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Abstract 
 

Graphitic materials describe those containing carbon within a honeycomb lattice structure and 

have attracted vast interest due to their novel and advantageous properties. Whilst large 

amounts of work have been conducted to investigate the nature of such materials, in the context 

of graphite, graphene and other carbon allotropes, there are still many voids in our 

understanding of these materials, extending to their structure, modification, characterisation, 

and application. Plasma-exfoliation offers a facile approach towards the large-scale synthesis 

of partially oxidised, multilayered stacks of graphitic layers. Within the scope of this thesis, 

plasma-exfoliated multilayer graphitic materials (NPs) are investigated in detail using a vast 

array of characterisation techniques to reveal information regarding their morphology, 

structure and elemental composition; including X-ray Photoelectron Spectroscopy (XPS), 

Raman spectroscopy, X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), 

Transmission Electron Microscopy (TEM), Atomic Force Microscopy (AFM), gas 

physisorption analysis, Nuclear Magnetic Resonance Spectroscopy (NMR), Fourier-Transform 

Infrared Spectroscopy (FT-IR), Thermogravimetric Analysis (TGA) and Energy-Dispersive X-

ray (EDX) analysis. Various novel functionalisation strategies are also explored to covalently 

and non-covalently functionalise NPs.  

Initially, an aryl boronic acid precursor is utilised as a radical source to provide a facile route 

towards the covalent functionalisation of NP. Such a methodology serves to identify safer aryl 

radical precursors as an alternative to commonly employed diazonium salt reagents, which are 

typically hazardous and undesirable for large-scale application. This functionalisation strategy 

enables the covalent attachment of 4-(trifluoromethyl)phenyl moieties to the edges of NP1 

stacks. A percentage atomic composition (at.%) of 3.5 fluorine incorporation is revealed 

via XPS and Raman spectroscopy, TGA, FT-IR and EDX provide evidence of 

successful functionalisation. Brunauer-Emmett-Teller (BET), Barrett-Joyner-Halenda 

(BJH), SEM and TEM analyses are utilised to provide information relating to the surface 

area, porosity and morphological changes upon covalent addition. Furthermore, XRD is 

employed to assess the interlayer spacings and stacking types within the functionalised 

material and its precursor, revealing the presence of hexagonal and rhombohedral 

stacking, typical of those found within commercially derived graphene-based materials. 
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The thesis then moves towards investigating the porous structure of NPs in more detail. It is 

found that NP materials incorporate extensive slit pores between stacks of partially oxidised 

graphitic layers. These vary in size across the mesoporous and macroporous regions, where the 

average slit pore widths range between 6.3 - 10.4 nm. BJH data is utilised to provide an 

estimation of these slit pore widths within a model NP2 material, which are subsequently 

correlated with the distance between stacks. Slit pores between 2 to 131.2 nm in size are 

identified and thus, BJH analysis is shown to be a straightforward technique to offer an insight 

to the stack separations. This analysis coincides with data obtained using SEM, AFM and XRD 

techniques. Furthermore, the investigation also explores the surface area and porosity changes 

of NP material upon oxidation. Upon treatment of NP3 via the modified Hummers’ method, 

the material suffers a substantial reduction in the BET surface area and porosity, due to the 

blockage and destruction of slit pores. As such, a novel pillaring strategy utilising the synthetic 

clay, laponite, as a pillaring device, enables the introduction of slit pores into the oxidised 

material. This enhances its surface area almost four-fold. The subsequent pillared material is 

explored utilising a range of characterisation methods, including solid-state NMR and XPS. 

Finally, NP4 is non-covalently functionalised with polyelectrolyte and fluorosurfactant 

moieties to reveal its application within membrane technology. The subsequent composite 

material exhibits oleophobic properties and is used to synthesise free-standing films and to coat 

upon various substrates, including Kevlar, carbon fibre, glass fibre, nylon, and stainless-steel 

mesh. These materials found success in their ability to enable oil/water separation, thus 

granting them simultaneous oleophobic/hydrophilic properties. The composite structure, free-

standing films and coated substrates are comprehensively investigated using various analytical 

and spectroscopic techniques, whilst contact angle measurements and sliding angle 

measurements provide evidence of oleophobic behaviour. High oil contact angles of up to 

126.4° are obtained. SEM images reveal an interesting porous structure, which provides 

passage for water through the materials. The applications of the coated substrates are also 

investigated. It is found that coated carbon fibre can be used as a net to isolate oil from the 

surface of water, thus, granting it potential in the context of oil-spill clean-up. Meanwhile, 

coated nylon has properties which lend to its application as a membrane material which enables 

the passive removal of water from aircraft propellant tanks. 

Whilst investigating the structures of NP, as well as exploring modification strategies and 

applications, many obstacles were encountered during the research. These typically related to 

the characterisation and processing of the materials. These issues are therefore also reviewed 
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and discussed in the context of the literature, providing an insight into some of the difficulties 

researchers may encounter whilst working with NPs and analogues materials. As such, the 

scope of this thesis provides various novel insights to enhance the understanding of NP 

materials and their modification. 
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1.1 Introduction and Importance of Current Research 

 

This PhD project involves a collaboration between The University of South Wales and 

Perpetuus Carbon Technologies LTD (Perpetuus). The latter is a carbon nanomaterial 

manufacturing company based in South Wales, UK. The research within this thesis primarily 

focuses on the modification, manipulation, and application of plasma-exfoliated multilayer 

graphene-based material, also known as nano plates (NP). These NPs are manufactured by a 

patented technique involving a custom-made multielectrode dielectric barrier discharge (DBD) 

plasma reactor, which enables a top-down synthesis of raw graphite into exfoliated NP 

material. Further insight into this synthesis method is provided further on in the text. 

Research into graphene and related materials is extensive over the globe, signifying the 

potential of such materials for a whole variety of applications. Unfortunately, there are still 

many voids in the understanding of these materials, within both an academic and industrial 

setting, leading to some significant hurdles relating to their utilisation in commercial products. 

Such voids relate to their synthesis, characterisation, functionalisation and application. Many 

of which are outlined within the beginning of this thesis. It is therefore essential that research 

continues to make progress within these areas, to help to speed up the process of graphene-

based material (GBM) commercialisation. Within the current work, various NP materials are 

investigated with the aim to strengthen the understanding of their nature, as well as to develop 

novel functionalisation routes and to extend their application. As such, a plurality of 

characterisation methods are heavily employed throughout this work, to fully understand the 

characteristics and properties of such materials. An overview of some of the commonly utilised 

characterisation methods is provided within Chapter 2.  

The experimental research enclosed is largely divided into three sections, corresponding to 

Chapters 4 – 6. Initially, a novel functionalisation strategy was investigated to covalently 

functionalise NP. The success of this strategy is explained in detail, and the subsequent 

functionalised material is fully characterised using a number of characterisation techniques. 

Within both an academic and industrial setting, it is increasingly important to develop new 

strategies to covalently and non-covalently functionalise the surface of GBMs, to tailor their 

properties and meet specific requirement for application. This research is outlined within 

Chapter 4 and published research can be accessed elsewhere.1 Chapter 5 focuses on the surface 

area and porous structure associated with NPs. GBMs are renowned for their high surface areas 
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and interesting porous structures; however, plasma-derived NPs are yet to be analysed in such 

detail. Within this context, Barrett-Joyner-Halenda (BJH) and Scanning Electron Microscopy 

(SEM) techniques are applied for the first time to assess the size of slit pores within these 

materials, which in turn, allows for estimation of the distance between neighbouring graphitic 

stacks.2 In addition, NPs were also investigated within the context of pillaring. Laponite was 

employed as a pillaring device to further manipulate the size of slit pores within a low surface 

area, oxidised, NP. This investigation is depicted within Chapter 5 and is paramount towards 

deepening the understanding of how NP surface area and porous structures can be manipulated. 

Chapter 6 comprises the synthesis of a novel NP/polyelectrolyte/fluorosurfactant-based 

composite, for the purpose of oil/water separation.3 This composite was fabricated into free-

standing films and coated upon various substrates to fabricate oleophobic/hydrophilic 

membranes. Two unique applications of such materials were investigated within the context of 

oil-spill clean-up and aircraft propellant tanks. The membranes showed outstanding potential 

to meet the requirements of these applications.  

To begin, a brief overview of the structures, synthesis, functionalisation strategies and 

applications of single-layer graphene (SLG), stacked analogues and plasma derived NPs is 

provided. Some of the key literature within this field is examined to introduce and deliver a 

straightforward understanding of the present materials. 

 

 

1.2 Introducing Graphene-Based Materials and Their Terminology 

 

Carbon can exist in various allotropic forms. The most well-known include diamond, graphite 

and amorphous carbon, however, in more recent years, the list extends to graphene, carbon 

nanotubes (CNTs) and fullerenes. These have been well summarised within an article by 

Zboril.4 Many allotropes of carbon comprise of a hexagonal array of carbon atoms, where each 

atom is bonded to three neighbouring atoms through ϭ bonding, leaving an unhybridised π 

orbital perpendicular to the plane. A single layer of this arrangement describes graphene, whilst 

an array of stacked layers, containing van der Waals forces between the layers, describes 

stacked forms of graphene. Moreover, this arrangement can also form spherical cage-like 

arrangements known as fullerenes, as well as scrolled formations, such as in the case of CNTs.4 
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In regard to terminology, compounds labelled as graphene typically consist of a broad spectrum 

of materials within the context of academia and industry. The rate at which the field of 

nanomaterials has grown and challenges associated with the characterisation of graphene have 

arisen (vide infra), have meant that the boundaries of what can be classified as “graphene” have 

become somewhat blurred. At present, the graphene market is dominated by a variety of forms 

including powder and dispersed forms of SLG, as well as stacked and functionalised forms 

including bilayer graphene (2LG), trilayer graphene (3LG), few layer graphene (FLG), NPs, 

graphite, graphite oxide, graphene oxide (GO), reduced graphene oxide (rGO), graphene 

nanoplatelets (GNPs) and their functionalised counterparts.5 These have been defined by The 

International Organization for Standardization (ISO) in effort to provide widespread 

consistency across the emerging world-wide graphene industry and are broadly considered as 

GBMs within this work.6 A handful of definitions are provided in Table 1.1. GBMs each 

display different properties and provide distinctive advantages for modification and application 

purposes, however, many academics and industrial researchers still employ terminology which 

is inconsistent with that of ISO.7–9 With this in mind, the GBMs used within the current work; 

consisting of multiple-layered graphitic stacks with partially oxidised regions, are considered 

as nanoplates (NPs).6 

 

Table 1.1 Terminology associated with graphene-based materials according to definitions reported by ISO.6 

Terminology Definition According to ISO6 

Nanoplate (NP) 
A nano-object with one external dimension in the nanoscale and the 

other two external dimensions significantly larger. 

Graphene/Graphene Layer/ 

Single-Layer Graphene 

(SLG) 

Single layer of carbon atoms with each atom bound to three 

neighbours in a honeycomb structure 

Graphite 

Allotropic form of the element carbon, consisting of graphene 

layers stacked parallel to each other in a three dimensional, 

crystalline, long-range order 

Bilayer Graphene (2LG) 
Two-dimensions material consisting of two well-defined 

stacked graphene layers 

Trilayer Graphene (3LG) 
Two-dimensions material consisting of three well-defined 

stacked graphene layers 

Few-Layer Graphene 

(FLG) 

Two-dimensions material consisting of three to ten well-defined 

stacked graphene layers 

Graphene nanoplatelet 

(GNP) 

A nanoplatelet consisting of graphene layers. Note 1 to entry: GNPs 

typically have a thickness of between 1 nm to 3 nm and lateral 

dimensions ranging from approximately 100 nm to 100 µm. 

Graphite oxide 
Chemically modified graphite prepared by extensive oxidative 

modification of the basal planes 

https://www.iso.org/obp/ui/#iso:std:iso:ts:80004:-13:ed-1:v1:en:term:3.1.2.1
https://www.iso.org/obp/ui/#iso:std:iso:ts:80004:-13:ed-1:v1:en:term:3.1.2.1
https://www.iso.org/obp/ui/#iso:std:iso:ts:80004:-13:ed-1:v1:en:term:3.1.2.1
https://www.iso.org/obp/ui/#iso:std:iso:ts:80004:-13:ed-1:v1:en:term:3.1.2.1
https://www.iso.org/obp/ui/#iso:std:iso:ts:80004:-13:ed-1:v1:en:term:3.1.2.1
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Graphene oxide (GO) 

Chemically modified graphene prepared by oxidation and exfoliation 

of graphite, causing extensive oxidative modification of the basal 

plane 

Reduced Graphene Oxide 

(rGO) 
Reduced oxygen content form of GO 

Nanoribbon 
Nanoplate with the two larger dimensions significantly different 

from each other 

 

 

1.3 Single Layer Graphene 
 

The structure of SLG comprises carbon only, where the C-C bond distances correspond to 

0.142 nm; a value which is intermediate of Csp3-Csp3 and Csp2=Csp2 bond lengths (0.153 and 

0.132 nm respectively).10 The bonding can be described in the context of hybridisation. In 

ground state, the electronic configuration of carbon is 1s2, 2s2, 2p2. Upon excitation, an electron 

from the 2s orbital is promoted to the 2p orbital and hybridisation occurs, where there is a 

mixing of the 2s and two of the 2p orbitals to form 3 sp2 bonds, and an unhybridised 2pz orbital. 

The sp2 hybridised orbitals are occupied in bonding with neighbouring carbon atoms, whilst 

the partially filled 2pz orbital enables electron delocalisation across the structure, as shown in 

Figure 1.1.  

 

Figure 1.1 Schematic representation of three sp2 hybridised orbitals and an unhybridised 2pz orbital present within each 

carbon atom in graphene. 

 

https://www.iso.org/obp/ui/#iso:std:iso:ts:80004:-13:ed-1:v1:en:term:3.1.2.2
https://www.iso.org/obp/ui/#iso:std:iso:ts:80004:-13:ed-1:v1:en:term:3.4.2.7
https://www.iso.org/obp/ui/#iso:std:iso:ts:80004:-13:ed-1:v1:en:term:3.1.1.2
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The existence of SLG was predicted several decades ago, however, it did not become isolated 

until 2004 at The University of Manchester, utilising micromechanical exfoliation of a single 

layer from highly ordered pyrolytic graphite (HOPG). This discovery was consequently 

awarded the Nobel Prize.11–14 Since then, the material has gained overwhelming world-wide 

attention, due to the exciting properties it exhibits. SLG is a zero-band gap semi-conductor 

which exhibits semi-metallic behaviour and is recognised for its excellent electrical 

conductivity of 200,000 cm2 V-1 S-1, high optical transparency (97.7% light transmitted), high 

thermal conductivity of up to (5.30  0.48) x 103 W m-1 K-1, high theoretical surface area of 

around 2630 m2/g, mechanical flexibility, biocompatibility and a Young’s modulus value of 

around 1.0 TPa, resulting in its attraction within both academia and industry.15–20 Whilst SLG 

has many exciting properties, it does come with some drawbacks. Firstly, even to date, it is still 

very difficult to synthesis reasonable quantities of pristine SLG. Secondly, it is a zero-band gap 

semi-conductor, limiting its ability to be used in active electronic devices such as field effect 

transistors.21 Thirdly, it disperses poorly in common organic solvents, hindering many 

applications.22 As such, strategies are often undertaken to improve these issues, including 

functionalisation and defect introduction to tailor the dispersion and electronic properties.23–26 

Furthermore, stacked forms of graphene are often used as an alternative for many applications, 

often due to their ease to synthesise. 

In addition to the number of layers, the presence of defects also has an effect on the properties 

of SLG and its stacked counterparts, resulting in alteration of their properties. For instance, it 

has been found that there is an enhanced reactivity of the neighbouring carbons located within 

the vicinity of the defect.27 In addition, it has been shown that the addition of defects within 

the lattice can result in band gap manipulation.23,24 During covalent functionalisation upon the 

carbon network, defects are introduced in the form of sp3 hybridised carbon atoms. As such, 

covalent functionalisation can transform the electronic properties of the material, such that the 

zero-band gap structure of SLG is opened. This expands its utilisation within electronic 

applications. An insight to the functionalisation methods are provided later on in this chapter. 
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1.4 Stacked Forms of Graphene 
 

Stacked forms of graphene consider structures where multiple layers of graphene are held in 

alignment via van der Waals forces, such as in graphite, graphite oxide, 2LG, 3LG, FLG, NPs 

and GNPs. Within these structures, the C-C bond distances also correspond to 0.142 nm. 

Meanwhile, the distance between parallel layers describes the interlayer spacing, and typically 

corresponds to a value of around 0.335 nm, although slight deviations may occur depending 

on the synthesis method used.28,29 Graphite describes the stacked form of graphene and is often 

used as its top-down precursor. Large quantities of graphite can be found naturally all over the 

world and are extracted from the ground. This type of graphite typically contains impurities 

such as trace metals.30 Alternatively, graphite can also be made synthetically using stress 

annealing of pyrocarbon at high temperatures. HOPG is a typical example of graphite 

fabricated in this way and contains negligible impurities.31 The manner in which the graphene 

layers orientate themselves within graphite and other stacked forms of graphene, depends on 

the stacking arrangement. These stacking arrangements can be defined according to four 

general categories: AA stacking, hexagonal (AB/2H) stacking, rhombohedral (ABC/3R) 

stacking and turbostratic stacking, as shown in Figure 1.2. AA stacking describes a stacking 

where each neighbouring layer is situated in the same position within space, directly above and 

below its neighbouring layer (Figure 1.2 (a)). Hexagonal stacking refers to stacking where a 

vacant centre of the hexagon in one layer is situated directly beneath and above a corner carbon 

of the neighbouring layer, in an alternating fashion (Figure 1.2 (b)). Rhombohedral stacking 

refers to stacking similar to hexagonal stacking; however, each third layer is also situated so 

the vacant centre of its hexagons sits directly below the corner atom of the layer above (Figure 

1.2 (c)). Turbostratic stacking refers to a disordered form of graphite where layers are randomly 

rotated and translated with respect to one another and no stacking pattern takes place (Figure 

1.2 (d)).32 Hexagonal stacking is the preferred stacking arrangement in nature and is the 

thermodynamically stable form of graphite.33 In contrast, rhombohedral stacking is the 

thermodynamically unstable form of graphite, formed due to shear deformation of hexagonal 

graphite. Rhombohedral graphite transforms progressively into hexagonal stacking upon 

heating above 1600 K.33  
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Figure 1.2 The various stacking sequences between graphene layers within graphite and stacked forms of graphene 

including (a) AA stacking (b) hexagonal (AB/2H) stacking (c) rhombohedral (ABC/3R) stacking and (d) turbostratic 

stacking. 

 

Whilst stacked forms of graphene are often easier to synthesise and process, they differ to SLG 

in their properties and behaviour due to the presence of multiple layers. For example, it has 

been shown that SLG is 10 x more reactive than 2LG or graphene containing more than two 

layers.34 Furthermore, in contrast with SLG, graphene containing multiple layers is also unable 

to undergo functionalisation on both sides of each sheet by functional moieties. The thermal 

stability of graphite and 2LG in air has also been found to exceed that of SLG. This was 

attributed to the presence of additional layer interactions which have the effect of increasing 

the energy barrier of the top graphene layer, causing it to be less easily oxidised.35 Gas 

diffusion36, optical transmittance37 electronic properties38 and mechanical properties39 are also 

affected by the number of layers. 

 

1.5 Graphene Oxide and Reduced Graphene Oxide 

 

GO is commonly utilised as an alternative to graphene and its stacked forms in many 

applications, due to its differing properties. GO is an insulator and possesses oxygen 

functionality, most commonly in the form of epoxide, hydroxyl, carbonyl and carboxyl 

groups.40 GO is not defined by a specific contribution of oxygen, since all samples vary 

depending on the material and synthesis route,41 however, generally, the at.% of oxygen content 

is typically in the region of 30 - 50.42–44 It is well known that the oxygen functionality across 
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the material is not uniformly distributed.45 The Lerf-Klinowski model of GO predicted the 

structure and found that the material consists of epoxide and hydroxyl moieties on the basal 

plane, with carboxylic acid, ketone, lactone and quinoidal groups around the sheet edges and 

vacancy edges.46 This general description of GO is, however, still in some debate.47 Due to the 

extensive addition of oxygen and the presence of many defects, the properties of GO are very 

different from that of SLG or its various stacked forms. GO is hydrophilic and typically exhibits 

improved dispersibility in organic solvents.48  

rGO is another commonly utilised precursor which is usually prepared via the reduction of 

GO.49 rGO contains a much smaller oxygen content than GO, typically in the region of < 10 – 

30 at.%.50–52 rGO is also amorphous and possesses poor electrical and thermal conductivities. 

These conductivities are, however, improved compared with GO, due to partial restoration of 

the sp2 network. The extent of this improvement relates to the degree of reduction.53 In many 

applications GO and rGO are be favoured over non-oxidised GBMs due to their unique 

properties and practical aspects of handling. Oxygen functionality may serve as anchor points 

to assist functionalisation or provide enhanced interactions with various moieties.47 This grants 

them the ability to be functionalised in such a way to tailor them for desired applications. 

Furthermore, they typically exhibit enhanced dispersibility, due to the existence of electrostatic 

repulsion between carboxylate groups, thereby preventing reaggregation.48 It should 

emphasised, however, that covalent functionalisation introduces defects in the form of sp3 

hybridised carbons. This in turn, has an effect on many of the exceptional properties which 

graphene possesses, for example; high electronic conductivity, granting GO and rGO success 

in applications such as composite additives, where the quality is not essential.54,55 As a result, 

the choice to functionalise graphene may serve as a compromise for enhancing one property 

but reducing another. Researchers should therefore be mindful of the “end-goal” of the targeted 

graphene material.56 
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1.6 Synthesis of Graphene-Based Materials 

 

GBMs can be synthesised by a plethora of methods depending on their requirements for 

application. Typically, the target is to synthesise a high-quality product containing a narrow 

layer distribution. In addition, the technique should be reproducible and allow for synthesis on 

a large-scale.57 A handful of the common synthesis methods are outlined within Figure 1.3 

which enable the synthesis of SLG and other GBMs. In 2004, SLG was first synthesised by 

micromechanical exfoliation of HOPG using Scotch tape. The individual graphene layers could 

be cleaved from the bulk precursor and isolated by dissolving the tape in acetone. These flakes 

could then be sedimented to a silicon wafer for analysis. This method was effective in obtaining 

high quality, defect-free graphene film between 5 - 10 µm in width. Furthermore, the 

methodology could also be applied to isolate individual layers or multiple layers from graphite 

oxide.13 Unfortunately, however, the large-scale capability of this method is poor due to the 

low production yield. As such, extensive research has endeavoured to develop new processing 

routes for efficient graphene and GBM production. These synthesis methods can be classified 

according to whether they are bottom-up or top-down. Top-down synthesis involves the 

separation of bulk graphite into exfoliated layers, through the negation of van der Waals 

attractions. Bottom-up synthesis involves the development of GBMs from various carbon 

precursors. The scotch tape method provides an example of a top-down mechanism. Many top-

down syntheses are implemented within industry and show promise on a large-scale basis, thus, 

prove to be advantageous compared to the initial scotch tape method. However, these methods 

often struggle to synthesise the high quality, single-layer, defect-free structure of SLG, which 

is obtained via the Scotch tape method.  
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Figure 1.3 Common synthesis routes towards SLG and its stacked analogues. Green labels represent bottom-up methods and 

orange labels represent top-down methods. 

 

 

Stacked forms of graphene are commonly synthesised via liquid-phase exfoliation of raw 

graphite. The process offers a route towards overcoming the energy to aggregation by negating 

van der Waals interactions between individual layers. Generally, a liquid media, such as a high 

surface tension solvent or water, often accompanied by stabilisers including surfactants, 

supercritical fluids or ionic liquids, promotes the formation of the dispersion.48 Currently, 

liquid-phase exfoliation relies heavily on the use of sonication to create the dispersion itself. 

This process introduces shear stresses and cavitation in the solvent, which causes graphite to 

break apart and exfoliate into single layers and stacks of varying thicknesses.58 Sonication can 

be conducted through the use of a bath or a probe and in general, uses ultrasonic frequencies 

(>20 kHz). The principle relies on a series of events through which cavitation bubbles are 

formed within the solvent, resulting in high-speed liquid jets. This process overcomes many of 

the van der Waals forces between the stacked layers, as shown in Figure 1.4.59,60 Dispersions 

have been achieved using many solvents including N-methyl-pyrrolidone (NMP), acetone, 

chloroform, isopropyl alcohol (IPA) and cyclohexanone. Whilst this method offers a cost-

effective and scalable synthesis, it results in materials which exhibit a wide thickness 

distribution and low exfoliation efficiencies.7 Furthermore, long sonication is often required 
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(48 hours).61 Sonication has also been shown to induce tearing of flakes, introduce defects and 

oxygen functionality and reduce flake size.48,61–63 Moreover, many of the best solvents have 

high boiling points, such as NMP, which brings about practical struggles when removing 

solvent from solution.48 The unzipping of carbon nanotubes offers an alternative top-down 

method. In this regard, single layer and stacked analogues can be synthesised from their 

respective singe walled or multi-walled CNTs using strong oxidising agents in solvents, laser 

irradiation and plasma etching. The resultant materials are described as nanoribbons according 

to the ISO definitions.6 Similar to liquid-phase exfoliation, the exfoliation process also typically 

introduces defects into the graphitic structure. 

 

 

Figure 1.4 A simplified representation of the stages within liquid-phase exfoliation of graphite. Cavitation bubbles and high-

speed jets form due to ultrasonication and overcome the van der Waals forces between layers. This results in the formation 

of exfoliated stacks and individual layers, often comprising SLG, 2LG, 3LG and FLG. Ultracentrifugation eliminates un-

exfoliated stacks and allows for an enhanced dispersion to form. Reprinted from reference 60. 

 

As previously mentioned, many commercially produced GBMs utilise top-down methods 

which are effective in producing high yields. These, however, often possess multilayered 

products with extensive defects and undesired functionality. Within industry, high quality 

graphene synthesis tends to involve chemical vapour deposition (CVD) or epitaxial growth on 

a metal substrate; methods which are considered “bottom-up”. CVD is the most popular 

method for the synthesis of large area continuous film, comprising SLG and its stacked forms 

and involves a two-step synthesis process. The initial step involves pyrolysis of a hydrocarbon 

gas precursor, typically methane, which is fed into a heated chamber along with hydrogen.64 

Upon adsorption onto the metal substrate, this precursor is pyrolysed to form individual carbon 

atoms (Figure 1.5 (b)).65 Examples of metal substrates include Pt, Ni, Co and Cu.66 The second 

step involves subsequent rearrangement of these dissociated carbons atoms, which assemble 

on the substrate for lateral growth of graphene film (Figure 1.5 (b)). The waste gases are then 
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pumped from the reaction chamber. The subsequent CVD grown graphene film typically 

possesses large dimensions, consisting of several square meters in size and may comprise a 

single layer of graphene or several layers in thickness depending on the conditions.64 Despite 

the extensive use of this synthesis route, especially for high quality GBM material synthesis, it 

does not come without its drawbacks. The waste gases are typically toxic and therefore suitable 

ventilation is required for their removal. In addition, the method is expensive, requiring high 

temperatures (typically around 1000ºC) and low pressures and defects can often become 

introduced if the conditions are not optimised.67 CVD grown film is commonly utilised within 

electronic applications, panels and displays.68–72 Alternatively, SLG and stacked analogues 

may also be synthesised using epitaxial growth on silicon carbide (SiC).73 This utilises the SiC 

substrate as a carbon precursor. SiC contains carbon and silicon in a 1:1 stoichiometry with 

tetrahedral geometry where each carbon atom is bonded to four other silicon atoms, and each 

silicon atom is bonded to four other carbon atoms, as shown in Figure 1.6. This substrate is 

subjected to high temperatures resulting in the desorption of silicon from the surface due to its 

relatively high vapour pressure relative to carbon (Figure 1.6 (a)).74 As such, carbon atoms 

remain on the surface as a continuous film (Figure 1.6 (b)). This method produces very high 

quality graphene film and is heavily exploited for electronic applications.75 More recently, a 

number of novel methods have begun to emerge which enable the formation of SLG and 

stacked analogues.76 For example, a scalable bottom-up method was patented by the industrial 

company; Applied Graphene Materials (AGM) and is subsequently referred to as the AGM 

method. This involves the use of a metal alkoxide as the carbon precursor, which undergoes 

thermal decomposition at high temperatures to afford graphitic layers.77 SLG and stacked 

analogues of up to FLG can be synthesised this way. 

 

 

Figure 1.5 Schematic providing a simplified representation of the CVD growth steps to synthesise SLG film. (a) depicts the 

feeding of a hydrocarbon gas precursor into a heated chamber. Upon adsorption onto a metal substrate, pyrolysis of the gas 

occurs to form individual carbon atoms. These assemble onto the substrate to form graphene film shown in (b). Waste gases 

are subsequently removed by the exhaust system. 
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Figure 1.6 Schematic providing a simplified representation of the epitaxial growth of SLG. (a) depicts the structure of the 

SiC substrate and the desorbing of silicon from the surface of the substrate. (b) shows the formation of a graphene layer 

upon SiC. 

 

GO and rGO are alternative precursors to pristine graphene and are often used in preference 

due to its abundance of oxygen functionalities which introduce different properties, such as a 

band gap and increased solubility. Well-established GO synthesis methods include the Brodie 

method,78 Staudenmaier method79, Hofmann method80,81 and Hummers and modified 

Hummers methods, as outlined in Figure 1.7. Typically, these top-down oxidation reactions 

are carried out on bulk graphite, and exfoliation of the layers occurs simultaneously. In each 

case, an acid is required, such as HCl, H2SO4 or HNO3, in conjunction with an intercalating 

alkali metal, such as potassium in KClO3 or KMnO4, which assists in the further exfoliation of 

the oxidised material. 79,82 Meanwhile, rGO is typically synthesised via the reduction of GO 

under thermal, chemical or electrochemical treatment.83,84 These oxidation and reduction 

methods involve simple processes and utilise relatively cheap reagents, however, they are 

associated with challenges.85 These include issues such as long reaction times, the need for 

strong oxidising and reducing agents, the release of toxic gases and a non-uniform distribution 

of oxygen functionality over the surfaces of the materials. Oxidising reagents, in particular, are 

extremely dangerous as they are capable of forming explosive mixtures when mixed with 

combustible material. Over the years, various adaptions and alternative synthesis routes have 

emerged to avoid these undesirable reagents and increase the efficiency of the oxidation 

process.44 For example, plasma oxidation, microbial oxidation and electrochemical oxidation 
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have shown promise in providing routes which eliminate toxic gases, provide more 

homogenous oxidation and speed up the reaction times.44,86,87  

 

Figure 1.7 Routes towards the oxidation of graphite, which are applicable to SLG and its staked forms. Reprinted from 

reference 88. 

 

Despite the overwhelming research into GBM synthesis processes, there are still many issues 

associated with them. Various reviews highlighting the advantages and disadvantages of 

existing methods can be accessed.70,75,85 One of the key hurdles relates to the difficulty towards 

the synthesis of high-quality graphene. As mentioned above, defects can often become 

introduced during many existing syntheses which diminish the pristine nature of the graphitic 

lattice. Another hindrance relates to the scale-up and ability to synthesise GBMs in bulk. In 

light of this, academia and industry have sought to combat these. In regard to the latter, plasma 

synthesis routes have become increasingly desirable to synthesise bulk quantities of GBM, and 

the various plasma processes are discussed within the following sections. 

 

 

1.7 Introduction to Plasma and its Use in GBM Synthesis  
 

Plasma consists of an assemblage of free charged particles moving in random directions, as 

shown in Figure 1.8 (a).89 These charged particles are typically generated within a gas via bond 

dissociation and ionisation upon application of thermal energy or electromagnetic fields.89  

Inelastic collisions take place between electrons and gas molecules, resulting in the formation 

of further reactive species including free radicals, ions and electrons.90 The overall quantity of 
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electrons and ions within the gas is sufficient in providing an overall neutral charge.87 A 

schematic outlining the formation of plasma through implementation of an electromagnetic 

field is shown in Figure 1.8 (b). This figure depicts a plasma discharge formed between two 

electrodes, where the plasma is ignited and sustained by applying a high frequency voltage to 

the gas.89 

 

 

Figure 1.8 Schematic representation of (a) a plasma consisting of charged particles moving in random directions and (b) the 

formation of plasma discharge between two electrodes. Reprinted from reference 89. 

 

When plasma is generated in the presence of a graphitic networks, it can physically modify the 

material’s surface.91 Such modifications involve etching, functionalisation, defect formation 

and cleaning.87,92 As such, the properties of GBMs can be modified quite drastically, often 

providing desirable properties such as hydrophilicity, hydrophobicity, improved adhesion and 

enhanced conductivity.87 The most common plasma treatments utilised in GBM modification 

involve oxygen, nitrogen, ammonia, methane, hydrogen and fluorine.91 More information on 

these treatments are considered later on in the text, in relation to functionalisation procedures. 

In addition to these modifications, plasma is also capable of exfoliating bulk graphitic 

precursors into fewer-layered stacks and promoting nucleation and growth of carbon precursors 

into graphitic structures. As such, it is also considered as a synthesis route towards GBMs. 

Within the recent years, plasma has become an increasingly desirable route for the synthesis of 

SLG, 2LG, FLG and stacks containing multiple graphitic layers (often up to several hundred 

layers in thickness).93–96 It possesses many advantageous over existing synthesis methods, such 

as lack of hazardous or toxic solvents or by-products and scalability.94,97 As with the previously 

outlined synthesis methods, plasma syntheses can be classified according to whether they 

follow a bottom-up or top-down methodology. Top-down plasma methodologies typically rely 
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on the exfoliation of graphite into fewer-layered stacks, where the extensive van der Waals 

forces become weakened between the layers, often due to the introduction of defects and 

functionality.70 These synthetic routes are particularly useful within industry as are able to 

produce bulk quantities of stacked graphitic layers. For example, it has been shown that 30 kg 

of FLG can be synthesised in around an hour using plasma exfoliation.93 In contrast, bottom-

up plasma syntheses commonly depend on the building of graphene from a gaseous 

precursor.98–101 An example of a bottom-up plasma synthesis method includes plasma enhanced 

CVD (PECVD) which relies on the nucleation and growth of graphene under specialised 

conditions in the presence of a carbon source, such as methane.66,102–104 PECVD commonly 

employees microwave or radio frequency (RF) to form the plasma, however, unlike 

conventional CVD, it typically does not utilise high temperatures.105 This is because in CVD, 

the gas and surface reactions occur by thermal activation, whereas in PECVD, the electron 

temperature is sufficient for dissociation.106 Carreon and co-workers provided an example of 

PECVD used to grow SLG from mango peel. It was found that the presence of the plasma was 

essential for the growth of the graphene and enabled the process to be conducted at relatively 

low temperatures (750ºC).105 Furthermore, plasma also improves the graphene production rate 

and purity and may negate the need for catalyst addition.90 For example, Kato and co-workers 

showed that PECVD could be utilised to grow high-quality SLG on a SiO2 substrate in the 

absence of a metal catalyst.107 This provided high quality SLG which was free of any metal 

impurities, and thus, extended the application of CVD grown graphene into biomedical 

applications where the absence of undesirable impurities is essential.  

During top-down and bottom-up plasma syntheses, plasma can be generated through a variety 

of means. These include: RF (typically 13.56 MHz), direct current (DC), alternating current 

(AC), microwave (typically between 300 MHz to 300 GHz), DBD, corona discharge, 

capacitive, induction, electron beam, electric arc, plasma torch and hollow cathode 

discharge.108–110 Furthermore, plasmas can also be categorised according to their temperature 

and pressure, which subsequently has a large influence on their properties.109 Plasmas can be 

generated using both low and atmospheric pressures, low temperatures (< 1727ºC) and high 

temperatures (> 1727ºC). Low temperature (non-thermal) plasmas possess different 

thermodynamic properties than high temperature (thermal) plasmas. The former may be 

produced by RF or magnetron discharge and comprises electrons which are much higher in 

temperature than the ions and neutral species. Low temperature plasmas therefore do not exist 

in equilibrium and the gas is only weakly ionised. In contrast, high temperature plasmas possess 
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electrons, ions and neutral species all with the same temperature, thus exists in thermodynamic 

equilibrium. In high temperature plasmas, the gas is strongly ionised.94 The common feature 

among all plasmas lays in their ability to ionise and dissociate gaseous precursors to form 

reactive plasma.106 The generation route is chosen based on the conditions required to 

synthesise the desired GBM.111 For example DC glow discharges offer a simple, cost-effective 

means towards plasma production, however, they are unsuitable for the deposition of non-

conductive materials such as GO, due to charge build up. RF glow discharges, on the other 

hand, are widely used to modify insulating materials, due to their ability to neutralise charge 

build up by forcing the electrodes to act as cathodes and anodes alternatively.106 A detailed 

insight to the applicability of the various plasma generation methods is outlined within an 

excellent review by Bogaerts.106 Within this section, some of the key plasma-synthesis methods 

towards GBM synthesis are outlined. 

Top-down plasma synthesis can take place both in dry state or in solution state. Saito and co-

workers provided an example of exfoliated stacks of graphite made via graphite exfoliation in 

aqueous solution.112 This incorporated a non-equilibrium, cold plasma produced by RF 

(between 10 to 60 kHz), which proved sufficient in exfoliating the graphite. A schematic of the 

instrumentation is depicted in Figure 1.9 (a). The setup incorporated two carbon electrodes 

containing graphite immersed in aqueous solution. The discharge was generated in the beaker 

between the two electrodes using a bipolar pulse power supply operating at a voltage of 1 – 2 

kV and a pulse width from 1 to 4 µs. The mechanism for the exfoliation of graphite into fewer-

layered stacks was attributed to the conversation of electrical energy into thermal energy on 

the electrode surface, resulting in the heating of water molecules and their subsequent 

vaporisation, as depicted within Figure 1.9 (b). The gas bubbles nucleate, and plasma is 

generated inside them due to the voltage applied between the electrodes, resulting in sufficient 

energy to overcome the extensive van der Waals interactions between layers. 
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Figure 1.9 Synthesis of exfoliated graphitic stacks including (a) instrument schematic comprising two graphite electrodes 

immersed in aqueous solution connected to a RF power supply and (b) the formation of plasma at the electrode. Reprinted 

from reference 112. 

