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Abstract 

Biosensors play a significant role in the healthcare sectors and in scientific and technological 

progress in general. Good diagnostic and biosensing interactions are mainly advantaged by the 

manufacture of electrodes that can efficiently deliver better electrochemical performance. 

Biosensors have been extensively implemented for various analytical tasks in areas such as 

medical diagnostics, food safety, and environmental monitoring, and an effective biosensor 

properly detects the biological and chemical reactions generated by the bio-interaction in the 

sample measured. The focus in the current study is the development of a laser scribing 

technique for graphene oxide (GO) in a vacuum chamber. The reduction of GO was 

investigated under four conditions involving the atmospheric environment, vacuum, and 

Nitrogen and Argon gases. A laser scribing technique which reduces GO to generate rGO was 

characterised using scanning electron microscopy (SEM), Raman spectroscopy and X-ray 

photoelectron spectroscopy (XPS) to visualise the morphological structures of rGO.  

The SEM results demonstrated a spongier appearance for GO2 (laboratory prepared graphene 

oxide) compared to GO1 (commercial graphene oxide) material. Raman spectroscopic 

characterisation highlighted that, for both GO materials, the LSGN2 electrode showed improved 

response characteristics and a tendency to exhibit better closeness to single- layer graphene. 

Moreover, the XPS results showed that the percentage of oxygen decreased after the reduction 

process. The results of the electrochemical analysis suggested that GO2 has superior 

electrochemical activity compared to GO1. The LSGN2 electrode has been tested using 

solutions of potassium ferricyanide and 1,1′-ferrocene dimethanol, and the electrochemical 

behaviour of the electrode was acceptable for both according to cyclic voltammetry results, 

which indicates the reproducibility of the electrode. Likewise, the peak current ratio of LSGN2 

for both solutions was better compared with the same electrode material prepared under the 

other conditions.  

The ∆Ep for each redox species indicates higher values than the ideal Nernstian value of 59 

mV. The Ψ values of all of the scan rates for the potassium ferricyanide and 1,1′-ferrocene 

dimethanol fall within the acceptable range of Ψ, indicating a quasi-reversible system which 

has been also confirmed by K0 and Mtrans values.  
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Chapter 1. General Introduction 

 
1.1 Introduction 

 

In present times, given the increasingly polluted atmosphere as well as the day-to-day safety 

and comfort we experience, the detection and identification of atoms, molecules, and specific 

substances at low concentration levels is vital. Toxic substances in air, water, soil, or gases in 

the environment or in homes can be identified, alongside various dangerous biological 

substances in our body and food, by technological devices called sensors, including those called 

biosensors. A biosensor can be defined according to IUPAC definitions as “a device that uses 

specific biochemical reactions mediated by isolated enzymes, immunosystems, tissues, 

organelles or whole cells to detect chemical compounds usually by electrical, thermal or optical 

signals” [1]. It carries out biological detection via a linked transducer and transforms the 

biological response into an electrical signal. Stability, selectivity, and sensitivity are the 

dynamic and static characteristics that affect and dictate the quality and performance of 

biosensors [2-4]. To deal with the complexity of biological samples, the further development 

and engineering of highly effective and sensitive biosensors is required to match the need to 

detect traces of biological substances and the heightening complexity of damaging substances. 

For this purpose, miniaturised, flexible, transparent, portable, wearable, and multifunctional 

sensors hold great appeal [5, 6]. 

The demand to develop devices offering rapid and reliable results has led to the desire to 

acquire improved and novel sensing techniques. Reliable and prompt sensing should entail 

improvements in the system’s efficiency and reductions in the throughput time to acquire 

results. Hence, this has motivated researchers to look for new materials and methods to ensure 

the quick, cheap, and easy determination of results. In the field of electronics, silicon has 

dominated the sensor industry in recent decades [7, 8]. It has the advantages of being an 

intrinsic semiconductor and is environmentally friendly and accessible, making it available for 

most electronic technologies and sensing applications in the modern era [9, 10]. The regular 

advances in technology have resulted in higher demand for material resources and has 

motivated the integration between nanostructured materials and existing technologies. 

Although current devices tend to be sufficiently small, it has become necessary to search for 

new materials to replace or supplement existing materials such as silicon. Recently, Graphene, 

which is a novel carbon material that could be replaced silicon, was introduced by Andre Geim 

and Konstantin Novoselov at the University of Manchester in 2004 [11]. They extracted 
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graphene by pressing Scotch tape onto graphite and pulling it off, resulting in exfoliated flakes 

a single-atom carbon atom thick. The carbon atoms in graphene form a hexagonal lattice, and 

it is the thinnest material known. They subsequently inspected its extraordinary properties such 

as electron mobility, and it has been used in the design of a graphene field-effect transistor 

(GFET) [12]. This work introduced a whole new field of research based on graphene and its 

properties.  

The existence of graphene opens the door to various technologies and applications due to its 

extraordinary properties. As a result of its atomic structure, graphene has premium chemical 

and electronic properties [8].  Numerous studies have demonstrated advances in the use of 

reduced graphene oxide (rGO)-based sensors, illustrating rGO’s suitability in the fabrication of 

sensors. All allotropic carbonic materials are made up of carbon atoms, and unique properties 

are exhibited by carbon allotropes due to their diverse ways of bonding and configurations; 

however, carbon also known to be a lightweight and generally multipurpose material. rGO and 

graphene oxide (GO) are among the most widely known carbonic materials derived from 

graphene [3, 6]. Although the mechanical and optical properties of GO experience a less 

significant effect, its conductive properties are substantially lower compared to graphene. 

Nevertheless, the conversion of GO into rGO via further reductive exfoliation treatment 

enables the restoration of properties akin to those of graphene [6]. Upon selecting GO or 

graphene, rGO is turning into an ideal option between the two. This is the case because various 

photo-assisted thermal, microwave, and electrochemical techniques enable the seamless 

production of sufficient quantities of low-cost GO which is also a good conductor and exhibits 

properties similar to those of graphene.  

Multi-step combined methods which may involve solar mediated, radiation-induced, and 

serigraphy-guided reduction can be utilised to enhance the generation of rGO [6, 13-17]. 

Furthermore, the presence of structurally damaged regions, where oxidised chemical groups 

adorn the graphene-like basal plane that makes up its heterogeneous structure and lead to rGO’s 

typical conductive and optoelectronic characteristics, means that its mechanical properties 

approach those of pristine graphene. The usage  of reduced graphene oxide in storage and 

optoelectronic devices alongside a multitude of catalytic, biological, sensorial, and 

environmental applications is possible due to its properties being similar to graphene, thus 

highlighting its practical appeal [6].  Due to its excellent properties, graphene is suitable for 

significant applications in health monitoring systems where miniaturisation, biocompatibility, 

low cost, and quick and reliable results are important in the diagnosis and treatment of ailments. 



17 
 

A concise illustration is presented in figure 1-1 showing a graphene-based sensor platform for 

health monitoring.  

Electrochemical sensors are now types of chemical sensors which play an important role in our 

day-to-day lives. Their sensing schemes are based on several means of electrochemical 

recognition that range from electrochemical to an amperometry impedance processes [18]. 

They are used in many areas, and mainly for biochemical and biomedical applications; for 

example, as gas sensors [19], the detection of heavy metals in water quality analysis [20], and 

for the sensing of alcohol [21]. Electrochemical sensors have found applications in biological 

and chemical warfare, food monitoring, medical diagnostics (including corona virus testing), 

manufacturing, the automotive sector, and home and environmental monitoring [22-24].  It is 

important to state that rGO electrodes can find applications not only in the fabrication of 

supercapacitors but also in the area of electrochemistry in the above-mentioned fields for 

specific sensing purposes.  

     

       Figure 1-1. Graphene-based sensor platform for health monitoring [25]. 
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1.2 Problem Statement 
 

Some sensors are mainly dependent on the use of pure graphene due to its beneficial properties. 

However, the process of graphene production can be time-consuming and expensive, and very 

advanced equipment is required for effective production. The high production costs of 

graphene have led to the search for a more economical material that possesses properties that 

are similar or closely comparable to those of graphene while also being cheaper and easier to 

fabricate. Various techniques for the production of rGO have been explored due to its premium 

properties similar to those of pure graphene.  

 

1.3 Aim and Objectives 
- Aim 

This work aims to design a low-cost and simple technique for the fabrication of interconnect 

capacitors and electrode devices made of reduced graphene oxide to be used in the field of 

biosensing. Another reason for an exploration of the currently applied manufacturing methods 

is to establish techniques for and approaches to the cost-effective production of rGO. In 

addition, improved repeatability in the manufacturing process is sought along with the optimum 

fabrication conditions so that the graphene produced can be customised for better use in 

electrochemical or biological sensors.  

- Objectives 

The key objectives of this work are: 

• The fabrication of an electrode as a sensing device under atmospheric and vacuum 

conditions, as well as in the presence of gases such as Nitrogen (N2) and Argon (Ar).  

• Optimization of the methods used to produce these electrode devices and how their 

quality can be improved.  

• The design of the electrode of choice followed by the preparation of reduced graphene 

oxide from graphene oxide using the light-scribe method under the above-mentioned 

conditions.  

• Study the characteristics of the surfaces of the fabricated devices. 

• Carry out an instrumental analysis to investigate the viability of the devices using cyclic 

voltammetry, which is an electrochemical technique for the investigation of redox 

reactions at electrode-solution interfaces.  

• Creating high-performance electrochemical electrodes for diagnostics and biosensing 

applications.  
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1.4 Thesis Structure 
 

This thesis contains chapters that are structured as presented below: 

Chapter 1 introduces the subject and research problem of the study and describes the 

objectives of the thesis. It details the motivations for the research and the significance of the 

problems currently encountered, and a brief overview of the classes of techniques available is 

also given. The study’s objectives are also outlined, with a brief explanation of the techniques 

developed. 

Chapter 2 reviews the existing literature, evaluating different models and offering an overview 

of graphene-based techniques and the methods developed to reduce graphene oxide. 

Chapter 3 gives a concise understanding of the materials and equipment used in the design 

and production of the sensing device. This chapter also presents brief insights into the electrode 

production process and the fabrication approach employed, with figures included to explain the 

implementation techniques in detail. 

Chapter 4 gives a complete investigation and analysis of the obtained characterised results. 

The accuracy and viability of the proposed techniques used for device production are shown, 

and in addition graphical representations and some analysis of the results are also presented. 

Chapter 5 presents the results of the tests carried out on the rGO electrode, the results were 

categorized to aid understanding of the test outcome leading to the determination of the 

performance electrode device that suits the proposed application. 

Chapter 6 presents the results of electrode tests conducted using CV and a discussion of the 

analysis to aid in the selection of the optimum electrode.  

Chapter 7 concludes the thesis and evaluates the limitations and advantages of the developed 

models. A summary of each of the techniques developed is provided, outlining the main ideas 

and contributions of the work completed and its relevance. It then highlights possible avenues 

for future research and offers recommendations based on the experience of the present study. 
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Chapter 2. Literature Review 
 

2.1 Biosensors 
 

The effort to develop easy-to-manufacture electrodes with superior electrochemical 

performance capabilities will be beneficial for biosensing and diagnostics. Biosensors are 

increasingly applied to monitor health and diagnose disease, which means that such electrodes 

are key to the usability and reliability of biosensors [3, 26]. As their name suggests, biosensors 

are biological sensing units incorporated into analytical devices. These devices require 

physiochemical transducers capable of capturing highly sensitive and specific biological events 

in a straightforward manner to provide complex bioanalytical measurements [26, 27]. Their 

potential applications are almost limitless and cover most analytical tasks, including drug 

discovery, diagnostics for health, food safety, monitoring of the environment, process controls, 

and use in the security and defence industries [26]. 

Biosensors are a product of an earlier concept known as the Clark oxygen electrode [28]. Clark 

theorised that the electrochemical detection of hydrogen peroxide (H2O2) or oxygen could be 

exploited by incorporating suitable immobilised enzymes in a wide variety of bioanalytical 

instruments. An early example was applied to the detection of glucose levels in diabetic 

patients, where a simple platinum electrode became an effective analytical tool through the 

incorporation of immobilised Glucose Oxidase (GOx) [28, 29]. A biosensor system consists of 

the following three components: (a) a detector to identify a biological target such as antibodies, 

bacteria, DNA, or enzymes; (b) a transducer to convert energy from one form related to the 

biological element which requires recognition to another form as a signal); (c) an output system 

to address signal amplification and display. These components are depicted in figure 2-1 [26, 

30]. 
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Figure 2-1. A generic biosensor system [30]. 

2.2 Biosensor Types 

There are different types of biosensors, some are classified based on their biorecognition 

elements while others are categorised according to their transducer, which may 

be electrochemical, optical, thermal, or piezoelectric. The next section gives a brief overview 

of some of the biosensors used for biomedical applications. 

2.2.1 Optical detection Biosensors 

Optical biosensors offer advantages in comparison to conventional models in that they are 

capable of detecting many biological and chemical compounds directly both in real-time and 

label-free. These small devices have proved to be cost-effective while simultaneously offering 

high specificity and sensitivity [31, 32]. Optical biosensors use a light source and other optical 

components to generate a light beam with specific characteristics such as high specificity and 

sensitivity, small size, and cost-effectiveness [33, 34]. For example, Surface Plasmon 

Resonance (SPR) biosensors use a surface plasmon wave generated by the oscillation of charge 

density taking place at the interface between the dielectric and metal to measure the light 

produced by the luminescence process. In this case, the light beam is targeted at a modulating 

agent with a modified sensing unit and a photodetector. In other words, SPR sensors (figure 2-

2) detect changes in refractive index (RI; also referred to as the index of refraction which 
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represents the degree to which a ray of light bends when it passes from one medium to another) 

as a variation of resonance angle (RA) within the area  of detection [31, 35, 36]. However, there 

are other types of optical biosensors that have been used by a lot of researchers such as 

bioluminescent optical fibre biosensors, evanescent wave fluorescence, ellipsometric, 

interferometric, and reflectometric interference spectroscopy and surface-enhanced Raman 

scattering biosensors [31]. 

 

      Figure 2-2. Surface Plasmon Resonance (SPR) sensor system [35]. 

2.2.2 Electrochemical Biosensors 
 

Through electrochemistry, researchers can examine diverse systems such as molecules and the 

materials involved research fields such as clean energy and substrate activation in biological 

systems. In particular, electrochemistry can help give a better understanding of the role of 

catalysts and catalytic efficiency as well as chemical reduction and oxidation (redox) processes. 

Chemical research uses electrochemical techniques such as coulometry, voltammetry, 

potentiometry, and amperometry to assess redox potentials, assemble or synthesise materials, 

examine the efficiency and functions of catalysts, and determine the reversibility of a chemical 

process [37]. 

There have been significant developments in the synthesis, characterisation and processing as 

well as applications of nanomaterials utilised in the design of electrochemical sensors and 
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biosensors which exhibit heightened sensitivity. Furthermore, sensors must be reusable, 

specific, and highly sensitive to a particular analyte. Electrochemical biosensor technology 

offers unique advantages, resulting in increasingly wide application compared to traditional 

detection methods [38].  In the development of electrochemical biosensors, there has been a 

considerable focus on nanostructured carbon-based materials, including fullerenes (C60) [38], 

carbon nanotubes [39], carbon quantum dots [40, 41], graphene [38], and carbon nitride [42], 

due to their high durability and biocompatibility, excellent optical, electrical, and thermal 

conductivity, mechanical strength, and large surface area. Studies have shown that, given the 

outstanding performance of electrochemical sensors, this type of biosensor can match or outdo 

traditional methods [38, 43]. Exceptional electrochemical, electrical, and mechanical 

properties have been observed in graphene along with its derivatives such as reduced graphene 

oxide (rGO). Moreover, given its large surface area as well as a framework rich in oxygen and 

defects, graphene can be developed as nanocomposites with quantum dots and polymers, 

metal/semiconductor nanoparticles, and metal oxides. There has been increasing use of these 

nanocomposite materials, including in applications such as electrochemical biosensing 

platforms [44]. Biomedical and environmental protection applications as well as those in 

clinical diagnosis all have significant use for electrochemical sensors and biosensors. Such 

sensors have extensive capabilities in sensing, for example, cancer biomarkers, sugars, 

neurotransmitters, by-products of purine metabolism, toxins in food or drinking water, 

antioxidants, and lipids, and the detection of all of these substances is crucial for human health 

[27, 45]. 

