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1 █ ABSTRACT 
This research focuses on the synthesis and characterisation of reduced graphene oxide (GO), 

systematically varying and identifying factors that are responsible for changing electrical 

conductivity and integrating the best reduced graphene oxide (rGO) results into a number 

of composite systems. Five different reducing agents (hydroiodic acid, hydrazine hydrate, 

hydrobromic acid, sodium borohydride and dextrose) were systematically investigated to 

identify the type of reducing agent and the process that provides reduced graphene oxide 

with superior chemical, physical and mechanical properties. Best results were obtained for 

a graphene oxide film reduced with hydroiodic acid, with the electrical conductivity of 103 

S.cm-1 and better flexibility compared to those of films obtained by other reducing agents. 

Functionalising graphene oxide with electron donor and acceptors further improved the 

electrical conductivity. This functionalised graphene oxide (fGO) samples have been 

characterised to understand their physical and chemical properties. Mechanical exfoliation 

of rGO films using the “scotch tape method” has shown that as films become thinner, 

conductivity increases. It has been proposed that this is mainly due to the selective removal 

of less-pure rGO by the tape and this hypothesis has been supported by XPS and confocal 

microscopy results. 

Hybrid composites of polymer/polymer/graphene derivatives have been developed focusing 

on electrical conductivity and mechanical properties. Polypropylene, poly(methyl 

methacrylate) and polyoxymethylene were used as polymer matrices with polypyrrole and 

polyaniline as secondary conducting polymers. Graphene (G) and rGO were used as 

reinforcements. The maximum electrical conductivity of 0.85 S.cm-1 was achieved for a 

polyoxymethylene/polypyrrole/graphene blend with 2 wt.% and 4 wt.% of polypyrrole and 

graphene loading. Highly conductive rGO has also been used as a conductive coating on 

glass, flax and polypropylene yarns using binding materials (epoxy resin and thermoplastic 

starch solution) and a dip-coating process. Three different dip-coating processes have been 

developed to identify an efficient method of coating in terms of improving electrical 

conductivity. Glass fibre yarns (with epoxy binder and rGO) have been identified as having 

the highest electrical conductivity of 0.1 S.cm-1. 
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1 █ CHAPTER 1 
Introduction 

 

 

Most recently, there has been considerable interest in graphene and its derivatives because 

of its potential uses in high-tech applications. Mechanically superior and with a thickness in 

the micro/nanometre range, self-supporting graphene materials can have a wide variety of 

applications in electronic and biomedical devices. These 2D sheets have very high aspect 

ratios compared to other graphite based nano-fillers due to their length range of 400-500 

μm and extreme thinness (∼1 nm). Due to this high aspect ratio, small quantities of 

graphene oxide (GO) nano-fillers are sufficient to improve mechanical and functional 

properties of the nanocomposites substantially. GO has significant potential as a new class 

of nanomaterials for producing thin-film or paper-like multifunctional composite materials 

[1, 2]. These materials are highly suitable fillers in polymer matrices because of its 2D 

lamellar structure, high specific surface area and excellent dispersibility in water and variety 

of organic solvents. Finally, GO contains a wide range of reactive groups that facilitate 

functionalisation during in-situ polymerisation or solution processing and enhance the 

interaction between polymer matrix and filler. Though GO is electrically insulating, with 

chemical/thermal reduction or functionalisation of GO, the electrical conductivity can be 

restored to produce semiconducting or conducting polymer-GO nanocomposites. 

Polymer-graphene based nanocomposites are observed to have improvements in 

mechanical and functional properties such as tensile properties, thermal stability, gas barrier 

and electrical conductivity. By comparison, most other carbon nanomaterials (e.g. CNTs) 

require either expensive precursors, complicated high-tech production processes or 

expensive post-production to improve the quality [3]. These factors interested and 

motivated us to carry out this research with important and interesting findings. 
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1.1.1 Objectives of this research 

1) Graphene oxide will be separated from graphite. This will then be reduced to make 

rGO and the experimental parameters for reduction will be tailored to control rGO’s 

electrical conductivity (S.cm-1). Using the materials created from the previous step, 

flexible rGO films will be produced. 

2) Electron donors and acceptors will be incorporated into graphene oxide during a 

reduction process to try and give a more regular structure that improves electron 

mobility thereby improving electrical conductivity. 

3) The materials produced will then be characterised by a variety of techniques to 

determine their physical, chemical and morphological properties. The relationships 

between surface roughness, elemental composition (functionalities) and thickness 

to conductivity will be determined using characterisation techniques including 

chromatic confocal microscopy, scanning electron microscopy and X-ray 

photoelectron spectroscopy. 

4) Three-component hybrid composites will be developed by melt blending of primary 

polymers, secondary polymers, and rGO/G with a focus on improving electrical 

conductivity and mechanical properties. The interaction between polymer and 

graphene derivatives will be analysed to identify optimal combinations. This will give 

a detailed picture of the influence of the amount of graphene derivatives and 

conducting polymers used, through Taguchi and simplex designs. 

5) Conductive wires will be developed by coating graphene and rGO materials on glass 

fibre, flax fibre, PP yarn with epoxy and (or) starch as binding materials and their 

conductivity and microstructure will be characterised. 

1.1.2 Thesis Organisation 

Chapter 1 introduces the aim of this research, its motivation, and thesis design. 

Chapter 2 reviews and analyses the theoretical and research background on graphene-

related materials. A detailed literature survey has been carried out on the production 
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methods, properties and potential applications of graphene materials. While the 

preparation and reduction processes of graphene oxide have been studied widely by other 

researchers; a systematic approach to reduction has not been undertaken. Furthermore, 

composites of graphene-based reinforcements with polymeric matrices have been 

developed by many researchers, but complex blends with improved electrical and 

mechanical properties are yet to be investigated in detail. Hence, these neglected research 

areas have been considered as motivation for this research. 

Chapter 3 contains the materials and methods used in different parts of this research. 

Grades and manufacturers details of the materials/chemicals have been detailed together 

with the types of instruments used as well as testing conditions. 

Chapter 4 includes synthesis, reduction and functionalisation of graphene oxide with 

reaction schemes and illustrations. Graphene oxide has been synthesised using modified 

Hummer’s method and reduced to obtained higher electrical conductivity. The GO has been 

also functionalised using electron donor and acceptor in order to improve the electrical 

conductivity a further. A variety of graphene chemical structure has been observed with 

different chemical and physical properties. An optimal chemical structure that possesses 

higher electrical conductivity has been identified which has been used in the nanocomposite 

part. 

Chapter 5 discusses physical, chemical, thermal, and microstructural characterisation 

(Raman spectroscopy, X-ray diffraction, Fourier transform infrared spectroscopy, 

thermogravimetric analysis, and scanning electron microscopy) of graphite, graphene oxide, 

reduced graphene oxide and graphene produced/used in this research. Analysis of the 

influence of these properties on the electrical conductivity of graphene oxide and reduced 

graphene oxide film were carried out. The specific surface area has been determined for all 

the samples prepared and referred to identify its relationship between electrical and 

physical properties. Particle size analysis has been measured for the samples in powder form 

that have been used in the composite part. 

Chapter 6 focuses on the influence of surface topography (roughness), surface chemistry 

(carbon and oxygen functional groups) and physical (film thickness) parameters on the 
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electrical conductivity of graphene oxide (GO) and reduced graphene oxide (rGO) films. 

During reduction process of GO to improve electrical conductivity there have been physical 

changes in the films such as increased roughness, film thickness and surface functionalities. 

Hence, this study was mainly carried out to understand in which way these changes alter the 

electrical properties of the films. This improved understanding would allow control and 

optimisation of these parameters in graphene/rGO films for future applications where 

targeted property performance is needed. Surface roughness has been measured using non-

contact chromatic confocal imaging. XRD and XPS analyses have been performed to 

understand the variation in d-spacing and amount of oxygen functional groups before and 

after mechanical exfoliation. 

Chapter 7 deals with the preparation, processing and characterisation of polymer and 

graphene composites. A set of complex blends involving a primary polymer, a secondary 

polymer, and reinforcements have been developed to improve electrical and mechanical 

properties. The primary polymers used are polypropylene (non-polar), polymethyl 

methacrylate (polar) and polyoxymethylene (highly polar). Polypyrrole and polyaniline are 

added as secondary polymers, and the reinforcements come from reduced graphene oxide 

and graphene powder, used separately. A Taguchi analysis has been performed identify 

desirable parameters in those factorial combinations. 

Chapter 8 describes the preparation of conductive wires using glass fibres, flax fibres and 

thermoplastic yarns whose surfaces have been coated with HI-rGO/G using a binder (Epoxy 

or starch materials). Preparation involved a three dip-coating method; samples were tested 

for electrical conductivity and their microstructures were imaged using SEM. 

Chapter 9 summarises the conclusions of each portion of the work. Following this summary, 

the scope for future work is presented. 

The complete research plan is given in Figure 1.1 and the characterisation methods for 

graphene derivatives, hybrid nanocomposites and conductive wire are given in Figure 1.2 

and Figure 1.3, respectively. 
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Figure 1.1 Complete research plan and directions  

 

Figure 1.2 Characterisation techniques for graphene derivatives  

 

 

Figure 1.3 Characterisation techniques for hybrid composites (above) and conductive wires 

(below) from graphene derivatives and yarns 
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2 █ CHAPTER 2 
Literature Survey and Theoretical Background 

 

 

 Engineering Materials 

Engineered materials (Figure 2.1) have become a critical aspect of modern life, drastically 

improving the effectiveness of products in areas such as building construction, automotive 

industries, aircraft/marine structures and electronics. Innovation in engineering often 

means the proper and clever use of a new material as well as new use of a material in a 

particular application [4]. 

 

Figure 2.1 Classification of engineering materials [5, 6] 

Polymers and composites are particularly superior (for example, they have been extensively 

used to manufacture interiors and exteriors for aircrafts and yachts) engineering materials 

due to their high strength, light-weight and ease of manufacturing. The use of particularly 

high-performance materials, like carbon (blend of polymer and carbon material) and fibre 

reinforced composites, has grown by over 10 % per year, faster than almost any other 

engineering materials [5, 7]. In this work the focus has been on carbon composites, with a 
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foray into further extending this technology by including fibres to both increase strength and 

bring electrical conductivity to previously non-conducting composites. 

 Nanostructured Carbon Materials 

Nanostructured materials are those having properties defined by a size smaller than 100 nm. 

This class of materials is of particular interest for its range of properties, from fracture 

strength to electrical conductivity and their dependence on nanometer scale features [8]. 

Examples of nanostructured materials are presented in Figure 2.2 

a) b) 

   
c) d) 

  
e) f) 

    

Figure 2.2 TEM image of a) CNTs grown with 20 nm Fe/Ti substrate (Reproduced from [9]) 

b) SWCNT bundle (20nm) (Reproduced from [10]) c) iron oxide nanoparticles (Reproduced 

from [11]) (100 nm) d) vertical graphene nanosheet  (100 nm) e) rod-shaped silica 

nanoparticles (20 µm) and, f) self-assembled nanoflowers of hydroxyl -benzotriazole 

(HOBT, 100 µm) (Reproduced from [11]) 
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 Historical Perspective: The Carbon Age 

Carbon has a number of allotropies but is most easily obtainable in its natural form as 

mineral graphite. In 1985, a new carbon structure named fullerene was discovered a 

spherical carbon molecule with 60 carbon atoms [12]. Further research into this carbon 

structure led to the discovery and characterisation of spherical, tubular, planar carbon 

structures (Figure 2.3). with a variety of physical and electronic properties, with carbon 

nano-tubes (2D tubes) and graphene (2D sheets) of particular interest for engineering 

materials applications [12]. 

 

Figure 2.3 Schematic representation of carbon allotropes: a) Diamond, b) graphite, c) 

lonsdaleite, d) C 60 , e) C5 4 0,  f) C70 , g) amorphous carbon, and h) SWNT (Reproduced from 

Rafiee (A PhD thesis) [13]) 

Natural graphite is a source material for producing graphene derivatives and is a form of 

carbon. The basic structure of graphite comprises of hexagonal groups of carbon atoms, 

which form stable planar networks with only weak interlayer bonding. These characteristics 

make the unique chemical and physical properties in graphite. Figure 2.4 show the statistical 

data of publications on graphene research together with application areas and the most 

active research outcome by countries. 
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a) 

 
b) c) 

 
 

d) 

 

Figure 2.4 a) Publications on graphene from 2000 to November 2015, b) geographical 

distribution of scientific papers on graphene as of December 2013, c) proportion of overall 

graphene patents, by sector as of July 2014 and, d) graphene patent filing authorities 

(EPO, European Patents Office; WIPO, World Intellectual Property Organisation; US PTO 

United States Patent and Trademark Office) (Reproduced from Ferrari et al . [14] with little 

modification)  

Historically, the first well-known example of graphene oxide production came in 1859 when 

British chemist B. C. Brodie was discovering the structure of graphite by investigating the 

reactivity of graphite flakes [15]. The oxidation of graphite was carried out using potassium 

chlorate graphite slurry in concentrated nitric acid in multiple steps. The reaction was made 

in a single step by Staudenmaier in 1898, using concentrated sulphuric acid and nitric acid. 

Later in 1958, Hummers reported a method [16] which is most commonly used today. Later 

still, heavily oxidised and ordered graphene was produced from natural graphite by an 

oxidation method proposed by Marcano et al. [17]. Until around 2000, the reduction process 
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a) b) 

  

Figure 2.5 a) Raw graphite and b) idealised structure proposed for graphene oxide 

(Reproduced from [18]) 

Graphene is a planar monolayer of sp2-bonded carbon atoms arranged in a two- dimensional 

hexagonal lattice discovered in 2004 [19]. Its hexagonal monolayer structure gives it ideal 

scientific and technological properties such as high electrical and thermal conductivity and 

mechanical strength, making it an excellent study object [20]. The thinnest material in 

existence, graphene can be considered as a building block for all other carbon nano-fillers 

[21-23] and as the basic carbon material for a one-dimensional carbon nanotube or a zero-

dimensional fullerene and a three-dimensional graphite as shown in Figure 2.6 [20, 24, 25]. 

 

Figure 2.6 Graphene as a basic material that can be rolled up into a) zero -dimensional 

fullerenes, b) one-dimensional CNT and stacked into c) three -dimensional graphite 

(Reproduced from the work of Geim and Novoselov on graphene structures [26]) 
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The exceptional mechanical, electrical and thermal properties of graphene make it of 

interest for integration into large-scale systems and a promising way to harness these 

properties is by incorporating it into polymer matrices to produce nanocomposites. Such 

materials have potential applications in aerospace, automotive, construction, biomedical, 

fluid separation and electronics devices [27-31]. 

Graphene can be synthesised through four different routes. These includes chemical vapour 

deposition, peeling of graphene layers from exfoliated graphite, epitaxial growth of 

graphene on silicon carbide surface and chemical and/or thermal processing of GO. Though 

these techniques have been used successfully to produce graphene samples in laboratories, 

many are not suitable for large scale production due to low yield, usage of hazardous 

chemicals or high energy requirements. A limiting factor for production of polymer-

graphene nanocomposites is devising techniques for large scale production and controlling 

the structural morphology of the nanocomposites [23, 32, 33]. 

Different graphene derivatives have created much interest over the past two decades and 

can be considered as a building block for all other carbon nano-filler [21-23]. These materials 

can be used in variety of applications in the areas of aircraft, aerospace, civil engineering, 

automotive, biomedical, fluid separation and electronics (flexible electrodes made out of 

graphene and graphene oxide are shown in Figure 2.7) [29, 32, 34-37]. 

a) b) 

  

Figure 2.7 a) Application of graphene - a) transparent and flexible electrode made from 

graphene) [38] and b) flexible graphene oxide cast solar cells [39] 
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A number of proposals have been made on structure of GO, revealing graphite-like sheets 

covered with a large number of oxygen functionalities include hydroxyls, epoxides, carbonyl 

and carboxylic groups. These extend along the edges and above and between the carbon 

layers of the sheets [40-42]. These functional groups weaken the Van der Waal’s bonding 

between the carbon layers, causing the graphene layers to peel off layer by layer from 

graphite. Although this typically conserves the layer structure of the source graphite, the 

peeled layers are clamped and the interlayer spacing is about two times larger (∼0.7 nm) 

than that of graphite. 

The structure and properties of graphite oxide depend on the synthesis method and degree 

of oxidation. Graphene oxide layers are about 1.1 ± 0.2 nm thick. They can be easily hydrated 

due to the oxidation process as GO is functionalised with polar groups that improve its 

dispersion in water and simplify uniform deposition on substrates in the form of thin film. 

This is a useful and necessary property for creating electronic devices [31, 43]. 

Graphite oxide exfoliates and decomposes when rapidly heated at moderately high 

temperatures (∼280-300 °C) with the formation of finely dispersed amorphous carbon, 

somewhat similar to activated carbon. Different types of graphite nanoplatelets, such as 

thermally expanded graphite (EG), graphene oxide (GO) and chemically modified graphene 

(CMG) have been used to make functional polymer composites [44]. 

Critically, GO can be chemically reduced back into a conductive graphitic material, as thin 

films or as bulk [43, 45-47]. Unfortunately, the graphitic structure is not fully restored using 

the reduction and defects are introduced into the structure [48] and so the properties of 

reduced GO [29] can only approach, but not equal, those of graphene [49]. Some important 

properties of graphene have been compared with to those of carbon nanotube (CNT) which 

shows graphene would be a superior material to use for most applications, compared CNT 

(Table 2.1). 
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Table 2.1 Comparison of theoretical properties of graphene with CNT [24, 49, 50] 

Properties Carbon Nanotube Graphene 

Carrier mobility at room temperature 100000 cm2.V-1.s-1 200,000 cm2.V-1.s-1 

Theoretical specific surface area 450-550 m2.g-1 2630 m2.g-1 

Optical transparency 95.5 % 97.7 % 

Thermal conductivity 3000 W.m-1.K-1 3000-5000 W.m-1.K-1 

Electrical conductivity 106 S.cm-1 Up to 1000 S.cm-1 

Young’s modulus 270-950 GPa 1 TPa 

Ultimate strength 10-60 GPa 130 GPa 

2.3.1 Electronic architecture and properties of GO, rGO and G  

The concept of graphene has been used for a long time to explain the properties of graphite, 

which consists of loosely connected parallel sheets of graphene [51]. It is established that; 

 the distance between the neighbouring carbon atoms in graphene is 0.1421 nm [52]. 

 the σ bonds between the carbon atoms within each layer are stronger than those in 

diamond [53]. 

 the π bonds between the carbon atoms are delocalised (similar to metallic bonding), 

and this property is responsible for the higher electrical conductivity of graphene 

derivatives [19, 54]. 

 a graphene monolayer is a semimetal with exactly zero band gap [55]. 

The films’ electrical conductivity can be modulated by applying an electric field and this field 

effect underpins the mechanism of most semiconductor devices. This is not possible in 

three-dimensional metal structures because of the abundance of free electrons in metals 

screening the electric field to atomic distance [51, 54]. Figure 2.8 shows different chemical 

structures of graphene derivatives proposed by different researchers. Electrical properties 

of some conductive chemically modified graphene-based materials are given in Table 2.2. 
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Figure 2.8 (Left) Chemical structure of graphene oxide, reduced graphene oxide  (Reproduced from Nasrollahzadeh et al .  

[56]) and graphene (Reproduced from Compton et al . [57] and (Right) different GO structures proposed (Reproduced from Dreyer et al . [15]) 
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Table 2.2 Electrical properties of conductive chemically modified graphene -based 

materials [58] 

Forms Electrical properties 

Free-standing paper 
Conductivity (102 S.cm-1): 72 (air dried), 

120 (dried at 220 °C), 350 (dried at 500 °C) 

Thin evaporated film (∼3 μm thick) on a glass slide Conductivity: 12.5 × 102 S.m-1 

Powder Conductivity: (10-23) × 102 S.m-1 

Drop-cast film on a substrate Resistance: 30.5 kΩ 

Thin film (∼30 nm thick) on the alumina membrane 

by filtration 
Conductivity: 65 × 102 S.m-1 

Single graphene nanoribbon sheet Semiconducting behaviour 

Multilayer Langmuir–Blodgett film Resistance: 8-150 kΩ 

2.3.1.1 Scattering mechanism and transport properties 

The electronic conductivity of graphene is directly related to the closeness of the sample to 

the ideal graphene structure. The lower the level of defects (missing carbon atoms, oxygen 

containing groups etc) the greater will be its conductivity, and defects block charge transport 

by limiting the mean free path of the electron. The conductivity of imperfect graphene is 

affected by a number of extrinsic sources, including surface charge traps (“charge produced 

on a dielectric surface by electrical discharge is the result of trapping of electrons at impurity 

or defect site in the material [59]”), interfacial phonons (“phonon transport at interfaces is 

interpreted in terms of phonons impinging on an interface and subsequently transmitting a 

certain fraction of their energy into the other material [60]”) and substrate ripples (the 

ripples arising from the lattice of graphene layers [61]) [53]. There are a number of studies 

[62-66] modelling the electron scattering mechanism in GO/rGO/graphene, and, in general, 

the scattering mechanism is expressed by Matthiessen’s rule of electron mobility [67]: 

L ≤ λMFP (λMFP stands for total electron mean free path (electron scattering length) is a 

function of the following factors): 

  (Equation 1) 

where, λel-el = electron-electron scattering length 

λap = acoustic phonon (emission and absorption) scattering length 

λOp,ems = optical phonon emission scattering length 

λop,abs = optical phonon absorption scattering length 
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λimpurity = electron-impurity scattering length 

λdefect = electron-defect scattering length 

λboundary = electron scattering length with the boundary 

Hence, electron transport and mobility properties are highly dependent on the dimensions 

and “purity” (defect absence) of the graphene. 

2.3.1.2 Electron hopping and tunnelling mechanisms 

Definitions: In the hopping mechanism, a particle has enough energy to surmount a 

potential barrier. In this mechanism, for an electron to hop from one atomic orbital to 

another atomic orbital of the adjacent atom, the two orbitals should have a finite 

intersection. This can happen even at room temperature since their KE follows a Boltzmann 

distribution [54]. 

In tunnelling, the particle can cross this barrier even when it does not have enough energy 

to surmount the barrier classically. This is possible due to the wave-particle nature of 

electrons, with a small but finite probability for the electron being present on the other side 

of the barrier unless that barrier is infinitely high. Here, for an electron in a position to tunnel 

to a another position in a regime that is geometrically detached from the regime in which 

the initial position is limited, the two positions must have a finite intersection [54, 68]. 

For the charge transport mechanism in GO derived graphene, no conclusive picture has 

proposed so far for which mechanism is predominant. In fact, while a previous study 

recommends the bearing of hopping conduction, electrical measurements on overlapping 

layers of reduced GO could be best interpreted using a tunnelling mechanism [69, 70]. 

2.3.1.3 Mechanical properties of graphene 

Graphene has promising mechanical properties with future application prospects in 

nanoelectromechanics. The first methodical experimental analysis of the elastic properties 

and strength demonstrated by pristine graphene has been done by Lee et al. [71]. It was 

experimentally found that the graphene displays both non-linear elastic behaviour and 
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brittle fracture. The non-linear elastic behaviour of graphene to tensile load is described as 

[72], 

 σ = Eε + Dε2          (Equation 2) 

where 

σ is the applied stress, 

E is the Young’s modulus, 

ε is the elastic strain, and 

D is the third order elastic stiffness 

Min et al. [73] have measured the shear modulus, shear strength, and fracture strain of 

graphene as a function of temperature and chirality through molecular simulations and 

reported that fracture stress as 97.54 GPa and shear strength of 60 GPa when the graphene 

sheet is highly flat. Ovid’ko et al. [72] have reported that mechanical properties of graphene 

with experimental evidence that pristine graphene possesses Young’s modulus of 1 TPa and 

intrinsic strength of 130 GPa, which also matches with the computer simulations they used 

to compare. Frank et al. [74] reported that nanometer thick graphene sheets have Young’s 

modulus of 0.5 TPa. Though these literature reports inconsistent mechanical properties of 

graphene, it can be concluded that, in general, graphene has promising mechanical 

properties and a worthy material for further research and application into composites area. 

With all these strength properties, graphene does possess defects such as vacancies, grain 

beads, and dislocations that may cause fractures in an armchair or zigzag patterns around 

the stress limit. Therefore, it is important to understand better these defects and to suggest 

new research ideas that will positively impact the applications of graphene [41]. 

 Preparation Methods of Graphene Derivatives 

2.4.1 Synthesis 

There are different methods to synthesise graphene oxide/graphene, with the quality and 

quantity of the yield depending on the method. Figure 2.9 shows various methods to 
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prepare graphene oxide and its derivatives but for this work the source material will be 

graphite, oxidised to exfoliate graphene oxide layer from the bulk. 

 

Figure 2.9 Production techniques for graphene and graphene oxide [24, 53, 75-77] 

2.4.1.1 Brodie and Staudenmaier methods 

Graphite oxide was first ever prepared by Brodie [78] through oxidation of graphite with 

potassium chlorate (KClO3) in a graphite and nitric acid (HNO3) mixture. Staudenmaier 

further extended Brodie’s work by increasing the acidity of the graphite and HNO3 mixture 

and slowly adding potassium chlorate solution to the mixture. This enhanced the quality of 

the oxidised GO and simplified the synthesis process. However, this method required a long 

time for the whole process to complete, and with the addition of potassium chlorate (and 

the resulting chlorine dioxide gas) was hazardous. 

The combination of potassium chlorate and nitric acid was previously used to synthesise 

carbon nanotubes [79] and fullerenes [118]. Unfortunately, this oxidation approach 

introduced large amount of oxygen functional groups and released toxic nitrogen dioxide 

(NO2) and di-nitrogen tetroxide (N2O4). Hence, the above methods were not widely used due 

to their number of restrictions. 

2.4.1.2 The Hummer’s method and “modified” Hummer’s method 

Following Brodie’s and Staudenmaier’s synthetic techniques, Hummer developed an 

oxidation process to produce GO [16] using a water-free mixture of concentrated sulphuric 

acid and sodium nitrate, and further addition of potassium permanganate. The oxidation 

was carried out around 45 °C for two hours with mild stirring. The final product had a higher 
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degree of oxidation than that of the Staudenmaier’s method. Unfortunately, products made 

by Hummer’s method usually have a non-oxidised graphite core with GO shells. 

As a result, pre-treatment was required for improved oxidation with Hummer’s method. 

Kovtyukhova [80] first familiarised a pre-treatment process for Hummer’s method by adding 

graphite to the mixture of concentrated sulphuric acid (H2SO4), potassium persulfate 

(K2S2O8) and phosphorus pentoxide (P2O5) at 80 °C for several hours [17, 80]. The pre-

oxidised graphite was then washed thoroughly, filtrated and then washed with deionised 

(DI) water followed by air drying, which produced much better GO with little non-oxidised 

GO. 

