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Impact Statement 

In this work, a new method is introduced to produce graphene fibre composites 

that can be optimised for mass production. Many researchers have produced 

graphene fibres using electrospinning. However, this project utilizes pressurized 

gyration using polymer binder solution incorporation with sonicated graphene 

nanoparticle and graphene oxide. 

Thermoplastic polyurethane (TPU) and phenolic resin (PR) were used to identify 

their processability of the mixture using pressurised gyration process. By 

changing the speed and pressure, the fibre showed different characteristics. 

Focused ion beam showed that the graphene nanoparticles were imbedded in 

the fibre and Raman spectroscopy supported the findings by showing the peak 

of D, G and 2D band. 

The graphene nanoparticles with carbon precursor, polyacrylonitrile showed that 

some conductivity exists in the fibres by using multimeter.  

The graphene oxide fibres were used in order to asses if the presence of oxide 

group gave impact on the fibre production. These showed that the GO-PAN gave 

better conductivity after pyrolysis, however less conductive than graphene 

nanoparticles fibre composite. 

The melt compounding process improved the starting graphene nanoparticle and 

produced a more homogeneous solution to help promote dense packing of 

graphene particles in the fibres. However, some these fibres could not survive 
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through pyrolysis leaving the conductivity test incomplete. The conductivity of 

surviving fibre composites were very low after pyrolysis.  

To conclude, the pressurised gyration system provides a new method for 

producing graphene fibre composites. To improve, more parameters can be 

explored like designing movable pots to produce tubular fibre, meshs and also 

tubular sheets from the pot wall. It is clear that the knowledge generated so far 

in the study of graphene-based fibre polymer nanocomposites offers a very 

valuable tool to facilitate advances valuable to the development of graphene-

based smart applications. 



 

 5 

ABSTRACT 

This work is motivated by the goal to open up new markets and even replace 

existing technologies or materials using graphene as a disruptive technology. 

Only when graphene is used both as an improvement to existing material and in 

a transformational capacity, its true potential can be realised. Therefore, this 

project seeks to develop graphene fibres in order to utilise the advantages over 

carbon fibres for application in fibre-based devices including high strength, 

electrical and thermal conductivities, low cost, lightweight, and ease of 

functionalization.  

A simple and effective process combining pressure and centrifugal spinning has 

been developed and used to produce composite fibres consisting of graphene 

nanoplatelets. Thermoplastic polyurethane, phenolic resin and 

polyvinylpyrrolidone polymers were used as matrices. Precursor of carbon, 

polyacrylonitrile and graphene oxide were used in combination to study the effect 

of performing graphene fibre after pyrolysis. Processing parameters such as 

rotation speed, pressure and polymer concentration had a marked influence on 

the composite fibre diameter. Focused ion beam milling and etching verified the 

effective incorporation of the graphene nanoplatelets in the composite fibres. 

Morphological, rheological, physicochemical and thermal properties of the 

composite fibres were evaluated to uncover possible applications areas of these 

products.  
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 Introduction 

1.1 Introduction and background  

Modern soldiers carry lots of high technology equipment. That means they are 

carrying lots of heavy batteries too. Most modern devices run on lithium-ion 

batteries, which are bulky, inflexible and potentially dangerous if damaged. 

Extensive research has been carried out to develop supercapacitors that can 

sustain high power levels with long life cycles. Carbon nanofibres and carbon 

nanotubes have been grown on carbon fibres thermally at temperatures of 600 

- 1000 oC using chemical vapor deposition (CVD) (Bello et al., 2015; Dong et al., 

2011; Li et al., 2013). CVD is a volatile deposition method used to produce solid 

materials chemically at high temperatures in vacuum chambers. Although they 

improve the load transfer, shear strength, boost adhesion and electrical contact, 

growth of nanotubes and nanofibres at temperatures below 650 oC has scarcely 

been observed. Plasma enhanced CVD has improved the growth on substrates 

at temperatures of 120 oC. Further research has produced carbon nanofibres 

(CNFs) using electrospinning at room temperature followed by stabilization, 

carbonization processes thermally.  

Electrospinning is a method used to produce nanofibres using an 

electrostatically repulsive force and an electric field between two electrodes, by 

applying high voltage to a polymer solution or a melt, so that it can make a web 

of nanofibres. Considering the high cost, long durations of spinning and low 

yield, a simple and effective process combining pressure and gyration producing 

nanofibres was introduced (Mahalingam & Edirisinghe, 2013). Pressurised 
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gyration is a promising fibre manufacturing method that can be used to 

overcome the limitations of conventional carbon fibres has risen from striking 

developments in the nanotechnology of carbon allotropes, particularly from the 

discovery of carbon nanotubes (CNT) in 1991 and more recently graphene. 

Presently, pressurised gyration has shown great promise in forming nano- and 

micro-assemblies such as nanofibres, composite nanofibres, microbubbles and 

capsules (Mahalingam, Ren, & Edirisinghe, 2014; Mahalingam & Edirisinghe, 

2013; Mahalingam et al., 2015a). This technique offers consistency, reliability 

and is easy-to scale up (Mahalingam et al., 2014; Mahalingam & Edirisinghe, 

2013; Mahalingam et al., 2015b). In typical pressurised gyration using polymer 

solutions, the centrifugal force and the fluid flow overcomes the withholding 

surface tension force to initiate the instability in a liquid jet that subsequently 

breaks up into fibres. The evaporation of the solvent leads to solidification of the 

fibres formed (Mahalingam & Edirisinghe, 2013). The fibre size distribution and 

morphology are influenced by process parameters such as rotating speed, 

working pressure and the physical properties of polymer solution (Mahalingam 

& Edirisinghe, 2013). In addition, studies of polymer-protein solutions have 

shown that pressurised gyration is capable of generating microbubbles 

(Mahalingam et al., 2015a). In a typical parametric plot of rotating speed versus 

pressure of gyration it has been found that a minimum rotating speed and 

pressure are required to form a fibrous structure. Below this critical minimum 

rotating speed and pressure, fibres are not formed due to insufficient forces to 

initiate an instability (Mahalingam et al., 2015a). Moreover, there is also a 
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window of rotating speed and pressure required to form fibres and outside of 

this, microbubbles are produced. 

The brilliant properties of graphene derive from the structure of single atom thick 

sheets of graphite that are self-assembled through Van der Waals forces and 

consist of sp2 carbon lattices regarded as a 2D material with superior properties 

and negligible thickness (Wu et al., 2012). Two dimensional graphene (G) and 

graphene-based materials have attracted tremendous interest in the past 

decade owing to their superior surface area and exceptional physical properties 

such as mechanical strength, good electrical and electrochemical activity (Chen 

et al., 2013; He et al., 2013; Mattevi et al., 2009; Pàmies, 2014). Graphene is 

an excellent choice for super-capacitor electrode material, enabling high power 

density, high energy density and stable cyclic performance (Bose et al., 2012; 

Yu et al., 2014; Zhou et al., 2013). It has shown great promise in environmental 

remediation (Chandra & Kim, 2011). In addition, graphene can be an 

antibacterial material in bioengineering to prevent attachment and proliferation 

of microbes without the concerns of environmental pollution (Lu et al., 2012). 

Graphene must be combined with polymers to form fibres. Manufacturing of 

graphene-based polymer composites involves finding a suitable blending 

method to reach a satisfactory dispersion of graphene throughout the polymer 

matrix. Generally, there are three methods to process graphene-based polymer 

composites, namely in-situ polymerisation, solution compounding and melt 

blending (Sengupta et al., 2011). In-situ polymerisation comprises the linking of 

a monomer and an oligomer in the presence of filler graphene, and 
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consequently, the in-situ compounding technique confers stronger interactions 

between the reinforcing graphene and the polymeric phase (Chen et al., 2001). 

This method exhibits better mechanical properties and lower percolation 

threshold, where the fibre start to form. However, it needs high electrical energy 

to disperse the graphene in the polymer matrix and may not be suitable for mass 

production of composites.  

In solution compounding, the polymer is dissolved in a solvent and filler is 

dispersed in the resulting solution. After mixing, the solvent is removed and the 

bulk polymer containing the graphene is then used to give shape to the 

composite (Zheng, Wong, & Sue, 2002). It also has an advantage of lower 

percolation threshold than the in-situ polymerisation method. Percolation 

threshold is an important phenomenon for the polymer matrix composites which 

shows that at which minimum weight percentage of the filler (graphene) the 

conductivity of the polymer matrix composite increased. However, use of large 

amounts of solvent and their associated environmental pollution has prevented 

this method being used to mass produce polymer composites.  

Melt blending involves melting of the matrix polymer after which graphene is 

mixed in with traditional mixing equipment such as an extruder, internal mixer 

and two-roll mill. It is a preferred industrial technique as it is a direct, cost-

effective, and environmentally friendly process, since no solvent is involved 

(Chen et al., 2007). However, the percolation threshold values attained for this 

technique are higher than the in-situ polymerisation and solution compounding 

methods. 
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The use of graphene in this area, though, presents exciting new possibilities for 

energy store, with high charge and discharge rates and economical affordability.  

In conclusion, it should be noted that future work should not only include 

improved graphene fibres, but also needs to demonstrate how to improve the 

capacitance to storage energy at low cost. 

In this work, thermoplastic polyurethane, phenolic resin and polyacrylonitrile 

with sonicated graphene and nanoplatelets were used to form hybrid polymer 

composites by pressurised gyration.  

1.2 Aims  

The aim of the present work is to identify the various conditions required for 

optimal production of graphene/graphene oxide-based fibre using different 

polymers and carbon precursors. The preliminary study of graphene fibres 

obtained from this project predetermines the fibres to be used in electrical and 

electronics applications. It begins with some rheological properties to determine 

the viscosity and surface properties to correlate with fibre production. High 

viscosity helps polymer solutions to incorporate the graphene nanoparticles into 

the fibre. Characterisation studies are performed using SEM analysis to 

investigate the shape of fibre and particle distribution. Raman spectroscopy is 

used for chemical structure and the identification of compounds using vibrational 

spectroscopy. Focus ion beam (FIB) milling is used to cut away structures on a 

surface to observe internal nanostructure of the fibre. Heat treatment is used to 
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stabilise and carbonise as well as burn out the polymer to promote densification 

and diffusion of graphene fibres left the structure as in Figure 1.1. 

 

 

 

Figure 1.1 The aim of getting graphene fibres 

1.3 Objectives 

Objectives were set for this work in order to achieve the desired aims of this 

project. 
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1.3.1 Identification of suitable materials for nanofibre composites 

Graphene fibres cannot be generated by themselves. Therefore, suitable 

polymer systems that work well with graphene were chosen. Some of the 

systems use carbon precursor to promote the graphene fibre formation.  

1.3.2 Generating nanofibres from selected materials 

A few parameters have been used to study the optimisation process which 

included the composition of graphene, polymer, speed of the motor, and also 

pressure. All the results were recorded. 

1.3.3 Characterisation to identify physical attributes of fibres 

After fibre processing and development, the fibre performance was studied. The 

diameter of the fibres were observed using SEM and the existence of graphene 

was confirmed by Raman spectroscopy. FIB was used to observe the graphene 

in cross section. 

1.3.4  Investigating electrical properties of fibres 

The electrical properties of the fibres were investigated using a multimeter. 

1.3.5 Investigating the performance of pyrolyzed fibres 

After the as-spun fibres underwent pyrolysis, the final product was tested again 

to observe the properties of the substance remaining after the sintering. SEM 

was used to study the dimensions after further processing.  
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1.4 Structure of thesis 

This dissertation investigates the development of graphene fibres. This research 

intends to improve the understanding of the application of graphene fibres in 

composite materials. It is ordered in chapters covering different aspects of the 

research work being reported.  

Chapter 1: An introduction providing a brief background on the concepts of 

pressurised gyration and how it may be adapted for producing material 

structures for optimal supercapacitors. The aim and objectives of this study are 

also set out in this chapter. 

Chapter 2: Presents a general introduction to graphene fibres and other fibre 

processing methods. A literature review discusses how pressurised gyration 

works and the factors that affect outcomes from using this method. Materials 

used and rationale underlying their selection are also covered in this chapter. 

The motivation for the choice of the gyration process is discussed. Previous 

studies on production of fibres using methods such as  electrospinning are also 

discussed. Types of polymers were described and the behavior of different 

characteristics explained. 

Chapter 3: Specifications of materials, equipment and methods used in this work 

are stated here. The two types of polymers used in this study are described: 

thermoplastic polyurethane and phenolic resin. The first section of this chapter 

details the experimental setup for the preparation of polymer-graphene 

nanoparticle solutions. The solution is then poured into the pot of pressurised 
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gyration for different working conditions. The second part of this chapter 

explains the methodology for characterization of the fibres. 

Chapter 4: This chapter contains results and discussions from work carried out 

so far, sectioned as graphene nanoparticle (GNP) characteristics and fibre 

morphologies of TPU/GNP and PR/GNP. In this work, TPU, PR and PVP 

polymers were used as matrices in the preliminary work to discover the potential 

of graphene fibre composite. Processing parameters such as rotational speed, 

pressure and polymer concentration had a marked influence on the composite 

fibre diameter. FIB milling and etching verified the effective incorporation of the 

graphene nanoplatelets in the composite fibres. Morphological, rheological, 

physico-chemical and thermal properties of the composite fibres were evaluated 

to assess suitability for these applications. Improvement of the process from 

work carried out using melt compounding of TPU/GNP is reported. 

Chapter 5: This chapter contains results and discussions from work carried out 

so far, sectioned as GNP characteristics and fibre morphologies of carbon 

precursor polyacrylonitrile (PAN). PAN fibres containing various concentrations 

of graphene nanoplatelets (GNPs) have been prepared by pressurised gyration, 

and carbon nanofibres (CNFs) have been obtained after subsequent heat 

treatment and spark plasma sintering (SPS), removing polymer matrix. The 

influence of processing parameters such as rotational speed, working pressure, 

carbonization and SPS temperatures on the diameter of the nanofibres have 

been studied. Furthermore, the thermal properties, morphologies, and 

crystallization properties of the CNFs were investigated using thermogravimetry, 
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scanning and transmission electron microscopy, and Raman spectroscopy. 

Also, the electrical conductivity and mechanical properties of these samples 

were studied. 

Chapter 6: This chapter contains results and discussions from work carried out 

so far, sectioned as graphene oxide (GO) characteristics and fibre morphologies 

of PAN. Therefore, this project also optimises the processing parameters using 

pressurised gyration in terms of composition, rotational speed, pressure and GO 

amount. 

Chapter 7: This chapter is on conclusions and future work. Future studies will 

investigate PAN, as a precursor, ultimately for the elimination of solvents. 

Furthermore, graphene oxide with natural cellulose and conductive polymers 

materials will be investigated to find the best formula to produce the nanofibres. 

Finally, the processing and forming of the pressurised gyration device can be 

modified to obtain optimum characteristics. In conclusion, this work has 

demonstrated the possibility of generating future graphene fibre as potential 

constructs for developing superconductors.
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 Literature review 

2.1 Introduction 

This literature review aims to put the research outcomes reported in this thesis 

in context by highlighting and exploring relevant theories and concepts within 

carbon fibres, specifically as applied to graphene fibre composites and their 

potential applications. This assessment expressed broadly expresses current 

methods employed to develop graphene fibres. The parameters that influence 

the structure, performance and properties of the fibres are also discussed.  

Table 2.1 An overview of the main themes discussed in the literature review 

 

This research is a preliminary study to seek a simple way to develop graphene 

fibre at lower cost that can be utilised for conducting electricity or in electronics 

packaging. Therefore, the conductivity and structural analysis of the fibre has 

been explained briefly. Finally, suggestions for improving the techniques 
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especially through recent technology and processability demonstrated in this 

project have also been discussed. The organisation of this review is 

demonstrated in Table 2.1. The first is carbon fibres, and broad allotropes of 

carbon explained and the processing of fibres and carbon fibres that lead to this 

study. Next, the types of polymer that chosen in this study are discussed. The 

last part involves the potential applications of graphene fibres. 

2.2 Carbon Fibres 

Carbon or graphite fibres are produced from a variety of precursor materials such 

as rayon, polyacrylonitrile (PAN), and pitch. Although the term carbon fibre is 

often applied inter-changeably for both carbon and graphite fibres, technically, 

carbon fibres are pyrolyzed from their precursor substance at temperatures of 

1100 - 1200 oC and consist of amorphous carbon networks (Mazumder, Chang, 

& Bond, 1982). In contrast, graphite fibres are produced by heating their 

precursor at temperatures of 2200 - 2700 oC, resulting in a crystalline fibre 

structure (Huang, 2009). Carbon nanofibres (CNF) are recognized as a very 

promising material in comparison to carbon fibres because of their nanostructure 

and superior properties. The nanofibrous structure naturally gives it a high 

surface area to volume ratio. This characteristic makes them very attractive in 

applications where a large surface area is desirable. CNF are used in many 

applications, such as electrical devices and sensors, electrode materials for 

lithium-ion batteries, microbial fuel cells and high-performance supercapacitors, 

catalysts or catalyst supports, and selective adsorption agents (Dai et al., 1995; 

Kim, Yang, & Ferraris, 2012; Manickam et al., 2013; Matsumoto et al., 1993; 
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Pham-Huu et al., 2000; Ramos et al., 2010; Rodriguez, 1993). CNF can also be 

described as stacked-cup carbon nanotubes (CNT). CNT are made by rolling up 

one or more layers of sheets of graphene into a cylinder. It is denoted as single-

wall (SWNT) or multiwall (MWNT) with open or closed ends. CNT and graphene 

are two representative nanomaterials comprised of pure element carbon (Iijima, 

1991; Novoselov et al., 2004). Graphene is the two-dimensional, hexagonal sp2-

carbon ring network with one atomic layer thickness. Figure 2.1 shows the 

schematic diagram of structures of graphene, SWCNT and MWCNT. Owing to 

their exceptional mechanical, electrical, optical and thermal properties, CNTs 

and graphene have been widely considered as new types of materials with great 

potential to revolutionalise many of the biological and medical fields (Yang et al., 

2010; Yang et al., 2007). 

 

Figure 2.1 Schematic diagram of (a) graphene, (b) SWCNT and (c) MWCNT (Han et al., 2014) 

2.3 Properties of graphene 

The potential uses for graphene appear almost limitless. Graphene holds great 

promise for use in next-generation electronic and photonic devices due to its 

unique high carrier mobility, good optical transparency, large surface area, and 

biocompatibility (Gurunathan et al., 2012). Applications range from new types of 
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flexible electronics that could be worn on clothes or folded up into a pocket, to a 

new generation of very small computers and even hyper-efficient solar panels 

and super-fast mobile phones. The parent of all graphitic forms, it has emerged 

as a material of great interest due to its remarkable physical, chemical and 

electrical properties. It is 100 times stronger than steel by weight, yet incredibly 

lightweight and flexible. It is electrically and thermally conductive but also 

transparent. It is the world's first 2D material and is one million times smaller than 

the diameter of a single human hair. It was discovered in 2004 by Novoselov and 

Geim (Novoselov et al., 2004) and since then, labs around the world begun 

studies using graphene. One of the obstacles that needs to be overcome is how 

to make sheets of graphene large enough and pure enough, by containing just 

carbon and in one direction, to be useful.  

Due to the strength of its carbon bonds, graphene is the strongest material ever 

discovered, with an ultimate tensile strength of 130,000,000,000 Pascals (or 130 

gigapascals), compared to 400,000,000 for A36 structural steel, or 375,700,000 

for Aramid (Kevlar). Not only is graphene extraordinarily strong, it is also very 

light at 0.77 mg-1 m2 (for comparison purposes, 1 m2 of paper is roughly 1000 

times heavier). It is often said that a single sheet of graphene (being only 1 atom 

thick), sufficient in size enough to cover a whole football field, would weigh under 

1 single gram. 

Graphene is particularly special because it also contains elastic properties, being 

able to retain its initial size after strain. In 2007, Atomic force microscopic (AFM) 

tests were carried out on graphene sheets that were suspended over silicone 
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dioxide cavities. These tests showed that graphene sheets (with thicknesses of 

between 2 and 8 Nm) had spring constants in the region of 1-5 N/m and a 

Young’s modulus (different to that of three-dimensional graphite) of 0.5 TPa 

(Frank et al., 2007). Again, these superlative figures are based on theoretical 

prospects using graphene that is unflawed containing no imperfections 

whatsoever and currently very expensive and difficult to artificially reproduce, 

though production techniques are steadily improving, ultimately reducing costs 

and complexity. 

2.4 Graphene Precursors 

Graphene precursors such as graphite sulphate and polyacrylonitrile (PAN), 

have enabled studies of graphene fibres. A precursor is a compound that 

participates in a chemical reaction that produces another compound, in this case, 

graphene. Graphite sulphate was used as a precursor by Eigler (Eigler, 2015) 

however, the functionality had not been proven with lower yields of graphene. 