In electrochemical detection methods, the electrochemical biosensor is developed to identify 

and rapidly detect primarily biocomponents, including enzymes and antibodies for modifying 

electrodes [46]. A reaction between the original biocomponents and the specific target analyte 

is then confirmed and measured. The electronic system subsequently assesses the electrical 

signals generated, developing the information that is observed directly. Linear sweep 

voltammetry (LSV), differential pulse voltammetry (DPV), and cyclic voltammetry (CV) are 

methods commonly used to detect electrochemical sensor. Figure 2-3 illustrates the principle 

of electrochemical sensors as carbon nanomaterials used to identify metabolic disease 

biomarkers [38]. 
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       Figure 2-3. A simple electrochemical biosensor [38] 

In order to effectively analyse the results from these kinds of sensors, several analytical steps 

need to be followed and various factors need to be taken into account. For this kind of sensor, 

it is important to consider the ideal Nernstian one-electron transfer process with a value of 

peak-to-peak separation potential (∆Ep) of 59mV [47, 48]. This is obtained by using Equation 

2.1 [49] where this value for an electrochemical system indicates that it is a reversible system: 

∆Ep = Epa − Epc ……………………………………………………………………………. 2.1 

In order to further determine the reversibility, quasi-reversibility or irreversibility of system, it 

is important to determine the heterogeneous electron transfer at the electrode surface (k0), 

which is more simply referred to as the electron transfer rate [48, 50]. Once the k0 is fast enough 

to sustain the concentrations of the oxidation and reduction, electroactive species forms at the 

values needed by the applied overpotential that is based on the Nernst equation, this process is 

referred to as a reversible and is called a Nernstian system [50]. Otherwise, the electrochemical 

reversibility is a condition in which the rate of electron transfer is considerably greater than the 

rate of mass transport, and the electron transfer process (or current) is solely determined by the 

mass transport as the slower step. From this, it then follows that a system with a value of k0 

greater than 0.05cms−1 is referred to as a reversible electron transfer process [51]. For a  slow 

electron transfer reaction, specifically when k0 is smaller than 10−5cms−1, the electrode process 

is mainly controlled by the rate of electron transfer and is referred to an irreversible electron 
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transfer reaction [47]. This simply means that, when the rate of electron transfer is smaller than 

the diffusion constant, the electrochemically generated species diffuses from the surface of the 

electrode and does not exist at the electrode surface to undergo a reverse electron transfer 

reaction during the reverse scan. However, when the value of k0 lies in the range from 10−5 to 

0.05 cms−1 (0.05> k0 >10−5 cms−1), both the electron transfer reaction and the mass transfer 

process determine the overall rate of electrode process and the electron transfer reaction is 

therefore called a quasi-reversible process [50].  

In order to estimate the value of k0, the dimensionless kinetic parameter Ψ was first determined 

using Equation 2.2 [52, 53], and substituting it in Equation 2.5 where the value for k0 would be 

determined for each electrode:  

Ψ =
(−0.6288+0.0021 X) 

(1−0.017𝑋)
 ……………………………………………………. 2.2 

where X equals the ΔEp of the system multiplied by the number of electrons involved in the 

electrochemical reaction, n, expressed in mV as shown in equation 2.3 [54]: 

X = ∆Ep × 𝑛………………………………………………………………. 2.3 

To precisely determine the value of X, it is imperative to determine the value of n in equation 

2.3 since the value of ΔEp has been determined above for each electrode. The value of n can be 

determined for each electrode using Equation 2.4 below [55]: 

∆Ep = 2.218 
𝑅𝑇

𝑛𝐹
……………………………………………………………2.4 

where F is the Faraday constant, R is the universal gas constant, T is the absolute temperature, 

and n is the number of electrons.  

Inputting this number of electrons in Equation 2.3 will yield an X value that is equal to the 

individual ΔEp for each electrode from which the dimensionless kinetic parameter Ψ of each 

electrode was estimated, and this value can then be used to determine the system process. It is, 

however, important that, if Ψ>10, this indicates the electrochemical reversibility of the system 

whereas if 10<Ψ<10-2 the system is considered to be quasi-reversible while if Ψ<10-2 the system 

is irreversible [47, 53]. Now, to estimate the electron transfer rate (k0), Equation 2.5 is 

employed.  

𝐾0 = Ψ × √
𝜋𝐷𝑛𝑣𝐹

𝑅𝑇
  ………………………………………………………………. 2.5 
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where v is the scan rate (in Vs−1), F is the Faraday constant, R is the universal gas constant, T 

is the absolute temperature, and D is the diffusion coefficient of the oxidation of the 

electroactive species which has been approximated to be 5.4 ×10−6 cm2 s−1 for potassium 

ferricyanide [56, 57]. It is important to note that if the system that has a value of k0 greater than 

0.05 cms−1, it is counted as having a reversible electron transfer process and thus is a reversible 

system [50]. As a reversibility of any system means its ability to recover or return to its original 

background and/or baseline condition, after exposure to an analyte, which is an important trait 

to any biosensor to be reproducible and repeatable [58-61]. But for slower electron transfer 

reactions, and particularly if k0 is smaller than 10−5cms−1 which is considered the normal value 

of the diffusion constant, the electrode process is here largely controlled by the rate of k0 and 

this situation is termed an irreversible electron transfer reaction [50]. By and large, when the 

value of k0 lies in the ranges from 10−5 to 0.05 cms−1, both electron transfer and the mass 

transport process determine the overall rate of electron process and hence the electron transfer 

is therefore termed a quasi-reversible process [47, 50]. The mass transport for these electrodes 

can be determined by equation 2.6: 

M𝑡𝑟𝑎𝑛𝑠 = √
𝜋𝐷𝑛𝑣𝐹

𝑅𝑇
 ………………………………………………………. 2.6 

2.2.3 Mechanical Biosensors 

The chemical interactions between the analyte and sensor are used to classify four broad 

categories of mechanical biosensors. Fingerprint assays use an array of less selective 

functionalised layers to determine a target according to its distinctive binding affinities to a 

collection of sensors whereas affinity-based assays depend upon highly specific interactions 

between specific antigens and antibodies in which the identification and capture of the target 

on the device surface is highly specific (with high affinity). Meanwhile, spectrometric assays 

identify the target through its mass or optical properties, and separation-based assays use 

spatiotemporal separation arising from the different chemical affinities of flowing analytes and 

immobilised species [62, 63]. 

2.3 Graphene Background 
 

The discovery of graphene materials has enormous potential for overcoming issues in the 

disciplines of life sciences, energy, and the environment linked to performance, functionality, 

and durability. Furthermore, graphene has recently attracted a lot of attention as a potential 
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candidate for biosensors because of its exceptional electrochemical and mechanical strength, 

good adsorption performance, and flexibility [64, 65].  

Graphene is basically the only form of carbon (and solid materials in general) where each of 

its atom is exposed to chemical reactions from two sides due to its 2-dimensional (2D) 

structure. Typical carbon-carbon atom bonding in a graphene sheet is shown in figure 2-4. It is 

acknowledged that carbon atoms at the edge of graphene sheets possess special chemical 

reactivity, and graphene has the highest ratio of edge carbons in comparison with similar 

materials such as carbon nanotubes. In addition, its chemical reactivity increases due to the 

various types of defect which are very common within the sheet [66].  

Graphene can be produced in various ways depending on the synthesis method used, such as 

chemical vapour deposition (CVD) or chemical synthesis to form materials such as graphene 

oxide (GO) and reduced graphene oxide (rGO). It has remarkable qualities that make it the first 

choice for a variety of applications such as the design of transparent conductive electrodes [67]. 

 

Figure 2-4. Carbon-carbon atoms bonding in a graphene sheet [68, 69]. 

2.4 Properties of Graphene 

Given the unique properties of the material compared to other carbon allotropes and functional 

materials, the thermal properties of graphene have encouraged its use in electronic devices and 

particularly those for heat management. The thermal conductivity of graphene mainly depends 

on its diffusive and ballistic conditions at higher and lower temperatures respectively [70-72]. 
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For example, the conductivity of suspended monolayer graphene at room temperature is higher 

than that of graphitic carbon [70, 73, 74]. In addition, graphene excels over carbon nanotubes 

in heat conduction when obtained using mechanical exfoliation [75]. Furthermore, calculations 

have demonstrated the dependence of its conductivity on the width of graphene nanoribbons 

and the roughness of its edges. 

Its mechanical properties largely depend on the purity of the material. Graphene is among the 

strongest materials known, with a Young's modulus of approximately 1.0 TPa and tensile 

strength of 130Ga when defect-free [73]. Chemical cross-linking between the flakes in 

graphene oxide paper also enhances its mechanical stiffness and tensile strength [76]. Other 

unique properties include high electron mobility at room temperature (2.5 x 105 cm2 V-1 s -1), 

impermeability to gases, high thermal conductivity above 3,000 Wmk-1, zero bandgap, and 

high optical absorption [77]. Furthermore, graphene-based materials have been reported to 

possess a surface area of 2630 m2 g-1 and this property is useful for sensing applications where 

surface area is of importance for the efficiency of the sensing scheme [78, 79].  

2.5 Graphene Production 

Methods for the production of graphene can be divided into top-down and bottom-up 

categories, as shown in figure 2-5. Mechanical exfoliation and liquid phase exfoliation are 

examples of top-down procedures, whereas epitaxial growth on silicon carbide SiC and 

chemical vapour deposition (CVD) are bottom-up methods [80]. The following section 

provides a brief background for these methods used in the synthesis of graphene. 

 

 Figure 2-5. Top-down and bottom-up graphene synthesis [80]. 
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2.5.1 Mechanical Exfoliation (ME) 

Graphene is prepared by the exfoliation of graphite within the top-bottom concept.  The 

exfoliation technique is a commonly used way to synthesise graphene from graphite or other 

carbon sources. Mechanical exfoliation is also referred to as the Scotch tape method, which is 

a traditional technique that has been employed for decades. The graphite is placed as a substrate 

and repeatedly peeled using the tape until a monolayer is collected. Although this process is 

simple, it has some challenges facing with smaller final products and structural defects [81].  

2.5.2 Liquid Phase Exfoliation (LPE) 

Liquid phase exfoliation is a promising scaling method in which graphene is disseminated in a 

suitable solvent and exfoliated using ultrasonication or shear forces. The surface energy of the 

solvents used should be around 40 nN.m-1 and finding a suitable one may be difficult due to 

their toxicity, corrosiveness, and high boiling point and cost. Experiments have been conducted 

using solvents with low boiling points such as methanol, ethanol, acetone and acetonitrile [82]. 

Water is another solvent utilised in LPE with a high value of surface tension (72 mN.m-1); thus, 

it must be used with caution. Moreover, water is hydrophilic and graphene is hydrophobic and, 

as a result, some surfactants such as sodium cholate and sodium dodecylbenzene sulfonate are 

utilised with a water solvent [83, 84]. In such cases, non-ionic surfactants are more appropriate 

compared to ionic ones because the former have more extended hydrophilic regions and 

hydrophobic tails, resulting in steric repulsion [85]. During the LPE process, the bubbles 

expand and contract and hence the distributed graphite exfoliates to a few layers of graphene. 

The exfoliation of graphite to produce graphene is also caused by fluctuations in pressure [82].  

2.5.3 Epitaxial Growth on Silicon Carbide SiC 

Graphene is also produced by heating silicon carbide (SiC) to 1100°C, where the size of the 

resulting graphene flakes depends on the size of the SiC wafers used. The characteristics of the 

SiC surface also affects the graphene’s thickness, mobility and carrier density [86]. This type 

of graphene tends to have weak antilocalisation compared to exfoliated graphene [87]. 

However, epitaxial graphene has similar properties to that from the peeling-off method but is 

not as high as exfoliated graphene [38]. Moreover, epitaxial graphene is high in quality, but can 

be costly due to the expensive SiC substrate. In addition, the yield is low and therefore it is not 

appropriate for industrial manufacturing [86]. 
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2.5.4 Chemical Vapour Deposition (CVD) 

Chemical vapour deposition (CVD) is a commonly employed materials processing technology 

where single layers or thin-films of the desired material are formed on a heated substrate by 

means of a chemical reaction of gas-phase precursors [88]. In contrast to physical vapour 

deposition (PVD) methods which involve techniques such as evaporation and sputtering, CVD 

has a clear advantage by depending on chemical reactions that permit tuneable rates of 

deposition as well as giving high-quality products with excellent conformality [88]. In addition, 

the introduction of low-dimensional materials such as carbon nanotubes, graphene, and 2D 

transition metal dichalcogenides (TMDs) in the electronics industry has led to more strict 

requirements for the successful CVD of these materials possessing high purity and finer 

structures. CVD, however, permits the tuning of the structures and properties of the resulting 

products [89, 90] and several advanced CVD systems and their variants have been developed. 

Typically, CVD does not need high-vacuum working environments, making it a prevalent 

technology in electronics, optoelectronics, surface modification, and biomedical applications 

[88, 91]. 

2.6 Graphene Applications in Different Types of Sensors 

Graphene has found application in different research areas due to their sterling qualities as 

shown in figure 2-6, and other areas are still being explored. To begin with sensors are devices 

used to monitor or detect events in physical environments. Therefore, for these devices to be 

effective with high efficiency, materials are required whose properties will allow for the smooth 

and effective conversion of the relevant physical events into useful and readable information. 

Graphene is now used as a sensing material due to its large surface-to-volume ratio, high 

electrical and thermal conductivity, and excellent transparency and mechanical properties [92]. 

In addition, the ability to regulate the synthesis of graphene in terms of numbers of layers and 

dimensions and the addition of doping elements improves the ease of adjustment of its 

properties. Recently, graphene has been developed to meet the requirements of various sensing 

applications and purposes such as in gas, electrochemical, magnetic field, and mechanical 

sensors  [93-95]. 
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        Figure 2-6. Graphene application in different research areas [96]. 

2.6.1 Electrochemical Sensors 

For medical and biological applications, the precise monitoring of chemical or biological 

processes is critical. Electrochemical sensors can in theory achieve this purpose by 

transforming a chemical or biological response into a processable and quantifiable signal [93]. 

Intensive studies and developments of electrochemical sensors over the last two decades have 

enabled the fabrication of various devices. Following the successful introduction of numerous 

electrochemical sensors, there is now a noticeable shift to and increasing demand for the 

development of flexible and wearable sensors of this kind [93, 97]. The emergence and 

preparation of free-standing and elastic innovative materials are important in the development 

and production of flexible electrochemical sensors. There have been advances in flexible 

electronic devices, and particularly electrochemical sensors, as the technology is deployed to 

address real-world concerns such as in-situ sensing to tackle health and environmental 

problems [97]. Flexible electrode-based devices are more versatile and adaptable than 

traditional devices. They also take up less space and may be compatible with shape-targeted 

systems such as the human body and rough or irregular-shaped substrates [98, 99]. Flexible 

electrodes need to have excellent conductivity in sensing electrons and thermal energy as well 

as stability and mechanical strength [100, 101]. 
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Carbon nanotube (CNT)-based devices previously dominated research and development due 

to the mechanical strength of their unique one-dimensional nano-channels [102, 103]. 

Nevertheless, owing to various serious technical drawbacks such as high production costs, the 

complex process of achieving high-density vertically aligned CNTs, chemical and 

biocompatibility issues, and challenges in realising large-scale production, CNT-based flexible 

electrodes are limited primarily to fundamental interests [102-104]. The recent increase in the 

synthesis and procession of 2D graphene and its derivatives provides new and intriguing 

potential for construction of a novel class of flexible electrodes with essential physiochemical 

properties [105, 106]. Graphene paper with outstanding mechanical properties, variable 

conductivity and diverse functionality could aid in the study and development of the next 

generations of flexible electrode-based sensors and other electronic devices [25, 107, 108]. 

Moreover, GO is a chemically modified form of graphene material the preparation of which by 

oxidation and exfoliation is accompanied by extensive modification of the basal plane. It has 

so far been largely ignored in the field of electrochemical sensing, and has been considered 

predominately as a precursor in graphene synthesis. Moreover, the modified form of GO often 

referred to as rGO is a kind of graphene material that has been reductively processed using 

chemical, thermal, microwave, photo-chemical, photo-thermal or microbial/bacterial 

approaches to reduce its oxygen content [109]. It is now attracting interest and being considered 

for application as a cheaper alternative to graphene. 

2.6.2 Mechanical Sensors 

Graphene-based mechanical sensors are used to detect physical changes in materials [110, 111]. 

He Tian and his team [112] developed an ultra-sensitive resistive pressure sensor for electronic 

skin sensing systems using laser-scribed graphene (LSG). The authors reported 0.96 kPa 

sensitivity in 0-50 kPa pressure range which was attributed to the large spacing between the 

layers of graphene and the LSG V-shaped microstructure. Park et al [113] developed a highly 

stretchable strain sensor to monitor the movements of various body parts, and Cheng et al. 

[114] presented a highly sensitive strain sensor to detect human walking movements, squatting, 

and sound recognition. Their results included response times less than 100 msec and durability 

over more than 1000 cycles. A similar approach was used by Yang et al. [115] to prepare strain 

sensors to diagnose human health based on traditional Chinese medicine. They reported 

ultrahigh sensitivity under minor strain and the accurate detection of pulse differences in three 

adjacent positions. Wang et al.  [116] developed fibre graphene assemblies based on a fabric 

structure where GO is combined with polyester fabric before reducing it to rGO. They reported 
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good sensitivity with a high response time of 50 msec, making it appropriate for the detection 

of ground plantar pressure distribution. 

2.6.3 Environmental Sensors 

Graphene-based sensors are used widely for environmental sensing purposes in daily life and 

industrial processing [95]. Chehura et al. [117] developed a humidity sensor using tilted fibre 

Bragg gratings sensors (FBGs) coated with a GO layer of thin film. Their results showed that 

the maximum reported sensitivity was about 0.129 dB/%RH in the range of relative humidity 

from 10% to 80%. Smith et al. [118] utilised changes in the electrical resistance of CVD-grown 

single-layer graphene in the design of a high-performance humidity sensor, and their results 

included response and recovery times lower than 1s. Shehzad et al. [119] used the graphene/Si 

Schottky junction for a multimode humidity sensor where adsorbent water molecules affect the 

sensor’s intrinsic properties, and it was shown to exhibit a sensitivity to humidity of 17% when 

forward-biased, 45% in the case of reverse bias, and 26% and 32% in capacitive and resistive 

modes respectively. 