 

Many examples of top-down wet plasma methods are described within the literature, and all 

show success in providing sufficient energy to overcome layer to layer interaction.99,112–115 

Unfortunately, however, wet plasma methods often involve the implementation of undesirable 

solvents, and subsequent drying of dispersions may result in re-stacking of layers. For this 

reason, dry plasma methods are often advantageous, as they do not form any toxic by-products 

or utilise hazardous solvents. Various dry plasma methods which utilise a top-down approach 

are outlined within the following sections. It is observed that most of these routes utilise a low-

pressure reactor system, which helps to sustain the plasma. For example, exfoliated graphitic 

stacks (NPs), also referred to as “particles comprising stacked graphene layers” within their 

corresponding patent, are synthesised by the industrial manufacturer; Perpetuus. This 

manufacture utilise a trade-secret process relying on a low pressure custom-made DBD reactor, 

as shown in Figure 1.10 (a).95 The subsequent NP products typically comprise of dark powders, 

as shown in Figure 1.10 (b) and (c). This reactor consists of multiple components; depicted 

within Figure 1.11. During synthesis, raw graphite is initially placed into the reactor and the 

motor rotates the chamber to agitate and displace the material during operation. The treatment 

chamber consists of a three-part system, incorporating the central drum and the first and second 

frusto-conical shaped sections. The central drum (see Figure 1.11 (b)) consists of a cylinder 

casing which encompasses two circular end plates (only one is shown) and a series of 

electrodes. The electrodes are arranged in a circular alignment, and project into the central 
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drum. This circular arrangement with the assistance of scoops, allows the graphitic particles to 

be further agitated and displaced during operation. 

 

Figure 1.10 (a) Photograph of DBD reactor utilised for the synthesis of NP and two NP products with trade names (b) SDP 

150 and (c) SDP 500. 

 

 

Figure 1.11 Schematic of (a) main components within the DBD reactor consisting of a central drum shown in more detail 

within (b) and with a rotated orientation in (c). 
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During operation, gas enters and exits the treatment chamber through the gas inlet, situated in 

the first frusto-conical section. From here, it is transferred up the gas inlet lines and flows 

through the hollow electrodes (Figure 1.11 (c)). The gas supply is controlled using a mass flow 

controller. The electrodes adopt the role of working electrodes within the glow discharge 

system, whilst the inside of the drum, coated with conductive boron silicate glass, acts as the 

counter electrode. This material also prevents unwanted sputtering. Prior to processing, the 

treatment chamber is evacuated and gases are introduced to the central drum through the hollow 

electrode manifold. During a typical synthesis operation, argon (Ar) gas is introduced through 

the gas inlet at a pressure of 0.01 mbar and a flow of 600 cm³/min, and the treatment chamber 

is rotated. Meanwhile, RF power is applied to the electrodes (13.56 MHz) to establish a 

negative DC bias voltage on the electrodes, causing them to act as cathodes within the system. 

Typically each electrode delivers 240 V. As the electrodes continuously rotate, they form 

localised regions consisting of Ar plasma halo clouds around each working electrode. These 

regions consist of many high energy positive ions, free electrons, UV photons, radicals and 

other excited species. This plasma is irradiated onto the sample for a specified time and 

bombards the graphite particles. This introduces defects to the structure, likely to be in a variety 

of forms.116 These include single vacancies, double vacancies or complex vacancies, which 

involve the removal of one atom, two atoms or more than two atoms respectively, from the 

structure. The presence of defects reduces the van der Waals forces between graphitic layers, 

causing many of the layers to dissociate to form stacks with improved friability.95 Additionally, 

small pores become introduced, along with amorphous regions such as Stone-Wales defects 

which result from a 90°, in-plane rotation of two carbon atoms within the graphitic network, as 

shown in Figure 1.12.117–120 Stone-Wales defects result in buckling of the planar graphitic layer, 

promoting the formation of non planar structures.121–123 Kostoglou and co-workers investigated 

the various properties of these materials including their morphology. They found that the 

particles consisted of rigid aggregated particles with dimensions typically of several µm, as 

shown in Figure 1.13.93 In addition the thickness of the individual particles was found to 

correspond to between 3 – 38 layers according to X-ray diffraction (XRD) studies. Within the 

current work, NPs are also synthesised using Perpetuus’ patented plasma process.  
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Figure 1.12 Formation of a Stone-Wales (SW) defect through the rotation of the π bond by 90° with respect to the midpoint. 

(a) shows the honeycomb lattice of graphene becoming rotated to form a Stone-Wales defect, as shown in (b). (c) and (e) 

show a sine-like Stone-Wales defect possessing a sine-like structure with a vertical displacement between the highest and 

lowest carbon atom of 1.4 Å. (d) and (f) show a cosine-like Stone-Wales defect possessing a cosine-like structure with a 

vertical displacement between the highest and lowest carbon atom of 1.7 Å. Reprinted from reference 121. 

 

 

 

Figure 1.13 (a) and (b) SEM images at high and low magnifications respectively and (c) TEM image of partially oxidised 

graphitic stacks synthesised using plasma treatment. Reprinted from reference 93. 

 

The combination of O2 and Ar/H2O mixtures has also been shown to effectively promote 

exfoliation and functionalisation of GBMs in various other literature examples.116,124–129 The 

mechanism of this plasma exfoliation has attracted some interest over the years. Plasma 

radiation has been shown to promote the dissociation of π bonds, resulting in radical formation 

on the graphitic sheet. As outlined within several papers, the π bonds within the sp2 network 

are described as being “active”.124–126 These bonds are higher in energy than σ bonds and hence 

more reactive. As such, they are more susceptible to plasma attack, resulting in radical 

generation on the dissociated π bond, creating these “active sites”.116,126 The quantity and 

presence of defects within GBMs depends on the energy of the incoming ions and the angle at 
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which they make contact with the graphitic sheet.117 For example, molecular simulations by 

Keinonen revealed that ion beam energies between approximately 1 keV to 10,000 keV, 

produced single, double and complex vacancy defects within graphene, where the exact energy 

was dependent on the ion beam incident angle and the ion source. Lower energies (in the region 

of < 1 keV to 80 keV), on the other hand, generally yielded amorphisation as were incapable 

of displacing a target atom.117,130 Such regions typically comprise Stone-Wales defects. These 

have been shown by density functional theory (DFT) and quantum Monte Carlo (MC) 

simulations to correspond to either sine-like buckling orientations or cosine-like buckling 

orientations, which cause a large verical displacement parallel to the defect core, revealing 

wavy structures, as shown in Figure 1.12 (e) and (f).121 As such, both the energy and the angle 

of ion bombardment on the raw graphite material have a large influence on the types of defects 

produced during NP synthesis, as well as the planarity of the sheets.  

A second industrial supplier of exfoliated graphitic material is the South Wales company; 

Haydale Ltd. Within their patented synthesis process, plasma is utilised to exfoliate graphite 

into “particulate carbon matter” via a glow discharge mechanism.96 A photograph of this glow 

discharge is depicted within Figure 1.14 (a). The treatment vessel employed typically operates 

at a low pressure (< 500 Pa) and gas is fed into the chamber in a similar way to that described 

above. A range of functionalities including carboxy, carbonyl, hydroxy, amine, amide or 

halogens can be added to the exfoliated material, depending on the gaseous precursor 

introduced into the chamber. Examples include oxygen, water, hydrogen peroxide, alcohol, 

nitrogen, ammonia, amino-bearing organic compounds and halogens including fluorine, 

halohydrocarbons and noble gases. Graphite becomes exfoliated during the treatment to form 

NPs with thicknesses of < 100 nm and lateral dimensions of at least 10 times the thickness.96 

Increasing the gas concentration and treatment time, and subsequent plasma exposure, is found 

to enhance the degree of functionalisation.96 The generated materials are typically utilised 

within composites and devices. In particular, Haydale Ltd manufacture a screen printable 

carbon ink which achieves a surface resistivity of < 15 ohm2 and a surface covering of 550 cm2 

g-1.131 Furthermore, NPs can also be applied within composite coatings.132 It has previously 

been found that the incorporation of nanomaterials enhances the capabilities of protective 

coatings, providing them with barrier fillers, and thus, providing tortuous diffusional 

pathways.133,134 Chaudhry embarked upon an investigation to analyse the capability of 

Haydale’s functionalised NPs within barrier coatings.132 Composite coatings, consisting of 

polyvinyl butyral and NP treated with fluorine, oxygen and argon, were initially synthesised 
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and coated upon carbon steel samples. The barrier properties of these coatings were then 

investigated via electrochemical techniques, and it was found that the coatings were effective 

in blocking corrosive species. In addition, the composites were compared with that of their 

respective thermal rGO composites, and the barrier properties were found to be superior. This 

finding was attributed to the functionality on the NP surface, enhancing its dispersion within 

the polymer resin compared with rGO. This improved dispersion led to a reduction in the 

number of interfacial defects and an increase in the tortuous pathways. As a result, longer 

diffusional pathways for the corrosive solution were established through the coatings, granting 

them effective as barriers. 

 

  

Figure 1.14 Glow discharge formed within Haydales Ltd’s plasma reactor (left) and a tunnelling electron microscopy image 

of an exfoliated NP. Reprinted from reference 131. 

 

Hong and co-workers reported another example of the use of a DBD reactor to synthesise 

plasma-exfoliated rGO, comprised of few-layered stacks.135 Instead of utilising low pressures, 

this reactor operated at atmospheric pressure. Hydrogen plasma was responsible for reducing 

a GO precursor, whilst simultaneous enabling its exfoliation. The experimental set-up of the 

DBD process is depicted within Figure 1.15, outlining the presence of low voltage and high 

voltage terminals to form plasma. It was observed that increased plasma exposure time was 

accompanied by the production of a more expanded powder. This finding was attributed to an 

increase in exfoliation. During treatment, Hong outlined that the high energy electrons and ions 

within the plasma resulted in collisions with GO particles, whilst rapid discharge of H2O and 

CO2 gases, promoted exfoliation of GO into few-layered rGO stacks, as shown in Figure 1.16. 
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Again, it can be observed that as the treatment proceeded, the material underwent volumetric 

expansion, due to the exfoliation of the layers of GO. 

 

 

Figure 1.15 (a) Apparatus to synthesis plasma exfoliated rGO consisting of a low voltage terminal (LVT) and a high voltage 

terminal (HVT). (b) depicts the expansion of the GO powders after treatment with the DBD plasma for 0 – 180 seconds and 

(c) discharge process. Reprinted from reference 135. 

 

 

Figure 1.16 Schematic representation of the exfoliation and reduction process experiences by GO during DBD plasma 

treatment. Reprinted from reference 135. 

 

Zhao and co-workers utilised an alternative precursor to synthesise exfoliated stacks from 

graphite. This consisted of H2O2, which enabled etching of the bulk structure upon plasma 

formation. The mechanism behind this top-down synthesis was attributed to the formation of 

strongly oxidising free radicals, in the form of OH, O, HO2, upon excitation. These free radicals 

were found to be sufficient in enabling the unzipping of graphite, whilst oxidising many of the 
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carbon atoms to form partially oxidised FLG stacks, as shown in Figure 1.17. The plasma 

instrumentation incoorporated a custom-built reactor, operating at a pressure of 20 Pa and a 

power of 100 W. Respective voltages and currents of 850 V and 150 mA were utilised and 

treatment was allowed for 2 hours.136  

 

Figure 1.17 Synthesis of FLG from graphite utilised H2O2 plasma etching. Reprinted from reference 136. 

 

More recently, Vasquez and co-workers utilised a combination of plasma treatment and liquid-

phase exfoliation to synthesise stacks of partially oxidised graphitic layers.137 Initially graphite 

was treated with RF capacitively-coupled plasma inside a glass bell jar chamber. This plasma 

was formed through the addition of an O2 gas stream, and treatment continued for a duration 

of 15 minutes at 100 Pa. The treatment process was repeated three times and the particles were 

physically mixed between treatments, to ensure homogenous functionalisation. Afterwards, 

liquid-phase exfoliation and centrifugation were carried out to remove thick stacks, affording 

exfoliated functionalised particles containing 20 layers or less within the supernatant. 

As previously highlighted, the aim for any synthesis route is to allow for the formation of high-

quality graphene with a narrow layer distribution. In addition to this, the route should also be 

scalable, reproducible and cost-effective. Keshri and co-workers implemented a procedure for 

the synthesis of in-plane-defect free SLG, 2LG and 3LG on a large-scale, reaching a production 

rate of 48 g per hour. This synthesis utilised a DC bias to establish plasma within an Ar 

atmosphere and treatment was carried out for approximately 25 minutes at 20 Pa.138 

Centrifugation was employed post-plasma treatment to remove any un-exfoliated material from 

an aqueous dispersion. The combined processes led to the exfoliation of graphite into single 
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layers, two layers and three layers, where up to 85 % of flakes were believed to consist of single 

layers. The quality of the flakes was measured via Raman spectroscopy, revealing the absence 

of a D band within the planes, and a relatively low ID/IG ratio of 0.2 upon the edges. This 

suggested that the planes of the flakes were absent of any defects, whilst a small proportion of 

defects were present at edge sites. As such, this route shows promise towards the production 

of high-quality graphene with a narrow layer distribution, in high yield. The mechanism 

associated with the exfoliation was also proposed, consistent with Figure 1.18. This involved 

a three-stage process comprising thermal shock (stage 1) and shearing of the graphitic particles 

in the laminar (stage 2) and turbulent region (stage 3). Initially, thermal shock of graphite 

occurred by the hot plasma (3430ºC) (stage 1). During this stage, thermal damage to the 

graphitic structure was minimised due to the existence of inert Ar gas and short processing 

times. This thermal shock was believed to increase the graphitic interlayer spacings, leading to 

weakening of van der Waals forces. The particles then underwent shear forces within stage 2 

and stage 3, which contributed to the exfoliation of graphite. This resulted from the combined 

effects of viscosity and velocity of the plasma within the laminar region and large-scale eddies 

of cold ambient gas within the turbulent region. In turn, the already exfoliated particles 

experienced extensive shear forces, resulting in additional exfoliation of stacked layers. 

Furthermore, the reproducibility of the exfoliated product was investigated. It was found that 

samples acquired across five batches of the same treatment process possessed similar Raman 

spectra, attributed to comparable graphitic structures. Moreover, 75 – 85 % of all samples 

consisted of single layers, indicating little variance in the thickness distributions across batches, 

and thus demonstrating the route’s reproducibility. 
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Figure 1.18 Proposed three-stage mechanism for the synthesis of SLG, 2LG and 3LG during the exfoliation of graphite, 

consisting of (a) a schematic representation of the exfoliation mechanism (b) magnification of the laminar region of the 

plasma shown in (a) and (c) magnification of the turbulent region shown in (a). Reprinted from reference 138. 

 

 

1.8 Functionalisation and Modification of GBMs using Plasma 

 

As previously mentioned, functionalisation serves as a useful tool to alter the properties of 

GBMs. For instance, the addition of external chemical moieties often improves issues 

associated with GBMs’ poor dispersibility by introducing electrostatic or steric repulsion, in 

the form of functional moieties between the sheets. This is, of course, a common strategy to 

prevent reaggregation of the layers.48,139,140 Furthermore, functionalisation may also serve as a 

strategy to enhance interaction of GBMs within composite materials, for the purpose of 

mechanical, energy and biomedical applications.141–144 Functionalisation routes can be 

classified according to whether they are covalent or non-covalent. The former involves the 

formation of a covalent bond, typically either to the carbon network directly or to oxygen 

functionality present on the GBM’s surface. The latter considers the functionalisation of GBMs 

through a non-covalent means, comprising various non-bonding interactions such as π-π 
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bonding, hydrogen bonding and van der Waals.145 Strategies towards functionalised GBMs 

have been reviewed extensively within the literature.25,47,146–150 Typically, covalent 

functionalisation methods rely on both wet and dry approaches. The former describes the use 

of a solvent to mediate the chemical reaction and is considered in more detail within the next 

section. The latter approach describes methods which do not implement liquid media and 

typically involve reactive species such as plasma, as described earlier on in the text. 

Plasma conditions have been shown to provide success in introducing single atoms to the 

graphitic network of GBMs, as well providing active sites amongst the π network. These routes 

are particularly advantageous due to the fact that they: 1) are commonly solvent-free, and thus, 

eliminate the issues associated with reaggregation; 2) often utilise low energy sources and 

release negligible emissions151; 3) Typically, leave no contaminants in the resultant material, 

in contrast to wet chemical functionalisation methods such as oxidation152 and 4) can be 

optimised to control the extent of functionalisation, by varying the plasma parameters including 

pressure, power and exposure time.153 A commonly utilised plasma functionalisation method 

involves the oxidation of GBMs. This is often carried out in a combined exfoliation step where 

graphite forms fewer-layered stacks, such as that described previously within the work of 

Vasquez.137 Generally, the plasma is generated through the addition of O2 or O2/Ar gas 

streams.93,95,96,132,136,154,155 In the case of combined O2/Ar plasma treatments, it has been shown 

that exposing graphite to Ar plasma prior to O2 treatment, introduces defects and radicals onto 

the π network, providing active sites for oxidation.124 Upon exposing the pre-treated material 

to oxygen plasma, it is believed that radicals present on the dissociated π bonds then react with 

highly reactive, “active”, oxygen atoms.120,156,157 These active oxygen atoms are formed during 

collisions between oxygen and electrons.158,159 Choi and co-workers proposed a mechanism for 

plasma oxidation of multi-wall CNTs and activated carbon fibres, as shown in Scheme 

1.1.120,124 In this mechanism, radicals, formed during the dissociation of π bonds, reacted with 

active oxygen atoms to form C–O and C–OH bonds. This step entailed proton transfer, where 

a proton was abstracted from a source, such as atmospheric water or from the network itself, 

as depicted within Scheme 1.1 (a). Furthermore, C=O bond formation was also believed to take 

place during intramolecular reorganisation on the C–C bonds (Scheme 1.1 (b)), whilst O–C=O 

bonds formed due to combination of an existing C=O bond with plasma-generated radicals and 

active oxygen atoms, followed by proton transfer (Scheme 1.1 (c)). Moreover, plasma 

conditions may also have induced the formation of a lactone functional group from a carboxylic 

acid and a neighbouring C=O bond (not shown). Perpetuus employ a combination of Ar 
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plasma, followed by O2 plasma, within their DBD plasma reactor, to functionalise graphitic 

stacks consisting of multiple layers.93,95,160 This process introduces oxygen functionalities in 

the form of hydroxyl and epoxy groups, as well as ester and carboxyl groups, according to XPS 

data.93,95 The total oxygen composition, determined from the O 1s spectrum, equates to ~ 5.5 

at.%.  

 

 

Scheme 1.1 Oxygen plasma processing on a graphitic network to introduce oxygen in the form of (a) C–O and C–OH (b) 

C=O and (c) O–C=O. Modified from reference 120. 

 

The use of oxygen plasma is effective towards introducing a variety of oxygen functionality in 

the form of epoxy and carboxyl groups on the basal plane and edges of graphene, where epoxy 

groups are the most energetically favourable.87 Covalent attachment of oxygen functionality 

coincides with the rehybridisation of the carbon of interest, from sp2 to sp3 and an increase in 

the amorphous nature of the graphitic structure.91,161 As previously mentioned, 

functionalisation is a valuable method to alter the properties of GBMs. Childres and co-workers 

investigated the changes in electronic properties of CVD grown SLG on a Si/SiO2 substrate, 

after treatment with short pulses of O2 plasma.161 They found that the oxidation process was 

accompanied by an increase in the disorder of the graphitic network, as evidenced by an 

increasing ID/IG ratio. This resulted in an up-shifting of the Dirac point, indicating hole doping. 

Nourbakhsch and co-workers also utilised O2 plasma, in the absence of Ar, to functionalise the 

surface of SLG on Si/SiO2, synthesised via micromechanical cleavage of HOPG. They found 

that the oxidation process had a large effect on the electronic properties, consistent with the 

previous findings. In this regard, it was observed that the time of the plasma treatment 



31 

 

influenced the semi-metallic/semiconducting behaviour, such that the bandgap became wider 

as the extent of functionalisation increased.152 Duesberg and co-workers also carried out plasma 

functionalisation on CVD grown SLG and measured the corresponding wetting behaviour of 

the material, before and after the plasma treatment. In this case, plasma was generated using 

microwave AC with an O2 gas stream (100 standard cubic centimetres per minute (sccm)), for 

a duration of between 10 – 300 seconds, at 133 Pa.155 It was found that the material became 

increasingly hydrophilic upon oxidation, as shown by a decrease in the water contact angle 

(WCA). In addition, the plasma exposure was also found to degrade the electronic properties 

of the material. For example, cyclic voltammetry experiments revealed that the charging 

current depleted after plasma treatment.  

Nitrogen functionality can also be introduced to the graphitic network through means of NH3, 

and more commonly, N2 generated plasmas.162,163 Subsequent functionalised materials have 

shown promise within various applications, including supercapacitors, field effect transistors 

and lithium ion batteries.164,165 Plasma initiated nitrogen doping typically introduces between 

3 – 10 at.% nitrogen to the graphitic structure and a variety of functional groups can be 

formed.151,155,166 Chiu and co-workers investigated the types of functionality present within 

SLG and 2LG upon treatment with plasma generated from NH3 gas.167,168 They observed that 

various atomic and molecular radicals were generated in the plasma, including H, N, NH and 

NH2, which led to the formation of amine groups at edge and defect sites, pyrrole-type nitrogen 

rings, and quaternary nitrogen or graphite-like nitrogen, as shown in Figure 1.19 (a). These 

functional groups were found to be both stable in air and under high temperatures (up to 

800ºC). Abel and co-workers also confirmed the presence of similar functional groups through 

treatment of SLG on caesium dihydrogen phosphate and Si wafer substrates with nitrogen 

plasma.154 This was generated using a 20 W low-pressure microwave plasma system operating 

at 13.56 MHz with a N2/Ar gas mixture in a 9:1 ratio. These conditions were effective in 

introducing various functionalities in the form of C-O, C=O and chemisorbed oxygen, as well 

as pyridinic-N, pyrrolic-N, and graphitic-N species.  
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Figure 1.19 (a) Proposed structure of SLG and 2LG treated with NH3 plasma treatment consisting of various nitrogen 

functionalities (b) Raman spectra of NH3 plasma treated 2LG on a Ni substrate after 0, 3, 6 and 9 minutes of exposure and 

(c) and (d) depict the evolution of the Raman G peak after 0, 3, 6 and 9 minutes of exposure, where the initial Fermi level 

lies in the conduction band and valence band respectively. Reprinted from reference 167. 

 

Nitrogen functionalised GBMs possess interesting electronic properties and modified band gap 

structures.167,169 Nitrogen behaves as an n-type donor and thus, the density of states near the 

Fermi levels therefore decreases. As such, the Fermi level shifts above the Dirac point to create 

a gap between the valence and conduction bands. This promotes a decrease in conductivity and 

subsequently, an improved on/off ratio. Chiu and co-workers utilised Raman spectrometry to 

investigate the doping level of nitrogen within 2LG on Ni, under NH3 plasma irradiation. 

Figure 1.19 (b) - (d) shows how the corresponding Raman peaks vary across a 3-minute period 

of plasma exposure.167 A D band is introduced as plasma exposure proceeds, and increases in 

intensity with increasing exposure, before saturating at 3 minutes. Meanwhile, the 2D peak 

simultaneously decreases, and continues to decrease even after the D peak becomes saturated. 

This behaviour is attributed to the presence of excess charges from the dopant, and thus, the 
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corresponding I2D/IG ratio provides a measure of the doping level. The I2D/IG ratio subsequently 

shifts from 1.7 to 0.7, consistent with the Raman spectrum obtained in electrostatically gated 

graphene. Bertóti and co-workers investigated and compared the extent of nitrogen plasma 

functionalisation upon treatment of multi-wall CNTs, FLG and HOPG, at low and high 

pressures. In their initial report, they treated commercially available multi-wall CNTs with N2 

plasma, generated using RF power of 100 W at 13.56 MHz.162 This introduced a composition 

of between 19 – 25 at.% nitrogen into the graphitic structure. More recently, they treated FLG 

and HOPG with low pressure N2 plasma, using the same power.151 This established a negative 

bias voltage of between 0 and 200 V, resulting in the positive plasma ions bombarding the 

material with controlled energy. Utilisation of a low bias voltage (≤ 50 V) resulted in the 

bonding of nitrogen only to pre-existing defects within the materials. As such, a much larger 

nitrogen incorporation took place within FLG compared to HOPG, due to the existence of more 

defects. In contrast, increasing the bias voltage (between 50 and 200 V for 10 minutes), 

promoted the generation of defect sites within both materials, promoting a similar nitrogen 

incorporation of between 4 – 10 at.% in both samples, as shown in Table 1.2. As such, it is 

realised that both the sample bias and extent of defects are important variables towards tailoring 

the extent of functionalisation. 

 

Table 1.2 Comparison of the elemental compositions of FLG (MLGR) and HOPG samples treated at a different sample 

biases. Reprinted from reference 151. 

 

 

It is also possible to introduce hydrogen to GBMs through the means of plasma 

hydrogenation.170 In this case, the π bond within the GBM participates in an addition reaction, 

resulting in the incorporation of hydrogen atoms across the double bonds. A complete 100% 
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hydrogen coverage of graphene forms a material known as “graphane”. This material was 

theoretically studied by Sofo and co-workers.171 Later, Elias reported the first example of 

graphane synthesis, through hydrogenation of exfoliated graphene on a Si/SiO2 substrate.172 

During this synthesis, the graphene was treated for 2 hours with a low-pressure (0.1 mbar) 

H2/Ar gas mixture (1:9 ratio), using a DC voltage between two aluminium electrodes. This 

route established covalent bond formation between carbon and hydrogen. Interestingly, the 

properties varied after treatment, where graphane possessed insulating behaviour, in contrast 

to the zero-band gap semi-metallic behaviour associated with graphene. It was observed that 

the original metallic behaviour could be restored by annealing the hydrogenated material at 

450ºC for 24 hours in an argon atmosphere. Microwave plasma treatment has also been shown 

to assist the hydrogenation of GBMs. For example, Ray and co-workers treated CVD grown 

FLG, on a Si/SiO2 substrate, with hydrogen plasma at 267 Pa, using a power of 150 W at 

various temperatures.173 This successfully incorporated hydrogen to the graphitic network. 

Interestingly, varying the temperature of the plasma treatment resulted in different degrees of 

functionalisation. The C-H composition was estimated to correspond to 3:1.5:1 (~ 6:3:2) at 50, 

100 and 200ºC respectively. This temperature-dependent behaviour was attributed to the 

penetration ability of hydrogen. It was believed that at lower temperatures (50ºC), 

hydrogenation only occurred on the surface layer of the FLG, however, at increased 

temperatures (between 100 and 200ºC), the hydrogen could passivate the surface, resulting in 

C-H bond formation in the stacked layers as well.  

Halogen-based plasma offer an alternative strategy towards the functionalisation of GBMs. 

Fluorination, in particular, has become a common route towards the formation of derivatives 

with advantageous properties. Fluorination offers the opportunity for band gap 

modification.174,175 For the fluorination of CVD grown graphene, plasma is commonly 

generated with SF6, CF4, XeF2, fluoropolymers and Ar/F2, due to their capability in forming 

fluorine radicals.153,174–177 The fluorine content can be altered according to the fluorinating 

agent chosen and the treatment time used. The atomic ratio of fluorine to carbon typically 

ranges up to ~ 27%, although these values have been shown to rise up to 50% in SLG.153,177,178 

Zhu and co-workers provided an example of the fluorination of CVD grown SLG utilising CF4 

plasma.179 The fluorine was found to bind to the surface of the graphitic network to form CFx 

groups (where x = 1 – 3), as shown in Figure 1.20. It was observed that the functionalisation 

was more concentrated in some areas compared to others, forming an inhomogeneous 

coverage. Consequently, a conductive network was able to form in some regions, where charge 
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transport took place, resulting in electrical transport within the functionalised material. 

Fluorination reactions are generally fast and can be difficult to control due to their fast 

kinetics.180 Furthermore, various bonding types are predicted within fluorinated SLG.177 The 

dominant bonding types include semi-ionic bond formation between sp2 carbon with an 

isolated fluorine, where fluorine acts as a p-dopant and covalent bond formation between C 

and F. This latter bond formation exists in the form of poly(carbon fluoride), where covalent 

C-F bonds alternate in ortho position to one another, on both sides of the graphitic sheet and/or 

in the form of poly(tetracarbon fluoride) where C-F bonds are in para positions to one another, 

on only one side of the graphitic sheet. The latter bonds exhibit a character intermediate 

between semi-ionic and covalent. Robinson and co-workers investigated the properties of 

fluorinated graphene films, functionalised with XeF2 plasma.174 This comprised graphene film 

grown on Cu foil which was functionalised on one or both sides. When both sides were exposed 

to plasma, a coverage of 100% fluorine was achieved (CF) and a band gap of 3.07 eV was 

observed. In contrast, when only one side was exposed to the plasma, a fluorine coverage of 

25 % (C4F) was observed and the material possessed a band gap of 2.93 eV and subsequent 

transparency. As such, they concluded that the single sided fluorination was effective in 

providing desirable electronic and optical changes for application in devices. In addition, 

graphene treated on both sides possessed a C 1s XPS spectrum which comprised of 86 % C-

F, 12 % C-F2 and 2% C-F3, where the latter two bonds correspond to bonds at defective sites.  

 

 

Figure 1.20 Proposed schematic of fluorinated CVD grown SLG. Reprinted from reference 179. 

 

Chlorination is an alternative halogenation route for graphitic networks.180–184 In contrast to 

fluorination, the kinetics are much slower and functionalisation tends to proceed to a lesser 

extent. Wu and co-workers showed that chlorine plasma was capable of doping graphene to 
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form a p-type material with increased conductivity and a chlorine coverage of 8.5%.180 Zhang 

and co-workers improved this degree of functionalisation by utilising plasma generated in the 

presence of chlorine gas, to functionalise CVD grown SLG and SLG on a Si/SiO2 substrate 

formed via micromechanical cleavage, for 30 seconds.185 They achieved a high 

functionalisation, of up to 45.3 at.% (close to C2Cl) and found that this coverage could be tuned 

according to treatment time and DC bias, as shown in Figure 1.21. Longer treatment times 

resulted in a lower Cl:C ratio, due to them exceeding the critical treatment time (Figure 1.21 

(b)). At this critical point, further Cl plasma bombardment resulted in the activation and 

breaking of C-Cl bonds. At a treatment time of 300 seconds, it was found that a DC bias 

voltage of 8 V resulted in the maximum Cl functionalisation (Figure 1.21 (a)). This optimal 

bias voltage was dependent on the treatment time. For example, at 60 seconds, 16 V was 

optimal to maximise coverage. It was also observed that using a voltage of less than 8 V or 

over 16 V resulted in relatively low coverages. This was attributed to the interaction between 

C and Cl being too weak at low biases, whilst at high biases, the plasma was extremely 

energetic and thus, was able to break many C-Cl, resulting in the activation and desorption of 

Cl atoms. 

 

 

Figure 1.21 Effect of DC bias voltage and treatment time on the C:Cl ratio (a) compares the DC bias to the Cl coverage 

using a constant treatment time of 300 seconds; (b) compares the treatment time to the Cl coverage using a constant DC 

bias (8 V) and (c) shows a map of the Cl coverage with changing DC bias and treatment time. Reprinted from reference 185. 
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Bromination can also be carried out utilising plasma.186–190 Friedrich and co-workers provided 

an example of bromination of HOPG.188 This achieved more than 30 % Br:C ratios, using 

inductively or capacitively coupled low-pressure plasma. The morphology of the brominated 

graphene layers caused the plane topography to change, consistent with a rehybridisation of 

sp2 to sp3, from 180º to 109º, as shown in Figure 1.22.  

 

 

Figure 1.22 A side-view and top view of the proposed structures of a graphene layer before and after bromine plasma 

treatment. Reprinted from reference 188. 

 

 

1.9 Functionalisation of GBMs without Plasma 
 

As previously mentioned, covalent attachment can also take place without the requirement for 

plasma. There are a whole plethora of methodologies which enable functionalisation; allowing 

the covalent attachment of external moieties to GBMs, containing 1 to several hundred layers, 

defective or pristine structures and unfunctionalised or already functionalised lattices. 

Typically, these methodologies involve wet chemical approaches, thus, take place within a 

solvent medium.47,191 Among these methodologies exists radical mediated bond formations; a 

functionalisation route which is commonly utilised for covalent bond establishment.34,192–200 
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For this purpose, diazonium salts are widely implemented radical precursors, due to their ease 

towards the formation of highly reactive intermediates, and have therefore been utilised to 

functionalise a range of GBMs. These compounds undergo C–N bond cleavage to eliminate 

nitrogen gas, resulting in  the formation of radicals, which subsequently attack the sp2 network 

of GBMs to form covalent bonds, as shown in Scheme 1.2.192–194,197,201–203 Such steps are 

typically initiated under thermal or photolytic conditions.204 

 

 

Scheme 1.2 Formation of an aryl radical from a diazonium salt precursor and its subsequent covalent attachment to a 

graphene layer. R represents the presence of a variable group and X- represents an appropriate counterion. 

 

Hirsch provided a good example of this functionalisation, as depicted within Scheme 1.3.194 

This work involved the functionalisation of graphite with 4-tert-butylphenyl moieties. Initially, 

the graphite was reduced with a potassium (or sodium) alloy, generating solvated electrons 

which activated the graphite and eased the exfoliation of sheets. This negative charge was 

balanced by the positive group 1 metal ion within the graphite intercalation compound. 

Subsequently, diazonium salt compounds within the vicinity of these solvated electrons 

became reduced, promoting nitrogen gas elimination and the formation of a reactive aryl 

radical. The in situ formed aryl radicals were believed to be consumed by covalent addition to 

the π network of the graphene. Of course, the use of diazonium salts can also be applied to 

plasma-exfoliated graphitic stacks. Aside of diazonium salts, another common precursor 

includes benzoyl peroxide, which readily undergoes free radical addition following the 
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formation of two phenyl radicals upon decomposition.205 The reaction of benzoyl peroxide with 

graphite on a silicon substrate was carried out in toluene, using an argon-ion laser beam to 

photochemically initiate the decomposition of benzoyl peroxide into phenyl radicals. 

Subsequent covalent bond formation occurred between the graphitic sheets with the phenyl 

radicals. 

 

 

Scheme 1.3 Synthesis of 4-tert-butylphenyl functionalised graphene, synthesised via the intercalation and exfoliation of 

graphite with potassium ions to form a graphite intercalation compound. This compound then reacts with 4-tert-

butylphenyldiazonium tetrafluoroborate to form the functionalised material. Reprinted from reference 194. 

 

Other radical precursors have also been implemented during functionalisation methodologies, 

including 2,2’-azobisisobutyronitrile (AIBN) and styrene.206,207 Suslick and Xu reported the 

synthesis of styrene radicals using high intensity ultrasound radiation to functionalise graphitic 

layers. They irradiated graphite powder for 2 hours at 0 °C under an argon flow, which afforded 

simultaneous exfoliation and functionalisation with polystyrene. The subsequent 

functionalised material contained an approximate weight composition of 18% polystyrene.206 

In a different report, Xu functionalised exfoliated graphitic material with isobutyronitrile 

radicals, generated through the decomposition of AIBN.207 This afforded functionalisation, 

consistent with an isobutyronitrile group attached to 1 in every 50 carbon atoms. This degree 

of functionalisation related to a weight loss of 10%, as calculated by thermogravimetric 

analysis (TGA). AIBN has also been implemented as a radical initiator to functionalise 
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graphene.208  In this regard, AIBN was used to promote radical formation on maleic anhydride, 

resulting in its covalent attachment to the graphitic material. A degree of functionalisation 

consistent with a weight composition of 13.2% maleic anhydride was reported. 

Cycloaddition reactions are another common form of functionalisation which are formed upon 

addition to the π bonds within GBMs, to generate cyclic adducts. A variety of cycloadditions 

have shown promise for this purpose, including carbene, nitrene and azomethine ylide 

addition.25 Furthermore, the graphitic network can also undergo Diels-Alder cycloaddition 

reactions, acting as both a diene and dienophile.209,210 Carbenes provide a facile route towards 

functionalising the sp2 carbon network of GBMs, behaving as electrophiles to form three 

membered rings.47 Carbene units can be generated from various precursors, including 

chloroform211 and bromoform.212 Alternatively, azirine adducts can also react with the sp2 

carbon network to produce three membered rings. The reactive intermediate, in this case, 

involves nitrene, which is typically generated via thermal or photo-decomposition of an azide 

group.25 Such a cycloaddition has been exploited within various investigations to functionalise 

graphene and FLG.213–217  

It is well known that a small amount of hydrogen functionality typically exists at the edges of 

GBMs, which allows such materials to undergo electrophilic substitution reactions.150,218–221 

Friedel-Craft acylation is a typical example of such a reaction which has been shown promise 

in allowing the introduction of an aryl ketone group to the graphitic network, and proceeds via 

an acyl anion in the presence of polyphosphoric acid (PPA)/phosphorus pentoxide (P2O5), as 

shown in Scheme 1.4.150,220 In this reaction, PPA acts as both an acidic catalyst and as the 

reaction medium.220 An acylium ion becomes generated from the respective substituted benzoic 

acid, during the PPA catalysed protonation of the carbonyl group. Electrophilic aromatic 

substitution then occurs at C-H sp2 hybridised edge sites of the graphene material. 

Alternatively, electrophilic aromatic substitution allows for the sulfonation of CVD grown 

graphene using chlorosulfonic acid to introduce sulfonate functionality to the edges of the 

sheets. This graphene sulfonate was further reduced to graphene thiol through the addition of 

PPh3 and I2.
221 
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Scheme 1.4 Functionalisation of graphitic material via the Friedel-Crafts acylation reaction with benzoic acid derivatives in 

the presence of polyphosphoric acid (PPA) and phosphorus pentoxide (P2O5). Reprinted from reference 220. 