2.4.2 Reduction 

Reduction results in graphene oxide partially reverting to its original state, improving its 

properties, especially electrical conductivity [81-91]. This is important and crucial step to 

improve or tailor the properties of GO and potentially alters the structure of the same. There 

are different types of reduction processes (Figure 2.10) as shown below: 

Chemical reduction: Preparation of graphene oxide and reduced graphene oxide in large 

scale, using an effective and simple procedure [92], wherein GO samples is immersed into a 

selected chemical reducing agent for a particular period of time and a temperature range. 

This process essentially removes the excessive functional groups, such as COOH and OH [81]. 

Thermal reduction: Thermal reduction of graphene oxide is also efficient in producing high-

performance rGO powders. In this method, the GO is reduced under higher temperature 

(above or around 1000 °C) where water molecules and oxygen functional groups will be 

evaporated and burnt. This is an efficient reduction process but it can’t retain a film form of 

GO [82, 93-97]. 

UV light reduction: In this method, GO is exposed to UV light after it is extracted from 

graphite either in the suspension form or in the film or powder form. If the powder GO is to 

reduce, it can be dispersed in a solvent as liquid state of GO absorbs more UV light producing 

highly reduced GO [98]. 
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Figure 2.10 Reduction techniques for graphene oxide [53] 

2.4.3 Functionalisation  

Functionalisation (also called doping) involves adding new specific functional groups on to 

the structure of graphene derivatives either physically or chemically. For example, highly 

conductive functional groups can be incorporated to improve the electrical conductivity of 

the targeted graphene structure. Chemical and/or physical functionalisation of graphene 

materials can be achieved through surface modification [99]. 

In a related study [77], chemically changed graphene and low temperature exfoliated 

graphene were synthesised from graphite and treated with thionine. The functionalised 

graphene sheets showed a clear improvement compared to graphene oxide and reduced 

graphene oxide in characterisation and functional properties such as stability and electrical 

conductivity. It has been reported that changes observed with optical spectroscopy 

established the existence of a π-π interaction between graphene and thionine [100]. 

Similarly, the covalent modification is possible at the hydroxyl and epoxy reaction sites of 

graphene oxide and in another study, reduced graphene oxide was treated with 1-

bromobutane and its binding through chemical modification was confirmed by FTIR [101]. 

Covalent functionalisation can also be achieved by oxidising the reactive site in graphene 

oxide with a proper selection of functionalising agents, introducing a sp3 site into the carbon 

lattice when it is treated with polar reagents [102]. 

Chemical functionalisation of graphene surface by oxidation or physical adsorption/ grafting 

protocols has been found to be a feasible and effective means for improving the dispersion 

of graphene in organic and/or aqueous media. The advantage of modifying the graphene 

surface by physical adsorption is that the structural integrity of the conjugated network 

remains unaltered, whereas formation of defects is observed after treatment of the 

graphitic nanostructures by oxidative conditions and/or grafting reactions. 

Reduction of graphene oxide

Chemical reduction Thermal reduction UV light reduction
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 An Overview of Characterisation Techniques 

Characterisation of engineering materials provides the direction where improvements and 

optimisation could be done, as well as the potential application areas and a fundamental 

understanding of the root causes for the materials properties. For this research, there are a 

number of characterisation techniques performed and to conduct effective characterisation, 

it was necessary to study the work done by other researchers in similar research areas, in 

addition to the standard methodologies and principles. 

A wide variety of characterisation techniques is used for studying graphene derivatives. 

These include Raman spectroscopy, X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), microstructure analysis using microscopy techniques and thermal 

analysis. The importance, theory, and principles of these techniques have been described in 

detail in the following section. In addition to these common methods, it is noted that surface 

and structural analyses are also important, as many mechanical, physical, chemical and 

electrical properties are highly dependent on them. Hence, some extra characterisation 

work had to be done for the present research, such as confocal microscopy for surface 

analysis, particle size analysis for physical structural effects and Fourier transform infrared 

spectroscopy (FTIR) for chemical functionalities. Some common and important 

characterisation methods for graphene as well as carbon-based materials are described in 

the following sections. 

2.5.1 Analytical characterisation (Only non-standard methods are described) 

2.5.1.1 Confocal microscopy 

Confocal microscopy is also known as autofocus measurement (AFL), which is based on the 

principle of dynamic focusing [103]. The specimen is focused by moving a movable lens till 

the emitted light spot of the sensor is in focus. During the surface scan, the lens is constantly 

moved up and down to maintain the focus. Z-height is determined by measuring the relative 

change in the height at the measured positions. The method permits high resolution and 

precise measurement of a small measuring spot, high lateral resolution, coaxial 

measurement with no shading effects at high sampling rate. The method can also be 
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integrated for convenient selection of measurement positions [104]. Table 2.3 describes and 

illustrates measurement parameters in confocal microscopy technique. 

Table 2.3 Description and illustration of confocal microscopy measurement parameters 

(Images reproduced from Calvimontes (A PhD Thesis) [104-107]) 

Illustration Parametric description 

 

Profile height (Pt) In 2D profiles, this parameter is 
calculated from the distance between the highest 
and the deepest points of P-profile. Its 
corresponding value for a surface is called sPt 

 

Arithmetic average (Ra) Ra is the arithmetic average 
of all absolute values within one single measuring 
line “l” and averages the absolute values of the 
surface. The midline (X) is a reference line calculated 
from the same volume fractions of profile valleys 
and profile surveys. 

 

Root mean square of roughness (Rq) Average deep 
roughness (Rz) “Rq” is the root mean square 
deviation of all absolute values within the single 
measuring line “l” and the instrument senses the 
individual points and grooves. 

 

Maximal rough height (Rmax) is the largest Rz of the 
five intervals. This parameter is not equal to Rt and 
corresponding value for a surface is denoted as Rmax. 

 

Mean rough height (Rz) is the average of max peak-
valley distances in 5 succeeding sections. One single 
rough depth is the distance between the highest 
peak and the deepest groove within the single 
measuring line. 

 

Profile length ratio (Rlr) is the factor of surface 
enlargement that is the ratio between the stretched 
length profile (L0) and the relative distance (ln). “L0” 
means stretched length (it is necessary for 
calculation of “Rlr”) and is the real length of the 
filtered profile 
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In confocal microscopy (Figure 2.11) a laser scans the surface point-by-point and the emitted 

or transmitted signal picked up by a detector and an image is reconstructed. The effect of 

the upper or lower planes in epifluorescence or reflection are removed by a confocal 

diaphragm. Compared to conventional microscopy, this equipment has two main 

advantages: 

1) the spatial and axial resolution are increased, and 

2) superimposable images can be attained of sequential z-planes, of a series of optical 

cross sections, and 3D visualisation, reconstruction, and quantification can be made 

[104]. 

This technique allows a very high resolution due to a small spot being focused and is suitable 

for ambient conditions. Moreover, it offers a co-axial measurement without edge effects. 

For these reasons this method is applied to quality checks in front-end and back-end 

fabrication in wide range of applications. It may even be used to measure the thickness of 

thin transparent and translucent films [104]. 

  

Figure 2.11 Sketch of confocal microscopy technique (Reproduced from Calvimontes (A PhD 

Thesis) [104])  
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2.5.2 Electrical conductivity 

Theory: The four-probe method (Figure 2.12) for measuring electrical conductivity is also 

known as four-terminal sensing. It uses distinct pairs of current carrying and voltage sensing 

electrodes to measure electrical impedance. 

Ohm's law- If physical conditions (such as temperature and mechanical stress) remain 

unchanged, the current flowing through a conductor is directly proportional to the potential 

difference across the two ends of the conductor. 

V = I R          (Equation 3) 

The constant of proportionality, R, is called resistance of the conductor. 

Resistivity: The resistance, R, of a conductor at a constant temperature is (i) directly 

proportional to its length and (ii) inversely proportional to its area of cross-section, hence, 

R = ρ L/A         (Equation 4) 

Two probe method: This method is suitable for wire-like samples of uniform cross-section. 

The resistivity can be measured by measuring voltage drop through the sample owing to the 

passageway of a known (constant) current through the sample. XY is the specimen whose 

resistivity is to be measured. The current in the specimen is I (ampere) which is measured 

by an ammeter. The difference between the two contacts (probe 1 and probe 2) at the ends 

of the specimen is V (volt) which is measured using a voltmeter V. l is the length of the wire 

sample between the two probes, A is the area of the cross-section gives he resistivity of the 

specimen as, 

ρ = VI          (Equation 5) 

Four probe experimental setup: This set up consists of four equally spaced tungsten metal 

tips with a fixed radius. Each tip is supported with springs on the end to reduce sample 

damage during probing. The current is supplied using a high impedance current source 

through the two outer probes, and the voltage across the two inner probes is measured by 

a voltmeter to determine the sample resistivity. Typical probe spacing is ∼1 to 1.5 mm and 
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the inner probes draw no current due to high input impedance voltmeter in the circuit. 

Therefore, the unwanted voltage drop (I-R drop) at point B and point C caused by contact 

resistance between the probes and the sample can be avoided. In Figure 2.12, shows the 

typical setup of four probe measurement. 

 

Figure 2.12 Four-probe electrical conductivity measurement (Reproduced from Mironov et 

al.  [108])  

 Applications 

Polymer nanocomposites are a new alternative to conventionally filled polymers. 

Nanocomposites consists of two or more components, with at least one component in the 

nm range (i.e. between 1 to 100 nm). Due to their nanometre sizes, they disperse well in the 

polymer matrices and exhibit considerably improved properties when compared to regular 

composites. Graphene derivatives can be used as a potential nano/micro-fillers in polymer 

matrices to produce nanocomposites of improved properties and of particular interest for 

this research is the electrical properties. 

Nanocomposites possess improved mechanical, physical and electronic (for different 

requirement) properties. The properties of nanocomposite materials depend not only on 

the properties of their individual parent materials but also on their morphology and 

interfacial characteristics [109]. They have very good reinforcement in the nanometre scale 

and have a surface to volume ratio that is very high. They have excellent mechanical 

strength, enhanced barrier properties, very good thermal stability and flame retardancy. 
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Because of this, nanocomposites are now employed in a number of industrial applications 

such as electronics and electrical, automotive, aerospace, military systems, sporting goods, 

energy, and civil engineering sectors[110]. 

a) b) 

  

 Figure 2.13 a) Wafer-scale graphene film grown on Ni/SiO 2 layers b) graphene film formed 

on flexible substrate (Reproduced from Choi et al.  [111]) 

Though many challenges endure in gaining essential understanding of graphene-based 

materials and their polymer composites [23], studies have shown that graphene materials 

can be used in energy devices, sensors, catalysts and photovoltaic devices, conductive 

nanofibre, thin sheets, and antibacterial composites [112] with superior mechanical 

properties [113]. Reinforcing polymer with these graphene materials (Figure 2.13) will 

improve the electrical conductivity of the polymers (the primary target of this research) and 

lead to potentially useful new products [114]. Some major findings from literature have been 

described in the paragraphs that follow. Application of graphene-based materials to specific 

fields is presented in Figure 2.14. 
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Figure 2.14 Application areas of graphene-based materials [115] 

In earlier research [116, 117], it was reported that graphene materials can be intercalated 

by various monomers and subsequent polymerisation carried out, in which incorporation of 

graphene materials as fillers can significantly reduce gas permeability. As specific examples, 

graphene oxide (GO), nano/micro-structured polypyrrole (PPY) and polyaniline (PANI) are 

some typical important functional materials, which have many applications in lithium-ion 

batteries with high energy levels, super-capacitors, catalysts, solar cells, nano-devices, 

chemical sensors and biosensors. 

2.6.1 Manufacturing methods 

As graphene materials are layered they also create a multilayer architecture in polymer 

composites, with the exact architecture dependent mostly on the type of polymer and 

manufacturing technique employed [23, 118].The most common manufacturing methods 

are melt blending and solution casting. 

Melt mechanical processing: Melt blending is a process of blending fillers/ reinforcements 

and polymers in a molten state. The blending process consists of a series of steps such as 



Literature Survey and Theoretical Background Chapter 2 

 

28 

mixing the components, melting, homogeneous blending and cooling. The final extrudates 

will be pelletised using a pelletiser [119]. 

This process for blending different types of fillers/reinforcements with polymers provides 

high productivity and maximum homogeneous dispersion of reinforcements [120]. A 

schematic illustration of the extrusion process has been shown in Figure 2.15. 

 

Figure 2.15 Extrusion process [121] 

Solution casting: Solution casting is a process of dissolving a polymer in a solvent and then 

adding the fillers/reinforcements into the solution followed by stirring/agitating the mixture 

to disperse the components uniformly. The mixing can be achieved through ultrasonication 

or ultrasound or magnetic stirring. The solvent will then be removed by evaporation, which 

gives the product in the form of films [120]. In Figure 2.16, the typical process has been 

illustrated for clay nanoplatelets and polymer blends. 

 

Figure 2.16 Solution casting process [122] 



Literature Survey and Theoretical Background Chapter 2 

 

29 

In-situ processing: In this case monomers with initiators are taken and allowed to 

polymerise in the presence of fillers/reinforcements. As the polymer chains grow, they 

separate the reinforcement(s) and enter the interlayer space, forming the composite [123]. 

The typical process has been illustrated for the case of clay/polymer nanocomposites in 

Figure 2.17. 

 

Figure 2.17 In-situ processing of clay nanoplatelets with polymerisation [123] 

2.6.2 An overview of electrical properties of composites reinforced with graphene 

derivatives 

There has been a significant amount of research carried out on graphene and polymer 

composites on incorporating or improving electrical conductivity (Table 2.4). This part 

describes some significant efforts by other researchers, as well as limitations in reaching the 

target. Different polymer matrices, ranging from thermoplastic to thermoset, with different 

weight and volume percentage addition of graphene materials, have been attempted 

through different manufacturing techniques and interesting results have been reported [91, 

93, 116, 124-128]. 

The common observations are: 

 electrical conductivity is measurable when techniques such as melt blending, 

solution casting, in-situ processing and chemical vapour deposition (for sensor 

related applications) are used, but it is extremely low: on the order of 1x10-8 S.cm-1. 
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 electrical conductivity can be improved with the addition of graphene materials 

along with a secondary polymer or filler [129]. Dispersion of graphene particles in a 

polymer matrix is difficult and there exists a restriction on the addition of graphene 

above a certain level (maximum of 10 wt.%), due to the formation of agglomerates. 

This results in poor conductivity. 

 in most prior work, simple composite blends have been attempted and most of the 

researchers did not consider complex blends or hybridisation to overcome the 

limitation of adding graphene material above a certain level. This would have allowed 

the addition or use of other possible materials to add along with graphene, to 

improve electrical and mechanical properties. 

 the mechanical properties and thermal stability of the composites have improved 

considerably and this versatility of graphene/polymer nanocomposites points to 

their potential application in automotive, aerospace, electronics, and packaging 

[130]. Furthermore, electrical conductivity can be improved with the addition of 

graphene materials along with a secondary polymer or filler [129]. 
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Table 2.4 Literature review on electrical conductivity of nanocomposites of different polymers and graphene derivatives  

Nanocomposites Filler loading Fabrication method Electrical conductivity (S.cm-1) Reference 

Polystyrene/Phenyl Isocyanate-
functionalised rGO 

2.5 vol.% Melt blending/Solution casting/In-situ 0.1 
[23] 

Poly(ethylene-2,6-naphthalate) 5 wt.% Solution casting 0.0004 

PET/Graphene 3 vol.% Melt blending 0.1 [114] 

Polystyrene/Graphene 2.5 vol.% Solution casting 0.1 [131] 

Polystyrene/Graphene 5 vol.% Solution casting 1 
[132] 

PMMA/Graphene 1-5 wt.% Melt blending 0.1 

Polyurethane/ Graphene 0.015, 0.02, 0.025 vol.% Melt blending/Solution casting/In-situ 0.0001 [116] 

Polypyrrole/Graphene 20 wt.% In-situ 7.930 [133] 

PVDF/Graphene 15 wt.% Solution casting 0.01 [134] 

polystyrene-co-acrylonitrile 
(SAN)/TrGO 

12 wt.% 

Melt blending 

0.0012 [135] 

Polypropylene/TrGO 12 wt.% 0.001 

[118] Polycarbonate/TrGO 5 wt.% 0.00025 

Polyamide 6/TrGOH 12 wt.% 0.000072 

PDMS/Graphene 
4 wt.% Solution casting 

0.000275 
[136, 137] 

Natural rubber/Graphene 0.3 

Nylon-6/Graphene 1.5 vol.% In-situ 0.001 

[32] 

HDPE/Graphene 3 wt.% 
Melt blending 

0.00000000025 

Polyphenylene Sulfide /Graphene 4 wt.% 0.000026 

Polyaniline/Graphene 1.5 wt.% In-situ 10 

Polyvinyl Alcohol/Graphene 0.47 vol.% Solution casting 0.0000254 

Epoxy/Graphene 0.52 vol.% Solution casting 0.00000254 

PLA/rGO 1.25 vol.% Solution casting 0.022 

Graphene/Nano-cellulose 10 wt.% Solution casting 80 [138] 

PBT/Graphene 1 vol.% Solution casting 0.000000000001 [139] 
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2.6.3 An overview of mechanical properties of composites reinforced with 

graphene-based materials 

Mechanical properties are an important measure of product quality, and tensile testing can 

be used to assess the performance of CNT-reinforced composites. A significant number of 

investigations have been carried out in improving mechanical properties of 

graphene/polymer nanocomposites. These properties depend mostly on the following 

factors [140]; 

 Type of polymer matrix 

 Type of fabrication method 

 Functionalisation or functionalities of graphene derivative 

 Dispersibility of graphene derivatives in the matrix 

 Stress transfer between graphene materials and the polymer matrix to the transfer 

of the load to the filler 

 Amount of graphene materials in the matrix 

Generally, incorporating graphene materials through any fabrication method improves the 

mechanical properties to some extent, though tensile strength decreases due to 

agglomeration [4]. From this literature search, it was noticed that many 

investigations/developments of graphene-polymer composites were focused on composites 

prepared by an in-situ technique. This is a major limitation for large scale production when 

compared with melt blending process. In order to ensure the practical application of our 

results, in this work we have utilised melt blending process for the preparation of 

nanocomposites with graphene materials and different polymer matrices. 

The investigation primarily focused on hybridising the nanocomposites with the primary 

polymer (thermoplastics), secondary polymers (conducting polymers) and graphene 

materials and analysing their mechanical properties. The tensile strength of different 

graphene-based composites has been listed in Table 2.5. 
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Table 2.5 Literature review on tensile strength of nanocomposites of different polymers 

and graphene derivatives  

Nanocomposites Filler loading Fabrication method UTS (MPa) Reference 

Epoxy/GPL 0.1 wt.% Solution casting/In-situ 80 [33] 

PS/Graphene 1 wt.% Solution casting 42.5 (69.5 % increase) [78] 

PP/Graphene 10 wt.% Melt blending 24 [141] 

PVDF/Graphene 5 wt.% Solution casting 100 [142] 

PVA/Graphene 2 wt.% Solution casting 42 
[143] 

PVA/rGO 2 wt.% Solution casting 50 

PAH/GO 
1 wt.% In-situ 145 

[144] 
1 wt.% Solution casting 40 

PVA/Graphene 0.7 wt.% In-situ 85 [145] 

PVA/Graphene 3 wt.% Solution casting 43 [23] 

Epoxy/rGO 0.2 wt.% In-situ 55 [146] 

PBS/GNS 2 wt.% Solution casting 37.2 [147] 

PVA/Graphene 3.5 wt.% Solution casting 38 [148] 

Epoxy/GNS 0.5 wt.% In-situ 55 [149] 

PP/Graphene 3 wt.% Melt blending 63 [150] 

PMMA/GNS 1 wt.% In-situ 54 [151] 

PU/GO 4 wt.% Solution casting 13 [152] 

2.6.3.1 Dispersion/distribution and particle size analyses 

Dispersion of powder particles is important to study as they greatly influence the properties 

of the composites by forming agglomerates and disconnected networks. The latter imparts 

to the composite poor mechanical and functional properties [124, 153-155]. There are both 

conventional methods such as SEM/TEM imaging, and non-conventional methods such as 

modelling/simulation, to study the dispersion of nano/micro sized particles in composites. 

The lump agglomerates in polymer composites can be identified by simple comparison of 

particle size of the filler before blending and after blending. The particle size of the filler in 

the case of graphene powder, for example, can be measured using the particle size analyser 

(PSA). The working mechanism of the PSA is detailed in section 3.5.2. 

2.6.4 Conductive fibre coating 

Conductive wires could be made out of natural and synthetic fibres through a coating of fine 

graphene powder, a binder and employing dip-coating technique (some common coating 

techniques are described in the following sections). There has been some work showcasing 

that fibres could be made conductive, by successfully depositing graphene on their surfaces 

[156-158]. 
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Zhang et al. [159] produced a conductive glass fibre coated with CNT through 

electrophoretic deposition (EPD, Figure 2.18), which resulted in a successful homogeneous 

coating of CNT on the glass fibre. In their coating process dispersion of MWCNTs was 

complicated, with an additional dispersion of surfactants prepared in a solvent through 

sonication. The glass fibre was then placed along with a copper electrode to coat CNT 

through EPD. During the deposition process, CNT migrates towards the positive copper 

electrode, through which means the glass fibre was coated. The samples were then dried 

and their electrical conductivity was measured to be ≈ 0.0001 S.cm-1. 

  

Figure 2.18 Electrophoretic deposition and SEM image of coated glass fibre  (Reproduced 

from [159]) a) Surfactant and CNT dispersion  and b) deposition of the mixture on glass 

fibre 

Liu et al. [157] developed flexible super-capacitor yarns through an electrochemical 

deposition for wearable electronic applications. Cotton yarns were used to produce 

electrodes coated with Ni and rGO shown in Figure 2.19. The wires were prepared by 

solution-processed metal coating and rGO deposition methods that created deep 
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penetration of chemicals into the cottons yarn. This resulted in an even coating of these 

electrode materials on the surfaces of individual cotton fibres at the inner and outer 

positions of the cotton yarn. This ordered structure can efficiently avoid re-stacking of rGO 

sheets and collapsing of transporting channels. As a result, the composite electrode 

possesses large surface area and sufficient contact of the electrolyte to form electrochemical 

double layers [157]. Some similar and most common coating processes are described in the 

following sections. 

 

Figure 2.19 Schematic il lustration of the fabrication  (Reproduced from the work of Liu et 

al.  [157]) 

2.6.4.1 Dip-coating process 

A far more practical technique for large-scale preparation of coated wires and films is dip-

coating. This can be done either by batch or continuous process as shown in Figure 2.20. The 

material to be coated is dipped/immersed into the solution containing coating material at a 

low angle and is then removed from the solution at a constant speed which determines the 

thickness of the coating [160]. 
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a) 

 

b) 

 

Figure 2.20 a) Batch dip coating process and b) continuous dip coating process  

2.6.4.2 Electrochemical deposition 

The process that involves deposition of colloidal particles on electrodes/conductive surfaces 

in an applied electric field is called electrophoretic deposition or electrophoretic coating 

[161]. This technique can be used for forming a protective coating and for infiltration. 

Dielectric nanorods and nanowires are synthesised using this method [162]. This technique 

is also used in the preparation of the graphene counter electrodes for dye-sensitized solar 

cells [163] and deposition of carbon nanotubes onto carbon fibre fabric for the production 

of carbon/epoxy composite to increase the mechanical properties [164]. A schematic of 

graphene particle deposition [165] by this method has been shown in Figure 2.21. 

Reduction of metal ions from aqueous, organic and fused salt electrolytes is involved in the 

electrochemical deposition of metals and ions. It can be either electrodeposition or 

electrodeless deposition based on the source of the electron. The convenient method of 

choice for the production of the multi-layered nanostructure is electrodeposition/ 

electroplating [166]. 
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Figure 2.21 Electrophoretic deposition of graphene on a substrate  (Reproduced from [166]) 

2.6.4.3 Spray coating 

This method involves deposition of particles on fibre surface using a high-velocity thermal 

spray gun where the particles are loaded in colloidal or aqueous solution form [167]. The 

process has been depicted in Figure 2.22. Some other common methods include spin 

coating, plasma coating, vacuum deposition and roll to roll coating [167]. 

 

Figure 2.22 Thermal spray coating process  (Reproduced from [168] 



Literature Survey and Theoretical Background Chapter 2 

 

38 

 Taguchi analysis 

The Taguchi method of experimental design is commonly used to investigate the influence 

of process variables on a selected response [169]. Genichi Taguchi developed a catalogue 

consisting of orthogonal arrays to construct factorial designs in 1956 and in 1959, he 

extended the method of linear graphs to aid orthogonal tables for optimised results [170]. 

At a practical level, Taguchi analysis is a tool for obtaining an inexpensive and timely 

understanding of a process, without affecting other factors such as production schedules or 

incurring time-consuming methods of obtaining process information. The objective of the 

design of experiments (DOE) is to find the best factor-level combination that will give the 

optimum formulation/parameters [171-173]. 

Through there are several advantages with this method, there are some minor limitations 

come along. 

1. The main problem is that, without knowing the upper and lower limits of the 

parameters it would be not useful to perform the analysis. It is quite important to 

perform a preliminary experiment to identify the limits as Taguchi analysis itself does 

not do that [174]. 

2. Furthermore, the optimal parameters might not be the final optimal combination or 

final results within the specified levels of factors and it can lay at any point within the 

range of levels chosen. Taguchi method helps to achieve the optimal combination 

only at a practical level [174]. 

Taguchi method uses the Taguchi’s elements or terminologies from the experimental 

manipulation stage to the final optimisation process. It uses an orthogonal array (OA), signal-

to-noise (S/N) ratios, main effects, and analysis of variance (ANOVA) to develop a final 

experimental design. OA provides a well-balanced experimental set and importantly 

minimum experimental runs [175]. The main effects analysis and an ANOVA analysis reveal 

the significance of performance of factors statistically through S/N ratio. The optimal 

combination of processing parameters at the specific level can be determined with the main 

effects analysis with the highest mean response, whereas ANOVA is used to estimate the 
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error variance of the selected parameters. With these techniques, optimal result could be 

predicted with simplified data analysis. [176]. 

In this research, the Taguchi analysis was performed in order to understand the optimum 

combination of hybridisation mechanism of graphene materials reinforced two polymer 

nanocomposites system (thus, there are 3 factors, A, B and C). Initial experiments were 

carried out in order to figure out the maximum and minimum limits of the factors A and B 

(C is dependent on the proportion of A and B). Once these limits were found, it was applied 

to an L9 orthogonal array to build up the necessary experimental sets. Since, there were two 

alternatives for A and B, 4 combinations of hybrid composites were built, analysed and the 

results were compared. More specific details of the construction of the experimental design 

are given in Section 7.2. 