Zhu and his co-workers [120] utilised wrinkled graphene to develop a high-performance 

humidity sensor. The wrinkled morphology of the graphene improved evaporation because the 

aggregation of water microdroplets was prevented, and a response time of 12.5ms was reported 

which appropriately rapid for the monitoring of sudden changes in respiratory rate and depth. 

However, although fast response times have been reported for such sensors based on pristine 

graphene, their long-term stability was not investigated because humidity modifies its 

interlayer interaction and thus the sensitivity of the sensors is affected. Other researchers have 

used GO due to its high proton-conductive sensitivity to water molecules. Bi et al. [121] used 

microscale interdigitated electrodes to deposit GO film. Sensitivity towards humidity was 

measured using an LCR meter and values of 15-95% were found compared to typical capacitive 

sensors, with a fast response time of 10.5s, and a 41s recovery time. Borini et al. [122] 

investigated the effect of GO thickness on the sensor’s response towards humidity, and the 

results showed an ultrafast response to a modulated humid flow with a film thickness of 15nm. 

Reduced graphene oxide (rGO) was used by Guo et al [123] in the development of a highly 

sensitive humidity sensor. A PET substrate was used to deposit GO employing a two-beam 

laser interference method, and in addition to long-term stability an excellent sensitivity in the 

RH range of 30% to 90% was reported for this sensor along with a response time of 28s and a 

recovery time of 48s. Phan et al. [124] used the rapid thermal annealing technique to investigate 
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the influence of degree of reduction on GO sensitivity. They demonstrated that resistivity 

decreased when temperature increased, and the sensor responses also decreased because the 

film could not adsorb water molecules. Graphene quantum dots (GQDs) were also used by 

Ruiz et al  [125], and their results showed an exponential dependence of sensitivity in the RH 

range of 15-80% and a response time of 5s. A similar approach was used by Alizadeh et al. for  

two sensing mechanisms and response times of 10s were reported for values of RH between 0-

52% and 52-97%. Various other graphene-based sensors are being researched and developed, 

such as those using chemically modified graphene and graphene/polymer composites for 

biochemical applications. 

2.7 Methods of Reducing Graphene Oxide 

Reduced graphene oxide material is becoming prominent as a useful and promising material 

for graphene-based applications. The reduction of graphene oxide for use as an alternative to 

graphene and other 2D materials has recently attracted attention among researchers, and these 

rGO materials have found application in sensors, supercapacitors, and electrodes [126, 127]. 

This turn towards rGO is mainly due to its lower cost, hydrophilic affinity, ease of handling, 

and the possibility of mass production of devices[128]. Several methods exist to produce this 

material, and the following sections give an overview of these techniques. 

2.7.1 Thermal Reduction Method 

Many researchers have investigated methods for the reduction of graphene oxide. Thermal 

reduction is an effective approach that can be used to reduce graphite oxide at elevated 

temperatures. The decomposition of oxygen atoms and exfoliated graphite oxide can occur at 

temperatures in excess of 2000 oC [14]. There are some drawbacks in using this type of 

technology, such as the small size of the graphene sheet and presence of defects [14, 129, 

130].  Carbon atoms are eliminated from the graphene sheet during the breakdown of oxygen 

atoms, resulting in a smaller sheet, while its electrical conductivity declines during the thermal 

exfoliation of graphite oxide due to loss of mass and structural defects [14, 78]. During this 

process, a film or powder is produced from the graphene oxide solution before it is subjected 

to annealing [14, 78, 131].  To achieve a suitable graphene oxide structure, a high temperature 

is required. For example, GO films annealed at 500 degrees Celsius have lower electrical 

conductivity than those annealed at 1100 degrees Celsius, but the disadvantages of this 

approach include that it consumes a significant amount of energy and it takes a long time if to 

film expansion is to be avoided [14, 132]. 
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2.7.2 Use of a Laser to Reduce Graphene Oxide 

The laser-induced reduction of graphene oxide can remove oxygen components and increase 

the material’s electrical conductivity, and figure 2-7 shows the illustration of the fabrication 

process of the LSG, and figure 2-8 shows the fabricated LSG electrode of this work. When a 

graphene oxide solution is exposed to a pulsed laser, the oxygen functional group is swiftly 

reduced, which ultimately enhances the material’s electrical and mechanical properties. 

Additionally, the graphene oxide solution changes from a yellow-brown colour to black, which 

indicates reduction [133]. Due to its lower cost and the advantages of mass production 

potential, this method is attracting a lot of research interest and several kinds of laser system 

are being explored. 

 

 Figure 2-7. Illustration of the fabrication process of the LSG [134] 
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  Figure 2-8. Fabricated LSG electrode. 

2.7.3 Chemical Reduction Method 

This reduction method utilises various chemical reactants, and the most commonly used 

chemical reagent for the reduction of GO is hydrazine hydrate [135]. Some other well-known 

chemical reactants that can effectively be used to restore GO to graphene include 

hydroquinone, iron powder, hexamethylenetetramine, sodium borohydride, hydroiodic acid, 

sodium, and potassium alkaline solutions [135]. This reduction method can be carried out in 

liquid media or a vapour environment at moderate or room temperatures [14, 135]. One 

additional advantage of the chemical reduction method is the prospect for synchronised 

chemical modification in synthesising the material. New studies show that the level of 

reduction achieved by this method could be significantly improved by exploiting the 

solvothermal method, which is itself a combination of chemical and thermal methods with 

supercritical settings [135, 136]. 

From the review of literature above, including various areas of application for graphene and its 

rGO counterpart, the present research work focuses on the development of techniques for the 

manufacture of rGO with a view to the establishment of a repeatable production process and 

the optimum type of electrode for electrochemical sensing applications. This will allow the 

achievement of the study’s aims and objectives as stated in chapter one.   
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2.8 Conclusion 

This chapter considers relevant work in the literature so as to fully understand the methods 

used for the reduction of GO as well as its sensing and biochemical sensing applications. It 

started with the background of biosensors, where several types of devices were reviewed 

including optical detection, electrochemical, and mechanical biosensors. Then the focus shifted 

to a review of the background of graphene, and its properties and synthesis methods which 

include ME, LPE, CVD, and epitaxial growth on Silicon Carbide (SiC). Then the applications 

of graphene in several sensor types were discussed, such as in optical detection, 

electrochemical, and mechanical biosensing. The chapter also reviewed the methods used in 

reducing graphene oxides, which are thermal, laser, and chemical reduction, as well as 

solvothermal methods. 
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Chapter 3. Methodology 
 

3.1 Introduction  

Techniques such as inkjet and screen printing are widely used in the development of platforms 

in electrochemical biosensing for the elaboration of bare electrodes [137, 138]. Electrochemical 

biosensors based on laser-scribed graphene electrodes have recently shown tremendous 

potential because of their electronic properties, porous structure, and large surface area that can 

support charge transfer [139]. Graphene oxide (GO) is converted into reduced graphene oxide 

(rGO) using the laser-scribing technology. The LightScribe DVD drive (with a laser power of 

5mW and a wavelength of 788nm) can be used to pattern the surface and produce rGO  from 

GO [140].  

3.2 Materials 

This section focuses on the materials used in the production of the electrodes and sensing 

devices in this study and these are discussed in the following subsections.  

3.2.1 Suspended Graphene Oxide  

Suspended GO1 is a two-dimensional (2D) material which is an oxidised form of graphene 

with Oxygen (O) functional groups attached to its branches [141]. It was purchased from 

Graphenea (San Sebastian, Spain) with a concentration of 4 mg/ml. 

The second GO2 material is a more viscous liquid which was kindly provided by the 

University of California at Los Angeles (UCLA) and has been diluted in deionised water to 

75 mg/ml in a sealable container as a working solution recommended in previous work [142]. 

The mixture was then hand-shaken for a period of 5 to 10 minutes and the suspended solution 

obtained was then used in the fabrication of the electrode. The liquid form of GO1 and GO2 

are presented in figure 3-1. 
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     Figure 3-1 The liquid form of GO1 and GO2  

3.2.2 Polyethylene Terephthalate (PET) Film 

Polyethylene terephthalate (PET or PETE) is a general-purpose class of thermoplastic polyester 

polymers. These resins are well-known for their various excellent properties such as high 

mechanical strength, and good thermal stability and chemical resistance [143]. Transparent 

PET film was purchased from the Viking Office Depot, UK served as the flexible base for 

electrode production with 210 mm x 297 mm as A4 sheet with a thickness of 115 micro- meter. 

The PET film was attached to the LightScribe DVDs using a few drops of 3M adhesive spray 

and the cut-out shape of the PET film to fit the DVD can be shown in figure 3-2. This adhesive 

material provided a fast and secure bond between the flexible transparent PET substrate and 

the DVD, thus forming a secure and stable base during the electrode fabrication. 
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  Figure 3-2 The cut-out shape of the PET film to fit the DVD 

3.2.3 Conductive Silver  

186-3600 silver conductive paint was obtained from RS Components (Northamptonshire, UK) 

and used to make the electrode contact point. Figure 3-3 shows a silver conductive paint and 

rGO electrode with attached copper tape through the using of this paint. The paint is used for 

painting onto an electrical screen or the creation of electrical connections to non-solderable 

surfaces. It has a good volume resistivity of 0.001 Ω/cm when completely solidified. It can also 

provide excellent resistance against corrosion. This adhesive was painted onto the electrode 

with a brush and kept at room temperature for 10 min until touch-dry so as to be ready to use.  

 

  Figure 3-3 a) silver conductive paint, b) rGO electrode with attached copper tape through the using of silver 

conductive paint.  
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3.3 Research Equipment  

The following sections describe the equipment used for the production of electrodes and device 

manufacture during the current research. 

3.3.1 DVD LightScribe writer 

LightScribe (Hewlett-Packard Company HP, USA) is a direct disc labelling system that 

precisely burns DVDs loaded with GO materials quickly and easily. It includes a personal 

computer (PC) LightScribe DVD drive with specially coated compact disc (CD) or DVD discs 

and advanced disc-labelling software [144, 145]. For this work, a set of ten DVD LightScribe 

discs were purchased online. The substrates were placed in the writer, and the LightScribe 

software was run to transfer the electrode design to the writer, and the LightScribe laser then 

imprinted the electrode design on the surfaces of the discs. Figure 3-4 shows the DVD 

Lightscribe writer and the DVD disc in a case. 

 

Figure 3-4 a) the DVD Lightscribe writer, b) the DVD disc in a case 

3.3.2 Vacuum Chamber 

Laser-scribing under vacuum conditions was used in addition to conventional ambient 

conditions to determine if different methods could improve the resulting quality of the 

electrodes. The vacuum chamber was designed in the laboratory at Newcastle University using 

Autodesk Inventor software. The soft copy-designed chamber was physically manufactured by 

Bill Quay Precision Engineering Factory, Newcastle, UK. Figure 3-5 shows the cylindrical 

vacuum chamber and the DVD Lightscribe writer inside the vacuum chamber. It is worth 

mentioning that all of the components of the vacuum chamber including the chamber chassis, 

lid, pump bolts, and a pump (Edwards RV12, England) with a pressure sensor (Edwards, INST 
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CONT 40 W, England), were made of stainless steel so as to be efficient and cost-effective, 

since it is a significantly strong material and can withstand high pressure, in addition to being 

cost effective as it can be used several times for long time periods. Upon manufacturing this 

equipment, the chamber was installed in the Micro-Electro-Mechanical Systems (MEMS) 

Laboratory, Merz Court, Newcastle University, and was connected to an instrument controller 

to observe the pressure inside the chamber.  

 

Figure 3-5 cylindrical vacuum chamber (left), the DVD Lightscribe writer in the vacuum chamber (right). 

3.3.3 Gas Cylinder 

Most of the electrodes produced under vacuum conditions without any additions appeared to 

have become charred. Thus, in order to ensure the production of electrodes of better quality, a 

cooling down in the chamber during production was necessary. For that reason, either N2 or Ar 

gases were used at 0.5 mbar. Figure 3-6 presents an illustration of the chamber setting with the 

gas cylinders.  
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Figure 3-6.  Vacuum chamber setting: a). Nitrogen and Argon gas cylinders, b). Pressure controller to monitor the 

pressure inside the chamber, c). Vacuum pump, d). Vacuum chamber with the laser-scribe DVD drive placed 

inside, e). PC unit to transfer the design and control printing process. 

3.4 Materials Analysis 

Different techniques have been utilised to study the properties, structure, and quality of 

graphene to assist in the determination of the desired characteristics. Specific properties of 

some materials are particularly desired when used for electrochemical applications. Its electron 

mobility and electrical conductivity are suitable for either electrochemical or electronic 

applications using the material produced, while on the other hand mechanical strength could 

be suitable for piezoelectric applications. In the determination of suitable material properties, 

certain standard tests and measurement techniques need to be used for any specific application. 

These analyses include the spectral analysis of device material using Raman and XPS 

spectroscopy, assessment of the surface topology of the manufactured material using scanning 

electron microscopy (SEM), and an evaluation of electrochemical behaviour using cyclic 

voltammetry (CV). 

3.4.1 Raman Spectroscopy 

Raman spectroscopy is a beneficial tool in the field of materials science which can be used to 

characterise material properties without causing damage to the sample. Moreover, the Raman 

spectra of a graphene or graphene oxide sheet may be used to determine its atomic structure, 

number of layers, edge type, disorder type, and attached functional groups.  The Raman shift, 

peak form, position, and intensity can all be used in the investigation of these features [146]. 

The recorded Raman spectra of graphene and graphite at an excitation wavelength of 514 nm 

are shown in figure 3-7 (a). As can be observed, two primary features were captured at 
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wavenumbers of 1580cm-1 and 2700cm-1 which correspond to the G and 2D bands respectively. 

The position and broadness of a 2D band can be used in the calculation of the number of 

graphene layers present [147, 148]. The form of the 2D band in graphite differs from that of 

graphene, as can be seen in figure 3-7 (b). The 2D band in graphite has two peaks whereas in 

graphene it has just one sharp peak. This is because there are fewer layers in graphene and 

a different electron-phonon scattering process takes place [149].  

On the other hand, the Raman spectra of graphene oxide in the range of 1100cm-1 to 3000cm-1 

has three significant peaks called D, G, and 2D, which occur at wavenumbers of 1300cm-1, 

1580cm-1 and 2680 cm-1 respectively [146] as presented in figure 3-8. The existence of a D 

band suggests that there is a fault in the graphene sheet. On the other hand, the appearance of 

the G band at 1580 cm-1 is caused by scattering in the E2g mode [146]. As a result of the 

functionalisation of the graphene, the G band may exhibit a blue shift from 1580 cm-1 in 

graphite to more than 1593 cm-1 in graphene oxide [149, 150]. The presence of a 2D band in 

the Raman spectra is conclusive proof of the presence of graphene. The G band of a single 

layer of graphene, for example, was discovered to be around 2685cm-1 with a value of full 

width at half maximum (FWHM) of 25cm-1. The intensity ratio of the D and G bands in a 

graphene sheet offers information about structural flaws. The ratio of Id/Ig, for instance, rises 

after annealing takes place due to a loss of carbon atoms [149].   

In this work, Raman spectroscopy was used to characterise the electrodes produced in order to 

distinguish their quality levels depending on the number of graphene layers. The Raman spectra 

were performed at Newcastle University using a Horiba Jobin Yvon HR800 Raman 

spectrometer with a 532 nm excitation laser. 
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Figure 3-7. Comparison of Raman spectra: (a) between graphite and graphene; (b) 2D peaks of graphene and 

graphite [150]. 

 

Figure 3-8. Raman spectra of GO and rGO [151] 
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3.4.2 Scanning Electron Microscopy (SEM) 

SEM is one of the most versatile tools available for the characterisation, examination and 

analysis of the morphology and microstructure of materials. In scientific research, light 

microscopy has been and will continue to be of great importance. However, since the discovery 

that electrons can be deflected by a magnetic field as shown in numerous experiments, electron 

microscopy has been developed by replacing the light source with a high-energy electron beam 

[152]. In SEM, a concentrated electron beam is applied to a sample, and the electron signals 

generated are extracted and used to provide a picture of the sample surface. The sample for this 

technique should be electrically conductive in order to avoid overcharging with electrons [153].  

SEM depicts images of GO flakes and layers which exhibit a wavy, folded morphology and 

thin layers. The SEM pictures will indicate whether or not the rGO material is made up of 

separate sheets that are inextricably linked. In this work, SEM enabled the close observation 

of the surfaces of the electrodes and their topology.  

In the current work, the SEM photographs were performed at Newcastle University using Jeol 

JSM 5610LV machine fitted with an X-act EDX detector from Oxford Instruments, Japan. 

3.4.3 X-ray Photoelectron Spectroscopy  

X-ray photoelectron spectroscopy (XPS) is widely used for the rapid evaluation of features 

when preparing GO and achieving efficiency in reduction procedures. This surface-sensitive 

technique gives information about the oxidative state and chemical composition of available 

elements [154]. XPS is used in studies of graphene to identify how close a given sample is to 

pure graphene. In theory, graphene requires the maximum carbon and minimum oxygen in its 

structure, or otherwise purity is determined by the extent of its structural defects [155]. In XPS, 

sampling depth is crucial, and the measurement equipment tends to be limited vertically to be 

between 5-10 nm which is significantly higher than the thickness of pristine graphene at ≈ 0.35 

nm [156]. In this method, high-resolution elemental spectrum analysis is employed to fit the 

curve of the XPS carbon’s C1 spectra so as to identify the relevant chemical bonds or functional 

groups based on the distribution of peaks demonstrating the binding forces [157].  