 

Whilst the carbon network within GBMs is useful in allowing for functionalisation with a 

variety of species, the presence of oxygen functionality within GO and rGO, and partially 

oxidised stacks of graphene, provide additional functionalisation strategies, with the possibility 

for amidation, esterification and silanisation reactions.200 In the former case, a variety of 

functional groups have been added to the carboxylic acid and lactone groups on GO, resulting 

in the establishment of an amide link.222–224 For example, Kumar and co-workers attached 

various amine derivatives to GO, through condensation of the amine functionality with the 

lactone group of GO.222 These functionalised materials possessed good dispersibility in 

common solvents, including water, DMSO and DMF. Moreover, esterification reactions take 

place through the reaction between a carboxylic acid group with a primary alcohol. By using 

this approach, a variety of functional groups have been added to oxygen containing GBMs, 

including ethylene glycol, 1,2-propylene glycol, butylene glycol, 1,6-hexylene glycol, 

neopentyl glycol, glycerol, pentaerythritol, 4-hydroxy-4′-n-pentylbiphenyl and meta-toluic 

acid.225–227 In some cases, the carboxylic acid functionality upon GBMs combines with the 

hydroxyl group of the reacting moiety, whilst in others, the GBM’s hydroxyl groups reacts 

with that of the carboxylic acid group of the reacting moiety. Silanisation reactions involve the 

attachment of silicon to hydroxyl groups. A number of different silane agents have been 

investigated for the purpose of functionalising GO, including, aminopropyltriethoxy silane 

(APTES), triethoxymethoxysilane, 3-glycidyloxypropyltrimethoxysilane, 
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vinyltrimethoxysilane and triethoxysilane.228–231 Silanisation proceeds via a hydrolysis 

reaction, where typically, loss of aliphatic groups occurs from the silanising reagent. 

 

 

1.10 Surface Area and Porosity in Plasma-Exfoliated Graphitic Material 

and Analogues 

 

Surface area and porosity describe characteristics of materials. Surface area describes the total 

area of all of a material’s surfaces, and thus, is important for determining its properties and 

behaviour with external species. Pristine SLG exhibits a large theoretical surface area of 2630 

m2/g and many other GBMs also possess large surface areas up to this value.232 As such, these 

materials are desirable for providing additional surface for the interaction with chemical 

species and maximising permeance.18,232 These properties allow such materials to prevent 

deformation and withstand vigorous environments. Consequently, GBMs have found extensive 

application within molecular separations,233 energy storage234 and sensor technology.235,236 

The large surface area of SLG originates from the access to the whole two-dimensional 

structure. In many stacked analogues, this access is not enabled to many of the individual 

layers, and thus it is the outer dimensions of the stacks, holes within the graphitic layers and 

spaces between them, which govern the surface area. Pores describe the spacings between 

openings within the structure. Pores can also be distinguished according to their size, such that 

pores with dimensions of less than 2 nm, between 2 - 50 nm, or beyond 50 nm correspond to 

micropores, mesopores and macropores, respectively.237–239. Micropores can be further divided 

into super- (> 0.7 nm) and ultra-micropores (< 0.7 nm).240 Pores can also be categorised 

according to their types. In the context of GBMs, these typically fall into the following 

categories, including: in-plane pores, interlayer pores and three-dimensional (3D) porous 

networks, where the latter of these may constitute both in-plane pores and interlayer pores. 

Figure 1.23 outlines the types of pores present within GBMs, their associated size distributions 

and corresponding relevant applications.241 In-plane pores describe holes within the graphitic 

sheet and are commonly introduced via various approaches, including electron beam 

ablation,242,243 focused ion beam irradiation,244 ultraviolet-induced oxidative etching,245 ion 

bombardment followed by chemical oxidative etching,246 oxygen plasma etching,119 laser 

irradiation247 and MnO2 etching,248 as outlined in a review by Yang and co-workers.241 The 
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manufacture of in-plane pores has found promise within the context of membranes. For 

instance, the generation of in-plane pores within SLG via oxygen plasma etching (20 W), has 

provided a material with application within desalination.119 In one example, it was found that 

exposure time between < 1 to 6 seconds afforded porous SLG membranes containing nm-sized 

pores, which provided a nearly 100% salt rejection rate to ions, including K+, Na+, Li+ and Cl-

. A rapid water transport of 106 g m-2 at 40 °C, using hydraulic pressure difference, was 

achieved through these membranes. 

 

 

Figure 1.23 (a) Nanoporous GBMs classified according to whether they possess in-plane pores, interlayered pores or 3D 

porous networks with broad applications of the materials and (b) applications associated with GBMs of varying pore sizes. 

Reprinted from reference 241. 

 

Kostoglou and co-workers also analysed plasma-exfoliated stacks, generated through DBD 

plasma irradiation of Ar and O2 gas, and found that they possessed a high surface area and 

subsequent high H2 storage capacity. In accordance with Chahine’s rule249,250, a large surface 

area is proportional to an increase in the hydrogen uptake. In addition, the pores act as “strong 

adsorption sites” due to overlapping potential fields from opposite pore walls. This resulted in 

an increased H2 storage.160 Their work also found that the addition of platinum promoted the 

strengthening of solid-H2 interactions with a higher heat of adsorption. These stronger 

interactions improved the hydrogen storage capabilities of the material further. 
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Table 1.3 Surface area and porosity data associated with plasma-exfoliated graphitic stacks. Reprinted from reference 93. 

 

 

Interlayer pores describe the spacings between graphene layers, and commonly make up slit 

pores. Of course, the arrangement of GBMs containing an orderly alignment of graphitic 

materials, creates spacing between the layers, typically possessing distances of around 0.334 - 

0.335 nm.29 As such, during adsorption-desorption experiments, adsorbate molecules are 

unable to penetrate the layers, due to their kinetic diameters exceeding this size. For example, 

the kinetic diameter of nitrogen adsorbate exists between 0.364 – 0.380 nm.251–253 As such, it 

is unsurprising that graphite exhibits a small surface area of 0.6 m2/g.254 Slit pores are therefore 

created through an expansion of orderly aligned stacked layers, such that adsorbate molecules 

can access the pore. Of course, the presence of numerous van der Waals forces between orderly 

aligned graphene layers gives rise to the tendency of GBMs to aggregate.232,253 Generally 

speaking, the restacking of graphitic layers is undesirable for the creation of large surface area 

GBMs, and strategies to maintain separation are imperative. One way to prevent restacking is 

to introduce defective regions, which weaken the strong van der Waals.95,255 Another common 

strategy used to tailor the slit pores within these materials is through the addition of external 

moieties to cause expansion of layers.256,257 In this regard, templating has been employed to 

introduce bulky moieties between layers. Upon expansion of the layers, the templates are 

subsequently removed. For example, Fang and co-workers synthesised a highly wrinkled 

porous graphene film, using Fe3O4 nanoparticles as templating agents.257 Through removal of 

these templates, the average pore size was found to be 27.7 nm, corresponding to slit pores 

between individual rGO layers and stacks of layers. A large BET surface area of 383 m2/g was 

also achieved. Similarly, moieties may also be added permanently to the structure. Pillaring 

involves the addition of covalently/non-covalently bound external moieties to the interlayer 

regions of multilayer graphitic material, causing expansion of individual layers or multilayer 

stacks, and a subsequent increase in surface area.253,256,258–267 A range of pillars have been 

implemented to GBMs including diboronic acid,268 1,4-diethynylbenzene,258 chitosan,269 iron 

oxide,270 aminoalkanes271–273 and tetrakis(4-aminophenyl)methane molecules.259,260 In the 



45 

 

latter example, tetrakis(4-aminophenyl)methane molecules were inserted to GO, causing 

pillaring of the layers. Upon thermal annealing reduction, the rGO network was pillared, so 

that restacking was prevented and slit pores of 1.2 nm in size were created.259,260  

Undoubtably, a large amount of work has been conducted on the tailoring of pores within 

GBMs. Investigating the porous structures is essential to understanding the nature of the 

material, and can have large implications on the subsequent applications.241 Further to this, the 

development of strategies to tailor these porous structures is extremely beneficial to advance 

their scope of application. Unfortunately, limited research has been reported regarding the 

porous structure within the plasma-exfoliated materials incorporated into this thesis.93 Without 

this fundamental understanding, efforts to tailor these porous networks becomes extremely 

challenging.  

 

 

1.11 Applications of Plasma-Exfoliated Graphitic Materials and Other 

GBMs 

 

The use of stacked graphene analogues have found application in a variety of fields.144,274 Many 

of which are depicted within Figure 1.24.275 For example, the application of GBMs within 

electronic devices has shown promise due to their high electron mobilities. The use of GBMs 

within conductive inks also shows great potential for creating the electrical pathway required 

across printed, flexible electrical devices.276 For example, Kilduff and co-workers 

demonstrated that plasma functionalised GNPs, produced by Haydale, could be combined with 

polymer resin, to fabricate effective conductive inks for electrical devices.96,277 The NH3-

plasma treated GNPs were mixed with thermoplastic polyurethane in diacetone alcohol and the 

subsequent composite showed desirable rheological properties for this application. The 

incorporation of graphitic material within conductive inks offers several advantageous. Many 

GBMs are relatively cheap and chemically inert, and can be functionalised to tailor their 

electronic and dispersive properties.278 
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Figure 1.24 Various applications of GBMs. Reprinted from reference 275. 

 

Furthermore, the atomic thickness and large surface area associated with GBMs, consisting of 

narrow thickness distributions, enables them to be highly sensitive to changes in the local 

environment, providing an indication of analytes present, and thus, granting them the ability to 

be used in sensor technology.279 Their high surface areas are also advantageous within the 

context of electrodes. Doped GBMs have been investigated for their potential as both anodes 

and cathodes within fuel cells. Redox reactions take place at these electrodes, thereby, creating 

electric currents, which can be used to power desired devices. Such electrode materials could 

serve as cheaper alternatives to platinum.280 In addition, GBMs have also been investigated for 

their application within the biomedical industry. The large surface area and biocompatible 

properties offer great potential in the area of drug delivery, allowing these materials to complex 

with drug molecules easily.281 There are many applications which exploit the exciting 

properties associated with GBMs. Among these, composite applications are one of the most 

common. In this context, GBMs have been exhaustively investigated for their ability to enhance 

the strength of other materials, to form composites within industries. An example of such an 

industry which benefits from strong, corrosion-resistant composites for structural and engine 

components, is the aerospace industry. It has been shown that the incorporation of graphitic 

material improves the fracture toughness of silicon nitride ceramic matrices by 235%.282 

Jasquez and co-workers also provided an application of GBMs for strength enhancement. They 

showed that plasma functionalised graphene stacks, consisting of 20 layers and less and oxygen 

functionality, were effective in providing cement reinforcement.137 It was found that the 

addition of 0.5 wt.% of the material resulted in a 56 % increase in the compressive strength of 

the cement mortar, compared to without the graphene material. The enhancement of these 
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mechanical properties was attributed to the high aspect ratio of the graphene material, therefore, 

allowing it to act as a nucleation site of the cement phase and aiding in cement hydration. In 

addition, the presence of small particles allowed them to act as nano fillers, which densified 

the structure, as shown within SEM images (Figure 1.25).  

 

 

Figure 1.25 SEM image of unreinforced cement mortar showing pores and voids (left) and reinforced cement mortar 

containing 0.5 wt.% of functionalised plasma exfoliated graphitic material possessing much smaller pores and voids. 

Reprinted from reference 137. 

 

Despite the overwhelming research which has been undertaken to apply GBMs for profitable 

application, it should be noted, that many applications investigated within the literature are still 

associated with laboratory-scale research, rather than commercial applications. Furthermore, 

many applications portrayed within the media consider that of SLG, rather than multi-layered 

stacks or their functionalised forms. Within a laboratory setting, the properties of GBMs have 

been extensively researched, and a whole plethora of applications have been proposed which 

exploit these. There is still, however, some significant progress needed to push GBMs through 

to their commercial breakthrough. Of course, delays in a material’s market breakthrough are 

not uncommon and new materials often suffer substantial time delays between their initial 

discovery and commercial utilisation.283 Furthermore, significant challenges still remain for 

GBMs; particularly those which relate to large-scale synthesis of high quality graphene, 

processing and characterisation. Despite this, however, recent years have seen several 

applications coming to market, particularly within the context of composites; taking advantages 

of the light weight, flexibility, and mechanical strength associated with graphene and many of 

its functionalised and stacked counterparts. Examples include a tennis racket developed by 

Head, which consists of a composite of carbon, graphene and the polymeric tubular material, 

Koroyd. The company claim that the addition of graphene provides the racket’s shaft with 
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enhanced strength and lightweight properties, as well as delivering a better distribution in 

weight.284 Other sport related products include graphene enhanced running trainers, 

manufactured by the company inov-8, in collaboration with The University of Manchester. The 

incorporation of graphene enhances the strength, elasticity, and wear of the rubbers within these 

products.285 Furthermore, the UK-based company, Versarien, launched the graphene enhanced 

safety face mask, in response to the Covid-19 outbreak. These masks contain a graphene-based 

polymeric material, which prevents the passage of aerosol transmission of SARS-CoV-2.286 It 

is also advertised that the masks can be sterilised through sunlight exposure. This ability is 

assigned to the light-absorbing capabilities of graphene, resulting in the establishment of high 

temperatures, which inactivate most viruses.  

 

Within the next chapter, an insight to the characterisation of GBMs is provided. Details relating 

to the commonly exploited characterisation methods is outlined, and the conditions used during 

analysis of NP materials, within the current work, is described. 
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2 Characterising Graphene-Based 

Materials 
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The characterisation of GBMs is fundamental towards understanding their nature and 

properties. The contribution of various characterisation techniques provides an insight to the 

structure, morphology and elemental composition of any given material and such techniques 

have been examined in detail within the literature.287–293 Many of the common characterisation 

techniques used within this work are described with this chapter, with relevance to their 

significance towards the analysis of GBMs. These characterisation techniques can be broadly 

divided into three categories, as depicted within Figure 2.1, encompassing imaging, 

spectroscopic and analytical techniques. 

 

 

Figure 2.1 Diagram outlining some of the key techniques used for GBM characterisation, categorised broadly as imaging, 

spectroscopic or analytical techniques. 

 

Imaging techniques incorporate a range of microscopic methods, which offer an understanding 

of the morphology and topography of a sample. As such, it is possible to determine the particle 

size, shape, and structural features. For instance, transmission electron microscopy (TEM) can 

be applied to view the number of graphene layers within a NP stack, whilst scanning tunnelling 

microscopy (STM) enables visualisation of dopants within the graphitic lattice. Scanning 

electron microscopy (SEM) and optical microscopy enable observation of the surface 

morphology and size distribution of particles, whilst atomic force microscopy (AFM) allows a 

three-dimensional image of the topographical features. Although imaging techniques may not 
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offer quantitative information regarding a sample, they allow for observation of the material’s 

morphology and structural features, providing an insight to the nature of the GBM.  

Spectroscopic techniques employ electromagnetic radiation to interact with matter and offer 

significant information regarding the structure and elemental composition of a GBM. For 

instance, X-ray photoelectron spectroscopy (XPS) provides rather detailed information of the 

chemical environment of specific elements at the surface of the sample to understand the 

proportion of elements and their bonding types. Raman spectroscopy, on the other hand, is used 

to examine the graphitic structure and the level of defects, which becomes especially useful 

when quantifying the number of layers and degree of functionalisation within GBMs. X-ray 

diffraction (XRD) is used to gain more detail on the interlayer spacing and orientation of planes. 

This is useful for determining stacking sequence, stack dimensions and uniformity of the 

material. Infrared spectroscopy (IR) is commonly implemented to analyse the bonding types 

present within materials, whilst energy dispersive X-ray (EDX) analysis and X-ray 

fluorescence (XRF) also enable calculation of the elemental composition of a material. EDX 

is commonly executed in conjunction with SEM or TEM. Lastly, solid-state nuclear magnetic 

resonance spectroscopy (NMR) provides information relating to various nuclei environments, 

allowing for probing of chemical structures. Within this context, 13C is particularly useful for 

GBMs, whilst 1H, 19F, 15N, 29Si and other NMR active nuclei can also be useful for many 

functionalised analogues.  

The final category relates to analytical techniques, which enable the characterisation of material 

but do not exploit electromagnetic radiation or imaging processes. These are related to the 

thermal stability, elemental composition and porosity of the material. Thermogravimetric 

analysis (TGA) is commonly implemented to GBMs to analyse their behaviour during thermal 

decomposition. This can provide evidence of the loss of specific functional groups which are 

either covalently or non-covalently bound within the sample. Elemental analysis also provides 

an indication of the elemental composition of a GBM, relying on the combustion of elements: 

carbon, hydrogen, nitrogen and sulfur into carbon dioxide, water, nitrogen gas/nitrogen oxides 

and sulfur dioxide, respectively. In addition, some instruments allow for oxygen composition 

analysis by measuring the quantity of carbon monoxide gas within an inert atmosphere. Gas 

physisorption experiments allow for the investigation of the surface area and porosity of the 

material. This is particularly useful during the synthesis of functionalised GBMs with enhanced 

surface areas.  
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Within the work presented in this thesis, a handful of these techniques are frequently 

implemented to characterise NP materials and their modified counterparts and assist with an 

understanding of their functionalisation mechanisms. These include, SEM, TEM, AFM, 

Raman spectroscopy, XPS, XRD, TGA, NMR, mass spectrometry and gas physisorption 

measurements. An overview of these techniques is therefore provided within this chapter, with 

particular focus towards the technique’s theory and its application within the context of GBMs. 

Information relating to a vast array of characterisation techniques, as well as the remaining 

techniques within Figure 2.1, can be accessed within the literature.287–293 Furthermore, the 

conditions and instrumentation associated with the characterisation methods used within this 

work are specified within the final section of this chapter. 

 

 

2.1 Analysing Morphology using Microscopy  
 

2.1.1 Scanning Electron Microscopy and Transmission Electron 

Microscopy 

 

SEM and TEM are powerful techniques to discern the morphology of GBMs, revealing 

information relating to the structural features, lateral dimensions, and the assembly of particles. 

During operation, a high-energy beam of electrons is focused upon the sample, causing a 

number of interactions to take place.292 As depicted within Figure 2.2 (a), Some electrons are 

transmitted through the sample, and are therefore unscattered, whilst other electrons become 

elastically or inelastically scattered. These phenomena are exploited during TEM imaging. In 

addition, electrons also become backscattered, forming backscattered electrons (BSEs) due to 

elastic collisions with the sample, resulting in a change in the electron’s trajectory (Figure 2.2 

(b)). Furthermore, the incident beam can knock out an electron from a core shell of the atom, 

resulting in the emission of a secondary electron (SE) (Figure 2.2 (c)). SEM typically generates 

images from the latter two scenarios where SEs are responsible for information relating to the 

morphology, topography and contrast within the surface regions, whilst BSEs are useful to 

differentiate between different phases, since they originate from much deeper within the 

sample. SEs are generally used more commonly than BSEs for imaging purposes. In addition 

to these phenomena, characteristic X-rays and Auger electrons are also emitted. If the inner 
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shell electrons of atoms become ejected, outer shell electrons fill the inner shell vacancies, 

resulting in an energy surplus (Figure 2.2 (d)).291 The shell in which the electron is removed 

from can be defined such that the shell closest to the nucleus is the K shell, followed outwards 

by the L, M, N, O, P and Q shells. This energy surplus results in emission of X-rays or Auger 

electrons. The emission of X-rays differs for each element; hence the elemental composition 

of a sample can be obtained through their detection. This is the principle of EDX analysis, 

which can be used in conjunction with both SEM and TEM to provide elemental composition 

data. Moreover, visible light is created by catholuminescence phenomena, in addition to 

continuum X-ray emission (Bremsstrahlung X-rays) (not shown).294 The transmitted electrons 

including unscattered, elastically scattered and inelastically scattered electrons contain the 

majority of the information during TEM. As such, both SEM and TEM focus on different 

phenomena, resulting from electron beam interaction with a sample. Furthermore, the 

wavelength and accelerating voltage of the radiation used differs for both types of microscopy, 

typically corresponding to respective values of 0.0080 nm and 20 kV for SEM and 0.0028 nm 

and 200 kV for TEM, depending on the working distance of the instrument.290 For effective 

TEM analysis, samples must be thin enough to allow for penetration of electrons. In the context 

of GBMs, flakes are commonly analysed for their dimensions using this method, and each flake 

is analysed consecutively. This is because there is a relatively small viewing area associated 

with TEM, and thus, multiple flakes cannot typically be analysed at one time.292 Some TEM 

instruments allow for high-resolution TEM (HRTEM) imaging which enables individual layers 

within GBM samples to be visualised. This is particularly useful to quantify the interlayer 

spacings and number of layers within a GBM. For example Lee and co-workers utilised 

HRTEM to discern the number of layers within several stacked graphene layers and SLG, as 

shown in Figure 2.3.295 The grey and white regions provide evidence of individual layers, 

which were subsequently shown to correspond to SLG up to FLG samples containing 8 layers. 

In contrast to TEM, SEM is only restricted on the size of the sample which can enter the 

chamber. As such, SEM imaging is particularly useful to analyse large areas of specimens at 

various magnifications, providing an insight to the GBM flake size, morphology and 

distribution and has been utilised in many published work.293 The resolution capability of SEM 

is inferior to TEM, allowing for features of 1 nm to be distinguished. On the contrary, features 

of 0.1 nm are typically identified within TEM.290  
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Figure 2.2 (a) Schematic illustrating the various interactions resulting from electron beam irradiation onto a sample. (b), (c) 

and (d) outline the interaction of the incoming electron with the nuclei of an atom, resulting in the formation of a 

backscattered electron, a secondary electron and a secondary electron, an Auger electron and X-ray production 

respectively. Reprinted from reference 292. 

 

 

 

Figure 2.3 HRTEM images of various GBM samples corresponding to SLG, 2LG, 3LG and FLG containing 4 – 8 layers (left 

to right). Reprinted from reference 295. 
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The instrument set up of SEM and TEM is depicted in Figure 2.4.290 Within both instruments, 

the electron source is positioned at the top of the microscope and electrons are accelerated 

through the microscope and towards the sample, through a series of lenses. Within TEM, 

electrons which are transmitted through the sample towards a fluorescent screen, where an 

image is generated, typically using bright field mode.296 This mode depicts dark regions, where 

electrons have not passed through the sample due to the dense nature of these areas resulting 

in the scattering or absorbing of a large proportion of electrons. Bright regions can also be 

observed where electrons do not become scattered and penetrate the entirety of the sample. 

Grey regions may also be seen where electrons interact with the sample or become scattered to 

different extents. During SEM, electrons reach the sample, and undergo the aforementioned 

phenomena. As such, SE, BSE and EDX detectors are positioned suitably to detect the presence 

and quantity of their respective electrons and X-rays, and a reconstructed image is generated. 

 

Figure 2.4 Schematic of TEM and SEM instruments outlining some of the main conponents. Reprinted from reference 290. 

 

 

2.1.2 Atomic Force Microscopy 
 

AFM is another example of an imaging technique and provides a three-dimensional profile of 

the surface of a material. As such, the surface topography of the material can be investigated. 

The principle of AFM relies on the force measurement between a sharp probe tip, supported 
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by a flexible cantilever, and the sample surface, as shown in Figure 2.5 (a). This force 

measurement depends on the distance between the probe tip and sample surface and relates to 

Hooke’s Law (Equation 2.1) where F is the force between the probe tip and the sample, k is 

the spring constant and x is the distance of the cantilever deflection. As the probe tip scans over 

the surface, a feedback system is responsible for achieving high resolution during imaging and 

avoiding sample damage. This system involves the use of a laser beam and a position-sensitive 

photodetector (PSPD). As tip-surface interactions occur due to cantilever deflection, as well as 

changes to oscillation amplitude, frequency and phase, the position of the reflected laser spot 

on the PSPD changes in respect to the setpoint.297 The PSPD detects these changes and a 

feedback loop is used to promote a corrected voltage signal to maintain the probe tip-sample 

interaction at the setpoint. These interactions can be used to generate a map of surface 

topography. 

 

 

Figure 2.5 (a) Diagram of AFM instrument schematic and (b) various modes of AFM operation including non-contact, 

tapping and contact mode with the respective distance between the cantilever and sample surface. (c) depicts a force-

distance curve outlining how the attractive and repulsive regime combine to form a force response curve. 
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F = – k x 

Equation 2.1 Hooke's Law. 

 

There are three primary modes of AFM operation which differ due to their distance between 

the cantilever and the sample surface (Figure 2.5 (b)).297 A force curve can be used to 

summarise the types of modes and the interactions which take place within each, as shown in 

Figure 2.5 (c). Initially, when the probe tip resides far from the surface, the interaction forces 

are zero, and hence no repulsive or attractive regime takes place. As the tip is brought closer to 

the surface there are attractive van der Waals forces which cause the cantilever to deflect 

towards the sample which is measured by non-contact mode. Non-contact mode therefore 

refers to a static mode where the probe tip and sample are situated relatively far away from one 

another (approximately 0.1 – 10 nm). During operation, the tip never makes contact with the 

sample, but oscillates over it at its resonance frequency, and the oscillation amplitude is kept 

constant. As the tip and the sample interact, van der Waals forces result in attractive interactions 

and a feedback loop monitors changes in amplitude resulting from this. As the probe is brought 

closer towards the surface, there are both attractive and repulsive regimes taking place, and the 

tapping mode is used. This refers to a dynamic mode, where the probe tip and the sample are 

close to one another (approximately 0.5 – 2.0 nm). During operation, the cantilever oscillates 

at its resonant frequency, but the probe tip lightly taps on the surface, making contact each 

time. A constant oscillation amplitude is maintained for constant tip-sample interaction. This 

mode also eliminates frictional forces by intermittently contacting the surface and oscillating 

with sufficient amplitude to prevent the tip from being trapped by contaminants. As the distance 

between the probe tip and sample decreases further, repulsive van der Waals forces becomes 

dominant, and the cantilever deflects away from the sample. These repulsive forces are 

measured by contact mode.  Here, the probe tip and the sample are less than 0.5 nm from each 

other. This mode therefore takes place within the repulsive van der Waals regime, as the 

electronic orbitals overlap. A constant cantilever deflection is maintained using feedback loops, 

so that the force between the probe and the sample remains constant. Many samples may 

become damaged by this method, and thus the image may be susceptible to distortion. All 

modes have shown success for GBMs.298–300 AFM is extremely useful for analysing the lateral 

dimensions and thickness of GBMs, and was applied to the first isolated graphene material.301 
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In addition, it can also be used to quantify the presence of additional functionality on the surface 

of a GBM. For instance, Huang and co-workers utilised tapping mode to acquire an AFM image 

of a single layer of GO, as shown in Figure 2.6.302 The corresponding height cross-sectional 

profile provided evidence of a layer thickness of 1.2 nm. This characterisation was consistent 

with successful oxidation of the material. 

 

 

Figure 2.6 AFM image of a single layer of GO on a freshly cleaved mica substrate (scan area: 1 µm × 1 µm) (left) and 

corresponding height cross-sectional profile, acquired using tapping mode (right). The average thickness of the GO layer 

corresponds to 1.2 nm. Reprinted from reference 302. 

 

 

2.2 Analysing Graphitic Structure 
 

2.2.1 Raman Spectroscopy 
 

Raman spectroscopy is a type of vibrational spectroscopy which relies on the scattering of light 

during vibrational excitations. Molecules can exist in various vibrational energy levels, 

however, tend to exist in the lowest energy level; denoted the ground state (ν = 0) and only few 

molecules exist in higher energy states, denoted as ν = 1, 2, 3… (Figure 2.7). When 

monochromatic light is irradiated on a sample, molecules may absorb it or scatter it, as 

summarised in Figure 2.7.303 The absorption process is exploited to identify functional groups 

during infrared spectroscopy, whilst the scattering phenomena is utilised during Raman 

spectroscopy. During scattering, the molecule becomes excited to a virtual state which is equal 

to the energy exhibited by the incoming monochromatic light. This virtual state is not a real 

energy level and is transient, thus, molecules undergo relaxation to a lower energy level 
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afterwards. During this relaxation step, a phonon is emitted by the molecule. If this phonon 

possesses identical energy to that of the incident photon, elastic scattering occurs, and the 

scattering is referred to as Rayleigh. No energy is lost or gained in this process, and this sort of 

scattering is exhibited by most molecules, thus Rayleigh scattering peaks are intense. If, 

however, the molecule emits a phonon of different energy than the incident photon, then 

inelastic scattering occurs, and the scattering is referred to as Raman. Furthermore, if the 

emitted phonon possesses less energy than that of the incident photon, then scattering is 

denoted as Raman Stokes, however, if the emitted phonon has more energy than the incident 

photon then scattering is denoted as Raman Anti-Stokes. Anti-Stokes is much less intense than 

Stokes since it relies on the molecule already being in an excited state, which is uncommon at 

room temperature. The change in energy of the emitted phonon corresponds to the difference 

between vibrational energy levels in a molecule. As a result, information regarding molecular 

vibrations of bonds is gained. For a molecule to be Raman active, it must obey the selection 

rule which requires its polarizability to change during the molecular vibration.303 The Raman 

spectrometer consists of a laser source, which is typically irradiated onto a sample through a 

cylindrical lens, which focuses the beam, as shown in Figure 2.8. The scattered light is then 

filtered by a dichroic mirror, which is focused directly onto a charge-coupled device (CCD) 

detector. 

 

 

Figure 2.7 Energy-level diagram depicting several vibrational energy states and virtual energy states and transitions 

corresponding to infrared spectroscopy (IR), Rayleigh scattering, Raman Stokes scattering and Raman Anti-Stokes 

scattering. 
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Figure 2.8 Schematic of Raman spectrometer consisting of a laser (green beam) which is irradiated onto the sample through 

a cylindrical lens. When a spot is illuminated at the sample, the Raman-shifted light (red beam) is filtered out from the laser 

light by a dichroic mirror and dispersed along a vertical line on the two-dimensional CCD detector. Reprinted from 

reference 304. 

 

A Raman plot displays the shift in energy of the scattered light in relation to that of the incident 

light, enabling the generation of a spectrum containing phonon frequencies. Photons and 

phonons are both bosonic particles, however, a photon represents a quanta of light, whereas a 

phonon represents a quanta of atomic lattice vibration, which exists in systems where atoms 

can vibrate. Within sp2 carbon structures such as graphitic materials, only a small number of 

possible phonon modes are Raman active. In the case of graphite, the E2g modes correspond to 

the Raman active modes. SLG has the most fundamental spectrum of all sp2 carbon materials. 

It contains two Raman-allowed features, including the G band and the 2D (often denoted G’) 

band, which are common for all sp2 carbon systems. The G band is due to the E2g mode, whilst 

the 2D band corresponds to the second order symmetry allowed, overtone of the D band.305–307 

A third band may also be present, corresponding to the defect-activated Raman mode (first 

order D band), and is a breathing mode of A1g symmetry.308 It emerges in the presence of 

defects in the form of misarranged carbon lattice atoms, vacancies, substituted atoms or sp2 

carbon atoms.309 It is highly dispersive as a function of the laser excitation energy. For a D 

peak to occur, a charge carrier must be excited and inelastically scattered by a phonon, prior to 

a second elastic scattering by a defect, to result in recombination. The D band represents a ring 

breathing mode of the sp2 carbon ring and to be active, the ring must be adjacent to a graphene 

edge or defect. Additional peaks may emerge, corresponding to the D’ and D + G peaks, when 
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disorder is present within the material. The D’ peak resembles an intravalley double-resonance 

process caused by defects, whilst D + G corresponds to a combination mode.172,310 Using this 

information, it is possible to estimate the quantity of defects within GBMs through 

implementation of the ID/IG ratio. It should be noted that this calculation may require the D 

band and G band to be deconvoluted to discriminate them from overlapping defect bands.311 

Within many literature studies, an increase in this ratio is attributed to an increase in covalent 

functionalisation, resulting from changes of hybridised carbon atoms from sp2 to sp3. These 

assumptions should be made tentatively, however, since it cannot be easy to discriminated 

between the types of defects mentioned.289 

As well as being able to identify the presence of defects within the GBM, Raman spectroscopy 

also enables us to identify the number of layers within AB-stacked graphene materials, as 

shown in Figure 2.9. The 2D band experiences changes within its position and shape as the 

number of layers changes. For instance, SLG exhibits a sharp peak, however, increasing the 

number of stacked layers results in peak broadening and a shift towards higher energies. For 

2LG and FLG possessing 2 – 5 layers, the 2D peak consists of four components: 2D1B, 2D1A, 

2D2A and 2D2B, where 2D1A and 2D2A have higher relative intensities. As the number of layers 

increases from 2 to 5, there is a significant decrease in the relative intensity of the lower 

frequency 2D1 peaks.312 When the number of layers exceeds 5, the spectra looks almost 

indistinguishable from that of bulk graphite, which consists of two components: 2D1 and 2D2. 

It should be noted, however, that for turbostratic graphite, the 2D peak is a single, sharp peak, 

like graphene. Despite this, it does differ due to its full width at half maximum (FWHM) being 

50 cm–1, which is almost double that of graphene. In addition, it is associated with an upshift 

by 20 cm–1. The 2D band is also generally broader for ABC stacked samples than ABA.313 

Increasing the number of layers of graphene also has influence on the G band. In this case, the 

band experiences a small shift towards lower energies as the number of layers increases.314 In 

addition, there is also a linear increase in the G band intensity. As a result, the I2D/IG ratio can 

be applied to derive the number of layers. As such, Raman spectroscopy is an extremely useful 

tool to quantify the extent of defects and number of layers within GBMs. 
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Figure 2.9 (a) The four components of the 2D band in 2LG at 514 and 633 nm and (b) Evolution of the 2D Raman band with 

increasing number of layers at (i) 514 nm and (ii) 633 nm. Reprinted from reference 312. 

 

 

2.2.2 X-ray Diffraction 
 

XRD is a useful tool to determine the arrangement of atoms or molecules within a crystalline 

material, such as a crystal or powder. It relies on the principle that when X-rays are focused 

onto a crystal or powder, they become diffracted in a characteristic pattern, depending on the 

structure of that crystal bulk material of that powder.315 Different crystals and powders contain 

different planes, which have different spacings. In turn, information can be obtained regarding 

the crystallographic information to determine the crystallinity. A single crystal will produce 

only one set of peaks in the diffraction pattern, whilst a powder, containing various crystallites, 

will produce various diffraction peaks. This occurs because X-rays become partially scattered 

by the atoms, and that crystalline substances acts as three-dimensional diffraction gratings for 

X-rays of a similar wavelength to that of the spacing between planes in the lattice. In order for 

an X-ray to diffract, the sample must be crystalline and the spacing between the atom layers 

must be close to that of the incident X-ray wavelength. In incidences where beams diffract in 

phase from different layers, constructive interference occurs as shown in Figure 2.10, and the 

beam is scattered at a specific angle, resulting in a peak within the XRD pattern. If two beams 

are not in phase, destructive interference occurs and there is no peak. For diffraction to occur, 

the Bragg equation (See Equation 2.2) needs to be satisfied, where d is the spacing between 
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crystal planes (path difference), θ is the incident angle, n is an integer and λ is the wavelength 

of the X-ray. 

During an XRD experiment, a detector records the position of the diffracted X-rays, observed 

at each angle 2θ. Using the Bragg equation, it is possible to calculate the interlayer spacing 

between planes. A characteristic lack of peaks within the XRD pattern for SLG arises due to 

the inability for constructive interference to occur in the two-dimensional structure.316 As a 

result, peaks are only observed for stacked GBMs containing at least two layers. XRD is 

especially useful to give an indication of the interlayer spacings within GBMs. For instance, a 

strong peak in the region of 26° resembling that of the (002) basal reflection, provides evidence 

of graphitic stacking, corresponding to interlayer spacings of approximately 0.33 – 0.34 nm.28,29 

Within rGO and GO, the interlayer spacings are typically much larger than that of stacked 

graphene structures;  the spacing is dependent on the extent of oxidation. For instance, rGO 

has been shown to possess an interlayer spacing of 0.385 nm whilst GO possesses larger 

interlayer spacings of above 0.6 nm.317–320 Jung and co-workers utilised XRD to differentiate 

between graphite, GO and FLG consisting of between 2 – 4 layers in thickness, as shown in 

Figure 2.11.321 It was observed that graphite possessed at peak at approximately 26º, 

corresponding to an interlayer spacing of 0.336 nm. Upon oxidation of graphite to form GO, 

using an improved Hummers’ method, the (001) reflection shifted to approximately 11º, 

corresponding to an interlayer spacing of 0.833 nm. This provided evidence of the 

incorporation of oxygen-containing functional groups, which caused an increase in the distance 

between the layers. GO was then hydrothermally treated to remove the oxygen containing 

functional groups. The respective reduced material comprised of 2 – 4 layers. Its (001) 

reflection appeared at approximately 25º, corresponding to an interlayer spacing of 0.370 nm. 

This was increased relative to graphite, indicating the presence of some remaining oxygen 

functional groups. In addition, it was also broad, suggesting that the stacking within the 

material was not well ordered. 
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Figure 2.10 The Bragg law for parallel planes depicting two incident X-ray beams becoming diffracted due to constructive 

interference. 

 

 

2dsinθ = nλ 

Equation 2.2 Bragg Equation. 

 

 

 

 

Figure 2.11 XRD patterns of graphite, GO and FLG. 
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2.3 Elemental Composition Calculation  
 

2.3.1 X-ray Photoelectron Spectroscopy 
 

XPS is an analytical technique which probes up to 10 nm of the sample, revealing information 

relating to the atomic composition within the surface regions.322 It enables quantitative 

identification of surface elements, as well as providing information relating to their 

environments. The principle of this technique relies on the photoelectric effect. This 

phenomenon describes the interaction of X-rays photons with the core electrons within 

elements at the surface, resulting in the absorption of energy and emission of electrons as 

described within the works of Heinrich Hertz and Einstein.323 During XPS, a sample is 

irradiated with X-rays of characteristic energy. If this energy is sufficient, core electrons can 

meet the threshold work function to pass the vacuum level and become ejected from the surface 

with kinetic energy, as shown in Figure 2.12. These emitted photoelectrons reach the detector 

within the instrument, and their kinetic energy is measured.324,325 

 

 

Figure 2.12 Diagram of the photoelectric effect. 

 

The emitted photoelectrons possess kinetic energy (Ek), which equates to the difference 

between the X-ray photon energy, hυ (where h is Planck’s constant and υ is the X-ray 

frequency) and the electron binding energy (Eb). During experimentation, the kinetic energy of 

the photoelectrons is determined, and through knowledge of the X-ray energy, the binding 

energy of the photoelectrons can be calculated, where Φ is the instrument’s work function. The 

binding energy describes the energy required to remove the electron from the surface and can 

be calculated according to Equation 2.3. 
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Eb = hυ – Ek – Φ  

Equation 2.3 Calculation of binding energy of a photoelectron. 

