2 
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AF 4.2: Nitrogen adsorption-desorption isotherms for Ag composites: (a) A and B (b) C-E. 

 

Sample BET surface 
area (m2/g) 

Limiting 
pore volume 
(cm-3 g-1) 

A 141 0.011 

B 83 0.015 

C 225 0.022 

D 357 0.043 

E 367 0.044 
 
AT 4.3: Summary table for the nitrogen adsorption-desorption isotherms of Ag composites 
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AF 4.3: ORR at Ag catalysts: LSVs of C, D and E tethered Ag particles, alongside a 
commercial Ag/C and Pt/C catalysts at 1600 rpm. 

 

AF 4.4: Koutecky–Levich plots for C (a) and D (b). All recorded in an O2-saturated 0.1 M 
KOH solution at a scan rate of 20 mV s-1. These plots are compared to the theoretically 
required 4 electron transfer current. 
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AF 5.1: XPS spectra for Et2O.AlH3 – rGO O1s spectra and adjacent to them their survey 
spectra (a,d) in N2 (b,d) in air (c,f) in H2O. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Appendices 
 
 

 IX 

 

 
 

AF 5.2: XPS spectra for N(CH3)3.AlH3 – rGO O1s spectra and adjacent to them their 
survey spectra (a,d) in N2 (b,d) in air (c,f) in H2O. 
 
 
 