Meanwhile, PAN, a form of acrylic fibre, is the predominant precursor material 

for the production of carbon fibres. The quality and composition of PAN 

precursors determine the ultimate performance of carbon fibres. A series of 

thermal treatments must be carried out to convert the PAN fibres to high tenacity 

carbon fibres, including thermal stabilization (∼300 °C), carbonization (∼1000 

°C) and graphitization (>2000 °C) (Rahaman, Ismail, & Mustafa, 2007). The PAN 

fibres are first stretched and simultaneously oxidized in a temperature range of 

200 - 300 oC. This treatment converts thermoplastic PAN to a non-plastic cyclic 

or ladder compound. After oxidation, the fibres are carbonized at about 1000 oC 
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in an inert atmosphere, which is usually nitrogen. Then, in order to improve the 

ordering and orientation of the crystallites in the direction of the fibre axis, the 

fibre must be heated at about 1500 - 3000 oC until the polymer contains 92-100% 

(Rahaman et al., 2007). 

PAN is desirable as a carbon precursor because of its higher melting point and 

greater carbon yield compared with pitch and rayon, the natural precursors. 

Some of the key challenges using natural precursors which need further 

processing and purifying to form fibres, are that it is very expensive compared to 

PAN-based fibres (Chung, 2001). It has been established that PAN-based 

carbon fibres are stronger than other types of precursor-based carbon fibres 

(Cato & Edie, 2003). 

There is great potential in using graphene oxide as a precursor as the chemical 

structure of carbon clusters, enabling better performance and combination to 

achieve a stable phase. 

2.4.1 Properties of Graphene Oxide 

One of the advantages of graphene oxide is its easy dispersibility in water and 

other organic solvents, as well as in different matrices, due to the presence of 

the oxygen functionalities. The structure consists of a single-layer of graphite 

oxide and is usually produced by the chemical treatment of graphite through 

oxidation. This remains as a very important property when mixing the material 

with ceramic or polymer matrixes when trying to improve their electrical and 

mechanical properties. 
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It is also worth noting that graphene oxide is often described as an electrical 

insulator, in terms of electrical conductivity, due to the disruption of its sp2 

bonding networks. The oxygenated groups in GO can strongly affect its 

electronic, mechanical, and electrochemical properties. Hence the difference 

with graphene nanoparticles. In order to recover the honeycomb hexagonal 

lattice, and with it the electrical conductivity, reduction of the graphene oxide has 

to be achieved (Mkhoyan et al., 2009). It has to be taken into account that once 

most of the oxygen groups are removed, the reduced graphene oxide obtained 

is more difficult to disperse due to its tendency to create aggregates. It tend to 

be unstable over time due to stacking interaction, and need sonification to 

disperse.  

Functionalization of graphene oxide can fundamentally change graphene oxide’s 

properties by modifying the oxygen functional groups of the structure surface. 

The resulting chemically modified graphene is then potentially much more 

adaptable for a lot of applications (Chen, Feng, & Li, 2012). There are many 

ways in which graphene oxide can be functionalized, depending on the desired 

application. For optoelectronics, biodevices or as a drug-delivery material, for 

example, it is possible that the structure bonded to oxygen is substituted with 

amines, carboxyl, hydroxyl or epoxy groups for the organic covalent 

functionalization of graphene, to increase the dispersibility of chemically modified 

graphene in organic solvents (Mkhoyan et al., 2009). It has also been proven 

that porphyrin-functionalized primary amines and fullerene-functionalized 
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secondary amines could be attached to graphene oxide platelets, ultimately 

increasing nonlinear optical performance (Dreyer et al., 2009). 

In order for graphene oxide to be usable as an intermediary in the creation of 

monolayer or few-layer graphene sheets, it is important to develop an oxidization 

and reduction process that is able to separate individual carbon layers and then 

isolate them without modifying their structure. So far, while the chemical 

reduction of graphene oxide is currently seen as the most suitable method of 

mass production of graphene, it has been difficult to complete the task of 

producing graphene sheets of the same quality as through mechanical 

exfoliation, for example, but on a much larger scale. Once this issue is overcome, 

it is likely we will see graphene become much more widely used in commercial 

and industrial applications. 

 

 
 

Figure 2.2 Various forms of carbon nanomaterials (Yan et al., 2016) 
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Graphite is a 3-dimensional carbon-based material made up of millions of layers 

of graphene-graphite oxide is a little different. Through oxidation of graphite 

using strong oxidizing agents, oxygenated functionalities are introduced in the 

graphite structure which not only expand the layer separation, but also make the 

material hydrophilic (meaning it can be dispersed in water). This property 

enables the graphite oxide to be exfoliated in water using sonication, ultimately 

producing single or few layers graphene, known as graphene oxide (GO). The 

main difference between graphite oxide and graphene oxide is, thus, the number 

of layers.  

While graphite oxide is a multilayer system in a graphene oxide dispersion, a few 

layers of flakes and monolayer flakes can be found. Synthesis of micron-sized 

partially oxidized graphene (POG) sheets improved electronic properties 

dramatically compared to other solution-phase exfoliated graphene (Eda et al., 

2011). The electronic quality of reduced GO (rGO) is limited mainly by residual 

oxygen functional groups (Mattevi et al., 2009) and structural defects that 

originate from loss of carbon from the basal plane in the form of CO and CO2 

during reduction (Acik et al., 2011; Jung et al., 2009). Thus, efficient removal of 

oxygen and suppression of defect-forming mechanisms is crucial for achieving 

the highest electronic quality rGO.  

The formation of stable defect species can be avoided in samples with lower 

initial oxygen content because isolated functional groups such as hydroxyls 

desorb directly, leaving the graphene basal plane intact. The basal plane is the 

plane perpendicular to the carbon in these crystal systems. When typical 
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oxidation processes such as the modified Hummers or Brodie’s method are 

used, GO is fully oxidized with an oxygen content of ~30% (Eda et al., 2011). 

Epoxy and hydroxyl functional groups are randomly distributed on both sides of 

the starting GO sheet, as shown in Figure 2.3. Graphene oxide (GO) is used as 

a starting material for the preparation of reduced graphene oxide (rGO). Using a 

thermal annealing process (thermal reduction), some of atoms are removed, 

resulting in nanopores formed in rGO materials with a variety of sizes. All 

structures are represented in ball and sticks form with carbon, oxygen and 

hydrogen atoms in grey, red and white colour, respectively (Lin & Grossman, 

2015). 

 

Figure 2.3 Schematic of the rGO formation (Lin & Grossman, 2015). 

Figure 2.4 demonstrates further advances in catalytic performance from carbon-

based catalysts potentially obtainable by varying the polarity, miscibility, and 

wetting properties of solvents, as well as by developing new aqueous-free 
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approaches (Martinez et al., 2016). GO is then subjected to different solvent-

rinsing treatments which are chemically functionalized and exfoliated using 

potassium permanganate and sulfuric acid (modified Hummers method) to 

produce a GO powder with a d spacing of ~1 nm. Then vacuum drying is used 

to effectively remove unbound intercalated water as indicated by the decrease 

in d spacing (8.6 to 5.4 Å, depending on solvent used for rinsing). The resulting 

dried GO is doped with nitrogen (NH3 at 850°C), leading to the formation of NrGO 

catalysts with a final natural graphite d spacing of 3.4 Å. (Martinez et al., 2016). 

 

Figure 2.4 Schematic of the process developed to make NrGO catalysts. Atoms: C (gray), Mn from 
KMnO4 (purple), N (blue), O (red), and H (white) (Martinez et al., 2016).  

The introduction of graphene-based smart materials in the market will depend 

fundamentally on the methodologies developed to incorporate graphene into the 

devices. In this respect, there has been much research directed toward the 

fabrication of graphene fibres (Meng et al., 2015; Xu & Gao, 2015), which exhibit 

very high-electrical conductivities, but have the drawback of poor and unreliable 
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mechanical performance. Thus, combination of graphene with the polymer fibres 

is an alternative approach to enhance mechanical strength, toughness and 

flexibility during use, and deformation. 

The advance is part of a broader research effort to make GNP-embedded 

polymers. Carbon and glass fibres have traditionally been used to strengthen 

polymers– fiberglass is a common example (Patel, 2008). Unlike with fibres 

though, a very small amount of nanoparticles – less than 2 percent of the 

composite’s volume–is enough to make the polymer stronger and heat resistant. 

Because less filler is used, the composite can retain the polymer’s stretchability 

or transparency. 

The key breakthrough needed to make the graphene-polymer composite was 

having the right kind of polymer for the potential applications. The researchers 

needed one or two layers of graphene with a few hydroxyl groups or oxygen 

atoms dangling in the solvents to help graphene link to the polymer and disperse 

evenly. 

2.5 Types of polymer 

Various polymers have been successfully produced into ultrafine fibres using 

electrospinning and other fibre production methods mostly in polymer solution 

and some in melt form. During electrospinning, polymer solutions systems that 

are subjected to a very high electrostatic force which causes the polymer 

solutions or melts to eject and spray or spiral rapidly from a nozzle or a spinneret 

and deposit randomly on an electrically grounded collector as fibres or fibrous 
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mats (Huang et al., 2003; Luo, Nangrejo, & Edirisinghe, 2010). When a polymer 

is highly soluble in a solvent, it will form strong polymer–solvent interactions 

where the polymer chains swell and expand to maximize the intermolecular 

interactions and when a polymer is less soluble the polymer chains contract and 

stay closer to each other to minimize the polymer–solvent interactions 

(Mahalingam et al., 2015a). Similarly, the same polymer systems were 

incorporated into pressurized gyration. Contrary to expectation, there is a 

significant difference in composition because the jetting out rate differs with these 

two processes. It was a challenge to find a suitable polymer system to carry out 

the process with graphene nanoparticle or nanofibre used in the solvent.  

2.5.1 Thermoplastic Polyurethanes (TPU) 

TPU is renowned for many things including its: high elongation and tensile 

strength; its elasticity and toughness; and to varying degrees, its ability to resist 

oil, grease, solvents, chemicals and abrasion resistance (Badamshina, Estrin, & 

Gafurova, 2013; Khudyakov, Zopf, & Turro, 2009). This versatile odourless 

polymer is soft and processable when heated, hard when cooled and capable of 

being reprocessed multiple times without losing structural integrity. It is used 

either as a malleable engineering plastic or as a replacement for hard rubber. 

The incorporation of CNFs into a thermoplastic matrix is receiving increased 

interest day by day due to manufacturing versatility and considerably improved 

strength and stiffness. The recyclability of thermoplastics gives them an added 

advantage because subsequent processing is to be used in this study 

(pelletizing, extrusion, and/or rheological evaluation). TPU is chosen since it is a 
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widely used thermoplastic polymer having good versatility in material properties. 

The broad technological exploitation of polymer nanocomposites is, however, 

limited due to the lack of effective methods to control nanofibre dispersion. 

Furthermore, to develop high performance polymer/CNF nanocomposites, a 

homogeneous dispersion of the fillers in the polymer matrix as well as a strong 

interfacial interaction between the polymer and the fillers must exist, so as to 

affect efficient stress transfer from the polymer matrix to the filler (Barick & 

Tripathy, 2010). 

2.5.2 Phenolic resins 

Recently, carbon-polymer composites made from the combination of graphite or 

carbon powder filler and polymeric resin have been investigated as a possible 

replacement for graphite and metal bipolar plates. The resin is a very dense, 

viscous substance with a characteristic smell and yellowish colour. These 

composites are expected to exhibit lower cost, higher flexibility, lighter weight 

and easier fabrication. The gas flow channels can be moulded directly into the 

plate, eliminating the requirement for a costly machining step. However, the 

polymer composites still have the problems of low electrical conductivity. Hence, 

an excessive amount of conducting filler has to be added into the composite to 

meet the minimum electrical conductivity requirement.  

Unfortunately, high – conducting - filler loading substantially reduced the strength 

and ductility of the polymer composites (Chunhui, Mu, & Runzhang, 2008). 

Apparently, there is an urgent need for finding a polymer composite bipolar plate 
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which can provide high electrical conductivity and good mechanical properties. 

The motivation of using phenolic resin based on one-step carbonization is that it 

exhibits high microporosity (Suzuki et al., 2007), good dimensional stability and 

cost-savings free from activation can increase their application potentials. 

Porous carbon fibres show great potential in energy storage, gas adsorption and 

capacitive deionization, owing to their predominant mechanical strength, high 

specific surface area and developed pore structure (Mingxi et al., 2013). There 

is a critical minimum concentration of phenolic resin for the formation of bead-

free fibres, meaning that when solution viscosity is too low the spinnability is 

reduced (in Section 4.3.3). In addition, adding electrolytes to the spinning 

solution can enhance the conductivity and electrostatic repulsion force on the 

surface of the jet and consequently reduce the diameter of phenolic resin fibres 

(Matsumoto et al., 2013). Different solvents can also affect the viscosity, 

conductivity and evaporation rate of the spinning solution (Bai, Huang, & Kang, 

2013). However, no information about the preparation of GNP/PR, properties 

and adsorption performance of phenolic resin loaded graphene nanoplatelets 

fibre has yet been reported. 

2.5.3 Water soluble polymers 

Polyvinylpyrrolidone (PVP) is a linear homopolymer of N-vinylpyrrolidone (VP) 

that is soluble in water and a number of other polar solvents, and prior studies 

indicate that PVP has a propensity to coat graphite surfaces (Zhu et al., 2007). 

PVP is inexpensive, biocompatible, and has many applications in various fields 

such as pharmaceuticals, cosmetics, food, adhesives, polymers, and textiles 
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(Wang, Zhang, & Tian, 2012). PVP was used as polymer matrix, since it can 

easily form aqueous dispersion of polymer-coated graphite without worrying 

about the problem of the removal of organic solvents in solution compounding, 

and stabilize graphene oxide suspension without the need of surfactants 

because of its amphiphilic groups (hydrophobic methylene group and hydrophilic 

amide group). 

2.5.4 Conductive Polymers 

Conductive polymers have been studied extensively because of their potential 

applications in light emitting devices, batteries, electromagnetic shielding, anti-

static and corrosion resistant coatings, and other functional applications. The 

supercapacitors have been made using highly conductive, lightweight polymers 

such as polyanilines (PANIs), polypyrroles (PPy), and 

polythiophenes (Frackowiak et.al, 2006; Jang, 2006). However, high power 

supercapacitors are a challenge to build using conducting polymers because 

they exhibit poor stability during the charge/discharge process. In recent times 

activated carbon and carbon nanotubes (CNTs), have been used to fabricate 

supercapacitors due to their good stability but these microstructures limit the 

value of the capacitance. A conducting polymer nanocomposite capacitor 

technology was developed using graphene–polyaniline (PANi) nanocomposite 

film, and could also surpass existing technologies (Gómez et al., 2011). The 

electrochemical capacitive properties of the rGO-conductive polymer composite 

materials showed superior performance (Zhang & Zhao, 2012). A very low 
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percolation threshold was  achieved due to the formation of a two-dimensional 

conductive network (Pang et al., 2010). 

2.5.5 Natural polymers 

Cellulose fibres have broad applications to medical textiles owing to the “unique 

characteristics”, such as high moisture and liquids' adsorption, low impurity 

content, antistatic behaviour, and good mechanical properties. Due to their 

molecular structure and a large active surface area, cellulose fibres were 

considered as favourable materials for developing biomaterials because of their 

good bioactivity, biocompatibility, biodegradability, bioadhesivity, intelligent 

materials and antibacterial activity (Stashak, Farstvedt, & Othic, 2004). 

According to the literature, cellulose fibres are one of the most interesting basic 

materials for antimicrobial functionalization. Surface modification of cellulose 

fibres is currently considered to be the best route for obtaining modern 

functionality of textiles for use in medical applications (Yuan Gao & Cranston, 

2008).  

Despite various techniques used for fibre functionalization in order to impart 

antimicrobial properties and to develop biomedical products, there is still a large 

gap in knowledge of interactions between bacterial and fungal systems and 

bioactive surfaces of medical textile materials. Standard test methods are 

commonly applied to determine the efficiency of antimicrobial agents. These 

methods do not usually reflect in-use circumstances, because the majority of 

tests have only been performed in liquid media and not on dry, complex 
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heterogeneous systems such as functionalized fibrous materials. Testing and 

evaluating antimicrobial efficiency in laboratory conditions with respect to the 

real-life environment is rather challenging. Thus, the tests selected and 

interpretations made may vary on the basis of differences in antimicrobial action. 

The evaluation of any antimicrobial test results requires a thoughtful and basic 

understanding of microbiology, an understanding of the strengths and limitations 

of each test, and understanding the mode of action of the antimicrobial agent in 

question.  

Chitosan has been extensively investigated for several decades for use in 

biosensors, separation membrane, artificial skin, bone substitutes, water 

treatment, and so on, because of its biocompatibility, biodegradability, multiple 

functional groups, as well as its solubility in aqueous medium (Fernandes et al., 

2010; Liu et al., 2009). Despite numerous advantages and the unique properties 

of chitosan, its mechanical properties are not able to satisfy a wide range of 

applications. The formation of organic–inorganic hybrids through incorporation 

of fillers is an effective approach for improving physical and mechanical 

properties of chitosan. For example, hydroxyapatite (Cai et al., 2009), and 

carbon nanotubes (Liu, Chen, & Chang, 2009; Tang et al., 2008) have been used 

to reinforce chitosan. Yang et al. (2010) recently studied the nanocomposites of 

chitosan and graphene oxide (GO) in aqueous media (Yang et al., 2010). Porous 

scaffolds chitosan/graphene oxide (CHT/GO) biocomposites prepared by freeze-

drying method are capable of mimicking the bone extracellular matrix and could 

have potential applications for bone tissue engineering (Pandele et al., 2015). 
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2.6 Process of Fibre Spinning 

Several methods have been reported to prepare ordered graphene fibres, such 

as hydrothermal strategies and wet spinning of a concentrated graphene oxide 

(GO) liquid crystal solution. 

 

Figure 2.5 Fibre processing methods 

2.6.1 Electrospinning 

Electrospinning is a fibre spinning technique that produces polymer fibres of 

nanometre to micrometre size in diameter. Typically, a polymer solution or melt 

is placed into a container that has a millimetre size nozzle and is subjected to 

electric fields of several kilovolts, up to 40 kV. Under the applied electrostatic 

force, the polymer is ejected from the nozzle whose diameter is reduced 

Electrospinning
Centrifugal 

spinning

Rotary jet spinning
Pressurised 

gyration



 

 

58 

significantly as it is transported to and deposited on a template, which also 

serves as the ground for the electrical charge. Such thin fibres provide 

unexpected high surface area to volume ratios and are of interest for many 

applications ranging from textiles to composite reinforcement, sensors, 

biomaterials and membrane technology. In recent years, many different types of 

polymer fibres have been generated by electrospinning (Reneker et al., 2000). 

Nanofibres to date have largely been produced by fibre spinning, thermal 

controlled phase separation and bio-fabrication usually by molecular self-

assembly (Luo et al., 2011). Fibre spinning, specifically electrospinning, appears 

to be the method mostly used in generating nanofibres (Zhou, Gong, & Porat, 

2009). 

2.6.2 Pressurised Gyration 

A new solvent-based nanofabrication system, pressurized gyration, has recently 

been developed by Mahalingam and Edirisinghe (Mahalingam & Edirisinghe, 

2013). The pressurized gyration process exploits both simultaneous centrifugal 

spinning (Badrossamay et al., 2010) and solution blowing (Medeiros et al., 2009) 

to generate uniform polymeric nanofibres. Since its invention in 2013, innovation 

of this process such as pressurised melt gyration, infusion gyration and pressure-

coupled infusion gyration had evolved in Table 2.2.  

 

 



 

 

59 

Table 2.2 Chronology of work produced by pressurised gyration  

Method Materials Outcomes Author 

Pressurised 

gyration 

PEO water 

solutions 

New fibre spinning 

technique 

(Mahalingam & 

Edirisinghe, 2013) 

Infusion gyration PVA Magnetic fibres (Zhang et al., 2015) 

Pressurised 

gyration 

PMMA Antimicrobial fibres (Xu et al., 2015) 

Pressurised 

gyration 

PMMA Nanopores fibres (Illangakoon et al., 
2016) 

Pressurised 

gyration 

PVA Lysozome Generate 

microbubbles 

(Mahalingam et 
al., 2015a) 

Used fins as 

collectors 

Shape memory 

polymer (PLLA-

PMMA) 

Aligned fibres and 

mats 

(Wu et al., 2017) 

Pressure driven 

spinning 

PEO,PCL, PVA, 

PLLA 

Direct fibre 

spinning using 

single needle 

(Jayasinghe & 

Suter, 2010) 

Solution blowing Cellulose 

nanofibre 

Coaxial structure 

fibre 

(Zhuang et al., 

2012) 

Melt blowing PBT, PS, PP Produced fibre 

using single orifice 

melt blowing 

(Ellison et al., 
2007) 

Pull spinning PCL, PU, nylon, 

gelatin 

Extruded a polymer 

droplet into a solid 

nanofiber 

(Deravi et al., 2017) 

Pressure coupled 

infusion gyration 

PEO water 

solutions 

Used squirrel cage 

to collect fibre 

(Hong et al., 2017) 

The pressurized gyration process comes from the rotary jet spinning method. 