 

The binding energy of an electron in a specific shell of a specific atom is unique and hence the 

atom can be identified. In fact, all elements (excluding hydrogen and helium) can be identified 

using this technique, and their relative compositions determined. An XPS spectrum is made up 

of spectral lines unique to a particular photoelectron emitted from different core shells (1s, 2s, 

2p, 3s, 3p, 3d etc.) within an element. In general, various core levels are assigned by letters, 

such that the 1s shell = K, 2s shell = L1 and 2p shell = L2, L3. Figure 2.13 (a) depicts the removal 

of an electron from the core K shell resulting in its emission. The intensity of the elemental 

peak is also proportional to the concentration of that element in the sample; hence the elemental 

composition of the surface can be calculated. The kinetic energy of these emitted 

photoelectrons is dependent on several factors including the incident photon energy, binding 

energy, element itself, orbital and chemical environment. 

 

 

Figure 2.13 Schematic of XPS emission processes including (a) photoelectron emission involving the emission of a 

photoelectron upon irradiation with photons and (b) Auger electron emission involving the emission of a photoelectron upon 

irradiation with photons, causing a vacancy to be produced and subsequent Auger electron emission as an electron fills this 

vacancy. 
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In addition to the photoelectric process described, another phenomenon also occurs during 

XPS. Upon relaxation of the excited ion, Auger electrons or fluorescence X-ray photons may 

be emitted, as shown in Figure 2.13 (b). For lighter elements such as those with atomic number 

less than 30, Auger emission is dominant. The process occurs when a core electron is emitted 

due to interaction with an incoming X-ray photon. This creates a vacancy in the core level, 

which an electron from a higher energy level falls to occupy, resulting in emission of a third 

electron. This is the Auger electron, and its emission is due to conservation of the energy 

released. A typical XPS instrument is depicted in Figure 2.14.326 This consists of an ultrahigh 

vacuum (UHV) chamber, an X-ray source, an electron energy analyser and a data acquisition 

system. Initially, X-rays are irradiated onto the sample, causing the emission of photoelectrons. 

The energy of the photoelectrons is counted by the energy dispersive analyser. This data is then 

processed by the data acquisition system. 

 

 

Figure 2.14 XPS instrument containing basic components including an UHV chamber, an X-ray source, a hemispherical 

energy analyser and a data acquisition system. Reprinted from reference 326. 
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In the context of GBMs, XPS becomes particularly useful to confirm the incorporation of a 

particular functional group containing other elements and their relative compositions, within 

the parts-per-thousand range.1,327,328 In addition, it provides useful information on the various 

carbon and oxygen environments.327 For instance, the C 1s spectrum may contain particular 

features including π–π* transitions, C=O, C–O, sp2 hybridised carbon and sp3 hybridised 

carbon.329 This is clearly depicted within the work of Ateih and co-workers, who showed that 

graphite and GO samples, where the latter was synthesised via three different methods, 

contained variances in their concentration and types of carbon environments, as shown in 

Figure 2.15. It is observed that graphite primarily contained C=C bonding, originating from 

sp2 carbon atoms, whilst the GO samples contained a significantly lower relative percentage of 

this carbon environment. Instead, these samples contained a large quantity of C–O, C=O and 

O–C=O bonding. 

 

 

Figure 2.15 High-resolution XPS C 1s spectra of (a) graphite (b) GO prepared using a mixture of H2SO4, H3PO4, and HNO3 

(70:20:10) (c) GO prepared using a mixture of H2SO4, and H3PO4 (90:10) and (d) GO prepared using ultrasonic bath. 

Reprinted from reference 329. 
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2.4 Thermal Decomposition Characteristics 
 

2.4.1 Thermogravimetric Analysis 
 

TGA is a useful technique to provide an insight to the thermal stability of materials. During a 

typical TGA experiment, the mass of a sample is monitored as a function of temperature, and 

the temperature is altered at a controlled rate.330 The various components of a sample may 

decompose at known temperatures and times, and thus the subsequent TGA curve provides an 

indication of the types of components within a material. During TGA operation, the sample is 

held within a sample pan, situated within a furnace, as shown in Figure 2.16. This pan is 

supported by a microbalance, which measures the mass of the sample throughout the analysis. 

The analysis takes place in the presence of various purge gases including oxygen, air, or under 

inert conditions, which are injected into the instrument through the gas inlet. These purge gases 

control the sample environment. In an example where the sample is heated, mass loss may 

result from a number of processes. The sample may undergo decomposition due to the breaking 

apart of chemical bonds, evaporation due to the release of volatiles, desorption of non-bonded 

components, or reduction where the sample interacts with a reducing atmosphere.331 By 

measuring the mass of the sample during these losses, valuable information can be gained 

regarding the nature of the sample. For example, TGA is extremely useful for understanding 

the degree of covalently and non-covalently bonded functionality on the surface of GBMs. 

Graphite typically exhibits high thermal stability. The graphitic structure is usually maintained 

throughout the analysis, even at elevated temperatures.332 Where additional functionality is 

present, however, decomposition occurs at lower temperatures. For instance, it has been shown 

that the thermally stability of GO is inferior compared to graphene and graphite, thus 

decomposition of oxygen functionalities occurs at much lower temperatures than the graphitic 

structure alone.333 This was demonstrated by Losic and co-workers who analysed the TGA 

curves for various GO, graphene and graphite samples with different particle sizes, as shown 

in Figure 2.17.333 The samples were heated up to 1000ºC in an air atmosphere. In all cases, the 

materials were completely burnt before 1000ºC with no residue left, indicating their high 

purity. There were variances in the decomposition rates between the materials, however. The 

mass loss in GO exhibited three distinct steps. Firstly, < 100ºC, water elimination resulted in a 

mass loss, followed by the removal of oxygen functional groups between 100 – 360ºC. 

Oxidative pyrolysis of the carbon framework then proceeded between 360 – 1000ºC. In 
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comparison, FLG and graphite did not contain oxygen functionality and their decompositions 

related to their carbon networks only. As such, FLG required more thermal energy for its 

decomposition. Moreover, a further increase in thermal energy was required to decompose 

graphite compared with FLG, due to its strong 3D carbon network comprising many stacked 

layers. 

 

Figure 2.16 Schematic of TGA instrumentation and its basic components. 

 

 

Figure 2.17 TGA plots in an air atmosphere for various (a) GO (b) FLG (Gr) and (c) graphite (Gft) samples. Reprinted from 

reference 333. 
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2.5 Bonding Analysis 
 

2.5.1 Infrared Spectroscopy 
 

 

FT-IR provides information about the chemical bonding present within samples and represents 

another type of vibrational spectroscopy. When infrared radiation is irradiated onto a sample, 

some of the energy may be absorbed for vibrations. Different bonds absorb different 

wavelengths of IR radiations. For example, single bonds are weaker than double bonds, which 

are weaker than triple bonds, hence, a single bond needs less energy to vibrate, therefore, peak 

absorptions occur at lower wavenumbers. The IR selection rule dictates whether a molecule is 

IR active; such that IR active vibrations occur if a molecule’s dipole moment changes during a 

vibration. There is no dipole moment in diatomic molecules with the same atoms, and hence 

they cannot vibrate. For other molecules, such as water, a dipole moment exists. Figure 2.18 

depicts the types of vibrations which occur in water. There are two main modes of vibration, 

including stretching and bending. In the former case, these can be symmetric (if the atoms 

move toward and away from the central atom simultaneously) or anti-symmetric (where one 

of the atoms moves towards the central atom, whilst the other moves away). Bending vibrations 

describe either rocking, scissoring, wagging and twisting.334 The wavelength absorbed to 

undergo vibrations in molecules is plotted on an IR spectrum and the peaks can be compared 

with that of known absorptions of similar bonds. 
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Figure 2.18 Various modes of molecular vibration Reprinted from reference 334. 

 

There are various ways to carry out IR spectroscopy. Samples can be measured using various 

techniques, such as transmission or reflectance, as shown in Figure 2.19. In the former case, 

samples are typically prepared by grinding them with KBr powder and pressing this into a 

pellet. This pellet is then placed between the IR beam and the detector and the transmitted light 

is detected. In the case of reflectance techniques, attenuated total reflectance (ATR) IR is 

commonly implemented. This requires an ATR crystal with a high refractive index. Examples 

include diamond, germanium (Ge), zinc selenide (ZnSe) and silicon (Si). The crystal makes 

direct contact with the sample, and as the IR beam is irradiated onto the crystal, it experiences 

multiple internal reflections. This creates an evanescent wave which spreads to the sample. The 

detector measures the change in the internally reflected IR beam, after its contact with the 

sample. Both methods have found success in the analysis of GBMs, however, the transmission 

method often provides better spectra, due to its higher sensitivity, improved noise level and 

sharpening of peaks.335,336 These advantages are extremely beneficial in the case of carbon 

samples, which are notoriously difficult to analyse using IR, due to their high absorptivity and 

tendency to scatter IR light.337 Transmission IR does, however, require time-consuming sample 

preparation, unlike the ATR method. 

 



73 

 

 

Figure 2.19 Examples of IR methods including transmission and ATR modes. Reprinted from reference 338. 

 

Within the context of GBMs, IR is particularly useful to identify functional groups. Aziz and 

co-workers utilised the FT-IR spectra of GO and rGO to compare the types of bonding within 

the materials, as shown in Figure 2.20.339 Both spectra contained a broad peak at high 

wavenumbers (3445.39 cm−1 for GO and 3400.18 cm−1 for rGO). In addition, peaks at 1583 

cm−1 and 1563.80 cm−1 were present in GO and rGO respectively. These peaks correspond to 

the presence of O-H bonding, indicating the existence of adsorbed water within the materials. 

In contrast to rGO, however, GO possessed additional peaks at 1717.45, 1220.88 and 1050.79 

cm−1, which were attributed to C=O and C-O stretching. The spectrum therefore provided 

evidence of the existence of carbonyl functional groups within GO.  

 

 

Figure 2.20 IR spectra of (a) GO and (b) rGO. Reprinted from reference 339. 
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2.5.2 Solution and Solid-State NMR 
 

NMR spectroscopy can be applied to compounds to analyse their structures and chemical 

environments. It relies on the principle that some nuclei possess spin and therefore are NMR 

active. Typical nuclei include 1H, 13C, 19F, 11B, 31P and 29Si. There are two states for nuclei 

spin, corresponding the +1/2; alpha state and the -1/2; beta state. In the absence of a magnetic 

field, these states possess identical energy and hence an equal probability of the nuclei being 

in either state exists. If, however, an external magnetic field is applied, the nuclei behave like 

magnets and can either align with the field or align away from the field. This gives rise to an 

energy difference between the alpha and beta states, as shown in Figure 2.21, where the latter 

is slightly higher in energy, and therefore occupied to a lesser degree. During NMR, RF 

electromagnetic radiation is irradiated onto the sample, causing the nuclei to undergo 

transitions between the alpha to beta state. When energy is no longer provided, these nuclei 

relax back down to the lower energy, alpha state, and release energy in the process. It is this 

energy which is detected by the instrument and equates to a certain peak (or environment) 

within the NMR spectrum. Different molecules contain nuclei which exist in distinct 

environments, therefore the RF required to cause excitations depends on the precise nature of 

the molecule in question. As such, NMR offers an insight to the different chemical 

environments which surround the magnetically active nuclei. A thorough insight to the theory 

and applications of this analytical technique are provided elsewhere.340 
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Figure 2.21 Splitting of energy between alpha and beta states of nuclei containing spin upon application of an external 

magnetic field. 

 

A simplified diagram of the NMR spectrometer is depicted in Figure 2.22.341 This contains a 

superconducting magnet which provides the magnetic field. This is immersed in liquid helium 

at 4K and a vacuum and a liquid nitrogen jacket surround this to prevent evaporation. A probe 

comprising a RF coil is situated at the bottom of the magnet and the sample is placed into the 

probe above a cushion of air. The superconducting magnet and RF then excite nuclei and collect 

information relating to the free-induction decay, as nuclei relax back to equilibrium. A signal 

is generated in the form of free-induction decay (FID) and the computer converts this signal 

into a spectrum. 



76 

 

 

Figure 2.22 NMR instrument schematic. Reprinted from reference 341. 

 

Whilst solution NMR is useful to detect molecules which can dissolve in deuteration solvent, 

GBMs do not possess solubility in this way, and therefore, solid-state NMR is of more use, as 

allows the analysis of solid samples. Solid-state NMR has been commonly utilised to analyse 

weakly ordered materials and nanomaterials. In the context of GBMs, 13C NMR is particularly 

useful to provide an insight to the carbon lattice structure and various environments can exist, 

as shown in Figure 2.23.342 The chemical shifts resemble different carbon environments. For 

example, sp2 hybridised carbon atoms possess values in the range of 100 – 150 ppm. 

Furthermore, carbonyls possess signals in the region of 160 – 200 ppm.  

 

 

Figure 2.23 Typical 13C shifts within NMR spectroscopy. Reprinted from reference 342. 
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2.6 Surface Area and Porosity Analysis 
 

2.6.1 Gas Physisorption 
 

The acquisition of physisorption equilibrium gas isotherms is a widely utilised method to 

characterise the surface area and porosity within solid materials. Typically, experimentally 

obtained isotherms are combined with a variety of different methodologies including Brunauer-

Emmett-Teller (BET), Barrett-Joyner-Halenda (BJH) and DFT to reveal such information.343–

349 Adsorption describes the process where molecules, referred to as the adsorbate, approach a 

surface and interact with it via van der Waals forces. During a gas adsorption experiment, the 

pressure within the system is raised, resulting in increased adsorption of adsorbate. Initially, 

smaller pores fill at relatively low pressures due to the existence of enhanced adsorbent-

adsorbate interactions within such pores, whilst larger pores then fill at higher relative 

pressures. As the relative pressure increases, more and more molecules adsorb onto the surface, 

covering the entire external surface and accessible internal pores, as shown in Figure 2.24. The 

volume of adsorbed gas is monitored during the process and an isotherm is constructed. 

Conforming to IUPAC definitions; pores may be characterised according to their dimensions, 

such that those of less than 2 nm, between 2 – 50 nm, or beyond 50 nm in size correspond to 

micropores, mesopores and macropores, respectively.237 Micropores are further sub-divided 

into ultra-micropores, exhibiting dimensions of < 0.7 nm and supermicropores exhibiting 

dimensions of > 0.9 nm.350 The results of the analysis are then obtained as an isotherm. The 

shape of the isotherm is dependent on the nature of the material. The IUPAC technical report 

of physisorption of gases by Sing outlines the types of isotherms and the respective structures 

of the materials.239 Furthermore, the presence of hysteresis within isotherms results from 

capillary condensation in mesopores, providing further insight to the nature of the material.351 

 

Figure 2.24 The adsorption of gas adsorbate molecules on a solid's surface according to BET theory. Reprinted from 

reference 343. 
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A variety of adsorbates can be utilised for these experiments, including N2, Ar, CO2 and Kr. 

N2 is the most widely used adsorbate due to its availability in high purity, inert nature and low 

cost viability.352,353 Investigations and measurements utilising this adsorbate are typically made 

at 77 K. This gas does, however, possess some disadvantages. Due to the low boiling point, 

there is restricted diffusion into very small micropores (< 0.45 nm). The use of CO2 at 273 K 

or 298 K allows for access of these kinetically restricted pores (down to 0.35 nm).354 Due to 

specific interactions between polar surfaces, however, this latter adsorbate is not suitable for 

polar materials. Ar is a monatomic adsorbate, therefore, does not possess a quadrupole moment. 

As such, it does not interact with surface functional groups. It is also utilised at an increased 

temperature of 87 K, meaning that the micropore filling step occurs at higher relative pressures, 

thus, smaller pores can be accessed. The choice of adsorbate is summarised within a review by 

Thommes, and each adsorbate possesses inherent advantages and disadvantages, thus, the 

choice should be made carefully according to the material of interest.352  

Gas adsorption is an important technique to provide information relating to the surface area 

and porous structure of materials. SLG possesses a large theoretical surface area, which is 

desirable for a number of applications.18 Furthermore, during synthesis and processing of SLG 

and other GBMs, the material’s structure can become altered, and pores may be introduced due 

to etching or functionalisation.241 On the contrary, particles may also be susceptible to 

agglomeration and/or experience pore blocking. Such effects have a major influence on the 

surface area of a given sample. The measurements of surface area are therefore extremely 

important. Once the isotherm has been measured, the surface area and porosity can be 

evaluated. Typically, the former of these is conventionally acquired using the BET method. 

The BET theory can be applied over a relative pressure range (P/P0) = 0.05 to 0.3 in the 

adsorption branch of the isotherm, where monolayer adsorption takes place.238–240,353 

Furthermore, the micropore volume and the external surface area (pores of > 2 nm in size), are 

often calculated using the t-plot and more recently, the as-plot methods.355,356 These methods 

represent classical models which utilise and compare an experimentally obtained isotherm with 

that of a reference or standard isotherm. This comparison yields a plot of the measured adsorbed 

amount as a function of the expected adsorbed amount. In the multilayer adsorption range, this 

plot displays a linear relationship, whereby the slope and extrapolated y intercept can be used 

to determine the external surface area and micropore volume respectively.352 

To examine the pore size distribution (PSD), state-of-the-art methods involve DFT and 

molecular simulation methods including MC and molecular dynamics (MD). Classical, 
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macroscopic methods including BJH, Horvath and Kawazoe (HK) and Saito and Foley (SF) 

also exist.352 BJH was first introduced by Barrett and co-workers who utilised the Kelvin 

equation to calculate PSDs.344 This method is based on the physisorption equilibrium isotherm 

and considers the radius of the pore as a sum of the multilayer thickness and the meniscus 

radius, obtained from the Kelvin equation. In more recent years, however, it has been shown 

that this method does not realistically treat the behaviour of the molecules adsorbed in the 

structure, and may underestimate the pore size significantly, thus, methods such as DFT which 

rely on the theoretical description of the experimental isotherm, provide more reliable 

estimations of the PSD. Nevertheless, BJH offer a readily available and practical insight to the 

PSD of GBMs without the requirement for specialised software.355 

To carry out a physisorption experiment, two steps are typically involved. Initially the sample 

is degassed to remove physically adsorbed water and other volatile species. This requires 

carefully chosen pressures and temperatures which depend on the nature of the sample. For 

materials which may decompose at high temperatures, milder temperatures are used, and for 

mechanically fragile materials, a stream of inert gas may be utilised in preference to a 

vacuum.353 This is introduced through the adsorbate path shown in Figure 2.25. After 

degassing, the sample is then introduced to the adsorption configuration, and evacuated. 

Adsorbate is then presented to the sample cell and the pressure is measured. 

 

Figure 2.25 Gas physisorption analyser used to obtain adsorption-desorption data. Vacuum, calibration adsorbate, pressure 

gauge and valves are represented by VAC, CAL, ADS, P and V1 - V7, respectively. Reprinted from reference 353. 
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Physisorption analysis is a useful tool to provide information regarding the porous structure 

and surface area of GBMs. For example, Kostoglou and co-workers analysed the porosity and 

specific surface area of two plasma-exfoliated FLG materials. The corresponding nitrogen 

adsorption-desorption isotherms are depicted within Figure 2.26.93 Kostoglou deduced that 

these materials possessed surface areas values corresponding to 428.3 and 777.4 m2/g 

respectively, using the BET method. The type of hysteresis between the adsorption and 

desorption branch signified the presence of capillary condensation inside mesopores, proving 

their existence within the material. Furthermore, the t-plot method revealed that the FLG with 

the large surface area was associated with a larger a larger micropores volume (0.132 cm3/g ca. 

0.076 cm3/g).  

 

 

Figure 2.26 N2 adsorption-desorption isotherms at 77 K of two plasma-exfoliated FLG powders; the inset shows the 

differential pore size distributions derived by the quenched solid DFT method. Reprinted from reference 93. 
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2.7 Additional Characterisation 
 

2.7.1 Mass spectrometry 
 

Mass spectrometry is a useful tool to identify a wide variety of compounds and quantify their 

structures.357 It works by ionising a sample and detecting these ions based on their mass-to-

charge ratios (m/z). Ionisation can proceed by providing thermal energy, an electric field, or 

by bombarding a gaseous sample with energetic particles in the form of electrons, ions or 

photons. An example of the ionisation process is provided in Equation 2.4, for electron 

ionisation.358 The subsequent molecular ions may further fragment to form additional ions. All 

ions are separated in the mass spectrometer according to their m/z and their abundance is 

recorded to produce a mass spectrum. 

 

M + e− → M•+ + 2e− 

Equation 2.4 Electron ionisation of a molecule to form its corresponding radical cation. 

 

The mass spectrometer consists of three primary components, corresponding to the ion source, 

mass analyser and detector (Figure 2.27). There are many different types of ion sources used 

in mass spectrometry and their application depends on the physical and chemical properties of 

the species present (molar mass, volatility, functionalities etc.) These techniques can be 

categorised according to the amount of energy they impart on the ions they form, which is 

considered as the relative hardness or softness of the technique. Hard ionisation techniques 

include thermal ionisation and electron ionisation, and result in a large degree of molecular 

fragmentation.359 These techniques result in the acquisition of a detailed mass spectrum, 

allowing for precise structural determination. In contrast, soft ionisation techniques, including 

chemical ionisation, matrix-assisted laser desorption ionisation and electrospray ionisation 

impart less energy into the molecule and thus result in little fragmentation.359 The subsequent 

mass spectrum therefore possesses much less molecular fragmentation, and may be more 

suitable for molecular ion detection. Several different mass analysers exist including 

quadrupole, linear ion, time of flight, Fourier transform ion cyclotron and orbitrap. 

Quadrupoles are the most commonly used and consist of four parallel circular metal rods which 

form an oscillating electric field when DC and RF frequency are applied to them. Only ions 

with a specific m/z will possess a stable trajectory to pass through the detector and the DC and 
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RF voltages can be varied to allow different ions through. One drawback of quadrupole mass 

analysers is their relatively low mass resolution. Whilst unit resolution is often suitable for the 

detection and quantification of known molecules, it is often useful to obtain high resolution 

spectra when identifying unknown molecules. As such, time of flight mass analysers are often 

implemented to provide high resolution and accurate mass measurements. Different types of 

detectors can also be applied including electron multipliers and array detectors.359 These work 

on the principle that when an ion hits the detector, the charge becomes neutralised, causing an 

electric current to be generated. This electric current is proportional to the ion’s abundance and 

a computer analyses this data to generate a mass spectrum, as shown in Figure 2.28.359 A mass 

spectrum simply incorporates a plot of m/z vs the relative abundance of each ion. The most 

intense peak is referred to as the base peak and this is given a relatively abundance of 100%. 

In Figure 2.28, this refers to m/z=31. The acquired mass spectrum of a sample can be matched 

against a library to identify unknown compounds. As such, mass spectrometry is not only 

useful for elucidating the structure of compounds, but also identifying unknown species. 

 

Figure 2.27 Basic components within a mass spectrometer. Reprinted from reference 359. 

 

 

Figure 2.28 m/z ratios vs relative abundance displayed as a mass spectrum (left) and within a table (right). Reprinted from 

reference 359. 
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2.8 The Importance of Characterisation and the Challenges Associated 

with it 
 

Accurate characterisation is central towards building an understanding of the properties and 

behaviours that a given sample will exhibit. This is achieved via the implementation of multiple 

analytical techniques, such as those described above, which, when pieced together, provide a 

reasonably clear picture on the nature of the material studied. The various characterisation 

techniques can render precise distinctions on specific aspects of the material, such as the 

number of layers, the purity level and uniformity of the sample, as well as the quantity of 

defects. Characterisation is not only essential within an academic setting, where modifications 

are routinely carried out on GBMs, but is also fundamental within the graphene industry for 

quality control purposes. Within this context, accurate characterisation is crucial for obtaining 

reproducible GBMs and subsequent market products. This latter aspect is of course particularly 

crucial for applications within advanced level devices. There is no single technique which tells 

you everything you need to know to fully understand the nature of a GBM. Each technique 

provides relevant information to a specific property or characteristic. For example, XPS 

enables an understanding of the surface elements present within a GBM sample, however, 

offers little knowledge as to how they are bonded to the carbon network, though binding 

energies can provide clues. Whilst Raman spectroscopy enables one to recognise the presence 

of chemical bonding directly to the graphitic sheet, it gives no information about the 

morphological properties or the lateral dimensions, which requires a technique such as SEM. 

For this reason, samples tend to undergo analysis via a plurality of techniques within academia, 

to build up a clear understanding of the nature of the sample. As a result, the characterisation 

of GBMs can, in some respect, be considered as a “problem-solving” exercise, and hence 

comparisons between methods are typically made within the current results enclosed within 

Chapters 4 – 6, within this Thesis. 

Unfortunately, the requirement for multiple specialised characterisation techniques is 

expensive. Each analytical technique requires a sample of the material in question, and some 

require a large quantity for adequate generation of results. Examples include solid-state NMR 

and BET, which typically require a minimum sample mass of approximately 1 g. One of the 

key hurdles encountered within the current research was the lack of suitable characterisation 

tools within the research institution, thus, meaning many samples required external analysis. 

Furthermore, purchasing of the explicit analytical equipment requires upfront costs and, in 
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many cases, maintenance costs which may not be feasible. As an example, an XPS instrument 

typically costs somewhere in the region of £250,000. If there is no access to analytical 

techniques within one’s institution, there are often costs associated with the external analysis 

on an hourly or standard rate basis. For this reason, large volumes of analysis can quickly build 

up to large financial expenses. This was found to be a significant issue faced by the current 

research, and meant that in many cases, less analysis was conducted than desired. In all cases, 

a good understanding of what each technique has to offer was extremely valuable to prioritise 

characterisation and enable an understanding of the specific properties and features within the 

GBM in question. In the following sections, some more specific challenges that researchers 

face in making progress in the investigation of GBMs are outlined. Examples of many of the 

obstacles which were faced within the current work are also provided and compared with those 

within the literature.  

 

2.9 Analysed Area is Not Always Representative of the Sample as a Whole 

 

An inherent challenge among many characterisation techniques results from the restricted area 

of sample undertaking analysis. This is particularly difficult when the sample is non-uniform, 

and the analysis area is small. Analysis often provides information which is not representative 

of the rest of the material. There are various examples within this work which depict how stacks 

of NPs vary in thickness and lateral dimensions. This variance in morphology is also 

highlighted in literature. Castro Neto and co-workers, showed that liquid-phase exfoliation 

synthesis of graphene resulted in generation of exfoliated particles of graphene, adopting a 

large range in thicknesses, resulting from the statistical nature of the synthesis technique.7 

Inconsistencies in dimensions were also experienced by Banks who analysed a sample of 

graphene flakes containing lateral widths which varied between 1.5 mm - 0.5 µm (Figure 2.29) 

In this case, smaller flakes were also found to possess improved heterogeneous electron transfer 

kinetics within electrodes, due to an increase in the number of edge sites and defects 

available.360 Such findings reveal the importance in understanding these morphological 

variations across the whole sample, particularly in applications which require homogenous 

properties. 
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Figure 2.29 TEM analysis conducted on graphene flakes showing that flakes vary in morphology and lateral dimensions. 

Reprinted from reference 360. 

 

As such, it was found to be extremely useful to conduct analysis across as many areas of the 

GBMs as possible, to gain a reliable insight to the variances of morphology and topography. 

Furthermore, it was also recognised that distinct techniques penetrate samples to different 

extents, resulting in acquisition of data associated with different depths of the sample. 

Accordingly, some techniques provide information on the surface of the material only, whilst 

others provide information on the bulk of the material. Figure 2.30 provides a representation 

of the penetrative nature of various characterisation techniques. Techniques such as XPS and 

Atomic Electron Spectroscopy (AES) are considered surface techniques since they examine 

only the top and near surface of a sample. 

 

Figure 2.30 Depth of analysis profiles for various characterisation methods. Reprinted from reference 361 and modified from 

reference 362. 

 

Other techniques such as FT-IR measure much deeper into the sample and therefore give 

information regarding the bulk properties. Moreover, techniques such as TEM penetrate the 
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whole sample. The importance of recognising the depth ability of a technique is critical when 

formulating conclusions about the properties of the material. For instance, XPS detects only 

elements present within the surface of a material; it provides no information about the elements 

present beneath the surface region. Clearly this has implications for heavily intercalated or 

stacked samples. If these trace elements are present much deeper than the depth of detection 

for XPS (approximately 10 nm), they would not be observed via this technique.324 It is also 

important to note that elemental composition techniques may also render very different at.% 

values of the common elements; carbon and oxygen. Light elements (Z < 10) are extremely 

difficult to accurately quantify via EDX analysis due to the phenomena whereby Auger electron 

production is favoured over characteristic X-ray production, resulting in limited X-rays 

reaching the detector. For this reason, it is extremely important to be aware of the depth of 

analysis of a given technique to understand what information the data acquired is providing. 

The properties of a GBM have also been found to differ throughout a non-homogenous sample.  

It has been observed that the edges of GBMs typically contain more defects than the basal 

planes. Thus, when Raman spectroscopy is conducted at the edges of graphene samples, it 

reveals a relatively large D band.34 Furthermore, rippled and crumbled regions associated with 

edges or defects, typically possess altered bond lengths.363,364 These findings highlight the 

importance in carrying out a detailed survey of the material, since a routine Raman analysis 

may only focus on an unrepresentative region of the sample. To improve reliability and 

understand better the inconstancies in size and nature of graphene materials across a sample, it 

is recognised that more sites should be analysed, focusing across edges sites and various sites 

within the basal plane of GBMs. Unfortunately, these multiple analyses are often accompanied 

by a time and cost penalty, and therefore, a compromise may need to be met, such in the case 

of the current work. Aside of these issues with characterisation, the variances in size 

distribution across a sample can also trigger a number of practical implications, such as issues 

when washing and filtered. These are highlighted in more detail in the Experimental section 

within this Thesis.
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2.10 Accurate Thickness Determination and Morphological Considerations 

 

A common incentive behind characterising GBMs is to understand the numbers of layers 

present within the structure. This, of course, is especially important for applications whose 

properties are affected by particle thickness, since the number of layers has a large influence 

on the reactivity, thermal stability, electronic properties, optical transmittance and mechanical 

properties of GBMs.34,35,37–39 Apart from SLG, GBMs commonly contain a broad distribution 

of layered stacks, including 2LG, 3LG, FLG, GNPs and NPs. Accordingly, accurate thickness 

determination can be difficult, and although there are several methods available to achieve this, 

a significant degree of uncertainty associated with their measurements remains. Raman 

spectroscopy is routinely used to quantify SLG, 2LG, 3LG and FLG materials. Ferrari noted 

that stacks of up to 5 layers can be determined by examining the 2D and G band shape and 

their intensity ratio.312 SLG consists of a Raman spectrum where the 2D band is four times the 

intensity of the G band. On the other hand, graphite provides a spectrum where the G band 

exceeds that of the 2D band intensity. For this reason, the I2D/IG ratio is commonly implemented 

to provide an estimation to the number of graphene layers within a stack of < 5 layers. 

Unfortunately, when the layer thickness increases beyond 5, the 2D band spectra looks almost 

indistinguishable from that of bulk graphite, thus, it can no longer be used to estimate the 

number of layers. It should be noted that only a small number of commercially obtained 

materials, if any, would indeed only exclusively contain stacks of less than 5 layers.7  

AFM analysis is also routinely used for layer thickness determination. AFM provides three-

dimensional images, thereby enabling the calculation of the overall thickness of a stack by 

direct measurement. Since the interlayer spacing of stacked graphene layers within graphite 

typically corresponds to 0.335 nm, the number of layers within a stack can be calculated.29,365 

Unfortunately, literature values have been proven to provide inaccurate measurements of the 

values of SLG, ranging between 0.4 - 1.7 nm.298 Practically, there are also some issues 

associated with gaining AFM measurements. To obtain an AFM image, one of three primary 

modes of operation is selected; including i) non-contact mode, ii) contact mode and iii) tapping 

mode, as described earlier in the text. All of these have been applied for the analysis of 

graphene samples reported in the literature, although tapping mode is the most commonly 

implemented. Unfortunately, imaging of the surface of GBMs can present challenges and some 

have noted that the contact mode should be avoided due to its ability to severely damage the 

sample or tip, and distort the image by displacing the sample.298,366 Even, the non-contact mode 
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has also been found to damage the surface of GO over several repeat scans (Figure 2.31). It 

was shown that as more scans are undertaken, more damage was introduced to the graphene 

material due to a weakening of the van der Waals forces between the sample and the SiO2 

substrate.367 Furthermore, challenges also exist due to tip-surface interactions, arising from 

substrate surface energies, interactions with the graphene surface itself and how the sample is 

prepared.298,368 The nature of the ambient conditions, high humidity within the environment 

may also cause water adlayers to form between mica substrates and graphene, which would 

have implications on thickness measurements.369,370  

 

 

Figure 2.31 (a) First and (b) second scanned topography images of graphene after 24 h. (c) Third and (d) fourth scanned 

topography images of graphene. Here, the arrows in (c) and (d) indicate the damage to the graphene surface over several 

repeat AFM scans, conducted using non-contact mode. Reprinted from reference 367. 

 

Finally, in terms of estimating the number of layers within GBMs, XRD offers an additional 

technique for this purpose. After obtaining an XRD spectrum, it is possible to calculate the 

thickness of a crystalline stack using; the Scherrer equation and the Laue function model.371,372 

It has been found that both determination methods are generally in good agreement with each 

other for samples with uniform thickness distributions. Unlike the Scherrer equation, however, 

the Laue function also provides reliable results for thickness determination within samples 

containing non-uniform thickness distributions.373 In essence, a combination of Raman 

spectroscopy, AFM imaging and XRD data provide a good estimate of the number of layers. 

 

 

 

(d) (c) (a) (b) 
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2.11 Elemental Composition Calculation 

 

Quantitative assessment of the elemental composition of GBMs is useful to understand the 

types of elements present, particularly when characterising functionalised materials. XPS is 

one of the key techniques used for this purpose due to its extreme surface sensitivity.374 

However, as noted above, the analysis is limited to the surface region, thus, provides no data 

regarding the bulk of the material. Nevertheless, it remains a vitally important technique since 

most functionalisation of graphene, indeed, occurs at the surface. The binding energies 

associated with the elements and the chemical environment in which they occupy provide an 

invaluable tool for quantifying specific functionality. The data obtained from the XPS analysis 

can be processed and compared with that of known compounds within databases. For this 

reason, XPS is a highly valuable technique in studies involving functionalised GBMs. As with 

all techniques, there are some challenges associated with the analysis and interpretation. 

Unfortunately, the databases do contain some uncertainties and errors in the experimental 

binding energy values, resulting from variances in instrument operators, calibration energies, 

C 1s charge referencing and analysis conditions.375 As such, care must be taken during 

assignment. An understanding of the types of compounds present within a GBM sample is 

needed for the assignment and it should be supported by other evidence gained from the other 

analysis. 

EDX is an alternative characterisation method to quantify the elemental composition of a 

sample, however, it is an inherently insensitive technique and struggles to detect elements in 

low concentrations; the detection limits are typically 0.2 – 0.5%.374 Light elements with small 

atomic numbers (Be to F) also exhibit problems for EDX analysis. These elements lead to low 

fluorescence yield, absorption and peak overlaps with the L, M and N lines of heavier elements. 

Unfortunately, GBMs consist mostly of carbon and oxygen which both contain atomic numbers 

beneath the sensitivity threshold, hence accurate data is unlikely to be acquired. As such, it is 

unsurprising that discrepancies are often achieved between EDX and XPS quantitative 

elemental composition data, especially for light elements. In such cases, it is assumed that XPS 

provides a more accurate insight to the composition of carbon and oxygen. 

Elemental analysis can also offer an insight to the composition and the elements present within 

a sample. Whilst this technique is useful in offering detection limited in order of ca. 0.01%, it 

typically only identifies a limited number of elements, namely carbon, hydrogen, nitrogen, 
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sulfur and oxygen. The facilities for the determination of the first three elements are standard 

in many research institutions. For sulfur and oxygen, there is less availability in most 

laboratories. Functionalised GBMs containing elements aside of these can be challenging to 

accurately quantify and many materials contain varying degrees of oxygen. Despite this, CHNS 

elemental analysis has shown to be successful in quantifying accurate sulfur incorporation 

within a functionalised GO within the surface and bulk, as explained within a previous 

report.376  

 

2.12 Inherent Challenges with Characterising Functionalised GBMs 

 

Characterising covalently functionalised samples is not always a straightforward task. It is 

especially challenging to identify and differentiate between covalently functionalised species 

bound to GBMs, with non-covalently bonded species. In the latter case, unreacted reagents and 

side products often remain strongly adsorbed to the surface via numerous interactions including 

π-π interactions, van der Waals forces, ionic interactions and hydrogen bonding.377 For 

example, it has been shown within the work of Banat and co-workers, that cationic and anionic 

contaminants can interact strongly through these interactions with date syrup-based graphene 

sand hybrid, as shown in Figure 2.32.378  

 

Figure 2.32 Suggested mechanism for adsorption of cationic and anionic contaminants onto date syrup-based graphene 

sand hybrid. Reprinted from reference 378. 

 



91 

 

Although non-covalently bonded species can be a desirable means of derivatising the material, 

showing extensive use for water decontamination for example, they are often undesirable in 

the form of unreacted reagents and side products. The nature of the graphitic surface mean that 

the undesirable entities remain strongly adsorbed by the above-mentioned bonding types or 

integrated within slit pores and stacks. Accordingly, copious amounts of washing may be 

required following any chemical modification, to prevent unwanted compounds remaining 

adsorbed to the surface. Unfortunately, the existence of remaining unwanted adsorbed species 

can have several undesirable implications, such as alteration of the properties of the GBM. 

Furthermore, they also confuse interpretation. In this regard, it may be believed that one has 

more of a particular element than is actually the case. As such, it makes it very difficult to 

quantify the amount of functionalisation which has occurred. Ambiguous assignments and 

tentative language are therefore used when drawing conclusions within published works 

relating to the covalent functionalisation of graphene, as it can be very difficult to differentiate 

adsorbed material from covalently attached material. 