From the literature analysis, several parametric studies on process optimisation of 

composites have pointed out that the composite’s performance is dependent on a variety 

of constraints related to the materials and process characteristics. Hence, together with 

Taguchi method, ANOVA, regression and S/N, it is possible to establish desired conditions 

for composites with a statistical evidence. 

The details of terminologies and parameters of Taguchi analysis have been provided in 

appendix, Section 10.7. 

 Critical Analysis of Gaps and Opportunities for Further Work from the 

Literature 

From this literature review, the following gaps in graphene related materials and their 

composites were found which provided a number of opportunities to carry out this research. 

They are, 

1. Several people have reported different reducing methods for GO, but there was no 

detailed comparison of all the factors (efficiency of different reductants, atomic 

structure, atomic concentration of different functional groups present, d-spacing, 

surface area etc) influenced its electrical properties. 
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2. No work has been published comparing and elaborating properties of GO, rGO, fGO 

with graphene as a reference material. This analysis allows us to understand the 

underlying mechanism and major differences of these different structures. 

3. No attempt had been made to understand how the duration of reduction of GO 

affects rGO’s properties. Several reagents require substantial reaction times or are 

extremely vigorous and improved properties may result from optimising reduction 

times. 

4. There no analysis or report of influence of surface roughness as well as thickness on 

electrical conductivity of GO/rGO films when are made with different processes. This 

will open more windows to mass production as well as more doors to new industries. 

5. Several studies have been made in the development of graphene-polymer 

composites with focus of improving electrical conductivity for various proposed 

applications. However, the highest results reported used in-situ method rather than 

commercial melt-blending. In-situ process is limited to polymers that can be 

dissolved in solvent and so this technique requires improvements to be made more 

versatile. One idea is to hybridise the graphene with two different polymers to 

improve or establish highly conductive networks in the system. 

6. Though there are a few attempts in making conductive wires with synthetic fibres 

(glass fibres), there is work reported on turning natural fibre yarns conductive. This 

also opens more windows for developing new coating techniques as well. 
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3 █ CHAPTER 3 
Materials and Methods 

 

 

 Materials 

The chemical, polymers, and materials used for different parts of this research have been 

listed in Table 3.1. 

Table 3.1 Materials and grades  

Material Grade Vendor 

For GO synthesis and reduction 

[1] Graphite flakes 332461 Sigma-Aldrich, NZ 

[2] Hydrochloric acid (HCl) Synthesis Macron, NZ 

[3] Sulphuric acid (H2SO4) Synthesis (97 %) ECP Ltd., NZ 

[4] Potassium permanganate (KmNo3) Synthesis (100 %) J.T.Baker, USA 

[5] Sodium nitrate (NaNo3) Synthesis Sigma-Aldrich, NZ 

[6] Hydrogen peroxide (H2O2) Synthesis (35 %) ECP Ltd., NZ 

[7] Hydrobromic acid (HBr) Synthesis (48 %)  Scharlau, Spain 

[8] Hydrazine hydrate (H2N4) Synthesis (60 %) Sigma-Aldrich, NZ 

[9] Hydroiodic acid (HI) Synthesis (60 %) Sigma-Aldrich, NZ 

[10] Sodium borohydride (NaBH4) 
Synthesis (∼12 wt.% in 14 M 

NaOH) 
Sigma-Aldrich, NZ 

[11] Dextrose 100 % Trec Nutrition, NZ 

For GO functionalisation 

[12] N,N′-Bis[2-(2-tert-

butyldimethylsilyloxyethoxy)ethyl]- 

3,4,9,10-perylenetetracarboxylic 

diimide (PDI) 

Synthesis (97 %) Sigma-Aldrich, NZ 

[13] 1-Pyrenesulfonic acid hydrate Synthesis (95 %) Sigma-Aldrich, Germany 

[14] Perylene dianhydride Synthesis (97 %) Sigma-Aldrich, Germany 

[15] Sodium bicarbonate (NaHCO3) Anhydrous (99.7 %) Sigma-Aldrich, Germany 

[16] Sodium chloride (NaCl) Anhydrous (99 %) Sigma-Aldrich, Germany 

[17] Ethanol Absolute (99.8 %) Sigma-Aldrich, Germany 
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[18] Sodium hydroxide (NaOH) Anhydrous (98 %) Sigma-Aldrich, Germany 

[19] Graphene Nanoplatelets - M Emfutur, Spain 

[20] (3-Aminopropyl)triethoxysilane (APTES) Synthesis (98 %) Sigma-Aldrich, NZ 

For PANI synthesis 

[21] Aniline hydrochloride Synthesis (97 %) Merck Chemicals, NZ 

[22] Ammonium peroxydisulfate Synthesis (98 %) Sigma-Aldrich, NZ 

For hybrid nanocomposites 

[23] Linear low-density polyethylene 

(LLDPE) 
Rotathene Vanglobe, NZ 

[24] Polypropylene (PP) H5300 Honam, South Korea 

[25] Polymethylmethacrylate (PMMA) CM207 Chi Mei, Taiwan 

[26] Polyoxymethylene (POM) Celcon Celanese, China 

[27] Polypyrrole (PPY) Doped with carbon black Sigma-Aldrich, NZ 

For conductive wires 

[28] Glass fibre (GF) Woven (91106) Interglas, Germany 

[29] Flax fibre (FF) - Jayashree Textiles, India 

[30] Flax fabric FLAXTAPE Lineo, France 

[31] Bamboo fabric Woven Industrial Textiles Ltd., NZ 

[32] Starch 85652 Sigma-Aldrich, NZ 

[33] Epoxy resin Prime 20LV Gurit, NZ 

[34] Slow hardener Prime 20 Gurit, NZ 

* Nomenclature for the graphene materials has been adapted from Bianco et al.’s recommendation 

[177]. 

 Analytical Characterisation Techniques 

3.2.1 Raman spectroscopy 

Raman spectroscopy of rGO films was obtained using a Renishaw System. The samples were 

analysed in backscattered mode on the stage of a Leica microscope with a 20x magnification. 

The gratings groove density was 2400 mm-1 with 4 cm-1 resolution. A holographic notch filter 

(HNF) was configured for removal of Rayleigh scattered light. The Raman excitation radiation 

was detected using 488 nm line of an air-cooled Argon ion laser operating at 30 mW. The 

removal of spikes of cosmic rays and a manual multi-point baseline correction (for 

fluorescence background subtraction) were performed. 
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3.2.2 Fourier transform infrared spectroscopy (FTIR) 

The FTIR spectra were recorded in a Bruker ‘TENSOR II 27’ with fully automated PQ 

(performance qualification) and operational qualification routines for instrument validation 

in regulated pharmaceutical laboratories. The samples were prepared by pellet pressing and 

spectra were recorded in ATR mode which were then further processed with baseline 

corrections. 

3.2.3 X-ray diffraction (XRD) 

X-ray diffraction analysis was performed on all the graphene materials in an XFlash silicon 

drift detector at the elemental range and energy resolution of K to Hf (∼3-20 keV) and <180 

eV (CuK) at 100,000 CPS. 

3.2.4 Elemental and thermal analyses 

3.2.4.1 X-ray photoelectron spectroscopy (XPS) 

XPS instrument is equipped with an ESCAlab 220i (Vacuum Generator, UK) spectrometer 

with two X-ray sources and a He capillary discharge light source. The X-ray sources are for 

monochromatic A1 K-alpha and non-monochromatic Mg K-alpha X-ray irradiation. 

Photoelectron spectrometer AXIS ULTRA (Kratos Analytical, UK) is equipped with an X-ray 

source for non-monochromatic Mg K-alpha X-ray irradiation and monochromised X-ray 

sources for A1 K-alpha and Ag L alpha X-ray irradiation. The take-off angle of the 

photoelectrons was 90 degrees. High-resolution spectra of the Ce 3d, O 1s, C 1s, N 1s and Li 

1s core level regions were recorded with a pass energy of 20 eV and for wide scan 

measurement (energy range 1100-0 eV), 160 eV, 160 eV was used. The data processing (peak 

fitting) was performed using CasaXPS software. The binding energies were corrected by 

setting the C 1s hydrocarbon (-CH2-CH2- bonds) peak at 285.0 eV for the samples. 

3.2.4.2 Nuclear magnetic resonance spectroscopy (NMR) 

1H NMR (500.13 MHz) spectra were recorded on an Avance III 500 NMR spectrometer 

(Bruker). Dimethyl sulfoxide-d₆ (DMSO-d6) (1H = 2.50 ppm) was used as a solvent, lock, and 

internal standard. 
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3.2.4.3 Thermogravimetric analysis (TGA) 

TGA analysis was performed in a TGA Q5000 IR instrument with a temperature range 

capacity of 5 °C to 800 °C at a heating rate of 10 K/min (Ballistic heating > 1000 °C/min) in 

nitrogen atmosphere. 

  Microscopy Techniques 

3.3.1 Optical microscopy 

Leica MZ16 was used to image the samples. The samples were pictured with a micrometer 

mounted in a 10× eyepiece on a Leica MZ16 stereomicroscope at 50X and 100X. 

3.3.2 Scanning electron microscopy (SEM) 

SEM images have been taken from FEI Quanta 200 F (FEG = Field Emission Gun), 

manufactured in the USA, equipped with EDS Detector of Si-Li (Lithium-drifted) with a Super 

Ultra-Thin Window. The samples were prepared with a Quorum Q150RS sputter coater, used 

for standard SEM samples. It is designed to give a very thin metal coating, suitable for SEM 

viewing. The normal target used is Pt or Au. 

3.3.3 Confocal microscopy 

Confocal microscopic measurements for surface analysis of GO and rGO films were 

performed using a MicroGlider apparatus equipped with multi-sensor measuring system and 

a chromatic white light (CWL) sensor from the company Fries Research & Technology. A CWL 

is a fast distance measuring optical sensor that can be precisely configured for a given 

application. There is a choice of standard heads, with different measuring ranges available. 

The non-destructive principle of the CWL works as well on surfaces with high and low 

reflectivity. 

 Electrical Conductivity 

Three types of instruments have been used to measure the conductivity of films, powders, 

and yarns, and they are shown in Figure 3.1. Electrical conductivity values of GO, rGO, and 
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fGO films were measured by the four-probe method (“a” showing the instrument setup), 

also known as four-terminal sensing or 4 T sensing [9]. The probes are made of brass coated 

with gold and the distance between the probes is 18 mm. Powered graphene materials were 

measured using instrument “c” and the graphene materials coated yarns were measured 

using instrument “b” Figure 3.1. 

a) e) 

 

 

b)                             c) 

  

d) 

 

Figure 3.1 a) Conductivity measurement setups for b) yarn, c) fi lm d) four probe and e) 

powder 

 Particle/Powder Characterisation Techniques 

3.5.1 Specific surface area measurement 

The instrument is equipped with an ‘autosorb-1 Quanta-chrome der Firma (volumetric 

working device), made in the USA. The measuring temperature was 77.4 °K (Cooling with 

liquid Sticks off). Samples were heated at 80 °C in vacuum for 36 hours before the 

measurement. 
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3.5.2 Particle size analysis 

Particle size analysis was done by laser diffraction with a HELOS particle size analyser from 

Sympatec GmbH (Clausthal-Zellerfeld, Germany), in combination with a dry dispersing unit 

RODOS and micro-dosing unit ASPIROS. The focal length is 500 mm with a measuring range 

of 0.5 - 875 µm and resolution of 31 logarithmically divided particle size classes. 

3.5.3 Particle seiver 

Particles of GO and rGO were sieved to separate fine particles for the preparation of hybrid 

composites. Fritsch ANALYSETTE 3 Spartan vibratory seiver was used. It mechanism based 

on electromagnetic drive causes the classical sense, a "shaking sieve" system, the screens in 

a vertical oscillating movement. Specifications of the seiver used are given in Table 3.2. 

Table 3.2 Specifications of the vibratory seiver  

Specification Capacity 

Measuring range 20 µm – 63 mm 

Max. sample quantity (approx.) for sieves < 63 mm: up to 2 kg 

for sieves < 100 µm: up to 100 g 3 – 20 min 

Max. weight of sieve stack 3 kg Amplitude 

Sieve diameters 100 µm to 200 µm  

Max. number of sieves per sieve stack 10 (50 mm height) or 16 (25 mm height) 

Max. height of sieve stack 550 mm 

Electrical details 100-240 V-1, ∼50-60 Hz, 50 watt 

Weight (Net/gross) 21 kg / 26 kg 

Bench top instrument 37 x 40 x 20 cm 

 Mechanical Characterisation Techniques 

An Instron-5567 load frame was used for tensile testing of the hybrid composites. A range 

of load cells (2, 5, 20 and 30 kN) is available to ensure accurate measurements for specific 

applications. A high-resolution digital camera is used to measure strain by tracking 

contrasting gauge marks placed on the specimen. The machine is controlled by Blue-Hill 

materials testing software. 
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 Processing 

3.7.1 Melt blending 

A Brabender Plasticorder (Lab-Station) batch extruder was used to prepare hybrid 

nanocomposites by melt blending. The composites were blended at 180 ˚C at 60 rpm with 

the compressed air cooling. 

3.7.2 Compression moulding 

Hybrid sheets were made by compression moulding for characterisation. A Carver Model 

3912 hydraulic press was used for this purpose. The composites were pressed at 180 ˚C with 

5 tons pressure for 3 minutes. Subsequently, the specimens were allowed to cool down to 

room temperature keeping them in the mould for 10-15 minutes. 

 Coating of Fibre Yarns 

Based on the concepts proposed in section 2.6.4, incorporation of electrical conductivity 

using dip coating with a binder was also carried out. This would open new production 

opportunities for using a variety of yarns such as natural fibres as the latter cannot be coated 

with a process like EPD. 

In this research, we attempted to coat both glass fibres (synthetic) and flax fibres (natural) 

with graphene materials through conventional dip coating. Either epoxy resin with a slow 

hardener or a starch solution were used as binding materials to coat graphene powder onto 

the fibres. To improve the interfacial bonding between the binder and the fibre, the latter 

could also be treated with a coupling agent before the coating process. Electrical 

conductivity and microstructure analysis have been performed to assess the quality of the 

conductive fibres produced. 
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4 █ CHAPTER 4 
Synthesis, Reduction, and Functionalisation 

of Graphene Oxide 

 

 

 Synthesis of Graphene Oxide 

The synthesis of graphene oxide involves oxidation and exfoliation of graphite layers. The 

most widely used method is chemical oxidation (the Hummer’s and Offeman’s method [16]). 

The technique has been modified by different researcher [178, 179] for better yields and 

improved quality of graphene oxide. The graphene oxide obtained is subsequently dried and 

reduced using different reducing agents to improve electrical conductivity. The description 

of the synthesis and reduction of graphene oxide is given below. Typical individual molecules 

of GO and the whole structural models of graphene derivatives have been shown in Figure 

4.1. 

Graphite GO 

  
rGO G 

  

Figure 4.1 Structural models of members of the graphene nanomaterial s family [180] (Red 

atoms represent hydrogen or oxygen -containing groups, respectively) 
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4.1.1 Hummer’s method 

The original method developed by Hummer and Offeman [16] involves preparation of 

graphene oxide by stirring 100 g of powdered flake graphite and 50 g of sodium nitrate into 

2.3 litres of sulphuric acid. The ingredients were mixed in a 15-liter battery jar that had been 

cooled to 0 °C in an ice-bath as a safety measure. While maintaining vigorous stirring, 300 g 

of potassium permanganate was added to the suspension. The permanganate was added at 

a rate that kept the temperature of the suspension from exceeding 20 °C. The ice bath was 

then removed and the temperature of the suspension brought to 35 °C, where it was 

maintained for 30 minutes. As the reaction progressed, the mixture gradually thickened. At 

the end of a further 20 minutes, the mixture became a paste with the evolution of only a 

small amount of gas. The paste was brownish grey in colour. At the end of 30 minutes, 4.6 

litres of water was slowly stirred into the paste, causing violent effervescence and an 

increase in temperature to 98 °C. The diluted suspension, now brown in colour, was 

maintained at this temperature for 15 minutes. 

The suspension was then further diluted with warm water to approximately 14 litres and 

treated with hydrogen peroxide (30 %) to reduce the residual permanganate and manganese 

dioxide to colourless soluble manganese sulphate. Upon treatment with the peroxide, the 

suspension turned bright yellow. The suspension was filtered resulting in a yellow-brown 

filter cake [16]. Figure 4.2 shows the reaction scheme for this technique. 

 

Figure 4.2 Hummer's method reaction scheme  
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4.1.2 Modified Hummer’s method 

In this research, the graphene oxide has been synthesised by the “modified” Hummers and 

Offeman’s method [16] using H2SO4, NaNO3, and KMnO4. This was purposefully modified as 

the original recipe given in Section 4.1.1 is too harsh which causes severe damages to GO 

structure. Typically, the reaction takes 2 hours for overall completion. Adding water and 

subsequent addition of hydrogen peroxide (H2O2) make the manganese salts soluble and the 

yellowish intermediate graphite oxide formed can be purified by washing procedures to 

yield GO after sonication [16, 181]. The suspension from the synthesis was then 

ultrasonicated and dried to form films on a petri dish in an oven, maintained at 50 °C for 

drying, Figure 4.3. Reaction scheme for this modified method has been given in Figure 4.4. 

  

Figure 4.3 GO suspension and films  

 

Figure 4.4 Modified Hummer's method reaction scheme  



Synthesis, Reduction, and Functionalisation of Graphene Oxide Chapter 4 

 

51 

 Reduction of Graphene Oxide 

There are different ways to reduce graphene oxide, such as chemical reduction, thermal 

reduction, and UV light reduction, in order to remove oxygen functional groups and improve 

electrical conductivity. Chemical reduction is found to be a most efficient method to achieve 

higher yield, time for processing, quality of products. 

4.2.1 Chemical reduction 

The GO films obtained from the petridish after drying exhibit high electrical resistivity, but 

by treating them with hydrohalic acids (hydrobromic acid (HBr), hydrazine hydrate (N2H4) 

and hydroiodic acid (HI), sodium borohydride (NaBH4) and dextrose (Dextrose) as reducing 

agents, partial recovery of electrical properties occurs. The extent of exfoliation and the 

duration of reduction treatment play vital roles in determining the extent of restoration. 

This restoration is influenced by a combination of parameters, a number of which have been 

systematically varied during this study to determine reaction/product-property relations. 

Compared to the previous experimental work [85, 87], we have modified these techniques 

to vary systematically the reduction time and reducing agents. This has been done to 

determine the range of effects these variables have on the conductivity and surface 

properties of the GO films. 

The reduction process drastically improves conductivity, far beyond that of the original 

graphite and GO materials, and is influenced by a combination of parameters and it is 

important to understand how the reduction variables are responsible for this process. 

GO has been reduced at three reduction periods (24, 48 and 72 hours) with five reducing 

agents (HI, N2H4, HBr, NaBH4, and Dextrose). With almost all five reducing agents, the 

electrical conductivities became better when reduction time progressed to 72 hours. After 

this time, the films are very rough and no significant improvements in conductivity were 

observed  
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4.2.1.1 Experimental procedure 

The GO films obtained from the petridish after drying were reduced using following reducing 

agents. 

 Hydroiodic acid (HI) 

 Hydrobromic acid (HBr) 

 Hydrazine hydrate (N2H4) 

 Sodium borohydride (NaBH4) 

 Dextrose (Dextrose) 

GO films were immersed in an appropriate amount of reducing agents in a glass ‘pyrex’ 

container with closures. Reduction time varied in steps from 24 hours to 48 hours to 72 

hours. Samples were then washed with deionised water followed by acetone, to remove the 

acids from GO films as much as possible. Then the films were dried overnight in at 60 °C. 

4.2.1.2 Reduction mechanism 

The reduction procedure removes functional groups, such as ROH, R=O, ROOH and ROR 

(depicted in Figure 4.5). It is assumed that the oxidation of graphene to graphene oxide 

involves the initial formation of epoxides, and then alcohols (highly populated compared to 

other groups) and eventually ketones/aldehydes/carboxylic acids (along edges and defects) 

[82, 87, 182].The molar populations of these and the level of the desired reduction 

determine the amount of reductant that needs to be used. It has been suggested in the 

literature [89, 183] that 150 mmol is needed to reduce 420 mmol (0.42 mol) of GO. 
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Figure 4.5 Structural changes in graphene oxide to reduced gr aphene oxide route  

All the three reducing agents react 1:1 with a COH, C=O or COOH group, reducing them back 

to CH2 or COH or CO, respectively [87]. Experimental studies [183] strongly indicate that the 

oxygen in GO exists mainly as hydroxyl groups and in a ratio of 2:1 (C:O). Therefore, 420 

mmol of GO needs around 150 mmol of reductant to create completely reduced rGO. This 

reduction procedure was considered and followed after reviewing other literature and 

finding variations in C:O ratio listed in Table 4.1. Chemical structures of rGO and graphene 

are shown in Figure 4.6. 

Table 4.1 Literature on elemental analysis of rGO and their variation [86] 

Reduction 

method 
Amount of reducing agent used Physical Form 

Ratio of carbon to oxygen 

functional groups 

Chemical 

reduction 

150 mmol NaBH4 solution, 2 h 
Transparent 

conductive films 
8.6 

Hydrazine hydrate Powder 10.3 

Hydrazine hydrate 

Film 

8.8 

Hydrazine hydrate 12.5 

L-ascorbic acid 12.5 

55 % HI reduction >14.9 

Thermal 

reduction 
At 900 ˚C, Ultra high vacuum ≈14.1 
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Figure 4.6 Structures of reduced graphene oxide and graphene  

Recently, it has been speculated that defects in the graphene sheets are formed by CO2 

elimination [181]; when reduction temperatures exceed 50 °C. For this reason, the reduction 

processes were carried out at room temperature. Figure 4.7 give the complete GO reduction 

progression for the five different reductants with respect to time, from which it can be seen 

that as time progresses the N2H4 reduction breaks up the sample completely. This figure 

mainly indicates how different reduction agents change the original form of the films. It is 

important to keep the original form (film) of the samples as for any application that needs 

rGO to be in film form. This is not highly important, but an advantage. Retaining the film 

form also avoids the post processing for some important characterisation, especially 

electrical conductivity measurement 
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Figure 4.7 Progression of reduction of graphene oxide with HI, HBr, N2H4 , NaBH4 , and 

Dextrose over different periods 
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 Functionalisation of Graphene Oxide 

To improve the electrical conductivity further, electron donors and acceptors were 

incorporated into the rGO samples. 

Two organic electron semiconducting materials modified with water-soluble moieties were 

chosen. Pyrene-1- sulfonic acid sodium salt (PYS) was selected as an electron donor and the 

disodium salt of the 3,4,9,10-perylenetetracarboxylic diimide bisbenzenesulfonic acid (PDI) 

[21] as an electron acceptor. Both PYS and PDI have large planar aromatic structures that 

strongly interact with the surface of graphene sheets via π-π interactions without disrupting 

the electronic conjugation of graphene [184, 185]. 

4.3.1 Synthesis and characterisation of electron donor and acceptor 

The electron donor and acceptor enhance the electron flow in the system of graphene oxide 

that potentially improves the electrical conductivity as well as the mechanical properties of 

the GO film/powder. 

4.3.1.1 Synthesis of 1-Pyrenesulfonic acid sodium salt 

The preparation is based on the following procedure [186]: 1 g of 1-Pyrenesulfonic acid 

hydrate was dispersed in a solution of 2.50 g sodium bicarbonate (NaHCO3) in 50 ml water. 

After stirring overnight at room temperature, 50 ml of brine (saturated aqueous solution of 

sodium chloride (NaCl)) were added. After 1 h, the precipitate was filtered off and washed 

with a small amount of water and dried under vacuum at 80 °C. The reaction was carried out 

in a ‘Dimroth condenser’ and the scheme is given in Figure 4.8. 

 

Figure 4.8 Reaction scheme for of 1 -Pyrenesulfonic acid sodium salt  
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4.3.1.2 Synthesis of Disodium salt of N,N´-Bis(4-benzosulfonic acid)perylene-3,4,9,10-

tetracarboxylbisimide 

The preparation is based on the following procedure [185] which involves mixing 2 g of 

perylene dianhydride (in a nitrogen atmosphere) with 75 ml of ethanol and then the mixture 

was heated up once again to 75 °C under stirring. After cooling to room temperature, the 

precipitate was filtered off, washed with ethanol and acetone and dried under vacuum at 80 

°C (Figure 4.9). 

 

Figure 4.9 Reaction scheme for synthesis of N,N´ -Bis(4-benzosulfonic acid)perylene -

3,4,9,10-tetracarboxylbisimide  

The disodium salt was synthesised by stirring the aforementioned precipitate overnight with 

50 ml of 1 M aqueous NaOH (2 g NaOH in 50 ml) giving a clear red solution. After that 50 ml 

of saturated NaCl solution was added. The precipitate was filtered off and washed with a 

small amount of water and dried under vacuum at 80 °C (Figure 4.10). The yield was 80 % as 

some disodium salt was washed out with water. This procedure does not lead to a 

quantitative disodium salt (according to the NMR spectrum). 
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Figure 4.10 Reaction scheme for synthesis of N,N´ -Bis(4-benzosulfonic acid)perylene -

3,4,9,10-tetracarboxylbisimide disodium salt  

4.3.2 FTIR spectra of the chemical compounds 

Comparing the FTIR (ATR) spectra of the PDI and the disodium salt of PDI the differences in 

the carbonyl region between 1800 and 1600 cm-1 are clear visible. For the disodium salt, the 

intensive absorbance at 1701 and 1640 cm-1 represent the C=O vibrations of the two imide 

groups [187] in contrast to the absorbance for the anhydride groups of the starting 

compound PDI at higher wavelengths. 

Additionally, all absorbance for the perylene and benzene core and for the sulfonic acid 

group (sodium salt) given in the literature [21, 187] were found. The FTIR spectrum of the 1-

Pyrenesulfonic acid sodium salt shows no characteristic bands in this region, only an 

absorbance in the region of 1600 cm-1 that represents the aromatic rings of the pyrene core. 

Figure 4.11 compares the FTIR spectra of PDIs prepared using NaOH and NaCl and Figure 

4.12 shows the individual PDI and PYS compounds. 
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Figure 4.11 Comparison of PDIs prepared using NaOH and NaCl , respectively 

 

Figure 4.12 FTIR spectra of chemical compounds for GO functionalisation  
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4.3.3 Incorporation of electron donor and acceptor 

To prepare the GO-PDI dispersion, 20 mg (0.020 mmol) of PDI, 20mg (0.5 mmol) of sodium 

hydroxide, and 125 ml (2.5 mmol) of hydroiodic acid (57 wt.% in water, stabilised) were 

added to 20 ml of GO aqueous dispersion prepared using previously described techniques. 