The centrifugal force used as rotational shear force and solution blowing can 

accelerate the air velocity to extrude the polymer solutions via a narrow orifice. 

The Rayleigh-Taylor instability, (the balance force of the surface) on the jet 

caused by ejection of polymer solution can explain the pressurized gyration 

technique. 
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Equation 2.1 shows the destabilising gravitational force per unit volume to the 

stabilising surface tension force per unit volume equals the instability between 

the liquid-gas interfaces (Mahalingam & Edirisinghe, 2013; Weitz et al., 2008). 

"# $ℎ$& = ( $
)ℎ
$&) 

Equation 2.1 

 

where, g is the gravitational force, ρ is the density of the polymer solution, γ is 

the liquid-gas surface tension, h is the height of the liquid drop hanging under 

the horizontal surface and x is the vertical distance. 

According to Equation 2.1, during the spinning and gas blowing period, using the 

destabilising centrifugal force (ρω2R), pressure difference (Δp), rotational speed 

(ω) and radius of the vessel (R), the characteristic length scale of the instability 

can be rewritten as Equation 2.2 (Mahalingam & Edirisinghe, 2013). 

* = [ (
("-./) + ∆3]

5/. Equation 2.2 

 

Fibre production by pressurised gyration process is similar to the rotary jet-

spinning process in that a jet occurs from the orifice and elongates as a result of 

the centrifugal force and the pressure difference at the orifice, and the solid fibre 

is finally formed with the evaporation of the polymer solution.  
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2.7 Fabrication of graphene fibres  

Significant progress has been made in recent years in the development of 

graphene-based fibers. Graphene-based fibers with a 1D linear structure are 

flexible and weavable, suitable for producing multi-functional electronic textiles, 

and could be used in some difficult-to-reach locations such as in the case of 

sensing/surveillance. The development of high-performance graphene-based 

fibers could inspire more engineering applications of graphene. To date, some 

potential applications of graphene-based fibers have been demonstrated, 

including conducting wires, fiber-shaped energy-storage devices, and smart 

actuators, to name a few. Recently, significant efforts have been made on the 

promotion of graphene-based fibers from laboratory research to industrial 

applications (Meng et al., 2015). 

The main methods used to produce graphene-based fibers are solution-spinning 

methods. This includes wet-spinning, dry-jet wet-spinning, and dry-spinning, 

differing on whether the spinning dope is coagulated in a solution bath or not and 

whether there is an air gap between the spinneret and the coagulation bath.  

In wet-spinning, a GO dope is prepared by dispersing GO sheets into a stable 

water solution and then injecting them into a coagulation bath to form a gel-state 

fiber. After coagulation for a specific time, a GO fiber can be obtained by 

extracting the gel-state fiber and then drying (Pal et al., 2013; Weise et al., 2017; 

Zander, 2015). A reduced graphene oxide (rGO) fiber can be produced by further 

reducing the GO fiber when needed. To ensure the uniform and continuous 
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formation of a GO gel-state fiber, the as-coagulated fiber should be drawn at a 

constant speed either by rotating the bath or drawing the fiber using a collection 

unit (Xu et al., 2013). An air gap between the spinneret and the coagulation bath 

resulted in superior mechanical properties due to the drawing of the jet (Xiang et 

al., 2013). Liquid crystalline graphene oxide showed that spinning conditions that 

resulted in fibre defects show low stiffness and strength (Chen et al., 2013). 

 

Figure 2.6 Wet-spinning set-up showing the as-synthesized fibres drawn by a rotating 
coagulation bath (Xu et al., 2013) 

In the melt-spinning process, solid-state polymer is melted to the gel state for 

fiber-filament extrusion. Therefore, this method is suitable for spinning fibers 

from polymers that can be melted without obvious degradation, such as nylon 

and polyester. 
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Figure 2.7 Comparison of fibre production processes
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2.8 Applications 

Graphene fibres possess many of the outstanding attributes of graphene, they 

should have many functionalities that can be used in a wide variety of functional 

applications. Apart from the important goal of upgrading the intrinsic properties 

of graphene fibres, considerable effort has been devoted to exploiting their 

functional uses in products, such as electrical conductors, supercapacitors, 

actuators and solar cells (Xu & Gao, 2015), all of which indicated the rich 

functionalities of graphene fibres that surpass those of conventional carbon 

fibres. Graphene fibres provide wide spectral range but require a cost-effective 

graphene-transferring technology. The combination of transparency, 

conductivity and elasticity will find use in flexible electronics, whereas 

transparency, impermeability and conductivity will find application in transparent 

protective coatings and barrier films; and the list of such combinations is 

continuously growing (Novoselov et al., 2012). 

 

Figure 2.8 Graphene-based display and electronic devices (Novoselov et al., 2012). 
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Figure 2.9 Functional applications of graphene fibres (Zhen Xu & Gao, 2015) 

2.8.1 Antibacterial 

It has been found that GO dispersion shows the highest antibacterial activity 

compared to rGO, graphite, and graphite oxide under the same dispersion 

concentration toward E. coli (Liu et al., 2011). Exposure to GO and rGO induced 

significant production of superoxide radical anion compared to control. GO and 

rGO showed dose-dependent antibacterial activity against P. aeruginosa cells 

through the generation of reactive oxygen species, leading to cell death, which 

was further confirmed through resulting nuclear fragmentation (Gurunathan et 

al., 2012). The effects of GNPs in PMMA fibres on the growth of E. coli and P. 

aeruginosa was showed that 8 wt% GNP fibres had antimicrobial activity. The 



 

 

66 

bacterial growth observed with lower GNP-concentration fibres may be attributed 

to GNPs serving as a nutrient source for microbial growth (Matharu et al., 2018).  

2.8.2 Supercapacitors 

A new generation of supercapacitors is expected to replace batteries in certain 

applications where high efficiency, high power, and a high level of reliability is 

required. High performance supercapacitors are promising candidates for future 

energy and power storage devices (Bose et al., 2012). Supercapacitors from 

graphene-wrapped PANi nanowires showed high capacity performance and 

good conductivity (Yu et al., 2014).  The capacitive performance remains stable 

after charging and discharging, the thermal stability is improved and for long-

term charge storage, GO is further electrochemically reduced into graphene and 

PPy is subsequently thermally carbonized. That value of capacitance was higher 

than that of conventional porous carbon materials while the reduced graphene 

oxide/carbon nanowires show a lower Faraday resistance and higher thermal 

stability than the GO/PPy nanowires (Chen et al., 2014). Faraday resistance is 

the interfacial resistance of capacitors.  

2.8.3 Lightweight electrical conductors 

Highly conductive lightweight graphene fibres are good candidates for wires and 

cables to carry heavy current. Another advantage of graphene fibres is their 

valuable flexibility; they can be twisted into tight knots without breaking, which is 

not possible for conventional carbon fibres. Chemical reduced graphene fibres 
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can be used as conductors to connect prototype devices and batteries (Zamora-

Ledezma et al., 2012). Meanwhile, Ag-doping enhanced the electrical 

conductivity and only minimally affected the mechanical strength and flexibility 

of graphene fibres (Xiang et al., 2013). Through the “pre-stretching and buckling” 

strategy, flexible Ag-doped GFs were employed to construct stretchable circuits 

on rubber substrate, and the resistance remained invariable during 50 cycles of 

stretching-relaxation. The breakdown current density (ampacity) of this Ag-

doped graphene fibres was 7.1 × 107 A/m2, which should be greatly improved by 

further thermal annealing and graphitization for practical uses. 

2.8.4 Smart actuators 

Researchers from Beijing Institute of Technology established a series of smart 

actuators of graphene fibres, such as self-driven graphene fibres tubes, moisture 

actuators, torsional motors and magnetic-driven springs, by virtue of their 

structural design (Cheng et al., 2014, 2013; Pei & Cheng, 2012). They used 

lasers to reduce only one side of GO fibres and obtained graphene fibres with 

asymmetrically hydrophilic attributes. The remaining GO part was responsive to 

moisture and drove the whole graphene fibres to bend or curl reversibly (Cheng 

et al., 2013). For a torsional motor, they rotated GO gel fibres in the radial 

direction during the drying process and obtained GO fibres with helically twisted 

wrinkles on the surface. The twisted GO fibres are able to reversibly respond to 

moisture by rotation, behaving like a typical rotational motor (Cheng et al., 2014). 
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2.8.5 Composite materials 

Currently, aerospace engineers are incorporating carbon fibres into the 

production of aircrafts as it is also very strong and light. However, graphene is 

much stronger whilst being also much lighter. Ultimately, it is expected that 

graphene is utilized (probably integrated into plastics such as epoxy) to create a 

material that can replace steel in the structure of aircraft, improving fuel 

efficiency, range and reducing weight. Due to its electrical conductivity, it could 

even be used to coat aircraft surface materials to prevent electrical damage 

resulting from lightning strikes (Jesus de La Fuente, 2013). In this example, the 

same graphene coating could also be used to measure strain rate, notifying the 

pilot of any changes in the stress levels that the aircraft wings are under. These 

characteristics can also help in the development of high strength applications 

such as body armour for military personnel and vehicles. 

2.9 Graphene fibre processability using PG 

Carbon fibres have excellent strength and are lightweight. These characteristics 

make it a viable, versatile, and useful commercial product for a wide variety of 

markets. Carbon fibres offer high surface area to volume ratio; and consist of 

cylindrical nanostructures with graphene layers arranged as stacked sheets or 

plates. Graphene has extraordinary mechanical properties, including high tensile 

strength, notable flexibility, extremely high electric conductivity, high thermal 

conductivity, and good stability against chemicals. Therefore, with increased 

strength and rich functionalities, graphene fibres have attracted a lot of 
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researchers to untiringly pursue its processability. Polyacrylonitrile (PAN) and 

pitch are the two dominant precursors for the production of carbon fibre. PAN-

based carbon fibres are used for high tensile and compressive strength 

applications. Meanwhile, most graphene fibres are prepared from graphene 

oxide precursors due to their easy dispersibility in liquid, owing to the presence 

of the oxygen functionalities. Selecting suitable polymer materials and applying 

further mixing processes, properties conferred onto these nanostructures 

affected their electrical properties. This sums up the rationale for producing 

graphene fibres by pressurised gyration, which has good prospects of upscaling 

for yields to meet realistic demands. This approach in producing graphene fibres 

offer many parameters that may be adjusted to optimise the outcome of 

production. These include flexibility with the choice of material, solution 

properties, production conditions such as rotation speed, pressure and 

environmental factors e.g. room temperature and humidity.  

Producing substantial quantities of graphene fibres with good electrical 

conductivity will be a positive addition to efforts in the supercapacitor industry. It 

is expected that outcomes from the work reported subsequently in this thesis will 

be a significant contribution to improving processability of graphene fibre. 
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 Experimental details 

This chapter presents the details of the materials, equipment and experimental 

procedures of this study. With respect to materials used, a thorough description, 

rationale for selection as well as suppliers are given. For equipment, details of 

manufacturers or suppliers in addition to an overview of their operation and 

instrumental settings are set out in relevant sections discussing various 

procedures. The parameters analysed by this equipment and their objectives of 

this project are highlighted in this section. 

3.1  Materials 

In generating various kind of graphene fibres, several types of polymers have 

been used. Further details of the polymers are given in later subchapters. 

Various parameters were investigated to find the best composition of the 

graphene fibres.  

3.1.1 Thermoplastic polyurethane (TPU) 

Thermoplastic polyurethane (TPU) was purchased from Covestro under the 

brand of Desmopan DP 9855DU, which consist of linear segmented block 

copolymers composed of hard and soft segments in Figure 3.1. TPU is known 

under different trade names for commercial of major manufacturers. It is a 

thermoplastic elastomer with high durability and flexibility. Therefore, it is very in 

demand because of the outstanding properties between the characteristics of 

plastic and rubber and contributes to excellent tensile strength, high elongation 

at break, and good load bearing capacity.  
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Figure 3.1 Molecular Structure of thermoplastic polyurethanes 

3.1.2 Phenolic resins (PR)  

Phenolic resins (or phenol formaldehyde resins) with formula HOC6H4CH2OH 

were supplied by Bayer Italia (Milan, Italy) and were used as the polymer 

matrices. It is a synthetic polymer obtained through the reaction of phenol or 

substituted phenol with formaldehyde. 

 

Figure 3.2 Molecular structure of phenolic resins 
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3.1.3 Polyvinylpyrrolidone (PVP)  

PVP with molecular weight 1, 300, 000 gmol-1 and molecular formula of 

(C6H9NO)n was supplied by Aldrich and is water-soluble polymer. PVP binds to 

polar molecules exceptionally well, owing to its polarity. 

 

Figure 3.3 Molecular structure of PVP 

3.1.4 Polymethylmethacrylate (PMMA) 

Poly(methylmethacrylate) of molecular weight 120,000 g/mol were obtained from 

Sigma-Aldrich (Gillingham, UK). PMMA is an amorphous, transparent 

thermoplastic polymer widely used in biomedical applications such as bone 

implants (Bai et al., 2016), prosthetics (Caro-Osorio et al., 2013), dentistry 

(Canché-Escamilla, Duarte-Aranda, & Toledano, 2014), drug delivery (Zupančič 

et al., 2016), cosmetic surgeries and as intraocular lenses (Brint, Ostrick, & 

Bryan, 1991) implanted after cataract surgery. PMMA was selected as the model 

polymer for this study due to its high solubility in a wide range of solvents. 

Hierarchical structures of PMMA were prepared by several researchers (Deng 

et al., 2014; Morariu et al., 2003) using electrospinning as the fibre-making 
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technique. However, such a study has not been performed using pressurised 

gyration and, in this work, we are reporting the formation of hierarchical 

structures of PMMA using this forming route. 

3.1.5 Graphene nanoplatelets (GNP) 

The average single layer thickness of the GNPs were around 2 nm and diameter 

between 1 - 2 µm, with an average surface area of ~750 m2 g-1 and bulk density 

of ~0.2 g cm-3. All reagents were used as received without further purification. 

Graphene nanoplatelets were supplied by XG Sciences (XGNP-C750grade) 

from Lansing, USA and were used as a filler material. A TEM micrograph of the 

GNPs is shown in Figure 4.1b. PX35.  

Continuous tow carbon fibre was purchased from ZOLTEK (St. Charles, 

Missouri) and is a 50K filament fibre manufactured from a PAN precursor. 

3.1.6 Solvents  

A range of polymeric fibers were prepared by pressurised gyration using 

acetone, chloroform, N,N-dimethylformamide (DMF), ethyl acetate and 

dichloromethane as solvents. It was found that microscale fibers with surface 

nanopores were formed when using chloroform, ethyl acetate and 

dichloromethane and poreless fibres were formed when using acetone and DMF 

as the solvent. These observations are explained on the basis of the physical 

properties of the solvents and mechanisms of pore formation. The formation of 

porous fibres is due to many solvent properties such as volatility, solubility 
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parameters, vapour pressure and surface tension (Illangakoon et al., 2017). N,N-

dimethylformamide (DMF) were purchased from Sigma Aldrich (St. Louis, MO) 

and used as received without further purification. It is an organic compound with 

the formula (CH3)2NC(O)H, it is colourless and has a fishy odour. DMF is a polar 

(hydrophilic) aprotic solvent with a high boiling point. The molecular structures in 

Figure 3.4 indicates partial double bond character for the C-N and C-O bonds. 

Thus, the infrared spectrum shows a C=O stretching frequency at only 1675 

cm−1, whereas a ketone would absorb near 1700 cm−1 (Comins & Joseph, 2001). 

 

Figure 3.4 Two resonance structures of DMF 

3.1.7 Polyacrylonitrile (PAN) 

Polyacrylonitrile (PAN) was used with the linear formula (C3H3N)n and is a  

synthetic, semicrystalline organic polymer resin with average molecular weight 

of 150,000, and density of 1.184 g/mL at 20oC. It is thermoplastic and does not 

melt under normal conditions but degrades before melting.  



 

 

75 

 

Figure 3.5 Molecular structure of polyacrylonitrile 

3.1.8 Graphene oxide  

The GO used in this study was synthesised at the University of Sheffield. Mutiple-

layer graphene oxide with a purity of up 95 wt%, thickness of 3.4-8 nm was used. 

The diameter of the lamella 10-50 μm; the number of layers 5-10; and the specific 

surface area was 100-300 m2/g; and with an appearance color of brown and 

yellow powder.  

3.2 Preparation of graphene oxide (GO) suspensions 

Graphene nanoparticle (GNP) or graphene oxide (GO) in DMF were sonicated 

in an ice bath using an ultrasound sonifier (Bransonsonifier 250) at a power 

output of 60 % for 4 hours. It should be noted that DMF was used as the 

processing solvent due to its low boiling point (~80 oC) which enabled easy 

drying. This prevented aggregation of the graphene nanoparticles in the polymer 

solution at an ambient temperature (~20 oC). 

Four different GO concentrations (3, 5, 8 and 10 wt%) were prepared using DMF 

in an airtight bottle and these polymer solutions were magnetically stirred for 50 
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hours at ambient temperature. The prepared solutions were used to make GO 

containing polymer solutions. 

Then from the suspension of GO, a few mililiters of solution was added to each 

polymer solution. The resulting polymer-graphene solutions were magnetically 

stirred for 5 hours at ambient temperature. 

3.3 Solutions for generating nanofibre 

Three different TPU concentrations (15 wt%, 20 wt% and 25 wt%) were prepared 

using DMF in air tight bottle and these polymer solutions were magnetically 

stirred for 50 hours at ambient temperature. The prepared solutions were used 

to make GNPs containing polymer solutions. For this purpose, the above 

prepared GNP suspensions were ultrasonically treated in an ice bath using an 

ultrasound sonifier (Branson sonifier 250) at a power output of 60 % for 30 

minutes. Then from the suspension of GNPs, a few mililitres solution (5 wt%) 

was added into each polymer solution. The resulting polymer-graphene solutions 

were magnetically stirred for 5 hours at ambient temperature. The final solutions 

were again ultrasonically treated for 30 minutes before used in pressurised 

gyration at ambient temperature. 

Similarly, three different PR concentrations (10 wt%, 15 wt% and 25 wt%) were 

prepared using DMF in air tight bottles and these polymer solutions were 

magnetically stirred for 50 hours at ambient temperatures. Separately, 10 wt% 

polyvinylpyrrolidone (PVP, Sigma Aldrich, UK) was prepared in de-ionised water 

in an air tight bottle at ambient temperatures. Then from the suspension of GNPs, 
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few millilitres solution (5 wt%) was added into 10 wt% PVP solution and stirred 

for 3 hours. The PVP was added to modify and improve the rheological behaviour 

of the spinning solution. Finally, this solution was added to each PR polymer 

solution and ultrasonically treated for 30 minutes before using in pressurised 

gyration.  

3.3.1 Characterisation of solutions 

Solution characterisation mainly involved measuring viscosity and surface 

tension of liquid preparations from which fibres were spun. These are the two 

most important properties affecting nanofiber processing and outcome, as 

established by (Mahalingam & Edirisinghe, 2013) in their pioneering experiments 

on fibre generation by pressurised gyration. 

3.3.1.1 Viscosity 

The viscosity for each polymer solution or blend was measured using Brookfield 

DV-111 viscometer (Harlow, Essex, UK) at a specific shear stress (indicated 

where relevant). The Brookfield DV-111 is a rotational viscometer that measures 

the absolute viscosity of fluids using the torque of a rotating spindle submerged 

in the fluid being analysed to calculate the resistance to flow. In simple terms, 

the viscosity measured by this equipment is a function of the resistance 

encountered by the spindle as it rotates through the liquid being analysed at a 

particular shear stress. In measuring viscosity, 5ml of solution was placed in a 
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tube and a spindle (Number 18) was lowered into the tube such that it was 

completely submerged in the solution being analysed.  

At a shear stress of 3.5 Pa, suitable point for consistent readings for the viscosity 

range of all liquids analysed, the dynamic viscosity of each solution was taken 

and noted. Four additional measurements were taken for each batch of solution. 

The mean and standard deviations from the five measurements were used in 

subsequent analyses.  

 

Figure 3.6 Schematic diagram of rotational viscometer 

3.3.1.2 Surface tension 

Solution surface tension measurements were done using a Kruss K9 tensiometer 

(Hamburg, Germany). The Wilhemy plate method, in which a thin platinum plate 

(Kruss PL21, Hamburg, Germany) is positioned perpendicular through the liquid 

being analysed and the force required to break contact between the plate tip and 

liquid surface is measured to assess the surface tension of solutions. The 

 



 

 

79 

surface tension is given as a function of the force (F), the wetted perimeter of the 

platinum tip (i), and contact angle q (Butt et al., 2003). The equation is given 

below: 

! = #
$	cos	(*) 

When complete plate wetting by the liquid being analysed has occurred, which 

is usually the case in this method, the contact angle, q is 0o. Cos 0 is 1 therefore 

effectively, surface tension measured by this method is given as a ratio of F and 

i, calculated as 2w +2d where w and d are width and thickness of the platinum 

plate respectively.  