 

 

2.13 Destructive and Non-Destructive Analysis 

 

All characterisation techniques can be differentiated according to their ability to cause 

permanent change to the sample or not during the analysis procedure. These are categorised as 

destructive and non-destructive characterisation methods, respectively. This is important since 

many early investigations are carried out on a small laboratory scale due to the availably and 

cost of GBMs. As such, only small quantities of sample may be synthesised, and thus, avoiding 

destructive testing or carrying it out at the end of several non-destructive techniques is 

desirable, to minimise the amount of “wasted” material. Table 2.1 classifies some of the key 

characterisation techniques, identifying whether the technique itself is destructive or non-

destructive. Some techniques such as TGA and elemental analysis cause permanent change to 

the sample. In both cases, the sample is typically heated to high temperatures resulting in 

thermal decomposition, thus the sample cannot be recovered after testing. Other techniques are 

non-destructive in nature including Raman spectroscopy, BET, solid-state NMR and XRD, 

thus the material can be recovered and used for further testing or application. In some cases, 

techniques may generally be considered non-destructive in nature, however, when applied to 
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GBMs, the conditions used during analysis and the preparative routes, may result in permanent 

changes to the sample. As such, each technique is categorised according to whether it is 

typically non-destructive, non-destructive when applied to GBMs, or destructive due to the 

technique itself and/or the preparative routes. For these techniques, a comment is provided in 

the comments column to explain why the technique may result in it becoming destructive or 

non-destructive in relation to GBMs. In general, destructive characterisation is undesirable 

since it enforces significant change to the sample, thereby making it unsuitable for further 

analysis, as well as impeding the material’s use in specific applications. As a result, when 

characterising a sample using multiple destructive characterisation methods, several batches of 

sample may need to be synthesised, solely for this purpose. Within this work, non-destructive 

characterisation was carried out prior to destructive testing on a sample, to minimise the 

quantity of sample needed to be synthesised. 

 

Table 2.1 Destructive and non-destructive characterisation techniques. Some techniques may be non-destructive in nature, 

however, their preparation routes may introduce permanent change. 

Characterisation 

Technique 

Is the Technique 

Typically 

Considered Non-

Destructive? 

Is the Technique 

Non-Destructive 

with Graphene-

Based Samples? 

Is the Technique 

Destructive? 

Comments 

By 

Technique 

By Sample 

Preparation 

Raman 

Spectroscopy 
✓ ✓ - - 

No change implemented on sample during 

analysis or sample preparation 

XPSǂ 

✓ - 
✓ 

 
- 

UHV (10-6 - 10-10 Pa) may remove 

desired volatile adsorbed species 

Electron beam may chemically modify 

some species 

SEM/SEM-EDXǂ 

✓ - ✓ ✓ 

Sample preparation can be destructive if 

conductive sputter coating is required  

High energy electron beam may damage 

sample 

TEM/TEM-EDXǂ ✓ - ✓ - 
High energy electron beam may damage 

sample 

TGA 
 - ✓ - 

Sample is decomposed during high 

temperatures 

AFMǂ ✓ - ✓ - 
Sample may become damaged/misplaced 

by cantilever 

XRD 
✓ 

✓ 

 
- - 

No change implemented on sample during 

analysis or sample preparation 

BETǂ 

✓ - - ✓ 

No change implemented on sample during 

analysis, however, thermally or 

mechanically sensitive samples may 

become chemically or physically changed 

if degas conditions are too extreme 

FT-IRǂ 

✓ ✓ - ✓ 

Generally, no change implemented on 

sample during analysis or sample 

preparation  

Sample preparation may be destructive if 

KBr disk is required 

Elemental Analysis 
- - ✓ - 

Sample is decomposed during high 

temperatures 

Solid-state NMR 
✓ ✓ - - 

No change implemented on sample during 

analysis or sample preparation 
ǂ Technique is usually considered non-destructive, however, when applied to GBMs, permanent change may occur 

due to conditions required or sample preparation techniques. 
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Within the context of microscopy, samples can indeed undergo permanent change. During 

SEM and TEM analyses, a high energy beam of electrons propagates towards the sample 

through a series of lenses. The accelerating voltage of these electrons is typically in the range 

of 5 - 30 keV for SEM, and 100 - 200 keV for TEM, and the value chosen depends on the 

sample in question.290 For example, the energy of this beam must overcome the critical 

ionisation energy of the inner shell electrons in the atoms of the sample. Whilst scattering 

enables data to be rendered, for elastic scattering, it has the side effect of causing specimen 

damage such that electrons transfer their energies to the atoms, thus, causing atoms to become 

displaced from the material. This is more severe for light elements (H, C, N and O), which 

unfortunately, are the most common elements incorporated into GBMs. To reduce beam 

damage, the accelerating voltage can be lowered and the working distance increased. It has 

been shown in several previous investigations that irradiation-induced damage can occur in 

GBMs, due to atomic displacement caused by electron beams.130,379–384 Even relatively low 

beam voltages (5 - 30 keV) have been shown to induce defects in graphene, as evidenced by 

Raman spectroscopy, resulting in the degradation of the material’s thermal and electronic 

properties.382,383 Murakami and co-workers showed that as a low-energy electron beam (100 

eV) was irradiated on graphene, internal strain was introduced.384 Mapping of the Raman G 

peak shift of the graphene sample, subjected to low-energy electron irradiation, showed that 

biaxial tensile strain was introduced, as shown in Figure 2.33. With TEM, to reduce knock-on 

damage, the accelerating voltage of 80 keV is much less likely to damage the sample, however, 

it should be noted that although 80 keV is the threshold for knock-on damage in pristine 

graphene, defects and edges will have a lower threshold and thus may become damaged below 

this. It is also interesting to note that the quality of the vacuum in the microscope may also 

affect the damage susceptibility, such that ultra-high vacuum (UHV) instruments see lower 

damage rates. 
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Figure 2.33 Mapping of the Raman G peak position after irradiation of 9.72 mC/cm2 at 500 eV. The mapping in red (1573.6 

cm-1) and blue (1581.1 cm-1) corresponds, respectively, to the red-shifted G peak (i.e., tensile strain) and the blue-shifted G 

peak (i.e., compressive strain) from the initial G peak position before irradiation (1577.3 cm-1). Reprinted from reference 384 

 

Of course, using high resolution mode also implements more damage, and the longer the 

analysis period or scanning speed, the more obvious the effects. X-ray damage can also occur 

to GBMs upon XPS analysis. The X-ray photon energy is typically 1486.6 eV and thus, does 

not possess enough energy to displace atoms (typically 5 keV or more is needed), however, it 

has been shown to chemically modify samples. For example, reduction of a nitro functional 

group to an amine functional group has been observed in various previous 

investigations.197,385,386 The XPS irradiation can also result in reduction of oxygenated graphitic 

material, especially after prolonger analysis, resulting in breaking of the C‒O bonds. XPS 

measurements are also conducted under an UHV (10-6 - 10-10 Pa) to avoid collision between 

photoelectrons and gas molecules within the instrument, as well as to minimise potential 

surface contamination from residual gases. As such, volatile compounds will be driven off prior 

to analysis, and hence be undetected. This may pose issues when adsorbed volatile species are 

desired on the GBM.  

Some techniques may be non-destructive in nature, but the preparation routes involve 

irreversible changes to the sample. For many samples, a conductive sputter coating is required 

to treat samples, prior to imaging. A common issue encountered with SEM/EDX when viewing 

insulating graphene samples such as GO or aggregated samples, is they undergo surface 

charging.293 This phenomenon arises due to a lack of conductive paths for electrons to flow 

from the sample surface to the ground, which results in images which drift, blur and exhibit 

low contrast. Some samples may be conductive in nature, however, still experience charging. 

This may occur if the sample is not well dispersed on the SEM substrate, and instead, clumps 

together. Carbon leit tabs are commonly used to attach samples to the metal stub prior to 
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analysis, however, GBMs and the carbon tabs can be difficult to discern, therefore using a 

coating increases the number of secondary electrons which are detected from the sample, thus 

improving the signal to noise ratio. In effort to overcome these issues, samples are often coated 

with a thin layer of nanoparticles, such as gold. Unfortunately, this coating is not easy to 

remove after analysis, and hence the sample becomes permanently altered. Furthermore, the 

gold nanoparticles may also mask features on the sample. FT-IR is formally a non-destructive 

technique and upon ATR FT-IR analysis, no change is exhibited to the sample. However, in 

many cases, it can be advantageous to analyse the sample in the form of a KBr disk. This 

technique is often superior to ATR for the aforementioned reasons. To produce a KBr disk, a 

small quantity of the GBM is ground in a pestle and mortar with KBr powder, then pressed into 

pellet form. As such, it becomes exceptionally difficult to remove the GBM again from the 

newly made disk. In addition, KBr is extremely hygroscopic and therefore any water addition 

will result in a broad peak associated with water. It should also be noted that BET is not 

destructive in nature, however, some samples may be affected by extreme degas conditions, 

such as high vacuums or high temperatures. Meanwhile, eliminating these conditions may not 

result in effective removal of physisorbed water or volatiles. Any changes to the sample may 

affect the pore structure and subsequent surface area.353 Finally, AFM is also not formally 

considered a destructive technique, however, as described in the previous section, many GBMs 

can become damaged or displaced by the cantilever during analysis. It is therefore important 

that the reproducibility of the sample under analysis is considered, and the appropriate amount 

of sample is synthesised prior to characterisation. 
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3 Materials and Methodology 
 

  



97 

 

3.1 Experimental 
 

 

 

3.2 General Remarks 
 

NPs were synthesised by Perpetuus via plasma treatment, as outlined below. All reagents and 

solvents were purchased from commercial sources and used as received. A Gallenkamp SGP-

205-020X vortex mixer and a FB15055 FisherBrand ultrasonic bath (ultrasonic frequency 37 

kHz and ultrasonic peak max corresponds to 600 W) were employed to create dispersions. A 

Sorvall Legend T Centrifuge from Kendro Laboratory Products was utilised to extract solids 

from dispersion at 4000 min-1 for 25 minutes.  

NP4 was used to synthesise free-standing films and coatings, for the purpose of oil/water 

separation. The oleophobic/hydrophilic nature of these films and coated substates were 

investigated using simple oil/water passage tests, contact angle measurements and sliding angle 

measurements. Furthermore, the materials were fully characterised using various 

characterisation techniques.  

Oil red O and brilliant blue R were used to dye oils and water, respectively. Jet II fuel was 

provided by Perpetuus. The eight-sectioned metal tray possessed external dimensions of 33 by 

24 cm and each rectangular section possessed internal dimensions of 9.5 by 6 cm. The single-

sectioned metal tray possessed external dimensions of 24.5 by 17.5 cm and internal dimensions 

of 23.5 by 16 cm. A5 size meshes were purchased from The Mesh Company and consist of 

industry standard woven wire mesh stainless-steel grade (#50). Nylon was purchased from 

Sefar LTD. Kevlar, carbon fibre and glass fibre were provided by The University of South 

Wales Engineering Department. NPs were synthesised by Perpetuus via plasma treatment. All 

reagents and solvents were purchased from commercial sources and used as received. A 

Gallenkamp SGP-205-020X vortex mixer and a FB15055 FisherBrand ultrasonic bath 

(ultrasonic frequency 37 kHz and ultrasonic peak max corresponds to 600 W) were employed 

to create the dispersions. A Sorvall Legend T Centrifuge from Kendro Laboratory Products 

was utilised to extract solids from dispersion at 4000 min-1 for 25 minutes. A standard burette 

was used to deposit silicone oil and water droplets onto substrates during oil/water passage 

tests. 
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Washing procedures- When filtering NPs using a simple Büchner filtration procedure, it was 

difficult to identify a suitable filter paper to enable the retainment of the solid NP, whilst 

allowing free passage of solvent. This became particularly difficult with NPs containing 

smaller aggregates, such as NP1, NP3 and NP4. In these cases, the smaller aggregates were 

able to penetrate the pores within the filter paper, whilst larger aggregates did not. This resulted 

in loss of material, both through the filter paper and within the filter paper, and insufficient 

filtering of solvent due to the blockage of pores. As such, even filter paper with pores of 0.22 

µm in size become clogged. Due to this, filtration was often avoided and instead, solvent 

removal and product purification was conducted through multiple 

dispersion/centrifugation/decantation cycles.  

 

3.3 Characterisation of Materials Within this Thesis 
 

Within the work presented within this thesis, several characterisation methods are implemented 

to gain an understanding of the sample and its characteristics. A brief description of the 

instrument and preparative details are listed below. 

AFM was conducted on an XE-100 atomic force microscope from Park Systems. Samples were 

dispersed in a volatile organic solvent, drop casted onto freshly cleaved mica and left to air-

dry. Measurements were taken using non-contact mode. 

XPS was performed using a Kratos Axis Ultra-DLD photoelectron spectrometer with a 

monochromatic Al Kα electron source (1486.6 eV). Samples were dispersed in a volatile 

organic solvent, drop casted onto a clean silicon wafer and left to air-dry. Data was analysed 

using CasaXPS software and binding energies were referenced to carbon core level for 

adventitious carbon at 284.8 eV possessing an uncertainty of approximately 0.2 eV. Curve 

fitting was carried out using Gaussian and Lorentzian line profiles. 

TGA was carried out using a Perkin Elmer TGA 4000 instrument. Samples (ca. 35 mg) were 

deposited into ceramic crucibles and the temperature was increased from room temperature to 

900 °C at a rate of 5 °C min–1 under a nitrogen flow (50 mL min−1). 

Raman spectroscopy measurements were performed using a Renishaw InVia confocal Raman 

microscope, equipped with an Ar+ visible green laser with emission wavelength of 514 nm. A 
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magnification of 20 x was used over an extended wavenumber range of 100 – 3200 cm−1 (static, 

625 – 1900 cm−1). Measurements utilised a 5% laser power, with 5 accumulations (static, 20 

accumulations) at 10 seconds exposure time (static, 2 seconds) for each material. Samples were 

deposited directly onto a slide and data was extracted from one spot of the sample. Spectra 

were collected in a reflective mode using a high sensitivity charge couple device (CCD) 

detector.  

Powder XRD patterns were collected using a Panalytical X’Pert diffractometer with a Cu 

anode irradiation (λ = 1.5406 Å) operating at 40 kV and 40 mA. Samples were dispersed in 

volatile organic solvent, drop casted onto a planar substrate and left to air-dry. Phase 

identification was performed by matching experimental patterns against entries in the ICDD 

standard database. 

Three SEM instruments were utilised within this research (SEMs 1 – 3). In all cases the 

samples were coated with a gold sputter coating to enhance resolution of imaging and 

accelerating voltages between 5 – 20 kV was utilised with a beam current of 12 kV. SEM 1: A 

Zeiss Supra 35VP (FEG) SEM instrument. The samples were dispersed in volatile organic 

solvent, drop casted onto metal stubs prepared with carbon leit tabs and left to air-dry. SEM 2: 

MIRA3 Tescan x 64 instrument. The samples were dispersed in volatile organic solvent, drop 

casted onto metal stubs prepared with double sided copper tape and left to air-dry. SEM 3: 

1540XB from Carl Zeiss (FEG) SEM using the same preparation as SEM 2. SEM and EDX 

data within Chapter 4 utilised SEM 1, SEM images within Chapter 5 utilised SEM 1, 2 and 3. 

SEM images within Chapter 6 utilised SEM 2.  

Two TEM instruments were utilised within this work (TEM 1 and TEM 2). In both cases, 

samples were dispersed in volatile organic solvent, drop casted onto a plasma-cleaned copper 

grid and left to air-dry and a 200 kV power source was utilised. TEM 1: JEOL 2100 FEG TEM. 

TEM 2: JEOL JEM 2100 TEM 

The surface area and porosity characteristics of the materials were analysed using a 

Micromeritics ASAP 2020 physisorption analyser at 77 K with nitrogen adsorbate. Surface 

areas were calculated according to the BET method over a P/P0 range where a linear 

relationship was maintained, whilst porous studies implemented the BJH and t-plot methods. 

All samples were degassed under 0.667 Pa for a defined period of time at a defined temperature. 

t-plot analysis utilised the Harkins Jura thickness equation and BJH cumulative pore volume 

methods utilised the Halsey equation with Faas correction. 
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Solution 1H, 19F, 29Si, 11B and 13C NMR spectrometry were performed on a Bruker 400 MHz 

AscendTM 400, which operated at 400.13 MHz for 1H nuclei, 376.50 MHz for 19F nuclei, 79.49 

MHz for 29Si, 128.38 MHZ for 11B and 100.61 MHz for 13C nuclei. Chemical shifts are reported 

in parts per million (ppm). NMR spectra were obtained in CD3CN or CDCl3 solvent as 

specified. 

Solid-state 13C and 29Si MAS NMR spectra were recorded on a Bruker AVANCE 400WB 

magnet and an ASCEND III HD Spectrometer, with a magnetic field strength of 9.4 T. The 

resonance frequency used for 13C and 29Si nuclei was 100.58 MHz and 79.47 MHz, 

respectively. Samples were packed into a zirconia rotor with a 4.0 mm outer diameter. Glycine 

was used to reference the 13C chemical shift, and both kaolin and TMS were used to reference 

the 29Si chemical shift. All the samples that were run that did not contain graphitic material 

were analysed using a 13C CP-MAS program and a one pulse 29Si program. If graphitic material 

was present, a HPDEC program was used to perform the 13C and 29Si analyses. The spectra 

were obtained at a spin speed of 10 kHz, with a recycle delay of 5 seconds for 13C (CP-MAS) 

and 20 seconds for 29Si. The 13C CP-MAS program used 90° pulses of 2.5 microseconds and 

1500 microseconds contact times. The HPDEC spectra was recorded with 2.5 microseconds 

90° pulses and a recycle delay of 5 seconds for both 13C and 29Si.  

Mass spectrometry was conducted on a Thermoscientific ISQ Single quad with direct 

insertion probe in positive electron impact mode. The identity of the compounds was confirmed 

for the preinstalled library of compounds. 

FT-IR ATR analysis was conducted on a PerkinElmer Spectrum Two IR spectrometer. A 

resolution of 4 cm–1 was used with an accumulation of 8 scans. Samples were deposited onto a 

diamond crystal and a scan was conducted between 4000 and 500 cm–1. Alternatively, some 

samples were prepared into a KBr disk and analysed via transmission mode. 

 

3.3.1 Synthesis of Plasma-Exfoliated Graphitic Material 
 

Natural flake plasma processing of natural graphite was carried out using a custom-made DBD 

plasma reactor as described elsewhere.95 
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3.3.2 Synthesis of f-NP1 
 

4-(trifluoromethyl)phenylboronic acid (0.930 g, 4.91 x 10-3 mol) was added to NP1 (0.720 g) 

and dispersed in a solvent mixture consisting of water and DCM (1:1) (40 mL in total), 

followed by the addition of K2S2O8 (2.600 g, 9.62 x 10-3 mol) and AgNO3 (1.180 g, 7.00 x 10-

3 mol). The mixture was allowed to stir for 44 hours at room temperature. The reaction mixture 

was then centrifuged and the resultant material, was extracted and washed repeatedly with 

water, acetonitrile, and DCM through several dispersion/centrifugation cycles. The resultant f-

NP1 was then extracted and left on vacuum (10-6 bar) for 1 week to remove any potentially 

remaining solvents and volatile compounds. 

 

 

3.3.3 Control Reaction A- Reactivity of Radicals Generated from 4-

(Trifluoromethyl)phenyl Boronic Acid in the Absence of NP1 

 

This reaction was carried out using similar conditions to that of previous works.387,388 The 

reagent 4-(trifluoromethyl)phenyl boronic acid (0.092 g, 4.83 x 10-4 mol) was dissolved in a 

solvent mixture (40 mL) consisting of water and DCM (1:1), followed by the addition of 

K2S2O8 (0.266 g, 9.85 x 10-4 mol) and AgNO3 (0.027 g, 1.60 x 10-4 mol). The mixture was 

allowed to stir for 44 hours at room temperature. The biphasic mixture was filtered, and the 

DCM layer was separated from the filtrate using a separating funnel. The DCM layer was then 

evaporated to dryness to give a yellow oil consisting of two compounds: 4,4’-

bis(trifluoromethyl)biphenyl (compound A) and bis((trifluoromethyl)-diphenyl)ether 

(compound B). Characterisation of compound A: 1H NMR  (CD3CN): 7.87 (d, 3JHH = 8.2 Hz, 

4H), 7.81 (d, 3JHH = 8.2 Hz, 4H). 19F NMR d (CD3CN): −63.06. EI-MS m/z [M]+ calc. for 

C14H8F6 290 Da: found: 290 Da. Characterisation of compound B: 1H NMR d (CD3CN): 7.72 

(d, 3JHH = 8.2 Hz, 4H), 7.20 (d, 3JHH = 8.2 Hz, 4H). 19F NMR d (CD3CN): −62.42. EI-MS m/z 

[M]+ calc. for C14H8F6 306 Da: found 306 Da. 
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3.3.4 Control Reaction 1- Synthesis of C1-NP1 
 

NP1 (0.1531 g) and 4-(trifluoromethyl)phenyl boronic acid (0.1657 g, 8.724 x 10-4 mol) were 

dispersed in a solvent mixture (20 mL) consisting of water and DCM (1:1). The mixture was 

allowed to stir for 44 hours at room temperature. The reaction mixture was then centrifuged 

and the resultant C1-NP1, was extracted and washed repeatedly with water, acetonitrile, and 

DCM through several dispersion/centrifugation cycles. The resultant material was then 

extracted and left on vacuum (10-6 bar) for 1 week. 

 

 

3.3.5 Control Reaction 2- Synthesis of C2-NP1 
 

NP1 (0.1473 g) and AgNO3 (0.187 g, 1.10 x 10-3 mol) were dispersed in a solvent mixture (20 

mL) consisting of water and DCM (1:1). The mixture was allowed to stir for 44 hours at room 

temperature. The reaction mixture was then centrifuged and the resultant C2-NP1 was extracted 

and washed repeatedly with water, acetonitrile, and DCM through several 

dispersion/centrifugation cycles. The resultant material was then extracted and left on vacuum 

(10-6 bar) for 1 week. 

 

 

3.3.6 Control Reaction 3- Synthesis of C3-NP1 
 

NP1 (0.159 g) and K2S2O8 (0.574 g, 2.12 x 10-3 mol) were dispersed in a in a solvent mixture 

(20 mL) consisting of water and DCM (1:1). The mixture was allowed to stir for 44 hours at 

room temperature. The reaction mixture was then centrifuged and the resultant C3-NP1, was 

extracted and washed repeatedly with water, acetonitrile, and DCM through several 

dispersion/centrifugation cycles. The resultant material was then extracted and left on vacuum 

(10-6 bar) for 1 week. 
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3.3.7 Washing Procedure for f-NP1 and CX-NP (X = 1 – 3) 
 

After reaction, the treated samples (f-NP1 and CX-NP (X = 1 – 3)) were washed extensively 

to remove impurities and unreacted reagents. Ideally, Büchner filtration would have been 

implemented to wash the NP materials, however, the irregularity in particle size and 

contribution of tiny particles (less than 200 nm) meant that even some of the smallest pore size 

filter papers (0.2 µm pore size) became blocked, thereby impeding filtration. As a result, the 

washing procedure involved dispersing the treated NP in a solvent using a vortex mixer, then 

centrifuging the mixture to promote sedimentation of treated NP materials at the bottom of the 

centrifuge tube. The solution above was then decanted and disposed of. The process involved 

repeated washing until the solvent above was free of compounds or impurities. To test the 

presence of these, the pH was measured using standard pH indicator paper and 1H, 19F and 11B 

NMR analysis was used to detect the presence of any unreacted reagents, impurities, or solvent. 

The treated NP samples were washed with various solvents, including water, acetonitrile, DCM 

and acetone. The samples were then dried under vacuum (10-6 bar) for 1 week, to remove any 

potentially remaining solvents and volatile compounds. 

 

 

3.3.8 Characterisation of f-NP1 and CX-NP1 (X = 1 – 3) 
 

SEM and EDX analyses were conducted on SEM 1, whilst TEM was conducted on TEM 1 (see 

Chapter 2 for details). XPS, FT-IR, Raman spectroscopy, XRD, BET/BJH/t-plot, TGA, 

solution-state NMR and mass spectrometry analyses were conducted in accordance with 

Chapter 2. During physisorption analysis, degas was conducted at 150 °C for 720 minutes.  

 

 

3.3.9 Synthesis of O-NP3 
 

O-NP3 was synthesised from NP3 using the modified Hummers method according to previous 

works.389 In summary, H2SO4 (150 mL) was added to NP3 (5.02 g) and allowed to magnetically 

stir for 5 minutes. The flask was placed cooled to 0 °C (ice bath) then KMnO4 (17.5 g) was 
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added slowly over a 30-minute period. After complete addition, the temperature was warmed 

to 35 °C and stirred for a further 2 hours. The mixture was then cooled to 0 °C (ice bath) and 

excess water was added followed by H2O2 (30 wt.% in water) until bubbling stopped. The 

subsequent oxidised material, O-NP3, was then extracted via centrifugation and washed several 

times with DI water. The sedimented material was then dried at 80 °C under vacuum for 12 

hours and ground to a fine powder using a pestle and mortar. 

 

 

3.3.10  Synthesis of Non-Covalent O-NP3/Laponite Composites 
 

O-NP3 was placed into DI water and sonicated for 1 hour. Laponite was added to the O-NP3 

dispersion, and the mixture was bath sonicated for a further 1 hour. The subsequent O-

NP3/laponite composites were dried at 85 °C under vacuum for 2 hours to remove the water. 

(The composition of laponite within O-NP3/laponite was dependent on the ratio defined within 

the text, where a specific weight percentage of laponite (wt.%) is defined relative to the total 

weight of laponite and O-NP3). 

 

 

3.3.11  Synthesis of f-laponite 
 

F-laponite was synthesised in accordance with previous work.390 Laponite (5.00 g) was stirred 

in 150 mL of deionized water at 50 °C for 30 minutes. A solution of aminopropyltriethoxy 

silane (APTES) (5 mL, 21.4 mmol) in 150 mL of DI water was prepared, and the pH adjusted 

to 5 with acetic acid. This solution was heated to 50 °C and allowed to stir for 10 minutes. The 

solution was poured into the laponite dispersion, immediately causing the solution to turn 

cloudy and viscous. Stirring continued at 50 °C for 16 hours. The pH was then adjusted to 9 

with NaOH to neutralize the acetic acid and deprotonate the amines. The product was collected 

via vacuum filtration on a Büchner funnel as a white gel, washed with 500 mL water, then dried 

in a vacuum oven at 80 °C for 18 hours. To remove residual contaminants, the product was 

ground to a fine power with a mortar and pestle, stirred in 150 mL of water, filtered and washed 
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with 500 mL acetonitrile and 500 mL water. The subsequent material was then dried at 80 °C 

under vacuum for 12 hours. 

 

 

3.3.12  Synthesis of f-NP3 
 

O-NP3 (0.6067 g) was added to f-laponite (0.6175 g) in dry DMF (40 mL). 

dicyclohexylcarbodiimide (DCC) (0.343 g) was added and stirring was allowed for 6 hours at 

60 °C. The subsequent solid was washed via multiple dispersion/centrifugation/decantation 

cycles using water, acetone and acetonitrile. The subsequent material was dried under vacuum 

for 12 hours, affording f-NP3. 

 

 

3.3.13  Synthesis of NP4-PP Composite 
 

PDDA aqueous solution (7.2 mL, 4.46 x 10-3 mol) was added to NP4 (0.5604 g) and placed in 

a beaker within an ultrasound bath for 10 minutes, to form a dispersion. The dispersion was 

then allowed to stir for a further 10 minutes. In a separate beaker, PFO (1.75 g, 4.01 x 10-3 

mol) was dissolved in 10 mL DI water using an ultrasound bath (10 minutes) then the dispersion 

was slowly added to the NP4/PDDA dispersion over a 5-minute period. Upon addition of PFO 

to NP4/PDDA, a thick slurry was formed immediately. The slurry was dispersed in DI water 

and mixed, then centrifuged and decanted to remove any soluble material. This process was 

repeated twice. The sediment was then dried under vacuum for 12 hours and the subsequent 

solid (4.614 g) was denoted as NP4-PP composite. 

 

 

3.3.14  Preparation of NP4-PP Films 

 



106 

 

To prepare “NP4-PP thick film”, 1.75 g of NP4-PP composite was dispersed in 35 mL MeOH 

via bath sonication for 15 minutes then poured into a single section of the eight-sectioned metal 

tray. This was left overnight for the solvent to evaporate, providing a thick film. 

To prepare “NP4-PP thin film” 0.80 g of NP4-PP composite was dispersed in 35 mL MeOH 

via bath sonication for 15 minutes then poured into a single section of the eight-sectioned metal 

tray. This was left overnight for the solvent to evaporate, providing a thin film. 

To prepared “NP4-PP thin film 2” 2.5 g of NP4-PP composite was dispersed in 150 mL MeOH 

via bath sonication for 15 minutes then poured into the single-sectioned metal tray. This was 

left overnight for the solvent to evaporate, providing a thin film.  

 

 

3.3.15  Preparation of NP4-PP Coated Substrates 

 

NP4-PP composite (2.56 g) was dispersed in 150 mL of MeOH via bath sonication for 15 

minutes then poured into the single-sectioned metal tray over the Kevlar, carbon fibre, glass 

fibre, nylon and stainless-steel mesh and left to evaporate overnight, affording coated 

substrates. These were denoted as: NP4-PP coated Kevlar, NP4-PP coated carbon fibre, NP4-

PP coated glass fibre, NP4-PP coated nylon and NP4-PP coated stainless-steel. 

In addition, nylon was also coated using the same synthesis method, utilising MeOH 

dispersions of NP4-PP composite containing 0.16 g per 150 mL and 0.26 g per 150 mL. These 

are referred to as “NP4-PP coated nylon 2” and “NP4-PP coated nylon 3” respectively.  
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3.3.16  Characterisation of NP4-PP Composite, NP4-PP Films and NP4-PP 

Coated Substrates 

 

SEM was conducted on SEM 2. XPS, AFM, FT-IR, Raman spectroscopy, XRD and 

BET/BJH/t-plot analyses were conducted in accordance with Chapter 2. During physisorption 

analysis, degas was conducted at 25 °C for 720 minutes for PDDA containing samples and 100 

°C for 720 minutes for non-PDDA containing samples. Sliding angle measurements were 

conducted using an electronic goniometer purchased from Nestle. Silicone oil (ca.  0.05 mL) 

was deposited on each material, which was fixed to the apparatus, as shown in Figure 6.30 in 

Chapter 6. Contact angle measurements were conducted at Swansea University using a Krüss 

DSA25 Drop Shape Analyser using the sessile drop method to measure the static contact 

angles. 
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4 Boronic Acids for the Functionalisation 

of Plasma-Exfoliated Graphitic Material 

as an Alternative to Diazonium Salts 
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4.1 Synopsis 

 

Within this chapter, a novel strategy for the synthesis of functionalised NP1 was 

investigated. The development of new functionalisation strategies on commercially derived 

GBMs is of great importance across materials science. At present, some of the most popular 

methods utilise undesirable reagents, such as diazonium salts, which are renowned for their 

explosive nature.391 Aside of the hazards associated with diazonium salt reactions, the 

synthesis route also presents a number of challenges. Commonly, diazonium salt 

synthesis relies on the treatment of a primary amine with an aqueous solution of nitrous 

acid and a mineral acid.392 Nitrous acid can, however, exert an unfavourable effect on 

diazonium salt stability, interfering with further processing. It also has the potential to 

decompose and release toxic NOx gases.393 As a result, access to aryl radicals through 

alternate precursors, is desirable for the purpose of large-scale functionalisation of 

industrial synthesised NPs. Within this chapter, a new methodology was investigated 

for the purpose of covalently functionalising NP1. The methodology involves the use of 

aryl boronic acids as aryl radical precursors. Such compounds have previously been 

shown to provide access to aryl radicals using various reagents including, Mn(OAc)3,
394 

Ag(I)NO3/K2S2O8,
387,388 Fe(OTf)3/ t-BuOOt-Bu395 and [Ni(acac)2]/K3PO4/t-BuOOt-

Bu396, to enable coupling of aryl radicals with olefins through oxidative radical addition. 

A good review of the aryl radical pathways of aryl boronic acids has been reported by 

Yan and co-workers.397 For this investigation, the Baran protocol was chosen to provide 

radical species from their corresponding aryl boronic acids. The protocol utilised 

inexpensive reagents including catalytic Ag(I)NO3 in conjunction with K2S2O8, as an 

oxidising reagent. As such, it was shown that radicals were generated with ease, upon 

removal of the boronic acid functional group within many boronic acids. Aryl boronic 

acids are safer precursors than diazonium salts since they do not release toxic gases, and 

therefore show promise as potential aryl radical precursors for large-scale, industrial 

synthesis of functionalised NPs. In addition, the radical functionalisation reaction 

consists of one step only; simply the removal of the boronic acid functional group to 

reveal the substituted aryl radical. Less desirably, diazonium salt reactions often consist 

of two steps, due to the treatment of a primary amine precursor prior to formation of the 

diazonium salt and subsequent aryl radical generation. Furthermore, diazonium salts 
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also require careful handling and storage. As such, this preliminary investigation shows 

promise as a scalable route towards the industrial synthesis of functionalised NPs. 

The reaction of NP1 with the aryl boronic acid precursor 4-(trifluoromethyl)phenyl 

boronic acid was therefore investigated, and showed that covalent binding took place 

between the 4-(trifluoromethyl)phenyl moieties and the sheets of NP1 to form 

functionalised NP1 (denoted f-NP1). The success of this reaction is discussed in detail 

and the functionalised material is fully characterised via a plethora of techniques. 

 

 

 

 

4.2 Results and Discussion 

 

 

4.2.1 Mechanism of Radical Formation from Boronic Acid 

 

As indicated above, Baran demonstrated that it was possible to form the 4-

(trifluoromethyl)phenyl radical from its corresponding boronic acid, as shown in the 

proposed mechanism in Scheme 4.1 (a). This was achieved utilising a combination of 

K2S2O8 oxidising reagent/AgNO3 catalyst.387,388 According to such work, it was suggested 

that the method proceeded via disproportionation of the persulfate anions to form the sulfate 

dianion and the sulfate radical anion in the presence of Ag(I). In Baran’s case, this aryl radical 

was reacted with a protonated heterocycle to form a radical cation, which was re-oxidised by 

the Ag(I) catalyst, via a nucleophilic radical addition mechanism. In this present work, it was 

anticipated that the radical addition reaction would take place on the NP material via the 

transformation shown in Scheme 4.1 (b). It was postulated that the graphitic sheets, which 

contain extensive unsaturation, donate electrons which combine with 4-

(trifluoromethyl)phenyl radicals to form covalent bonds. Bond formation in this way is 

believed to be accompanied by a re-hybridisation of the carbon atom at each site of reactivity 

from sp2 to sp3. It was also speculated that some 4-(trifluoromethyl)phenyl radicals would react 
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in the same manner with one another. As such, control reaction A was conducted to observe 

potential side-products formed in cases where radicals did not combine with NP1. The findings 

of this reaction are explained in more detail within the next section. 

 

 

Scheme 4.1 (a) Mechanism of aryl radical formation from 4-(trifluoromethyl)phenyl boronic acid in the presence of K2S2O8 

and AgNO3 as proposed by Baran et al (Ref 387,388) and (b) The proposed mechanism of reaction between generated 4-

(trifuoromethyl)phenyl radicals with a graphitic layer of NP1 to afford covalent bond formation 
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4.2.2 Investigation into Control Reaction A 

 

Control reaction A was conducted to analyse the behaviour of the 4-(trifluoromethyl)phenyl 

radicals in the absence of NP1, to observe the potential side-product formation during f-NP1 

synthesis. It is extremely important within this type of synthetic chemistry to recognise 

potential side-products to not only understand how the desired reaction could be influenced by 

them, but also enable their effective removal from the desired products (vide infra). Control 

reaction A formed a yellow oil within the DCM layer, following work up. This consisted of 

two components: the homo-coupled product 4,4′-bis(trifluoromethyl)biphenyl (compound A) 

and 4,4'-bis(trifluoromethyl)diphenyl) ether (compound B), as shown in Scheme 4.2. These 

compounds were formed in approximately a 1:1 stoichiometry and characterised via 1H and 

19F NMR spectroscopy and mass spectrometry (as shown in Figures 4.1 – 4.3). It was found 

that 44 hours stirring at room temperature was sufficient for complete conversation of starting 

material. The synthesis of compound A was as expected, originating from the dimerisation of 

4-(trifluoromethyl)phenyl radicals under catalytic/oxidative conditions, as explained within the 

previous section. The synthesis of compound B, however, was not. It is likely that this product 

derived from reaction between the radical species with water, to form 4-

(trifluoromethyl)phenol, which then underwent a C–O coupling reaction to form the oxygen 

bridged ether product.  

 

 

 

Scheme 4.2 Control reaction A consisting of the reaction between 4-(trifluoromethyl)phenyl boronic acid with K2S2O8 

oxidant and AgNO3 catalyst to form compounds A and B. 
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Within the mass spectrum two large peaks were observed corresponding to 290.14 and 306.15 

m/z (Figure 4.1). These relate to the molecular masses of compounds A and B, respectively. 

Within the 1H NMR spectra, two sets of doublet pairs were visible, as shown in Figure 4.2. 

Their integration confirmed an approximate 1:1 stoichiometry. Those most downfield (at 7.87 

ppm and 7.81 ppm were found to correspond to compound A, whilst those at 7.73 and 7.20 

ppm were believed to correspond to compound B.398 Within the 19F NMR spectra (Figure 4.3), 

two peaks were observed corresponding to the CF3 environments in both compounds. These 

signals were located at −63.08 ppm and −62.42 ppm and were assigned as compounds A and 

B, respectively. 

 

 

Figure 4.1 Mass spectrum of the product of control reaction A consisting of a mixture of compound A and compound B 
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Figure 4.2 1H NMR spectrum of the product of control reaction A consisting of a mixture of compound A and compound B 

 

 

Figure 4.3 19F NMR spectrum of the product of control reaction A consisting of a mixture of compound A and compound B 

 

Attempts were made to separate these components, with the vision to fully characterise them 

and understand their individual solubilities. For this, column chromatography, recrystallisation 
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and sublimation procedures were carried out. Unfortunately, it was not possible to separate 

these. It was therefore concluded that the compounds possessed extremely similar solubilities, 

thereby, hindering their separation. Attempts were then focused on the synthesis of compounds 

A and B individually. Compound A was successfully synthesised according to known 

procedure, and characterised by 1H and 19F NMR, as shown in Figure 4.4 and Figure 4.5 

respectively.398 A known procedure was also implemented in an attempt to synthesise 

compound B. This utilised 4-(trifluoromethyl)phenyl boronic acid with Cu(OAc)2 and 10 equiv 

of water.399 The reaction, however, led to an undesirable mixture containing both compounds 

A and B. No further efforts were made towards compound B synthesis. 