However, for rGO, XPS analysis is considered to be a beneficial method to confirm levels of 

reduction and the quality of the precursor material [158]. For instance, figure 3-9 shows the 

XPS spectra of the GO film before and after the reduction process. Figure 3-9a shows that there 

are several functional groups at different binding energies, which are C-C at ~284.7 eV, C-O 

at ~ 286.0 eV, carbonyl C at ~287.7 eV, and carboxylate carbon O-C=O at 289.2 eV. On the 
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other hand, as shown in figure 3-9b, the intensity and atomic ratio of the reduced GO film are 

substantially reduced. This is followed by substantial rises in C-C intensity [14, 159, 160]. In 

order to determine the suitability of the electrode material produced for the intended 

application, the XPS of the device can be carried out to determine the chemical composition at 

the surfaces.  

In the current work, XPS data for the four prepared electrodes (LSGair, LSGuvc, LSGN2 and 

LSGAr) were obtained using an instrument from Kratos Axis Nova, UK according to the 

following parameters: 

1. The survey was conducted using a dwell time of 100 ms, pass energy of 150 eV, and 

step size of 0.2 eV.  

2. The O1s was measured using 526-538 eV, 0.05 eV step size, 300 ms dwell time, and 

40 eV pass energy.  

3. The C1s was measured using 279-290 eV, 0.05 eV step size, 300 ms dwell time, and 

40 eV pass energy.  

 

Figure 3-9. XPS spectra of: (a) GO film; (b) rGO film [14]   

3.5 Preparation of the Reduced GO Electrodes  

The rGO sensing platform consisted of electrodes initially created using Autodesk Inventor 

Professional 2018 software and produced using the LightScribe on GO-coated discs. Where 

the LightScribe technique is a direct disc labelling technology which uses the DVD disc writer 

capability to etch or inscribe a pattern that offers an easy approach to burn accurately silk-

screen quality labels. It merges the LightScribe-enabled DVD drive of PC with uniquely coated 

DVD discs and improved disc-labelling software [161]. Figure 3-10 illustrates the different 
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geometries of the electrodes that have been manufactured according to previous work [158-

160]. In order to prepare an easy-to handle electrode so as to facilitate its characterisation using 

SEM, Raman, and XPS spectroscopy, the electrode was designed as shown in figure 3-10a. On 

the other hand, the electrodes shown in figure 3-10b have been designed for the CV analysis 

as this provides a larger contact area which facilitates the analysis process.  

 

            Figure 3-10. rGO electrode design: (a) combined-shape electrode; (b) patch electrode. 

3.6 Fundamental Method for Transforming GO to rGO  

Laser-scribing technology converts GO into rGO using a laser beam. The significant 

advantages of the light-scribe in GO reduction are that the process is rapid, simple, and 

effective [140]. The laser thermally reduces an insulating GO film at predefined positions, 

resulting in bespoke conducting LSG electrodes [162]. The one-step patterning method can be 

performed in any laboratory that has basic computer facilities because it does not require the 

expensive lithography which is required for the screen-printing and microfabrication of 

electrochemical sensors [163].  

For this work, the first step in the fabrication of the sensor device involved the preparation of 

the substrate, which is the PET foil film. These films were glued onto a supporting DVD disc 

using the 3M adhesive, followed by the homogeneous drop-casting of 15 ml of the liquid GO 

onto the PET substrate.  The liquid GO was left to dry for 48 hours at room temperature in a 

dust-free room. Subsequently, the design made using Autodesk software was transferred to 

LightScribe Template Labeler Version 1.18.27.10 (Hewlett-Packard). The DVD disc was 

inserted bottom-up inside the LaserScribe writer and the selected patterns for each sensing 
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electrode device were separately loaded from the computer. In order to yield a well-designed 

sensing electrode, the pattern was scribed 10 cycles onto the surface. Each cycle took about 15 

minutes to be completed. Moreover, the production process was improvised to enhance the 

quality of the sensor devices. Some devices were produced under atmospheric and vacuum 

conditions, while other devices were fabricated in the presence of Nitrogen (N2) or Argon (Ar) 

gases in a vacuum chamber. Figure 3-11 illustrates the basic process of the production of the 

laser-scribed graphene (LSG) under all production conditions.  

 

Figure 3-11. Electrode production process: (a) DVD disc; (b) GO layer over the disc; (c) the disc with dried GO 

layer placed in the LightScribe writer for scribing; (d) LSG electrode patterned in black. 

3.7 Electrochemistry of the Prepared Electrodes  

The electrochemistry of the four prepared electrodes (LSGair, LSGuvc, LSGN2 and LSGAr) used 

for this work involved the utilisation of a three-electrode system that consists of a platinum 

counter electrode, a standard Ag/AgCl reference electrode, and the produced LSG working 

electrodes. Electrochemical measurements were obtained using the Autolab electrochemical 

workstation (Netherlands). Two redox species (1,1′-ferrocene dimethanol and potassium 

ferricyanide both at concentration of 0.001M) were used for the electrochemistry in this work. 

For the CV experiments with each redox species, 3 replicas of each electrode in addition to 3 

CV runs for each replica were applied. When investigating the effect of scan rate on peak 

current and peak-peak potential separation (∆Ep), CV was performed at five different scan rates 

of 10, 25, 50, 75 and 100 mV s-1. Experiments comparing the different working electrodes were 

performed using the redox species mentioned above. When 1,1′-ferrocene dimethanol was 
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used, the potential cycled between 0.6 V and 0.0 V, while in the case of the potassium 

ferricyanide redox species, the potential cycled between 0.6 V and -0.15 V. 

3.7.1 Cyclic Voltammetry (CV) 

This section highlights the cyclic voltammetry (CV) of the electrode devices produced under 

various conditions with the two types of redox species used in the electrochemical analysis of 

the devices. The aim here is to analyse the performance of the devices and their suitability for 

electrochemical applications. The response performance show in the voltammogram is key in 

determining the performance, effectiveness, efficacy, and suitability of the device for the 

intended application [164]. Cyclic voltammetry (CV) is an effective electrochemical method 

which is commonly used to examine the reduction and oxidation (redox) processes of various 

molecular species [18]. CV is vital in the study of electron transfer-initiated chemical reactions 

and has become an important and widely used electroanalytical system in numerous areas of 

chemistry. It is used in the study of redox processes to analyse electrochemical reactions that 

occur between ions and the surface atoms of electrodes under investigation for known reaction 

intermediates and to determine the qualitative properties of the transfer of charge reactions 

between electrolyte ions and electrons from the surface of the electrode [20]. The ‘duck-

shaped’ plot generated by cyclic voltammetry is a typical electrochemical response observed 

in a CV experiment, as shown in figure 3-12, which is often referred to as a cyclic 

voltammogram. In the typical example shown in figure 3-12, the electrochemical process is 

such that the scan starts at a lower value of potential and then sweeps to higher and more 

positive oxidative potentials [48]. At the onset of oxidation, the current exponentially increases 

as the analyte is oxidised at the working electrode surface. Here the process is under 

electrochemical control, with the current linearly increasing with increasing voltage until it 

reaches a peak at a point called the anodic [165] peak current (Ipa) for the oxidation process at 

some anodic peak potential (Epa). From this point onwards in this forward scan, increased 

potentials slow down the electrochemical process and decrease the current as the potentials are 

scanned to a more positive potential until a steady state is reached, where further increases in 

potential no longer affect the observed current [165]. Afterwards, the scan reverses potentials 

(reductive scan) and continues; this reduction process mimics that for oxidation, except with 

an opposite scan direction, until a cathodic peak current (Ipc) at some cathodic peak potential 

(Epc) is reached. After this point the current begins to rise in value.  
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In this work, two redox species, potassium ferricyanide and 1,1′-ferrocene dimethanol, were 

investigated and the results are presented in chapters 5 and 6. The CV of the manufactured 

device was performed in the Institute of Cellular Medicine at Newcastle University. 

 

Figure 3-12. Typical cyclic voltammogram for an electrochemical system [165]. 
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Chapter 4. Material Characterisation 
 

4.1 Introduction 

One of the ways in which the materials used in the production of the electrode can be studied 

is by looking their features at microscale as well as the composition of atoms in their structure. 

This examination helps to give insights into the chemical, mechanical and biological properties, 

leading to a better understanding of their expected performance and efficacy in the proposed 

application. For this work, the material characterisation was carefully designed to serve the 

purpose of the research. For both prepared materials (GO1 and GO2), the most important 

characterisation techniques were performed in order to properly describe both materials in 

addition to investigating the characteristics that would allow the selection of a preferred 

material. The characterisation included a assessment of surface morphology using scanning 

electron microscopy (SEM) and Raman Spectroscopy, and in addition X-ray photoelectron 

spectroscopy (XPS) was performed for the most promising material selected. 

4.2 Scanning Electron Microscopy 

In this work the rGO electrodes were produced under four different manufacturing conditions 

as described in chapter 3. The SEM was used to check the morphologies of the rGO electrode 

devices. It is important to demonstrate that the two graphene oxide samples were used to 

produce separate electrode devices in order to determine the best GO that gives the most 

suitable electrode device. The morphological images obtained for the rGO electrode sample 

(from GO1) prepared using the four manufacturing schemes are presented in figure 4-1. The 

micrographs obtained were sufficiently magnified to precisely observe the surface of each 

electrode material. Figure 4-1 shows the SEM images for rGO produced under atmospheric 

(LSGair), vacuum (LSGuvc), Nitrogen gas (LSGN2), and Argon gas (LSGAr), conditions. All of 

the micrographs of these electrodes were obtained at the same magnification of x10000, which 

facilitates a clearer visualisation of the morphology of the electrode surface.   

The micrographs of rGO presented in figure 4-1 show that all of the rGO surfaces included 

crumpled thin sheets which accumulated to form material with a disordered structure. 

However, the material produced under atmospheric, vacuum, and vacuum with Argon gas 

conditions had more crumpled sheets. This crumpling or folding of the thin sheets might be 

due to the pre-existence of wrinkles and the random curving of the sheets in the graphene oxide 
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[166]. Furthermore, when undergoing rapid deformation during thermal reduction technique, 

wrinkles and curves could be transformed into folds in the rGO electrodes [166]. 

 

Figure 4-1. SEM micrographs of the surface of each electrode material for rGO (from GO1) at a magnification of 

x10000, produced under: (a) atmospheric; (b) vacuum; (c) Nitrogen gas; and (d) Argon gas conditions. 

Similarly, the second graphene oxide, GO2, was obtained and prepared in the same manner as 

for GO1. The morphological images obtained for these electrode samples prepared using the 

four schemes (LSGair, LSGuvc, LSGN2, and LSGAr) for GO2 are presented in figure 4-2. The 

SEMs indicate an appropriately magnified image of the surface of each electrode material 

obtained from GO2. Figure 4-2 shows the SEM images for the LSGair, LSGuvc, LSGN2, and 

LSGAr electrodes at the same magnification of x10000 that was used for GO1 in order to allow 

an unbiased comparison.  

A comparison of the materials from these two GO samples using the SEM images might not 

immediately indicate any significant difference, but from visual observation it can be noted 

that the materials in figure 4-2 possess more wrinkles (or folds or deformations). This 

characteristic can be quite beneficial for the material, since research has shown that folds can 

alter the electronic structure of graphene and can lead to a pseudomagnetic field in the graphene 

material and modulate its surface properties and transparency [167]. Since graphene has only 
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recently been considered for application in electrodes for electrochemical sensing applications 

due to its enhanced electronic properties, high surface area and conductance, folded and 

wrinkled surfaces are advantageous for these applications. These properties make the sheets 

less stiff, which hinders stacking and allows increased surface area to be retained, hence 

enhancing the electrochemistry of the material leading to better electron transfer and 

electroactivity in the electrode [167]. 

It has also been reported that folds on graphene can lead to enhanced chemical activity and the 

possession of low thermal conductivity, which suggests the potential for thermoelectric 

applications. They also provide improved interlocking, better interaction with the host polymer 

within a composite, tuneable wettability, and high transparency, all of which could make them 

suitable for the fabrication of other graphene structures [167, 168]. These merits possessed by 

GO2 over GO1 as observed from the SEM images could provide the basis for the choice of 

which form of GO to be used in the manufacturing of rGO electrodes devices. Further 

comparison has been performed, as described in the following sections, to determine and 

confirm which of the tested GO materials would produce the optimum rGO electrodes to be 

preferentially used in the intended electrochemical and biological applications. 
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Figure 4-2. SEM micrographs of the surface of each electrode material at a magnification of x10000 for rGO 

(from GO2) produced under: (a) atmospheric; (b) vacuum; (c) Nitrogen gas; (d) Argon gas conditions.  

4.3 Raman Spectroscopy 

Raman spectroscopy is used to investigate defects, doping, thermal conductivity, and strain in 

graphene and other related materials. It provides information based on the inelasticity (or 

Raman) scattering of a molecule illuminated by a monochromatic light [64, 141, 147]. In this 

research the Raman spectra of the produced devices were conducted using a scan spectrum 

from 1000 cm-1 to 3000 cm-1 with the Argon laser beam set to a value of 514 nm. Since there 

two types of GO were used (GO1 and GO2), the Raman spectra of the electrodes are presented 

separately as recorded for the different manufacturing conditions in atmosphere, a vacuum 

chamber, Nitrogen gas, and Argon gas conditions.  
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4.3.1 Raman Spectroscopy for GO1 Electrodes 

This section presents the results of Raman spectroscopy of the rGO produced from the first 

graphene oxide material (GO1) under the different manufacturing conditions.  

Figure 4-3 shows Raman spectra for the surface of each electrode material at a laser excitation 

of 514 nm. From the figure, three prominent fundamental vibrations can be observed for the D 

band, the G band and 2D band in the range of 1345-1350 cm-1, 1580-1582 cm-1 and 2670-2682 

cm-1 respectively for the various conditions used in the production of the electrodes. The D 

vibration band is the peak which highlights defects in the sample [169-171]. It can be observed 

in table 4-1 that, the D band for the LSGair electrode occurs at 1346.88 cm-1 and that for the 

LSGuvc electrode occurs at 1349.25 cm-1. Similarly, the D bands for LSGN2 and LSGAr at 0.5 

mbar occur at 1345.92 cm-1 and 1348.42 cm-1 respectively. On the other hand, the G band is an 

in-plane vibrational mode relating to sp2 hybridized carbon atoms [147], and for the LSGair 

electrode it occurs at 1577.89 cm-1 while for the LSGuvc electrode it occurs at 1582.09 cm-1. 

Likewise, the G bands for the LSGN2 and LSGAr electrodes occur at 1582.11 cm-1 and 1581.17 

cm-1 respectively. The D and G bands in the Raman spectra in figure 4-3 represent the disorder 

and tangential bands respectively [147, 172].  

Meanwhile, the 2D band which is the second order of the D band and occasionally denoted as 

an overtone of the D band, is simply the result of a two-phonon lattice vibrational process 

[148]. This band is significantly broader and shifted to a higher wavenumber (Raman shift) as 

compared to the D and G bands. From figure 4-3 and table 4-1, it can be observed that the 2D 

band for the LSGair electrode occurs at 2680.76 cm-1 and that for the LSGuvc electrode occurs 

at 2680.76 cm-1, whereas the 2D band for the LSGN2 electrode occurs at 2673.91 cm-1 and that 

for the LSGAr electrode occurs at 2686.88 cm-1. This 2D band is usually a strong band in 

graphene and graphene-based materials and it can be used to determine the layer status of 

graphene as monolayer, double layer, or multilayer since it is highly sensitive to the stacking 

of graphene layers [148, 169]. 
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Figure 4-3. Raman spectra of the surface of each electrode material from GO1 under: (a) atmospheric; (b) vacuum; 

(c) N2; (d) Ar conditions. 

It is important at this point to determine how close the prepared electrodes are to single-layer 

graphene (SLG), since this possesses excellent chemical, electrical and mechanical properties 

[173-176]. For such an examination, a summary of results from the Raman spectra are 

presented in table 4-1. It has been previously mentioned in the literature that the Raman 

spectrum of single-layer graphene has specific wavenumbers for the D, G, and 2D bands. It has 

been observed that the wavenumber of the D band value for SLG is around 1350 cm-1, its G 

band occurs at about 1580 cm-1, and its 2D band occurs at approximately 2670 cm-1  [147, 148, 

169, 177, 178]. 
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From table 4-1, it can be observed that, the electrode material that has its D band closest to the 

D band of SLG is the LSGuvc electrode while the electrodes with G bands closest to that of SLG 

are those produced under the vacuum conditions (LSGuvc, LSGAr, and LSGN2) as compared 

with LSGair. Likewise, the electrode whose 2D band is closely related to that of SLG is the 

LSGN2 electrode. The vibration data using a mean value of 5 samples from table 4-1 was plotted 

for the D, G and 2D bands and the results are shown in figure 4-4. From this figure, the 

electrode that possess the highest G band intensity is the LSGAr electrode, with the LSGair 

electrode having the lowest G band intensity. It can also be deduced from this plot that the 

electrode with the lowest 2D band intensity is the LSGN2 electrode, while that with the highest 

2D band intensity is LSGAr.  