After vigorous stirring, the mixture was kept at 80 °C for 24 h. The same procedure was 

carried out to prepare the rGO-PYS dispersion when 20 mg of PYS was used as the 

dispersant. As illustrated in Figure 4.13 no precipitate was observed in the carmine-coloured 

dispersion of rGO-PDI and the black dispersion of rGO-PYS [21]. The resulting functionalised 

graphene oxides have been illustrated in Figure 4.14. 

 

 

Figure 4.13 Functionalisation of graphene oxide with electron donor and acceptor ( inside- 

Dimroth condenser in which  functionalisation was performed) 
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fGO (PDI) 

 

 
 

fGO (PYS) 

 

Figure 4.14 Structural i llustration of fGOs (Stacked PDI and PYS between rGO layers)  

4.3.4 Nuclear magnetic resonance spectroscopy of the compounds 

Spectra recorded from D2O solutions were referenced on external sodium 3-(trimethylsilyl)-

3,3,2,2 tetra deuteron propionate in D2O (1H = 0 ppm). 

The spectrum for 1-Pyrene sulfonic acid (PYS) disodium salt was recorded in DMSO-d6 

(Figure 4.15). The spectra recorded agrees very closely with the low concentration samples 

measured  the work of Menger and Whitesell [186], showing that the synthesis and 
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purification have resulted in PYS with the slight difference in peak positions assumed to be 

due to the different solvents used in their measurements (D2O vs DMSO-d6). 

The spectrum of PDI disodium salt in DMSO-d6 shows four characteristic signals (each signal 

represents four protons). The chemical shifts are in accordance with the values from the 

literature (doublets at 7.36, 7.73, 8.60, and 9.04 ppm). The broadening and the shifting of 

the signals could be influenced by water traces (Figure 4.16). This result have been verified 

with the results of Chen et al. [188]. The NMR spectra agrees with the corresponding 

chemical shift and difference in peak positions assumed to be due to the different 

functionalisation methods or additional functional groups in the substance as well solvents 

used in their measurements. 

The spectrum of PDI disodium salt in D2O (Figure 4.17) generally shows broad signals 

indicating a possible π-π-stacking of the aromatic perylene units [21]. This effect seems to 

be higher than that in DMSO-d6. 
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1.1.1.1 1-Pyrene sulfonic acid disodium salt 

 

Figure 4.15 1H NMR of 1-Pyrene sulfonic acid disodium salt (PYS) in DMSO-d6  
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1.1.1.2 Disodium Salt of N,N´-Bis(4-benzosulfonic acid)perylene-3,4,9,10-tetracarboxylbisimide 

 

Figure 4.16 1H NMR spectrum of the N,N´-Bis(4-benzosulfonic acid)perylene-3,4,9,10-tetracarboxylbisimide (PDI) disodium salt in DMSO-d6  
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Figure 4.17 1H NMR spectrum of the  N ,N´-Bis(4-benzosulfonic acid)perylene-3,4,9,10-tetracarboxylbisimide (PDI) disodium salt in D 2O 



Synthesis, Reduction, and Functionalisation of Graphene Oxide Chapter 4 

 

67 

 Synthesis of Polyaniline (PANI) 

Polyaniline (PANI) was synthesised by the technique proposed by Stejskal et al. [189] as 

described below: 

The efficient polymerisation of aniline is achieved only in an acidic medium, where aniline 

exists as an anilinium cation. This technique involves oxidation of 0.2 M aniline 

hydrochloride with 0.25 M ammonium peroxydisulfate in an aqueous medium. Aniline 

hydrochloride (2.59 g, 20 mmol) was dissolved in distilled water in a volumetric flask to 50 

ml of solution. Ammonium peroxydisulfate (5.71 g, 25 mmol) was dissolved in water also to 

50 ml of solution. Both solutions were kept for 1 h at room temperature (18 -24 °C), then 

mixed in a beaker, briefly stirred, and left at rest to polymerise (Figure 4.18). Next day, the 

PANI precipitate was collected on a filter, washed with three 100-ml portions of 0.2 M HCl, 

and similarly with acetone. Polyaniline (emeraldine) hydrochloride powder was dried in air 

and then in vacuum at 60 °C. Polyaniline prepared under these reaction and processing 

conditions are referred to as “standard” samples. 

 

 

Figure 4.18 Oxidation of aniline hydrochloride with ammonium peroxydisulfate yields 

polyaniline (emeraldine)  (Reproduced from [189]) 

 Summary 

Synthesis, chemical reduction and functionalisation of graphene oxide were performed 

using a variety of techniques in order to identify and characterise how these different 

procedures might increase the electrical conductivity. Electron donors and acceptors for 

doping rGO films were also synthesised and functionalised and their functionalities 

identified using FTIR and NMR spectroscopy. Five different reduction agents have been used 

in order to alter the chemical structure of the graphene oxide synthesised which resulted in 

the removal of OH and COOH functional elements with other physical changes such as 

breaking down the films in powders and disrupted as well as corrugated surfaces. 
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5 █ CHAPTER 5 
Characterisation of Graphene Materials 

 

 

The electrical conductivities of G/GO/rGO are highly dependent on their microscopic and 

macroscopic physical composition. In order to relate electrical conductivity and physical 

properties we have carried out a variety of characterisation techniques that measure 

electrical, atomic and bulk characteristics. 

Taking spectroscopic approaches, Raman and FTIR spectroscopy are used to measure 

atomic-bonding and degree of disorder in graphene materials. In a disordered and non-

homogenous solid, like GO/rGO, the large number of different chemical groups (eg. C-H, C-

C, C=C) and their slightly different environments results in adsorption bands, rather than 

lines. The types and relative intensities of these bands then indicate the level of 

reduction/oxidation [190] and the broadness of these bands is a proxy for the homogeneity 

(disorder) of the sample measured [191]. 

Supporting these techniques, XPS is used to directly measure the relative proportions of C, 

H and O in the samples [192]. This represents the level of reduction that is achieved by the 

different methods used, indicative of how graphene-like an rGO sample may be [85]. 

At a bulk level, TGA measures weight loss as a function of temperature increases and is used 

to determine the level of reduction: perfectly reduced samples would be graphene-like and 

so would have very similar curves to those of graphene as they would not have chemical 

groups that could break down at temperatures under 1000˚C [85, 163].  
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SSA measures the surface area of a sample and reflects how tightly sheets are packed. For 

tightly packed sheets, surface area approaches zero while for isolated sheets has SSA 

approached the theoretical maximum of graphene. SSA will be affected by the completeness 

of reduction, atomic level defects in sheets and the large-scale sheet behaviour; whether 

they are perfectly straight or kinked [193, 194]. 

Finally, direct observation of sample packing and morphology can be made using microscopy 

techniques such as SEM, optical microscopy and confocal microscopy. These observations 

qualitatively support the SSA quantitative data. 

Combining the observations from these different characterisation techniques allows us to 

draw overall conclusions on how close to graphene, the samples made using different 

oxidation and reduction techniques are. 

 Electrical Conductivity 

Critical to this section is the measurement of the bulk electrical conductivity of the different 

samples. Conductivity values of films were measured by the four- probe method, also known 

as four-terminal sensing or 4T sensing [131, 195]. 

The mechanism of conductivity, is directly related to electron charge transport properties of 

graphene layers [69, 196], which in turn depends on the structural defect, functionality and 

layer disorder. Rouff et al. [182] have proposed that the high conductivity of rGO, despite 

having high oxygen content, is likely due to various factors that include; 

1) percolation rates across particle-to-particle interfaces, 

2) cross-linked connections giving a highly conductive network and, 

3) charge transfer across the sample via ionic channels. 

This last mechanism explains the high sensitivity of rGO powders to temperature and 

environmental humidity. In contrast, the conductivity of perfectly reduced GO would be due 

to primarily inter-particle contacts [182] and a highly-conductive network. It also shows how 

close the rGO structure is to graphene, as opposed to having defects in it, for example, 

physical holes due to oxidation removing carbon atoms or alkyl/H groups. 
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The highest electrical conductivity of 103.3 S.cm-1 has been achieved for HI-rGO. NaBH4-rGO, 

HBr-rGO, Dextrose-rGO and N2H4-rGO show conductivities lower than that of HI-rGO, 

assumed to be due to  lower efficiency in reduction, presence of more oxygen-containing 

functional groups and a higher level of severe defects in the case of N2H4-rGO [182, 197]. 

From the presented results and discussion, it may be assumed that the conductivity in rGO 

depends on the combination of d-spacing (discussed in the previous section), lower 

corrugation, low numbers of oxygen functional groups and a final structure with few missing 

carbons. The idea is to achieve a structure close to that of graphene that has the “perfect” 

structure and has a conductibility of around 1000 S.cm-1. Electrical conductivities of all the 

graphene derivatives are shown in Figure 5.1. 

The all rGO samples exhibit quite different conductivities, despite the fact that HBr and HI 

should have similar reaction mechanism and that N2H4 is a strong reductant that should 

result in a highly-reduced rGO sample. Based on literature models and our own 

observations, it is assumed that the differences in conductivity arise from a number of 

following factors. In particular, HBr-rGO’s low conductivity is due to its lower reduction 

efficiency, resulting in an rGO sample that has high levels of OH groups. The presence of 

these sp3 groups results in disruption of conjugation and increases the path length for the 

electrons, as well as potentially trapping them. Electrical conductivities of fGO (PDI) and fGO 

(PYS) are 116.5 and 119.12 S.cm-1, respectively which indicates that an improved p-

conjugation upon ‘‘doping’’ of graphene sheets has been achieved during functionalisation. 

a) 
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b) 

 

Figure 5.1 Conductivity values of a) rGOs (as a function of reduction time) and b) fGOs 

with graphite, GO, and G 

The N2H4-rGO’s samples low conductivity is due to a different mechanism, Eigler’s et al. 

[181], have suggested that the outgassing of CO2 during N2H4 reduction of GO is due to the 

removal of carbon from the network. This would essentially punch “holes” in the graphene 

sheets, creating a substantially longer path length for the electrons and also creating CH2 

groups. While not electron traps, these do break up the conjugation in the system. 

HI, by comparison, is a more aggressive reductant than HBr but does not result in the 

removal of carbon from the sheets. As a consequence, HI-rGO’s structure would be expected 

to be highly graphene-like, with better integrity compared to N2H4/HBr-rGOs [87] and few 

OH or “punched hole” defects. This means that electrons have a longer mean path length 

and are less likely to become trapped, resulting in higher conductivity. 

Further, the reduction processes in Dextrose-rGO, NaBH4-rGO and HBr-rGO are apparently 

completed early on as conductivity does not increase after the first 24 hours of reduction, 

unlike for N2H4 or HI where the conductivity of the samples continues to increase until 72 

hours which can also be noticed from Error! Reference source not found.. 
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 Raman Spectroscopy 

Electronic structures of graphite, GO, rGO and G can be identified through their Raman 

spectra. Raman scattering studies of all the materials produced along with graphene are 

interpreted and compared in the forthcoming discussion. The intensity ratios of the D and G 

peaks have been used as the metrics of disorders in graphene, such as edges, charged 

impurities and the presence of domain boundaries [31]. The defect induced (weak) disorder 

band caused by the so-called graphite edges [198], “D and G” peaks can be found at around 

1340 cm-1 and 1580 cm-1, respectively [181]. 

Raman spectrum of graphite (Figure 5.2) is seen as well-ordered defect free aromatic 

structure as it has only a weak D band (at 1368 cm-1) and G band (at 1582 cm-1) Raman active 

bands. Graphite’s intensity of the D peak depends on the edge structure which is weak at 

the zigzag edge and strong at the armchair edge, [199]. The method of choice to directly 

determine the defect density in graphene-like materials is Raman spectroscopy. It can be 

observed from Figure 5.2 that the intensity ratios of D and G bands of rGOs differ with 

varying reducing conditions as the extent of reduction gives varying populations of oxygen 

containing functionalities and graphene sheet defects, such as interruptions in 

aromaticity/π-bonding. 
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Figure 5.2 Raman spectra of rGOs with respect to time of reduction  
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These shifts show changes in the functionalisation of rGOs with different reducing agents, in 

accordance with the reduction of hydroxyl (and other) functional groups and changes in 

physical structure (Figure 5.3) during reduction. The variation of the relative intensities of G 

(an analogous vibration mode of sp2 carbon atoms or graphitic carbon) and D (vibrational 

mode for disordered carbon) bands in the Raman spectra of the GO during the reduction 

usually reveals the change in the degree of conjugation [90]. 

 

Figure 5.3 Representation of degree of exfoliation in graphene oxide [85] 

Higher disorder in graphite leads to a broadening of the G and D bands and an increase in 

the relative intensity of the D band by comparison to the G band [48]. Based on this 

argument, and the observed D/G broadening, HI-rGO has a more ordered and regular 

structure. Based on the proposed mechanisms for conductivity [87], it would be expected 

that HI-rGO will have higher conductivity than those of the samples produced using 

Dextrose, NaBH₄, HBr, and N2H4. Moreover, highly ordered graphite has only a couple of 

Raman-active bands visible in the spectra: the in-phase vibration of the graphite lattice (G 

band) at 1575 cm-1 as well as the (weak) disorder band caused by the graphite edges (D 

band) at approximately 1355 cm-1 [48]. 
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The main differences among HBr-rGOs, N2H4-rGOs and HI-rGOs are that the shift between 

950 and 1250 cm-1 is much smaller for HI-rGO than those for Dextrose-rGO, NaBH4-rGO, HBr-

rGO, and N2H4-rGO. The signal at 1050 cm-1 is believed to arise from single C-C vibrational 

modes and is, therefore, in HI-rGO higher in intensity compared to the intensities found for 

HBr-rGOs and N2H4-rGOs [181]. The Raman intensities for all rGO samples decrease with 

reduction time as the number of hydroxyl groups decrease. 

Raman spectroscopy can be used to measure the ‘quality’ [200] of graphene and to 

determine the number of layers for n-layer graphene by the shape, width, and position of 

the D peak. In Figure 5.4 changes in Raman peak intensities have been compared with peak 

positions, corresponding to different physical structures of the various rGO samples. 

Qualitatively, the positions and intensities of all samples would indicate inter-defect 

distances of around 1 nm in the samples (supplementary data provided in [181]). 

Interestingly, for HI-rGO, the absolute intensities are extremely low. This suggests that for 

HI-rGO, there may be clusters of defects but with smaller overall populations compared to 

the other two samples. This should result in HI-rGO having a higher conductivity than N2H4-

rGO and HBr-rGO. Hydroiodic acid has been reported by Ruoff et al. [201] as an efficient 

organic reducing agent with iodide as the catalyst that can potentially replace the oxygen 

functional groups with graphene and produce high-quality rGO in both solution and solid 

forms. 

The rGOs from different reduction period as well as the different reducing agents exhibit 

same scenario of gradual decrease of the intensity ratio of D and G bands (ID/IG ratio). Firstly, 

the ID/IG gradually increased as reduction “reorders” the system [202]. Figure 5.4 presents 

the absolute values of ID/IG ratio of all the rGOs comparing with electrical conductivity and 

the values for graphite and GO are 0.76 and 0.86, respectively. Figure 5.4 shows normalised 

Raman spectra of graphite, GO, rGOs (reduced for 72 h), fGOs and G and ID/IG of all the 

samples. The ratio of ID/IG provides a measure of the degree of disorder and crystallite size 

of the graphitic materials. From Figure 5.4 (b) it can be noticed that ID/IG of all rGOs increases 

to 0.2 to 0.3 compared to graphite. This happens due to the increasing amounts of new 

graphitic crystallites formed because of the restoration of the π-conjugated system when 

the oxygen-containing functional groups are reduced/removed [84]. 
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a) 
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b) 

  

Figure 5.4 a) Raman spectra comparison and b) ID/IG ratio vs. electrical conductivity of graphite, GO, rGOs, fGOs and  G 
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When comparing the ID/IG behaviour and electrical conductivities obtained from these rGOs 

we can see that the shorter and broader the D and G bands are, the higher the electrical 

conductivity is. When compared to the ID/IG ratio of GO and rGO (graphene oxide reduced 

by Lawesson's reagent-GOLR) prepared by Liu et al. [84] the behaviour of increasing ID/IG 

ratio is similar after reduction with the difference being in the absolute values, rather than 

the relative shift. The rGO from their work reaches a higher electrical conductivity, compared 

with other rGOs prepared by them. This further supports the argument of higher ID/IG ratio 

correlating with higher electrical conductivity. As in our work, HI-rGO reduced at 72 hours 

has the highest electrical conductivity with highest ID/IG ratio. 

For fucntionalised samples, specifically, the G-band in the Raman spectra is shifted to lower-

frequency by electron donors and higher-frequency by acceptors. When comparing the G-

bands of HI-rGO, fGO-PYS, and fGO-PDI, it is clear that when the electron-donor PYS is 

applied, the G-band of graphene sheets occurs at 1594 cm-1, which is downshifted by 5 cm-1 

compared to that of HI-rGO. On the contrary, by using PDI as a dispersant, the G-band of 

graphene sheets is upshifted from 1599 to 1602 cm-1. This particular result is similar to the 

one with doped carbon nanotubes produced by electrochemical method reported by Das et 

al. [203]. The additional charge carriers brought by dispersant aromatic molecules change 

the carrier concentration in the plane of graphene and lead to the shift of the Fermi level. 

Hence, the Raman shifts of the G-band provide dependable indication for the charge transfer 

between the graphene sheets and PYS as well as PDI [21]. 

Hydroiodic acid has been reported by Ruoff et al. [201] as an efficient organic reducing agent 

that can potentially replace the oxygen functional groups with graphene and produce high-

quality rGO in both solution and solid forms. 

As mentioned, the ratio of ID/IG intensities provides a measure of the degree of disorder and 

crystallite size. Similar to that, full width at half maximum (FWHM) reveals information about 

structural disorder. Increase of FWHM of the D band indicates an increase of disordered 

structure of graphene rings. Consistency of FWHM of the G band indicates retaining of the 

level of defects and uniformity of sp2 clusters. Increasing amounts of new graphitic 

crystallites through restoration of the π-conjugated system. Hence, higher FWHM of D band 
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and consistent G band is correlated with higher electrical conductivity. With this measure, it 

can be observed that HI-rGO has the most ordered or crystalline structure and Dextrose-rGO 

has the lowest compared to the others. Figure 5.5, reveals the peak height and FWHM of 

the peaks from the quantification of Raman spectra acquired for the samples. 

 

  

  

 

  

Figure 5.5 Peak height and FWHM values plotted against reduction time for rGOs  
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 Fourier Transform Infrared Spectroscopy (FTIR) 

The FTIR spectra for all the graphene materials have been depicted in Figure 5.6. The 

spectrum of graphene oxide illustrates the presence of C-O (at 1060 cm-1), C-O-C (at 1250 

cm-1), C-OH (at 1365 cm-1), and C-O in carboxylic acid and carbonyl moieties (at 1720 cm-1). 

The peak at 1600 cm-1 may be from skeletal vibrations of unoxidised graphitic domains [204]. 

It can also be identified that HI has very small vibrational signals for all the functional groups 

in comparison to other rGOs. 

 Dextrose-rGO has a lot of O-H stretching and carbonyl groups present which obviously has 

the lowest conductivity among all rGOs over the different reduction period. After reduction, 

especially with HI, the oxygen peaks (OH) decreased dramatically and the infrared 

transmission of rGOs was decreased significantly compared with GO, resulting in restoration 

of the electronic conjugation within the platelets, such as for electrically conducting carbon. 

Table 5.1 provides wavelengths of corresponding functional groups. 

Table 5.1 FTIR spectra correlated to functional groups [197] 

Wavelength (cm-1) Functional groups 

3600-3200  
O-H stretching vibration of free water, associated hydroxyl 

groups in GO and adsorbed water molecules. 

2924 and 2852 C-H vibrations 

1735 Carbonyl signals 

1625 Adsorbed water 

1580 Can be assigned to double bonds. 

1415 O-H deformation vibrations 

1270, 1230, ∼1050 and 830 Mainly due to epoxy and hydroxyl groups 

∼1050 cm May originate from skeletal C-C vibrational modes 
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Figure 5.6 Comparison of FTIR spectra of rGO with respect to reduction time 

When comparing the graphite, GO, rGOs (reduced for 72 hours), fGOs and G (Figure 5.7), it 

can be noticed that difference in O-H stretching group of free water is significant. Particulary, 

Dextrose-rGO possesses lower conductivity as a result of ionisation of the carboxylic acid, 

phenolic hydroxyl groups, absorbed water molecules and C-H vibrations, that exist on the 

individual graphene sheets. Given that carboxylic acid groups are unlikely to be reduced by 

N2H4, HBr, Dextrose and NaBH₄ completely under the given reaction conditions, these 

groups should, therefore, remain in the reduced product as confirmed by our FTIR analysis. 

The presence of carboxylic acid groups suggests that the surface of the graphene sheets in 

the aqueous solution should still be charged after reduction [47]. The FTIR spectra of rGOs 

also show the appearance of small new peaks at 2950 and 2870 cm-1, which are due to the 
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CH2 and CH vibrations, respectively. The C=C peak is still present at around 1610 cm-1 which 

also suggests that the CH2 and CH vibrations at 2950 and 2870 cm-1, respectively, could be 

due to the reduction of the COOH groups in GO to CH2OH. 

 

Figure 5.7 FTIR spectra of graphite, GO, rGOs, fGOs and G  
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 Elemental Analysis 

Surface spectroscopy serves to get information about the chemical nature of sample 

surfaces or surface near regions. XPS allows quantitative analysis of the surface elemental 

composition via identification of the different binding energies of the electrons ejected from 

the component elements. Angle-resolved photoelectron spectroscopy is a non-destructive 

method to investigate the distribution of elements or functional groups in the depth of the 

sample surface [84, 85, 205-208]. 

The C 1s peak at 287.7 eV decreased in intensity following hydrobromic reduction, sodium 

borohydride reduction and dextrose reduction with subsequent further decreases for 

hydrazine reduction and hydroiodic reduction. The O 1s peak at 532.8 eV is observed for all 

the rGO samples, indicating that from the changes in %O, we see the significant removal of 

oxygen from the rGO samples after reduction by the various reagents. 

These changes represent the reduction of groups such as C=O and CO2H back to alcohols 

[86, 87] and subsequent further removal of most of the oxygen to give graphene-like 

structures (especially for HI) [209]. After the HI reduction, this peak nearly disappears. The 

decrease of this peak indicates loss of oxygen and possibly carbon. Figure 5.8 shows a 

comparison of XPS wide scan spectra (a) and atomic concentration (%) vs. electrical 

conductivity (b) of graphite, GO, rGO (reduced for 72 h), fGOs and G). Figure 5.9 shows C 1s 

and O 1s of graphite and GO and Figure 5.10 and Figure 5.10 display C 1s and O 1s of rGOs 

and fGOs, respectively. 

The O 1s/C 1s ratio obtained from the XPS study (Table 5.2) is highly dependent on reducing 

agents, which also indicates a partial reduction of the graphene oxide; however, HI reduction 

is efficient compared to the other two. The peaks corresponding to those oxygen functional 

groups in the spectrum of rGO around 532 eV were significantly lowered by the hydroiodic 

reduction than those of N2H4 and HBr-rGOs. The elemental analysis and XPS spectra suggest 

that the degree of reduction of rGOs is lower in N2H4 and HBr-rGOs compared to that in HI-

rGO. 
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a) 
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b)  

 

Figure 5.8 a) XPS wide scan spectra and b) atomic concentration (%) vs. electrical conductivity of graphite, GO, rGO, fGOs and G  
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Figure 5.9 C 1s and O 1s XPS spectra of reference materials (graphite, GO, fGO and G)  
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Figure 5.10 C 1s and O 1s XPS spectra of rGOs  
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With functionalised graphene oxides, the upshift/downshift of G-band in Raman spectra and 

sp2-carbon peaks in the XPS obviously demonstrated the different charge-transfer effects 

between the graphene sheets and PYS/PDI molecules. Remarkably, the fGO (PYS) sheets 

exhibited a significant conductivity increase (119.45 S.cm-1) compared to HI-rGO (72 h) (103 

S.cm-1), whereas a lower increment in conductivity was observed for fGO (PDI) sheets 

(116.72 S.cm-1). 

In conclusion, this approach to functionalising graphene with large aromatic donor and 

acceptor molecules resulted in a novel combination of graphene and nanographene building 

blocks. These results further disclose that the different electronic characteristics of large 

aromatic donor and acceptor molecules enable a rational modification of both the electronic 

structure and conductivity of graphene sheets. 
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Table 5.2 XPS data of graphite, GO, rGOs, fGOs and G 

Materials Peak Position BE (eV) Raw area (CPS) Atomic conc. % Other elements Graphical illustration 

Graphite 
C 1s 285.0 17155.1 88.8 0.9 (Fe 2p) 

1.8 (Si 2p) 

 

O 1s 531.8 4632.2 8.5 

Graphene Oxide 
C 1s 285.0 10855.2 69.9 1.4 (N 1s) 

0.2 (C 1s) 
2.2 (S 1p) 

0.6 (Na 1s) 
O 1s 532.4 11195.3 25.7 

HBr-rGO (72 h) 
C 1s 285.0 5550.9 84.4 2.2 (Br 2p) 

0.9 (Fe 2p) O 1s 532.6 2307.1 12.5 

N2H4-rGO (72 h) 
C 1s 285.0 5437.1 87.3 

3.9 (N 1s) 
O 1s 532.4 1550.5 8.8 

HI-rGO (72 h) 
C 1s 285.0 9230.5 92.5 

1.5 (I 3d) 
O 1s 532.8 1741.7 6.2 

NaBH₄-rGO 
C 1s 284.0 4921 67.60 

7.6 (Na 1s) 
O 1s 531.0 5067 24.81 

Dextrose-rGO 
C 1s 284.0 24180 66.28 

1.7 (Si 1s) 
O 1s 530.6 32753 32.00 

fGO (PDI) 
C 1s 284.0 20205 71.97 1.8 (S 2p) 

5.5 (N 1s) 
0.96 (Zn 2p) 
2.84 (Na 1s) 

O 1s 530.6 13367 16.97 

fGO (PYS) 
C 1s 284.0 25344 84.49 1.2 (S 2p) 

2.2 (N 1s) 
0.02 (Zn 2p) 
1.08 (Na 1s) 

O 1s 531.0 9302 11.05 

Graphene 
C 1s 284.0 - 96.87 

- 
O 1s 531.0 - 3.13 
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 X-Ray Diffraction (XRD) Analysis 

XRD analyses have been carried out in order to characterise and measure variation in d-

spacing (Å) that gives correlation between d-spacing and electrical conductivity. It has been 

well understood that [210] the inter-graphene layers can be intercalated by various 

molecular components or ions, during which the interlayer space along the c-axis deviates 

from 3.4 to 6.25 - 7.5 Å. Even after the drying process, some water molecules remain 

between the rGO layers [210]. During oxidation and reduction different functional groups 

have been introduced in the graphene layers which potentially changes, mainly increases, 

the d-spacing. Increased d-spacing results in a more graphene-like structure, a 2D 

conduction process (vs. 3D in graphite) and improved electrical conductivity and hence this 

provides the relationship between d-spacing and electrical conductivity [211]. 