 

 

Figure 4.4 1H NMR spectrum of compound A. 
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Figure 4.5 19F NMR spectrum of compound A. 

 

Through the identification and characterisation of compounds A and B within the mixture, it 

became possible to identify their presence and absence within washing filtrates during f-NP1 

synthesis, as described in Section 3.3.7. As a result, extensive washing could be continued until 

the filtrates were free of either compound. 19F NMR analysis was particularly useful for 

detection of these compounds due to the high sensitivity of the 19F isotope in NMR 

spectroscopy and natural abundance of 100%. Fluorine is also highly responsive to changes in 

its electronic environment, therefore different compounds have distinct chemical shifts. It was 

also possible to record the 19F NMR spectra of the filtrates directly without the need for 

deuterated solvents. Due to this, it was assumed that an absence of peaks with the 19F spectra, 

correlated to an absence of fluorine containing compounds A and B, non-covalently bonded to 

NP1. XPS quantitative data detects surface elements but is not able to recognise whether these 

elements are bonded to the graphitic sheets or loosely adsorbed within. Therefore, the efficient 

removal of these contaminants is extremely important. As previously mentioned, these 

compounds are also volatile and are thus, incompatible within the XPS chamber. The utilisation 

of the ultra-high vacuum (UHV) for extended time within the XPS chamber would have 

completely removed any residual traces. Therefore, the quantitative data for the F 1s state is 

assumed to provide an accurate representation of only 4-(trifluoromethyl)phenyl groups which 

are covalently bonded to NP1 materials, rather than any adsorbed compounds A or B. 
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4.2.3 Characterisation of NP1 and f-NP1 and Various CX-NP1s 

 

To assist with the characterisation of f-NP1, the untreated precursor, NP1 was also fully 

characterised. Furthermore, various control reactions were also conducted, and their products 

were analysed to support interpretation. These involved the addition of each reagent 

individually to NP1 to form CX-NP1 (X = 1 – 3), consistent with the addition of 4-

(trifluoromethyl)phenyl boronic acid (control reaction 1), AgNO3 (control reaction 2) and 

K2S2O8 (control reaction 3), respectively. All controls were conducted at room temperature for 

44 hours, and the subsequent product was washed repeatedly, as outlined in Section 3.3.7. 

Scheme 4.3 outlines the reagent addition to NP1 to form f-NP1and CX-NP1 (X = 1 – 3). 

 

 

Scheme 4.3 Various reagent additions to NP1 corresponding to (a) f-NP1 synthesis (b) control reaction 1 (c) control 

reaction 2 and (d) control reaction 3 
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4.2.4 Elemental Analysis 

 

Elemental surface analysis is a valuable tool to identify the elements present within solid-state 

materials. As such, both XPS and SEM-EDX analyses were implemented to determine the 

surface and bulk elements within f-NP1, thereby, providing an insight to the functionalisation 

process. 

 

4.2.4.1 XPS Analysis 

 

XPS analysis was utilised to identify and compare elemental presence within the surface 

regions of NP1, f-NP1 and CX-NP1 (X = 1 – 3). The corresponding quantitative elemental 

composition data is presented within Table 4.1. The survey spectra associated with NP1 and f-

NP1 are also presented Figure 4.6. These show that all materials differ in their surface 

compositions by % atomic composition (at.%). As expected, all NP1 materials consist mostly 

of carbon, as well oxygen, which is introduced during plasma processing within the DBD 

reactor, as outlined in Chapter 3. Nitrogen surface impurities are also present within the 

untreated NP1 material, in small amounts (< 0.3 at.%), which, consequently, remain within f-

NP1 and CX-NP1 (X = 1 – 3). The data confirms a large increase in the surface elements 

present within f-NP1, again consistent with the increased functionalisation of the material. 

 

 

 

Figure 4.6 XPS survey spectra of; (a) NP1 and (b) f-NP1 
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Table 4.1 XPS Quantitative data for NP1, f-NP1 and CX-NP1 (X = 1 – 3)*. 

Orbital 
% Atomic Composition 

NP1 f-NP1 C1-NP1 C2-NP1 C3-NP1 

C sp2 64.3 47.5 73.8 75.0 51.2 

π-π* 10.3 7.5 8.5 8.2 8.7 

C=O 3.8 3.4 2.8 2.9 4.3 

C-O 6.5 6.2 2.6 2.4 6.2 

C sp3 8.8 15.8 5.1 5.1 14.9 

O-C=O 1.3 3.2 1.7 1.7 3.6 

C-F3 - 2.1 - - - 

C-Fx - 0.7 - - - 

C 1s (total C) 94.9 86.5 94.4 95.3 88.8 

O 1s 4.9 8.5 4.7 4.5 10.7 

N 1s 0.3 0.3 0.1 0.2 0.2 

F 1s - 3.5 0.6 - - 

S 2p - 0.3 - - 0.3 

Ag 3d 5/2 - 0.7 - 0.1 - 

Cl 2p - 0.4 - - - 

B 1s - - 0.2 - - 
*Incorporates the C 1s state, broken down into its various environments based on binding energy and the integrated area 

reveals the at.% of each environment. The total C 1s atomic percentage is calculated as a combination of the at.% of each 

environment. 

 

Deconvolution of the high-resolution C 1s spectrum of NP1 Figure 4.7 (a) shows that the 

material consists of seven carbon environments. These include: C sp2 (284.5 eV), π–π* (290.9 

and 294.0 eV), C=O (288.3 eV), C-O (286.6 eV), C sp3 (284.8 eV) and O-C=O (289.6 eV). 

The corresponding C 1s spectrum for f-NP1, as shown in Figure 4.7 (b), consists of nine 

components corresponding to C sp2 (284.5 eV), π-π* (290.9 and 294.0 eV), C=O (287.7 

eV), C-O (286.4 eV), C sp3 (284.8 eV), O-C=O (289.0 eV), C-Fx (284.9 eV) and CF3 

(292.7 eV). These π-π* satellite structures give evidence of π bonding and arise due to 

π-π* transitions generating a continuum of excitations.400,401 Whilst both show graphitic 

character, f-NP1 shows additional C–F functionality, originating from the incorporation 

of 4-(trifluoromethyl)phenyl moieties to the material. Overall, there is a reduction in the 

percentage carbon within the functionalised samples. There is also a large increase in 

the concentration of sp3 hybridised carbon centres, with respect to sp2 hybridised 

carbons, from 8.8 up to 15.8 at.% suggesting that covalent attachment to the conjugated 

π network has taken place within f-NP1. Some of this increase has been attributed to 

oxidation of the NP1 sample as a result of the oxidising conditions used, however, the 
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level of increase in oxygen content does not account for such a large increase in sp3 

hybridised centres (vide infra). These observations are consistent with some degree of 

covalent attachment of the 4-(trifluoromethyl)phenyl moieties to the sp2 network within the 

functionalised material. 

 

 

Figure 4.7 Deconvoluted spectra of C 1s orbital; (a) NP1 and (b) f-NP1. 

 

The O 1s spectrum for NP1 (Figure 4.8 (a)) consists of five components C=O (531.7 eV), 

O 1s C–O–C (533.1 eV), C–OH (535.1 eV), and O 1s satellite structures (536.9 eV and 

538.9 eV). The presence of these oxygen functionalities make up 4.8 at.% and originate 

from the plasma processing of the NP1 material. These satellite structures also arise due 

to π–π* transitions within carbonyl containing functionalities as a result of transitions 

between the bonding and antibonding orbitals. The O 1s spectrum for f-NP1 exhibits a 

similar spectrum to NP1 (Figure 4.8 (b)), displaying identical components corresponding 

to C=O (531.7 eV), C–O–C (533.1 eV), C–OH (535.1 eV) and O 1s satellite structures 

(536.9 and 538.9 eV), with similar respective ratios. Upon functionalisation however, 

its oxygen content almost doubled, increasing from 4.8 to 8.5 at.%. This increase in 

oxygen content is attributed to the oxidising reagent which is required for radical generation. 

In addition to generating the 4-(trifluoromethyl)phenyl radical, the reagent also increased the 

level of oxidation of the graphitic surface to some degree. To confirm this, control reaction 3 

was carried out to synthesis C3-NP1 under the same conditions with only K2S2O8 and a sample 

of NP1. Its surface elemental composition as determined by XPS is also presented in Table 4.1, 
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for comparison. In this case, a large increase in the oxygen concentration was indeed observed 

in the sample, up to 10.7 at.%. Even though the percentage of sp3 carbon centres in f-NP1 is 

higher than C3-NP1, the increase in oxygen content is much lower (cf. 8.5 vs 10.7 at.%). This 

is consistent with the fact that the additional sp3 centres originate from aryl group 

functionalisation. Furthermore, an increase in oxygen content may also be explained by the 

fact that a portion of 4-(trifluoromethyl)phenoxide [OC6H4(CF3)] groups could also be 

covalently bonded to NP1 in addition to C6H4(CF3). The ether species (compound B) was, of 

course, found in the control reaction in the absence of NP1 (where both compound A and B 

were formed). 

 

 

Figure 4.8 Deconvoluted spectra of O 1s orbital; (a) NP1 and (b) f-NP1. 

 

Upon functionalisation, a peak at 687.9 eV confirms the presence of the F 1s state within 

f-NP1, as shown in Figure 4.9 (a). This binding energy relates to the presence of 4-

(trifluoromethyl)phenyl functional group, as demonstrated in previous investigations.402 

The presence of an F 1s state can also be observed within C1-NP1 at 687.7 eV (see 

Scheme 4.3 for more details on control reaction synthesis). This peak corresponds to 

adsorbed 4-(trifluoromethyl)phenyl boronic acid. In addition to this peak, a binding 

energy of 191.38 eV is also present, resembling that of the B 1s state. Within C1-NP1, 

the ratio between the at.% for F and B 1s states corresponds to 0.2:0.6 (Table 4.1), which 

corresponds to the expected 1:3 ratio between B:F within the boronic acid starting 
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material. The presence of starting material was not detected within f-NP1 due to the 

absence of the B 1s state. 

Despite the extensive washing which was undertaken on C1-NP1, F 1s and B 1s 

environments remained, resembling that of 4-(trifluoromethyl)phenyl boronic acid. As a 

result of this, it was suggested that this starting material remained strongly attached to 

the graphitic structure, through a covalent or non-covalent means. It was suggested that 

diol type functional groups on the graphitic system may complex with the boronic acid 

functional group to form a boronic ester, as shown in Scheme 4.4.403,404 In the presence 

of radical generating conditions, however, it is believed that this complexation was not 

favoured since there is an absence of boron within f-NP1. 

 

Scheme 4.4 Proposed mechanism of 4-(trifluoromethyl)phenyl boronic acid to diol-type structure on NP1. 

 

 

Figure 4.9 XPS spectra of (a) F 1s and (b) Ag 3d 5/2 orbital for f-NP1 at high resolution (deconvolution of the 3d peak 

indicates presence of Ag, Ag2SO4 and AgCl). 
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The presence of silver (3d orbitals) was observed within f-NP1 and C3-NP1, resulting 

from the addition of AgNO3 into the solvent mixtures. Within f-NP1, the Ag 3d 3/2 and 

Ag 3d 5/2 spin states are shown in Figure 4.9 (b) at 372.9 and 367.0 eV, respectively. 

Further deconvolution of the Ag 3d 5/2 signal reveals peaks at 367.9 eV and 366.9 eV which 

resemble that of silver salts likely to be in the form of AgCl/Ag and Ag2SO4, 

respectively.405,406 Unfortunately, binding energies are not always consistent for 

compounds within the NIST database and literature, thereby making unambiguous 

identification of specific silver salts difficult.407 It was found that XRD data also 

confirmed the presence of silver salts, as outlined later on in this chapter. 

 

 

Figure 4.10 (a) Peak area integration of Ag 3d 5/2 signal using OriginPro software and (b) Calculation of the % atomic 

composition of Ag2SO4 and AgCl/Ag through the integrated area of peaks. 

 

The total composition of silver corresponds to 0.67 at.% within f-NP1. Through peak area 

integration of 3d 5/2, it was found that 0.49 at.% originates from Ag2SO4 and 0.18 at.% 

originates from a combination of AgCl and Ag (as shown in Figure 4.10). Within C2-NP1, a 

trace amount of silver was present (0.09 at.%), which corresponded to unreacted AgNO3 

precursor, possessing a binding energy of 368.3 eV. It is believed that silver species 

within these samples were adsorbed to the surfaces of the NP1 stacks and integrated in 
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pores, proving rather challenging to remove even after extensive washing.408,409 The 

porosity of NP1 materials is outlined in more detail later on within this thesis. 

Furthermore, both f-NP1 and C3-NP1 materials revealed a small percentage of sulfur 

incorporation as a result of the oxidising agent. Again, these proved challenging to remove 

completely. The presence of chlorine possessing a binding energy of 197.2 eV is also 

observed. This binding energy is characteristic of inorganic chlorine, originating from a 

chloride salt such as AgCl.410 It is suggested that its presence originates from DCM 

solvent under radical conditions. Interestingly, Baran and co-workers did not report any 

reactivity occurring between the solvent and their reactions. 

Under the assumption that all of the fluorine content determined by XPS corresponds to 

the 4-(trifluoromethyl)phenyl moieties only, it is estimated that the degree of 

functionalisation is consistent with 1 in every 65 graphitic carbon atoms functionalised 

by a 4-(trifluoromethyl)phenyl group. This is estimated as follows: The empirical formula 

of the 4-(trifluoromethyl)phenyl group is C7H4F3. The prefunctionalied material within f-

NP1 is assumed to consist of carbon atoms only and thus the empirical formula would 

be C1. Assuming only carbon and fluorine elements within the material then, on the 

basis of the elemental composition determined by XPS, the ratio of C to F is 24.5:1. 

Incorporation of one 4-(trifluoromethyl)phenyl group per graphitic carbon would give a 

C:F ratio of 8:3 (assuming all F atoms are within the 4-(trifluoromethyl)phenyl group). 

This gives an approximate estimation of 1 4-(trifluoromethyl)phenyl group per 65 (24.5 x 

8/3) graphitic carbons at the surface of f-NP1. 

A schematic summarising the components present within various NP1 materials, including f-

NP1 and CX-NP1 (X = 1 – 3), is shown in Scheme 4.5. This has been determined based on 

the data obtained by XPS. NP1 materials consist of predominately carbon but also 

contain oxygen functionality. These are likely to be located around the edges of the 

sheets in the form of hydroxy, carboxyl and epoxy groups. C1-NP1 and C2-NP1 exhibit 

similar compositions of these elements to NP1, whereas f-NP1 and C3-NP1, contain a 

significantly larger percentage of oxygen, associated with the oxidising conditions. F-NP1 

also consists of 4-(trifluoromethyl)phenyl moieties, covalently bonded to the sheets; likely 

to also be situated around the edges. C1-NP1 consists of unreacted 4-

(trifluoromethyl)phenyl boronic acid, intercalated between slit pores, and adsorbed to the 

surface through interactions such as hydrogen bonds. Trace amounts of silver species 

are found in f-NP1 and C2-NP1, and are attributed to the presence of Ag, AgCl and 
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Ag2SO4 and unreacted AgNO3, respectively. It is likely that the silver species are well 

intercalated between the porous structure of the NP1 stacks. The retention of these 

impurities results from the inherent nature of the plasma-exfoliated graphitic material, 

which “traps” impurities within pores and defects. 

 

 

 

Scheme 4.5 The hypothesised structures of (a) f-NP1 (b) C1-NP1 (c) C2-NP1 and (d) C3-NP1 synthesised from NP1. 
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4.2.4.2 SEM-EDX Analysis 

 

SEM-EDX data was acquired during SEM imaging for NP1 and f-NP1. The EDX data is 

depicted in Figure 4.11. Unfortunately, it can be extremely difficult to accurately quantify light 

elements (i.e., those which possess Z < 10) via EDX. This is due to the phenomena whereby 

Auger electron production is favoured over characteristic X-ray production, resulting in limited 

X-rays reaching the detector. Since NP1 and f-NP1 contain carbon, oxygen and fluorine in a 

high proportion, it is not believed that atomic quantification via EDX provides accurate results. 

As such the data presented may be considered less conclusive than that of XPS. As such, the 

XPS quantitative data is relied on instead, for the purpose of atomic concentration calculation. 

With this caveat in mind, it is believed, however, that it was useful to gain EDX data regardless 

of this, since XPS instruments rely on the detection of only surface elements. In contrast, 

however, EDX analysis determines elemental compositions much deeper within the sample, 

and thus, provides an insight to elements which XPS would not be able to detect. The raw data 

related to the elemental composition of NP1 and f-NP1 are depicted as weight percentages and 

atomic percentages. A gold sputter coating was introduced to these materials prior to SEM 

imaging and therefore a substantial degree of elemental gold is recognised upon EDX 

analysis. Due to this, the normalised atomic percentages were also calculated through 

exclusion of this element, and this data was used for comparative purposes. 
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Figure 4.11 SEM-EDX data for; (a) NP1 and (b) f-NP1. The origin of the K and M shells is explained within Chapter 2. 

 

As expected, the major elemental contribution results from carbon, contributing 99.2 and 89.9 

at.% of NP1 and f-NP1, respectively. The next largest contribution originated from 

oxygen, corresponding to 0.8 and 6.9 at.% for NP1 and f-NP1, respectively. The value of 

oxygen associated with NP1 is much lower than that achieved through XPS 

characterisation, however, as previously mentioned, these values are much less accurate, 

due to the light weight associated with elements with Z < 10. An increase in oxygen content 

within f-NP1 is also observed, consistent with that acquired using XPS analysis (Table 

4.1), due to the addition of the oxidising reagent. It was also observed that trace amounts 

of silicon were present within NP1 and f-NP1 which were not detected within XPS, 

suggesting that these were present much deeper into the sample, beyond the surface 

limit of XPS detection. 

The analysis also revealed that f-NP1 possessed additional elements including fluorine 

and sulfur. Such findings coincide with that of XPS data. According to EDX, 0.80 at.% 

originates from fluorine. This is much lower than the 3.5 at.% detected within the 
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material via XPS analysis. This difference may relate to the inaccurate data acquired by 

the light element. Alternatively, 4-(trifluoromethyl)phenyl functionality may exist in 

much higher concentrations on the surface of the sample, rather than within deeper 

regions. Similarly, the sulfur content equals 1.5 at.% for f-NP1 within the EDX data, 

which exceeds than that of the 0.3 at.% acquired through XPS data. This is attributed to the 

presence of a larger proportion of this element, deeper into the sample. Based on EDX 

information, the number of 4-(trifluoromethyl)phenyl groups added to NP1 was calculated 

using the same methodology as that used to calculate the degree of functionalisation 

from XPS quantitative data (see Section 4.2.4.1).1 An approximate estimation of 1 in 

every 300 carbon atoms functionalised by a 4-(trifluoromethyl)phenyl group was 

calculated. 

 

  

 
1 The degree of functionalisation based on EDX data was calculated as follows: The elemental composition determined by 

EDX, provides a ratio of C to F of 112.4:1. This gives an approximate estimation of one 4-(trifluoromethyl)phenyl group per 

300 (112.4 x 8/3) graphitic carbons within f-NP1 
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4.2.5  Morphological Analysis using SEM/TEM 

 

SEM and TEM were used to investigate the surface morphology and lateral dimensions 

of the graphitic sheets. SEM images of NP1 at magnifications of 1.27 kx and 2.98 kx 

(Figure 4.12 (a) and (b)) reveal that the samples consist of loosely bound agglomerates with a 

powder like appearance. These agglomerates range quite substantially in diameter between < 

10 to 30 µm. At higher magnifications (47.98 kx and 115.30 kx, Figure 4.12 (c) and (d)), it is 

observed that these agglomerates are irregularly arranged, consisting of flakes comprised of 

mostly multilayer stacks. These layers are physically aggregated by π-π interactions. Some 

flakes adopt wavy morphology, displaying curled edges, whilst others are relatively flat. 

Moreover, these flakes possess a non-uniform range of sizes between 50 nm and 1 µm. The 

TEM images are consistent with these findings, showing that flakes deposited on the copper 

grid exhibit sizes of several hundred microns in size (Figure 4.13). The TEM images also 

suggest that the flakes consist of varying numbers of sheets. This is evidenced by darker and 

lighter regions present on the flakes, presenting more and less dense areas due to differences 

in thicknesses of the stack. It can be concluded from these images that stacks overlap in a non-

uniform manner. 
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Figure 4.12 SEM images of NP1 at various magnifications including (a) 1.27 kx (b) 2.98 kx (c) 47.98 kx and (d) 115.30 kx. 

 

 

Figure 4.13 TEM images of NP1. 

 

Upon functionalisation of NP1 to f-NP1, moieties in the form of oxygen functionality and 4-

(trifluoromethyl)phenyl groups become bonded to the sheets. The SEM images (Figure 4.14) 

show that the functionalisation process results in changes to the morphology of the 

sample. In contrast to NP1, f-NP1 exhibits a smoother morphology, with less observable 

agglomerates at low magnification, as shown in Figure 4.14 (a). There are some 

agglomerates present, although these are typically < 10 µm in diameter. At increased 
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magnifications, the sample appears to consist of flakes of a variety of sizes (Figure 4.14 

(b) - (h)). These flakes range in size between approximately 50 nm to several µms. 

TEM images (Figure 4.15) also show that flakes within f-NP1 possess dimensions of 

around several hundred nanometres in size. The nature of the less aggregated material 

also enables pore visualisation in f-NP1. A large macropore is apparent in Figure 4.14 (d) 

as highlighted within the red circle. This large macropore could originate from the 

etching of an existing smaller pore, due to the presence of radicals and oxidising 

conditions. It has been reported that vacancy defects can become etched to form 

micropores using acidic oxidants, such as potassium permanganate; a compound which 

is known to attack unsaturated double bonds.246 Moreover, it appears that there are some 

smaller flakes which have become trapped within the in-plane pore. The presence of 

such pores and the ability of them to become blocked and therefore trap material, 

provides evidence of why it can often be very difficult to remove impurities during 

washing, such as silver species. Further to this, the presence of silver nanoparticles 

formed by nucleation of silver salts is also shown to the right-hand side of Figure 4.14 

(e). Slit pores are also present between neighbouring stacks, as highlighted within Figure 

4.14 (f), where orderly aligned stacks possess spaces between one another. The porous 

structure of these materials is analysed in more detail within Chapter 5. It is also 

observed that a scaley texture accompanies some of the high magnification images such 

as Figure 4.14 (g). This observation originates due to the deposition of a thin layer of 

gold during sputter coating addition. As an additional point of interest, samples were 

initially imaged in the absence of a sputter coating, however it was noticeable that the 

images underwent charging. As such, the addition of the gold nanoparticles enabled 

acquisition of images with increased contrast and higher resolution. The presence of the 

conductive coating also made it easier to discern between the carbon-based samples and 

the carbon leit tab, used during preparation for SEM analyses. 
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Figure 4.14 SEM images of f-NP1 at various magnifications including (a) 1.93 kx (b) 29.50 kx (c) 45.30 kx (d) 50.90 kx (e) 

50.0 kx (f) 81.7 kx (g) 94.86 kx and (h) 112.00 kx. 
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Figure 4.15 TEM images of f-NP1 flakes drop-casted onto a copper grid. 

 

 

4.2.6 Graphitic Structure, Interlaying Spacings and Presence of Defects 

 

Raman spectroscopy and XRD were conducted to gain information regarding the graphitic 

structure within NP1 and f-NP1. Such characterisation methods provide a valuable insight 

to information regarding the stacked nature of the graphitic material and orientation of 

planes within these stacks, as well as the extent of defects. 

 

 

4.2.6.1 Raman Spectroscopy 

 

Raman spectroscopy was used to investigate the graphitic structure of the materials and 

determine the extent of defects present within NP1, f-NP1 and CX-NP1 (X = 1 – 3), 

using a wavelength of 514 nm. Corresponding Raman spectra are shown in Figure 4.16. 

All spectra exhibit three characteristic peaks, corresponding to the G band, 2D band and 

D band, as outlined within Chapter 2. Within NP1, f-NP1 and CX-NP1 (X = 1 – 3), the 
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former of these three bands appears between 1570 and 1580 cm–1. The 2D band spans 

between 2696 and 2707 cm–1 and is broad and heavily upshifted in respect to that of SLG, 

suggesting the presence of multiple layered stacks.312 A relatively intense G band compared 

to the 2D band, with I2D/IG ratios, is also depicted in Figure 4.16.312 Since these ratios lay 

beneath I2D/IG = 2, they are indicative of a multilayered structure.411 The presence of 

defects is revealed by the appearance of the D band, which occurs between 1345 and 

1350 cm–1 for all materials.308 The presence of additional defect-induced bands 

corresponding to the D’ (in the region of 1618 cm–1) and D + G (in the region of 2930 

cm–1) peaks are also observed.172,310 These bands are labelled on the spectrum for NP1 

(Figure 4.16 (a)). Based on the knowledge gained on plasma-derived NP1s, it is likely 

that the origin of defects within NP1, originates from the plasma processing step during 

synthesis, where oxygen is covalent attached on the edges of the graphitic sheets 

(accompanied by a change in hybridisation from sp2 to sp3). The intensity ratio of the D 

band in relation to the G band (ID/IG) is indicative of the degree of functionalisation as 

a result of sp3 hybridised carbon atoms. The calculated ID/IG ratios are shown on the 

Raman spectra within Figure 4.16 for all materials. The largest ratio is associated with f-

NP1, which indicates the presence of the highest density of defects, thereby suggesting 

that successful covalent functionalisation has occurred, from the desired 4-

(trifluoromethyl)phenyl incorporation, along with some additional oxygen 

functionality. As highlighted above, the XPS analysis indeed confirmed the addition of 

desired functionality, as well as an increase in oxygen functionality, which was 

attributed to the oxidising agent K2S2O8. It was also found that the ID/IG ratio for C3-

NP1 was also high with respect to NP1, although the material remained less defective 

than f-NP1. This is also expected due to the degree of covalent functionalisation 

associated with additional oxygen functionality. Both the Raman spectroscopic and XPS 

data are consistent with functionalisation of NP1 with 4-(trifluoromethyl)phenyl groups. 
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Figure 4.16 Raman spectra and respective ID/IG and I2D/IG ratios of (a) NP1 (b) f-NP1 (c) C1-NP1 (d) C2-NP1 and (e) C3-

NP1. Peak deconvolution was performed using OriginPro software to discriminate the D and G bands from overlapping D*, 

D’’ and D’ bands. 

 

 

4.2.6.2 XRD 

 

NP1 and f-NP1 were then analysed via XRD to gain an insight into the interlayer spacings and 

orientation of planes between the two materials. Copper Kα radiation of wavelength 0.15406 

nm, was implemented to acquire the spectra, as shown in Figure 4.17. The spectra suggest that 

both NP1 and f-NP1 consist of Bernal ABA stacking (2H) and Rhombohedral ABCA (3R) 

type-stacking, typical of that present within commercially available multilayer GBMs.371 

Strong diffraction peaks are present within both spectra at 26.7°, corresponding to graphitic 2H 

(002) and 3R (003) planes with an interlayer spacing (𝑑) of 0.334 nm, calculated using the 

Bragg equation in Equation 2.2. For NP1, these planes overlap and therefore appear as one 

peak. For f-NP1, there is a high degree of overlap, however, the two planes can be 

distinguished. The (002) 2H peak appears at a slightly lower 2θ value of 26.67° compared with 

the 3R peak which appears at 26.73°. Smaller peaks are also observed at 42.6° and 44.6°, which 

correspond to 2H stacking of the (100) and (101) planes, as well as 3R type stacking at 43.4° 
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and 46.2°, which corresponds to the (101) and (012) planes. The presence of this four-lined 

pattern (shown in more detail within the expanded section) provides evidence of the 2H and 

3R phases within the structures. This has been observed in various GBMs.371,412 Peaks at 54.7° 

and 77.6° also correspond to graphite 2H (004) and 3R (006), and 2H/3R (110) planes, 

respectively, within both materials. 

Many additional diffraction peaks were present within f-NP1 which were not present within 

NP1, as highlighted with asterisks (*) in Figure 4.17. These correspond to the diffraction of the 

crystalline AgCl, Ag and Ag2SO4 impurities incorporated into the material (PDF card numbers: 

00-006-0480,413 01-073-6977414 and 01-074-1739415
). The presence of Ag2SO4 is recognised 

by the characteristic peaks at 2θ = 28.3°, 31.3°, 34.0°, 37.3° and 47.3° which correspond to 

(004), (131), (202), (133) and (135) reflections, respectively. AgCl is assigned to reflections at 

2θ = 28.0°, 32.5°, 46.4°, 55.0°, 57.6°, 67.6°, 74.6° and 76.9° which correspond to (111), (200), 

(220), (311), (222), (400), (331) and (420) and Ag is assigned to reflections at 2θ = 38.3°, 

44.6°, 64.7° and 77.6° which correspond to (111), (200), (220) and (311). Other reflections are 

also associated with these Ag salts, however, exist with too low intensity to be observed. As 

indicated above, the presence of these silver species was already established from the XPS 

data. 
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Figure 4.17 XRD patterns for NP1 and f-NP1 with increased magnification of the 2H (002) and 3R (003) planes and four-

lined pattern associated with the 2H (100), 3R (101), 2H (101) and 3R (012) phases in the boxes on the right. An inset 

focused on the region 26.0° to 27.5° is shown on the main spectra. 

 

In order to gain further insight into the nature of the materials, the data was used to calculate 

the dimensions of the graphitic stacks from the diffraction patterns. The Scherrer equation2 is 

typically used to calculate the out of plane crystallite size, 𝐿𝑐 (Equation 4.1) and the in-plane 

crystallite size, 𝐿𝑎 (Equation 4.2).416 The former of these provides an estimation of the 

thickness of a stack, whilst the latter provides an estimation of the width of a stack, as shown 

in Figure 4.18.417 With this knowledge, the number of graphene layers within a crystallite, 𝑁𝑐 

(Equation 4.4) can be calculated through utilisation of the interlayer spacing, 𝑑(002)/(003) 

calculated via the Bragg equation (Equation 2.2).418 Within these equations, 𝐾 corresponds to 

the shape factor which takes values of 0.91 and 1.84 for equations corresponding to 𝐿𝑐 and 𝐿𝑎 

respectively, λ corresponds to Cu Kα radiation (0.154185 nm), θ corresponds to the Bragg 

 
2 The Scherrer equation provides an estimation of the crystallite sizes, and various contributions of instrumental broadening, 

morphological effects and disorder to reflections widths all have an influence on the data acquired directly from the XRD 

spectra.580 
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angle, β corresponds to the full width at half maximum (FWHM) and n corresponds to the order 

of diffraction. These parameters are summarised in Table 4.2. 

 

 

Figure 4.18 The crystalline structure of graphite displaying the out of plane crystallite size, 𝐿𝑐 and the in-plane crystallite 

size, 𝐿𝑎, as well as the interlayer spacing, d. 

 

 

Table 4.2 Summary of parameters used within the Scherrer equation and Bragg equation. 

Parameter Symbol 

Out of Plane Crystallite Size 𝐿𝑐 

In-Plane Crystallite Size 𝐿𝑎 

Number of Graphitic Layers within a Crystallite 𝑁𝑐 

Shape Factor 𝐾 

Wavelength λ 

Bragg Angle θ 

Full Width at Half Maximum (FWHM) β 

Order of Diffraction n 

Interlayer Spacing 𝑑 

 

 

𝐿𝑐 =
𝐾𝜆

𝛽 𝑐𝑜𝑠 θ
 

Equation 4.1 Scherrer equation for out-plane crystallite size (K = 0.91). 

 

𝐿𝑎 =
𝐾𝜆

𝛽 𝑐𝑜𝑠 θ
 

Equation 4.2 Scherrer equation for in-plane crystallite size (K = 0.91). 
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𝑁𝑐 =
𝐿𝑐

𝑑(002)/(003)
   

Equation 4.3 Calculation for the number of graphene layers. 

 

 

Figure 4.19 Gaussian and Lorentz fitting using OriginPro software for the overlapping (002) and (003) planes of the peak at 

2θ = 26.679 for NP1 and f-NP1 shown in (a) and (b) respectively. Note: Within OriginPro the FWHM is denoted as “w” in 

degrees. 
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Table 4.3 Calculations of 𝐿𝑐, 𝐿𝑎, 𝑁𝑐 and d(002)/(003) for NP1 and f-NP1. 

 Material 

Peak 

Position 

(2θ) 

Interlayer 

Spacing 

(d(002/003)) (nm) 

FWHM 

(radians) 

Crystallite 

Size, 

𝑳𝒄(nm) 

In-Plane 

Crystallite 

Size, 𝑳𝒂(nm) 

Number of 

Graphene 

Layers, 𝑵𝒄 

Gaussian 

Model 

NP1 26.7 0.334 0.42 19.43 39.29 58.11 

f-NP1 26.7 0.334 0.40 20.49 41.42 61.36 

Lorentz 

Model 

NP1 26.7 0.334 0.34 24.61 49.77 73.63 

f-NP1 26.7 0.334 0.34 24.41 49.37 73.14 

 

To carry out these calculations, the (002)/(003) graphitic peak corresponding to 2θ = 26.7° was 

employed for both NP1 and f-NP1 (see Figure 4.17). The interlayer spacing was calculated to 

be 0.334 nm for both materials. For the purposes of Equations 4.2 and 4.3, the FWHM was 

calculated using both Gaussian and Lorentz fittings, within OriginPro software, and β and θ 

were utilised in units of radians (Figure 4.19). The Gaussian plot fitted poorly for NP1 but more 

effectively for f-NP1, whereas the Lorentz plot fitted better for f-NP1and similar to the 

Gaussian plot for NP1. The crystallite size and in-plane crystallite size were calculated and 

displayed in Table 4.3 for NP1 and f-NP1. The crystallite size and in-plane crystallite size for 

NP1 and f-NP1 displayed very little deviation from one another, suggesting that both materials 

consist of crystallites with very similar structures. The Lorentz model, however, gave larger 

approximations of the crystallite size and in-plane crystallite size for both materials, compared 

with the Gaussian model, due to their differences in FWHM calculation. The number of 

graphene layers in a crystallite were then calculated for each material. It was found that the 

crystallites adopted stacks consisting of numerous graphitic layers, within the region of 58 to 

74 layers for both models (see Table 4.3). As such, the materials could therefore also be 

described as graphite nanostructures.5 There is little change in the number of graphene layers 

within a stack for NP1 and f-NP1, suggesting that the functionalisation procedure does not 

cause exfoliation or further stacking of graphene layers within a crystallite. Furthermore, in 

contrast to previous functionalisation methods, which have often caused enlargement of the 

interlayer spacings, there is no significant change to the distance between the graphene layers 

within a stack upon functionalisation.419 It is therefore likely that functionalisation takes place 

predominately at the edges of the stacks, rather than on the plane, thereby, does not widen the 

layers through steric hindrance. In summary, it appears that functionalisation initiates 

negligible change to both the graphitic spacings and the number of layers within a stack. 

To further understand the contribution of stacking types within the NP1 material, the ratio of 

2H:3R phases within the material was calculated. For this, the four-lined pattern shown in the 
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XRD pattern for NP1 (Figure 4.17) was examined in more detail, and the ratio between the 3R 

(101) and 2H (101) peaks was discerned. Figure 4.20 depicts a deconvoluted spectra of the 

overlapping four-lined pattern consisting of the 2H (100), 3R (101), 2H (101) and 3R (012) 

phases. Gaussian fitting of the peaks revealed the corresponding areas associated with each 

peak. The integrated ratio of 3R (101) to 2H (101) corresponded to 658.0:688.2 (48.9%/51.1%). 

This is not dissimilar from values reported by Seehra for other commercially synthesised 

multilayer graphitic materials.371 Unfortunately, the 3R (101) to 2H (101) peaks within f-NP1 

could not be resolved and therefore were not deconvoluted. This was due to the presence of the 

Ag2SO4 reflection at 46.45°, and the weak intensity of the four-lined pattern.  

 

 

 

Figure 4.20 Gaussian fitting of the four-lined pattern associated with the 2H (100), 3R (101), 2H (101) and 3R (012) phases 

and the corresponding data, as provided by OriginPro software. 
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4.2.7 Bond Change Analysis by FT-IR 

 

The FT-IR ATR spectra of NP1, f-NP1 and 4-(trifluoromethyl)phenyl boronic acid are shown 

in Figure 4.21. The ATR spectra of NP1 showed no obvious peaks. It might be expected that 

the sample should reveal the presence of C=C, C–O and C=O bonding, however, the high 

absorptivities associated with such a sample, grant it, and many other carbon-based samples 

notoriously difficult to analyse via the ATR technique.337 FT-IR-ATR suffers from baseline 

sloping which descents at smaller wavenumbers. This is because the graphene displays 

absorption over the entire region (usually 4000 to 400 cm–1), and the effect becomes amplified 

using ATR with deeper light penetration at lower wavenumbers (longer wavelengths). Despite 

this, this technique still provides an indication of the functionality introduced into the f-NP1 

material. The corresponding spectrum for f-NP1 was also poorly resolved, however, it did 

provide some indication of the incorporation of additional functional groups to the material. 

Several peaks were observed within the spectra for f-NP1, corresponding to both oxygen and 

4-(trifluoromethyl)phenyl functionality. Within f-NP1, a broad band exists around 1010 cm–1 

with a shoulder at higher wavenumbers. It is likely that this band resulted from various 

overlapping absorptions including the CF3 stretching vibrations and C-C antisymmetric 

vibrations. Further to this, based on assignments made on previously reported compounds, 

peaks at 1178 and 786 cm–1 correspond to the CF3 stretch and the CF3 deformation, 

respectively.420 XPS has previously indicated the presence of oxygen functionality in the 

form of C=O, C–O and O–C=O. As expected, absorptions are observed at 3238, 1728, 

1256 and 1050 cm–1, corresponding to O–H, C=O, C–O–C and C–O stretching vibrations, 

respectively.289 Such functionality coincides with that of GO, however, the lower degree 

of oxygen abundance correlates with a decreased peak intensity.421 Peaks are also observed at 

2914 and 2848 cm–1 which correspond to C–H stretching vibrations, likely to originate from 

aryl C–H groups present within the 4-(trifluoromethyl)phenyl functional groups.422 Whilst the 

4-(trifluoromethyl)phenyl boronic acid displays peaks corresponding to boronic acid 

functionality such as an intense B–O stretch at 1323 cm–1, its presence is not observed within 

f-NP1, thereby, further confirming the efficient removal of any adsorbed starting material 

within the product.423 
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Figure 4.21 FT-IR-ATR spectra of NP1, f-NP1 and 4-(trifluoromethyl)phenyl boronic acid. 