In this work, the 2D band is of interest since other research has also concluded that a higher 

2D band intensity of an electrode indicates lower graphene layering, and also that a higher  

Raman shift in the 2D band of the electrode suggests higher graphene layering [148, 150, 179]. 

From the results presented thus far, it can be observed that the LSGN2 electrode possesses a 2D 

band Raman shift of 2673.91 cm-1 which is close to the value of single-layer graphene whose 

2D band Raman shift is approximately 2670 cm-1. This electrode also exhibits a G band Raman 

shift of 1582.11cm-1, which is again very close to SLG’s Raman shift of about 1580 cm-1.  

It has been found that the 2D band is useful in the differentiation between SLG and multi-layer 

graphene and that the 2D band of SLG is a single symmetric peak with a full width at half 

maximum (FWHM) of ᷉ 30 cm-1 [141]. Meanwhile, the 2D band of a graphene material that has 

successive layers is split into several overlapping bands. The present results as shown in figure 

4-4 strongly accord with those previous findings, as the 2D band of the electrode prepared 

under nitrogen gas conditions has a single symmetric peak with the complete absence of 

overlapping bands, which proves that the electrode material is closer to SLG.  

The D/G band intensity ratio gives insight into the structural disorder present such as edge 

defects and ripples [180] [181]. As shown in table 4-1, the electrode material with the lowest 

density of defects is that manufactured under atmospheric conditions, while the LSGN2 

electrode possesses the highest defect density indicating that this material has more active 

regions. This makes it suitable for electrochemical applications as it is endowed with specific 

sensor sites for molecular adsorption [180, 182]. From the results obtained, it can be concluded 

that the LSGN2 electrode is preferred for uses related to electrochemical and biosensor 

applications. 
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Figure 4-4. Raman shift of the GO1 electrodes produced under the different conditions. 

Table 4-1. Raman spectra of the manufactured LSG electrodes with GO1 and GO2 and other graphene electrodes. 

Graphene 

oxide 

(GO) 

Electrode 
D Band 

cm-1 

G Band 

cm-1 

2D Band cm-

1 
Id Ig Id/Ig Ref 

GO1 

LSGair 1346.88 1577.89 2680.76 331.25 365.16 0.90714 
This 

work 

LSGuvc 1349.25 1582.09 2680.76 542.76 562.28 0.96528 
This 

work 

LSGAr 1348.42 1581.17 2686.88 692.07 729.03 0.9493 
This 

work 

LSGN2 1345.92 1582.11 2673.91 405.16 390.46 1.03765 
This 

work 

 

SLG 1350 1580 2670 - - - 

[147, 

148, 169, 

177, 178] 

MLG 1355 1583 2710 4 6.8 0.58824 [183] 

rGO 1339.2 1587.3 2663.3 7750 4650 1.66667 [184] 

GO2 

LSGair 1343.51 1578.83 2677.2 627.26 662.26 0.94715 
This 

work 

LSGuvc 1345.92 1575.07 2677.2 682.78 716.94 0.95235 
This 

work 

LSGAr 1341.1 1576.95 2680.42 726 726.92 0.99873 
This 

work 

LSGN2 1348.42 1578.83 2690.1 699.31 681.7 1.02583 
This 

work 

 

 

 



60 
 

4.3.2 Raman Spectroscopy for GO2 Electrodes 

This section presents the results of Raman spectroscopy for GO2. Figure 4-5 shows the Raman 

spectra for the surface of each electrode material at a laser excitation of 514 nm. It is clear from 

figure 4-5 and table 4-1 that the D band for the LSGair electrode occurs at 1343.51 cm-1 and 

that for the LSGuvc electrode occurs at 1345.92 cm-1. Likewise, the D band for the LSGN2 

electrode occurs at 1348.42 cm-1 with that for the LSGAr electrode at 1341.10 cm-1. On the other 

hand, the G bands for the four electrodes occur at 1578.83cm-1, 1575.07 cm-1, 1578.83 cm-1, 

and 1576.95 cm-1 respectively.  

It can also be observed from figure 4-5 and table 4-1 that the 2D bands for the LSGair and 

LSGuvc electrodes occur at 2677.20 cm-1, while the 2D bands for the LSGN2 and LSGAr 

electrodes occur at 2690.10 cm-1 and 2680.42 cm-1 respectively. This 2D band as above is 

usually a strong band in graphene and graphene-based materials and therefore it can aid in the 

determination layering in graphene since it is extremely sensitive to the stacking of graphene 

layers [148, 169]. 
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Figure 4-5. Raman spectra of: (a) LSGair; (b) LSGuvc; (c) LSGN2; (d) LSGAr. 

For the selection of the optimum choice among the prepared GO2 electrodes, it is better to 

investigate which of them has properties closest to those of SLG. From table 4-1, it can be seen 

that the electrode material exhibiting a Raman shift in its D band closest to that of SLG is that 

produced in nitrogen gas conditions, at 1348.42 cm-1. Meanwhile, the electrodes whose G band 

wavenumbers are closest to that of SLG are LSGair and LSGN2 , at 1578.83 cm-1. Likewise, the 

electrodes whose 2D band is closest to that of SLG, at 2677.20 cm-1, are those produced under 

atmospheric and vacuum conditions (LSGair and LSGuvc). The recorded vibration data for the 

four prepared electrodes for the D, G and 2D bands are plotted as shown in figure 4-6. From 

this figure, it is evident that the electrode possessing the highest G band intensity is the LSGAr 

electrode, while that produced under atmospheric conditions has the lowest G band intensity. 

It can also be seen from this plot that the electrodes with the lowest 2D band intensity are 

LSGN2 and LSGuvc, while that with the highest 2D band intensity is the electrode produced in 

air. However, according to the literature, it is more appropriate to describe how close a material 

is to SLG according to the position of its G band wavenumber. It has been found that an 
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increase in the intensity and lower wavenumber of the G band indicates multiple graphene 

layers [148, 150, 185]. From the data in table 4-1, it can be seen that the G band intensity of 

LSGN2 and LSGair are the lowest recorded among the prepared electrodes, whereas the G band 

wavenumber of the LSGN2 electrode has the highest value. 

As mentioned earlier, the 2D band of single layer graphene can be shown to have a single 

symmetrical peak but for graphene that has more layers the peak is split into several 

overlapping bands [148, 150, 179, 185]. This matches our results which show that the electrode 

prepared in nitrogen gas conditions is the one closest to SLG.   

 

Figure 4-6. Reduced graphene oxide electrode from GO2 produced under different conditions. 

Furthermore, to choose the best possible electrode obtained from the GO2 sample, the intensity 

and wavenumber of the 4 electrodes were plotted in order to determine which one exhibits the 

desired response in this case, indicating fewer graphene layers. This plot is shown in figure 4-

7, from which it can be observed that all of the electrodes possess identically broad Raman 

shifts in their 2D band, with the electrode produced under atmospheric conditions having the 

highest value of intensity. The band for the electrode produced in nitrogen possesses the lowest 

intensity but is slightly broader than those of the other electrodes, although the 2D Raman shift 

of the LSGuvc electrode has the second lowest intensity. However, in comparing G band 

intensity, it can be observed that the G band Raman shift of the electrode produced under 
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vacuum conditions in the presence of Argon gas is higher than that produced in simple vacuum. 

This indicates that the LSGAr electrode possesses more layers than the LSGuvc electrode, which 

accords with other published data [148, 179]. Overall, according to the literature, the 

determination of the number of layers in a material is mostly based on the value of the 2D 

Raman shift [148, 150]. It can be observed that the electrode produced under vacuum 

conditions possesses the lowest 2D band Raman shift of 2677.20 cm-1, which is quite close to 

that of single layer graphene with a 2D band wavenumber of approximately 2670 cm-1. 

Meanwhile, its G band Raman shift of 1575.07cm-1 is close to that of SLG at a value of about 

1580 cm-1 [148, 179]. However, as mentioned above, the D/G band intensity ratio gives more 

insight into aspects of the nature of the material, where a smaller value indicates fewer defects 

[180]. It can be deduced from table 4-1 that the electrodes with the smallest density of defects 

are those manufactured under atmospheric and vacuum conditions, while the LSGN2 and LSGAr 

electrodes possesses the highest defect densities [181] indicating that these electrodes have 

more active regions and thus they are more suitable for electrochemical applications [180, 182]. 

From these data, it can be concluded that the LSGN2 electrode is closest to SLG, indicating that 

it is the optimal choice for electrochemical applications.   

 

Figure 4-7. Raman spectra of the GO2 electrodes produced under different conditions. 
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To determine the optimum LSGN2 electrode device from the GO1 and GO2 samples, the two 

electrodes were compared as shown in table 4-1. It can be observed that the two GO samples 

possess similar characteristics, since their Id/Ig ratios are similar which indicates that they have 

similar defect densities and possess similar numbers of layers. Meanwhile, the D and G band 

wavenumbers of the GO2 sample indicate values closer to SLG, and from subsequent cyclic 

voltammetry experiments the response characteristics for the GO2 electrode devices indicate 

superior electrochemistry. Hence, from the above results in addition to the SEM micrographs 

of the two GO materials, it can be concluded that the two materials are very similar in terms of 

response characteristics. But, in general, the LSGN2 electrode manufactured using the GO2 

sample showed the most suitable results from the electrochemical analysis conducted using 

cyclic voltammetry. This has guided its selection in the manufacture of rGO for the subsequent 

research work in this study.  

4.4 X-ray Photoelectron Spectroscopy (XPS) 

XPS is an important technique that is extensively used as a quantitative method to investigate 

the presence of elements on the surface of a material, their percentage, and chemical states 

[186, 187]. In our case, it is considered to be a useful technique in the characterisation of 

reduced graphene oxide to show its residual oxygen content in addition to the oxygen/carbon 

ratio following laser reduction.   

 

             Figure 4-8. XPS data analysis for GO 
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 Figure 4-9. XPS data analysis for LSG under the various manufacturing conditions: (a) air; (b) vacuum; (c) N2; 

(d) Ar. 
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Figure 4-10. Survey scan XPS spectra of GO and LSG using: (a) air; (b) vacuum; (c) N2; (d) Ar conditions. 

As shown in figures 4-8 to 4-10, a decrease and a shift in the O1s peak were observed after the 

reduction of GO to rGO using LSG, which indicates the loss of oxygen molecules during the 

reduction process. It is also shown that, at the location C1s, its double peak changed into a 

prominent single peak after the reduction of GO into rGO, which considered to represent 

evidence of the alteration in bond configurations. It is also shown that, the ratio between 

carbon-oxygen and carbon-carbon bonds was greater in GO than rGO, which showed the 

largest peak at the sp2 bonded carbons accompanied by lowered carbon-oxygen bonds. Figures 

4-8 to 4-10 demonstrate more variable amounts of oxygen in the prepared rGO in the different 

electrodes compared with GO. The results from table 4-2 suggest that the use of atmospheric 

conditions during the laser scribe reduction process leads to a reduction in oxygen percentage 

from 30.13 to 9.27%, while very similar changes in levels from 30.13 to 9.93 were found under 

vacuum conditions. However, the N2 and Ar conditions during the reduction process resulted 

in lower oxygen content from 30.13 to 4.95% and from 30.13 to 5.88% respectively. A greater 

reduction in the oxygen content of a material is advantageous for use in various electrochemical 

reactions, especially for materials that have oxygen-derived functional groups as surface 
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species which will thus provide an acceptable level of electron transfer on the electrode surface 

[188].  

These results demonstrate that the order of preference of the four conditions applied regarding 

oxygen content would be: N2 > Ar > air > vacuum. These results match those obtained from 

SEM and Raman spectra, proving that the reduction of GO in N2 gas conditions represents the 

optimal electrode preparation condition and suggests its promise in biosensor applications. 

The percentages of both carbon and oxygen in GO and rGO using the four mentioned 

preparation conditions are summarised in table 4-2  

Table 4-2. XPS analysis of the percentages of carbon and oxygen for GO and rGO using air, vacuum, N2, and Ar 

conditions. 

Electrode preparation condition 

GO rGO 

Carbon% Oxygen% Carbon% Oxygen% 

Air 

69.87 30.13 

90.73 9.27 

Vacuum 89.96 10.04 

N2 95.05 4.95 

Ar 94.12 5.88 

 

4.5 Conclusion 

According to the results obtained, it can be concluded that the reduced GO2 material has a 

more crumpled and wrinkled surface than GO1, especially when N2 gas is used as 

demonstrated by SEM micrography. This suggests that the LSGN2 material possesses a more 

defective surface, indicating enhanced potential for chemical activity and better interaction 

with the host polymer within a composite. In addition, the Raman spectra of both GO1 and 

GO2 materials were very similar in terms of response characteristics. However, the material 

produced from GO2 in nitrogen gas showed intensities of and shifts in the G, D, and 2D bands 

that are extremely close to those of SLG, and this could be a more promising material for 

electrochemical applications. Moreover, the data from XPS analysis demonstrated that the 

oxygen content of the rGO produced using N2 gas represented the lowest percentage recorded 

among the tested conditions. These results indicate that the LSGN2 electrode could potentially 

be applied as an electrochemical device.  
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Chapter 5. Experimental Results 
 

5.1 Introduction 

It is vital to evaluate the suitability of a device produced for its specific potential application. 

Hence, it was crucial to perform specialised tests of the prepared LSGair, LSGuvc, LSGN2, and 

LSGAr devices to determine how they compare with each other and their possibility for future 

diagnostic, industrial and research applications. To do this, however, the most suitable 

technique for examination was explored and, for this work, cyclic voltammetry (CV) was 

chosen as a powerful and popular electrochemical technique commonly utilised to investigate 

the oxidation and reduction (redox) processes of molecular species. It is also a vital technique 

that is often employed to study chemical reactions instigated by electron transfer, including 

catalysis [48]. The analysis of the electrochemical reactions between the ions and surface atoms 

of the electrodes under investigation can therefore aid in understanding the reaction 

intermediates formed, thereby leading to a determination of the stability of reaction products. 

This provides qualitative information on the reaction mechanisms at the electrode and the 

qualitative properties of the charge transfer reactions between redox species ions and electrons 

from the electrode surface [49]. CV involves a three-electrode electrochemical cell, and the 

process is based on varying the voltage applied to a working electrode in the forward and 

reverse directions at specific scan rates whilst observing the current [189]. This technique 

entails a linear and a cyclic alteration of electrode voltage between the reference and working 

electrodes within a voltage range (the potential window) and the current that flows between the 

working electrode and counter electrode is then measured. The cyclic voltammogram gives a 

plot of the current against the potential applied, which provides the best visualisation of the 

redox process on the electrode device [49, 189]. The following sections present the results of 

experiments conducted with the devices produced in this research. 

5.2 Cyclic Voltammetry of GO1 Electrodes in Potassium Ferricyanide Redox 

Species  

In this work the LSG material was characterised electrochemically using CV with a standard 

three-electrode electrochemical cell employing Ag/AgCl as the reference electrode, a platinum 

rod with a diameter of 3 mm as the counter electrode, and the manufactured LSG electrodes as 

the working electrodes, as mentioned in chapter 3. One of the representative prepared 

electrodes using the LSG technique in addition to the reference and the counter electrodes can 
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be seen in figure 5-1. It is important to examine the preliminary results obtained from the CV 

experiments conducted using the chosen redox species, in this case potassium ferricyanide 

solution. In this work, the LSG electrode device was manufactured using the GO1 material, 

and figure 5-2 shows the cyclic voltammograms of the different manufactured rGO electrodes 

in the potassium ferricyanide redox species. The results illustrate that the electrode material 

manufactured under vacuum in the presence of Argon gas (LSGAr) shows the best 

electrochemical activity, with visible peak currents and peak-peak separation potential which 

indicate irreversible electrochemical behaviour exhibited by all of the electrodes except 

LSGAr, where the scan rate has been changed several times and the same results were obtained. 

 

Figure 5-1. Morphological appearance of: (a) the counter electrode; (b) one of the representative prepared 

electrodes; and (c) the reference electrode. 
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Figure 5-2. Cyclic voltammograms for the prepared electrodes under different conditions (LSGair, LSGuvc, LSGN2, 

and LSGAr) at a scan rate of 10mVs-1 in potassium ferricyanide redox species. 

 

From figure 5-2 and table 5-1, the response characteristics of the LSGAr electrode is the only 

one in which pronounced electrochemical activity is detected compared to the LSGair, LSGuvc, 

and LSGN2 electrodes. From this it can be concluded that the CV of the LSGAr electrode in 

potassium ferricyanide redox species is the only one which exhibits the relevant significant 

peaks associated with known cyclic voltammograms in terms of electrochemical behaviour.  

For the LSGAr electrode, an anodic peak current (Ipa) of 4.86 µA occurred at an anodic peak 

potential (Epa) of 0.3467 V, while its cathodic peak current (Ipc) of -11.7 µA occurred at a 

cathodic peak potential (Epc) of 0.1782 V.  
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5.3 Cyclic Voltammogram of GO1 Electrodes in 1,1′-ferrocene Dimethanol 

Redox Species  

This section looks at the performance of the rGO electrodes manufactured using GO1 graphene 

in the 1,1′-ferrocene dimethanol redox species. Its electrochemical activity is compared with 

that in the potassium ferricyanide redox species using the same electrode devices manufactured 

using GO1. Figure 5-3 shows the CV curves from the tests of all of the prepared electrodes. 