The proposed mechanism behind variation in d-spacing is that the initial oxidation of 

graphite causes the functionalisation of the individual sheet surfaces, preventing the carbon 

sheets from remaining close to each other and a measurable increase in d-spacing for GO 

over graphite. Subsequent reduction removes many of these oxygen-containing functional 

groups that are repulsing the GO layers and lets the sheets stack closer due to partially 

obstructed π-stacking [99]. This gives rGO a structure that, in theory, approaches that of 

graphene, with corresponding physical and electronic properties [69] facilitates electron 

motion through the sheet and increases electrical conductivity [85]. 

XRD patterns of rGOs are shown in Figure 5.11 together with those of GO and graphite. The 

XRD pattern of HI-rGO exhibits much smaller peaks indicating a higher level of reduction 

than those of HBr-rGOs and N2H4-rGOs. Standard diffraction peak for graphite occurs at 2θ 

= 26.5 with a corresponding d-spacing of 3.36 Å. The peak positions for HBr, N2H4, and HI-

rGOs decrease with increasing reduction time. The diffraction line for HI-rGO (reduced for 

72 hours) occurs at a smaller 2θ value of 24.03°, corresponding to a larger d-spacing of 3.70 

Å comparatively with other rGOs. Supporting Ruoff’s [201] observations, the quality of HI-

rGO films are found to be better even when d-spacing is relatively higher than those of HBr-

rGO and N2H4-rGO at different reduction periods examined (shown in) and this also 

demonstrates that d-spacing has less influence on electrical conductivity in these 
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experiments. It is likely that high defect rates in N2H4-rGO and HBr-rGO are obscuring d-

spacing effects. From XRD graphs, it can be seen that the interlayer spacing of all HI-rGOs 

increases with increasing reduction time (up to 72 hours) and increasing concentrations of 

different reducing agents. The physical values of sharp diffraction peaks are compared in 

Figure 5.12 (a) for all rGOs examined and Figure 5.12 (b) compared electrical conductivity of 

the samples with respect to their corresponding d-spacing. This increase in d-spacing is due 

to the intercalation of water molecules and generation of oxygen functionality in the 

interlayer spacing of graphite [99]. 

It is proposed that this happens due to the weaker interaction of water with HI-rGO than 

with the other two samples, as it has a higher degree of reduction and, therefore, lower 

number of oxygen functionalities (which would bind more strongly to H2O). It is also possible 

that the slightly larger d-spacing in HI-rGO allows more H2O molecules to pack between 

sheet edges or possibly even between sheets, as these are not perfectly aligned [92, 182, 

201]. The weaker rGO-H2O interaction and the higher d-spacing of the HI-rGO sample, 

compared to the other samples, indicate that HI-rGO contains fewer oxygen functionalities. 

It is, therefore, efficiently reduced, and so it would be expected that the conductivity of HI-

rGO will be higher than that of HBr-rGO or N2H4-rGO, ignoring other factors. Furthermore, 

the reason is that HI is highly efficient to penetrate through the sheets of GO during 

reduction process. This clearly results in HI removing highest amount of oxygen functional 

groups (please refer section 5.4) than any other reductants used here. The efficient 

reduction of HI in GO also makes the d-spacing a little higher compared to other samples. 
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Figure 5.11 XRD spectra of graphite, GO, rGOs, and fGOs  
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a) 
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b) 

  

 Figure 5.12 a) XRD spectra of graphite, GO, rGOs, fGOs , and G and b) Comparison of d-spacing of rGOs with respect to electrical conductivity
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It can be assumed N2H4-rGOs and HBr-rGOs, with d-spacing closer to graphite than to HI-

rGO, would have similar problems with electron transfer and, therefore, low conductivity. 

Likewise, increases in d-spacing during the reduction process would indicate increasingly 

complete restoration of the sheet structure and increasing conductivity. This is also 

observed for N2H4-rGO and HI-rGO but not HBr-rGO. However, d-spacing of rGO sheets is 

not entirely responsible for electrical conductivity. In particular, the extent of the restoration 

of the π-system and the presence of remaining oxygen groups is also critical as defects affect 

both path length and trapping factors that are important in electron conductivity [87]. 

Previous work on graphite intercalation compounds [212] provides strong experimental and 

theoretical support for the assumption that increasing d-spacing will result in a more 

graphene-like structure, where conductivity is by band-conduction of electrons in the 

sheets, rather than the less effective mechanism of hopping between the sheets that also 

occurs in graphite-like structures. While these results are for somewhat different systems 

than the un-doped rGO compounds of this study, the effects are likely to be larger due to 

our much lower concentration of potential electron donors or acceptors. 

As Sugihara [213] shows, c-axis conductivity is due to both phonons and hopping, with 

phonon conduction a constant at high temperatures. The low concentration of dopants in 

our system means that both mechanisms are likely to be important and that as the c-axis 

distance (d-spacing) increases, the strength of the inter-sheet interaction decreases and 

reduces the probability of electron conductivity via phonons. On this basis, we expect that 

as the d-spacing increases, the rGO samples become more graphene-like and the mechanism 

of conductivity changes from a mixture of the band, hopping and phonon conductivity 

(graphite, a- and c-axis mechanisms) to mainly band-conductivity (graphene, a-axis 

mechanism only). Given that a-axis conductivity for graphite and graphene are both much 

higher than c-axis, we would expect that increasing d-spacing should correlate positively 

with increasing conductivity. 

Comparing the d-spacing values of the rGO samples in Figure 5.13 (a & b) prepared using the 

five different reagents (HBr, N2H4, HI, Dextrose, and NaBH₄), clear changes can be noticed. 

From Figure 5.13- c & d, a strong correlation between d-spacing and conductivity is observed 
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(R2 = 0.99). Including data from samples that were only partially reduced decreases this 

correlation somewhat (R2 = 0.78) but still supports the underlying hypothesis, despite the 

obvious presence of data-clustering. Interestingly, the HBr-rGO samples show a somewhat 

different behaviour to the other rGOs. 

a) 

 

b) 
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c) 

 

d) 

 

Figure 5.13 a & b) Physical d -spacing values of graphite, GO, rGO and G c) electrical 

conductivity vs. d-spacing of HBr/N 2H4/HI/NaBH₄/Dextrose -rGOs reduced for 72 hours and 

fGOs d) 24, 48 and 72 hours of redu ction and fGOs 

 Thermogravimetric Analysis (TGA) 

TGA has been used to assess further the level of reduction with Dextrose, NaBH₄, HBr, N2H4, 

and HI -rGOs at 24, 48 and 72 hours, fGOs and G along with graphite and GO. Figure 5.14 

displays the TGA thermograms of rGOs that indicate weight loss as a function of temperature 

along with GO. TGA thermograms show least weight loss of HI-rGO with increasing 

temperature than the losses for HBr-rGO, N2H4-rGO, and GO under a nitrogen atmosphere. 

The curve at 100 °C indicates the evaporation of water molecules, followed by elimination 

of oxygen functional groups (possibly OH and/or COOH) which is attributed by the curves 
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around 250 °C [85, 210]. The TGA for HI-rGO shows loss of H2O [85] at a lower temperature 

than the other rGO samples and the %weight loss over the entire range is also lower than 

those for the other samples. The decrease of this peak indicates loss of oxygen and possibly 

carbon. The O 1s/C 1s ratio obtained from the XPS study (summarised in Table 5.2) is highly 

dependent on reducing agents, which also indicates a partial reduction of the graphene 

oxide; however, HI reduction is efficient compared to other four reducing agents. The peaks 

corresponding to those oxygen functional groups in the spectrum of rGO around 532 eV 

were significantly lowered by the hydroiodic reduction than that of HBr-rGO. The elemental 

analysis and XPS spectra suggest that the degree of reduction of rGOs is lower in HBr 

compared to that in HI-rGO. 
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Figure 5.14 Thermograms of rGOs (Comparison of rGOs in terms of reduction agents 

graphite, GO, and fGOs)  
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 Specific Surface Area Analysis 

Specific surface area (SSA- BET) can be used to evaluate the similarity of the bulk structure 

of rGO samples and pure graphene. Figure 5.15 (a1 & a2) compares SSA and electrical 

conductivity, and Figure 5.15 (b1 & b2) shows a clear correlation between SSA and d-spacing 

of graphene derivatives. 

A Sigmoid curve fitting Figure 5.15 (b) was done on the assumption that the SSA would 

gradually and incrementally increase as the inter-sheet distance increased from an 

underlying base of no available surface area (graphite) with growth and saturation occurring 

when the rGO structure reached that of graphene. To this end, a sigmoid curve was modified 

as follows: 

𝑓(𝑡) = 𝑔0 +
𝑘𝑔

(1+𝑒−∆𝑔(𝑡−𝑡𝑖))
       (Equation 6) 

where, ‘g0 ‘is the baseline, ‘∆g’ is the amount of growth, ‘ti’ is the inflection point and ‘kg’ is 

the rate of growth. Figure 5.16 provides SSA of rGO with respect to their reduction time. 

Plotting the SSA vs. the d-spacing for the rGO and graphite samples gives a growth curve 

with an asymptote around 670 m2/g, close to that of graphene (712 m2/g). As the inter-sheet 

distances increase the available surface area also increases, suggesting incremental 

exfoliation of the samples rather than a sudden change in total sample structure from 

graphite-like to graphene-like. Conductivity follows a very similar trend, demonstrating that 

bulk properties, as measured by SSA and electrical conductivity, arise from microscopic 

properties (sheet distances, local defects, sheet microstructure). 
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a) 

 

 
b1) c1) 
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b2) c2) 

 

Figure 5.15 a) Specific surface area vs. electrical conductivity b) correlation in SSA vs. d -

spacing in the absence of graphene with sigmoid fitting and  (b2 is  R2  for fit corresponding 

b1) and c) absence of correlation in SSA vs. d -spacing in the presence of graphene  (c2 is R2 

for fit corresponding c1)  

However, discrepancies arise due to defects in rGO, especially physical holes causing 

“bends” in extended π-systems/sheets. This accounts for why d-spacing and SSA do not 

correlate when graphene (Figure 5.15 c1 & c2) is included in the comparison: holes distort 

the local planar sheet structure and give a larger-than-expected d-spacing for reduced 

graphene oxides. 

The simultaneous exfoliation and reduction of graphene oxide by rapid chemical reduction 

and functionalisation gives increases in electrical conductivity. These high SSAs have been 

attained by reduction and chemical functionalisation. This work suggests a number of 

further research pathways for energy storage, in particular, such as adjusting d-spacing to 

optimise gas-storage properties of rGO, tailoring inter-sheet distances for improving 

materials for use in batteries or minimising costs of conducting composites. 
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Figure 5.16 Specific surface area of graphite, GO, rGOs and fGOs  

 Morphology of Graphene Oxide, Reduced Graphene Oxide and 

Graphene 

The structural morphology changes of GO and HI-rGO films were pictured under SEM in 

order to compare the degree of the corrugation of their surfaces before and after reduction. 

Graphite and rGO-suspension have also been visualised to compare all their structures. 

Images of multi-layered rGO (surfaces and fractured cross sections), suspension films and 

graphite (images made on its flakes) with magnified regions are shown in Figure 5.17. 

Removal of covalently bound oxygen addends from GO can be achieved thermally or 

chemically, or by a combination thereof, yielding reduced GO that is still dominated by 
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defects [181, 197]. The surface of rGO gets more corrugated as reduction progresses due to 

the escape of oxygen-containing groups during the reduction process. Apart from the 

changes on the surface of HI-rGO no other significant changes are noticed. 

Upon reduction from GO to rGO, the surface of the sample becomes corrugated due to the 

escape of oxygen-containing groups during the reduction process. Visualising the cross-

section of rGO films, the individual sheets are highly ordered. Similar results of corrugations 

on the surface and ordered layers through the cross-section have been reported by Wang et 

al. [210]. Apart from the changes on the surface of HI-rGO no other significant changes are 

noticed. 

a) 
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b) 

 
c) 
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d) 

 
e) 
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g) 

 
f) 

 

Figure 5.17 SEM images of a) graphite, b) GO suspension, c) HI -rGO surfaces ( inside surface 

of GO), d & e) HI-rGO cross sections, and f & g) suspension and cross section of G [214] 
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 Summary 

The electronic and physical properties of rGO films depend highly on the efficiency of 

reducing agents and reduction time. GO samples, reduced using hydrobromic acid, 

hydrazine hydrate, and hydroiodic acid, have shown distinctly different chemical structures, 

and properties from one another and a highly conductive physical structure has been 

identified for HI-rGO. For reduction with HI-rGO and N2H4-rGO, electrical conductivity has 

been found to be noticeably increased when the reduction time increases from 24 to 72 

hours than those of Dextrose, NaBH4, and HBr-rGOs. Raman spectra and XRD results 

demonstrate that the HI reduction method gives highly orientated two-dimensional 

graphene-like layers with a uniform chemical structure that allows unimpeded movement 

of electrons. This graphene-like structure is one of the main reasons for the higher electrical 

conductivity values of the HI-rGO films. 

The results of this study show a simple method of reducing GO resulting in improved 

electrical conductivity of rGO films due to the high level of reduction and reformation of a 

graphene/graphite-like structure. These results show that electrical conductivity is 

dependent on the reducing agent and reduction time. It has also been identified that 

electrical conductivity is proportional to the amount of oxygen functional groups (and hence 

reduction efficiency) and not solely to d-spacing. Moreover, this study displays the potential 

for mass production of rGO with enhanced functional properties. The chemical reduction 

gives highly flexible rGO films that may be used to manufacture flexible sandwich composite 

materials for a variety of electronic applications. Hydroiodic acid is clearly the most effective 

reducing agent, and the resulting bulk rGO films have the superior flexibility to those created 

using other reductants. This study also reveals the relationships between the degree of 

reduction and reduction time while using different reducing agents. These reduction and 

functionalisation methods could provide a promising route for the scalable and cost-

effective production of processable graphene materials. 
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6 █ CHAPTER 6 

Mechanisms of Electrical Conductivity in 

Reduced Graphene Oxide Films 

 

 

 Introduction 

Graphene is an exciting material being widely investigated today [26, 215] not only out of 

academic curiosity but also for its potential applications in a wide range of areas such as 

flexible electronic devices, catalysis, sensors and energy conversion and storage [216]. A 

major reason that graphene research has progressed so fast, as compared to other areas, is 

that the laboratory procedures enabling us to obtain high-quality graphene are relatively 

simple and cheap [216]. 

Though the material has excellent intrinsic properties, such as electron mobility of 2.5x105 

cm2.V-1.s-1 and Young’s modulus of 1 TPa [216], corresponding bulk properties are difficult 

to achieve with typical preparation methods. This has hindered the transfer of research into 

large-scale practical uses. 

Understanding the surface topography of films of graphene oxide (GO) and its analogues 

helps to identify their influence on electrical and physiochemical properties. In particular, 

film thickness, roughness, and functionality (such as OH and COOH groups) influence 

electrical conductivity, one of the most interesting properties for use in practical 

applications. This work focuses on the relationship and interpretation of how electrical 

conductivity (σ, S cm-1) changes due to the various combinations of surface roughness and 

thickness of graphene oxide (GO) and reduced graphene oxide (rGO) films. 
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Wang et al. have concluded that electrical conductivity of graphene films increases as their 

thickness decreases and similar behaviour has been observed in a variety of other materials 

[217, 218], with correlations observed between thickness, roughness and electrical 

conductivity. This has encouraged us to carry out further work in this area. 

Films of GO/rGO were made using Hummer’s method [16] and then reduced using a variety 

of techniques. Finally, they were mechanically exfoliated using an adhesive tape. X-ray 

photoelectron spectroscopy was carried out to quantify the elemental composition, 

providing further information on how electrical conductivity was affected by this property. 

6.1.1 Micromechanical exfoliation 

 The thickness of a film has been carefully measured with a digital point micrometre, and 

the GO/rGO samples were measured before and after reduction. Then the films were 

exfoliated mechanically using an adhesive tape (Figure 6.1) placed on both sides of the film 

and slowly peeling off both ends of the tape. This procedure was repeated until the smallest 

possible thickness was achieved. 
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Figure 6.1 Micromechanical exfoliation - Process flow 

 Thickness vs. Electrical Conductivity Relationship 

As was noted in the introduction, a strong relationship between film thickness and film 

conductivity has been noted for rGO [218]. It has been identified that after the reduction 

process, the thicknesses of films increase (This can be visualised from SEM images shown in 

Figure 6.2). Comparatively, reduction using HBr, instead of HI, makes the films much thicker 

due to the greater incorporation of oxygen and carbonyl functional groups. In addition, the 

surface is heavily corrugated with HBr-rGO films, indicative of a less extended π-system, 

which leads to a lower level of electrical conductivity. It can be observed that GO shows the 

smallest thickness while it increases with HI and HBr-rGOs. However, HBr-rGO shows lots of 

cracks and pores on the walls as well as on the surface with the highest thickness amongst 

all the films examined which signifies that the particular reduction process produces 

damages on the layers of the film. From Figure 6.3, it is evident that the conductivity is 

increasing as thickness decreases. 
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GO 
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HI-rGO 
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HBr-rGO 

 

 

Figure 6.2 SEM images of GO, HI-rGO, and HBr-rGO (Surface and thickness)  
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a) 

 
b) 

 
c) 

 

Figure 6.3 Electrical conductivity of HI -rGO a), HBr-rGO b) and, c)  GO films of different 

thicknesses 
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From the aforementioned discussion, it is clear that an increasing film thickness results in 

decreasing conductivity (similar results have been reported by Zhang et al. on graphene films 

[219] and Timalsina et al. [220] on thin copper films), because films are more porous, and the 

graphene layers have greater numbers of oxygen functional groups. It may also be attributed 

to the fact that the mechanical action of exfoliation aligns the stacking sheets more uniformly 

[221], giving a longer path length for electron flow (a schematic representation is given in 

Figure 6.4). 

 

Figure 6.4 Schematic representation of thickness vs. conductivity relationship  

It is also likely that the removal of more functional groups closer to the film surface during 

exfoliation which could increase the conductivity of thinner films as well. It can be observed 

in all the films that there is a considerable jump in the conductivity on the removal of the first 

rough surface layer to further exfoliation. This clearly indicates that there is a correlation 

between the surface roughness and bulk thickness on the film’s electrical conductivity (a 

schematic representation is given in Figure 6.5). 
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Figure 6.5 Schematic representation of thickness vs. conductivity relationship through 

exfoliation process (Green lines are partially reduced sheets; orange lines are highly 

reduced sheets) 

6.2.1 Roughness measurement 

A model graphene sample consists of an endless 2-dimensional sheet of hexagonally arranged 

carbon atoms. In practice, even graphene sheets are not isolated, pack in a variety of ways 

and have distortions in the sheet dimensions. For GO and rGO further imperfections occur due 

to the oxidations and reduction process. Deviations from the model description of perfection 

can be determined from the surface roughness of the sample. Micro and nano-scale 

roughness would arise from both random sheet packing and deformed rGO sheets, in turn, 
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caused by imperfections such as physical holes (removal of C from the sheet), un-reduced 

oxygen-containing groups (incomplete reduction) and irregular distribution of sheet/particle 

sizes caused by the oxidation and reduction processes. 

Increasingly “rough” samples should, therefore, be increasingly poor facsimiles of model 

graphene and with correspondingly poor electrical properties. Based on these arguments we 

propose that the conductivity of samples should inversely correlate with surface roughness. 

This will be related to both the reduction process and the “order” of the sample, which can be 

controlled by processing using shear-based techniques [222, 223]. 

Roughness data obtained from the confocal imaging for three films (GO, HBr-rGO and HI-rGO) 

are given in Table 6.1. In those experiments, the roughness values are averaged laterally over 

typically 2 µm while height resolution is 6 nm. For comparative analysis, both sides of the films 

were examined, and the experiments were triplicated. The surface of the sample (which faces 

the atmosphere during drying of GO suspension) should be rougher than that of the bottom 

surface, and this is observed for the samples examined. 

Table 6.1 Roughness data from chromatic confocal microscopy  

Parameter 
(µm) 

GO Film HBr-rGO film HI-rGO film 

Top side of 
the film 

Bottom side 
of the film 

Top side of 
the film 

Bottom side 
of the film 

Top side of 
the film 

Bottom side 
of the film 

Ra 
2.03  

(SD ± 0.1) 
2.84  

(SD ± 0.1) 
6.69  

(SD ± 0.1) 
6.03  

(SD ± 0.1) 
3.89  

(SD ± 0.1) 
5.11  

(SD ± 0.1) 

Rq 
2.54  

(SD ± 0.1) 
3.72  

(SD ± 0.1) 
8.29  

(SD ± 0.1) 
7.54  

(SD ± 0.1) 
4.96  

(SD ± 0.1) 
6.45  

(SD ± 0.1) 

Rz 
19.84  

(SD ± 0.1) 
37.05  

(SD ± 0.1) 
56.98  

(SD ± 0.1) 
74.87  

(SD ± 0.1) 
47.82  

(SD ± 0.1) 
45.79  

(SD ± 0.1) 

Rk 
6.74  

(SD ± 0.1) 
8.56  

(SD ± 0.1) 
22.01  

(SD ± 0.1) 
19.09  

(SD ± 0.1) 
12.41  

(SD ± 0.1) 
16.52  

(SD ± 0.1) 

Rlr 
1.05 ( 

SD ± 0.1) 
1.05  

(SD ± 0.1) 
1.06  

(SD ± 0.1) 
1.09  

(SD ± 0.1) 
1.08  

(SD ± 0.1) 
1.08  

(SD ± 0.1) 

The parameters provided are different averaged over the height profile: Ra (arithmetic 

average), Rq (root mean square of roughness), Rk (roughness core area) and Rlr (profile length 

ratio). The roughness increases significantly after the reduction process but also varies with 

the nature of the reducing agent. Significant differences in the roughness values of GO, HBr-

rGO to HI-rGO films have been detected which is highly related to the reduction completeness 



Mechanisms of Electrical Conductivity in Reduced Graphene Oxide Films Chapter 6 

 

125 

with HBr and HI. The HBr reduction is particularly severe, and the surfaces of these films are 

rougher than those of HI reduced samples. 

Both sides of the films were measured for electrical conductivity and surface roughness and 

for analysis single side (top side of the film) data have been used, since the behaviour for both 

sides was the same. The correlation coefficients for the linear fits are 0.99 (from the plots of 

Figure 6.7) in all the cases, meaning that roughness has a clear correlation with conductivity 

(similar results have been received by Guillén et al. [224] on thin metal films). Different sides 

of one sample show differences in roughness (Figure 6.6), but the change in surface roughness 

values before and after the reduction process are very similar. This supports the hypothesis 

proposed earlier: increasing surface roughness in rGO is symptomatic of increasing deviation 

from pure graphene properties. This roughness is due to different effects including chemical 

functionalisation of graphene sheets, which produce electron traps in the bulk sheets, reduce 

electrical contact between different sheets/particles and cause a general loss of delocalisation 

of the extended π-system. 

These structural parameters are determined by the structure of the surface such as size, the 

geometry of particles, irregularities, and orientation. High surface roughness is indicative of 

poor packing and sheets with higher levels of physical defects. These factors may combine to 

reduce electron mobility between and inside sheets. Supporting this argument, Figure 6.7 

shows the inverse relations between conductivity and average deep roughness for GO, HBr-

rGO and HI-rGO films (1, 2 and 3 represent replicates of samples with the displayed 

roughness). These were then reduced using the described reductants and their electrical 

conductivities were measured. A schematic representation of roughness vs. electrical 

conductivity is given in Figure 6.8. 
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Figure 6.6 (Left) Line scan detailing the surface roughness and (Right) corresponding 2D 

images of GO (8.2 µm) and HI -rGO (15.7 µm) and HBr-rGO (43.2 µm) samples  
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a) 

 
b) 

 
c) 

  

Figure 6.7 Electrical conductivity vs. average deep roughness (a) -GO, b)-HBr-rGO & c)-HI-

rGO) 
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Figure 6.8 Schematic representation of roughness vs. conductivity relationship  

6.2.2 X-ray diffraction 

It could be assumed that mechanical exfoliation may alter crystal structure and d-spacing, 

which could affect electrical conductivity. Using XRD it has been noted that d-spacing 

decreases as the film thickness decreases. While the changes are small (0.01 - 0.07 Å) they 

are statistically significant (R2 = 0.8 - 0.95). This shows that mechanical exfoliation is driving 

changes in the film at the nanometer scale (d-spacing values are listed in Table 6.2, and XRD 

spectra are shown in Figure 6.9). 

Table 6.2 The d-spacing values of GO/rGOs  

Sample Thickness (µm) 2θ d-spacing (Å) 

GO 

100 26.26 3.389 

40 26.31 3.383 

5 26.34 3.379 

HBr-rGO 

100 26.55 3.352 

40 26.69 3.336 

5 26.71 3.329 

HI-rGO 

100 25.03 3.540 

40 25.34 3.508 

5 25.66 3.468 

Furthermore, the XRD patterns show that as film thickness decreases, the layers become 

more ordered, with the peaks becoming sharper and amorphous background (for GO-
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samples) is strongly reduced. This is an indicator that the crystal perfection and/or crystal 

orientation is increasing as the films become thinner. 

a) 

 

b) 

 

c) 

 

Figure 6.9 XRD spectra of a) GO, b) HBr -rGO and, c) HI-rGO 

A variety of other experimental works [221, 223, 225] shows that shear processes (such as 

exfoliation) result in the increasingly ordered microstructure of sheets/chains. This, in turn, 

results in improved hole-mobility and improved conductivity. Combined with the removal of 
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contaminants observed via other scotch tape exfoliation work [222], significant overall 

improvement in conductivity of increasingly thin films are expected, and observed. 

The disappearance of peaks at diffraction angles at 45 and 54 degrees as films get thinner 

(indicated in Figure 6.9), reveal the reduction of impurities during the exfoliation process 

[226]. Quite striking is the disappearance of the peak at 13 degrees of HBr-rGO, which 

indicates the disappearance of a superstructure with decreasing thickness. 

6.2.3 Surface elements vs. electrical conductivity relationship 

The amount of oxygen present in the rGO samples has been analysed using XPS of samples 

of approximately 5, 40 and 100 µm thickness. It should be mentioned that XPS is sensitive 

for a surface layer of only typically 7 nm, which means that in the samples used only the 

surface composition is probed by this technique. The C 1s peak at 287.7 eV decreases in 

intensity following hydrobromic reduction, with a subsequent decrease for hydroiodic 

reduction. An O 1s peak at 532.8 eV is observed for all the rGO samples but with significant 

differences in intensity, showing that mechanical peeling results in the removal of oxygen 

from the rGO samples. The differences between GO and rGO samples are also due to varying 

effects of reduction on groups such as C=O and CO2H [87, 209]. In other words, there is less 

oxygen on layers within the sample and that we are now exposing (through exfoliation or 

peeling) these planes that have lower levels of functionality. 