 
 

Figure 3.7 Schematic diagram of the Wilhelmy plate method (Kruss Scientific) 

In assessing these, the platinum plate connected to a balance was dipped into 

20 ml of solution in a 25 ml beaker on a fixed stage. The platinum plate was 

gradually removed from the liquid with the automated balance recording the 

tension at the air-liquid interface. In all, five measurements were taken for each 

solution sample and the mean and standard deviations were used in subsequent 

analyses.  
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3.3.1.3 Particle size analysis - Transmission Electron Microscopy (TEM) 

TEM was initially carried out at University of Sheffield to determine the lateral 

dimension and size distribution of the flakes. Owing to the precision of the TEM 

measurement, the lateral size distribution was then used as a benchmark for 

further experiments. Flake thickness was estimated by the Mean Grey Value 

Ratio (MGVR) method which is based on normalised TEM Bright Field image 

contrast (Rubino, Akhtar, & Leifer, 2016). Direct imaging of folded graphene 

edges and low-loss electron energy loss spectroscopy (EELS) was used at 

University of Sheffield to provide complementary information for MGVR 

measurements. In addition, an image technique was developed so that the flake 

lateral size distribution could be obtained rapidly via quantification of several 

optical microscopy images. To develop an in-situ characterisation technique, 

Dynamic light scattering (DLS) was performed at University of Sheffield to obtain 

the lateral size distribution of dispersed flakes. Although no precise or reliable 

parameters for graphene flakes dispersed in isopropyl alcohol (IPA) exist in the 

literature, approximate optical parameters were used to perform the DLS 

analysis. 

TEM measurements were conducted using an FEI Titan3 Themis 300 S/TEM 

operated at 80 kV, which is below the threshold for knock-on damage (Banhart, 

2004). TEM magnifications of 55,000 x and 295,000 x were used for the 

development of MGVR and folded edge methods respectively. EELS 

measurements were recorded in diffraction mode from an area of ca. 100nm in 

diameter. 
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3.3.2 Method of melt compounding 

Beforehand, the TPU was dried under vacuum at 50 oC for at least 48 h before 

melt compounding. Each polymer/GNP composite was prepared by a mini-

compounder, DSM Micro-extruder 15 (DSM Research B.V., The Nederlands) 

has 15ml volume capacity, co-rotating twin screws and the temperatures of 230 

oC, 50 rpm and mixing for 5 min. 

3.3.3 Preparation of Solutions of TPU/GNP using Melt Compounding Technique 

The size of GNP was 15µm, and the temperature of the screw during the mixing 

was 230 oC. The pressure was 0.1 MPa with Argon flow during mixing. 

Composition of the compound was 20 wt% GNP, 80 wt% TPU according to the 

experimental section in Chapter 4. Processing parameters: 13.5g DMF + 7g melt 

compounding (34 wt% melt compounding).  

3.3.4 Preparation of solutions of GO/PAN  

The gyration solutions were prepared by dispersing an appropriate amount of 

GO (3, 5, 8 and 10 wt%) relative to the solution of PAN which was of 8 wt% in 

DMF, and the solution was sonicated for 1h in an ice-water bath to disperse the 

GO homogeneously. 

3.4 Fibre generation 

In order to generate fibres from pressurise gyration set up, the vessel with all its 

connections are held in place securely by a retort stand and clamps. The gyration 
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process is carried out in a Perspex box to ensure safety. Aliquots of the solution 

to be spun into fibres are placed in the vessel and covered. Rotation begins at 

the same time as pressure is being applied. Each cycle takes between 2-5 

minutes depending on the experimental conditions. Fibres ejected through the 

nozzles are collected and stored until required for further analyses. 

The gyration system consists of a rotary aluminium cylindrical vessel containing 

20 small round orifices equally spaced on the face in Figure 3.8. The dimensions 

of vessel and orifices are 60 mm in diameter with a height of 25 mm, and 0.5 mm 

in diameter which can form micro- to nanofibres by ejecting polymer solution as 

the vessel rotates at high speed, located at the same vessel height, respectively. 

An inlet pipe of N2 gas was connected from the top of the vessel to induce 

pressure in the rotating vessel.  

A gas regulator controlled the flow into the vessel. The bottom end of the vessel 

was connected to a DC motor, which can produce variable speeds up to 36k 

rpm. In order to investigate the nanofibre size and size distribution under different 

conditions, the polymer solution was spun at three different rotating speeds (10 

k, 24 k, 36k rpm) at ambient temperature (~20 °C) and relative humidity (~ 42 

%). Protected by a transparent plastic container, the system allows convenient 

collection of the polymer fibres on stationary aluminium foil sheets within the 

container. 
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Figure 3.8 Gyrator set-up used in this work 

3.4.1 Pressurised gyration of GNP/PAN 

The gyration solutions were prepared by dispersing an appropriate amount of 

GNPs (0, 0.2, 1, 3 and 8 wt%) relative to solution of PAN, which was of 10wt% 

in DMF, and the solution was sonicated for 1h in an ice-water bath to 

homogeneously disperse the GNPs. A schematic of the pressurised gyration set 

up is shown in Figure 3.9.  
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Figure 3.9 Schematic illustration of pressurised gyration process. 

During gyration, the working pressure was varied from 1 to 3 ×105 Pa by 

controlling the pressure of inlet N2 gas into the vessel, and the rotational speed 

was varied from 10 k to 36k rpm by a bi-directional regulator. The as-spun 

PAN/GNPs precursor nanofibres were collected randomly as an overlaid mat on 

aluminium foil placed on the inner wall of the collector. The compositions and 

processing parameters of different samples are compiled and shown in Table 

3.1. 

The weight percentage value of GNP in solution has been used consistently, as 

the GNP concentration in the following text for consistency. 

The compositions and processing parameters of different samples are tabulated 

and shown in Table 3.2. 
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Table 3.1 The concentration of GNPs and the parameters of pressurised gyration. 

Sample 
number GNPs concentrationa Rotational 

speed(rpm) 
Working 

pressure(×105Pa) 
1# 0 10k, 24k, and 36k 1, 2, and 3 
2# 0.2 10k, and 24k 1 
3# 1 10k, and 24k 1 
4# 3 10k, and 24k 1 
5# 8 10k 1 

aThe concentration of GNP in the solution was calculated by the weight of GNP divided 
by the total weight of GNP and PAN solution. The concentration of GNP in the as-spun 
fibre was calculated by the weight and density of GNP and PAN.  

Table 3.2 Generating as-spun fibres of 8 wt. % PAN 

As-spun fibres GO 
concentration 

Rotational speed (rpm) vs.  

Working pressure (x105Pa) 

Speed (rpm) vs. 
Pressure (x105 

Pa) 
 

10k 

1 2 3 
 

24k 

1 2 3 
 

36k 

1 2 3 
 

27.3 3 X / X / X / X X X 

38.5 5 X X X / / / / / / 

46.7 8 X X / / / / / / / 

55.5 10 X / / / / / X / / 

/ fibre was produced during the pressurised gyration process 

X no fibre produced or polymer spraying 

The development of 8 wt% PAN with various GO concentrations was compared 

with 10 wt% PAN in Table 6.1 . Some of the solutions did not produce any fibre 

composites. This condition can be attributed to the internal interaction between 

hydroxyl and amine groups in an aqueous bed which can deteriorate jetting 

ability of resulting solution by increasing the surface tension. To overcome this 
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particular problem of polymer droplet, the polarity of the solvent plays an 

important role opposed to the concentration and viscosity. At lower 

concentrations, some fibrous structures formed. When changing the polarity of 

the solvent by mixing with other polar/non-polar solvents, the choice of solvent 

and amount have to be judicious to keep the polymers soluble and generate 

fibres while spinning. 

3.5 Carbonization and SPS processing 

The as-spun TPU/GNP, PR/GNP, PAN/GNP, nanofibres were peeled off from 

the aluminium foil and placed in a horizontal tube furnace for heat treatment at 

Padova University, Italy. GO/PAN and TPU/GNP melt compounded was 

pyrolyzed at China University of Geoscience Beijing. Before carbonization, there 

was a stabilization process on the as-spun samples, which took place at 290 oC 

for 30 mins. Then the samples were heated again from 290 oC with a heating 

rate of 2 oC/min and maintained for 1 h at 900 oC before further heating at a 

heating rate of 2 oC/min. Subsequently, the samples were maintained for 1 h at 

the final temperature under an argon gas flow (60 mL/min) for carbonization. The 

products were cooled to 25 °C under an argon atmosphere at a cooling rate set 

at 2 °C/min. This treatment was tailored to generate carbon nanofibres 

containing graphene.  
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3.6 Pyrolysis of the fibres using spark plasma sintering 

The TPU-GNP, PR-GNP and GNP/PAN fibres had been pyrolysed using spark 

plasma sintering at Queen Mary University of London and also using argon 

assisted vacuum at temperature of 2000 oC. However, the pyrolysed samples 

did not remain in a fibrous form, hence the solidification of the graphene 

nanoplatelets did not occur as expected. The carbonized samples were put into 

a 20 mm graphite crucible and then sintered in a vacuum (1-3 Pa) in a SPS 

furnace. A heating rate of 200 °C/min was used, and the final temperature was 

2000 °C with a dwell time of 10 minutes.  

The applied direct current in the SPS was 1000-1500 A, with a pulse duration of 

12 ms applied at an interval of 2 ms. The CNF samples after carbonization and 

SPS processing are referred to in this work as ‘pyrolyzed’ and ‘after-SPS’ CNFs, 

respectively. 

3.7 Characterization 

The rheology of the spinning dopes’ was analysed using a Brookfield viscometer. 

The viscosity measurement was carried out a shear rate in the range from 0.132 

s-1 to 1.32 s-1 at ambient temperature. The surface tensions of the solutions were 

measured using a Kruss tensiometer (Wilhemy plate method).   
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3.7.1 Average fibre size and size distribution 

To measure the diameters of the as-spun PAN fibres and CNFs, an image 

analyser (Image-Pro express, Media Cybernetics Co, US) was used. At least five 

SEM images were used for each sample. One hundred positions were selected 

at random and the average fibre diameter and distribution was calculated. 

First the scale is set. Then, pixels between two edges of a fibre perpendicular to 

the fibre axis are counted. The number of the pixels is then converted to nm 

using the scale and the resulting diameter is recorded. On a typical image, the 

diameter of 100 fibres are measured using this method and the fibre diameter 

distribution is plotted as a histogram.  

3.7.2 Thermogravimetric analysis (TGA) 

TGA of fibres with and without GNPs were carried out on a universal V4.5A TA 

instrument at a heating rate of 3 °C/min to 1000 °C under nitrogen atmosphere. 

3.7.3 Morphology and crystallization 

The CNFs prepared before and after SPS were repeatedly washed using 

deionized water and dried in an oven. A field-emission scanning electron 

microscope (SEM, HitachiS-3400n) was used to examine the morphologies of 

the prepared CNFs. The phase identification of the CNFs samples was 

performed using a Renishaw-2000 laser Raman spectroscopy system with a He-
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Ne laser excited at 514 nm. The samples were also analysed using TEM (JEOL 

2000) at 200 keV. 

3.7.4 Electrical conductivity measurements 

Electrical conductivity measurements of the as-spun, pyrolysed and after-SPS 

fibres were done using a two-point multimeter. Fibrous mats of known weight 

and length were placed on a glass slide and the ends of the fibres were soldered 

with silver paste to enable electrical contact. The cross-sectional area of the 

fibrous mats was calculated from the SEM images of the fracture surface of the 

CNF composites. Repeated measurements were carried out to determine the 

average electrical conductivity of each sample.  

 

Figure 3.10 Electrical conductivity using LED 

Electrical conductivity test using KingBright L-1334 Gx Green LED showed that 

it’s lights on when connected to fibres after pyrolysis. 
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3.7.5 Mechanical property tests 

The mechanical properties of the CNFs were evaluated using Raman 

spectroscopy after four-point bend testing of the samples. Initially, the CNF mats 

were placed on a poly(methyl methacrylate) beam and covered with a thin layer 

of PVA. The beam was then inserted into a four-point bending rig and deformed 

under various levels of strain. Subsequently, the samples were placed on a 

Raman microscope stage, and the surface strain was measured after three 

accumulations. It was assumed that the strain in the PVA resin was the same as 

in the PMMA substrate. 

3.7.6 Scanning Electron Microscope (SEM) Microscopy 

The formed composite fibres were investigated with a scanning electron 

microscope (SEM, Hitachi S – 3400 n) at an accelerating voltage of 5 kV. The 

samples were coated with gold using a sputtering machine (Edwards Sputter S1 

50B) for 150s to minimize charging effects prior to imaging. The obtained images 

were used to analyse the fibre size. Statistical analysis of fibre size was carried 

out by Image J software where ~ 100 measurements were obtained at different 

locations of each sample to calculate the average fibre diameter. Transmission 

electron microscopy was carried out on graphene nanoplatelets to determine 

their initial size using a JEOL-JEM 2000 F microscope operating at 200 keV. 
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3.7.7 Morphology and crystallisation 

A field-emission scanning electron microscope (Hitachi S-3400N) was used to 

examine the morphology of the prepared CNFs. The phase identification of the 

CNF samples was performed using a Renishaw-2000 laser Raman spectroscopy 

system with a He−Ne laser excited at 514 nm. The samples were also analysed 

using TEM (JEOL 2000) at 200 keV. 

3.7.8 Fourier transform infrared (FTIR) Spectroscopy 

Fourier transform infrared (FTIR) spectra were recorded in the wavelength range 

400 - 4000 cm-1 using FTIR spectrometer (Bruker-Alpha) equipped with an 

attenuated total reflectance (ATR) probe attachment along with an internal 

reflectance element (IRE) germanium (Ge) crystal at an end-face angle of 45°. 

The data was used to evaluate the interfacial interaction between graphene and 

polymer matrices. 

3.7.9 Raman Spectroscopy 

Raman spectroscopy is a fast, non-destructive, and high-resolution tool for 

characterisation of the lattice structure and the electronic, optical, and phonon 

properties of carbon materials. Phonons are the elastic arrangement of atoms or 

molecules in solids and liquids. Phonons play a major role in many of the physical 

properties of thermal conductivity and electrical conductivity. Raman spectra of 

graphene-based materials show few prominent features regardless of the final 

structure.  
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Raman measurements of the samples were obtained using a Raman microscope 

(inViaTM Renishaw) excited with 633 nm incident wave length radiation. The data 

acquisition covered the spectral range 3000 - 100 cm-1 with a spatial resolution 

of 4 cm-1. Raman data were baseline corrected. Raman has better spatial 

resolution than FTIR and enables the analysis of smaller dimensions, down to 

the 1µm range. 

3.7.9.1 Full width at half maximum (FWHM) 

Full width at half maximum (FWHM) is the width of a spectrum curve measured 

between those points on the y-axis which are half the maximum amplitude. is a 

reflection of the structural distribution.  Thus, for exactly the same molecule, 

crystalline material shows sharper Raman line than the amorphous material.   

3.7.10 Focused Ion Beam (FIB) Microscopy 

A FEI Nova 200 dual beam focused ion beam (FIB) system was used to study 

the cross-sections of the composite fibres. The milling was performed with a 1–

5 nA, 30 kV Ga ion beam, followed by cleaning steps at lower currents. SEM 

imaging of the cross-section was performed using 10 kV and 30 kV beams, with 

a working distance that varied between 8 and 20 mm and with the composite 

fibres tilted by 52°. 
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 Generating graphene nanoparticle loaded polymer 

fibres 

4.1 Introduction 

In this chapter, the possibility of producing graphene fibres with polymer blends 

for the preparation of composites by pressurised gyration is discussed. The 

superior properties of graphene suggest that graphene could replace carbon 

nanotubes in existing applications. The combination of transparency, 

conductivity and elasticity will find use in flexible electronics (Novoselov et al., 

2012), where the graphene fibres play a role.  

Fibres from different types of polymers in different combinations were obtained 

from pressurised gyration at different speeds and working pressures. Scanning 

electron microscopy showed that fibres with diameters in the range of 296 nm to 

5800 nm were successfully produced.  

4.2 GNP characteristics  

Figure 4.1 shows the characterisation of GNPs using Raman spectroscopy and 

TEM. TEM analysis was done on more than 100 particles. The statistical size 

distribution of GNPs showed average length and width of the flake to be 964 ± 

353nm, 457 ± 214 nm, respectively (Figure 4.1b). 
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Figure 4.1 a) Raman spectra: b) TEM image: and c) TEM generated statistics of the GNPs used 
in fibre composites; (a) in length and (b) the width 

4.3 Relationships between solution properties and fibre outcome 

4.3.1 Fibre morphologies of TPU-GNP composites  

Optical micrographs of fibres formed at various working pressures and rotating 

speeds for TPU-GNP composites are shown in Figure 4.2 and Figure 4.3.  
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Figure 4.2 Optical micrograph of fibres formed at 20 wt% TPU + 5 wt% GNP in DMF at rotating 
speed of 24k rpm a) without pressure b) 0.1 MPa c) 0.2 MPa d) 0.3 MPa 

Optical examination of the fibre composite shows that increasing pressure 

reduced the graphene deposition in the structure as show in Figure 4.2. A 

minimal amount of deposition appeared at maximum pressure of 0.3 MPa. A 

potential amount of continuation and in-line existing at 0.1 MPa which seems will 

be connected during thermal pyrolysis.   

The same effect appear at the higher speed of 36k rpm in Figure 4.3. However, 

the amount of fibre bundle decreased when the speed increased.  

a b 

c d 
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Figure 4.3 Optical micrograph of fibres formed from 20 wt% TPU + 5 wt% GNP in DMF at 
rotating speed of 36k rpm a) without pressure b) 0.1 MPa c) 0.2 MPa d) 0.3 MPa 

4.3.2 Statistical analysis of flow of GNPs in composite fibres  

Non-Newtonian fluids are fluids which do not obey Newton’s law of viscosity. For 

describing Non-Newtonian fluids, let’s recall the Newton's law of viscosity 

experiment. There are two long parallel plates situated at distance h to each 

other. The top plate is stationary and bottom plate is moving with velocity as 

shown in Figure 4.4. If a force, F, is applied to move plate, then pressure, (txy ) 

./0 	=
#
1 

Equation 4.1 

 

a b 

c d 
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Where A is the area of the plate; and under steady state conditions when h is 

small and when 23	is the velocity of the spindle, 

456
40 	= 738 

Equation 4.2 

 

 

 

Figure 4.4 Non-Newtonian flow between two parallel plates 

Now, we calculate ./0 by repeating experiments for different applied forces and 

velocities (93) achieved by the bottom plate and plotting a graph as shown in 

Figure 4.5. Depending on the nature of the fluid, different types of curves may 

be obtained. 

If the fluid shows behaviour like curve (1) then it is a Newtonian fluid. Other fluids 

are non-Newtonian fluids. Curve (2) represents a pseudo-plastic fluid, curve (3) 

represents a dilatant fluid, and curve (4) represents a Bingham plastic fluid in 

Figure 4.5. There are several theoretical and empirical models available to 

describe the rheological behaviour of non-Newtonian fluids.  

The basic equation for a generalized non-Newtonian fluid is given below 
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.0/ 	= −h ;9/;<  
Equation 4.3 

Here, h is the apparent viscosity, which is clearly a function of shear rate, as may 

be seen from Figure 4.5 Therefore, 

h = = >;9/;< ? 
Equation 4.4 

  

Figure 4.5 Shear stress vs. strain rate diagram for Newtonian and non-Newtonian fluids 

If the apparent viscosity increases with increase in shear rate, 45640 , then the fluid 

is called a dilatant fluid and if it decreases with increase in shear rate, 45640  then 

the fluid is called a Pseudo-plastic fluid. Some fluids require a critical shear stress 

to initiate the flow. These fluids are called Bingham plastics fluids. Some 

 

1 

3 
2 
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important rheological models for non-Newtonian fluids are called as the power 

law or Ostwald De Waele model. 

 Power law or Ostwald De Waele model is the most generalized model for non-

Newtonian fluids. The expression of this model is given in Equation below:  

.0/ 	= −@ >;9/;< ?
ABC

>;9/;< ? 
Equation 4.5 

Here, apparent viscosity h is defined as, 

h = @ >;9/;< ?
ABC

 
Equation 4.6 

This is a two-parameter model where @ and h are the two parameters. 

If D= 1	then h = @,	where @ is similar to the viscosity of the fluid and the model 

shows Newtonian behaviour . If D >1, then h increases with increasing shear 

rate and the model shows the dilatant behaviour. If D <1, then h decreases with 

increasing shear rate and the model shows the Pseudo-plastic behaviour.  