 

 

4.2.8 Surface Area and Porosity Studies using BET and BJH Measurements 

 

Nitrogen adsorption-desorption measurements were implemented to determine the surface area 

and PSD of NP1 and f-NP1 materials, including BET and BJH analysis, whilst implementing 

the adsorption branch for the latter, as shown in Figure 4.22, Figure 4.23 and Table 4.4. The 

data was also compared with that of C3-NP1. The isotherms exhibit type IIb character, typical 

of materials composed of non-porous, plate-like particles, as observed in Figure 4.22.238 A type 

H3 hysteresis loop is present in each isotherm, indicating the occurrence of capillary 

condensation within pores.239 Hysteresis of this type is usually associated with plate-like 

aggregates or adsorbents containing slit-like pores. This agrees with the SEM images, where 

stacks of sheets are observed in a high magnification image of f-NP1 (Figure 4.14 (f)).351 NP1 

and f-NP1 possess surface areas corresponding to 380.2 and 192.1 m2/g respectively, whilst 

the control material; C3-NP1 possesses a surface areas equivalent to 87.4 m2/g. 
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Figure 4.22 N2 adsorption-desorption isotherms for NP1, f-NP1and C3-NP1. 

 

 

Table 4.4 BET and BJH adsorption data for NP1, f-NP1 and C3-NP1. 

Material 
BET Surface 

Area (m²/g) 

BJH adsorption cumulative volume of 

pores between 1.7 – 300 nm (cm2/g) 

BJH Average Pore Width 

(4V/A) (Adsorption) (nm) 

NP1 380.2 0.746 7.0 

f-NP1 192.1 0.490 10.0 

C3-NP1 87.4 0.254 9.6 

 

BJH data shows the materials exhibit pores spanning over the mesoporous and macroporous 

regions. The PSD profile was examined by plotting the average pore width as a function of 

dV/dlog(W) pore volume, using the adsorption branch of the isotherm (Figure 4.23). Overall, 

the curves reveal similar patterns for all materials, suggesting a minor impact to the overall 

structure upon functionalisation. Pores range in size extensively from 1.7 nm for all materials 

to 92.7, 103.7 and 128.1 nm for NP1, f-NP1 C3-NP1, respectively, according to the BJH data. 

Meanwhile, the average pore sizes for NP1, f-NP1 and C3-NP1 corresponded to 7.0, 10.0 and 

9.6 nm, respectively. The main difference between the materials, however, is a decrease in the 

surface area and volume of pores. NP1 possesses a BJH adsorption cumulative volume of pores 

of 0.746 cm3/g, which is significantly decreased to 0.490 and 0.254 cm3/g for f-NP1 and C3-

NP1, respectively. This is an indication that functionalisation resulted in a significant reduction 
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in the quantity of pores within the latter two materials. This finding coincides with the 

significant decrease in BET surface area. For f-NP1, the BET surface area reduced by almost 

half that of NP1. C3-NP1 suffered a further reduction in its BET surface area to 87.4 m²/g 

although the PSD remained very similar to that of NP1 and f-NP1. As a result, it is assumed 

that the presence of oxygen functionality within C3-NP1 and f-NP1is the primary cause of pore 

blockage and reorientation of stacks, thereby causing significant reduction in BET surface area 

and the number of pores.424 Since more oxygen functionality exists within C3-NP1 than f-NP1 

and NP1, it is not surprising to observe a further decrease in surface area. The porous structure 

of these materials is considered in more detail within Chapter 5. 

 

 

Figure 4.23 BJH adsorption data consisting of the average pore width vs dV/dlog(W) pore volume for NP1, f-NP1 and C3-

NP1. 

 

Since integration of the hexagonal (2H) and rhombohedral (3H) (002) and (002) peaks within 

the XRD spectra confirmed that the average number of layers within a stack remains unchanged 

upon functionalisation (see Figure 4.19 and Table 4.3), it is unlikely that changes to the 

stacking morphology of the material have occurred. It is more likely that the functionalised 

sheets re-orientate themselves to adopt curled, scroll-like edges due to enhanced interactions 

between the functionalised stacks. Further to this, it is also suggested that additional 

functionality, located around the edges of the sheets may result in further blockage of many 



146 

 

pores. With such a situation, many of the slit-like pores and channels between neighbouring 

stacks would become inaccessible to the nitrogen adsorbent molecules. This prospect is 

discussed in more detail within Chapter 5. 

 

 

4.2.9 Dispersibility in Common Solvents 

 

The solvent-solute interactions with NP1 and f-NP1 were investigated by obtaining dispersions 

of the materials across a range of organic solvents. Samples of NP1 and f-NP1 (0.007 g) were 

dispersed in 4 mL of each solvent then subjected to sonication for 5 minutes using the ultrasonic 

bath conditions described within the Experimental Section. Photographs were then taken of the 

dispersions at various intervals to observe how well the dispersions were maintained over time. 

This are depicted within Figure 4.24 and Figure 4.25 for NP1 and f-NP1 respectively. It should 

firstly be noted that the ultrasound conditions used to create the dispersions are likely to have 

had an impact on the particle size and thus dispersibility, consistent with the findings reported 

within the literature.425 It is therefore likely that NP particles have undergone some degree of 

tearing to the planes of the sheets, as well as exfoliation of stacked layers, and thus, any 

subsequent application of the material would need to take this into account. 

In the context of the current discussion, a poor dispersion refers to one which has undergone 

some sedimentation of solid and the dispersion subsequently appears visually less 

concentrated. The solvents used were water, dimethyl sulfoxide (DMSO), acetonitrile, 

methanol, acetone, isopropylalcohol (IPA), dichloromethane (DCM), diethyl ether and hexane. 

The dispersions were placed in order of solvent polarity; decreasing from left to right within 

the photographic images. As outlined above, the structure of f-NP1 differs to that of NP1, due 

to difference in functionality causing significant changes to the morphology and BET surface 

area. f-NP1 contains additional polar oxygen functionality, as well as non-polar 4-

(trifluoromethyl)phenyl groups at the edges of the sheets. Since the composition of oxygen 

functionality exceeds that of the 4-(trifluoromethyl)phenyl moieties, it was envisioned that the 

material possesses an overall increase in polarity and interaction between functionality and 

solvent molecules. It was therefore predicted that the enhanced polar nature of f-NP1 would 

result in enhanced interaction with polar organic solvents. Interestingly, it was observed that 
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the dispersions of f-NP1 were in fact poorer than those of NP1, in all solvents. This indicates 

that it was much more difficult to overcome the barrier to aggregation in the functionalised 

material. Immediately after sonication, f-NP1 dispersed poorly in hexane and began to 

sediment to the bottom of the vial. Within an hour, its poor dispersive ability extended to 

acetonitrile, methanol, acetone, DCM, diethyl ether and hexane. NP1, on the other hand, 

remained dispersed in all solvents except from methanol and hexane after 1 hour. After 24 

hours, f-NP1 had sedimented to the bottom of the vial for acetonitrile, methanol, acetone, IPA, 

DCM, diethyl ether and hexane. At this point, the water dispersion also began to deteriorate. 

After 2 weeks, the functionalised material remained only well dispersed in DMSO. On the 

contrary, NP1 remained well dispersed in all solvents except from methanol and hexane, even 

two weeks after sonication. In the cases of methanol and hexane, similar results were found 

within the work of Kymakis and co-workers, who found that methanol and diethyl ether also 

failed to maintain a good dispersion of GO or rGO, which was attributed to the relatively low 

surface tension of both solvents.421 The current findings indicate that both materials remain 

well dispersed in DMSO. This finding coincides with previously findings that high surface 

tension solvents with high boiling points are generally best for dispersing graphitic 

materials.48,426 The findings also indicate that NP1 was more effective in forming solvent 

interactions than f-NP1 in the remaining solvents. These findings were unexpected due to a 

number of reasons. Firstly, it would be expected that polar solvents would prevent aggregation 

to a better degree within f-NP1 than NP1. Secondly, the presence of additional oxygen 

functionality, in conjunction with 4-(trifluoromethyl)phenyl moieties should provide f-NP1 

with much stronger interactions with strong hydrogen bonding solvents such as water, MeOH 

and IPA. In previous work, the presence of hydrophilic oxygen-containing groups on the 

surface of fluorinated GO do indeed facilitate dispersion in water.153 Thirdly, there is little 

change in the number of layers in each stack within f-NP1 than NP1, according to XRD data, 

whereby both materials exhibit stacks corresponding to between 58 to 74 layers. The surface 

area of f-NP1 is also significantly reduced compared to NP1, indicating enhanced interaction 

between stacks. Since functionality exists around edges of the layers and the topmost and 

bottommost layer of each stack within the materials, it is probable that this functionality 

contributes towards governing how the stacks interact with one another. In the context of f-

NP1, there is likely to be enhanced interaction between stacks resulting from hydrogen bonding 

between oxygen functionality, as well as multipolar interactions in the form of C-F---C=O 

holding stacks together.427 As such, the energy to prevent aggregation would be increased, and 

thus sedimentation would occur much faster. Furthermore, fluorinated surfaces typically result 
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in decreased van der Waals interaction with solvent.428,429 This phenomena occurs due to the 

low polarisability of fluorine and contributes to the overall low surface energy associated with 

such fluorocarbons. As such, solvent interaction with 4-(trifluoromethyl)phenyl groups may 

disfavoured, and this effect may outweigh the effect of enhanced interaction with oxygen 

functionalities. In addition, the 4-(trifluoromethyl)phenyl groups are relatively bulk in 

comparison with oxygen functionalities and thus, may encourage solvent molecules away from 

the polar oxygen functionality.  

 

 

 

Figure 4.24 NP1 dispersed in solvents left to right: water, DMSO, acetonitrile, methanol, acetone, IPA, DCM, diethyl ether 

and hexane. A photograph of the dispersion is provided (a) instantly after sonication; (b) 1 hour after sonication; (c) 24 

hours after sonication and (e) 2 weeks after sonication. 
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Figure 4.25 f-NP1 dispersed in solvents left to right: water, DMSO, acetonitrile, methanol, acetone, IPA, DCM, diethyl ether 

and hexane. A photograph of the dispersion is provided (a) instantly after sonication; (b) 1 hour after sonication; (c) 24 

hours after sonication and (e) 2 weeks after sonication. 
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4.2.10  Decomposition Characteristics using TGA 

 

Thermogravimetric analysis (TGA) enables the examination of how materials decompose, 

which can be very useful in confirming the nature and degree of functionalisation within the 

material. Accordingly, the thermal stability of both NP1 and f-NP1 were investigated using 

TGA measurements at temperatures up to 700 °C, within a nitrogen atmosphere. A comparison 

of the results is depicted in Figure 4.26. Graphitic materials containing oxygen functionality, 

such as GO, usually provide TGA curves with two distinct regions, corresponding to the 

decomposition of loosely bound oxygen functionality such as adsorbed water, gas molecules, 

and other volatile components and covalently bonded oxygen functionality.430 Despite the 

presence of 4.82 and 8.46 at.% oxygen functionality in NP1 and f-NP1 respectively, there were 

no distinct regions of decomposition associated with either material. Instead, a gradual 

decomposition is observed with no distinct or well-defined mass loss regions. This is most 

likely due to the wide distribution of sizes, morphologies and degree of oxygen 

functionalisation of the commercial NP1 materials. Pristine graphite has been found to show 

little decomposition until 600 °C within an O2 atmosphere and up to 1000 °C, within a nitrogen 

atmosphere. Accordingly, mass loss within both samples at these lower temperatures can be 

attributed to the decomposition of covalently and non-covalently bonded functionality over a 

gradual period.431,432 Initial mass loss (up to 100 °C) is attributed to the removal of water from 

the surface. Decomposition from this point is then assigned to the removal of covalently bonded 

oxygen functionality. In the case of GO, it has been found that the decomposition of covalently 

bound oxygen functionality takes place above 150 °C.433 f-NP1 shows a lower thermally 

stability than NP1, decomposing at a faster rate. This is attributed to the increased covalent 

functionality it possesses, including more oxygen functionality and 4-(trifluoromethyl)phenyl 

moieties. The presence of silver salts on the surface of f-NP1 may also lead to a more rapid and 

increased mass loss within the material. 
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Figure 4.26 TGA curves for (a) NP1 and (b) f-NP1. 

 

 

4.3  Conclusions 

 

This chapter serves to provide an account outlining the successful covalent functionalisation of 

NP1 with 4-(trifluoromethyl)phenyl radicals. This was achieved through implementation of 4-

(trifluoromethyl)phenyl boronic acid as an aryl radical precursor, utilising Baran’s protocol. 

The success of this covalent functionalisation to form f-NP1 was confirmed using various 

imaging, spectroscopic and analytical techniques. A total 3.5 at.% fluorine was found to be 

incorporated into the material, as evidenced by XPS. In addition, an increase in the number of 

defects, evidenced by Raman spectroscopy, substantial weight loss during TGA and presence 

of CF3 functionality within FT-IR, indicated successful covalent attachment of 4-

(trifluoromethyl)phenyl moieties to the NP1 structure. In addition, it was observed that 

functionalisation had negligible effect on the interlayer spacings, quantity of layers or stacking 

sequence of individual layers within a stack. NP1 and f-NP1 possessed stacks containing 

multiple layers within the regions of 58 and 74, as determined from the Scherrer equation, 
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whilst the interlayer spacings corresponded to 0.334 nm. Furthermore, it was observed that the 

materials possessed both hexagonal and rhombohedral stacking, typical of commercially 

derived GBMs. Gas physisorption isotherms and utilisation of BET and BJH methodologies 

indicated a substantial decrease in BET surface area associated with functionalisation of NP1. 

This was consistent with a large reduction of porous area, resulting from loss of pores due to 

the reorientation of stacks with respect to one another, as well as blockage by functional groups. 

Whilst the purpose of this investigation was to identify an alternative aryl radical precursor to 

hazardous diazonium salts, f-NP1 also exhibits characteristics which could grant it useful in 

application. For example, its poorer water dispersibility is a reflection of its increased 

hydrophobicity relative to its un-functionalised counterpart. As such, this material may prove 

advantageous as a hydrophobic coating. Applications could therefore extend to waterproof 

clothing or treatment upon car windshields, where the wetting of water is undesirable. In 

addition, the entrapment of silver species within its structure, even after extensive washing, 

show its tendency to retain compounds to a large degree. This material could therefore be useful 

in the context of membrane technology, to remove toxic salts and heavy metals from solvents 

and water. As such, application could also extend to water treatment processes, where the 

presence of salts and metals within drinking water can cause threat to human health.   
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5 Exploring the Porous Structure and 

Pillaring of Plasma-Exfoliated Graphitic 

Material Using Laponite 
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5.1 Synopsis 

 

As outlined in the previous chapters, it was found that NP1 consisted of a large surface area 

arising from the presence of pores spanning over the microporous, mesoporous and 

macroporous regions. Several investigations were therefore embarked upon within this chapter, 

to further understand the porous structure of NPs and how these can be altered to fabricate 

materials with increased surface areas. Initially, the porous structures and surface areas of NPs 

were investigated. The BJH data was utilised for the first time to provide effective estimation 

for the distance between stacks within such materials. Attention was then directed towards 

investigating how covalent functionalisation, including oxidation, impacted the porous 

structure and surface area of NP. In the final section, a novel strategy was utilised to enhance 

the surface area and porosity within oxidised NP, using laponite as a pillaring device to 

fabricate a scaffold-type structure. 

 

 

 

 

5.2 Results and Discussion 

 

 

5.2.1 Investigating the Surface Area and Porous Structure of Plasma-

Exfoliated Graphitic Material 

 

5.2.1.1 Surface Area and Morphological Analysis using BET and SEM 

 

NPs possess interesting porous structures with a range of surface areas. During synthesis of 

these materials, the plasma processing initiates exfoliation of the bulk layered graphite into 

various multilayered substructures, referred to as stacks, as depicted in Figure 5.1. These stacks 

typically incorporate both in-plane pores or “holes” within the plane of the graphene layers, as 
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well as slit pores between subsequent neighbouring stacks. The stacks themselves incorporate 

assembled graphitic layers which are held together by extensive van der Waals forces such as 

π-π stacking between subsequent layers. Oxygen functionality is also introduced to the 

graphitic layers within the stacks.95 NPs vary quite substantially in morphology due to 

differences in the dimensions and orientations of individual stacks. SEM images associated 

with NP2, NP1, f-NP1, NP3 and NP4 are shown below in Figure 5.2. NP2 displays a flake-like 

appearance consisting of many comparatively flat stacks, with large dimensions (Figure 5.2 

(a)), whilst NP1, NP3 and NP4 consist of large aggregates comprised of many smaller stacks 

(Figure 5.2 (b)(d) and (e)). All stacks tend to adopt morphologies which consist of rippling and 

curvature, typical of such materials.434 It has also been highlighted in previous works that the 

presence of Stone-Wales defects has been found to enhance the tendency of the graphitic layers 

to roll into nanotube and fullerene-type structures, as well as promoting intrinsic 

rumpling/buckling of graphitic layers as a way to relieve strain.122,123,435 It is, therefore, 

unsurprising that the present materials adopt such morphologies. 

 

 

 

Figure 5.1 Stacks of NP material containing multiple graphene layers, defects, in-plane pores and oxygen functionality. Slit 

pores arise due to the presence of spacing between neighbouring stacks. 

 

Initially SEM imaging was conducted to allow the observation of pore types within the 

materials. Slit pores are highlighted by green arrows within Figure 5.2, whilst in-plane pores 

are assigned by red arrows. Slit pores are present within all materials and result from the 

spacing between neighbouring stacks. These are easy to visualise in some materials such as 

Figure 5.2 (a) and (c)(i), however, are more difficult to observe within heavily aggregated 

materials such as NP4 (Figure 5.2 (e)). The 4-(trifluoromethyl)phenyl functionalised material 
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f-NP1, synthesised during Chapter 4, provides an example of a material which contains in-

plane pores visible via SEM imaging, as shown within Figure 4.12 (d). Further SEM imaging 

reveals the presence of three additional in-plane pores possessing widths on the macro-scale 

corresponding to approximately 700, 300 and 150 nm. Such pores are likely to originate from 

the harsh radical conditions subjected upon the material causing etching of existing in-plane 

pores, as mentioned within Chapter 4. Smaller in-plane pores within the micro region also exist 

within the NP materials provided by Perpetuus, as highlighted by previous works.93 It is 

believed that these are introduced into the materials during the plasma processing steps. 

Unfortunately, due to the limits with the SEM detection, these cannot be visualised by SEM 

imaging easily. 

The plasma radiation modifies the graphitic surface both physically via ablation and through 

the generation of amorphous regions, as well as chemically through the introduction of oxygen 

functionality. Such physical modification results from single vacancies, double vacancies, 

complex vacancies and Stone-Wales defects. Complex vacancies, generated from the removal 

of multiple carbon atoms, consist of micro-scale holes within the graphitic lattice, which are 

considered as in-plane micropores, if indeed, they allow access to adsorbate molecules. It has 

been reported that etching proceeding at approximately 20 W, with several seconds of exposure 

time, introduces micropores of sizes between 0.5 - 1 nm into graphene. Furthermore 

micropores between 0.7 and 2 nm in size have been detected within activated carbon fibres, 

using low pressure (33.3 Pa) plasma treatment.120 Furthermore, extension of the plasma 

exposure time has been found to not only increase the defect density, but also enlarge 

micropores.119 In light of these findings, it is, therefore, suggested that the presence of 

micropores within NPs originate from the bombardment of ions/electrons, as well as due to 

etching of vacancy defects during oxygen plasma processing to enlarge existing vacancy 

defects. 
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Figure 5.2 SEM images depicting pores within (a) NP2 at a magnification of 34.60 kx; (b) NP1 at a magnification of 20.67 

kx; (c) f-NP1 at magnifications of (i) 81.7 kx (ii) 50.9 kx and (iii) 75.46 kx; (d) NP3 at a magnification of 51.96 kx and (e) 

NP4 at magnification of 10.39 kx. Green arrows and red arrows indicate the presence of slit pores and in-plane pores 

respectively. SEM images (a)(b)(d) and (e) were acquired on SEM 2, whilst SEM image (c) was acquired on SEM 1. 

 

Information regarding the surface area and PSD was calculated using BET/BJH/t-plot data 

using nitrogen adsorption-desorption measurements. Since f-NP1 had previously been 

analysed in Chapter 4, it is discussed in no further detail within this section. BET isotherms for 

the four remaining materials were conducted using N2 adsorption at 77 K, to gain an insight to 

the surface areas and adsorption-desorption pathways of the materials, as shown in Figure 5.3 

(b). All isotherms possessed similar adsorption-desorption pathways to each other, displaying 

an initial sharp uptake at low P/P0 (< 0.001), indicative of micropore filling. After monolayer 

formation at “the knee”, an increase in P/P0 results in a slower uptake of nitrogen, indicating 

the presence of mesopores within the samples. A further sharp rise at P/P0 > 0.9, signifies the 

presence of macropores within the materials. In contrast to a type IV isotherm, no plateau is 

visible at high P/P0, therefore, the isotherm is assigned as type IIb (pseudo-type II). The absence 

of a plateau suggests incomplete mesopore filling, suggesting that large mesopores and 
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macropores are not filled completely and thus, multilayer adsorption continues to proceed with 

no termination. The key features associated with this type of isotherm are depicted in Figure 

5.3 (a) and discussed in further detail later on in the text. The overall BET surface represents a 

measure of the total surface area of the material, inclusive of micropores, mesopores and 

macropores. In this regard, the latter of these is considered to incorporate any pore exceeding 

50 nm in pore width. The materials exhibit a range of BET surface areas, whereby NP4 displays 

the largest surface area corresponding to 670.9 m2/g, NP1 and NP3 display surface areas of 

380.2 and 450.5 m2/g respectively, and NP2 possesses the smallest surface area of 88.8 m2/g 

(Table 5.1)). It is believed that large surface areas are more prominent within materials with 

increased porosity (vide infra). 

 

Figure 5.3 (a) N2 adsorption-desorption isotherms typical of NPs incorporating their various features and the adsorption 

steps 1 - 3 and desorption corresponding to A1, A2, A3 and D respectively and (b) N2 adsorption-desorption isotherms for 

various NP with the inset showing a magnified image of the contact closure point. 

 

Table 5.1 BET surface area values for NPs. 

 NP1 NP2 NP3 NP4 

BET Surface Area (m²/g) 380.2 88.8 450.5 670.9 

 

 

Within the BET isotherms, H3 hysteresis is observed between the adsorption and desorption 

branches between 0.4 - 1.0 P/P0, according to IUPAC classification.351 The presence of 

hysteresis evolves from the behaviour differences of the adsorbate during adsorption and 

desorption. Such a hysteresis type indicates the presence of slit-like particles with non-rigid 
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nature, and non-uniform shape and size, consistent with SEM images in Figure 5.2. Since 

hysteresis is not present within materials containing solely micropores, where filling and 

emptying occurs via the same pathway, its presence provides additional evidence of mesopores 

and macropores within the materials.  

Inspired by the work of Tiogo, who implemented argon density profiles on open-ended 

cylindrical pores, a simplified interpretation of the open-ended slit pore (Figure 5.4) was 

recreated.436 This can be used to demonstrate how the filling and emptying occurs within pores 

within NP materials. Such steps can be directly compared with various regions within the BET 

curve, shown in Figure 5.3 (a), assigned as adsorption steps 1 - 3 and desorption, denoted as 

A1, A2, A3 and D, respectively for simplicity. Initially, the adsorption branch of the BET 

isotherm increases steeply, indicating monolayer formation of adsorbate over the surface of the 

material, relating to A1. Completion of this stage occurs at “the knee” of the isotherm, where 

the plot then exhibits a quasi-linear shape corresponding to that of multilayer formation, 

relating to A2. The isotherm then steepens (ca. 0.8 P/P0), corresponding to macropore filling. 

Implementation of the grand canonical ensemble suggests that within the slit pores, adsorbate 

covers opposing walls, and at the lower contact point (ca. 0.4 P/P0), their state changes from 

stable to metastable. The metastable adsorbed layer consists of three-regions: the dense 

adsorbed phase, the mass transfer zone, and the gas phase, as indicated within Figure 5.4. If 

the slit pore possesses a width, w, of a suitably small size, its mass transfer zones can interact 

via fluid-fluid interactions, forming a bi-convex liquid-embryo, causing condensation to occur, 

and more molecules to be drawn in. Two hemispherical menisci therefore form during A3. A 

further increase in pressure to the saturation vapour pressure further densifies the 

condensation.437 In principle, this process provides a plateau within the isotherm during this 

adsorption step; however, no plateau is observed. This is because many of the slit pores are too 

wide for their mass transfer zones to interact, and hence condensation does not occur below the 

saturation vapour pressure. As a result, a steep line is observed within the isotherm, 

corresponding to incomplete filling. During desorption, D, the subsequent reduction in pressure 

then desorbs nitrogen molecules. In the case of pores where condensation occurs, the meniscus 

increases in curvature, while remaining pinned to the pore circular mouths.436,438 However, in 

the situation observed within a large slit pore, w is relatively large, therefore not all pores 

become filled and condensation is not reached. As a result, no plateau is present, since there is 

no limiting adsorption at these high P/P0 values. For these larger pores, the condensation 

exceeds the saturation vapour pressure, since the separation distance between opposing slit 
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pore walls is too large for liquid embryo formation.437 According to the claims associated with 

NP materials, the distance between stacks is relatively large, thus, it is plausible that this 

incomplete filling occurs within these slit-pores.95 

 

 

Figure 5.4 A graphical representation of the filling and emptying of open-ended cylindrical slit pores by nitrogen molecules 

inspired by the works of Ancilotto et al.436 The diagram depicts how filling and emptying of slit pores proceeds as nitrogen 

pressure is increased (A1) - (A3) and decreased (D) respectively, and the incomplete filling occurs within relatively large 

slit pores found within NP materials. 

 

Another feature of the BET isotherm (Figure 5.3) relates to the relatively low contact closure 

point. Such a property is attributed to the tensile strength effect of condensed liquid nitrogen 

which results from the instability of the meniscus condensation for pores around 4 nm in width. 

This unstable state is caused by the adsorption energy of the pore wall and an increased tensile 

strength in the adsorbed phase. As such, a forced closure of the hysteresis loop at relative 

pressure of approximately 0.4 P/P0 occurs.439–441  
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5.2.1.2 Graphitic Structure Analysis using Raman Spectroscopy 

 

Raman spectroscopy was conducted on these materials to understand how their graphitic 

structure and defect density compared with the BET surface area of the materials. The results 

are shown in Figure 5.5. Three characteristic peaks, corresponding to the G band, 2D band 

and D band are noticeable within all spectra, consistent with the spectra of f-NP1, within 

Chapter 4. Calculation of the I2D/IG ratio provides values ranging between 0.44 and 0.52, 

which all lay beneath that of SLG (I2D/IG= 2 - 3), and thus, a multilayer structure is 

consistent within all materials.411 The 2D bands are also broad in appearance, and upshifted 

relative to SLG, therefore, this peak provides further evidence of the presence of multilayer 

stacks.312 The presence of a D band indicates the existence of defects within the four materials. 

Using the ID/IG ratio as an indication of the number of defects, it is observed that NP4 is the 

most defective material, whilst NP2 is the least. These materials are associated with the largest 

and smallest BET surface area values respectively, thus suggesting that the defects serve to 

create a more porous structure. It is likely that increased plasma exposure results in an increase 

in the number of defects and hence more exfoliation.3 In contrast, NP2 possesses a much 

smaller surface area, consistent with the far less defective structure, due to the reduced plasma 

exposure time. NP1 and NP3 represent two batches of the same material and were synthesised 

under the same plasma processing conditions. Their BET surface areas are therefore not too 

dissimilar from one another, as expected. Unexpectedly, the ID/IG ratio for NP1 is much larger 

than that of NP3 (0.54 cf. 0.24). This finding may be attributed to structural inconsistencies 

across different batches of the sample, originating from the plasma processing steps, or from 

their raw graphite precursor. 

 

 
3Due to the patented technology, these assumptions are only speculative, and have not been confirmed by Perpetuus. 
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Figure 5.5 Raman spectra of NP materials depicting their corresponding ID/IG and I2D/IG ratios. Peak deconvolution was 

performed using OriginPro software to discriminate the D and G bands from overlapping D*, D’’ and D’ bands. 

 

 

5.2.1.3 Investigating Pore Size Distribution using BJH Analysis 

 

BJH analysis, was also implemented to acquire information regarding the PSD of the four NP 

materials. Such analysis applies the Kelvin model for pore filling to experimental isotherms.344 

Whilst this method is useful in gaining an insight to the mesoporous region, it is constrained to 

a theoretical range between the limits of 1.7 - 300 nm. As a result, pore distribution data cannot 

be obtained outside of these limits. During BJH analysis, it is also extremely important to have 

an underlying understanding of the materials in question. To effectively carry out calculation 

using the BJH method on a sample, the fraction of pores open at both ends should be inputted 

prior to calculation. For NPs, this value was assumed to correspond to 0.8 (equating to 80% of 
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all pores). This estimation was made on the assumption that 80% of pores originate from open-

ended slit pores (pores which can be accessed from both ends by adsorbate molecules)4. 

The BJH adsorption data associated with the incremental pore volume is presented in Figure 

5.6 and Table 5.2. Adsorption data was favoured over desorption data for the purpose of 

interpretation and analysis, as the desorption process is heavily influenced by the pore 

volume/meniscus effects which become significant for macropores present within the material. 

Desorption data also presents an undesirable phantom peak at approximately 4 nm.442 It is 

observed that the PSD varies quite substantially for all materials, ranging between the 

mesoporous and macroporous regions. NP2 possesses the largest PSD, ranging between 2 - 

131.2 nm. Such pores are presumed to correlate primarily to slit pores between subsequent 

stacks (vide infra). Many of these pores present within NP are relatively large compared to 

those of similar materials.443 Moreover, the BJH average pore size data signifies the large 

contribution of slit mesopores to the structures. These values range between the 6.3 - 10.4 nm 

for all materials (see Table 5.2).  

Micropores are also present within all materials. The t-plot model was employed to estimate 

the volume and apparent surface area of micropores, using the Harkins and Jura thickness 

equation.356,444,445 The addition of the t-plot micropore area and the t-plot mesopore/macropore 

area, which incorporates all pores within the mesoporous and macroporous regions, gave the 

total BET surface area associated with the material, as depicted within Table 5.1. As a result, 

it was possible to calculate the relative proportions of micropores, relative to mesopores and 

macropores, as a percentage. Such calculations show that NPs exhibited micropores associated 

with approximately 22 - 45% of the BET surface area. It is also observed that as the BET 

surface area increases, the t-plot micropore volume increases from 0.018 cm3/g in NP2 to 0.081 

cm3/g in NP4. As a result, it is suggested that an increase in surface area correlates with an 

increase in slit and in-plane micropores. In the next section, BJH is employed to provide an 

estimation of the distance between the stacks within NP2 to provide a more detailed insight to 

its structure, and data is compared with that of SEM, AFM and XRD techniques. 

 
4 This value was postulated based on various assumptions using BET/BJH/t-plot data acquired for NP2: (1) Slit pores are 

primarily open-ended and that the vast majority of pores, although not all, are made up of slit pores within the current materials; 

(2) the t-plot external surface area likely corresponds to slit pores; (3) approximately half of the t-plot micropore area 

corresponds to slit pores and (4) the remaining half of the t-plot micropore area corresponds to in-plane pores. As such, a total 

of 80% of all pores are considered open-ended slit pores 
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Figure 5.6 BJH adsorption data associated with the incremental pore volume for various NPs. 

 

Table 5.2 BET, BJH adsorption and t-plot data for NPs. 

 NP1 NP2 NP3 NP4 

BJH Adsorption Average Pore Width (4V/A) (nm) 7.0 10.4 6.6 6.3 

t-Plot Micropore Volume (cm3/g) 0.037 0.018 0.043 0.081 

t-Plot Micropore Area (m²/g) 83.6 39.7 98.8 181.6 

t-Plot Mesopore/Macropore Area (m²/g) 296.6 49.2 351.7 489.3 

t-Plot Micropore Area Compared to Total Area (%) 22.0 44.6 21.9 27.1 

 

 

 

5.2.2 Application of BJH Data to Estimate the Distance Between Stacks in 

NPs 

 

Within this section, it is shown that BJH data can be used as a valuable tool to estimate the 

distance between stacks within NPs. For this purpose, NP2 was employed as a model material 

due to its large flake size and less aggregated morphology, meaning that SEM imaging of slit 

pores were much easier to discern. The PSD within NP2 was previously found to range quite 

substantially; between 2 to 131.2 nm (Figure 5.6), and the material possessed a type IIb 

isotherm (Figure 5.3), which predicted a porous, slit-like structure. Slit pores simply describe 
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the porous space made up between two parallel stacks, as depicted in Figure 5.1, thus, the pore 

width coincides with the distance between these stacks. Whilst individual distances may be 

measured via imaging techniques, it is important to ascertain an average distance between 

stacks, and thus acquire information regarding the distribution of slit pores across the material. 

This is important since the spacings between stacks have a large influence on the properties of 

the material. The presence of large slit pores is particularly useful to improve friability and 

permits easy dispersion via shear type forces and sonication. Further to this, they provide 

accessibility for intercalation compounds such as sulfur and molecular hydrogen.95 As such, a 

clear understanding of variations in stack separations is important for any manipulation of NP2 

in this way. BJH data can therefore be applied to gain information on the size distribution of 

slit pores widths within the material, which subsequently, provides an estimate of the distance 

between the stacks.  

Since no in-plane pores were visible via SEM or TEM imaging between the BJH PSD range 

of NP2, it is likely that the BJH data covers pores originating predominately from slits between 

neighbouring stacks within the material. High magnification SEM and TEM images do not 

provide any clear evidence of any in-plane pores of 2 nm or larger in size (Figure 5.8). The 

average pore size of NP2 corresponds to 10.4 nm (Table 5.2), which directly correlates with 

the average distance between the stacks between the ranges of 1.7 - 300 nm. A more detailed 

analysis of the SEM images associated with NP2 contextualises the presence of slit pores 

within the structure. Figure 5.7 (a) displays an SEM image of NP2, depicting the presence of 

two thick aggregated structures consisting of orderly aligned parallel stacks, which each 

contain many layers. The term aggregate applies to the assembly of individual stacks, typically 

containing slit pores and some degree of interparticle pores between them. Application of a 

sorbel filter (Figure 5.7 (b)) enhances the ability to observe these orderly aligned stacks. These 

aggregated structures possess thicknesses of 313 and 152 nm, as highlighted in the figure. The 

former of these structures has been used to provide a visual explanation of how multiple stacks 

aggregate with one another, forming slit pores within the regions between them (Figure 5.7 (c) 

and (d)). A thick structure with a thickness of 313 nm should have somewhere in the region of 

18 stacks, assuming an average stack dimension of 7.2 nm (see AFM data below) and an 

average slit pore size of 10.4 nm (see BJH adsorption data). Only six stacks have been drawn 

within this diagram for the purpose of clarity. A closer look at these neighbouring stacks is 

outlined in Figure 5.7 (d). This shows that each stack consists of multiple graphitic layers, held 
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tightly to one another through π-π interactions, similar to the structure of graphite. The width 

of the slit pore, w, correlates with the distance between two neighbouring stacks. 

 

 

Figure 5.7 Morphology of NP2 shown by SEM images at a magnification of 34.60 kx, shown without (a) and with (b) a 

Sorbel filter. (c) depicts the presence of multiple aggregated stacks and (d) shows a magnified region of (c), indicating the 

presence of multiple graphitic layers within each stack and showing that the spacing between the stacks equates to the width, 

w, of the slit pore. SEM images were acquired on SEM 2. 
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Figure 5.8 SEM images of NP2 at magnifications of (a) 254,870 x and (b) 398,550 x with scale bars corresponding to 4.96 

and 5.29 nm respectively acquired on SEM 3, and (c) TEM image of NP2 at a magnification of 50,000 x with a scale bar 

corresponding to 10 nm acquired on TEM 2. These images reveal an absence of any in-plane pores of 2 nm or larger in size, 

thus, suggesting that pores within the mesoporous and macroporous region primarily relate to slit pores. 

 

Further SEM imaging provides evidence of slit pores within NP2. Such data correlates with 

the slit pore widths acquired from BJH data. Figure 5.9 depicts seven representative SEM 

images of the NP2, showing that the distance between observed stacks vary from 9 nm up to 

131 nm. The latter of these equates to the largest slit pore found during BJH analysis (Figure 

5.9 (g)), whilst smaller widths (9, 10, 19, 23, 27, 32, 33, 70, and 92 nm, shown in Figure 5.9 

(a) - (f)) correspond to slit pore widths observed within the BJH incremental pore volume 

plot (Figure 5.6). In addition, the distance between stacks, measured within Figure 5.9 (a) 

correlates with the average slit pore determined by BJH analysis. As such, SEM imaging also 

shows that many of these stacks possess large distances between each other, within the range 

found by the BJH data. Compared with similar graphitic materials reported within literature, 

these slit pores within NP2 are relatively large, which is beneficial due to the aforementioned 

reasons.232 
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Figure 5.9 SEM images outlining the width of slit pores found within NP2, which relate to the distance between the 

neighbouring stacks. Magnifications correspond to (a) 34.60 kx (b) 24.26 kx (c) 35.09 kx (d) 34.60 kx (e) 26.63 kx (f) 34.42 

kx and (g) 20.60 kx and images were acquired on SEM 2. 
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NP2 was also assessed further via TEM, SEM, AFM, XRD, XPS and SEM-EDX to provide a 

more thorough understanding of the morphology, elemental composition and structure of the 

material. Additionally, the contribution of AFM and XRD data supported the stack width and 

slit pore width estimations, acquired by SEM and BJH analysis (vide infra). Initially, TEM 

analysis and further SEM imaging were conducted to gain an insight to the dimensions of the 

material. It was observed that NP2 consists of stacks adopting a flake-like morphology and 

dimensions of < 1 to 50 µm, as shown by SEM and TEM images within Figure 5.10 and Figure 

5.11, respectively. These flakes corresponded to individual stacks containing multiple graphitic 

layers. Within TEM imaging, it is observed that several flakes overlap with one another. 