The O 1s/C 1s ratio obtained from the XPS study is highly dependent on reducing agents, 

which also indicates a partial reduction of the graphene oxide only; however, with the 

thickness of the films the oxygen concentration also varies which can be noticed from Figure 

6.10 (a, b & c). The figure shows that surface oxygen functional groups are less as a film 

becomes thinner and vice versa with carbon functional groups. The peaks corresponding to 

those oxygen functional groups in the spectrum of rGO around 532 eV were significantly 

lowered by the hydroiodic reduction compared to by HBr-rGO. Assuming that this result also 

holds for the entire film, one can correlate this finding with conductivity. 
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a) 

 
b) 

 
c) 

 

Figure 6.10 Film thickness vs. atomic concentration (%) of a) carbon, b) oxygen, and c) 

electrical conductivity with respect to oxygen concentration and film thickness  
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Figure 6.10 (a, b & c) compares the electrical conductivity of the films with respect to 

thickness and oxygen concentration, which shows that conductivity increases with the 

decrease of both thickness and oxygen concentration. Figure 6.11 shows the wide scan as 

well as fitted spectra of C 1s and O 1s curves of GO, HBr-rGO and HI-rGO (samples of 5 µm 

thickness) along with their wide scan spectra. This analysis also suggests that the degree of 

reduction of rGOs is lower in HBr-rGO compared to that in HI-rGO [91]. 

Considering the entire data set and individual GO/rGO sample data sets it can be seen that 

as samples are exfoliated (made thinner), the proportion of oxygen in the remaining film 

consistently decreases. At the same time, the d-spacing decreases and the conductivity 

increases. As discussed before, this increase in conductivity can be related to decreasing 

defect density and better contact between flakes with decreasing oxygen content. These 

observations describe a process of the preferential removal of highly-oxidised GO and rGO 

nano-particles over their less-oxidised counterparts. This results in increasingly large 

proportions of lower-defect nano-particles with correspondingly higher conductivity. 

Intriguingly this suggests a way forward to develop a simple technique that can be used for 

large-scale “purification” of low-cost, low-quality rGO films/tapes to make higher quality 

rGO films/tapes and related investigations have been started in this area [222]. 
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Figure 6.11 XPS spectra of graphite, GO, and rGOs (Samples of 5 µm thickness)  

6.2.4 Thermogravimetric analysis (TGA) 

TGA has been used to support XPS data and to assess the loss of weight percentage. It is a 

technique which is sensitive to the bulk of the film (and not only on the surface layer like 

XPS). Figure 6.12 displays the TGA thermograms of rGOs together with graphite and GO, 

which indicates the weight loss as a function of temperature along with GO. TGA 

thermograms show least mass loss of HI-rGO with increasing temperature compared to the 

losses using HBr-rGO and GO in a nitrogen atmosphere. The curve indicates above 100 °C 

the evaporation of water molecules, followed by elimination of oxygen functional groups 

which is attributed by the curves around 250 °C [210]. The TGA for HBr-rGO and GO show 

the loss of H2O [85] at a lower temperature and the weight loss over the entire range is also 

higher than those for the HI-rGO. 
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Figure 6.12 Thermograms of graphite, GO and HI- & HBr-rGOs (Samples of 5 µm thickness)  

 Raman Spectroscopy 

Raman spectroscopy can be used to measure the ‘quality’ [200] of graphene layers by the 

shape, width, and position of the D peak. Qualitatively, the positions and intensities of all 

samples would indicate inter-defect distances of around 1 nm in the samples 

(supplementary data provided in [181]). 

The intensity ratios of the D and G peaks have been used as the metrics of disorders in 

graphene, such as edges, charged impurities and the presence of domain boundaries [31] 

[199]. It has been noted [198] that highly ordered graphite has only a few Raman-active 

bands visible in the spectra (Figure 6.13), the (weak) disorder band caused by the graphite 

edges (D-band at 1355 cm-1) as well as the in-phase vibration of the graphite lattice (G band 

at 1575 cm-1). These peaks were also found in our samples (1350 cm-1 and 1580 cm-1). From 

the Raman spectrum in Figure 6.13 (a), GO to rGOs structural transformation has topological 

defects (Stone-Wales defects [91]). During the graphite to GO to rGO synthesis, the Raman 
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spectra undergo changes that are similar to those observed in the graphite to amorphous 

carbon transition [198]. 

a)   

  

b) 

 

Figure 6.13 Raman spectra of a) graphite, GO, rGOs and b) their I D/IG ratio 

The ratio of ID/IG provides a measure of the degree of disorder and crystallite size of the 

graphitic materials. HI-rGO possesses highest ID/IG due to the increasing amounts of new 

graphitic crystallites formed because of the restoration of the conjugated and reorders 

system upon reduction [202, 227]. When comparing the ID/IG behaviour and electrical 

conductivities obtained from these rGOs we can see that the shorter and broader the D and 

G bands are, the higher the electrical conductivity is. Similar behaviour is also noticed by Liu 

et al. [227]. In our spectrum of GO, both D and G bands shift to higher frequencies during 
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graphite amorphisation. The HI and HBr-rGO exhibit similar gradual decreases of the 

intensity ratio of D and G bands (ID/IG ratio) compared to GO. Firstly, the increase in 

reduction time shortens the ID/IG and secondly, the effect and nature of reducing agents vary 

ID/IG [202]. When comparing closely with this ID/IG behaviour and electrical conductivities 

obtained from these rGOs, it is clear that shorter and broader D and G bands correlate with 

higher electrical conductivity. 

It can be observed from Figure 6.13 (b) that the ID/IG ratios of HI and HBr-rGOs differ, with 

the extent of reduction giving varying populations of oxygen-containing functionalities and 

sheet defects, such as interruptions in aromaticity/π-bonding. The variation of the relative 

intensities of G (an analogous mode of sp2 carbon atoms) and D (mode for disordered 

carbon) bands in the Raman spectra of the GO during the reduction reveals the change 

degree of the conjugation [90, 228]. It is also observed that D/G broadening, HI-rGO has a 

more ordered and regular structure than HBr-rGO does. Given proposed mechanisms for 

conductivity [87], it would be expected that HI-rGO will have higher conductivity than HBr-

rGO, and this is observed. This suggests that for HI-rGO, there may be clusters of defects but 

with smaller overall populations compared to the other two samples. This should result in 

HI-rGO having a higher conductivity than HBr-rGO. 

 Summary 

In this study, non-contact chromatic confocal imaging was used to study and correlate 

surface topography and surface structure of graphene oxide and reduced graphene oxide 

with respect to the electrical properties. In both GO and rGO, the influencing nature of 

surface topography on electrical conductivity is similar; the rougher the surface, the lower 

the conductivity. The confocal microscopy analysis allows comparison of the surface before 

and after its topographic and chemical modification (before and after reduction) which lead 

to this significant finding. Film thicknesses also have a major impact on the electrical 

conductivity as thinner films possess higher conductivity. XRD studies have been carried on 

the films of 5, 40 and 100 µm thicknesses and show that the crystal perfection, crystallinity 

and possibly orientation of crystals of the films improve as they get thinner. XPS studies 

reveal that amount of oxygen present in thinner films made from exfoliation of thicker films 
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is less which leads to higher conductivity. This was further verified with TGA results. The 

influence of roughness and thickness is of equal dominance with respect to the change in 

electrical conductivity and influence of surface composition (functional groups) has a major 

effect. Comparatively, the difference in electrical conductivity with respect to structural and 

chemical changes is very high. The key finding of the influence of roughness and thickness 

has been clearly verified. Hence, the surface roughness, film thickness, and surface chemical 

composition have a significant effect on the electrical conductivity. 

Raman spectra results demonstrate that the HI reduction method, when compared to HBr 

reduction method, gives more highly orientated two-dimensional graphene-like layers with 

more uniform chemical structure. This allows less impeded movement of the electron, 

explaining the correlations between of roughness/thickness and electrical conductivity. 

Conductivity improves as the materials become increasingly graphene-like. This means free 

of internal sheet defects, lowering internal motion of free electrons, and highly ordered 

(crystalline), lowering barriers to inter-particle electron transfer. This state is achieved by 

selectively removing the rGO platelets with the highest amount of oxygen, via exfoliation. 

This leaves “purer” rGO platelets, which are less deformed and have fewer defects. This, in 

turn, results in samples with lower surface roughness, higher electron conductivity, and 

measurably higher crystallinity. The ideal practical parameters, from our observations, 

would be a film of 4 µm thickness: beyond this point no practical gains are made (about 25 

exfoliation trials from the bulk cast film). However, this is dependent on our method of 

sample preparation and further improvements in conductivity are likely to be made, for 

instance by altering the oxidation and reduction processes. Also, the surface roughness (Rz) 

ideally would be around 45 µm for the highly conductive sample. 



 

139 

7 █ CHAPTER 7 
Development of Hybrid Nanocomposites 

 

 

 Hybrid Composites with Graphene Derivatives 

Electrically conductive polymers, such as polyaniline-complex (PANI-complex) and 

polypyrrole (PPY), can be blended with thermoplastics which can improve electrical 

properties to a certain extent [129, 229, 230]. In this way, it is possible to improve the 

conductivity to a certain extent. In this work, hybrid nanocomposites were prepared 

using three different components such as graphene derivative, conducting polymer and 

thermoplastics. A Taguchi analysis was used to design and plan different experiments. 

Polymers and reinforcements used are given in the following section. 

7.1.1 Primary polymers 

1. Polyoxymethylene (POM): POM is a highly polar polymer which has excellent 

mechanical properties with high strength and stiffness. The presence of oxygen in 

monomers resulted in good friction properties. POM’s physical properties can be 

improved using additives. Being an electrically conductive dipolar polymer it has a good 

insulation property at the neutral state and dielectric properties evident from its 

interaction with the electromagnetic field and high voltages [231]. 

2. Poly(methyl methacrylate) (PMMA): As the polymer is moderately polar, it has no 

electrical insulation properties but possesses better mechanical properties than those 

of polystyrene and also has high impact resistance. It is a rigid, tough, light weight 

polymer with high light transmission and good weathering properties. It can be used as 

an electrical insulator in low-frequency applications [6]. 
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3. Polypropylene (PP): This non-polar linear hydrocarbon polymer is similar to some 

properties of polyethylene, such as, electrical, mechanical and swelling behaviour. 

Polypropylene is normally tough and flexible, but the position of a methyl group in its 

chain can alter the stiffness and molecular symmetry changing the melting point, 

chemical behaviour, and tacticity [6]. 

These particular polymers have been selected for the following examination: 

 To understand how the electrical and mechanical properties of the nanocomposite 

are dependent on the differing blends of conducting polymers and highly conducting 

fillers. 

 To assess the compatibility of graphene with polymers that have different levels of 

polarity and effects of polarity. 

 To identify ideal combinations of hybrid blends of graphene derivative, conducting 

polymer and thermoplastic polymer. 

7.1.2 Secondary conducting polymers 

1. Polypyrrole (PPY): Upon doping, this conjugated polymer acts as a semiconducting 

material. Recent developments show the material's ability to bend and straighten with 

an applied voltage, opening up the possibility of fabrication of electromagnetic 

actuators [232-234]. The electrical conductivity of the PPY used in this research was 2.1 

S.cm-1. 

2. Polyaniline (PANI): PANI is an amorphous to a semi-crystalline polymer which is similar 

to polypyrrole. This material is thermally stable and its electrical conductivity increases 

with increasing temperature, proving its semiconductor nature. The doping level can be 

changed by electron transfer and this, in turn, alters the conductivity and sensing 

properties [235]. PANI electrical conductivity was measured to 1.6 S.cm-1. 

Polypyrrole and polyaniline are conducting polymers, and their thermal stability is high 

enough (up to 200 ˚C) to be of practical use in a very wide range of areas and especially to 

blend with thermoplastics as most of them melt between 160 - 200 ˚C. 
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7.1.3 Reinforcements 

1. Reduced graphene oxide (rGO): Hydroiodic acid reduced graphene oxide powder with 

an average particle diameter of 10 microns, and electrical conductivity of 103 S.cm-1 was 

used. 

2. Graphene (G): Graphene powder was purchased from Emfutur, Spain. This has an 

average particle diameter of 10 microns and electrical conductivity of 133.12 S.cm-1. 

Figure 7.1 shows the particle distribution curves for graphene materials and conducting 

polymers. 

 

Figure 7.1 Particle size distribution for G, HI -rGO, PPY, and PANI used 

 Planning of Experiments and Preparation of Hybrid Nanocomposites 

For the studied nanocomposites the properties of most interest were electrical conductivity 

and ultimate tensile strength. In order to quantitatively understand the range of properties 

that can be created and the trade-offs between conductivity and tensile strength, Taguchi 

analysis was used to examine the range of desirable parameters. Once the choice of factors 

and levels were selected, the levels were decided followed by construction of orthogonal 

array. The factors chosen were, 

a) reduced graphene oxide/graphene content 

b) secondary polymer content (PPY and PANI) 
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c) type of primary polymers (PP, PMMA, POM) 

The above three parameters were varied at 3 different levels, and a number of combinations 

of the factors at these levels are tried to arrive at an optimum combination. The tool used 

to carry out the trials and to prepare the layout of the experiments to be carried out is the 

design of experiments. MINITAB 17 was used for creating and analysing Taguchi analysis. 

Four types of hybrid nanocomposites were prepared (shown in Figure 7.2) and hence, four 

Taguchi designs were developed. Table 7.1 shows the levels of factors and experimental 

combinations. Electrical conductivity and ultimate tensile strength were main properties of 

interest and Taguchi analysis discusses both properties. 

 

Figure 7.2 Types of hybrids prepared  

Table 7.1 a) Experimental design and b) Experimental combinations (hybrids of rGO/GO, 

PPY/PANI, and Polymers)  

a) b) 

Parameters and their levels 

Factors 
Level 

Low Med. High 

A: rGO/G (wt.%) 2 4 6 

B: PPY/PANI (wt.%) 1 2 3 

C: Types of polymer PP PMMA POM 

C = wt.% based on A and B 
 

Experimental combinations (wt.%) 

Blend rGO/G PPY/PANI Polymer/amount 

1 2 1 PP/97 

2 2 2 PMMA/96 

3 2 3 POM/95 

4 4 1 PMMA/95 

5 4 2 POM/94 

6 4 3 PP/93 

7 6 1 POM/93 

8 6 2 PP/92 

9 6 3 PMMA/91 
 

These upper and lower limits for factors A and B have been chosen for the following reasons: 

First, preliminary experiments on rGO/LLDPE nanocomposites prepared (by melt blending 

followed by compression moulding to form sheets) using highly conductive HI-rGO did not 

reach the expected electrical conductivity of 0.1 S.cm-1 but, it helped predict the upper and 

lower limits for graphene derivatives to design Taguchi analysis for a proper statistical 
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analysis. The conductivity values for rGO/LLDPE were too low due to agglomeration of rGO 

particles, as shown in Figure 7.3. In particular, the conductivity did not improve beyond 4 % 

loading of rGO. Therefore, there was a restriction on the component proportions which did 

not allow exploration of the entire mixture space. 

 

 

Figure 7.3 Agglomerated rGO particles in LLDPE sheets (above) and conductivity of 

LLDPE/rGO blends (below) 

Secondly, it was hard to perform melt blending with more than 3 wt.% of PPY and PANI as 

these two powders are very voluminous, making handling difficult, and the composites also 

become brittle over 3 wt.%. Thirdly, it is ideal to use lower amounts of graphene materials 

and conducting polymers for improving required properties for a cost-effective process. 
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Finally, these polymers are reasonably stable above 200 ˚C, for melt blending, which can be 

seen from the TGA thermograms along with graphene materials in Figure 7.4. 

 

 

 

Figure 7.4 TGA of polymers and graphene materials used  
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 Manufacturing of Nanocomposites 

The manufacturing process of nanocomposite includes the following steps: 

Mixing: The mixing process involves weighing and mixing of all the components for 

producing hybrid composites. The material was mixed manually in sealed bags for 2 minutes. 

The purpose of this step was to ensure that the final processed product had maximum 

homogeneity. 

Melt-blending: Melt blending of polymers was performed in a twin screw counter rotating 

mixer (Brabender) at the temperature range of 180 to 185 ˚C for 5 minutes of blending time 

per 100 g. 

Granulating: The blend from the Brabender was then granulated in a granulator at room 

temperature. The average granular size was 25 microns. 

Compression moulding/sheet forming: The granulated hybrids were then compression 

moulded in a sheet forming mould to form 1 mm thick sheets at a temperature of 180 ˚C for 

electrical and mechanical characterisation. Tensile samples were made according to ASTM 

D822. The samples were pressed as 5 tonnes of compression pressure for 3 minutes and 

then the specimens were brought to room temperature keeping them in the mould itself for 

10-15 minutes. 

Cutting: The compression moulded hybrid sheets were then cut to the requirement of 

electrical conductivity and UTS measurements. Figure 7.5 shows the schematic process flow 

of the manufacturing methods. 
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(1) Mechanically mixed PP-PPY-G blend 

 

(2) Melt blending head and blended hybrid 

  

(3) Compression moulded sheets (4) UTS measurement 

    

(5) Electrical conductivity measurements 

  

  

Figure 7.5 Manufacturing and testing of hybrid composites: Process flow  
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 Electrical Conductivity (from Taguchi analysis): A Comparison 

The analysis involves third order interactions as (A*B*C) where [A = rGO/G content (wt.%), 

B = PPY/PANI content (wt.%), C = type of polymer/polarity (wt.%)]. The experiments were 

carried out according to the L9-OA. The electrical conductivity (averaged from 5 replicates) 

was considered as Taguchi array response and analysed with different statistical factors. 

After conducting the experiment, the results were converted into S/N ratio values. The final 

L9-OA displaying response values are shown in Figure 7.6 (the hybrids are denoted with 

numbers assigned in Taguchi design). 

 

Figure 7.6 Electrical conductivity of all four hybrids nanocomposites  

A desired composite formulation can be determined by peak points of a linear or nonlinear 

trend of the factor. Thus, the preferable combination to get high electrical conductivity is 2 

wt.% rGO/G (A2), 4 wt.% PPY/PANI (B2) and POM (C3). For electrical conductivity, PPY/PANI 

content and POM type had a same nonlinear trend as electrical conductivity. Therefore, a 

composite including 4 wt.% of rGO/G, 2 wt.% of PPY/PANI and POM can become a desired 

composite formulation for electrical conductivity improvement. The top 3 values belong to 

POM hybrids (3, 5 and 7); the second top values are for PMMA hybrids (2, 4 and 9) the lowest 

ones are PP hybrids (1, 6 and 8). 

A desired material formulation of the composites to enhance each of the electrical 

properties can be determined by the sum of S/N ratios. Figure 7.7 shows main effects plots 
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of S/N ratios for electrical conductivity, from which, it can be observed that electrical 

conductivity increases at 2 wt.% addition of rGO/G and PPY/PANI but at 4 wt.% addition it 

decreases. This is believed to be due to the formation of more non-condensable 

gaseous/volatile fractions by voids and agglomeration as visualised from SEM images in 

Figure 7.20. Similar behaviour was noticed by Tchoudakov et al. [236]. Electrical conductivity 

greatly depends on the polymer chosen, with POM giving the highest conductivity, and a 

general trend of increasing conductivity with increasing polymer polarity [236]. 

a) b) 

  

c) d) 

  

*Factor C has discrete levels and the lines are given only to understand the behaviour 

Figure 7.7 Main effects plots for all the hybrids (Electrical conductivity) - a) 

rGO/PPY/Polymers, b) G/PPY/Polymer, c) rGO/PANI/Polymers and, d) G/PANI/ Polymers 

Whether interactions between factors exist or not can be shown by plotting a matrix of 

interaction plot. Parallel lines in an interaction plot indicate no interaction. However, the 

interaction plot does not tell if the interaction is statistically significant [176]. The matrix of 

interaction plot for electrical conductivity is shown in Figure 7.8. It can be seen that there 

are non-parallel lines indicating a significant interaction between the three factors, except a 

few parallel lines showing that there is less interaction mainly for PP and PMMA polymers, 

which are also the least polar polymers. 
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An ANOVA table [169, 237, 238] breaks down the effect of each factor, the experimental 

error and the possible interactions of the factors. In this process, it is seen that the significant 

factors are the type of polymers (C), rGO/G content and PPY/PANI content (A*B). The final 

ANOVA table (Table 7.2) gives the percentage contribution (exact value in percent) of each 

of the significant factors affecting the response value. The main conclusion that can be 

drawn from ANOVA is that the choice of polymer plays the major role in affecting 

conductivity, with the amount of graphene and conducting polymers being increasingly of 

less importance. 

Table 7.2 ANOVA table for all the hybrids (Electrical conductivity)  

Source Degree of freedom % Contribution Rank Source Degree of freedom % Contribution Rank 

 rGO/PPY/Polymer  G/PPY/Polymer 

rGO Content 2 0.0056 2 G Content 2 0.0016 2 

PPY Content 2 0.0051 3 PPY Content 2 0.0003 3 

Type of Polymer 2 0.9090 1 Type of Polymer 2 0.9900 1 

Residual Error 2   Residual Error 2   

Total 8   Total 8   

 rGO/PANI/Polymer  G/PANI/Polymer 

rGO Content 2 0.0075 2 rGO Content 2 0.0038 2 

PPY Content  2 0.0045 3 PANI Content 2 0.0022 3 

Type of Polymer 2 0.9800 1 Type of Polymer 2 0.9887 1 

Residual Error 2   Residual Error 2   

Total 8   Total 8   

A general regression for the complete model was performed using MINITAB 17 software and 

the final the regression values are given in Table 7.3. 

Table 7.3 Regression values of hybrids from S/N ratios  

Hybrid R2 R2 (pred) 

rGO/PPY/Polymer 99.1 % 99.2 % 

G/PPY/Polymer 99.1 % 98.2 % 

rGO/PANI/Polymer 99.2 % 99.3 % 

G/PANI/Polymer 99.1 % 99.2 % 

The R2 values are all near 99 %, indicating that that the empirical model derived from the 

experimental data can predict the response with high accuracy. Normal probability plots for 

means of this process is shown in Figure 7.9, showing that the model meets the assumptions 

of the analysis. Residuals (not shown) were found to be scattered and without any definite 

pattern that proved systematic shortcomings of the model. Normal probability plot indicates 

the data are normally distributed, and the variables are influencing the response. Outliers 

do not exist in the data. 
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a) b) 

  

c) d) 

  

Figure 7.9 Normal probability plots for all the hybrids (Electrical conductivity) - a) 

rGO/PPY/Polymers, b) rGO/PANI/Polymers, c) G/PPY/Polymer and, d) G/PANI/ Polymers 

 Tensile Properties of Hybrids (from Taguchi analysis): A Comparison 

Tensile properties (ultimate tensile strength, UTS) of all the hybrids have been measured 

(averaged from 5 replicates) to assess their mechanical behaviour, a property of great 

interest for commercial applications. The response from UTS measurements and 

representative stress-strain curves are shown in Figure 7.10 and Figure 7.11, respectively. 

For PP and PMMA hybrids the UTS increases with increasing addition of graphene derivatives 

and conducting polymers but, by contrast, the UTS of POM hybrids decreases. This could be 

due to mechanical percolation threshold occurrence at 2 wt.% of graphene materials and 1 

wt.% conducting polymers. A final observation is that using rGO or G gives composites with 

similar tensile strengths. 
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Figure 7.10 Ultimate tensile strength of different hybrids  

rGO/PPY/Polymer rGO/PANI/Polymer 
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G/PPY/Polymer G/PANI/Polymer 

 

 

 

 

 

 

Figure 7.11 Representative stress-strain plots of different hybrids  

Both rGO/G and PPY/PANI properties increase in a very similar way with the differences 

mainly in the magnitude of the increase. For POM hybrids, the UTS decreases slightly with 

the addition of both graphene derivatives and conducting polymers. This deterioration could 

be due to a number of causes, including: 

 the percolation threshold/critical loading of conducting polymer and/or filler 

reaching its maximum point. Particle-particle contact has to be avoided for 

enhancement of mechanical properties (discussed in SEM section). 

 the hydrogen bonding may get weakened due to the fully packed structure [118]. 

 more speculatively, it is possible that the peculiar mechanical behaviour of the POM 

hybrids is due to a plasticising effect, which in turn is related to weak interactions 

between the graphene derivatives, conducting polymer and thermoplastic polymer 

[239]. 
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The main effect plots for UTS from Taguchi analysis have been given in Figure 7.12. Different 

from electrical conductivity ones, it can be seen that UTS was improved with increased 

addition of graphene derivatives and conducting polymers. The desired parametric 

combination has been found with POM hybrid composites with 6 wt.% graphene derivative 

and 3 wt.% conducting polymer additions. 

The tensile strength of neat PP, PMMA and POM are 36.45, 51.23 and 56.51 MPa. The tensile 

strength is enhanced considerably as shown in Figure 7.13. The highest percentage increase 

comes with PP followed by PMMA and POM hybrid nanocomposites. These enhancements 

are attributed to the effective load transfer from the matrix to graphene due to their strong 

interfacial adhesion. 

Effective reinforcement can be achieved while further loading will cause the stacking 

together again of graphene nanosheets due to the strong van der Waals’ force between the 

nanosheets. However, the UTS continues to increase through these compositions (the rate 

of increase may (or may not) be a little less) of graphene derivatives and conducting 

polymers, respectively, the assumed point of mechanical percolation. 

a) b) 

  

c) d) 

  

*Factor C has discrete levels and lines are given only to understand the behaviour 

Figure 7.12 Main effects plots for all the hybrids (Ultimate tensile strength) - a) 

rGO/PPY/Polymers, b) rGO/PANI/Polymers, c) G/PPY/Polymer and, d) G/PANI/ Polymers 
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a) 

 
b) 

 

Figure 7.13 a) Percentage increase of UTS in all four hybrid nanocomposites calcu lated 

from their neat polymers and b) UTS of neat polymers  

In terms of tensile strength, all interactions are very significant (Figure 7.14). The exception 

is for the use of polypropylene with conducting polymers and graphene derivatives. This is 

believed to be due to fundamental incompatibility of the polymer with the fillers/conducting 

polymers, with SEM images showing substantial voids and agglomeration even at low 

loading. 
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Having described the importance of regression analysis previously, the same analysis have 

been done for tensile properties of hybrid nanocomposites as well. The regression values of 

all four hybrid nanocomposites have been listed in Table 7.4. All the R2 values are around 99 

% that indicates that the model can predict the response with high accuracy. 