Shear thinning was apparent in all solutions and rheological data obtained was 

analysed using the Ostwald-de Waele model,h = @G45640 H
ABC

,	 
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where h is the shear stress (I), G45640 H is the shear rate (!̇ ) and power law index 

D is calculated for all samples and shown in Table 4.1 as 	I = K!̇ABC. 

Flow curves of TPU, PR, TPU-GNP and PR-GNP polymer solutions are shown 

in Figure 4.6. All curves showed non-Newtonian behaviour and the viscosity 

increased with increasing polymer concentration. For example, TPU solution with 

20 wt% polymer shows a viscosity of 184 Pa s at a shear rate 0.132 s-1 (Figure 

4.6a). Similarly, TPU-GNP solution with 25 wt% polymer shows a viscosity of 

~37Pa s whereas the same solution with 15 wt% polymer shows ~6 Pa s at a 

shear rate 0.132 s-1 (Figure 4.6b).  

However, it was not possible to measure the viscosity of the 25 wt% solution as 

it exceeded the measurable range of the rheometer. But, adding GNP to the 25 

wt% TPU solution reduced the viscosity value to within a measurable range. 

Shear thinning is apparent in all solutions and rheological data obtained was 

analysed using the Ostwald-de Waele is calculated for all samples and shown in 

Table 4.1.  
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Figure 4.6 Flow curves of the various (a) TPU, PR, (b) TPU-GNP and PR-GNP polymer solutions 
at ambient temperature  

 

 

(b) 
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Table 4.1 Flow index and surface tension of polymer solutions used in this experiment 

Polymer solution Power law index (n) 
± 0.01 

Surface tension 
(mN/m) 

15 % TPU 0.21 - 

                       20 % TPU 0.11 - 

25 % TPU - - 

15 % TPU-5 % GNP 0.83 - 

              20 % TPU-5 % GNP 0.80 - 

 25 % TPU-5 % GNP 0.73 - 

10% PR-10 % PVP 0.98 49 

15 % PR-10 % PVP 0.79 - 

20 % PR-10 % PVP 0.53 - 

     10% PR-10%PVP -5%GNP 0.24 76 

     15% PR-10%PVP-5%GNP 0.32 - 

     20% PR-10%PVP-5%GNP 0.75 - 

The increase in concentration of polymer showed significantly more shear 

thinning behaviour in all TPU solutions (low n value). The PR solutions showed 

the opposite effect compared to TPU solutions, where there was significantly 

more shear thinning at a lower concentration of polymer. Different TPU-GNP and 

PR-GNP concentrations showed almost similar trend in their flowability. It is 

interesting to see that adding GNPs showed a decrease in shear thinning 

compared to equivalent solutions without GNPs. It is reported that the viscosity 

of particle containing polymer solutions depends on particle size (Kamibayashi, 

Ogura, & Otsubo, 2006). The dynamic structure of shear fields is governed by a 

balance between Brownian motion and the hydrodynamic force in solutions 

containing well dispersed non-interacting particles (Kamibayashi et al., 2006). 

The viscosity at a given shear rate is higher for smaller particles. Moreover, the 

degree of flocculation also influences the flow behaviour and the shear thinning 
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effect. In general, in a highly flocculated system a three dimensional network of 

flocs is developed and the viscosity increases and the shear thinning effect 

becomes striking (Kamibayashi et al., 2006). In addition, the resistance of the 

macromolecular solution to shear and the extension increases with the particle 

concentration, however, the increase in extension is much greater than its 

increase in shear (Wang & Joseph, 2003). Table 4.1 also shows the surface 

tension forces for some of the polymer solutions used in the experiments. The 

surface tension value for 10% PR-10% PVP polymer solution is 49 mN/m, while 

10% PR - 10%PVP - 5% GNP solution was 76 mN/m, indicating that the surface 

tension values increased with the GNP loading. In general, an increase in 

surface tension is observed with increase in polymer concentration but some 

values could not be accurately determined as they were extremely high and 

successful pull-out of the Wilhemy plate could not be achieved.  

The spinning dope’s rheological properties influences fibre formation in 

pressurised gyration (Mahalingam et al., 2014). It has been shown that the 

polymer chains act as a thickener and stabilizer against the suspensions and act 

against sedimentation (Mahalingam et al., 2014). In addition, there needs to be 

a minimum concentration of the polymer solution for initiating fibre formation, 

below this minimum polymer concentration only beaded structures are formed. 

This is either due to lack of polymer chain entanglement or lack of shear forces 

to drive the polymer jet to form fibres (Mahalingam & Edirisinghe, 2013). 

Generally, during the polymer stretching process, the polymer molecules that 

have a smaller hydrodynamic volume and relaxation time of chains acts as a 
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weaker link that causes an imminent break of local chain-chain coupling within 

the jet resulting in formation of polymer droplets (Gupta at al., 2005). In contrast, 

at higher concentrations and higher viscosities, sufficient chain entanglement is 

reached allowing uniform extrusion of polymer fibres. Higher surface tension 

promotes beads and beaded fibre formation and reducing surface tension 

favours the formation of fibres without beads (Fong, Chun, & Reneker, 1999). 

Moreover, elongational flow affects the molecular stretching and the solvent 

evaporation affects the solidification of the formed fibres during pressurised 

gyration. The rotating speed and working pressure of the gyration process can 

determine the morphology of the product and therefore, careful selection of the 

operation conditions is vital to the success of the process (Mahalingam et al., 

2015a).  

4.3.3 Rheological study of fibre diameter variation with polymer concentration  

Figure 4.7a shows the plot of fibre diameter variation with the polymer 

concentration for the polymer solutions gyrated under a fixed rotating speed of 

36k rpm. It is clearly seen that the fibre diameter is significantly reduced with 

increase in polymer concentration.  

For phenolic resin-based fibres the diameter increased from 844 nm to 2534 nm 

when doubling the polymer concentration from 10 wt% to 20 wt%. For TPU based 

fibres the diameter increased from 296 nm to 5800 nm when increasing the 

polymer concentration from 15 wt% to 25 wt%. The percentage increase in fibre 

diameter is higher for TPU fibres compared to PR fibres. This is attributed to the 
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viscosity of the polymer solutions where the TPU polymer shows a much greater 

increase in viscosity compared to the PR polymer.  

For 20 wt% TPU solutions, the variation of rotating speed and working pressure 

had a marked influence on fibre diameter of graphene loaded fibres. Here the 

fibre diameter was reduced when the working pressure increased from 0 MPa to 

0.3 MPa for the rotation speeds of 24k rpm and 36k rpm (Figure 4.7b).  

 

Figure 4.7 (a), (b) Fibre diameter variations for various TPU, PR, TPU-GNP and PR-GNP 
polymer fibres made by pressurised gyration at ambient temperature  

However, for the rotational speed of 1k0 rpm there is no fibre produced due to 

insufficient forces for fibre spinning. During spinning, the traveling polymer jet 

experiences aerodynamic forces that may impact the stretching of the jet and, 

thereby further alter the final fibre size and size distribution (Padron et al., 2013). 

In fibre forming processes, viscosity and concentration of the polymer solution 

influence the resulting fibre size and fibre morphology (Bhardwaj & Kundu, 2010; 

Mahalingam & Edirisinghe, 2013). In a typical pressurized gyration process, 

these properties also affect polymer chain entanglement, a prerequisite to the 

 

(a) (b) 
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formation of nanofibres (Mahalingam et al., 2014; Mahalingam & Edirisinghe, 

2013).  

4.4 Composition of fibres 

A combination of FTIR, Raman and FIB spectroscopy were employed to verify 

the content of fibres produced from the blends. Though precautions were taken 

to ensure the mixing was homogeneous, it was important to conform of the 

constituents of the produced fibre. The high velocity of the rotational speed and 

pressure applied during fibre formation could result in phase separation.  

4.4.1 FTIR spectra 

FTIR spectra of TPU and PR and blends containing them, as expected gave 

profiles similar to those of the pure polymers. Figure 4.8 shows FTIR spectra of 

GNP, TPU based fibres and PR based fibres obtained at ambient temperatures. 

For GNP, the peak at 3400 cm-1 is attributed to the O-H stretching vibrations from 

the non-reduced graphene oxide in the GNPs (Padron et al., 2013). In addition, 

the presence of different types of oxygen functionalities in GNPs is confirmed at 

1720 cm-1 (stretching vibrations from C=O), 1600 cm-1 (skeletal vibrations from 

unoxidised graphitic domain), 1220 cm-1 (C-OH stretching vibrations) and 1060 

cm-1 (C-O stretching vibrations) (Xu et al., 2008). For TPU based fibres the peak 

at 3265 cm-1is attributed to –NH urethane group and the peak at 2866 cm-1is due 

to aliphatic hydrocarbon (C-H) (Li et al., 2015). The peak at 3455 cm-1 is assigned 

to free –NH group and the peak at 1714 cm-1 is attributed to the free C=O amide 
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I band (Barick & Tripathy, 2010). The occurrence of free and hydrogen bonded 

–NH in the case of TPU and the GNP loaded TPU fibres indicates that majority 

of –NH groups in urethane linkages participated in hydrogen bonding with the 

C=O group of the hard segment or, with the ether linkages of the soft segments 

or with the oxygen present in the fibre surface.  

 

Figure 4.8 (a) FTIR spectra of GNP, TPU, PR, TPU-GNP and PR-GNP polymer fibres obtained at 
ambient temperature, a.u. indicates arbitrary units 

The FTIR spectrum for the TPU-GNP composite fibres show a shifting of –NH 

and the C=O bonding peaks to higher wavelength regions than the pristine TPU 

counterpart. This red shift (Einstein shift) indicates that the hydrogen bonding is 

effective in the composite fibrous structures (Barick & Tripathy, 2010). For 

phenolic resin, the peaks at 1508 cm-1 and 1611 cm-1 are related to the stretching 

vibrations of the aromatic group and the peaks at 875 cm-1 and 751 cm-1 
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demonstrate that the aromatic rings of phenolic resin possesses a large amount 

of substitute groups (Saito et al., 2002).   

4.4.2 Raman spectra 

Figure 4.9 shows the Raman spectra of the GNPs used in the experiment. Peaks 

were observed at 1350 cm-1 (D band), 1585 cm-1 (G band) and 2700 cm-1(2D 

band). ID/IG ratio for the used GNPs was 0.81± 0.05 which is typical for the 

graphene produced using liquid phase exfoliation (Porwal et al., 2014). At least 

three Raman scans were done.  

Raman spectroscopy was employed to evaluate the hybridization state of the 

carbon bonds (Dresselhaus et al., 2002), and the two reflections peak change 

from graphene nanoplatelets. Raman data for various TPU composites has been 

shown in Figure 4.9a. As shown in Figure 4.9a, a strong band at 1580 cm-1 (G 

band) and a relatively weak band at 1352 cm-1 (D band) appear in the Raman 

spectra of GNP, which stem from the vibration of sp2-hybridized graphitic 

domains (Dresselhaus et al., 2002), and sp3-hybridized carbon or structural 

defects (Kudin et al., 2008), respectively. The low ID/IG value (0.41) indicates that 

the graphitic domains were primarily intact for the composite fibres (Song et al., 

2011). 

The thermal degradation behaviours of the specimens were examined by 

thermogravimetry (TGA). Figure 4.9b shows the typical thermograms of TGA 

curves. The initial weight loss was accelerated in the presence of GNP due to 



 

 

109 

the pyrolysis of the labile oxygen-containing functional groups (Jing et al., 2014; 

Stankovich et al., 2007). 

 

Figure 4.9 (a) Raman spectroscopy results of TPU-GNP composites (b) Derivative of 
thermogravimetry results of TPU composites 

To observe the GNPs embedded in the TPU and the PR, fibres were analysed 

using FIB-SEM. An ion beam probe was used to cut and etch the fibre surface 

and remove a part of the fibre through milling, and then cross sections of the 

fibre were imaged under the SEM. 

4.4.3 FIB  

Figure 4.10 shows the focussed ion milling and imaging of the thermoplastic PU 

fibre surfaces.  
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Figure 4.10 FIB-SEM images of TPU-GNP (a) FIB milling points (b) Graphene nanoplatelets 
within the fibres (c) Contrast effect showing the GNPs 

As indicated by the dark yellow lines in Figure 4.10a, various randomly points 

were selected along a fibre length to determine the packing of the GNPs in the 

composite structure. The embedded GNPs in the polymer matrix is validated 

using ion milling. As clearly seen in Figure 4.10b protruding graphene platelets 

appear in the fibrous structure after the ion milling. 

In addition, the contrast of different surface layers due to difference in secondary 

electron densities between the polymer matrix and GNP surface clearly 

demonstrate the existence of GNPs in the composite fibre structures. The GNPs 

were embedded in the polymer matrix along the fibre drawing direction. As can 

be seen in the cross sections of the fibre in Figure 4.10b,c there are light-shaded 

(a) 

(c) 

(b) 
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graphene platelets (indicated by arrows) surrounded by the dark regions of the 

polymer matrix. 

To verify the graphene platelets in the polymer matrix, the dimensions of the 

platelets were measured shown in the Figure 4.10c. The FIB-SEM statistical 

distribution of GNPs with average length and width of the flake were found to be 

895 ± 298 nm, 387 ± 254 nm respectively in Figure 4.10c. These results agree 

very well with the previous TEM statistical distribution calculations and indicate 

that the graphene platelets were indeed embedded in the fibrous structures. 

Figure 4.11 shows a focused ion beam milled surface of the graphene loaded 

phenolic resin fibres. One of the characteristic features of phenolic resin fibres is 

that they are hollow in nature in some instances compared to completely dense 

TPU counterparts. As clearly seen from the pictures it was not possible to mill 

these fibres. Even using the higher beam current (90 nA) the samples could not 

be milled with ion beam. It is believed that GNPs accommodate the polymer 

matrix along the fibre drawing direction like the TPU composites.  

The etching and removal rate of polymer molecules differ from polymer to 

polymer. The results indicate that TPU fibres are milled and etched very 

effectively in ion beam compared to the phenolic resin fibres. It was reported that 

the etching rate for perfluorinated polymers is 500 - 1000 times higher than the 

partially fluorinated polymer (Fukutake et al., 2010).  
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Figure 4.11 FIB-SEM images of graphene loaded phenolic resin fibres; (a) graphene loaded 
phenolic resin hollow fibre, (b) specimen after higher beam current used to mill the fibre and 
(c) crazing effect at the fibre surface 

In general, such polymers are degraded very effectively by gamma/electron 

beam radiation under vacuum at ambient temperatures. The degradation of the 

polymer is associated with the physical sputtering of Ga+ ions and the chemical 

reactions induced by the secondary electrons due to Ga+ ions. Therefore, in TPU 

fibres the main-chain scission occurs through dissociative electrons.  

On the other hand, in phenolic resin fibres the main-chain scission is limited and 

hence decomposition of molecules is limited. Therefore, the milling and the 

(a) 

(b) 

(c) 
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etching is markedly affected by the molecular structure of the polymer. Figure 

4.11 shows the high magnification image of the ion beam damaged surface of 

the phenolic resin fibres milled using a higher milling current. It shows the 

presence of a cracked surface at regular intervals. The characteristic pattern 

consisting of regularly spaced cracks perpendicular to the sliding direction has 

been previously observed in thermoset polymers sliding against smooth 

surfaces. Evidence of crazing can also be observed, which is normally expected 

in polymers subjected to sliding wear conditions (Betancourt, Cruz, & Toro, 

2011). 

4.5 Water soluble polymer as binder study 

Water-based polymers are great for applications where the nanofibers are used 

as a carrier for later release. Water soluble polymers such as polyvinyl alcohol 

(PVA) and polyvinyl pyrrolidone (PVP) has been tested as quick release agents 

for oral drugs. High surface area of nanofibers encourages faster dissolution of 

the polymers compared to cast films. In air filtration, electrospun polyvinyl alcohol 

(PVA) which is water soluble is commonly used for this application. An obvious 

advantage of using water-soluble polymers in electrospinning is that the 

vaporized water is non-toxic to humans and the environment when discharged. 

Thicker coatings (double-layer graphene or more) are ideal for hydrophobic 

applications, such as medical equipment and electronic components (Munz et 

al., 2015). On the other hand, single-layer graphene coatings could be used 

where a hydrophilic surface is required, as for example in anti-fog glass and 
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coatings for buildings. PVP was used to act as a modifier for improving the 

adsorption of GO onto the nanofibres via strong π-π interactions (Navarro-

Pardo, Martinez-Hernandez, & Velasco-Santos, 2016).  

4.5.1 Rheology of PVP  

Flow curves of PVP-GNP polymer solutions in water are shown in Figure 4.12.  

 

Figure 4.12 Flow curves of the various PVP-GNP polymer solutions in water at ambient 
temperature 

All curves showed non-Newtonian behaviour and the apparent viscosity 

decreased with increasing polymer concentration. However, it was not possible 

to measure the viscosity of the 25 wt% solution as it exceeded the measurable 

range of the rheometer. Adding GNP’s to the 27 wt% and 30 wt% PVP solution 

reduced the viscosity value to within measurable range. 
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Figure 4.13 Surface tension of PVP loaded GNP 

Shear thinning is apparent in all solutions and rheological data obtained was 

analysed using the Ostwald-de Waele model,	I = K!̇ABC, where σ is the shear 

stress, !̇ is the shear rate. The increase in concentration of polymer showed 

significantly more shear thinning behaviour in all PVP solutions (low n value). 

Randomly oriented, well-dispersed platelets would be expected to percolate at 

lower concentrations than aligned, well-dispersed platelets (Potts et al., 2011). 

Study of rheology is important not only for the understanding of processing 

operations but it may also be used to examine nanocomposite microstructure.  

It is worth mentioning that the fibres did not survived during pyrolysis. This might 

be because the bonding is weaker even though both solvents had polarity. 

Methyl groups on the substituted ureas appear to be solvated equally and 

independently compared to water (Spencer & Hovick, 1988) 
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4.6 Performance assessment of melt compounded PMMA and TPU loaded with GNP 

nanofibres  

Melt compounding is rapid, environmentally friendly, and inexpensive. This will 

add flexibility, as nanocomposites with desired performance characteristics will 

be prepared where and when needed (Utracki, Sepehr, & Li, 2006). The melt-

compounding process is attractive because of its potential commercial 

application. They can be polymerised to form polymer chains within the 

interlayers, and exfoliated nanocomposites are generally obtained. 

Incorporation of graphene nanoparticles may lead to significant improvement in 

properties due to the physical presence of the reinforcing nanoparticles. 

Moreover, some polymeric matrices such as thermoplastic polyurethanes 

(TPUs) may also exhibit significant changes in their morphology, including the 

soft and hard domain sizes, the nature of domain interface as well as the 

distribution of hard segments in the soft segment phase, all of which altering the 

material properties (Araby et al., 2013; Yuan et al., 2017a). 

The goal of this study is to demonstrate a uniform solution prior to processing of 

fibre production. The fibres are made from TPU-GNP components targeting to 

have a uniform structure in the fibre composites. The ability of these fibres is 

demonstrated with characterisation of their physical and mechanical properties.  

The viscosity of the TPU/GNP solutions in Chapter 4 showed that they were too 

viscous and maybe there will be some non-uniform solutions. Manchado et al. 
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(2005) found that CNTs could be dispersed uniformly in PP by shear mixing, at 

minimum low filler loading, and they found that by adding 0.25–0.75 wt. % CNT 

into PP increased its tensile strength and stiffness as well as storage modulus 

considerably. In general, the dispersion coefficient increases with shear stress.  

Degree of dispersion can be controlled both by the processing conditions and by 

matching the interaction of organo-modified clay to the polymer matrix. In the 

case of conventional processing by melt blending (which is a preferred method 

from the practical view point) using different mixers or extruders, shear forces 

generated during the processing and the time of the operation will affect 

deagglomeration and then dispersion of silicate nanoplatelets in the polymer 

matrix (Pluta, 2006). 

4.6.1 Formation of dual polymer TPU/PMMA loaded GNP studies 

The possibilities of producing porous fibres loaded with GNP’s were anticipated. 

Combination of PMMA and TPU was used to prepare the fibre in exploitation of 

properties of TPU that has excellent dimensional stability, good dynamic 

mechanical behaviour, outstanding abrasion resistance, chemical and corrosion 

resistance, and a wide range of mechanical strength and toughness 

(Badamshina et al., 2013).  

Meanwhile PMMA, known for transparency and low optical losses, as well as 

high durability and no toxicity (Prado et al., 2017), has characteristics of being 

thermoplastic that enables its combination with TPU thus, being the main 

motivation of this dual polymers combination work. Melt compounding of TPU 
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and PMMA loaded with GNP’s can potentially lead to new separators or filters 

with enhanced microstructure, porosity and electrochemical properties that 

cannot be achieved by single-component polymer fibres. Usually, porous 

nanofibers are produced by immersion in a cryogenic liquid to remove solvent 

from the fibres, (McCann et al., 2006) or by removing other components in the 

polymer (Qi et al., 2009; Zhang et al., 2010). PMMA/PAN core–shell hollow 

fibres, and porous thin films were prepared by electrospinning, (Huang et al., 

2016) resulting in lower weight loss, higher degradation temperature and higher 

glass-transition temperature (Tg). 