The results indicate that the electrode manufactured under vacuum conditions (LSGuvc) shows 

a pronounced peak current and peak-to-peak separation potential with a rapid electrochemical 

response, indicating better electrochemical activity than the other electrodes tested. The 

electrode device LSGAr has slower electrochemical activity shown by its peak currents and 

peak-to-peak separation potential. These two electrodes exhibited better electrochemical 

behaviour than the other two electrode devices manufactured in air (LSGair) and in the presence 

of Nitrogen gas (LSGN2). The latter two electrodes showed poor electrochemical activity as 

illustrated by their cyclic voltammogram in figure 5-3, indicating an irreversible response. 

 

Figure 5-3. Cyclic voltammograms for the prepared electrodes under different conditions (LSGair, LSGuvc, LSGN2, 

and LSGAr) at a scan rate of 10mVs-1 in 1,1′-ferrocene dimethanol. 
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The results shown in table 5-1 indicate better responses by two of the prepared electrodes 

(LSGuvc and LSGAr) in 1,1′-ferrocene dimethanol compared with the potassium ferricyanide 

cyclic voltammograms, since both electrodes were detected as active electrodes.  It can be seen 

that the Ipa of 8.17 µA occurred at an Epa of 0.3271 V for the LSGuvc electrode device, with an 

Ipc of -9.85 µA occurring at a value of Epc of 0.2002 V. Meanwhile, for the LSGAr electrode 

device, the Ipa of 8.12 µA occurred at an Epa of 0.3662 V, with its Ipc of -12.8 µA occurring at 

an Epc of 0.1538 V. According to these results, it can be deduced that use of the 1,1′-ferrocene 

dimethanol redox species led to better electrochemical behaviour exhibited by the electrode 

devices LSGuvc and LSGAr as compared to its potassium ferricyanide redox species 

counterparts. The results of further comparisons are presented in subsequent sections to 

highlight the most suitable redox species to be used in this work. 

However, it is important to state that fewer CV experiments were conducted for GO1 as an 

electrode material due to the evidence provided in chapter 4 in which the Raman spectroscopy 

and SEM results for GO2 indicated that it is superior to GO1  as a graphene oxide material, 

where this superiority is based on GO concentration. The presentation of the results in this 

section corroborates the findings in chapter 4 and also allows a comparison of the different 

concentrations found in GO1 and GO2. 

Table 5-1. Electrochemical responses shown in the cyclic voltammograms of different electrode devices 

manufactured with GO1 under different conditions (LSGair, LSGuvc, LSGN2, and LSGAr) in both redox species 

(potassium ferricyanide and 1,1′-ferrocene dimethanol redox species). 

Redox Species Electrode 

Type 

Epa Epc Ipa Ipc 

Potassium ferricyanide LSGair N/A N/A N/A N/A 

LSGuvc N/A N/A N/A N/A 

LSGN2 N/A N/A N/A N/A 

LSGAr 0.3467 0.1782 4.86 -11.7 

     

1,1 ferrocene dimethanol LSGair N/A N/A N/A N/A 

LSGuvc 0.3271 0.2002 8.17 -9.85 

LSGN2 N/A N/A N/A N/A 

LSGAr 0.3662 0.1538 8.12 -12.8 
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5.4 CV of GO2 Electrodes in Potassium Ferricyanide Redox Species 

This section presents the results concerning the electrochemical behaviour of the electrode 

devices manufactured using GO2 from CV performed with the potassium ferricyanide. This 

material is an inner-sphere redox species that is known to be sensitive to surface oxides [188]. 

In this section the results presented include a comparison of the scan rate used in the 

electrochemistry of each electrode device.  

5.4.1 CV of LSGair Electrode  

The electrochemistry of this electrode device is represented in figure 5-4, which includes a 

comparison of the electrochemical activity of the electrode with respect to scan rates increasing 

from 10 mVs-1 to 100 mVs-1. As a general trend, it can be observed that, as the scan rate 

increases, the peak-to-peak separation potential at which the peaks of the anodic and cathodic 

currents occurred increases. It can be observed that the value of the peak current usually tends 

to increase with increasing scan rate for all scan rates except 75 mVs-1 which shows the highest 

recorded peak current.  

 

   Figure 5-4. Cyclic voltammograms of LSGair electrode at different scan rates in potassium ferricyanide redox 

species. 
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To further highlight the performance of the electrodes, a comparison was conducted of the 

response characteristics shown in the cyclic voltammogram for each electrode, and the results 

for each of the electrodes are shown in table 5-2 below. This table shows that the results for 

potassium ferricyanide indicates values of peak potential which are very close together. At the 

scan rates applied, it can also be observed that the values of anodic peak current for ranges 

from 5.11 µA to 18.67 µA with a cathodic peak current in the range from -5.3 µA to 19.76 µA. 

These readings represent quite high values of peak oxidation and reduction current, which 

indicate a porous material [142]. 

5.4.2 CV of LSGuvc Electrode  

An assessment of the effect of scan rate on the electrochemical activity of this electrode will 

explain the nature and quality of the device manufactured using this technique. The same scan 

rate from 10 mVs-1 to 100 mVs-1 was also applied to this electrode, as represented in figure 5-

5. Overall, as the test scan rate increases, both the Ipa and Ipc peak currents increase 

proportionally. Similarly, the peak potential of the electrode also increased with scan rate. The 

figure also shows that the rate of electrochemical activity for electrode device decreases as the 

scan rate increases. These results can also be considered to reflect the effect of scan rate on the 

quality of the electrode device and its suitability for electrochemical sensing applications.  

 

Figure 5-5. Cyclic voltammograms of LSGuvc electrode at different scan rates in potassium ferricyanide redox 

species. 
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Similarly, as seen in table 5-2, the anodic peak potential (Epa) of 0.4744 V at 100 mVs-1 was 

observed to be the highest peak potential compared to those at other scan rates tested. The 

cathodic peak potential (Epc) with a value of 0.068 V at the same scan rate was also recorded 

as the highest peak potential. Additionally, the readings for the oxidation and reduction peak 

currents of 14.74 µA and -17.303 µA respectively were found to be the highest values, 

indicating that the electrode is porous. 

5.4.3 CV of LSGN2 Electrode 

The CV of the LSGN2 electrode has also been tested using multiple scan rates in order to 

investigate its electrochemical behaviour and its suitability for electrochemical-dependent 

applications. The same trend that has been observed when testing the LSGair and LSGuvc electrodes 

has also been found in this case. It was observed that, as the scan rate increases from 10 mVs-

1 to 100 mVs-1, there were a gradual increase in the anodic and cathodic currents and potential 

peaks, as seen in figure 5-6 and table 5-2. The peak current and potential at a scan rate of 100 

mVs-1 are also the highest detected compared with other scan rates tested. These results indicate 

that the lower the applied scan rate, the higher the electrochemical activity of the electrode, and 

therefore the application of 10 mVs-1 as the optimal scan rate is recommended. The results from 

the CV can give a good idea of the electrode’s behaviour and its quality when prepared under 

specific conditions, and hence this would lead to the most suitable application of such an 

electrode according to the level of its electrochemical activity [190].  
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Figure 5-6. Cyclic voltammograms of LSGN2 electrode at different scan rates in potassium ferricyanide redox 

species. 

5.4.4 CV of LSGAr Electrode  

The data presented in figure 5-7 show the same trend observed for both the LSGuvc and LSGN2 

electrodes. The gradual increase in the scan rate applied also resulted in increased current and 

potential peak values. It is shown that the values of 23.90 µA and -24.02 µA were recorded for 

the anodic and cathodic peak currents respectively, suggesting a porous electrode with more 

electrochemical activity compared with other electrodes tested.   
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Figure 5-7. Cyclic voltammograms of LSGAr electrode at different scan rates in potassium ferricyanide redox 

species. 

Table 5-2. Electrochemical response results for all GO2 electrodes (LSGair, LSGuvc, LSGN2, and LSGAr) in potassium 

ferricyanide redox species.  

Redox Species Electrode Type 
Scan Rate 

(mVs-1) 
Epa (V) Epc (V) Ipa (µA) Ipc (µA) 

Potassium Ferricyanide 

LSGair 

10 0.364 0.1904 5.11 -5.29 

25 0.3955 0.1489 9.344 -11.35 

50 0.4321 0.1155 14.575 -16.04 

75 0.4736 0.0708 18.67 -19.76 

100 0.437 0.1091 15.17 -15.23 

LSGuvc 

10 0.3613 0.1782 2.744 -5.17 

25 0.3931 0.1465 5.749 -8.14 

50 0.4248 0.1025 9.164 -11.67 

75 0.4419 0.1 12.05 -14.65 

100 0.474 0.068 14.74 -17.30 

LSGN2 

10 0.3345 0.2271 3.915 -5.91 

25 0.3442 0.2124 9.048 -9.95 

50 0.3564 0.2051 14.44 -13.998 

75 0.366 0.1977 18.27 -17.23 

100 0.3833 0.2124 21.49 -19.09 

LSGAr 

10 0.3393 0.2246 4.540 -6.7505 

25 0.3540 0.2002 9.280 -11.01 

50 0.3662 0.1855 14.94 -16.19 

75 0.380 0.17 19.671 -18.29 

100 0.3857 0.1758 23.90 -24.02 
All measurements are average values from 3 samples. 
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5.5 CV of GO2 Electrodes in 1,1′-ferrocene Dimethanol Redox Species 

Using CV, the four GO2 electrodes prepared under the previously mentioned conditions in the 

1,1′-ferrocene dimethanol have also been tested as an outer-sphere redox species [191]. This 

section compares the electrochemical activity of these electrodes at different scan rates.  

5.5.1 CVs of LSGair, LSGuvc, LSGN2, and LSGAr Electrodes  

The electrochemical activity of the four GO2 electrodes prepared under air, vacuum, nitrogen 

gas, and argon gas conditions (LSGair, LSGuvc, LSGN2, and LSGAr) with the 1,1′-ferrocene 

dimethanol redox species have been investigated using CV. CV scan rates ranging from 10 to 

100 mVs-1 were employed in order to explore the response of the electrodes tested in terms of 

the potential and current peak values detected. In all of these electrodes, increases in the anodic 

and cathodic potential and current peak values matched the gradual elevation of scan rate. As 

demonstrated in figure 5-8 and table 5-3, the LSGair electrode exhibited an Epc value of 0.1731 

V and an Epa value of 0.3514 V as the highest values recorded using a scan rate of 100 mVs-1. 

This electrode also gave the highest values of anodic peak current at 28.06 µA and cathodic 

peak current value at -27.16 µA, indicating that the electrode is porous and electroactive. 

In addition, the testing of the LSGuvc electrode using the same scan rate of 100 mVs-1 resulted 

in the highest an Epa and the lowest Epc values of 0.3318 and 0.1853 V respectively, while the 

maximum anodic and cathodic peak currents were recorded as 24.2 and -23.93 µA respectively, 

as shown in figure 5-9 and table 5-3 with an Epc of 0.27 V. 

Moreover, as shown in figure 5-10 and table 5-3, the maximum values of Epa, Epc, Ipa, and Ipc 

for the LSGN2 electrode at a scan rate of 100 mVs-1 were recorded as 0.314 V, 0.207 V, 34.95 

µA, and -33.75 µA respectively.  

Finally, figure 5-11 and table 5-3 demonstrate that the maximum Epa, Epc, Ipa, and Ipc values 

of the LSGAr electrode occurred at the highest scan rate applied of 100 mVs-1, which were 

recorded as 0.3299 V, 0.217 V, 35.549 µA, and -34.048 µA respectively.   



79 
 

 

       Figure 5-8. Cyclic voltammograms for LSGair at different scan rates in 1,1′-ferrocene dimethanol redox species. 

  

 

Figure 5-9. Cyclic voltammograms for LSGuvc at different scan rates in 1,1′-ferrocene dimethanol redox species. 
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Figure 5-10. Cyclic voltammograms for LSGN2 at different scan rates in 1,1′-ferrocene dimethanol redox species. 

 

 

Figure 5-11. Cyclic voltammograms for LSGAr at different scan rates in 1,1′-ferrocene dimethanol redox species. 
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Table 5-3 Recorded results of electrochemical responses for all GO2 electrodes (LSGair, LSGuvc, LSGN2, and LSGAr) in 

1,1′-ferrocene dimethanol redox species 

Redox Species 
Electrode 

Type 

Scan Rate 

(mVs-1) 
Epa (V) Epc (V) Ipa (µA) Ipc (µA) 

1,1′-ferrocene dimethanol 

LSGair 

10 0.351 0.1805 7.736 -6.80 

25 0.3172 0.2049 13.718 -12.90 

50 0.3294 0.2024 18.627 -17.43 

75 0.3367 0.1878 23.730 -22.641 

100 0.3514 0.1731 28.064 -27.17 

LSGuvc 

10 0.3075 0.2196 5.695 -4.903 

25 0.3123 0.2098 10.245 -9.71 

50 0.3196 0.2049 15.750 -15.36 

75 0.3245 0.1878 20.20 -19.93 

100 0.3318 0.1853 24.200 -23.93 

LSGN2 

10 0.3001 0.224 5.5023 -5.30 

25 0.3026 0.2220 15.524 -14.51 

50 0.3025 0.2195 23.629 22.74 

75 0.3025 0.2073 29.93 -29.35 

100 0.3147 0.2073 34.95 -33.75 

LSGAr 

10 0.3075 0.219 7.321 -6.88 

25 0.3099 0.2147 14.212 -14.08 

50 0.307 0.21 22.74 -22.93 

75 0.3148 0.2098 29.66 -23.25 

100 0.3299 0.2171 35.54 -34.05 
 

5.6 Conclusion 

This chapter presents the preliminary results of experiments on the electrochemical responses 

shown in the cyclic voltammograms of the electrode devices in both the outer and inner redox 

species. As a general trend, and as observed from the cyclic voltammograms, the peak 

potentials (peak anodic and cathodic current) increasing proportionally when the scan rate was 

gradually elevated. Unlikely, the electrochemical activity of the four tested electrodes 

decreased with increasing scan rate from 10 mVs-1 to 100 mVs-1. The cyclic voltammograms 

from each redox species also give an indication of the nature of the electrode material and the 

efficiency of the manufacturing techniques used and hence give useful information about the 

appropriate application of the electrode devices produced with respect to their electrochemical 

sensing capability.  

From the analysis of data, it is concluded that the electrochemical responses of the four 

electrodes (LSGair, LSGuvc, LSGN2, and LSGAr) were much weaker in the potassium 

ferricyanide than in the 1,1'-ferrocene dimethanol. However, the significant differences in their 

values as recorded in tables 5-2 and 5.3 indicate that the responses of the electrodes differ from 

each other since each type was manufactured using different fabrication techniques [162].  
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Chapter 6. Discussion of Results 
 

6.1 Introduction 

This chapter follows up on the work described in chapter 5, focusing on a further examination 

of the results of the electrochemical experiments carried out with the two redox species tested. 

The evaluation of the influence of different scan rates in affecting the characteristics of the 

manufactured electrode devices as well as their other properties is considered along with 

subsequent discussions in relation to other electrodes reported in the literature. To study the 

results in depth, the effect of the manufacturing technique used is also be evaluated with respect 

to scan rate. The investigation begins with the results for potassium ferricyanide followed by 

those for the 1,1′-ferrocene dimethanol.  

6.2 Electrochemical Performance of Each Electrode in Potassium 

Ferricyanide  

The results presented in this section focus on the responses associated with the various scan 

rates used in this electrochemical examination of each electrode material. From these results, 

the manufactured materials can be interpreted so that their characteristics can be compared in 

order to select a suitable scan rate that can be used to as an optimal parameter for electrode 

performance.  

6.2.1 Electrochemical Characteristics of the Prepared Electrodes  

For the redox probe of potassium ferricyanide with 1 M KCl as a supporting redox species, it 

is important to look at the effect of scan rate on the response characteristics of the manufactured 

electrodes, which will be used to determine the system’s performance. These results can also 

give insights into the electrochemical behaviour of devices manufactured under different 

conditions. CV was used to measure two parameters which taken together can be used to 

determine if a reaction is reversible, quasi-reversible or irreversible for a given scan rate, 

according to differences in the observed peak separation potential of the anodic peak current 

and the cathodic peak current shown in the cyclic voltammogram, and the intensity of the 

anodic (Ipa) and cathodic (Ipc) peak currents relative to the baseline on the cyclic voltammogram 

[47]. This section initially focuses on the effect of a scan rate of 10 mVs-1 on the manufactured 

electrode material and its response characteristics, as this was shown to be the best scan rate to 

be applied compared to the other values tested.  



83 
 

One of the indications that an electrochemical process is reversible, quasi-reversible or 

irreversible is given by the ratio of Ipa to Ipc  [47], and the results for the electrodes are presented 

in table 6-1. In the case of reversibility, the peak current ratio should be equal to one [47, 51]. 