Table 7.4 Regression values of hybrids from S/N ratios  

Hybrid R2 R2 (pred) 

rGO/PPY/Polymer 99 % 99.1 % 

G/PPY/Polymer 99.1 % 99.2 % 

rGO/PANI/Polymer 99.2 % 99.2 % 

G/PANI/Polymer 99.2 % 99.3 % 

Similar to the electrical conductivity results, the normal probability plots (Figure 7.15) for 

the tensile strength of all the hybrid nanocomposites do not possess outliers in the data 

indicating it a reliable statistical model. 

a) b) 

  
c) d) 

  

Figure 7.15 Normal probability plots for all  the hybrids (Ultimate tensile strength) - a) 

rGO/PPY/Polymers, b) rGO/PANI/Polymers, c) G/PPY/Polymer and, d) G/PANI/ Polymers 

The ANOVA table for tensile properties of hybrid nanocomposites has been given in Table 

7.5. It can be observed that from the % contribution, the effect of all three factors is similar 

as observed for the electrical conductivity results. The type of thermoplastic polymer ranks 

first in terms of increasing tensile properties, followed by the amount of graphene materials 

and conducting polymers. 
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Table 7.5 ANOVA table for all the hybrids (Ultimate tensile strength)  

Source Degree of freedom % Contribution Rank Source Degree of freedom % Contribution Rank 

 rGO/PPY/Polymer  G/PPY/Polymer 

rGO Content 2 0.1600 2 G Content 2 0.06900 2 

PPY Content 2 0.1400 3 PPY Content 2 0.04700 3 

Type of Polymer 2 6.2501 1 Type of Polymer 2 0.7600 1 

Residual Error 2   Residual Error 2   

Total 8   Total 8   

 rGO/PANI/Polymer  G/PANI/Polymer 

rGO Content 2 0.1200 2 rGO Content 2 0.1201 2 

PPY Content  2 0.0300 3 PANI Content 2 0.03802 3 

Type of Polymer 2 0.7900 1 Type of Polymer 2 0.7901 1 

Residual Error 2   Residual Error 2   

Total 8   Total 8   

Percentage elongation of all the hybrids has been given in Figure 7.16 which shows the effect 

of filler loading on elongation at break of all the hybrids composites. The composite without 

graphene indicates the value of elongation at break is 266.5 %, 44.13 %, and 9.32 % for PP, 

POM, and PMMA, respectively. Composites with graphene derivatives exhibited failure 

beyond their yield point and the tensile strength and elongation at break decreased with 

increasing filler loading. This is attributed to the effect of filler-matrix adhesion and changes 

in (decrease) crystallinity. The high surface area of G (710.7 m2.g-1) and HI-rGO (677.4 m2.g-

1) could also be a significant factor for these changes and improvements in the mechanical 

properties of the nanocomposites [240]. In particular, for PP hybrids, the percentage 

elongation decreased significantly due to the formation of agglomerates of graphene 

nanoparticles. This could be seen on SEM images (section 7.7). 
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b) 

 

Figure 7.16 Percentage elongation at break of a) all the hybrids and b) neat polymers  

 X-ray Diffraction and Microstructural Characterisation 

X-ray diffraction (XRD) and microstructural (SEM) analyses were performed to get more 

information about the state of dispersion of the components of the nanocomposite, changes 

in functional elements and microstructure, respectively. 

7.6.1 X-ray diffraction 

Figure 7.17 shows XRD profiles of neat polymers and graphene derivatives. Compared to 

graphene, rGO shows a much smaller peak centred at about 26°. This indicates that the 

higher d-spacing nanosheets occurred after chemical reduction. In addition, the XRD 

patterns of PP show characteristic diffraction peaks at 2θ = 13.8°, 16.6°, 18.4°, 21.1°, and 

21.8°, which correspond to the (110), (040), (130), (111), and (131) + (041) crystalline planes, 

respectively [241]. Pure PMMA shows a predominant and comparatively, broad peak with a 

maximum at 17.5° indicating the amorphous nature of the polymer [242]. For POM, the 

positions of the narrow peaks are around 23°, 34.6°, 48.4°, and 54.1° for diffraction planes 

having Miller indices (100), (105), (115), and (205), respectively [243], revealing the highly 

crystalline structure. 

XRD patterns of hybrids are shown in Figure 7.19. From different peak levels and intensities 

of PP hybrids, it is proposed that d-spacing of graphene derivatives changes with different 

loading conditions of graphene derivatives [150]. 
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Figure 7.17 XRD of graphene materials and neat polymers  

In POM hybrid nanocomposites, it can also be seen that (Figure 7.19) of rGO/G polymer 

nanocomposite sheets exhibited sharp peaks, indicating that the graphene oxide 

nanosheets had packed into an ordered structure, as also suggested by the corresponding 

SEM images in Figure 7.21. While the lack of a diffraction peak in the XRD pattern does not 

necessarily suggest the absence of stacked platelets [155], in the XRD profiles of rGO/POM 

and G/POM composites, the broad diffraction peak corresponding to the aggregation of 

rGO/G nanosheets cannot be detected. This suggests that the presence of the POM 

efficiently prevented the aggregation nanoparticles. 
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Surprisingly, the intersheet spacings for rGO/G in the PMMA hybrid nanocomposites were 

significantly larger than those seen in PP and POM-hybrids with similar graphene 

oxide/polymer mass ratios. This observation may be explained by the distinctly different 

interactions that PP/POM and PMMA would have with graphene derivatives and conducting 

polymers. The polar amine groups of PPY and PANI (Figure 7.18 and Table 7.6) would interact 

strongly with the hydrophilic groups in graphene derivatives, leading to “full” interaction 

between both components and resulting in large changes of intersheet spacing with a small 

modification of the composition. 

 

 

 

Figure 7.18 FTIR of polymers and graphene materials used  
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Table 7.6 FTIR peak assignment for PANI [244] and PPY [245] 

PANI PPY 

Assignment Wavenumber (cm-1) Assignment Wavenumber (cm-1) 

N-H stretching 3450 C–H wagging 811 and 920 

C-C ring asymmetric and 
symmetric stretching 

1575 and 1519 C=C stretching 1558.4 and 1487 

Benzene structure 1485 C=N and C–N bonds 1685.7 and 1315.4 

N-H and C-C bending 
vibrations 

1325 and 1291 N–H stretching 3522 

C-N stretching of a 
secondary aromatic amine 

1310   

C-H bending 1138 and 834   

Conversely, interactions between the hydrophobic methacrylate groups of PMMA and 

graphene derivatives/conducting polymers would be weak. As such, PMMA chains would 

likely remain in coiled conformations, which would more efficiently pack within the 

intersheet gallery, fitting well into the undulating structures of the nanosheets of graphene 

oxide [6, 246]. Such behaviour would account for the relatively small increases in intersheet 

spacing for graphene derivatives-PMMA hybrid nanocomposites even at high polymer 

concentrations [247]. 

As PP and POM are both highly crystalline polymers yet apparently give two extreme results 

in terms of electrical conductivity, this is primarily due of the different level of polarity and 

the level of dispersion of particles. The hybrid nanocomposite having smaller amounts of 

graphene derivatives exhibited larger intersheet spacings. The spacing then decreased with 

higher graphene and conducting polymer concentrations, consistent with having a smaller 

amount of conducting polymer intercalated between adjacent graphene oxide layers. 

Indeed, a direct correlation between increasing graphene oxide content and decreasing 

intersheet spacing was observed for all the hybrids manufactured. This means that the 

dispersion would change. However, the change is not large as observed from the XRD peaks 

and decreases with increasing concentrations of graphene materials and conducting 

polymers. Hence, a direct correlation between increasing content of graphene derivatives 

and decreasing intersheet spacing was observed for all the hybrids manufactured. 
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Figure 7.19 XRD patterns of all the hybrids  
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 Morphological Characterisation 

To clarify the reinforcement mechanism and load transfer from the polymer matrix to the 

reinforcement, SEM images were used to observe the micro-morphology of the fracture 

surface of tensile samples. SEM image of the polymers and selected hybrid nanocomposites 

have been shown in Figure 7.20 and Figure 7.21, respectively. It can be seen that PP hybrids 

have large agglomerated particles while PMMA hybrids have pores and disconnected layers. 

Though POM hybrids show some crazing, the particles are found to be dispersed and have 

high miscibility which should lead to increased electrical conductivity. 
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Figure 7.20 SEM images of polymers and neat polymers 
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Figure 7.21 SEM images of the top hybrids that give highest electrical conductivity  
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 Mechanism of Hybridisation 

Both graphene materials and conductive polymers are conjugated systems. They are 

compatible with each other. Depending on the suitability of base polymer (thermoplastic 

matrix), conducting polymers and graphene materials transfer electrons freely. Even though 

maximum percolation threshold is identified with just graphene particulate composites, 

formation of agglomeration forms “gaps” between particles forming “bridges”. This leads to 

an increase in electrical conductivity. Similar hypothesis has been proposed by Thongruang 

et al. [248] in a similar work involving carbon fibres and conducting polymers in 

thermoplastic matrix. 

From morphological analysis, these gaps would have been potentially filled by secondary 

conducting polymer, enhancing the conductive network in the composite. Especially, this 

hypothesis strongly applies to PMMA and POM hybrid composites, based on the SEM images 

showed in the previous section. Figure 12 proposes the possible hybridisation mechanism in 

the composites developed which leads to improved electrical conductivity and mechanical 

properties. 

(a)

 

(b) 

 

Graphite and carbon fibre mixture 
bridging double-percolated network 

Figure 7.22 a) Hybrid mechanism or cross -linked connections between primary polymers, secondary 

polymer and graphene derivatives  and b) Representative diagram showing the effect of polymer blend 

composition on filler connectivity in ultrahigh molecular weight polyethylene (UHMWPE), graphite and 

carbon fibre hybrid composites (Reproduced from [248]) 
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 Simplex Analysis for Final Desirable Parameters 

Afte the Taguchi analysis was carried out, the results were used in a simplex model 

developed to sub-optimise the material formulation of hybrid composite that possesses the 

highest electrical conductivity. Due to the factors being randomised and limited to the 

boundaries shown in Figure 7.23, an extreme vertices design was suitably used. 

 

Figure 7.23 Design runs for the simplex -centroid augmented design chosen for G/PPY/POM 

hybrids ( lower and upper limits of G/PPY/POM were selected as 3 wt.% and 5 wt.%, 1.5 

wt.% and 2.5 wt.%, and 92.5 wt.% and 95.5 wt.% 

A sub-optimisation of blends have been performed using mixture analysis in order to tune 

up the ratios, which also filters the combinations to get the optimal parameters. The design 

for this part was a three-component mixture with lower and upper constraints. The three 

components were G (X1), PPY (X2), and POM (X3). The lower and upper limits were selected 

as 3 wt.% and 5 wt.%, 1.5 wt.% and 2.5 wt.%, and 92.5 wt.% and 95.5 wt.% for the three 

components, respectively, known as “actual” components. These limits were chosen based 

on the desirable results obtained from Taguchi analysis from the previous part. 

The effect of POM (Component C) is significant on electrical conductivity while PPY and G 

have little effect on variation of electrical conductivity. The electrical conductivity of the 

composites increased with an increase in G content until a plateau region was achieved 

(around 3 wt.%), beyond which any further increase is not noticeable. The main effects and 
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interaction plots are shown in Figure 7.24. This increase in electrical conductivity can be 

attributed to an improved fibre-matrix interfacial adhesion along with occurrence of right 

percolation threshold point. This improved adhesion is due to the ability of hydroxyl groups 

graphene and PPY groups to react or paired with the hydroxyl groups of the POM [249]. PPY 

chains became more involved in inter-chain entanglements and contributed to increased 

electrical conductivity. 

 

Figure 7.24 Main effects and interaction plots from simplex design 

As shown in Figure 7.25 the Cox response curve showed an effect of each of the components 

(X1, X2, and X3) had an effect on electrical conductivity and showed that POM loading is the 

most significant factor compared to G and PPY [250]. 

 

Figure 7.25 A Cox response plot of the hybrids  
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The effects of components A, B, and C are shown in the trace and contour plots. Both, 

Components A and C, improved the conductivity with an increase in loading up to around 3 

wt.%, beyond which any further increase is not seen. 

 Summary 

Applying a variety of experimental and analytical techniques we have been able to tailor a 

hybrid nanocomposite that is comparatively inexpensive, electrical conducting and 20 % 

stronger than the base polymer matrix. The same techniques have also given a broad 

overview of the combination space and properties that arise from it. 

With these experiments, we upgraded our existing knowledge about the influence of the 

different process parameters on the electrical conductivity. This study has shown the 

application of Taguchi method in the performance evaluation of a hybridisation process for 

blending thermoplastics, conducting polymer and graphene materials. Regression modelling 

has helped us generate an equation to describe the statistical relationship between the 

process’s parameters and the response variable (electrical conductivity) and to predict new 

observations. As previously discussed in chapter 5, the difference in the performance of rGO 

and G are likely due to factors such as; 

1) percolation rates across particle-to-particle interfaces, 

2) cross-linked connections giving a highly conductive network, and 

3) charge transfer across the sample via ionic channels, compared with graphene. 

These results also show how close the structure of rGO is to that of graphene, despite having 

defects, as the two materials have similar effects on the electrical and tensile properties of 

the hybrid composites. The hybrid nanocomposites of G/POM prepared by melt-blending 

have the maximum conductivity of 0.85 S.cm-1 at the G/rGO loading of 3 % and the 

conductivity drops over 4 % loading due to the formation of agglomeration of graphene 

particles. The tensile strength has been increased with increasing addition of concentrations 

of graphene materials and conducting polymers. 
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8 █ CHAPTER 8 
Conductive Fibre Yarns 

 

 

 Conductive Coating 

In the past three decades, organic coating technologies have improved drastically in terms 

of performance and experimental design, pushing the boundaries towards conductive 

applications [159]. Conductive fabrics and textiles are of particular interest for their use in 

electrotherapy and in-situ sensing; stretchable fabrics have been developed with 

conductivity up to 1.5 S.cm-1 [251]. 

Despite their shortcomings, graphene-based materials are suitable for use in conductive 

coatings applications such as touch screens [216]. In such cases, the coating/deposition 

process of graphene powders and dispersions is complicated, but less demanding 

applications may be possible using systems created by traditional dip-coating processes 

[252, 253]. 

Few attempts have been made involving thermoset polymer and combination of thermoset 

polymer and glass fibre yarns in a conductive coating task because of low performance of 

fabricated devices as well as expensive production methods. This chapter focuses on 

developing a simple but effective coating method for producing electrically conductive wires 

using reduced graphene oxide, different fibre yarns (including natural fibres) as wires and 

epoxy resin as a binding material. Three different dip-coating approaches were used and 

electrical conductivity and morphology of the samples were investigated. 

By systematically varying material composition and manufacturing techniques, and applying 

optimisation methods, it will identify sets of coating parameters that will allow improving 

electrical conductivity and mechanical properties. This will demonstrate that conducting 
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yarns can be produced using off-the-shelf technologies, inexpensive natural fibres and easily 

synthesisable conducting organic materials. These points are critical if graphene and 

reduced graphene oxide are to be produced and used in large-scale devices or bulk 

commercial applications. 

Binders: Compared to water-soluble systems, hydrophobic components are far more 

affected by interfacial bonding [229], even if surfactants are used to aid dispersion. For this 

reason, it is important to choose a binding material carefully. Epoxy resins are both useful 

thermoset polymers on their own and also as adhesives that possess very good adhesion 

properties to various surfaces [254]. Combined with the fact that graphene powders exhibit 

better dispersibility in viscous mediums, the epoxy has been chosen to be the main binding 

material. As flax fibre yarn was used for comparison to glass fibre yarn, starch was also used 

as another binder which would provide a comparison with epoxy as a binder and would also 

make fully degradable conductive wires. 

8.1.1 Silane treatment and preparation of conductive coating 

The yarns and fabrics were treated with 1:1 molar ratio (3-Aminopropyl)triethoxysilane 

(APTES) in ethanol in order to improve the interfacial adhesion of the coating. Figure 8.1 

shows the silanation of different materials used. The treatment involved immersion of fibres 

into APTES aqueous solution and then stirred continuously at 30 ˚C for 2 hours where silane 

adsorption occurred following oven drying at 100 ˚C for 5 hours. No further pH adjustment 

of these solutions was made in the silane solution. 

Silanes were used as coupling agents between the fibre surface and the polymer matrix. In 

the presence of moisture, hydrolysable alkoxy group leads to the formation of silanols. The 

silanol then reacted with the hydroxyl group of the fibre, forming stable covalent bonds to 

the cell wall or glass surface. The hydrocarbon groups of the silane then created an extended 

network due to van der Waals bonding between the matrix and the fibre yarn [255]. 
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Figure 8.1 Silane treatment of fibre yarns and woven fabrics  

Epoxy resin and harder: Epoxy resin to 4,4′-Diaminodiphenylmethane (APTES) ratio was 

100:26 and for this system the mix ratio is a fixed weight ratio. In general, the curing of 

epoxide groups would react with the polyfuntional hardeners, that is, with APTES curative 

functional groups. The process is comonly called as curing or gelation. In principle, the 

molecule comprising a reactive hydrogen would react with epoxide groups in the resin which 

hardens the material which depends on the atmospheric temperature [256].  

Starch solution: Starch is a high molecular mass carbohydrate- (C6H10O5)n. Because of this 

reason, starch is usually made up as a percentage solution rather than as a molar strength 
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solution. In this case, the solution was made up with distilled or deionised water freshly 

before the coating and was made by the following procedure: 

 Measure out 10 g of starch powder into a clean 250 ml beaker. 

 Add in 20-30 cm3 of distilled water and mix into a slurry. 

 In a second 1 L beaker boil about 500 cm3 of water. 

 Add the starch mixture into the boiling water and continue boiling for a few minutes. 

An electric stirrer was used here. 

 Allow to cool for the coating purpose. 

8.1.2 Technique-1 (Physical bonding- Layer by layer method) 

The coating process involved pulling the glass fibre yarn through two separate containers 

filled with epoxy resin and rGO powder, respectively. The containers were made out of 

LLDPE comprised inlet and outlet holes with a diameter of 1.5 mm for epoxy and 2 mm for 

rGO powder, through which the glass fibre yarn was pulled. This technique allowed the yarn 

to be coated with epoxy resin as the first layer and rGO powder as the second layer. 

The critical part of the process was coating the epoxy resin evenly over the glass fibre yarn. 

The limited outlet diameter in each container had the fortuitous benefit of also helping to 

control coating thickness by skimming off excess (Figure 8.2). For this purpose, the yarns 

were pulled at a rate of 100 mm length for ≈25 seconds per box. 

 

 

Figure 8.2 Schematic representation of preparation of conductive coating  

For a proper coating to be achieved, the yarn was pulled slowly so that rGO particles could 

be coated without major discontinuities. After epoxy and rGO coating, the yarn was dried 

and cured at 150 to 160 °C for 6 hours. Then the samples were removed, cooled down and 

subjected to electrical conductivity tests. PP yarn was treated only to qualify the process 
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used to treat fibre yarns and no positive effect was expected. The coating process is shown 

in Figure 8.3. 

 

 

Figure 8.3 Coating Technique-1: Coating of GF, FF, and PP yarns 

8.1.3 Technique-2 (Physical bonding- Pre-dispersed mixture coating method) 

This method involved dipping fibre yarn in “pre-mixed” epoxy and graphene materials along 

with hardener. Apart from that, the procedure is same as the Technique-1 mentioned in the 

previous section. The mixing process for these techniques with epoxy base and starch base 

are shown in Figure 8.4 and Figure 8.5, respectively. For this method, 6 wt.% of rGO/G 

materials were used after finding that is the percolation threshold, which has been discussed 

in the results and discussion part (Section 8.3). The illustration of the coating process is 

shown in Figure 8.6 and Figure 8.7. Similar to the first technique, the yarns were pulled at a 

rate of 100 mm length for ≈25 seconds per box. 

  

→ 

 

+ rGO → 

 

→ 

 

Figure 8.4 Preparation of epoxy and graphene mixture  
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→ 

 

+ rGO → 

 

→ 

 

Figure 8.5 Preparation of TP starch and graphene mixture  

 

Figure 8.6 Schematic representation of preparation of conductive coating  

 

Figure 8.7 Coating Technique-2: Coating of GF, FF, and PP yarn 

8.1.4 Technique-3 (In-situ coating method) 

This method encompassed, coating of graphene oxide (GO) solution over the fibre yarns 

followed by oven drying at 75 ˚C for 3 hours. The dried GO coated yarns were then reduced 
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chemically (hydroiodic reduction) for up to 4 hours; beyond 4 hours the coated GO layer 

tended to peel off from the yarn. Following this step, the samples were dried and 

characterised. The illustration of the coating process is shown in Figure 8.8 and Figure 8.9. 

 

Figure 8.8 Il lustration of Technique-3 

 

Figure 8.9 Coating Technique-3: Coating of GF, FF, and PP yarn 

For the second method, the percolation threshold was attained at 6 wt.% in the pre-mixture. 

The electrical conductivity variation on wt.% of rGO is shown in Figure 8.10. It can be noticed 

that the conductivity started decreasing after 6 wt.% of rGO. 
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Figure 8.10 Identification of rGO percolation threshold in T echnique-2 

For the other two methods (Techniques-1 and 2), the mass fractions of rGO and epoxy 

content were calculated as below: 

Technique 1- The weight of fibre yarn, epoxy coated fibre yarn and final weight of the rGO 

coated yarn was measured 5 times and averaged. The yarn length of 30 mm was used for 

the conductivity measurements. 

Table 8.1 Mass variation of samples through coating process  

Materials/Combination Measured weight (mg) 

Wt. of glass fibre 1.8 

Wt. of glass fibre + epoxy resin 3.9 

Wt. of glass fibre + epoxy resin + rGO 5.6 

Wt. percentage of epoxy and rGO could be calculated from the above table of using mass 

fraction equation (Mi =
Winitial

Wtotal
). The mass fractions of epoxy and rGO layers are 2.2 mg and 

1.4 mg, respectively. For Technique-3, measuring the weight of glass fibre yarn and final 

weight of the rGO coated yarn (after reduction process). The yarn length of 30 mm was used 

for the conductivity measurements. 
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Table 8.2 Mass variation of GO and rGO on glass fibre in Technique -3 

Materials/Combination Measured weight (mg) 

Wt. of glass fibre 1.8 

Wt. of glass fibre + GO coat (after drying) 2.5 

Wt. of glass fibre + GO coat (after reduction with HI and drying) 2.5 

The mass fractions of GO and rGO on glass fibre surface were 1.4 mg and 1.0 mg, 

respectively. 

 Characterisation 

The coated yarns were characterised for electrical conductivity and microstructure. The 

electrical conductivity of a yarn was measured in a yarn conductivity tester, shown in Figure 

8.11. All samples were tested five times to get the average electrical conductivity values. 

 

Figure 8.11 Fibre yarn conductivity measurement setup  

 Results and Discussion 

From the two different dip coating processes, it can be seen (Table 8.3) that the electrical 

conductivity values (σ, S.cm-1) of both flax and glass fibres have been improved, in particular, 

the average electrical conductivity of the flax fibre yarn samples reached up to 0.06 S.cm-1. 

These conductivity values are very consistent and have been averaged from 5 

measurements with an average variation of ± 4 % (for epoxy-based) and ± 7 % (for starch-

based) across all samples. Both dip coating methods are effective but, the conductivity varies 

substantially with the choice of binding material. 

By studying the conductivity values and microstructures, the interfacial adhesion between 

fibre yarns and binders was improved by a coupling agent (Silane) treatment of fibre yarns 

before the dip coating process. One end of the silane molecule reacts with the hydroxyl 
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groups on the surface, forming a polysiloxane polymeric layer on the surface. The organic 

substituent on the other end reacts with the adhesive providing a covalent bonding between 

the matrix and the fibre [255]. Materials and processing methods must allow for cheap 

production turning the non-conductive natural as well as synthetic fibres into 

semiconducting wires. The sizes of the wires average from ∼1.2 mm for both flax fibres and 

glass fibres after curing. Polypropylene yarn has been used for the purpose of the 

comparative study of different kinds of materials. Electrical conductivity and standard 

deviations (SD) of rGO coated samples have been listed in Table 8.3. 

Table 8.3 Electrical conductivity , standard deviations , standard errors and % variations  (% 

error) of rGO/G-coated samples  

rGO-Coated 

Technique-1 

Epoxy-based Starch-based 

Sample σ (S.cm-1) Std. Dev. Std. Error % Error Sample σ (S.cm-1) Std. Dev. Std. Error % Error 

GF yarn 0.1023 0.0078 0.003488266 3 % GF yarn 0.0002 2.5E-05 1.11803E-05 6 % 

FF yarn 0.0581 0.0046 0.002057183 4 % FF yarn 0.0002 7.3E-06 3.26466E-06 2 % 

PP yarn 0.0952 0.0037 0.00165469 2 % PP yarn 0.0006 0.0001 4.47214E-05 7 % 

Technique-2 

Epoxy-based Starch-based 

GF yarn 0.0907 0.0084 0.003756594 4 % GF yarn 0.0002 4.0E-05 1.78885E-05 9 % 

FF yarn 0.0577 0.0152 0.006797647 12 % FF yarn 0.0001 2.4E-05 1.07331E-05 11 % 

PP yarn 0.0798 0.0067 0.002996331 4 % PP yarn 0.0005 0.0002 8.94427E-05 18 % 

G-Coated 

Technique-1 

Epoxy-based Starch-based 

Sample σ (S.cm-1) SD   Sample σ (S.cm-1) SD   

GF yarn 0.0978 0.0027 0.001207477 1 % GF yarn 0.0002 2.6E-05 1.16276E-05 6 % 

FF yarn 0.0847 0.0047 0.002101904 2 % FF yarn 0.0003 3.5E-05 1.56525E-05 5 % 

PP yarn 0.0924 0.0029 0.001296919 1 % PP yarn 0.0002 1.7E-05 7.60263E-06 4 % 

Technique-2 

Epoxy-based Starch-based 

GF yarn 0.0946 0.0023 0.001028591 1 % GF yarn 0.0002 1.1E-05 4.91935E-06 2 % 

FF yarn 0.0412 0.0098 0.004382693 11 % FF yarn 0.0001 2.5E-05 1.11803E-05 11 % 

PP yarn 0.0862 0.0078 0.003488266 4 % PP yarn 0.0001 1.2E-05 5.36656E-06 5 % 

Overall % variation 4 % Overall % variation 7 % 

* The conductivity values and SDs are averaged from 5 replicates 
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8.3.1 Comparison of different techniques 

From the overall comparison, the following main findings can be summarised: 

By depositing graphene materials onto the glass fibre/flax fibre/PP yarns surface using any 

of the three methods, an electrically conductive wire can be made. However it is clear that 

attempting to reduce GO in-situ, after dip-coating, gives conductivity that is far inferior to 

that obtained by the other two approaches (1 and 2). 