The dispersion of GNPs into polymeric matrices poses significant challenges 

(Yuan et al., 2017b). For example, GNP surface modification using physical or 

chemical methods may provide a means to overcome GNP/polymer 

incompatibility. The GNP incorporation into the molten polymer enabled polymer 

diffusion between the graphene sheets and improved the state of dispersion 

(Yuan et al., 2017b). 

The surface of TPU PMMA melt compounded as produced in Figure 4.14 

showed that the pores on the fibre surface are all circular with small changes in 

size, 20 -40 nm. The cross section suggests that the nanopores are shallow and 

are not connected internally with each other, and the fibres are all with solid cores 

as the graphene nanoplatelets prevent the formation of pores. These mesopores 

will act as pathways or vesicles to promote transport of adsorptive to the 

adsorption sites in the microporosity for excellent performance as an 

electrochemical double layer capacitor. 
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Figure 4.14 10TPU 10PMMA 2GNP melt compounding 36k rpm 0.1 MPa porous fibre 

An important characteristic of electrical energy storage in a capacitor is that 

energy is retrievable in discharge over the same potential range as that required 

to store the energy on charging, otherwise the energy storage is limited (Lee et 

al., 1999). 

4.6.2 Fibre morphology – surface properties 

It has been established that PMMA contributes to the porosity of the fibres. It is 

clear in Figure 4.15 shows the effects of protrusion by GNP in fibres on cross 

sectional morphology details of the TPU PMMA is clearly seen.  

The GNP sheet is uniformly distributed in the fibre as compounded, especially 

when compared to TPU fibres which had solid surfaces. 
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Figure 4.15 Liquid nitrogen used to cut the melt compounded composites showing surface 
and breakage fraction 

The porous structure of PMMA TPU loaded GNP fibers (Figure 4.16) was 

attributed to the microphase separation structure and the immiscible property 

between PMMA and TPU.The boundary of PMMA and TPU phases would be 

formed after DMF evaporation, leading to the porous structure (in Figure 4.16). 

Solid smooth fibres were observed in melt compounded 20TPU 2GNP fibres in 

Figure 4.17. It was expected based on the observation in Section 4.3.1. 

However, this fibre was successfully pyrolyzed and confirmed that melt 
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compounding contributes to better and more homogeneous dispersion than 

vortex stirring techniques. However, TPU PMMA loaded GNP fibre did not 

survive during pyrolysis because of the porosity structure not strong enough of 

building scaffold for the fibre to sustain at high temperature.  

            

Figure 4.16 a)10TPU 10PMMA 2GNP melt compounding 36k rpm 0.1 MPa b) 20 TPU 2 GNP 
melt compounding 36k rpm 0.1 MPa 

      

Figure 4.17 20TPU 2GNP melt compounding 36k rpm 0.1 MPa showed the smooth surface of 
fibre 
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4.6.3 Conductivity test 

Electrical conductivity tests showed that after pyrolysis only 20TPU2GNP melt 

compounding gave values of 349 S/m. The reduced percentage of GO resulted 

in conductive GO because increasing GO caused more agglomeration and the 

graphene form particulate and become insulator.  

4.7 Comparison of speed mixer, and vortex followed by magnetic stirring 

A study has been done in Figure 4.19 to compare the effectiveness of speed 

mixing and vortex mixing followed by magnetic stirring. It showed that the speed 

mixer did not break the polymer chain, hence promoting better solubility of thicker 

solutions resulted in better yield. 

The process also increased the workability solutions which not permit with the 

old process and unlike sonication where polymer chain break. The fibre 

produced using speed mixing had better yields, were finer, and more flexible. 

This encouraged the graphene nanoparticles and graphene oxide powder to 

embed in the fibres homogeneously. 
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Figure 4.19 Comparison of speed mixer and the vortex mixing followed by 

magnetic stirring 

4.8 Conclusions 

Graphene loaded TPU fibres were successfully formed using a pressurised 

gyration process. The process makes use of simultaneous centrifugal force and 

dynamic fluid flow to jet the fibres before evaporation of the solvents to form the 

composite fibre. The fibre diameter generated was in the range of 800–6000 nm. 

The forming process conditions such as vessel rotating speed, working pressure 

8 PAN as-spun magnetic stirrer 10 PAN as-spun speed mixer 
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and the polymer concentration used, had a significant effect on fibre diameter. 

The fibre diameter increased with increasing weight percentage of phenolic resin 

and TPU polymer. The use of higher working pressures resulted in reduced fibre 

diameter. However, for the highest rotational speed there is no fibre produced. 

FTIR and Raman spectroscopy analysis confirmed the various bonding 

characteristics of the hybrid composite fibre structures. Focussed ion beam 

milling and etching verified the effective incorporation of graphene nanoparticles 

into the fibre composites.  
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 Preparation and characterisation of PAN-based carbon 

nanofibres with spark plasma sintering 

5.1 Introduction 

Polyacrylonitrile (PAN) fibres containing various concentrations of graphene 

nanoplatelets (GNPs) have been prepared by pressurised gyration, and carbon 

nanofibres (CNFs) have been obtained after subsequent heat treatment and 

spark plasma sintering (SPS). The influence of processing parameters such as 

rotational speed, working pressure, carbonization and SPS temperatures on the 

diameter of the nanofibres were studied. Furthermore, the thermal properties, 

morphologies, and crystallization properties of the CNFs have been investigated 

by using thermogravimetry, scanning and transmission electron microscopy, and 

Raman spectroscopy. Also, the electrical conductivity and mechanical properties 

of these samples was studied. The results suggest that the gyration conditions 

and the loading concentration of the GNP significantly modified the 

characteristics of the nanofibres.  

5.2 Fibre diameter distributions 

Figure 5.1 illustrates the statistical distributions of the PAN-based fibre samples 

with 0, 1, and 8 wt% of GNPs prepared under different processing conditions, 

categorized as follows: as-spun, pyrolyzed, and after-SPS samples. With regard 

to the influence of the GNP concentration, it can be seen that the difference in 

the mean diameter becomes wide in totality, especially for the as-spun samples, 

even though it appeared to be narrower at first and then wider, when increasing 
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the concentration of GNPs from 0 to 1 wt% and then to 8 wt%. This could be due 

to differences in the viscosity of the feed stock solution and the uniformity of the 

GNP distribution in the PAN solution. The GNPs were dispersed well in the 

solutions when the concentration is low (1 wt%); thus, the differences in the 

diameter of these samples are narrower than the others. On increasing the 

content of GNPs, the solution became denser and some agglomeration of GNPs 

took place, thus worsening the dispersion. As a result, the diameter difference 

became larger again as the concentration of GNPs increased to 8 wt%. 

It can also be seen in Figure 5.1 that the largest statistical variation in the 

diameter for a particular GNP content is for the as-spun samples. After 

carbonization, the statistical difference in the diameter of the fibres became 

narrower, especially in the samples with GNPs of 1 and 8 wt% (Figure 5.1-2, c-

2). Furthermore, after SPS the statistical difference in diameter of the pyrolysed 

samples further decreased, especially in the samples with 0 and 1 wt% GNPs 

(Figure 5.1a-3, b-3). The narrow diameter distribution indicates the uniformity in 

pyrolyzed and SPS samples, which is mainly attributed to the solvent and residue 

evaporation. Generally, a decrease in this trend is observed for fibre diameter of 

the as-spun, pyrolyzed and after-SPS samples. For example, the average 

diameter of pure PAN fibres changed from 3.21 to 2.44 µm from as-spun to 

pyrolyzed conditions. This change can be observed more clearly and intuitively 

from Figure 5.2. 
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Figure 5.2 shows the difference in fibre diameter between the as-spun, 

pyrolysed, and after-SPS samples at different temperatures during the SPS 

processing. It can be clearly seen that the average diameter of the PAN-based 

fibres decreased gradually after the carbonization and SPS processes 

regardless of the GNP concentration. The average diameter of the fibres without 

GNPs decreased from 3.51 µm to 2.44 µm after the carbonization process at 900 

°C, and then to 1.54 µm after SPS treatment at 2000°C. Also, as the SPS 

treatment temperature increased from 2000 °C to 2400 °C, the average fibre 

diameter decreased further from 1.54 µm to 0.99 µm. Similarly, for the samples 
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As-spun As-spun SPS 2000oC SPS 2400oC 

  

Figure 5.1 Diameter distributions for PAN-based fibres with various GNPs concentrations (a) 
0 wt%, (b) 1wt%, (c) 8wt% under different conditions (1, as-spun;2, pyrolysed;3, SPS at 2000 
oC;4 SPS at 2400oC). n denotes the number of samples analysed. 
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with 3wt% GNPs, the average fibre diameter decreased from 2.79 µm to 2.12 

µm after the carbonization process at 900 oC, and then decreased to 1.38 µm 

and 0.98 µm after SPS treatment at 2000 °C and 2400 °C, respectively. This 

result can be explained by the fact that, shrinkage took place in the fibres during 

the high temperature heat treatments due to decomposition reactions. Moreover, 

one can observe in Figure 5.2 that on increasing the concentration of GNPs the 

average fibre diameter decreased first and then increased, irrespective of the 

processing conditions of the fibres.  

 

Figure 5.2 Average fibre diameter for as-spun, pyrolysed, and SPS treated samples at 
different temperatures with different concentration of GNPs. 

This can be the result of the uniformity of additive as well as the viscosity of the 

solutions. Consequently, the average diameter of as-spun, pyrolysed, and SPS 

treatment at 2000 and 2400 °C resulted in finer fibre diameters of 1.05, 0.73, 

0.71, and 0.47 µm, respectively, at a GNPs concentration of ~1wt%.  
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The rotational speed and working pressure of gyration were varied to study the 

effect on the average diameter of the fibres. Figure 5.3 shows the plot of fibre 

diameter against rotational speed under different working pressures.  

 

Figure 5.3 Average fibre diameter for as-spun PAN with different rotational speeds and 
various working pressures. 

A substantial reduction in the average fibre diameter was observed by increasing 

the rotational speed from 10k rpm to 24k rpm at a working pressure of ≤0.2 MPa. 

Thus, for the samples fabricated at 0.1MPa, increasing the rotational speed from 

10k rpm to 24k rpm reduced fibre diameters from ~3.6 µm to ~2.6 µm. Similarly, 

for the samples fabricated at 0.2 MPa, the fibre diameter decreased from ~2.15 

µm to 1.25 µm. However, with further increase of the rotational speed from 24k 

rpm to 36k rpm there was not a significant decrease, but actually a slight increase 

in diameter of fibres compared with the former. In comparison to previous results 

for pure polymer (Mahalingam & Edirisinghe, 2013), there is a slight deviation of 
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trend, but the overall tendency of diameter reduction by (initial) increase of 

rotation speed is similar. As for samples produced with a higher working pressure 

of 0.3 MPa, the impact of rotational speed on diameter is not significant for the 

whole range of rotational speeds investigated (10k to 36k rpm). 

5.3 Thermogravimetry of CNFs 

Figure 5.4 displays thermogravimetric curves and the differential 

thermogravimetric analysis (DTGA) curves of the pure PAN fibre and PAN-GNPs 

fibre with 8 wt% of GNPs, carried out in a nitrogen atmosphere.  

 

Figure 5.4 TGA and DTGA curves of as-spun PAN-GNPs (8wt%) nanofibres in nitrogen 
atmosphere. 

As observed from the TGA curve, there is a sharp decrease in weight in the 

temperature range of 80 - 100 °C because of loss of solvent and/or the adsorbed 
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water molecules in the fibres. Moreover, a large amount of weight loss of PAN-

GNPs fibre was observed at ~250 oC, and the weight change of the sample in 

the temperature range of 270 - 300 °C is 16.1 %, which is mainly due to the 

decomposition of the fibres (Rahaman et al., 2007). 

5.4 Morphologies of PAN-based fibres 

The SEM micrographs of as-spun, pyrolyzed, after-SPS PAN-based fibres with 

different concentration of GNPs are shown in Figure 5.5. It can be seen in Figure 

5.5a-1,b-1,c-1 that the as-spun PAN fibres are distributed randomly and the 

difference between their diameters is wide, as can be seen in Figure 5.1a-1. 

Moreover, there are some beads within the fibres which were possibly created 

by the mismatch of viscosity and processing parameters such as rotational 

speed and working pressures.  

As for pyrolysed PAN-based CNFs, there are differences in morphologies of the 

surfaces of the fibres with different concentration of GNPs. It can be observed in 

Figure 5.5a-2,b-2,c-2, that the surface of the fibres are smooth when the 

concentration of GNPs is 0 wt% or at a low value (1 wt%). However, on 

increasing the GNP concentration from 0 to 8 wt%, the surface of the CNF 

samples becomes increasingly rougher.  
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Figure 5.5 Scanning electron micrographs of PAN-based fibres made with various 
concentrations of GNPs (a) 0 wt%, (b) 1 wt%, and (c) 8 wt% and under different conditions 

(1, as-spun;2 and 3, pyrolysed). 

This change in morphology can be seen more clearly in SEM micrographs at a 

larger magnification (Figure 5.5a-3,b-3,c-3). Furthermore, there are many fine 

particles with size about hundreds of nanometers on the surface of the fibres 

when the concentration of GNPs was increased to 1 wt% (Figure 5.5b-2,b-3). 

These particles are GNPs, which will be verified and discussed in detail in 

Section 5.5. Meanwhile, the diameter of the CNFs decreased initially and then 

increased (Figure 5.2). 
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Figure 5.6 shows the SEM study results of CNFs with various GNPs 

concentrations (0, 1, and 8wt %) after SPS treatment at different temperatures 

(2000 and 2400 °C). As for the pure PAN carbon fibre samples, it can be seen 

in Figure 5.6a that the SPS processing resulted in a rougher surface of the fibres 

compared to that of the pyrolysed samples (Figure 5.5a-3). The reason for this 

is that the graphitization takes place at the high temperature of 2000 and 2400 

°C [23] during SPS. The amorphous structure of carbon transformed into 

graphite, partly by heat treatment as well as by thermal decomposition at higher 

temperatures. Meanwhile, the diameter of the pure PAN-based CNFs 

decreased, which is shown qualitatively in Figure 5.2.  

With regard to the after-SPS CNFs, it can be seen in Figure 5.6 that the SPS 

processing resulted in a rougher surface of the pure PAN-based fibres compared 

with those of pyrolyzed CNFs. The reason for this is that the graphitization takes 

place at a higher temperature of 2000 oC during SPS (Rahaman et al., 2007). 

The amorphous structure of carbon transformed into graphite partly by heat 

treatment as well as by thermal decomposition at higher temperatures, which 

can be verified by the diffraction patterns of TEM (section 5.5.2).  

Meanwhile, the diameter of the pure PAN-based CNFs decreased, which is 

shown quantitively in Figure 5.2. 
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Figure 5.6 Scanning electron micrographs of CNFs at GNPs concentration of 0 wt%(a), 1 
wt%(b), 8 wt%(c) after SPS treatment at different temperatures (1, 2000°C; 2, 2400°C). 

Furthermore, it can be seen in Figure 5.6b-1 and c-1 that the morphologies of 

the fibres after-SPS treatment at 2000 °C have not produced a significant 

difference compared to that of the pyrolysed samples (Figure 5.5b-3,c-3). This 

can be attributed to the relatively high temperature of the SPS process. However, 

with increasing SPS temperature (from 2000 to 2400 °C) the surface of CNFs 

became smoother again. This result indicates that the GNPs inside and on the 

surface of fibres grew during SPS processing at high temperature (2400 °C). 
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Thus, this transformation of structure resulted in some movement of the 

nanoparticles on the surface of the fibres, and they became smoother compared 

with before SPS treatment (Figure 5.5b-3) and SPS treatment at 2000 °C (Figure 

5.6b-1).  

Concerning the samples with a high concentration of 8 wt% of GNPs, it can be 

seen in Figure 5.6c that the aggregation of graphene still existed after SPS 

processing. Moreover, the content of graphene as well the degree of 

graphitization could be improved by the heat treatment at such a high 

temperature (2400 °C).  

5.5 Analysis of crystalline structure of CNFs 

5.5.1 Raman analysis of CNFs before and after SPS 

Figure 5.7 illustrates the Raman spectra of the PAN-based CNFs with different 

concentration of GNPs processed under various conditions. The Raman 

spectroscopy was performed at different locations on each sample to improve 

the sampling. It is evident that there are two main peaks (D and G bands) at 

about 1350 and 1583 cm-1 due to the existence of a disordered structure and 

stretching of the C-C bond respectively (Yan, 2014) regardless of the GNPs 

concentration and forming conditions. However, the differences in the Raman 

spectra are clearly the existence (or not) of the band around 2680 cm-1 which is 

called the 2D band and the intensity ratio between the D and G bands.  



 

 

136 

 

Figure 5.7 Raman spectra of CNF samples with different concentration of GNPs (a) 0 wt%, 
(b) 1 wt%, and (c) 8 wt% and made under various conditions (1, pyrolysed; 2, SPS at 2000 °C; 

3, SPS at 2400 °C). a.u. indicates arbitrary units. 
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Firstly, in the case of the pyrolysed samples, there is no 2D band in the pure 

PAN-based CNF sample (Figure 5.7a-1), while the 2D band appeared in the 

spectra of the pyrolysed samples that contained GNPs (Figure 5.7b-1, c-1). 

Combined with the G band, the 2D band is a Raman signature of graphitic sp2 

materials, which indicates that pyrolysed pure CNFs have the turbostratic 

structure. Moreover, with increasing concentration of GNPs from 1 to 8 wt% the 

2D band was detected more prominently and its intensity increased gradually.  

For CNF samples made under different conditions, it can be seen in Figure 5.7a 

that the 2D band was observed after SPS treatment at 2000 °C in the Raman 

spectra compared to that of pyrolysed samples. Moreover, as the SPS 

temperature increased from 2000 to 2400 °C the intensity of the 2D band 

increased with increasing graphitization of the fibres. This tendency can also be 

seen for the rest of the samples containing GNPs. Furthermore, another aspect 

of SPS treatment of the samples is the change in the intensity ratio of D to G 

bands in the Raman spectra. The calculated results of intensity ratio of D to G 

bands (ID/IG), and 2D to G band (I2D/IG) of the different samples are compiled in 

Table 5.1. 

Generally, the higher the D-band intensity the larger the number of defects, and 

from the double resonance theory, the crystal defect scattered the excited 

electrons resulting in the wave vector condition, making the intensity of the D-

band defect dependent (Dillon, Yudasaka, & Dresselhaus, 2004; Schönfelder et 

al., 2014). A narrow G band is an indication of higher structural ordering and 

crystallinity (Schönfelder et al., 2014). 
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Table 5.1 The intensity ratio between the D-band and the G-band (ID/IG), 2D-band and G-
band(I2D/IG) of the CNF samples with various concentrations of GNPs made under different 
conditions. 

Wt.% 

ID/IG 

(Pyrolyse

d) 

ID/IG 

(SPS 

2000°C) 

ID/IG 

(SPS 

2400°C) 

I2D/IG 

(Pyrolysed) 

I2D/IG 

(SPS 2000°C) 

I2D/IG 

(SPS 2400°C) 

0  1.30,1.37 
2.12,2.03,

2.18 

0.67,0.76,

0.63 
0.01,0.01 0.87,0.63,0.73 0.95,1.16,1.08 

0.2 1.16,0.97 
1.94,1.75,

1.28 
0.86,0.85 0.01, 0.01 0.89,0.81,1.13 1.09,0.97 

1 
1.04,1.11,

1.01 

1.61,2.00,

1.84 
0.75,0.03 0.41,0.01,0.01 0.91,0.72,0.65 0.92,0.17 

3 
1.34,1.16,

1.19 

1.52,1.43,

1.38 

0.24,0.01,

0.39 
0.35,0.17,0.01 0.78,0.62,0.67 0.79,0.89 

8 
1.09,1.15,

0.83 

1.26,1.16,

1.07 

0.34,0.27,

0.45 
0.31,0.27,0.41 

0.83, 0.88, 

0.86 
0.37,0.77,1.11 

Therefore, the intensity ratio of the D-band and the G-band and the shape of 

these bands can be used to determine the structural ordering in the CNFs. It is 

clearly seen from the Table 5.1 that increasing the GNPs concentration 

decreased the ratio of ID/IG of the pyrolysed samples indicating greater 

graphitisation in the samples. It is also true for the SPS treated samples at      

2000 °C. 