It can be seen from the Ipa/Ipc data in table 6-1 that the ratios for all of the electrodes are below 

unity, which indicate that this process at a scan rate of 10 mVs-1 does not exhibit the behaviour 

associated with reversibility. table 6-1 also illustrates that the electrochemical activity of all of 

the electrodes, as indicated by their response in terms of the rate at which they reach their 

individual peak currents, suggests that they possess multiple layers. These results closely match 

those of Randviir [53], who concluded that the peak-to-peak separation potential (∆Ep) in 

voltametric waves increases as the number of graphene layer decreases, representing a decrease 

in the heterogeneous electron transfer rate and therefore slower electrochemical performance. 

However, for an ideal Nernstian one electron transfer process, the value of ∆Ep would be 59 

mV [47, 48]. From the results shown in table 6-1 at a scan rate of 10 mVs-1, the data for peak 

separation potential obtained using Equation 2-1 indicate that the LSGN2 electrode possesses 

the lowest value of 107.4 mV. This is the value closest to the ideal value of 59 mV, and hence 

this electrode exhibits the fastest rate of electron transfer compared to that of the LSGuvc which 

exhibits the slowest electron transfer rate.  

To further indicate the electrochemical responses of each electrode and the reversibility, quasi-

reversibility or irreversibility of the system, it is important to determine the heterogeneous 

electron transfer, or electron transfer rate, at the electrode surface (k0) [48, 50]. As mentioned 

in chapter 2, when the value of k0 ranges from 10−5 to 0.05 cms−1 (0.05> k0 >10−5 cms−1), the 

electron transfer reaction is called a quasi-reversible process [50].  From the data in table 6-1, 

the value of k0 for all of the electrodes (LSGair, LSGuvc, LSGN2, and LSGAr) was estimated to 

be 0.0016 cms−1 with a standard deviation of 10-5 at the scan rate of 10 mVs-1. The 

dimensionless kinetic parameter Ψ in Equation 2.2 is also important in determining the system 

performance. If Ψ >10, this indicates the electrochemical reversibility of the system, whereas if 

10>Ψ>10-2 the system is considered to be quasi-reversible, and if Ψ<10-2, the system is an 

irreversible one [47, 53]. From this, it can be concluded that all of the manufactured electrodes 

exhibit quasi-reversibility at a scan rate of 10 mVs-1 since their Ψ values are approximately 0.6.  

The mass transport in these electrodes is also another parameter that can describe the 

performance characteristics of the electrode system, which can be derived using Equation 2.6. 

As reported elsewhere [47], the slowest process involved determines electrochemical 

performance in every case if:  
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K0 >> Mtrans, where the electrode process is termed reversible and controlled by diffusion.  

K0 ≈ Mtrans, where both diffusion and electron transfer are of the same order and the process is 

called quasi-reversible; and 

K0 << Mtrans, where electron transfer is termed irreversible because the process will be rate-

determined when the mass transport is faster than the electron transfer rate.  

Thus, at a scan rate of 10 mVs-1, the value of Mtrans for all of the electrodes is 0.00257 cms−1, 

which is close to that of K0 and can be approximately equal, confirming the quasi-reversible 

behaviour of all of the electrodes, as shown in table 6-1.  

Using the same analysis, equations, and results from table 6-1, it can be deduced that, with scan 

rates of 25 mVs-1, 50 mVs-1, 75 mVs-1, and 100 mVs-1, the electrochemical behaviour of all of 

the manufactured electrodes is also quasi-reversible. 
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              Table 6-1. Response characteristics of the LSGair, LSGuvc, LSGN2, and LSGAr electrodes in potassium ferricyanide redox species. 

Redox Species 
Electrode 

Type 

Scan Rate 

(mVs-1) 
Ipa/Ipc 

ΔEp 

(mV) 
Ψ K0 Mtrans 

Potassium Ferricyanide 

LSGair 

10 -0.97 173.6 0.6303 0.0016 0.00257 

25 -0.82 246.6 0.631 0.00256 0.00406 

50 -0.91 316.6 0.6315 0.00362 0.00575 

75 -0.94 402.8 0.632 0.00444 0.00704 

100 -1.00 327.9 0.6316 0.00512 0.00813 

LSGuvc 

10 -0.53 183.1 0.631 0.00162 0.00257 

25 -0.71 246.6 0.6315 0.00256 0.00406 

50 -0.79 322.3 0.6321 0.00363 0.00575 

75 -0.82 341.9 0.6323 0.00445 0.00704 

100 -0.85 406 0.6323 0.00514 0.00813 

LSGN2 

10 -0.66 107.4 0.6297 0.00162 0.00257 

25 -0.91 122.1 0.6299 0.00256 0.00406 

50 -1.03 151.3 0.6302 0.00362 0.00575 

75 -1.06 168.3 0.6303 0.00444 0.00704 

100 -1.13 170.9 0.6304 0.00512 0.00813 

LSGAr 

10 -0.67 114.7 0.6298 0.00162 0.00257 

25 -0.84 153.8 0.6301 0.00256 0.00406 

50 -0.92 180.7 0.6304 0.00362 0.00575 

75 -1.08 210 0.6305 0.00444 0.00704 

100 -0.98 214.2 0.6306 0.00513 0.00813 
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6.3 Electrochemical Performance of Each Electrode in 1,1′-ferrocene 

Dimethanol Redox Species  

This section presents an analysis of the response characteristics of the manufactured electrodes 

at a scan rate of 10 mVs-1 by examining their individual electrochemical responses. The results 

of this analysis will then be used to suggest which of the tested electrode materials has the most 

suitable electrochemical response characteristics that would indicate its choice for use in the 

intended application.  

6.3.1 Electrochemical Characteristics of the Prepared Electrodes 

In the same manner as for the potassium ferricyanide redox species, the electrochemical details 

of the device manufactured under different conditions in the 1,1′-ferrocene dimethanol redox 

species are also analysed here. This section initially focuses on the effect of the scan rate of 10 

mVs-1 on the performance of the manufactured electrode materials. In order to determine the 

nature of the electrochemical process, the same analysis of parameters was also employed to 

determine which of the electrode systems and at which scan rates they possess the features of 

reversibility, quasi-reversibility or irreversibility. Firstly, as demonstrated in table 6-2, the ratio 

of Ipa to Ipc for the LSGuvc electrode at a scan rate of 10 mVs-1 is reported as 1.16, which is 

slightly above the value of unity that is required for a system to be termed reversible. However, 

if this ratio is close to one, as in this case, it indicates the existence of a quasi-reversible electron 

transfer reaction [50]. Considering all the scan rates from 10 mVs-1 to 100 mVs-1 for the LSGair 

electrode, a mean value of this ratio is found of 1.07 with a standard deviation of 0.04, which 

also indicates a quasi-reversible system. The same trend was also observed with the other 

electrodes, where for LSGuvc the mean value of the peak current ratio is 1.05 with a standard 

deviation of 0.05, which again indicates a quasi-reversible system. Meanwhile, for the LSGN2 

electrode, the mean of the ratio is 1.04 with a standard deviation of 0.08, and so this electrode 

falls within the range of both reversible and quasi-reversible systems. However, for all of the 

scan rates, this ratio for the LSGAr has a mean value of 1.04 and a standard deviation of 0.04, 

thus indicating a quasi-reversible system.  

Furthermore, the results from table 6-2 for all scan rates for the electrodes show that the average 

value of Ψ is 0.63 falls within the set of values which indicate that the system’s behaviour is 

quasi-reversible. Additionally, analysis of the parameters recorded in table 6-2 reveals that the 

average value of K0 for these electrodes at 10 mVs-1 is 0.0018 cms-1 which again is found in 
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the range of values that indicate quasi-reversible systems. The K0 values also compares closely 

with values of Mtrans for the electrodes concerned, giving a mean value of 0.0029 cms-1. This 

similarity in the values of K0 and Mtrans is also a reason to conclude that these electrodes exhibit 

quasi-reversibility in their electrochemical responses. The same reasoning is applicable for the 

remaining scan rates from 25 mVs-1 to 100 mVs-1 with the 1,1′-ferrocene dimethanol, thus 

indicating that the electrode systems with this redox species exhibit quasi-reversible reactions 

in their electrochemistry. 
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                         Table 6-2. Response characteristics of the LSGair, LSGuvc, LSGN2, and LSGAr electrodes in 1,1′-ferrocene dimethanol redox species. 

 

Redox Species 
Electrode 

Type 

Scan Rate 

(mVs-1) 
Ipa/Ipc 

ΔEp 

(mV) 
Ψ K0 Mtrans 

1,1′-ferrocene 

dimethanol 

LSGair 

10 -1.14 90.3 0.629577 0.001869 0.002968 

25 -1.06 112.1 0.629766 0.002955 0.004693 

50 -1.07 127 0.629893 0.00418 0.006637 

75 -1.05 148.9 0.630082 0.005122 0.008128 

100 -1.03 176.9 0.630336 0.005916 0.009386 

LSGuvc 

10 -1.16 87.9 0.629556 0.001869 0.002968 

25 -1.06 102.5 0.629682 0.002955 0.004693 

50 -1.03 114.7 0.629787 0.00418 0.006637 

75 -1.01 136.7 0.629977 0.005121 0.008128 

100 -1.01 146.5 0.630062 0.005914 0.009386 

LSGN2 

10 -1.03 76.1 0.629451 0.001869 0.002968 

25 -1.07 80.6 0.629493 0.002954 0.004693 

50 1.04 83 0.629514 0.004178 0.006637 

75 -1.02 95.2 0.629619 0.005118 0.008128 

100 -1.04 107.4 0.629724 0.00591 0.009386 

LSGAr 

10 -1.06 88.5 0.629556 0.001869 0.002968 

25 -1.01 95.2 0.629619 0.002955 0.004693 

50 -0.99 97 0.629556 0.004178 0.006637 

75 -1.11 105 0.629709 0.005119 0.008128 

100 -1.04 112.8 0.629619 0.00591 0.009386 
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6.4 Supporting Electrochemical Analysis of the Prepared Electrodes in 

Potassium Ferricyanide Redox Species 

In the current work, the laser scribing technique was used to convert GO into rGO, and other 

studies have demonstrated that the threshold laser power that is required for the conversion of 

GO into laser induced graphene (LIG) is dependent upon the write speed of the CO2 laser 

cutting machine [162, 192]. The composition of the LIG material and its sheet resistance and 

thickness and specific area capacitance can be changed according to the laser power used [192]. 

In the current chapter, the cyclic voltammetry data obtained from our electrodes prepared using 

the four conditions (LSGair, LSGuvc, LSGN2, and LSGAr) were compared with the results of 

other studies which have used the LIG technique to produce rGO. Nevertheless, this work has 

focused on the electrochemical behaviour of the electrodes produced in potassium ferricyanide 

as the selected redox species.  

Firstly, the electrodes were examined using CV with potassium ferricyanide redox species 

along with 1 M KCl as supporting redox species over a range of scan rates from 10-100 mVs-

1. The mean values of peak-peak potential separation (Ep) for each electrode at these scan 

rates are recorded in table 6-1 and plotted as shown in figure 6-1. From the figure it can be 

observed that, for a backward forecast, at a scan rate of 0, the value of Ep for LSGN2 is 90 mV 

and this increased at a rate of 1.74 mV for every 1mVs-1 to reach a value of 107.4 mV at 10 

mVs-1, while for LSGAr the Ep was 95 mV at a scan rate of 0 mVs-1 rising by 1.97 mV for 

each 1mVs-1 to a value of 114.7 mV at 10 mVs-1 scan rate. For LSGair the corresponding values 

were 98 mV at 0 mVs-1 increasing by 7.6 mV for every 1mVs-1 to reach 173.6mV at 10 mVs-

1; whereas those for LSGuvc were recorded as 154 mV at a scan rate of 0 mVs-1 increasing by 

2.91mV for every 1mVs-1 to reach a value of 183.1mV at 10 mVs-1. As a general trend, the 

values of Ep for each electrode increased to the final levels shown in figure 6-1. This means 

that, the electrodes kinetics was able to maintain a maximum response to faster scan rates, 

indicating irreversible behaviour in the CV tests [193]. But some electrodes did not fully 

comply with this trend, instead exhibiting quasi-reversible behaviour [142]. From the results 

in figure 6-1, it can be observed that the maximum Ep of the electrodes occurs at 406 mV, 

which is considerably higher than the ideal value of 59 mV, or in some cases 57 mV [48], which 

is the expected value of an ideal Nernstian diffusional process involving the transfer of one 

electron, which would indicate a ‘thin layer’ response [162, 194]. The effect of adsorption of 

the redox species which resulted from their entrapment inside the porous structure is likely 
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responsible to lower the value of the peak-to-peak separation in the LSG electrodes [142]. But, 

from the CV data of our electrodes with potassium ferricyanide redox species, the Ep values 

were observed to be higher than 59 mV. The sponginess present due to the size and position of 

the pores changes the electrochemistry of an electrode used in this redox species. For the LSGN2 

electrode, values of Ep in potassium ferricyanide were recorded as low as 107.4 mV at a scan 

rate of 10 mVs-1, which indicates that this electrode is the closest one to the ideal value 

compared with the other electrodes examined at the same scan rate.  

 

Figure 6-1. Plot of peak-peak potential separation against scan rate for the electrodes prepared using four different 

conditions (LSGair, LSGuvc, LSGN2, and LSGAr) in potassium ferricyanide redox species.  

More results of the CV for the manufactured electrodes are presented in figures 6-2 and 6-3 

which show the plot of the peak current against scan rate and the square root of scan rate for 

all electrodes. The result shows a linear trend for all the electrodes where the current responses 

is proportional to the square root of the scan rate, thus indicating diffusion controlled 

voltametric process [162, 195-197]. However, to gain a better understanding of electrode 

performance, the R2 values for all electrodes were found to be very similar, as shown in figures 

6-2 and 6-3 and table 6-3. Moreover, R2 values of the LSGair electrode in both figures indicate 

a porous electrode that possesses favourable electroactivity due to the summative effect of 

diffusion and thin-layer behaviour. However, from the R2 value for the remaining electrodes, 

it could be suggested that their levels of electroactivity are mainly due to diffusional behaviour. 



91 
 

Moreover, figures 6-2 and 6-3 suggest that all of the electrodes exhibit diffusional behaviour, 

which is a crucial requirement for electrochemical biosensor applications [198]. Overall, the 

results obtained show that the LSGN2 electrode has the most desirable electrochemical 

characteristics, making it the preferred choice to be used with this redox specie. 

 

Figure 6-2. Plot of peak current against scan rate for the electrodes prepared using four different conditions 

(LSGair, LSGuvc, LSGN2, and LSGAr) in potassium ferricyanide redox species.  

 

Figure 6-3. Plot of peak current against square root of scan rate for the electrodes prepared using four different 

conditions (LSGair, LSGuvc, LSGN2, and LSGAr) in potassium ferricyanide redox species.  
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Table 6-3. R2 values for the four manufactured electrodes (LSGair, LSGuvc, LSGN2, and LSGAr) in potassium 

ferricyanide redox species. 

Square root of scan rate 

Redox species 
Electrode 

type 
R2

Ipa R2
Ipc 

Potassium ferricyanide 

LSGair 0.9805 0.9817 

LSGuvc 0.9984 0.9998 

LSGN2 0.9999 0.9997 

LSGAr 0.999 0.9995 

Scan rate 

Potassium ferricyanide 

LSGair 0.9278 0.931 

LSGuvc 0.9807 0.9759 

LSGN2 0.9804 0.9812 

LSGAr 0.987 0.9848 

 

6.5 Supporting Electrochemical analysis of the Prepared Electrodes in 1,1′-

ferrocene Dimethanol Redox Species 

In this section, the CV results are used to assess the electrochemical performance of the 

manufactured electrodes with 1,1′-ferrocene dimethanol as the second selected redox type. The 

electrode devices in this case were the same electrodes made of LSG material under the various 

fabrication conditions as mentioned earlier. The values of Ep for each electrode are plotted 

against the range of scan rates applied from 10 to 100 mVs-1 as shown in figure 6-4. It can be 

noted that, if viewed in reverse towards the initial scan rate of 0 mVs-1, the value of Ep for 

LSGair is 84 mV and which then rises at a rate of 0.63 mV for each increase in rate of 1mV s-1 

to reach a value of 90.3 mV at 10 mV s-1. Meanwhile, for LSGuvc, its value is initially 84 mV 

and then rises by 0.39 mV for every 1mV s-1 to reach a value of 87.9 mV at 10 mV s-1, whereas 

the Ep of LSGAr was initially 86 mV at a scan rate of 0 mVs-1 before surging at a rate of 0.25 

mV for every 1mV s-1 to a value of 88.5 mV at 10mV s-1. Finally, the initial value for LSGN2 

of 71 mV increased by 0.51mV for every 1mV s-1 to a value 76.1 mV at a scan rate of 10mV 

s-1 . This behaviour shows that the kinetics of all electrodes were maintained at their maximum 

response to faster scan rates, indicating unique response behaviour for each electrode. 
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It can also be noted that there is a mixed trend of both a fairly stable and an increase in the 

value of Ep as scan rate increases, which is a common trend among all of the electrodes. This 

suggests that the kinetics of these electrodes do not fully maintain the maximum possible 

response to faster scan rates [142]. From the results shown in figure 6-4, it can be seen that the 

maximum value of Ep for the electrodes occurs at 176.9 mV, which is larger than the ideal 

Ep value [162, 194]. This large value of Ep does not indicate the entrapment of the redox 

species inside the porous structure of the LSG electrodes, because porosity in the LSG 

electrodes in terms of the number, size and location of the pores would change their 

electrochemistry. In the results of this experiment, the LSGN2 electrode in 1,1′-ferrocene 

dimethanol at the scan rates mentioned clearly exhibited the lowest Ep value of 76.1 mV, 

while the highest value of 176.9 mV was observed for electrodes produced under atmospheric 

conditions as presented in figure 6-4. 