Technique-1 and Technique-2 give very similar electrical conductivity results with epoxy 

based coating. By pre-suspending rGO in the epoxy resin binder (Technique-2), rGO/G 

weight fractions within a fibre coating can be adjusted, although only one wt.% case was 

used to demonstrate the method’s viability. After rGO is homogenised within the epoxy 

resin, rGO could be dip coated onto the fibre yarns more homogeneously than by 

comparison with Technique-1. 

Comparing the results Technique-3 creates more uniform coating than those of other two 

due to the fact that there is no binder (extra materials) involved in the process. The 

maximum electrical conductivity of approximately 0.1 S.cm-1 has been achieved with glass 

fibre yarn and PP yarn samples prepared by Technique-1 and Technique-2. Technique-3 

produces a more homogeneous and continuous rGO distribution on the glass fibre yarn 

surface compared with Techniques-1 and 2. Unfortunately, the electrical conductivity is far 

lower than those achieved with Techniques-1 and 2. Flax fibre yarns possess lower 

conductivity compared to those of glass fibre and PP yarns in all three techniques, but that 

is essentially due to irregular surface of the base fibres. 

8.3.2 Comparison based on binding materials and different fibre yarns 

Epoxy based systems have better conductivity than those of starch-based. Visual 

examination, via SEM, suggests this is due to incompatibility between binder, fibre yarn and 

matrix. This causes poor adhesion and distribution of rGO/G particles. A schematic 

representation of even (epoxy-based) and uneven (starch-based) coated fibre yarns is given 

in Figure 8.12. The inhomogeneity and discontinuous rGO/G coating surface of fibre yarns 

result in poor inter-particle charge transfer, and consequently poor conductivity. 
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Figure 8.12 Coating difference between epoxy -based and starch-based coatings  

Based on the SEM visualisation, the lower conductivity of the flax fibre may also be 

attributed to the irregular surface when comparing Figure 8.13 and Figure 8.14. Such 

irregular surfaces would result in more irregular dispersion of rGO, giving discontinuity at 

the micro level and affecting large scale charge transfer (Figure 8.16 shows the 

microstructure of neat fibre yarns). Similar surface morphology has been noticed with cotton 

yarns coated with Ni and rGO by the electrochemical method by Liu et al. (Figure 8.15) [157], 

with dip-coating having the advantage of the much better scalability and lower costs. 

Comparing epoxy-based and starch-based samples, it is clear that the latter samples possess 

poor interfacial adhesion/strength. With epoxy-based samples, the potential chemical 

reactions between epoxy and the carboxyl-functionalised rGO/G, as well as hydrogen 

bonding, contribute to the improvement of the interfacial strength. In the presence of silane 

coupling agent, the reactions of epoxide-carboxyl, epoxy-amine, and silanol compounds give 

rise to strong chemical bonds around fibre surfaces with rGO/G, surfactant, and epoxy [257, 

258]. 
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Figure 8.13 Samples of rGO coated with epoxy base   



Conductive Fibre Yarns Chapter 8 

 

185 
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Figure 8.14 Samples of rGO coated with starch base 
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Figure 8.15 rGO/Ni coated cotton fibre electrode made by electrochemical deposition 

(Reproduced from [157]) 

GF FF PP 

   

 

Figure 8.16 SEM and optical microscopy images of neat fibres and fabrics  

When comparing the variation in the conductivity data to identify whether the resistance 

was affected by coating morphology, distinguishable fibre surface characteristics can be 

noticed from SEM analysis (Figure 8.13 and Figure 8.14). Both rGO and G have very similar 

effects on the materials in Techniques-1 and 2 in terms of improving electrical conductivity. 

In order to maximise the electrical conductivity of the system, while minimising device cost, 

it is desirable to know the percolation threshold of rGO/G content coated on the fibres. This 

is only possible using Technique-2 as the other two methods do not allow the systematic 

variation of G/rGO loading.  
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Noting that in Technique-3, the actual rGO concentrations deposited onto the fibres surface 

based on the previous 2 methods are significantly lower than those obtained from dipping. 

It reflects that the method deposited much more homogeneous rGO networks onto the fibre 

surfaces and merits further optimisation of the deposition process. A schematic of 

homogeneous coating on the fibre is shown in Figure 8.17. 

 

Figure 8.17 Illustration of homogeneous coating with Technique-3 

The electrical conductivity results of different fibres prepared with Technique-3 and their 

SEM images have been given in Table 8.4 and Figure 8.18, respectively. 

Table 8.4 Electrical conductivity and standard deviations of samples prepared by 

Technique-3 

Sample σ (S.cm-1) SD 

GF yarn 0.0701 0.0044 

FF yarn 0.0465 0.0042 

PP yarn 0.0043 0.0017 

* The conductivity values and SDs are averaged from 5 replicates 
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Figure 8.18 SEM images of GF, FF and PP yarns by Technique -3 

 Fabrics 

Natural and synthetic fabrics have also been tested with the above three coating techniques 

to understand the effect of these coating processes. Glass fibre fabric and bamboo fabric 

(shown in Figure 8.19) have been coated with rGO particle and electrical conductivities have 

been measured. 
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a) b)  

   

Figure 8.19 Optical microscopy images of a) glass fibre fabric and b) bamboo fabric  

The preparation of process is very similar to that of one used for wires. Due the differences 

in glass and flax fibres, the outlet of boxes containing coating materials varied accordingly 

which has been indicated in the Figure 8.20. 

Technique 1 (for glass fabric) 

 

Technique 1 (for flax fabric) 
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Technique 2 (for glass fabric) 

 

Technique 2 (for flax fabric) 

 

 

Technique 3 (same for both glass and flax fabrics) 

 

Figure 8.20 Coating method for fabrics  

The conductivity results are given in Table 8.5 and it can be noticed that the values are lower 

than those of the yarn conductivities. These low conductivity values could be due to large 

porous and the discontinuous surface of fabrics. 
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It is possible that the majority of the coating ends up in the weave-gap of the fabrics. This 

would give an orderly but very discontinuous coating and very low conductivity. This 

argument would support the very poor conductivity measured for fabrics made using 

technique 1 and 2: if most of the conducting coating is deposited in discrete islands, then it 

is highly unlikely that short or long distance electron transfer can occur. Comparing bamboo 

fabric with GF fabric it is obvious that there are much larger gaps between individual yarns 

which caused them resulting in lower conductivity. SEM images of rGO coated fabric (epoxy-

based) are given in Figure 8.21 

Table 8.5 Electrical conductivity of glass and bamboo fabrics coated with rGO by 3 

techniques 

Epoxy-based Starch-based 

Glass fabric Flax fabric Glass fabric Flax fabric 

Technique-1 

0.0072192 0.000098 0.00009 0.000009 

Technique-2 

0.0046582 0.000046 0.00004 0.000004 

Technique-3 

0.0007935 0.000079 0.00007 0.000007 
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Figure 8.21 Epoxy-based rGO coated fabrics  
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 Summary 

Various fibres, including natural fibres, were successfully coated and made conductive. The 

factors critical for producing practical, electrically conducting, yarns are the type of dip-

coating process, the rGO/G weight fraction and nature of binding materials (matrix). By 

systematically varying these, a rough optimum was found of 6 % rGO (%.wt/%.wt) using 

Technique 2 with epoxy resin as a binder. This was the same manufacturing conditions for 

all three yarns (GF, PP, and flax) but with minor differences in conductivity between them 

(0.1, 0.08, and 0.06 S.cm-1, respectively). 

Attempts to improve the environmental credentials of these materials, by using starch as a 

binder, were unsuccessful due to poor compatibility between the components. This could 

be improved but would require a substantial research programme into alternative new 

compatibiliser (silanes) and/or binders. 

Attempting to reduce graphene oxide in-situ (Technique-3) resulted in systems that were 

somewhat less conductive than Techniques-1 and 2, with the exception of PP where 

conductivity was drastically lower. This is likely due to the oxygen groups in GO poorly 

compatabilising with the hydrophobic PP surface. Fabric samples possess lower conductivity 

than those of yarns due to their disconnected yarns in which coating would not be uniform. 

While far lower than the conductivity of metals, the electrical conductivity measured in 

these systems is sufficient to be useful for integration with other composite materials to 

assist in non-destructive testing, simple sensing applications, and protective packaging. 
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9 █ CHAPTER 9 
Conclusions and Recommendations 

 

 

 Conclusions 

The electronic and physical properties of rGO films depend highly on the efficiency of 

reducing agents and reduction time. GO samples, reduced using hydrobromic acid, 

hydrazine hydrate, hydroiodic acid, sodium borohydride and dextrose have shown distinctly 

different chemical structures, and properties and a highly conductive physical structure has 

been identified for HI-rGO. For reduction with HI-rGO and N2H4-rGO, electrical conductivity 

noticeably increased when the reduction time increased from 24 to 72 hours. This was not 

observed in the cases of reduction with Dextrose, NaBH4, and HBr-rGOs. Raman spectra and 

XRD results demonstrate that the HI reduction method gives highly orientated two-

dimensional graphene-like layers with a uniform chemical structure that allows unimpeded 

movement of electrons, with an electrical conductivity of 103 S.cm-1. This graphene-like 

structure is one of the main reasons for the higher electrical conductivity values of the HI-

rGO films. Electrical conductivity is proportional to the amount of oxygen functional groups 

present in the rGO films and not solely to d-spacing. Incorporation of electron donor and 

acceptor in GO while reducing it with HI improves the electrical conductivity further up to 

119 S.cm-1. 

In both GO and rGO, the influencing nature of surface topography on electrical conductivity 

is similar: the rougher the surface, the lower the conductivity. Film thicknesses also have a 

major impact on electrical conductivity, with thinner films having higher conductivity. Crystal 

perfection, crystallinity and possibly orientation of crystals of the films improve as they get 

thinner; lower amounts of oxygen are present in thinner films than thicker films. 

Comparatively, the changes in electrical conductivity with respect to structural and chemical 
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changes are very high. Conductivity improves as the materials become increasingly 

graphene-like: meaning free of internal sheet defects and highly ordered. This lowers 

barriers to the internal motion of electrons, prevents local trapping of electrons and lowers 

barriers to inter-particle electron transfer. This is achieved by selectively removing the rGO 

platelets with the highest amount of oxygen, via exfoliation. This leaves “purer” rGO 

platelets, which are less deformed and have fewer defects. This, in turn, results in samples 

with lower surface roughness, higher electron conductivity, and measurably higher 

crystallinity. From our observation, the ideal practical parameters would be a film of 4 µm 

thickness and a surface roughness of 45 µm. This is dependent on our method of sample 

preparation and improvements in conductivity are possible by further optimising the 

oxidation and reduction processes. 

Hybrid nanocomposites were manufactured by conventional melt blending process followed 

by compression moulding to form sheets for electrical conductivity and tensile strength 

tests. The influence of the different process parameters on the electrical conductivity was 

examined by applying the Taguchi method to evaluate the performance of a hybridisation 

process for blending thermoplastics, conducting polymer and graphene materials. The 

hybrid nanocomposites of G/POM prepared by melt-blending have the maximum 

conductivity of 0.9 S.cm-1 at the G/rGO loading of 3 wt.% and the conductivity drops over 4 

wt.% loading due to the formation of agglomeration of graphene particles. The tensile 

strength has been increased with increasing addition of concentrations of graphene 

materials and conducting polymers. 

Conducting wires of flax fibre, glass fibre, and PP yarn have been developed by coating them 

with graphene materials and using epoxy resin/PP starch as binders. The factors critical for 

producing practical electrically conducting yarns are the type of dip-coating process, the 

rGO/G weight fraction and nature of binding materials (matrix). By systematically varying 

these, an initial optimum was found of 6 wt.% of rGO using Technique 2 (pre-dispersed 

coating) with epoxy resin as a binder. This was the same for all three yarns (GF, PP, and flax) 

but with minor differences in conductivities among them (0.1, 0.08, and 0.06 S.cm-1, 

respectively). 
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Attempts to improve the environmental credentials of these materials, by using starch as a 

binder, were unsuccessful due to poor compatibility between the components. Attempting 

to reduce graphene oxide in-situ (Technique 3) resulted in systems that were somewhat less 

conductive than Techniques 1 and 2, with the exception of PP where conductivity was 

drastically lower. Fabric samples possess much lower conductivity than yarns. 

The electrical conductivity measured in these systems is sufficient to be useful for 

integration with other composite materials to assist in non-destructive testing, simple 

sensing applications, and protective packaging. 

 Recommendations for future work 

 In the synthetic and functionalisation processes, different oxidation agents and 

electron donors/acceptors could be used to further improve rGO conductivity. 

 Milder oxidation, such as at lower temperatures and/or with the careful, slow 

addition of oxidants, is likely to give an improved chemical structure in GO. In turn, 

this could increase electrical conductivity upon reduction. 

 Density measurements of thin exfoliated films could reveal more information about 

the relationship between surface roughness and electrical conductivity. 

 Using different conducting polymers, such as polyphenylene vinylene, polyacetylene, 

polythiopehene, and polyphenylene sulfide, instead of polypyrrole and polyaniline 

may provide improved electrical and tensile performance due to their own inherent 

properties. 

 A possible compatibiliser can be used to achieve a proper dispersion of (inorganic) 

fillers in thermoplastic matrices. 

 Surface activation and functionalisation can be done thermoplastic polymers such as 

polypropylene and polyethylene. 
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 Chemical functionalisation of the yarns could improve compatibility with GO/rGO, 

this would allow higher loading onto the yarn and should result in higher yarn 

conductivity. 

 Conductive starch could be used to try and improve the electrical conductivity results 

seen for starch-based coating techniques. 

 The interplay between thermal and electrical conductivity should be measured to 

determine if these materials have thermo-electric properties. This may be of use for 

in-situ sensing, or potentially for producing small amounts of energy in certain 

situations. 

 It is speculated that the yarn weave causes a very discrete loading of the binder, with 

separated pockets of rGO forming. This lowers conductivity. Analysis of Different 

fabric patterns could also be investigated to determine if this hypothesis is correct 

and how different weaves might affect electrical conductivity. 

 Tensile, bending, shear and compressive testing of conductive wires, need to be 

performed in order to identify appropriate application areas. 
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10 █ APPENDICES 

 

 

Appendix- A: Includes the following: 

 Raman spectroscopy of rGOs in comparison with respect to reduction time. 

 Gaussian Fit and Quantification Data of Raman Spectra of graphene derivatives. 

 XRD spectra of rGOs in comparison with respect to reduction time. 

 XPS (C 1s and O1s of) of GOs reduced for 24 hours and 48 hours with the five reducing 

agents. 

 TGA thermograms of rGOs in comparison with respect to reducing agents 

 FTIR spectra of rGOs in comparison with respect to reduction time. 

 Specific surface area of all the graphene materials with replicates. 

Appendix- B: Chromatic confocal microscopy images and data of replicas (GO, HBr-rGO and 

HI-rGO films). 

Appendix- C: Terminologies and array selector for Taguchi analysis. 

Appendix- D: Property data sheets of polymers used in the hybrids composites 

development. 
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 Raman Spectroscopy 

 

Figure 10.1 Comparative representation  of Raman spectra of rGOs with respect to 

reduction time 
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10.1.1 Quantification of Raman Spectra Using Gaussian Fit 

 

Figure 10.2 Gaussian fit peaks of Dextrose-rGOs 
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Figure 10.3 Gaussian fit peaks of HBr-rGOs 
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Figure 10.4 Gaussian fit peaks of N2H4-rGOs 
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Figure 10.5 Gaussian fit peaks of HI-rGOs 
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Figure 10.6 Gaussian fit peaks of NaBH 4-rGOs 
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 X-Ray Diffraction 

 

Figure 10.7 XRD of rGOs in comparison on reduction time  
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10.2.1 The d-spacing data for all the graphene materials 

Table 10.1 XRD data and d-spacing of rGOs 

Samples 
Reduction 

(Hours) 
2 θ θ Sin θ 2Sin θ λ d = nλ/2sinθ 

HBr-rGO at 24 h 24 26.0952 13.0476 0.2258 0.4516 1.54 3.4101 

HBr-rGO at 48 h 48 26.2572 13.1286 0.2272 0.4544 1.54 3.3891 

HBr-rGO at 72 h 72 26.1689 13.08445 0.2264 0.4528 1.54 3.4011 

N2H4-rGO at 24 h 24 26.1357 13.06785 0.2262 0.4524 1.54 3.4041 

N2H4-rGO at 48 h 48 26.0959 13.04795 0.2258 0.4516 1.54 3.4101 

N2H4-rGO at 72 h 72 25.1762 12.5881 0.2179 0.4358 1.54 3.53378 

HI-rGO at 24 h 24 24.2124 12.1062 0.2098 0.4196 1.54 3.6702 

HI-rGO at 48 h 48 24.1229 12.06145 0.2089 0.4178 1.54 3.6859 

HI-rGO at 72 h 72 24.0346 12.0173 0.2083 0.4166 1.54 3.6966 

NaBH4-rGO at 24 h 24 26.0945 13.04725 0.2258 0.4516 1.54 3.4101 

NaBH4-rGO at 48 h 48 26.2191 13.10955 0.2267 0.4534 1.54 3.3966 

NaBH4-rGO at 72 h 72 26.2146 13.1073 0.2268 0.4536 1.54 3.3951 

Dextrose-rGO at 24 h 24 26.4596 13.2298 0.2288 0.4576 1.54 3.3654 

Dextrose-rGO at 48 h 48 26.4191 13.20955 0.2285 0.457 1.54 3.3699 

Dextrose-rGO at 72 h 72 26.2977 13.14885 0.2274 0.4548 1.54 3.3862 

fGO (PDI) - 26.37 13.185 0.2282 0.4564 1.54 3.3743 

fGO (PYS) - 26.32 13.16 0.2352 0.4704 1.54 3.2739 

G - 26.73 13.365 0.2312 0.4624 1.54 3.3305 

Graphite - 26.48 13.24 0.2291 0.4582 1.54 3.360977739 
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 X-Ray Photoelectron Spectroscopy 
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Figure 10.8 XPS high resolution spectra of all types of rGOs  
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 Thermogravimetric Analysis 

 

Figure 10.9 Thermograms of rGOs with respect to  reducing agents  
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 Fourier Transform Infrared Spectroscopy 

 

Figure 10.10 FTIR of rGOs in comparison with respect to reduction time 
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 Chromatic Confocal Microscopy 

Table 10.2 Chromatic confocal microscopy data  

Parameter 
Top side (µm) Bottom side (µm) Top side (µm) Bottom side (µm) Top side (µm) Bottom side (µm) 

GO (Film-A) GO (Film-B) GO (Film-C) 

Ra 0.911 3.953 2.029 2.834 1.910 3.838 

Rq 1.344 5.751 2.535 3.718 2.416 4.995 

Rz 17.667 28.049 19.839 37.042 21.119 44.909 

Rk 2.449 8.696 6.735 8.558 6.256 11.848 

Rlr 1.013 1.087 1.040 1.047 1.038 1.050 

Graph 

   

Parameter HBr-rGO (Film-A) HBr-rGO (Film-B) HBr-rGO (Film-C) 

Ra 3.006 3.132 6.684 6.025 5.61 7.156 

Rq 3.878 3.94 8.295 7.534 7.765 9.217 

Rz 29.882 36.276 56.977 74.862 92.984 97.574 

Rk 9.238 10.206 22.001 19.081 15.021 21.752 

Rlr 1.045 1.048 1.057 1.094 1.205 1.219 
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Graph 

   

Parameter HI-rGO (Film-A) HI-rGO (Film-B) HI-rGO (Film-C) 

Ra 2.832 4.252 3.895 5.107 3.778 5.071 

Rq 3.587 5.446 4.957 6.447 4.669 6.341 

Rz 28.803 29.401 47.817 45.783 37.796 59.122 

Rk 9.069 13.261 12.403 16.518 12.829 16.721 

Rlr 1.032 1.063 1.074 1.078 1.055 1.075 

Graph 
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10.6.1 GO 

Film A 

Lower side of the film Upper side of the film 

Intensity image 

  

Height profile image 

  

3D profile image 
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Film B 

Lower side of the film Upper side of the film 

Intensity image 

  

Height profile image 

  

3D profile image 
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Film C 

Lower side of the film Upper side of the film 

Intensity image 

  

Height profile image 

  

3D profile image 

  

 



Appendix B 

 

237 

10.6.2 HBr-rGO 

Film A 

Lower side of the film Upper side of the film 
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10.6.3 HI-rGO 
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 Taguchi Analysis 

10.7.1 Determining parameter design orthogonal array 

The effect of several different factors on the performance characteristic in a condensed set of 

experiments can be investigated by using the orthogonal arrays. Once the parameters 

influencing a process that can be controlled are figured out, the levels at which these 

parameters should be varied need be determined. To find these levels out needs a thorough 

understanding of the process, including the lower, higher, and current value of the parameter. 

If the difference between the lower and higher value of a parameter is large, the values being 

tested can possibly be more. If the value is small, then lower values tested can be closer 

together [170]. 

A proper orthogonal array can be constructed with known number of parameters and the 

number of levels. With the use of array selector table (given in Appendix C), the right array 

can be found. For example, for three parameters and two levels (high, low), it can be seen that 

the proper array is L4. The levels designated as 1, 2, 3 and so on need to be substituted in the 

array with the variable actual level values and P1, P2, P3 need to be replaced with the actual 

parameters selected [259]. 

10.7.2 Terminologies used in DOE  

a) Factor: A factor is one of the parameters being studied in the experiments. It may be 

quantitative or qualitative, e.g. shot blasting roughness, coating thickness in microns and 

absolute viscosity in Pascal-seconds [260]. 

b) Levels of a factor refers to values of the factor being examined in the experiments. For 

instance, if the temperature is the factor and the experiments are conducted at four different 

viscosities, then the factor has four levels [260]. 

c) Response is the output of interest that is to be maximised or minimised. 
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d) Degree of freedom is the number of independent comparisons, e.g. if there are three trails, 

then there can be in total three comparisons. However, among these three, there are only 

two independent comparisons is dependent on the first two [260]. 

e) Analysis of variance (ANOVA) is used to test variances between two or more means that 

determines if there are any important differences between the means of three or more 

independent groups [260]. 

f) Regression model is statistical measure that attempts to determine the strength of the 

relationship between a dependent variable (denoted by Y) and a series of other independent 

variables. 

Linear Regression: Y = a + bX + u      (Equation 7) 

Multiple Regression: Y = a + b1X1 + b2X2 + b3X3 + ... + btXt + u  (Equation 8) 

where, 

Y = the variable that we are trying to predict 

X = the variable that we are using to predict Y 

a = the intercept 

b = the slope 

u = the regression residual 

In multiple regression, the separate variables are differentiated by using subscripted numbers 

[260]. 

f) Mean is the average response for each combination of factor levels based on which the goal 

is to find factor levels that either reduces or increases the mean [260]. 

g) Signal to noise ratio this is a measure of robustness used to identify control factors that 

reduce variability of uncontrollable factors (noise factors). Control factors are the parameters 

in design and process which can be controlled. The noise factors are manipulated to force 

variability to occur and from the results, optimal control factor settings can be identified. 
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Higher values of the signal-to-noise ratio (S/N) categorise control factor settings which 

decrease the effects of the noise factors [260]. 

The signal-to-noise ratio indicates how the response varies comparative to the nominal or 

target value under different noise conditions. It is possible to choose from different signal-to-

noise ratios, depending on the goal of the experiment. For static designs, Minitab offers four 

signal-to-noise ratios are given in Table 10.3. 

Table 10.3 Formulae used in Taguchi analysis  

Signal-to-noise ratio Goal of the experiment Data characteristics 
Signal-to-noise ratio 

formulae 

Larger is better Maximise the response Positive S/N = -10 *log(Σ(1/Y2)/n) 

Nominal is best 

Target the response and 
basing the signal-to-

noise ratio of standard 
deviations only 

Positive, zero, or 
negative 

S/N = -10 *log(σ2)  

Nominal is best 
(default) 

Target the response and 
basing the signal-to-

noise ratio on means and 
standard deviations 

Non-negative with an 
"absolute zero" in 

which the standard 
deviation is zero when 

the mean is zero 

 S/N = 10 x log ((Ῡ ÷ σ2) 
The adjusted formula is: 

S/N = 10 x log ((Ῡ2 – s2 ÷ σ2) 

The adjusted formula is:- S/N = -10 x log(Σ(Y2)/n)) 

For Taguchi dynamic designs, Minitab provides one signal-to-noise ratio (and an adjusted 

formula), which is closely related to the nominal-is-best S/N ratio for static designs [261]. 

10.7.3 Types of DOE 

a) One factor at a time design: These are experiments wherein each experiment only one 

factor is changed from one level to another, keeping all the other factors unchanged [259]. 

b) Full factorial experiments: This is an experimental method where all the factors are 

experimented for over all combinations of their levels [259]. 

c) Partial factorial experiments: In these types of experiments, the layout of the 

experimentation is designed as follows: 

 Listing of factors and levels. 
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 Finding the degrees of freedom for each factor and then compute the total degrees of 

freedom. 

 The minimum number of trials is equal to the total degrees of freedom plus one. 

 Choosing the nearest orthogonal array series as L8 (27): L16 (215): L9 (34) [259]. 

10.7.4 Merits of orthogonal tables 

 High reproducibility of factorial effects as the effects are average effects over varying 

conditions of the other factors. 

 Only factors having consistent effects will turn out to be significant and their effects 

can be reliably estimated. 

 Only after the advent of orthogonal design, the results of laboratory scale experiments 

are satisfactorily translated into actual manufacturing practice. 

 Ensures direct and separate estimation of different classes of effects are completely 

balanced designs [262]. 

10.7.5 Interaction effects 

An interaction plot can be used to visualise possible interactions when the effect of one factor 

relies on the level of the other factor. Parallel lines in an interaction plot indicate no interaction 

and a higher difference in slope between the lines shows the higher the degree of interaction 

between the factors. However, the interaction plot does not alert the user if the interaction is 

statistically significant [238, 259]. 
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10.7.6  Array selector 

Table 10.4 Array selector 

 Number of parameters (P) 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 

N
u

m
b

e
r 

o
f 

le
ve

ls
 2 L4 L4 L8 L8 L8 L8 L12 L12 L12 L12 L16 L16 L16 L16 L32 L32 L32 L32 L32 L32 L32 L32 L32 L32 L32 L32 L32 L32 L32 L32 

3 L9 L9 L9 L18 L18 L18 L18 L27 L27 L27 L27 L27 L36 1.36 L36 L36 L36 L36 L36 L36 L36 L36         

4 L16 L16 L16 L16 L32 L32 L32 L32 L32                      

5 L25 L25 L25 L25 L25 LSO L50 L50 L50 L50 L50                    
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 Property Data Sheets of the Polymers 
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The END. 
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