Figure 5.8 shows the dependence of GNP concentration and processing 

conditions on the ID/IG and I2D/IG ratios. The ratio of ID/IG increased after SPS at 

2000 °C for all of the samples (different concentration of GNPs from 0 to 8 wt%). 
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However, the ratio of ID/IG decreased when the SPS temperature was increased 

from 2000 to 2400 °C. The higher processing temperature produced 

crystallization and ordering of the carbon in the fibres. The ID/IG ratio was 

reported to be inversely proportional to the crystallite size by Tuinstra and Koenig 

(Tuinstra & Koenig, 1970), and this was later confirmed by Knight and White 

(Knight & White, 1989). The above results suggest that during the SPS heat 

treatment at 2000 °C, nanocrystals of graphene nanoplatelets evolved from the 

amorphous structure. In fact, owing to the dependence of the ID/IG ratio on the 

excitation wavelength, Tuinstra and Koenig’s law becomes approximate and 

cannot apply for a crystallite size below ~10 nm (Mallet-Ladeira et al., 2014). The 

smaller the volume of the graphene nanoplatelets the larger the ID/IG ratio. For 

example, the ID/IG of single-layer graphene is larger than that of double-layer and 

triple-layer graphene. Nevertheless, nanocrystals would grow resulting in a 

crystallite size of 10 nm in the SPS processing at a higher temperature of 2400 

°C. Consequently, the value of ID/IG decreased dramatically after SPS at 2400 

°C, independent of the concentration of the GNPs (Figure 5.8a). The effect of 

GNPs content caused the ratio of ID/IG to drop with increasing the concentration 

of GNPs (even though the value for sample with 0.2 wt% GNPs deviated to some 

extent). This deviation may have been caused by the non-homogeneity of GNP 

dispersion due to low concentrations. With increasing GNPs, the agglomeration 

is stronger and the ratio of ID/IG decreased. 
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Figure 5.8 Ratio of (a)ID/IG, (b) I2D/IG and (c) FWHMG of CNF samples with various 
concentrations of GNPs made under different conditions. 

Figure 5.8b shows that the value of theI2D/IG ratio increased after SPS treatment, 

because post-SPS the degree of graphitization of CNF samples is higher than 

that of the original samples (pyrolysed). This ratio is widely used to determine 

the number of graphene layers in the structures (Deng et al., 2014). Actually, the 

I2D/IG of multi-layer graphene is larger than that of single-layer graphene. 

Similarly, there is an enhancement of I2D/IG for the pyrolysed CNFs as the GNPs 

added increased from 0 to 8 wt%. The reason for this can be the same as that 
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for ID/IG, resulting from the agglomerate of GNPs which can be verified by the 

SEM micrographs in Figure 5.6. 

Figure 5.8c shows that the Full width at half maximum G band (FWHMG) of after-

SPS CNFs is higher than that of pyrolysed samples of up to ~8 wt% of the 

concentration of GNPs. This can be due to the fact that the higher degree of 

graphitisation after the high temperature SPS processing produced a high 

intensity of G band in Raman spectra. 

5.5.2 TEM analysis of CNFs with GNPs 

Figure 5.9 illustrates the key features of the microstructure of the CNFs 

determined from TEM images and diffraction patterns with different 

concentration of GNPs (0 and 8 wt%) after carbonisation as well as SPS 

treatments. It can be seen that the graphene exists inside the CNFs and can be 

more easily discerned at the edges of the fibres (Figure 5.9c). The selected area 

diffraction shows the crystallinity of the CNFs. From the diffraction patterns, the 

ordered graphitic layers present in the CNFs after carbonization treatment, 

especially after SPS at 2400 °C, can be clearly seen. The diffraction planes in 

the fibres are identified as [002], [100] and [004], from the inner circle to outer 

circle, respectively (Fan et al., 1998). Even though there is no graphene in the 

pure PAN-based CNFs, diffraction patterns emerge after SPS at 2400 °C (Figure 

5.9d), which indicates that nanocrystallites of graphite are formed at high 

temperatures. These results are consistent with the Raman results (section 

5.5.1). 



 

 

142 

 

Figure 5.9  Transmission electron microscope images and diffraction patterns of CNFs (a) 
and (d) pure PAN-based CNFs after SPS at 2400 °C; (b) and (e)8wt% of GNPs after 

carbonization; (c) and (f) 8wt% of GNPs after SPS at 2400 °C. 

5.6 Electrical properties of CNFs 

Figure 5.10 shows that the electrical conductivity of CNFs made under different 

conditions are dependent on the concentration of GNPs. Increasing the loading 

of GNP caused the conductivity of the CNFs to increase gradually no matter how 

they were prepared (Figure 5.10a). Figure 5.10b shows a typical SEM image of 

the fracture surface after bending tests which was used for determining the 

cross-sectional area of CNFs. The value of electrical conductivity of as-spun 

PAN-based fibres increased from ~4 to ~46 S/mm when increasing the GNP 

loading content from 0 to 8 wt%. Similarly, that of pyrolysed CNFs increased from 

~36 to ~193 S/mm as the concentration of GNPs increased from 0 to 8wt%. Most 
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strikingly, for a similar increase in GNPs, the increase in the electrical 

conductivity of the CNFs after SPS at 2400 °C was ~179 to ~272 S/mm. The 

increase in electrical conductivity of the pyrolyzed and SPS samples indicates 

that the degree of graphitization is higher in these samples than that of as-spun 

PAN fibres. This validates the Raman and TEM data showing nanocrystallites of 

graphites formed at higher temperature, which act as effective electron carriers.  

 

Figure 5.10 Electrical conductivities of CNFs prepared in this work (a) conductivity 
dependent on the concentration of GNPs (b) typical scanning electron micrographs of 

fracture surface of CNFs/PVA composites (c) demonstration of performance in an activated 
electrical circuit of pyrolysed CNFs 

Figure 5.10c demonstrates the conductivity of the fibres very clearly, where a 

LED lights-up when connected in close-circuit using pyrolysed samples, even 
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before SPS. Thus, these samples have the potential of making conductivity 

bridges for electrical engineering applications. 

5.7 Mechanical properties of CNFs 

The presence of the 2D-band in the Raman spectra of the samples provides an 

opportunity to study the mechanical properties of the CNFs produced in this work 

because this band position in the spectra is very sensitive to deformation. Figure 

5.11 shows the deformation-induced shifts in the position of 2D-band during four-

point bend tests of the CNF composites (pyrolyzed CNFs). It can be seen that 

the band position of the CNFs decreased with tensile deformation; the higher the 

deformation the higher the peak shift. The rate of Raman shift with respect to 

strain was obtained by fitting the data linearly in the strain range measured. This 

value was found to be -0.037 cm-1. It was reported that the rate of 2D Raman 

shift can be related to the modulus of the CNFs (Cooper & Young, 2000). There 

exists a universal calibration of -0.05 cm-1/GPa for the stress induced shifts of 

the 2D-band of CNFs pyrolyzed at 1000 oC. This calibration has been extensively 

used to obtain the modulus of graphene and carbon nanotubes (Deng et al., 

2011). Under this assumption, the calibration is also valid for the CNFs in this 

work, the modulus of the CNFs is 74 GPa. This value is in agreement with those 

reported in the literature for cellulose based carbon fibres (Peng, Shao, & Hu, 

2003) but is substantially higher than that reported for carbon fibres derived from 

micron-sized cellulose fibres (Kong et al., 2012), which is 40 GPa.   
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Figure 5.11 Mechanical property relationship between Raman shifts versus strain of CNFs 
made in this work obtained using 4-point bend testing and Raman spectroscopy 

5.8 Conclusions  

Carbon nanofibres were obtained by utilising pressurised gyration and high 

temperature processing. The fibre diameter and distribution is controlled by the 

key forming parameters of rotating speed, working pressure and the loading 

concentration of the graphene nanoplatelets. The pyrolysis and the spark plasma 

temperature influenced the microstructures of the carbon nanofibres. A heat 

treatment temperature of 2400 °C in SPS produced nanofibres with a high 

degree of graphitization with properties superior to those of commercial carbon 

fibres. These nanofibres are useful in advanced engineering applications. 
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 Preparation and characterization of GO-PAN 

nanofibres  

6.1 Introduction 

Graphene oxide (GO) fibres are attractive to produce because of their promising 

multifunctional applications area such as electronic textiles, smart clothing, 

electronic wire, field emission, chemical sensors, photovoltaics, batteries, fuel 

cells, sensors, filters in large scale worldwide. The forming process selected was 

pressurised gyration because it is capable of producing in mass production. 

Therefore, this project also optimises the processing parameters using 

pressurised gyration in term of composition, rotational speed, pressure and GO 

amount. The graphene oxide consisting of 3, 5, 7 and 10 wt% in two different 

polyacrylonitrile (PAN) concentrations of 8 and 10 wt% were investigated in 

Table 6.1. Scanning electron microscopy (SEM) was used to observe the fibre 

morphology. Raman spectroscopy showed that the peak of GO was obtained.  

Table 6.1 Generating as spun fibres of 10 wt. % PAN 

As-spun fibres GO concentration 
Rotational speed (rpm) vs.  

Working pressure (x105Pa) 

Speed (rpm) vs. 
Pressure (x105 Pa)  

10k 

1 2 3 
 

24k 

1 2 3 
 

36k 

1 2 3 
 

27.3 3 X X / / / / / / / 
38.5 5 X / / / / / / / / 
46.7 7 / / / / / / / / / 
55.5 10 / / X / / / / / /                              

X    means no fibre produced or polymer spraying 
/      means fibre was produced during the pressurised gyration process 
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6.2 Characterisation 

6.2.1 Average fibre size & size distribution 

Scanning electron microscopy (SEM) images of the GO-PAN fibres are given in 

Figure 6.1 below. The SEM images show that all the composite fibres were 

cylindrical, with rough surfaces and some flaky particles visible. This indicates 

that GO particles were successfully encapsulated homogenously in the polymer. 

However, when the loading of GO-PAN was increased, the surface of the fibre 

composites became rougher.  

.        

Figure 6.1 SEM images of a single and double GO layers 

The size distributions of graphene oxide have been studied. The particles were 

spread evenly along the fibres. Figure 6.1 shows a topographic image of a single 

and double GO layers are shown. Figure 6.2 shows the particle size distribution 

of GO in the fibres. Thicker GO sheets ranging from 2 nm to 60 μm are observed. 

Figure 6.3 is shown together with the height profiles taken along a green lines 

marked (i) and (ii). The scale (i) crosses a single step, the height of which is 

Single layer 

Folds and wrinkles 
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around 0.8 nm. The scale (ii), on the other hand, crosses over the folds of GO 

sheets or the wrinkles on the GO surface, the height of which reaches a few 

nanometers. The current image of the same area, which was measured at a bias 

voltage of 5 V, is shown in Figure 6.3. Brighter areas correspond to higher electric 

current, in which the boundary between a single and double layer is seen. It is 

noted that the spatial resolution in the current image is as high as that in the 

topographic image. 

 

Figure 6.2 GO particle size distributions 

The contrast in the current image can be controlled by the applied voltage, taking 

account of the GO thickness. This means that the current does not diffuse 

parallel to the GO sheet beyond the lateral resolution (less than 0.05 µm), which 

is in close agreement with the fact that the as-grown GO is insulating for the 

electric field parallel to the sheet (Kanamori, Obata, & Saiki, 2011). 

The AFM analysis is of particular interest for understanding the sheet depth. 

Single layers of graphene oxide are just less than 1 nm tall, with greater depths 
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informing the analyst approximately how many layers are stacked on top of one 

another. A few sheets stacked on top of one another can indicate that the 

graphene oxide is not sufficiently dispersed into monolayers or that the graphite 

was not fully oxidised to enable all single layers to form. The AFM analysis of 

GO graphene oxide has shown a sheet depth of around 2 nm, proving that the 

individual flakes are only two graphene oxide sheets tall. 

 

 

 

 

Figure 6.3 AFM and the height profiles taken along the dashed lines 

6.2.2 Fibre diameter distributions 

At the lowest rotational speed of 10k rpm with 8 wt% polymer composition, none 

of the composition produces fibres, thus exhibiting polymer spraying. It is 

because the critical minimum rotation speed has not been exceeded, and is too 

slow for a solution to move to the orifice thus no polymer was accelerated to 

carry the GO particles and jetting to form fibres. 

(i)Single layer 

(ii)Double layer 

(i) (ii) 
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Table 6.2 Fibre diameter of 8 wt% PAN at various parameters 

8PAN 
0.1 MPa 0.2 MPa 0.3 MPa 

10K 24K 36K 10K 24K 36K 10K 24K 36K 

3GO  - 3.2 ± 
0.96   - 2.38 ± 

0.91  -  -  - 20.49 
± 2.45  - 

5GO  - 6.56 ± 
1.93 

5.35 ± 
3.45  - 12.26 

± 3.07 
16.46 ± 

3.16  - 2.77 ± 
0.57 

2.23 ± 
0.57 

7GO  - 7.82 ± 
2.61 

3.79 ± 
1.08  - 2.27 ± 

0.56 
3.15 ± 

0.81 
3.17 ± 

0.77 
3.96 ± 

1.26 
6.54 ± 

2.44 

10GO  - 6.14 ± 
2.25  - 15.37 

± 3.48 
16.76 
± 4.99 

7.66 ± 
2.35 

4.73 ± 
1.95 

9.4 ± 
1.59 

4.69 ± 
1.95 

Table 6.3 Fibre diameter of 10wt% PAN at various parameters 

10PAN 
0.1 MPa 0.2 MPa 0.3 MPa 

10K 24K 36K 10K 24K 36K 10K 24K 36K 

3GO  - 9.35 ± 
3.06 

6.49 ± 
2.17  - 6.84 ± 

2.05 
5.48 ± 

2.24 
11.58 ± 

4.02 
3.16 ± 

1.33 
5.52 ± 

1.63 

5GO  - 5.8 ± 
1.90 

12.76 ± 
5.46 

4.41 ± 
1.76 

8.88 ± 
3.94 

6.43 ± 
2.86 

3.79 ± 
1.22 

3.91 ± 
1.46 

3.75 ± 
0.85 

7GO 4.2 ± 
1.60 

1.03 ± 
0.62 

3.35 ± 
0.64 

4.52 ± 
2.14 

3.71 ± 
0.85 

3.18 ± 
0.95 

4.37 ± 
1.45 

4.25 ± 
0.62 

3.72 ± 
0.84 

10GO 5.19 ± 
1.33 

9.54 ± 
3.88 7 ± 1.77 4.42 ± 

1.32 
6.89 ± 

2.58 
13.98 ± 

4.19  - 17.49 ± 
4.81 

3.69 ± 
1.51 

Increasing the speed to 24k rpm, all of the solutions formed fibre composites as 

the centrifugal force exceeded the surface tension percolation threshold of the 

polymeric solutions, creating a polymer jet which subsequently leaves behind 

fibres. It is the point of phase transition of surface tension percolation system 

where the jet formation forming fibres and not spraying.  

At 3 wt% GO fibre has the thinnest and most uniform composition. However, 

increasing the speed to 36k rpm, only 5 wt% and 7 wt% GO formed fibres. It 

could be due to the sliding of GO platelets when the rotation speed was 

exceeded. 
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Figure 6.4 Fibre diameter as spun fibre of 8 wt% PAN at different speed and pressure 

At pressures of 0.2 MPa with rotational speed of 10k rpm 3 wt% GO compared 

to 10 wt% has much smaller diameter fibre and uniform. With higher percentage 

of GO, 7 wt% and 10 wt%, the aggregation of graphene might cause less sliding 

because steric hindrance at the surface of the graphene sheets inhibits stacking, 

and stable dispersion inhibits agglomeration. This effect may cause a reduction 

in surface tension and increased viscosity and polymer entanglement.  

The 8 wt% PAN-based fibres had mean diameters of 7.26 µm. The fibre diameter 

hence shows a gradual decrease in GO content, but the size distributions also 

broaden. Similar trends are seen with 10 wt% PAN which has mean diameters 

of 6.20 µm.  

The external driving force is the gravitational force when a polymer drop emerges 

from the orifices (Mahalingam & Edirisinghe, 2013) because surface tension 
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inclined along the liquid-air interface separates the drop from the surrounding air. 

Fibre formation from this process starts with a jet emerging from the orifice on 

the face of the vessel. The jet further stretches due to the centrifugal force and 

the pressure difference at the orifice. Finally, the evaporation of the solvent leads 

to thinning of the fibres formed. The reason for only jet formation instead of 

droplets in this surface instability is viscoelasticity of the polymer solution used 

(Mahalingam & Edirisinghe, 2013). From this observation, most of the solutions 

did not produces fibres at 3 wt% GO 8 wt% PAN.  

 

Figure 6.5 Fibre diameter as spun fibre of 10 wt% PAN at different speed and pressure  

The trend is quite similar to 10 wt% PAN in Table 6.3 where all the fibres formed 

when the speed is 24k rpm and 36k rpm at all concentration and pressure. 
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Composition of 10 wt% GO shows the highest fibre diameter of all parameters, 

due to more GO particles inside the fibres. 

For the 10 wt% PAN-GO fibres, at the lowest rotational speed of 10k rpm and at 

0.1 MPa pressure, none of the compositions formed fibres, except 7GO and 

10GO. Increasing the speed to 24k rpm, all of the solutions formed fibre 

composites. However, increasing the speed to 36k rpm, all compositions formed 

fibres and they are thicker than the fibres formed at 24k rpm rotating speed. At 

pressure of 0.2 MPa with rotational speeds of 10k rpm 3 wt%, GO didn’t yield 

any fibres but all other compositions did. Increasing the rotating speeds to 24 k 

and 36 k rpm, fibres were formed. From the observation in Figure 6.5, fibre 

diameter is large for 24k rpm compared to 36k rpm. At pressures of 0.3 MPa with 

the 10k rpm rotating speed all the compositions produced fibres except 10GO. 

By increasing the rotating speeds to 24k and 36k rpm fibres were formed. In 

general, fibre diameter didn’t shown any variation for 24k rpm and 36k rpm for 

all compositions except 10GO. It is well known that centrifugal force applied on 

the polymer solution is the driving force for jet formation and mostly affected by 

the rotating speed. It further influences the exit velocity of the jet, the jet’s path 

to the collector and thus fibre diameter and the fibre morphology. The increase 

of rotational speed accelerates the polymer chain elongation, thus improves jet 

attenuation and the fibre diameter decreases. However, the solution mass 

throughput from the nozzle not only depends on the rotating speed, but is also 

governed by pressure difference at the orifice. On the other hand, rotating speed 

influences the air flow that acts outside of the spinneret and helps the 
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evaporation of the solvent. Higher airflow accelerates solvent evaporation, which 

suppresses the elongation of the polymer jet resulting in thicker fibres. This may 

be the reason for the variation in the fibre diameters with various pressures in 

the process. 

A strand fibre of 10 GO 10PAN 36k rpm 0.1 MPa in Figure 6.6 was chosen to 

observe the particle distributions in the fibre. It has been shown that the 

graphene oxide particle is located along the fibre. 

 

Figure 6.6 The fibre of 10 GO 10PAN 36k rpm 0.1 MPa fibre, showing the particle 
distribution of the GO in fibre 

Figure 6.7 to Figure 6.10 shows the scanning electron microscopy images and 

size distributions of spun fibres using 3, 5, 7 and 10 wt% solutions subjected to 

10k - 36k rpm and 0.1 – 0.3 MPa. The mean fibre size ranged from 20 - 170 nm 

for the 3 - 10 wt% solutions. The average fibre diameters are listed in Table 6.2 

and Table 6.3. At fixed (0.1 MPa) pressure and 36k rpm rotational speed a trend 

of increasing average fibre size is shown, when the percentage of GO is 

increased. This is attributed to the volume and mass of polymer solution that is 

being transferred across the orifice. Thicker polymer jets were formed at a higher 
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polymer and GO concentration which, on the other hand, hinders the evaporation 

of solution, causing a more significant transfer rate of solution across the vessel 

orifices. 

Fibre formation just started at lower concentration of 3GO 10PAN 10k rpm at 

pressure of 0.3 MPa, showed in Figure 6.7 that the fibre started to form. 

However, the speed was not enough to jet out the fibre and polymer and particle 

agglomerate in a lump state. However, high pressure force to form fibre, but it’s 

not enough for the fibre formation. 

 

Figure 6.7 3GO 10PAN 10k rpm 0.3 MPa as spun fibre 

Figure 6.8 showed that by increasing pressure, the PAN-GO solution is thin, the 

disjoining pressure affects the capillary interactions between particles attached 

to the fibre surfaces. It appears between particles protruding from a solution and 

it a physical origin is the capillary rise of the liquid along the surface of each 

particle (Kralchevskyt & Nagayama’, 1994).  
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Figure 6.8 a) 3GO 10PAN 24k rpm 0.1 MPa b) 3GO 10PAN 24k rpm 0.2 MPa where at higher 
pressure, some of the particle force to protruded on the surface 

Figure 6.9(b) showed that at a speed of 36k rpm and pressure of 0.3 MPa, 

composition 3GO 10PAN showed that the fibres formed a graphene composite 

fibre knot showed it can be stretched under tensile stress, leading to the high 

fracture elongation for the graphene fibre.  