 

Figure 6-4. Plot of Ep against scan rate for the electrodes produced under different conditions (LSGair, LSGuvc, 

LSGN2, and LSGAr) in 1,1′-ferrocene dimethanol redox species. 

Employing the same analysis as mentioned above, the performance results of the electrodes are 

presented in table 6-4 and figures 6-5 and 6-6. It can be noticed that the results of all of the 

electrodes tested show a linear trend indicating a proportional relationship between peak 

current and scan rate as well as peak current and the square root of scan rate, hence illustrating 

an electrochemical response controlled by diffusion [162, 195-197]. From a comparison of the 
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R2 values in table 6.4 for all electrodes, it is deduced that their electrochemical activity is 

principally due to diffusion behaviour, and that means that these electrodes are suitable for 

electrochemical biosensor applications, as in the case of the redox species potassium 

ferricyanide. Also, from these results, it can be concluded that, since the LSGN2 electrode has 

the lowest value of Ep, it therefore exhibits the best electrochemical response. Therefore, it is 

the most favoured of the electrodes for use with the 1,1′-ferrocene dimethanol. 

 

Figure 6-5. Plot of peak current against scan rate for the electrodes produced under the different conditions (LSGair, 

LSGuvc, LSGN2, and LSGAr) in 1,1′-ferrocene dimethanol redox species. 

 

Figure 6-6. Plot of peak current against the square root of scan rate for the electrodes produced under the different 

conditions (LSGair, LSGuvc, LSGN2, and LSGAr) in 1,1′-ferrocene dimethanol redox species. 
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Table 6-4. R2 values for the manufactured electrodes (LSGair, LSGuvc, LSGN2, and LSGAr) in 1,1′-ferrocene dimethanol redox 

species. 

Square root of scan rate 

Redox species 
Electrode 

type 
R2

Ipa R2
Ipc 

1,1′-ferrocene dimethanol 

LSGair 0.997 0.9619 

LSGuvc 0.985 0.9968 

LSGN2 1 0.9995 

LSGAr 0.999 0.9996 

Scan rate 

1,1′-ferrocene dimethanol 

LSGair 0.9619 0.9619 

LSGuvc 0.9776 0.9896 

LSGN2 0.9774 0.9761 

LSGAr 0.9871 0.9803 
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6.6 Electrochemical Performance 

In this section, the findings obtained in the current work are compared with those reported by 

other researchers in relevant studies. Table 6-5 gives comprehensive details of the comparison 

of the current study’s results and those of previous work using cyclic voltammetry and Raman 

spectroscopy in addition to XPS and SEM observations. Cyclic voltammetry is used to compare 

the peak separation potential of the different electrode devices, and the results in the table 

indicate that the value of ∆Ep for the manufactured graphene electrode for the inner-sphere 

redox species potassium ferricyanide are generally higher than those of the outer-sphere redox 

species 1,1′-ferrocene dimethanol in the present study. This indicates that the electrochemical 

response is faster in the outer-sphere redox than the inner-sphere redox species. Another 

significant point is that the electrochemical response of the manufactured LSGN2 electrode is 

faster than those of SLG, EPPG, and BPPG, making it more suitable for electrochemical 

applications than its single layer graphene (SLG), edge-plane pyrolytic graphite (EPPG), and 

basal-plane pyrolytic graphite (BPPG) counterparts.  

Moreover, the Raman spectroscopy results show that the D and G band wavenumbers of the 

GO2 sample are extremely close to that of SLG. These data closely match those from the cyclic 

voltammetry of GO2 for the LSGN2 sample, which proves that the electrochemical behaviour 

of this electrode is closest to the ideal value of 59 mV. In addition, the XPS data showed that 

the percentage oxygen content for all electrodes after treatment using the laser scribe technique 

was reduced to the range between 4.95 under nitrogen gas and 10.04 under vacuum conditions.  

These observations are also supported by the SEM micrographs which showed more crumpled 

and wrinkled thin layers indicating higher electrochemical activity in the prepared electrodes 

which closely matches the CV and Raman results in suggesting that the application of nitrogen 

gas during the manufacturing process would be the optimal and preferred condition for the 

production of electrochemically active graphene electrodes.  

Eventually, it could be concluded that the characterisation results from the SEM indicates that 

the LSGN2 and LSGAr have more crumple than their LSGuvc and LSGair counterparts. This 

property supported by the Raman spectroscopy of both materials which showed better Id/Ig 

ratio and means that they possess characteristics that make them more conductive and more 

reactive. Further proof of this was also found in the XPS characteristics of these material 

(LSGN2 and LSGAr), where their oxygen content tends to be the lowest among the other 

electrodes making them suitable for electrochemical activities. All these data are strongly 
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matched with the favourable results observed for their cyclic voltammetry analysis, where their 

∆Ep measurements make them desired materials for electrochemical applications. 

Furthermore, it is important to state that the LightScribe DVD drive used in the manufacture 

of the LSGN2 electrode in the current work has a laser power of 5mW, while the CO2 laser 

power used for the manufacture of the LIG has a laser power of 12W [142]. Hence a 

comparison of the values of ∆Ep achieved according to the power levels used in manufacturing 

indicates that the electrode LSGN2 shows a more favourable electrochemical response when 

compared to the LIG electrode. 
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Table 6-5. Tested parameters of the optimum electrode devices compared with other published work. 

Parameter of 

GO2 
Data analysis 

Cyclic 

Voltammetry 

Redox 

Species 

Electrode 

type 

∆Ep 

(mV) 
Ref. 

Potassium 

Ferricyanide 

LSGair 173.6 This work 

LSGuvc 183.1 This work 

LSGN2 107.4 This work 

LSGAr 114.7 This work 

SLG 1242.7 [199] 

LIG 53 [162] 

BPPG 242 [200] 

EPPG 97.7 [199] 

1,1′-

ferrocene 

dimethanol 

LSGair 90.3 This work 

LSGuvc 87.9 This work 

LSGN2 76.1 This work 

LSGAr 88.5 This work 

SLG 79 [142] 

LIG 45 [162] 

BPPG 59 [142, 162] 

EPPG 58 [162] 

Raman 

Spectroscopy 

Electrode 
D Band 

cm-1 

G Band 

cm-1 

2D Band 

cm-1 
Id/Ig Ref 

SLG 1350 1580 2670 - 

[147, 148, 

169, 177, 

178] 

MLG 1355 1583 2710 0.58824 [183] 

rGO 1339.2 1587.3 2663.3 1.66667 [184] 

LSGair 1343.51 1578.83 2677.2 0.94715 This work 

LSGucv 1345.92 1575.07 2677.2 0.95235 This work 

LSGAr 1341.1 1576.95 2680.42 0.99873 This work 

LSGN2 1348.42 1578.83 2690.1 1.02583 This work 

SEM 

LSGair crumpled thin sheets 

LSGuvc crumpled thin sheets 

LSGAr More crumpled thin sheets 

LSGN2 More crumpled thin sheets 

XPS 

Electrode 

preparation 

condition 

GO rGO 

Carbon% Oxygen% Carbon% Oxygen% 

Air 

69.87 30.13 

90.73 9.27 

Vacuum 89.96 10.04 

N2 95.05 4.95 

Ar 94.12 5.88 
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6.7 Conclusion 

An examination of the previously mentioned results shows that, as a general trend, the peak 

currents in the electrochemistry for both the inner and outer redox species indicate an increase 

as the manufacturing conditions become more controlled. Similar progressive increases were 

also observed as the scan rate was increased from 10 to 100 mVs-1. The peak current ratio in 

the potassium ferricyanide results also increased in value towards unity as the scan rate 

increased to the maximum value applied. The LSGN2 electrode exhibited the optimal values at 

all scan rates, which suggests that, as scan rate increases, the electrochemistry of the system 

tends to behave as a reversible system in this redox species. Likewise, the peak current ratios 

for the 1,1′-ferrocene dimethanol indicate a fairly stable ratio of approximately one, regardless 

of the scan rate used. This result suggests that the electrode system with 1,1′-ferrocene 

dimethanol is a reversible system if only the peak current ratio is considered. 

However, the values of ∆Ep for both redox species overall are higher than the ideal Nernstian 

value of 59 mV for one electron transfer, with those recorded for potassium ferricyanide being 

significantly higher than those for the 1,1′-ferrocene dimethanol. This implies that the system 

is not purely reversible for either redox species. Furthermore, it can be suggested that the 

systems are exhibiting quasi-reversibility since for the potassium ferricyanide the values of the 

parameter Ψ were found to be between 0.6297 and 0.6323, while they were between 0.6294 to 

0.6311 for the 1,1′-ferrocene dimethanol for all scan rates applied. This range falls of Ψ 

indicates a system which is quasi-reversible. The variable k0 was also used to confirm the 

electrochemical response exhibited by these redox species, and for potassium ferricyanide its 

average value for all of the scan rates ranged from 0.00162 cms−1 to 0.00513 cms−1 with an 

increment of about 0.001 for each increase in scan rate. Similarly, for the 1,1′-ferrocene 

dimethanol the value of k0 ranged from 0.00187 cms−1 to 0.00591 cms−1 with the same 

increment of about 0.001 for each scan rate increase. These results suggest the quasi-

reversibility of the systems. The obtained results are highly matched with the favourable values 

of k0  for EPPG at 0.002601 cms−1 and glassy carbon at 0.0013 cms−1 as reported by [142]. The 

values of Mtrans for both redox species indicate levels closer to their individual k0 values, thus 

confirming that the electrochemical response for both redox species reflects that of a quasi-

reversible system. 
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However, the values of R2 for the electrodes with respect to the scan rate and square root of 

scan rate indicate that all of the electrodes exhibit diffusional rather than thin-layer behaviour. 

From these results it is shown that the LSGN2 electrode exhibits the most desirable 

electrochemical characteristics, making it the preferred choice of electrode to be used with 

either redox species. 

 

  



101 
 

Chapter 7. Conclusion and Future Work 
 

7.1 Conclusion 

The present study has involved the manufacture of highly conductive materials such as GO for 

the development of electrochemical biosensors. These sensors are known to be dependent on 

transduction, and the use of graphene oxide rather than pristine graphene has been identified 

as promising in terms of biosensor efficiency. The main reason for an exploration of potential 

manufacturing methods is to establish a method and technique with improved, more cost 

effective, and repeatable rGO material. The current study started with an attempt to fabricate 

and customise LSG electrodes fabricated from two kinds of GO (GO1 and GO2) as sensors for 

use as superior electrochemical biosensors.  

The sensors fabricated have been characterised using various instrumental analyses. The 

characterisation results in SEM micrographs showed that the GO2 electrode material possesses 

more folds and wrinkles than GO1. These folds could enhance both the chemical activity and 

thermal conductivity of the electrode, thus suggesting its greater potential for use as an 

electrochemical biosensor compared with GO1. Raman spectroscopy of the LSGN2 electrodes 

made from both GO1 and GO2 showed approximately similar values, as reported in table 4-2. 

In addition, XPS data showed that the oxygen levels in all of the materials prepared was 

minimised after treatment using the laser scribe technique where the lowest oxygen percentage 

of 4.95 was recorded under nitrogen gas conditions. Moreover, cyclic voltammograms of the 

materials showed more distinct oxidation and reduction peaks for GO2 as compared with the 

GO1 electrode, as represented by increases in the values of Epa and Epc with scan rates from 10 

mVs-1 to 100 mVs-1. From these results, the further use of GO2 throughout the rest of the study 

was recommended as it is clearly the most promising material. However, the electrochemical 

behaviour of one of the four GO1 electrodes (LSGuvc) tested in potassium ferricyanide included 

a single oxidation/reduction peak, while in the case of 1,1′-ferrocene dimethanol each of LSGuvc 

and LSGAr showed one oxidation/reduction peak. 

The selected GO2 electrode was manufactured under different conditions of air, vacuum, and 

argon and nitrogen gases. The values obtained of ∆Ep, k
0, Mtrans, and R2 value reveal that LSGN2 

was the best electrode tested, and hence it was selected for the further experiments. The cyclic 

voltammetry results for the use of LSGN2 in the potassium ferricyanide solution showed that its 

peak current ratio (Ipa and Ipc) increased in value as the scan rate applied increased to its 
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maximum value, which shows that the electrochemistry of the system behaves like a reversible 

system. Similarly, the peak current ratio for the results with the 1,1′-ferrocene dimethanol redox 

species indicate a fairly stable ratio of unity regardless of the scan rate used, which suggest that 

the electrode material with 1,1′-ferrocene dimethanol yields a reversible system if the peak 

current ratio only is considered.  

The values of ∆Ep for both redox species of potassium ferricyanide and 1,1′-ferrocene 

dimethanol are all higher than the ideal Nernstian value of 59 mV for one electron transfer. The 

values of Ψ for potassium ferricyanide were noted to be between 0.6297 and 0.632, while those 

for the 1,1′-ferrocene dimethanol redox species were between 0.6295 to 0.6299 for all scan 

rates. These levels all fall well within the range of Ψ associated with quasi-reversible systems.  

For confirmation of this conclusion, the values of k0 were also determined so as to investigate 

the electrochemical response exhibited by these redox species. Its average values for potassium 

ferricyanide and 1,1′-ferrocene dimethanol shows increments of about 0.001 with each increase 

in scan rate, which suggests the quasi-reversibility of the systems. Moreover, values of Mtrans 

for both redox species were close to their individual k0 values, confirming that the 

electrochemical responses for both redox species are those of a quasi-reversible system. 

However, the R2 values of all of the electrodes with potassium ferricyanide when considering 

the square root of scan rate were very similar, with a standard deviation of 0.0006, whereas a 

standard deviation of 0.009 was found when considering scan rate. This indicates that all of the 

electrodes exhibited diffusional behaviour. Similarly, when considering the square root of scan 

rate for the 1,1′-ferrocene dimethanol redox species, the R2 values of all the electrodes are 

similar with a standard deviation as 0.003 compared to a standard deviation of 0.016 when 

considering scan rate. These results also show that the electrodes demonstrate diffusional rather 

than thin-layer behaviour in their electrochemical response. 

It could be concluded that the GO2 electrode prepared under nitrogen gas conditions (LSGN2) 

is the optimal device when used with the 1,1′-ferrocene dimethanol redox species and it is able 

to yield a quasi-reversible system which exhibits an electrochemistry process characterised by 

diffusional behaviour. 

The cyclic voltammetry analysis of the devices has provided valuable information on their 

electrochemical performance. The evidence from the results obtained by other characterisations 

of the manufactured materials provides useful information on the material that exhibits the 

most suitable electrochemical response for the intended applications. Moreover, the 
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characterisation results from SEM presented in chapter 4 indicate that the LSGuvc and LSGair  

materials have crumpled surfaces; however, LSGN2 and LSGAr were observed to have even 

more crumpling. This indicates the presence of more defects, which would make them more 

conductive and electrochemically active. This property can explain why these materials were 

found in the Raman spectroscopy analysis to have better Id/Ig ratios closer in value to that of 

SLG, which means that they possess characteristics that make them more conductive and more 

reactive. Further highlighting their performance, the XPS characterisation of the LSGN2 and 

LSGAr materials showed that their percentage oxygen content tended to be the lowest, making 

them suitable for electrochemical activity. hence the favourable results illustrated by their CV 

analysis illustrating ∆Ep results that make them desired materials for electrochemical biosensor 

applications. Overall, the LSGN2 can be highly recommended as an electrode/biosensor for 

electrochemical applications. 
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7.2 Recommendations and Future Work 

For the purpose of obtaining improved electrode devices, effort must be devoted to using an 

appropriate concentration of GO when mixed with water in order to ensure the optimal ratio. 

It is also imperative to fabricate the electrode with a laser system that possesses more power 

than 5mW, which could result in the formation of more electrically conductive and chemically 

stable electrodes. Moreover, the vacuum pressure could be maintained at 0.5 mbar for optimum 

electrode manufacture, but the effect of variation in this parameter might be investigated. One 

other proposition is to explore the utilisation of higher CV scan rates to determine their efficacy.  

The future holds great promise for LSG applications, not only in electrochemical biosensing 

but also in other areas where the quality of the material used is of immense importance. One 

factor that may assist in obtaining of higher material quality is the intensity of the power of the 

laser applied. The use of a CO2 laser scan offers better controllable conditions of the power 

intensity of the laser and would be preferred over a DVD laser scribe. In addition, it is more 

reproducible system that can be used effectively in multiple times rather than DVD laser scribes 

that became uncommon and are not currently manufactured.  

7.3 Contribution to knowledge 

❖ As graphene compound is the most preferable effective and cheap material for 

biosensors; our research objective was to prepare another form of carbonaceous 

materials that has close properties and much cheaper compared with graphene. For this 

work the contribution to the body of research are: 

• The use of different manufacturing techniques to produce electrodes for graphene 

oxide-based electrochemical applications. 

• The electrodes performance was compared to determine the optimum electrode for 

intended applications. 

• The electrodes were prepared with a novel technology that guarantee its repeatability 

and reproducibility.  
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Appendix 

- Set up of the components of the vacuum chamber are represented in the following 

diagrams. 
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