 

Figure 6.9 a) 3GO 10PAN 36k rpm 0.2 MPa b) 3GO 10PAN 36k rpm 0.3 MPa 

The influence of pressure applied during gyration in generating different fibre 

morphologies was studied by fixing the rotational speed at 36k rpm and 

conducting experiments at 0.1 - 0.3 MPa for 3 -10 wt% solutions (Table 6.2). It 

is evident that, in general, a narrow distribution of fibre diameter is achieved at 

higher working pressures.  

a b 

a b 
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At any fixed polymer concentration, by increasing the pressure, a trend of 

reduction in the fibre diameter was observed. This is due to the introduced gas 

stream which enhances the combined shearing force (consisting of centrifugal 

force and blowing) against the surface tension force in the elongational flow of 

polymer jets (Mahalingam & Edirisinghe, 2013).  

  

 

 

 

Figure 6.10 7GO 10PAN fibres before pyrolysis of different pressures and speed 

Therefore the diameters of the ejected polymer jets at the orifices of the vessel 

were reduced, which helps to promote thinner fibre formation. Solvent 

evaporation can be enhanced by blowing a hot air gun which affects the relative 
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speed of air flow on the liquid-air interface in the polymer at the fibre surface, 

thus contributing to fibre formation. 

The results also indicate that the polymer concentration has a significant 

influence on the as-spun fibre morphology, that is, the increased polymer 

viscosity plays a role of stabilising polymer jets against the action of centrifugal 

force and dynamic solution blowing, hence promoting larger fibre diameter. 

When the polymer concentration is continuously increased, solvent evaporation 

is hindered. Hence it leads to the relatively long relaxation time/evaporation time 

during stretching. 

A minimum rotation speed that could result in enough viscous solution response 

enables the generation of nanofibres at lower polymer concentrations. On the 

whole, increasing rotational speed accelerates stretching of polymer jets, this 

decreases the diameters of the polymer jets at the orifices of the vessel, and 

thinner fibres are obtained. It is seen that, overall, a narrower size distribution is 

obtained at a higher rotational speed. It is noteworthy that, at 10k rpm not all of 

the solution is spinnable using a typical pressurised gyration method at a 

pressure of 0.1 MPa using 8 wt% PAN. However, this new process enables 

gyratory spinning.  

However, it is a great challenge to directly assemble 2D GO sheets into 1D fibres 

without any polymer or surfactant, due to the lack of scalable assembly methods 

(Park & Ruoff, 2009) the size and irregular shape of chemically derived 

graphenes, and the movable layer-by-layer stacking of graphenes (Dong et al., 
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2012). Therefore, for integration of the remarkable properties of individual 

graphene sheet or its derivatives into advanced, macroscopic, and functional 

structures for practical applications, an effective assembly strategy in a well-

controlled way has to be developed (Tian et al., 2013). 

6.2.3 Fourier-transform infrared spectroscopy (FTIR) 

Polymer compatibility is a crucial factor in determining the stability of nanofibres. 

If the GO is not compatible with PAN polymer, then a solid phase separation will 

be observed. Secondary interactions such as hydrogen bonding, hydrophobic 

reactions, and electrostatic forces can increase the compatibility in the fibres 

(Chen et al., 2008).  

The FTIR spectrum of GO in Figure 6.11 shows, characteristic bands at 3500 

cm-1 (C-H stress) and 1500 cm-1 (C=O stress), while the spectrum of GO-PAN 

contains peak at 2448 cm-1 (N-H stretching), (aromatic and aliphatic C-H 

stretching). The frequency of the physical mixture is a composite of the pure 

polymer, containing all the characteristic bands of GO-PAN. This indicates that 

the interactions between GO and the polymer are weak when they are mixed 

physically.  
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Figure 6.11 FTIR spectrum of GO PAN stretching vibrations 

The FTIR spectrum of PAN displays characteristic bands of methyl and 

methylene C-H stretching vibrations at 3000 cm-1 and 1560 cm-1, as well as a 

strong band due to carbonyl groups at 1500 cm-1 (C=O stretch) and two bands 

due to ester linkages (C-O-C stretches). Therefore it suggests there is good 

compatibility between GO and PAN.  

Regarding the FT-IR spectra (Figure 6.27), the broad signal between 3200 cm−1 

and 3700 cm−1 is generated from O–H stretching vibration and adsorbed water 

molecules. Two peaks at 2925 cm−1 and 2855 cm-1 are assigned to asymmetric 

and symmetric vibrations of CH2 groups, respectively. The strong signal at 

1738 cm-1 in the GO’s spectrum refers to the C=O stretching vibration which was 

significantly weakened after reduction. The peak at 1622 cm-1 is attributed to the 

C = C stretching vibration. There are carbonyl stretching regions (1681 – 1764 

C-H stretch 

N-H stretching 

C=O stretch 
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cm-1), CH2 deformations (1380 – 1500 cm-1), and aromatic stretches from the 

hard segment (1617 cm-1), and amide II mixed band (1540 cm-1). 

6.2.4 Raman analysis of spun fibres 

Raman spectroscopy is widely used to characterise crystal structure, disorder 

and defects in graphene-based materials. Structural changes during the 

oxidation and reduction processes was monitored. Raman spectra are 

characterised by the changes in the relative intensity of two main peaks: D and 

G. Raman spectroscopy are employed to evaluate the hybridisation of state in 

carbon, and the two reflections peak change from pristine graphite to its 

derivatives. As shown in Figure 6.12, a strong band at 1600 cm-1 (G band) and 

a relatively weak band at 1352 cm-1 (D band) appear in the Raman spectra of 

pristine graphite, which stem from the vibration of the sp2-hybridised graphitic 

domain, and sp3-hybridized carbon or structural defects, respectively. The low 

ID/IG value (0.20) indicating the graphitic domains is primarily intact for pristine 

graphite. It was mainly induced by the n-type effect on the GO which forms the 

sp2 carbon modification to sp3 which is why the intensity ratio of D band and G 

band decreased.  

Comparing the Raman spectra before and after pyrolysis, it has been revealed 

that there has been a clear change of crystal structure from pristine GO to GO-

composite, indicating the reduction of GO into graphene (reduced graphene). 

The reduction of functional groups onto the surface of GO were also verified by 

the decrease in intensity of GO after pyrolysis (Figure 6.13). 
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Figure 6.12 Raman spectroscopy of as spun GO PAN solutions 

 

6.2.5 Raman spectroscopy for the analysis of composites after pyrolysis 

 

Figure 6.13 Raman spectroscopy of pyrolysed 10 GO 1 and 2 wt% PAN 

It was observed in Figure 6.29 that there is a broad Raman peak centred at 1552 

cm-1. The broadness of the Raman band suggests that PAN fibres represent 

disordered arrangements of PAN molecules. The sharpness of this peak was 
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observed with increasing concentration of GO in the composite revealing the 

ordered arrangement of GO within composites. Two characteristic peaks at 1340 

and 1552 cm-1 were observed in composites. These peaks correspond to the D 

and G bands from defect structure of sp3-carbon and the plane vibration of the 

sp2-carbon atoms in two-dimensional lattice of the GO-PAN composite (Hassan 

et al., 2015; Tabish et al., 2019). Raman spectral signatures confirm that the 

cyclization of PAN is associated with graphitization. This feature was observed 

in all the composites after pressurised gyration in Figure 6.28. 

6.2.6 SEM and FIB of GO-PAN fibres and PAN fibres (control) after pyrolysis 

To achieve optimal graphene fibre properties, the heating rate of 1 °C/min and a 

treating time of 30 min was used. After carbonization to 900 °C, graphene fibres 

were obtained. A PAN-based precursor containing carboxylic acid groups and 

acrylamide units were used for increasing the stabilization rate and 

sulphate/sulfonic groups for controlling the denseness of the precursor fibres 

(Park & Heo, 2015). Residues from the spinning solution can also behave as an 

initiator for nucleophilic cyclization reactions to reduce stabilization time (Huang, 

2009). 

The fibre diameter is reduced with the removal of the non-carbon elements. At 

the early stages of carbonization, crosslinking reactions take place in the 

oxidized PAN. The cyclized structure starts to link up in the lateral direction by 

dehydration and denitrogenation. A planar structure can be formed with the basal 

planes oriented along the fibre axis. 
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These fibres are generally called “high strength” fibres (X. Huang, 2009). The 

strength of a carbon fibre is observed to increase with the carbonization 

temperature and the maximum strength is observed at around 1,500 °C. Too fast 

a carbonization rate introduces defects in carbon fibres, while low carbonization 

rate causes the loss of too much nitrogen at the early stages of carbonization 

(Huang, 2009).   

Increasing GO in the fibres showed that less polymeric carbon precursor of PAN 

fibre as shown in Figure 6.14. It also can be found that voids reduced further with 

the increase of GO. 

      

Figure 6.14 (a) Pyrolyzed 7GO 8PAN (b)Pyrolyzed 10GO 8PAN 

To verify the graphene in the pyrolyzed fibres, the FIB-SEM in Figure 6.31 of 

3wt% GO with 10wt% PAN fibres pyrolysed and used as received. For the control 

sample, 10% PAN fibres were pyrolysed without GO and used as received. 

Increasing the GO, the surface of the fibres became rougher and up to 3 wt% 

GO (Figure 6.15d), the fibres started to break. This support the findings in 

Section 6.2.7 where only up to 2 wt% GO that conducts electric. This might be 

a b 
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due to the graphene fibres became brittle due to high percentage of carbon 

structure including the PAN as carbon precursor which form carbon structure 

during thermal pyrolysis.  

    

         

Figure 6.15 SEM of pyrolyzed 10 GO 1-3 wt% PAN (a) Pyrolyzed 10PAN – controlled (b) 
Pyrolyzed 1GO 10PAN (c) Pyrolyzed 2GO 10PAN (d) Pyrolyzed 3GO 10PAN 

Before SEM and FIB, a 15 nm coating of platinum at 45 s of spattering was 

prepared. Pyrolysed 3wt% GO with 10wt% PAN fibres show distinct granular, 

grainy internal morphology, whereas the control, (pyrolysed 10wt% PAN fibres) 

show a smooth, porous internal structure.  

c d 

a b 
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Figure 6.16 FIB-SEM 3 wt% GO in 10 wt% PAN 

 

Figure 6.17 FIB-SEM of 10 wt% PAN 
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6.2.7 Conductivity test 

Electrical conductivity tests showed that after pyrolysis only 1 wt% GO 10 wt% 

PAN and 2 wt% GO 10 wt% PAN with value of 973 W and 459 W respectively. 

There was no electrical conductivity for as spun fibres as GO reacts as an 

insulator before pyrolysis. At high percentages of GO, there is no conductivity 

because it tends to stack and form as graphite rather than graphene. As 

discussed in section 2.3, graphene in 2D has electrical conductivity. Compared 

to the raman spectra in Section 6.2.5, it showed that the G band stronger at 1 

wt% GO than 2 wt% GO.  

6.3 Conclusions 

The processability of GO-PAN was shown at 10 wt% PAN compared to lower 

concentrations of 8 wt%. At lower concentrations of GO (1 - 2 wt%), there is 

conductivity at 10 wt% PAN. FIB of pyrolyzed fibres showed granular morphology 

while the controlled sample without GO had a smooth surface. However, it is a 

great challenge to directly assemble 2D GO sheets into 1D fibres without any 

polymer or surfactant, due to the lack of scalable assembly methods (Park & 

Ruoff, 2009) the size and irregular shape of chemically derived graphenes, and 

the movable layer-by-layer stacking of graphenes (Dong et al., 2012)Therefore, 

for integration of the remarkable properties of individual graphene sheet or its 

derivatives into advanced, macroscopic, and functional structures for practical 

applications, an effective assembly strategy in a well-controlled way has to be 

developed (Tian et al., 2013). 
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 Conclusions and for future works 

7.1 Conclusions 

Graphene fibres have promising applications in several fields. Due to limitations 

and challenges of processability, the most practical route of processing the fibres 

has been simplified. Graphene fibre composite using pressurised gyration 

technique were developed. Fibres were fabricated using various speed as well 

as pressure. Various polymers were used to develop the fibre composites. 

Therefore, new formulations and parameters would be a significant contribution 

towards the discovering of graphene fibres potential applications. The following 

conclusions are drawn from this study. 

7.1.1 Thermoplastic polyurethane (TPU) and Phenolic resins (PR) loaded graphene 

nanoparticles (GNP) 

Graphene loaded TPU fibres were successfully formed using a pressurised 

gyration process. The process makes use of simultaneous centrifugal force and 

dynamic fluid flow to jet the fibres before evaporation of the solvents to form the 

composite fibres. The fibre diameter generated was in the range of 800–6000 

nm. The forming process conditions such as vessel rotating speed, working 

pressure and the polymer concentration used, had a significant effect on fibre 

diameter. The fibre diameter increased with increasing weight percentage of 

phenolic resin and TPU polymer. The use of higher working pressures resulted 

in reduced fibre diameters. However, for the highest rotational speed there is no 

fibre produced. FTIR and Raman spectroscopy analysis confirmed the various 

bonding characteristics of the hybrid composite fibre structures. Focussed ion 
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beam milling and etching verified the effective incorporation of graphene 

nanoparticles into the fibre composites.  

7.1.2 Polyvinylpyrrolidone (PVP) loaded graphene nanoparticles (GNP) 

Graphene loaded PVP fibres were successfully formed using a pressurised 

gyration process. The process makes use of simultaneous centrifugal force and 

dynamic fluid flow to jet the fibres before evaporation of the solvents to form the 

composite fibre. All curves showed non-Newtonian behaviour and the viscosity 

increased with increasing polymer concentration. Raman spectroscopy analysis 

confirmed the various bonding characteristics of the hybrid composite fibre 

structures.  

7.1.3 Generating polyacrylonitrile-loaded graphene nanoparticle  

Carbon nanofibres were obtained by utilising pressurised gyration and high 

temperature processing. The fibre diameter and distribution is controlled by the 

key forming parameters of rotating speed, working pressure and the loading 

concentration of the graphene nanoplatelets. The pyrolysis and the spark plasma 

temperature influenced the microstructures of the carbon nanofibres. A heat 

treatment temperature of 2400 °C in SPS produced nanofibres with a high 

degree of graphitization with properties superior to those of commercial carbon 

fibres. These nanofibres are useful in advanced engineering applications. 
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7.1.4 Generating polyacrylonitrile-loaded graphene oxide 

The processability of GO-PAN was shown at 10 wt% PAN compared to the lower 

concentration of 8 wt%. At lower concentrations of GO (1 - 2 wt%), there is 

conductivity at 10 wt% PAN. FIB of pyrolyzed fibres showed granular morphology 

while the control sample without GO had a smooth surface. 

7.2 Future work 

The findings from this project are subjected to certain limitations. For instance, 

the TPU loaded GNP was limited by vortex mixing which took a very long time 

to fully dissolve. Hence, it would be of particular interest to continue the present 

study by further investigating on graphene precursor systems. The potential of 

using graphene oxide as a precursor as the chemical structure of sp3 carbon 

clusters enables better performance and combination to achieve a stable phase. 

The graphene precursor such as graphite sulphate, PAN and graphene oxide 

have opened up the possibility of studying graphene fibres using similar 

approaches. However, it should be noted that future work should not only include 

an improved graphene fibre, but also needs to demonstrate how to improve its 

capacitance and antimicrobial activity. 

7.2.1 Graphene Oxide and conductive polymers (PAN/polypyrrole) 

Graphene oxide (GO), a two-dimensional nanosheet of covalently bonded 

carbon atoms bearing various oxygen functional groups (e.g. hydroxyl, epoxide 

and carbonyl groups) on their basal planes and edges, is a rapidly growing 
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research interest. The graphene–polyaniline (G–PAN) composite material has 

recently been used for energy applications. A supercapacitor was fabricated 

using G–PAN in N-Methyl-2-pyrrolidone (NMP) to optimize their components and 

packaging towards a qualification for portable systems applications (Gómez et 

al., 2011). In GO-PAN composite, it is observed that the sensing property is 

better and more reproducible than pure PAN (Konwer, Guha, & Dolui, 2013). 

Highly conductive lightweight graphene fibres are good candidates for wires and 

cables to carry heavy current (Xu & Gao, 2011). Therefore GO-PAN and GO-

PAN-NMP fibres will be suitable candidates for this project. 

7.2.2 Graphene Oxide and natural cellulose (chitosan) for antimicrobial applications 

The excellent water solubility of graphene oxide (GO) imparts its feasibility as a 

new filler for reinforcing hydrophilic biopolymers such as PVP, PVA, PEG, PEO, 

PMMA and more. Graphene oxide (GO), which is one of the graphene 

derivatives, has gained considerable attention as a significant adsorbent. There 

are plenty of oxygen atoms on the graphitic backbone of GO in the forms of 

epoxy, hydroxyl, and carboxyl groups, which protrude from its layers. These 

groups can bind to metal ions well. In addition, the huge surface area of GO gives 

it a large adsorption capacity which is similar to carbon nanotube adsorption 

(Tzeng et al., 2011). Since chitosan is a polysaccharide, like cellulose, the 

possibility of producing carbon fibres from chitosan seemed quite high. Chitosan 

may have some advantages over cellulose in the production of carbon fibres, 

such as higher yield and better mechanical properties, due to its structural 

differences from cellulose (Bengisu & Yilmaz, 2002). Chitosan and graphene 
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oxide could mix with each other homogeneously and the mechanical properties 

of the as-prepared films were improved significantly over that of the pure 

chitosan film, especially in wet state (Han et al., 2011). The presence of GO in 

PAN/GO composite increases the sensitivity towards methanol as compared 

with the pure PAN (Konwer et al., 2013; Mohamadzadeh  et al., 2014). 

Nanocomposites showed semiconducting nature as PAN did, with improved 

properties for EMI shielding. The EMI shielding effectiveness (SE) of 

nanocomposites was found to be increased with increasing GN content and it 

was found to be absorption dominated, indicating PAN/Graphene 

nanocomposites can be used as lightweight EMI shielding materials to protect 

electronic devices and components from electromagnetic radiation (Modak, 

Kondawar, & Nandanwar, 2015). 

7.2.3 Graphene Oxide and Ag nanoparticles – antimicrobial applications 

Most carbon-based nano-materials are cytotoxic to bacteria. Fabricated 

graphene oxide (GO) nanosheets impregnated with silver nanoparticles (Ag-

NPs) exhibit stronger antibacterial activity against Escherichia coli and 

Staphylococcus aureus (Bao, Zhang, & Qi, 2011). The low cost of GO, the 

relative simplicity of its manufacturing procedure, and its effective antibacterial 

properties, makes it reasonable to anticipate the great applications of this 

composite in water treatment, purification processes and the production of 

antimicrobial nanocomposites. AgNPs are widely known because of their 

outstanding antimicrobial toxicity (Shao et al., 2015). The incorporation of Ag 

NPs into GO does not influence external features such as color, but inhibits the 
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agglomeration of both GO nanosheets and Ag NPs. Enhanced antibacterial 

performance was observed for the Ag NP/GO composites (Bao et al., 2011). 

Methicillin-resistant Staphylococcus aureus (MRSA) has been responsible for 

serious hospital infections worldwide. GO-Ag nanocomposites interact with 

MRSA cells, indicating that GO-Ag nanocomposites are promising antibacterial 

agents. These nanocomposites may possibly be used as a platform for the 

development of novel materials that are able to mitigate microbial proliferation in 

biomedical devices and hospital facilities (de Moraes et al., 2015). GO-based 

silver nanoparticle-containing composite hydrogel matrix acts as a potential 

catalyst for removing organic dye pollutants for organic dye removal and 

wastewater treatment from an aqueous environment (Jiao et al., 2015). 

7.2.4 Charged solutions poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT:PSS) with graphene to align the orientation 

PEDOT:PSS  exhibits low cost and low thermal conductivity as well as high 

electrical conductivity. It’s composite thin films were developed  by Soltani et.al. 

(Soltani-Kordshuli, Zabihi, & Eslamian, 2016) using substrate vibration-assisted 

ultrasonic spray coating (SVASC) solution containing graphene. Graphene 

sheets were broken by sonication and were uniformly dispersed and stabilized 

in PEDOT:PSS aqueous solution. While Kim (Kim et al., 2018) developed 

PEDOT:PSS (PP)/GNP (PPG) composite that maintains the catalytic 

performance of GNPs with enhanced adhesion to the substrate via a conductive 

PEDOT matrix to replace expensive Platinum (Pt) solar cells. Du et al. (Du et al., 
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2018) discovered reasonable enhancement in the thermoelectric performance of 

PEDOT:PSS by constructing unique composite films with graphene quantum 

dots. 

7.2.5 Carbon filters 

Carbon filters can be used to filter the smoke from factories and domestic 

exhaust. Built with carbon fibres and natural gelatine to trap the carbon oxide 

and release oxygen, has create green environments and improved sustainability. 

The carbon can be used again or refined as recycled carbon to be used in further 

processes.  
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