Lighter regions correspond to relatively thin areas of the sample, where flakes do not overlap 

with other flakes, whilst dark regions indicate thicker areas, where flakes overlap with 

subsequent flakes (Figure 5.11).  

AFM also provided evidence of the aggregated morphology (Figure 5.12). Images were used 

to gain an insight to the height distribution across overlaying stacks within the various 

aggregated structures. Magnification of the AFM image presented in Figure 5.12 (a) shows that 

these stacks display non-uniform dimensions of several micrometres. Additionally, it is 

observed that some stacks lay flat upon one another, whilst others protrude from the surface. 

A magnified and two-dimensional depiction of this figure is shown in Figure 5.12 (c) and 

contains a height scale bar which shows that the surface structure deviates in height by 415 nm. 

This indicates the presence of numerous stacked structures. Moreover, line profiles were 

recorded across six regions of Figure 5.12 (c), where the AFM tip was scanned directly over 

one stack and then over the stack directly beneath. As such, these line profiles provide 

representative thicknesses of each stack plus its associated slit pore, as demonstrated within 

Figure 5.12 (d). The relevant line profiles are depicted in Figure 5.12 (e) and correlate to 

regions 1 – 6 within Figure 5.12 (c). It is observed from these that there is a decrease in height 

of approximately 22, 83, 32, 26, 27 and 49 nm, respective to each region. The average decrease 

in thickness is therefore calculated to be 40 nm, consistent with the average thickness of the 

stack plus its associated slit pore. 
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Figure 5.10 SEM images of NP2 at magnifications of (a) 1.04 kx (b) 1.73 kx and (c) 4.15 kx acquired on SEM 2 

 

 

Figure 5.11 TEM images of NP2 acquired on TEM 2. 
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Figure 5.12 AFM data acquired for NP2 using a mica substrate and non-contact mode, consisting of AFM images (a), (b) 

and (c). (d) depicts a representation of how the AFM tip scans over one stack, to the stack directly beneath during operation 

and (e) depicts line profiles acquired across the six marked regions of the AFM image (c), defined as line profiles 1 – 6. 

 

The XRD pattern of NP2 provides an insight to the interlayer spacings between the graphitic 

layers and the stacking within the material (Figure 5.13). It is observed that the material consists 

of hexagonal (2H) and rhombohedral (3R) stacking, resulting from an arrangement of layers 

with AB and ABC stacking sequences, respectively. This material therefore possesses a similar 

crystallographic structure to that of NP1 and f-NP1, as discussed within Chapter 4, whilst 

coinciding with that of commercially produced exfoliated graphite materials.371 A strong 

diffraction peak, characteristic of graphite, is shown at 26.6°, resembling the overlapping (002) 

2H and (003) 3R planes. This peak corresponds to an interlayer spacing of 0.335 nm. 

Additional, less prominent peaks are also observed as a four-lined pattern between 42° and 46°. 

Magnification of this four-lined pattern (shown in the inset of Figure 5.13), reveals peaks at 

42.5° and 44.6° which correspond to the 2H stacking of the (100) and (101) planes, 

respectively. The remaining two peaks present at 43.5° and 46.3° resemble the 3R (101) and 
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(012) stacking planes. Additional small peaks are also present at 54.7° and 77.6°, 

corresponding to graphite 2H (004) and 3R (006) and 2H and 3R (110) planes, respectively. 

The intensity of the 2H peaks exceed that of the 3R peaks, suggesting that the majority of the 

stacking coincides with the AB orientation. 

 

 

Figure 5.13 XRD pattern for NP2 in the range between 2ϴ = 10° and 80° and expanded section in the range between 2ϴ 

= 40° and 50°. The pattern is labelled with the 2H and 3R planes. 

 

The overlapping hexagonal (2H) and rhombohedral (3R) planes present at around 2θ = 26° 

were utilised to calculate the out of plane crystallite size, 𝐿𝑐, the in-plane crystallite size, 𝐿𝑎, 

the number of graphene layers, 𝑁𝑐, and the interlayer spacing, 𝑑(002)/(003) for graphitic stacks 

using the Scherrer equation and Bragg equation.416,418 These equations are described within 

Chapter 4. Utilising 𝐾, the shape factor, (possessing values of 0.91 and 1.84 for equations 

corresponding to 𝐿𝑐 and 𝐿𝑎, respectively) and λ corresponding to Cu Kα radiation (0.154185 

nm), allowed for calculation of 𝐿𝑐 and 𝐿𝑎, as shown in Table 5.3 and Table 4.3. The value of 

β, corresponding to the full width at half maximum (FWHM) was calculated through 

application of both Gaussian and Lorentz fittings using OriginPro software, as shown in Figure 

5.14. The subsequent fitting across both models was then compared. To three significant 
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figures, the values of β were calculated to be 0.236 and 0.220 for the Gaussian and Lorentz 

models, respectively. Through application of these equations and β values, the crystallites were 

found to possess crystallite sizes (𝐿𝑐) of 32.57 and 35.53 nm and in-plane crystallite size (𝐿𝑎) 

of 65.86 and 71.84 nm, where the former value in each case relates to the Gaussian model and 

the latter relates to the Lorentz model. As such, numerous graphitic layers, (97.23 for Gaussian 

model and 106.38 for Lorentz model) were predicted. As such, both models provide similar β 

values which correspond to similar values for 𝐿𝑐, 𝐿𝑎 and 𝑁𝑐. It is, however, observed that the 

Lorentz fitting is slightly superior, in this case, to that of the Gaussian model, therefore the 

crystallite size (𝐿𝑐) corresponding to 35.53 nm was assumed to be a more accurate value. 

 

 

Figure 5.14 Gaussian and Lorentz fitting using OriginPro software for the (002) plane of the peak at 2θ = 26.611° for NP25. 

 

Table 5.3 Calculations of 𝐿𝑐, 𝐿𝑎, 𝑁𝑐 and d(002)/(003) for NP2. 

 

Peak 

Position 

(2θ) 

Interlayer 

Spacing 

(d(002)) (nm) 

FWHM 

(radians) 

Crystallite 

size, 

𝑳𝒄 (nm) 

In-Plane 

Crystallite 

Size, 𝑳𝒂(nm) 

Number of 

graphene 

layers, 𝑵𝒄 

Gaussian Model 26.6 0.335 0.24 32.57 65.86 97.23 

Lorentz Model 26.6 0.335 0.22 35.53 71.84 106.38 

 

XPS analysis was utilised to identify the surface elements present within the NP2 material. The 

elemental composition data is shown in Table 5.4 and provides evidence of a large proportion 

of carbon within the material, equating to 93.4 at.%, with a binding energy of 284.5 eV. The 

presence of oxygen functionalities, in the form of C=O, C=O–C and C–OH, are also 

 
5 Note: Within OriginPro the FWHM is denoted as “w” in degrees. 
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recognised due to the existence of peaks with binding energies between 531.5 to 535.4 

eV. The total oxygen at.% equates to 6.3 and its presence is attributed to the plasma 

processing step during synthesis. A satellite structure present at 538.0 eV is also 

associated with the O 1s state, indicating the presence of π–π* transitions due to bonding 

to antibonding transitions within carbonyl containing functionalities. Nitrogen 

impurities are also observed in trace amounts (0.3 at.%), similar to that of NP3 from 

Chapter 4. 

 

Table 5.4 XPS quantitative data for NP2. 

Orbital Binding Energy (eV) % Atomic Composition 

C 1s 284.5 93.4 

O 1s (C=O) 531.5 1.5 

O 1s (C-O=C) 532.9 4.0 

O 1s (C-OH) 535.4 0.5 

O 1s (satellite structure) 538.0 0.2 

Total O 1s - 6.3 

N 1s 400.4 0.3 

 

SEM-EDX analysis was utilised to gain further information on the elemental composition 

within the bulk regions of NP2. The results are shown in Figure 5.15. A gold sputter coating 

was introduced to the material prior to SEM imaging, and a substantial degree of gold was 

detected upon quantitative elemental analysis. To eliminate this, the normalised atomic 

composition percentage was calculated, by discarding the percentage amount of gold.  As with 

the data acquired by XPS, carbon was the largest elemental contributor to the sample, 

comprising of 99.7 at.%. The presence of oxygen was also detected with a composition of 1.8 

at.%. Similar to NP1 within Chapter 4, trace amounts of silicon were also detected, likely to 

originate from the raw graphite itself. As previously explained within the context of this work, 

EDX does have limitations when quantifying the composition of light elements with Z < 10, 

and therefore, it is believed that XPS data provides a more accurate representation of the 

elements within approximately 10 nm depth of the sample.324 
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Figure 5.15 SEM-EDX spectrum and quantitative data for NP2. 

 

 

5.2.3 The Effect of Oxidation and Radical Functionalisation of Surface Area 

and Porosity 

 

Within this section the effect of oxidation and radical functionalisation on NP is discussed in 

relation to the changes associated with the surface area and PSD. During Chapter 4, NP1 was 

treated with 4-(trifluoromethylphenyl)boronic acid, K2S2O8 and AgNO3 to synthesise f-NP1. 

In addition, NP1 was also treated with K2S2O8, as a control, to synthesise C3-NP1. Within this 

current chapter, NP3 was treated via the modified Hummers’ method to introduce additional 

oxygen functionality to the material to synthesise O-NP3, as shown in Scheme 5.1.82,389 This 

oxidation comprised of the addition of H2SO4 followed by KMnO4. It is believed that the 

oxidation mechanism proceeds via several steps. Initially sulfuric acid intercalates between slit 

pores and some layers within stacks of NP3. These H2SO4 intercalants then react with KMnO4, 

to form MnO3HSO4 or (MnO3)SO4, which subsequently oxidise the material. Finally, further 

exfoliation of layers occurs upon addition of water, effecting mostly regions which are heavily 

oxidised, due to an increase in interlayer spacings within the stacks themselves.446 The addition 

of H2O2 is required to terminate the reaction by reducing residual oxidants and intermediates 

to soluble sulfates.447,448 Within the following section, the three materials, f-NP1, C3-NP1 and 

O-NP3 are compared with each other, to gain an understanding of how their functionalisation 

route altered their surface areas and PSDs. 
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Scheme 5.1 Modified Hummers' treatment of NP3 to form O-NP3. 

 

 

5.2.3.1 Investigating the Influence of Functionality on Surface Area and Porosity using 

XRD, BET, BJH, t-plot and XRD data 

 

In terms of functionalities present, f-NP1 consists of both oxygen and 4-

(trifluoromethyl)phenyl moieties, with trace amounts of silver and silver salts (denoted as * 

within Table 5.5). In comparison, C3-NP1 and O-NP3 consist of oxygen functionality only, 

with different atomic compositions, as shown in Table 5.5. XPS analyses of O-NP3 and its NP 

precursor are presented in Figure 5.16 and Figure 5.17, respectively. The O 1s spectra 

associated with O-NP3 provides evidence of a relatively large composition of oxygen; 23.5 

at.%, relative to NP3 (5.7 at.%). Furthermore f-NP1 and C3-NP1 possess 8.5 and 10.7 at.% 

oxygen functionality respectively, relative to the 4.9 at.% in their NP precursor. It was therefore 

evident that the modified Hummers’ oxidative treatment introduced a relatively large amount 

of oxygen functionality to the NP precursor. Additional details relating to XPS analyses of NP3 

and O-NP3 are discussed in more detail later on in this chapter. 
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Table 5.5 XPS Quantitative data for NP1, f-NP1, C3-NP1, NP3 and O-NP3. 

Orbital 

% Atomic Composition 

NP1 f-NP1 C3-NP1 NP3 O-NP3 

 

 

  

 
 * represents silver salts 

 

 

 

 

 

 

C 1s 94.9 86.5 88.8 94.3 73.5 

O 1s 4.9 8.5 10.7 5.7 23.5 

S 2p - 0.3 0.3 - 0.8 

Si 2p - - - - 2.2 

N 1s 0.3 0.3 0.2 - - 

F 1s - 3.5 - - - 

Ag 3d 5/2 0 0.7 - - - 

Cl 2p - 0.4 - - - 

 

 

 

Figure 5.16 XPS spectra of NP3 including (a) survey spectrum (b) deconvoluted C 1s orbital and (c) deconvoluted O 1s 

orbital. 
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Figure 5.17 XPS spectra of O-NP3 including (a) survey spectrum (b) deconvoluted C 1s orbital (c) deconvoluted O 1s 

orbital (d) Si 2p orbital and (e) S 2p orbital. 

 

f-NP1 and C3-NP1 possesses BET surface areas of 192.1 and 87.4 m²/g which were 

significantly reduced compared with the NP1 precursor, which possessed a BET surface area 

of 380.2 m²/g (see Table 5.6). This loss of surface area was associated with a reduction in the 

number of pores available to nitrogen adsorbate molecules, as explained within Chapter 4. BJH 

analysis showed that the pore volume reduced from 0.746 cm3/g in NP1 to 0.490 and 0.254 

cm3/g for f-NP1 and C3-NP1, respectively. Furthermore, t-plot analysis also showed a 

substantial reduction in the area and volume associated with micropores within the materials.  

t-plot micropore analysis of f-NP1 indicated volume and area values of zero, whilst C3-NP1 

possessed a t-plot micropore volume and area of 0.001 cm3/g and 3.8 m2/g, respectively. It was 

therefore evident that the functionalisation had a large effect on the pores and resultant surface 

area within the materials. During an investigation carried out by Toupin and Bélanger, it was 

found that a substantial loss in micropore volume and BET surface area was associated with 

the covalent functionalisation of carbon black and glassy carbon with 4-nitrophenyl 

moieties.449 The authors postulated that micropores of 1 nm or smaller in size became blocked 

or filled by these organic moieties. 
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Table 5.6 Data associated with BET, BJH adsorption and t-plot methods for NP-1, f-NP1, C3-NP1, NP3 and O-NP3. 

 
Material 

NP1 f-NP1 C3-NP1 NP3 O-NP3 

BET Surface Area (m²/g) 380.2 192.1 87.4 450.5 28.9 

BJH Adsorption Average Pore Width (4V/A) (nm) 7.0 10.0 9.6 6.6 10.2 

BJH Adsorption Cumulative Volume of Pores 

Between 1.7 - 300 nm (cm3/g) 
0.746 0.490 0.254 0.835 0.017 

t-Plot Micropore Volume (cm3/g) 0.037 0.000 0.001 0.043 0.010 

t-Plot Micropore Area (m²/g) 83.6 0.0 3.8 98.8 20.9 

t-Plot Mesopore/Macropore Area (m²/g) 296.6 192.1 83.6 351.7 8.0 

t-Plot Micropore Area Compared to Total Area (%) 22.0 0.0 4.3 21.9 72.4 

 

 

Within the current work, a similar scenario is likely in the case of f-NP1. It is predicted that the 

presence of 4-(trifluoromethyl)phenyl moieties in conjunction with oxygen moieties at the 

edges of sheets and the outer edges of pores, resulted in the blockage of slit pores and in-plane 

pores, as shown in Figure 5.18. This assumption is made on the belief that such sites possess 

an increased number of defects and thus, would be favourable towards 

functionalisation.34,450,451 Furthermore, it is also likely that there is some degree of destruction 

to slit pores, resulting from enhanced alignment of stacks. As outlined in Figure 5.18, nitrogen 

adsorbate molecules are only granted access to slit pores and in-plane pores in the absence of 

additional functionality. 
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Figure 5.18 A proposed diagram depicting the accessibility of (a) slit pores and (b) in-plane pores to nitrogen adsorbate 

molecules (represented by blue spheres) dependent on whether 4-(trifluoromethyl)phenyl) moieties and additional oxygen 

functionality are present. (a) depicts an accessible slit pore to adsorbate within NP1 (left) and an inaccessible slit pore to 

adsorbate within f-NP1 (right), whilst (b) depicts an accessible in-plane pore to adsorbate within NP1 (left) and an 

inaccessible in-plane pore to adsorbate within f-NP1 (right). Note: The diagram is not drawn to scale. 

 

Like f-NP1, C3-NP1 also exhibited a drastic decrease in micropores as evidenced by t-plot 

analysis. The micropore volume decreased by a factor of approximately 37, relative to its NP 

precursor, thus providing evidence of pore blockage to nitrogen adsorbate molecules. However, 

in contrast to f-NP1, a small proportion of micropores did remain. Whilst oxygen functionality 

introduced through K2S2O8 addition caused inaccessibility to most micropores, it did not 

completely block all micropores and may have only partially blocked others. As a result, the 

contribution of both oxygen functionality and 4-(trifluoromethyl)phenyl moieties was required 

for complete blockage of micropores, as in the case of f-NP1. 

The BET curve associated with O-NP3 is displayed in Figure 5.19 (a) and depicts an isotherm 

with Type IIb characteristics and H3 hysteresis, consistent with that of both NP precursors, f-

NP1 and C3-NP1. Hysteresis of this type is usually associated with plate-like aggregates or 

adsorbents containing slit-like pores. The oxidation process also resulted in a drastic decrease 

in BET surface area (decreasing from 450.5 to 28.9 m²/g), which was attributed to the blockage 

and collapsing of pores within O-NP3 (see Table 5.6 and Figure 5.19 (a)) This BET surface 

area value is very similar to that of graphite oxide, synthesised via an improved Hummers 
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method, indicating the presence of a heavily stacked material within O-NP3.452 Previous 

reported investigations have also observed a severe reduction in surface area upon oxidation. 

For example, Külaots found that modified Hummers’ oxidation of multilayer graphene material 

resulted in the formation of a low surface area GO film.253 The surface area loss was attributed 

to restacking of sheets during the drying process, such that GO sheets tended to accumulate on 

the surfaces of water droplets and collapse due to capillary forces upon solvent evaporation.453 

Similarly, López-Garzón investigated the oxidation of glassy carbon via plasma treatment and 

found that the oxidised material possessed a substantially reduced surface area.424 Similar to 

the proposed explanation within Figure 5.18, the authors proposed that the surface area 

reduction resulted from a loss of micropores due to attachment of oxygen functionality around 

the pore entrances.  

Within O-NP3, there was a substantial decrease in the BJH adsorption cumulative volume of 

pores between 1.7 - 300 nm (cm3/g), compared with the untreated precursor, decreasing from 

0.835 to 0.017 cm3/g for NP3 and O-NP3, respectively (Table 5.6). Much of the BET surface 

area of NP3 originates from external surface, incorporating both mesopores and macropores, 

contributing a t-plot external area of 351.7 m²/g. In contrast, its oxidised counterpart accounts 

for only 8.0 m²/g of this area. This is consistent with a significant reduction of mesopores and 

macropores within the material. Contrarily to the previous materials, it is suggested that the 

oxidation process results in pore blockage effects, as well as the destruction of many slit pores 

due to enhanced alignment of stacks, causing them to aggregate. This aggregation is also 

observed by SEM imaging, as outlined further on in the text. It is likely that oxygen 

functionality becomes introduced to the edges and basal planes of many graphitic layers. The 

oxidation preferentially occurs at defective areas, such as multivacancy sites on the basal 

planes, due to their higher reactivity.450 As such, many pores become obstructed by oxygen 

functionality, leading to the loss of many mesopores and macropores. It is noticeable that the 

shape of the BJH plot remains similar for O-NP3 and NP3, suggesting that although the number 

of pores decreases upon oxidation, the PSD does not differ substantially (Figure 5.19 (b)). This 

suggests that the loss in BET surface area was associated with the destruction of slit pores 

consistently over the mesoporous and macroporous regions. In contrast, however, it was 

observed that the t-plot micropore volume decreased only by a factor of 4.5 (from 0.043 to 

0.010 cm3/g for NP3 and O-NP3, respectively). The extent of this reduction is significantly less 

than that of the previous materials, even though the extent of oxidation increased. In parallel, 

the t-plot micropore area (compared to the total area) increased from 21.9 to 72.4% for NP3 
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and O-NP3 respectively, suggesting that the destruction of micropores was less severe than that 

of the mesopores and macropores. This finding is explained by examining the XRD data below. 

 

 

Figure 5.19 (a) N2 adsorption-desorption isotherms and (b) BJH adsorption data associated with the incremental pore 

volume for NP1, f-NP1, C3-NP1, NP3 and O-NP3. 

 

XRD patterns were obtained for NP3 and O-NP3, to compare the interlayer spacings, as shown 

in Figure 5.20. Within these, a four-lined pattern is observed between 43° and 45°, consistent 

with the 2H stacking of the (100) and (101) planes and the 3R stacking of the (101) and (012) 

planes. In addition, small peaks are also observed at 54.8° and 77.7°, corresponding to graphite 

2H (004) and 3R (006) and 2H and 3R (110) planes, respectively. Furthermore, the XRD 

patterns both consist of a diffraction peak at 26.7°, which resembles the overlapping (002) 2H 

and (003) 3R graphitic planes, corresponding to an interlayer spacing of 0.344 nm. In the case 

of O-NP3, this peak overlaps with a diffraction peak at 23.6°, which indicates the presence of 

crystalline graphitic structure with partial oxidation, typical of that found within rGO 

samples.454 This 2θ value corresponds to an increased interlayer spacing of 0.376 nm, resulting 

from the presence of additional oxygen functionality causing the sheets to widen in 

separations.318 In addition, a peak at 10.9° was also observed within O-NP3, which corresponds 

to a much larger interlayer spacing of 0.814 nm, representing the (001) plane of GO. This is 

commonly observed within GO samples due to the introduction of epoxy, hydroxy and 

carboxyl functionality.318 This increase in oxygen functionality causes the sheets to separate to 

much larger interlayer spacings, exceeding the kinetic diameter of nitrogen adsorbate 
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molecules.251 This widening of these interlayer spacings therefore results in the introduction of 

slit micropores into the structure, similar to those found within rGO samples in previous 

works.455 This explains why the overall reduction of micropores is much lower compared with 

those within the meso- and macro-regions. Figure 5.21 depicts the proposed accessibility of 

nitrogen adsorbate within NP3 and O-NP3. This outlines how adsorbate molecules are able to 

access slit pores and in-plane pores within NP3, however, are unable to access those within the 

oxidised material, due to blockage of pore entrances and the destruction of pores, resulting 

from an enhanced alignment of stacks. Furthermore, the presence of newly formed micropores 

is depicted. Such pores possess widths which correlate to the enlarged interlayer spacings, 

found within XRD data, resulting from the expansion of subsequent layers within a stack. In 

addition, it is also known that GO often contains holes with dimensions of < 5 nm2, which 

originate from the evolution of CO and CO2 gases during the oxidation and exfoliation 

conditions.45 As such, the introduction of some newly formed in-plane pores within O-NP3 is 

also predicted, however, these too may also become blocked by functionality. 

It is interesting to note that in contrast with NP3, there are three distinct interlayer spacings 

within O-NP3. This suggests that the oxidation process does not proceed homogenously 

throughout the sample. Some regions within the sample are unlikely to have become oxidised 

on their basal plane, resembling those possessing interlayer spacings of 0.344 nm. Other 

regions possess a much larger interlayer spacing (0.814 nm), suggesting the existence of 

densely packed regions of oxygen functionality. Meanwhile, other regions resemble a less 

densely oxidised basal plane (correlating with an interlayer spacing of 0.376 nm). It is well 

known that the structure of GO is inhomogeneous in nature, possessing graphic regions and 

areas of high oxidation.45,51 
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Figure 5.20 XRD patterns for NP3 and O-NP3 with peak assignment relating to the widened interlayer spacings due to 

oxidised regions within O-NP3, as well as the 2H and 3R phases. 

 

 

Figure 5.21 A proposed diagram depicting the accessibility of (a) slit pores and (b) in-plane pores to nitrogen adsorbate 

molecules (represented by blue spheres) dependent on whether additional oxygen functionality is present. (a) depicts an 

accessible slit pore to adsorbate within NP3 (left) and many inaccessible slit pores to adsorbate within O-NP3 (right). O-

NP3 also contains some newly formed slit pores due to the enlargement of interlayer spacings. (b) depicts an accessible in-

plane pore to adsorbate within NP3 (left) and an inaccessible in-plane pore to adsorbate within O-NP3 (right). Note: The 

diagram is not drawn to scale. 

 

To explain the absence of newly formed micropores within f-NP1, the XRD patten within 

Figure 4.17 is reflected upon (see Chapter 4 for more details). This pattern exhibits a peak 
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corresponding to the overlapping graphitic 2H (002) and 3R (003) planes, with no peaks present 

at lower 2θ values. As a result, the distance between layers corresponds to 0.334 nm; a distance 

insufficient to allow nitrogen adsorbate access.251–253  Due to this, it is suggested that during 

the functionalisation process, the reagents were unable to intercalate between individual layers 

within a stack and thus, are unlikely to functionalise the in-plane surface. If this had have 

occurred, it would be likely that the functionalisation process would have promoted an 

increased interlayer spacing. Instead, it is proposed that the outer regions of the stacks became 

functionalised at regions where in-plane micropores and other defective sites exist, as well 

upon the edges of individual stacked layers, resulting in overall pore reduction.   

 

 

5.2.3.2 Graphitic Structure Analysis using Raman Spectroscopy 

 

Raman spectroscopy was utilised to analyse the crystallinity of O-NP3 compared with NP3, 

and found that the same characteristic bands corresponding to the G band, D band and 2D 

band were also found within the oxidised material at 1600, 1353 and 2716 cm-1
,
 

respectively (Figure 5.22).305–308,312 Whilst some defects are attributed to vacancies, sp3 

sites and Stone-Wales defects within the structure, originating from the plasma-

exfoliation synthesis process, it is evident that the number of defects is substantially 

larger in O-NP3 than its unoxidised counterpart.95,116–120 It is likely that oxidation upon 

NP3 resulted in the generation of more sp3 centres. As such, successful covalent 

functionalisation is assumed to have taken place between oxygen and the NP3 sheets. 

The intensity ratio between the D band and G band (ID/IG) increased from 0.24 to 0.99.312 

Moreover, the I2D/IG corresponded to 0.44 and 0.30 for NP3 and O-NP3 respectively, 

suggesting that the multilayer structure remains upon oxidation.312 Additionally, the D’ 

and (D + D’) bands at 1600 and 2944 cm-1 respectively, possess an increased intensity, 

indicating the incorporation of more defects.172,310 In the former band, the increased 

intensity results in broadening of the G peak.  
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Figure 5.22 Raman spectra of NP3 and O-NP3 depicting their corresponding ID/IG and I2D/IG ratios. Peak deconvolution 

was performed using OriginPro software to discriminate the D and G bands from overlapping D*, D’’ and D’ bands. 

 

 

 

5.2.3.3 Thermal Decomposition Studies Using TGA 

 

TGA was conducted to understand the thermal decomposition pathways of NP3 and O-

NP3, as shown in Figure 5.23. NP3 shows a gradual mass loss of 13.9%, indicating the 

decomposition of covalently and non-covalently bound oxygen moieties.431,432 O-NP3 

shows a much larger mass loss in comparison, corresponding to a percentage of 51.1% 

up to 770 °C. This mass loss was also assigned to the loss of oxygen functionality. Below 

100 °C, a mass loss of 1% within NP3 and 14% within O-NP3 corresponds to the removal 

of adsorbed water.456 As such, it is suggested that a substantially large amount of 

adsorbed water was present within O-NP3 compared to NP3, consistent with the nature 

of the oxidised material, where additional hydrogen bonding would be expected.457  
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Figure 5.23 TGA curves for NP3 and O-NP3. 

 

 

5.2.3.4 Investigating the Morphology using SEM 

 

SEM images for NP3 and O-NP3 materials are depicted in Figure 5.24 and Figure 5.25, and 

show that oxidation causes a significant increase in aggregation. As such, O-NP3 consists of 

large particles with lengths ranging between 0.3 - 0.7 mm in size. These particles incorporate 

many closely packed aggregates. Since it was found that the BET surface area of this oxidised 

material was small: 28.9 m2/g (Table 5.6), it is believed that the material is well-packed, due 

to enhanced interaction between neighbouring stacks and sheets. In fact, it is well known that 

the oxidation of GBMs promotes agglomeration when in dry state.458 At high magnifications 

(Figure 5.25 (d)), it is observed that the aggregates within O-NP3 appear much smoother in 

texture, and visibly less porous on the meso and macro-scale, compared with that of those of 

its unoxidised counterpart (Figure 5.24 (d)), suggesting that alignment of stacks has taken 

place. This lack of visible porosity is consistent with the BJH data acquired (Figure 5.19 (b)). 

The morphologies of NP1 and f-NP1 are shown in Figure 4.12 and Figure 4.14 respectively, 

within Chapter 4. In this case, the functionalised material also displays a smoother appearance. 

This is likely to be attributed to an increased alignment of stacks. Furthermore, the blocking of 
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macropores is also observed within Figure 4.14 (d), which may contribute to the lower porosity 

and surface area associated with this material. 

 

 

Figure 5.24 SEM images of NP3 at magnifications of (a) 106 x (b) 415 x (c) 2.07 kx and (d) 20.71 kx acquired on SEM 2. 

 

 

Figure 5.25 SEM images of O-NP3 at magnifications of (a) 106 x (b) 415 x (c) 2.08 kx and (d) 20.76 kx acquired on SEM 2. 
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5.2.4 Laponite as a Pillaring Device to Enhance the Surface Area and 

Porosity of O-NP3 

 

In the previous section, it was found that O-NP3 exhibited a drastic decrease in both surface 

area and pore density, upon oxidation. As such, within this section an investigation was 

embarked upon to develop a strategy to increase the surface area of O-NP3. Such a strategy 

aimed to re-introduce slit pores into the heavily aggregated structure. Within this strategy, the 

synthetic silicate clay; laponite, was utilised as a pillaring device, to intercalate and expand slit 

pores within O-NP3. The combination of clays with GBMs has been investigated for various 

applications, by several research groups. Laponite and montmorillonite; another layered 

silicate clay material, have been shown to stabilise graphitic dispersions by preventing 

restacking.459–461 In addition, the combination of clays with graphene/GO have been found to 

exhibit excellent barrier properties,462 fire retardant properties,460 improved mechanical 

properties,463,464 enhanced capacity for dye adsorption465 and enable the formation of 

homogeneous films for energy applications.466 The realisation and application of laponite 

specifically as a pillaring device, however, has yet to be explored within the literature. 

 

 

5.2.4.1 Introducing Laponite and its Surface Area and Porous Structure 

 

Laponite consists of the unit cell depicted in Figure 5.26. The structure entails 6 octahedral 

magnesium ions (Mg2+), which are sandwiched between two layers of 4 tetrahedral silicon 

atoms. 20 oxygen atoms and 4 hydroxyl groups balance these positive charges. The unit cell is 

repeated many times, in two directions, to form structures with a disc-shaped appearance. A 

laponite crystal typically consists of 2000 unit cells. The unit cell would, in theory, have a 

neutral charge, however, the unit cell does not provide a fully accurate description of the 

structure. In reality, some Mg2+ ions are substituted for monovalent, Li+ ions, whilst some 

octahedral sites remain empty, resulting in a composition which typically has the formula: 

Na+
0.7[(Si8Mg5.5Li0.3)O20(OH)4]-

0.7. This has a negative charge of 0.7 per unit cell, which is 

neutralised by sodium ions, Na+, which adsorb onto the surfaces. The unit cells become 

arranged into stacks, referred to as tactoids, which are held via electrostatic interactions through 
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the sharing of Na+ ions within the interlayer regions between adjacent unit cells. Each laponite 

disk is around 25 nm in width and 0.92 nm in thickness.467 Tactoids tend to cluster further into 

aggregates, which typically possess dimensions of < 1 – several hundred µm.468  

 

 

Figure 5.26 Schematic depicting the structure of a laponite unit cell, adapted from previous works469. The stacking of 

individual laponite disks results in the formation of tactoids, which cluster to form aggregates. 

 

To gain an understanding of the surface area and porosity associated with laponite, Initially, 

BET analysis was conducted. The subsequent N2 adsorption-desorption isotherm exhibited 

Type IVb character with H2(b) hysteresis, according to IUPAC recommendations and 

refinement by Rouquerol and co-workers, as shown in Figure 5.27 (a).351,470,471 This isotherm 

type is characterised by its broad loop where the desorption branch is much steeper than the 

adsorption branch. A characteristic plateau of gas uptake also occurs at high P/P0, unlike NPs. 

This indicates complete mesopore filling, consistent with the presence of pores within the 

microporous and mesoporous regions and an absence of macropores. Meanwhile, the hysteresis 

type signifies the presence of a complex porous structure made up of interconnected networks 

of pores of different sizes and shapes. In dry state, laponite powder comprises aggregates 

containing tactoids. These tactoids contain stacks of laponite disks with sodium ions occupying 



191 

 

the interlayer regions. The disks within the tactoid are held via long-range attractive forces. 

Between subsequent disks exists an interlayer spacing of approximately 0.26 nm.472 Since this 

width is smaller than the kinetic diameter of nitrogen adsorbate molecules, these spacings do 

not contribute to surface area and porous data. Instead, the data originates from pores between 

particles themselves, resulting in interparticle pores and slit pores, very similar to that of NP 

materials. The BJH plot of the material is shown within Figure 5.27 (b). Here, it is observed 

that pores within laponite generally adsopt a PSD between 1.7 – 14 nm according to the data. 

 

 

Figure 5.27 (a) N2 adsorption-desorption isotherm and (b) BJH adsorption data associated with the incremental pore 

volume for laponite, where the inset provides a magnified region of pore widths between 1.7 and 20 nm. 

 

The contribution of interlayer pores and interparticle pores results in an overall BET surface 

area of 319.4 m2/g. Within the t-plot data, shown in Table 5.7, it is observed that the micropore 

area constitutes 21.2% of the total surface area, whilst the remaining surface area correlates to 

that of mesopores, since macropore presence is negligible. The micropores and mesopores 

within laponite result in a BJH adsorption cumulative volume of pores between 1.7 – 300 nm 

of 0.295 cm3/g. The material possesses an average pore size of 2.8 nm, according to the BJH 

adsorption branch. 
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5.2.4.2 Laponite as a Non-Covalent Pillaring Device 

 

To implement laponite as a pillaring device to O-NP3, its addition was initially conducted 

through a non-covalent means. This involved mixing laponite and O-NP3 via ultrasonic bath 

sonication in aqueous solution, to integrate the clay between the slit pores of the oxidised 

material as it swelled in water. The composition of laponite was varied as a percentage, and the 

subsequent O-NP3/laponite mixtures were dried to form composite structures. These O-

NP3/laponite composites were then analysed using BET, BJH, t-plot and SEM techniques. 

Initially the surface area and porosity were studied for O-NP3/laponite composites, as depicted 

in Figure 5.28 and Table 5.7. Meanwhile, it was important that controls were carried out to 

enable effective comparison. In this regard, O-NP3 and laponite were also subjected to 

ultrasonic bath treatment in aqueous solution independently, consistent with the conditions 

used within the composite material synthesis. Upon drying, these treated counterparts were 

denoted “O-NP3 control” and “laponite control”, respectively, and their results were also 

incorporated into Figure 5.28 and Table 5.7. O-NP3 control underwent a decrease in surface 

area from 28.9 to 12.1 m2/g. This was accompanied by a large decrease in the t-plot micropore 

area from 20.9 to 1.9 m2/g. Interestingly, the t-plot mesopore/macropore area underwent a 

slight increase from 8.0 to 10.2 m2/g. As such, this demonstrates that the enhanced oxygen 

functionality results in the alignment of layers during the drying process of O-NP3 control, 

causing destruction of many slit pores.253,473 The remaining porosity (mostly within the 

mesoporous region) is likely to originate from spatially irregular packing.253 The largest pore 

width corresponds to 154.0 and 136.7 nm for O-NP3 and O-NP3 control, respectively. This 

coincides with the theory that the layers and stacks become aligned during the drying process. 

Subjection of laponite to ultrasonic bath treatment was also associated with a reduction of the 

BET surface area (decreasing from 319.4 to 259.1 m2/g), as shown by results for laponite 

control in Table 5.7. This reduction was associated with a large decrease in the t-plot 

mesopore/macropore from 251.5 m2/g to 131.6 m2/g. Interestingly, an increase in the t-plot 

micropore area was observed from 67.9 m2/g to 127.5 m2/g, which is attributed to the re-

orientation of laponite tactoids during the drying process. Since the ultrasonic bath treatment 

takes place within aqueous media, the laponite disks undergo a gelification process, resulting 

from face-edge attractions, and thereby form a “house-of-cards” structure.474,475 The laponite 

control was then dried, resulting in restacking of laponite disks to form tactoids. As such, it is 

likely that these disks aggregate to a greater extent, forming a more efficient packing 
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arrangement than that of its untreated counterpart. In turn, less surface area is available to 

nitrogen adsorbate molecules, however, more small pores within the microporous region are 

introduced within the regions between neighbouring tactoids. It is therefore evident that this 

dispersion/drying process has some effect on the arrangement and ordering of these tactoids 

within the laponite powder. The largest pore width associated with laponite and laponite control 

is 14 nm.6  

For the O-NP3/laponite composites, it was observed that upon addition of laponite to O-NP3, 

the BET surface area increased. This was expected since the surface area of laponite exceeds 

that of O-NP3. Furthermore, O-NP3/laponite composites did not incorporate any larger slit 

macropores into O-NP3 upon laponite addition (see Figure 5.28 (b) and Table 5.7). As such it 

seems that laponite does not effectively act as a pillaring device to widen the slit pores within 

the material. This was concluded through observation of the BJH adsorption largest pore width, 

within Table 5.7. Whilst the largest pore within O-NP3 corresponds to 154.0 nm, laponite 

addition results in an overall reduction in the largest slit pores. The largest pore present within 

O-NP3/laponite composites corresponds to that containing 20 wt.% laponite addition, 

exhibiting a value of only 138.5 nm for the largest pore size. To explain this insufficient 

pillaring, it is believed that laponite integrates between stacks, and the enhanced interaction 

between positive edges of laponite disks and negative O-NP3 oxygen functionality results in 

narrowing of the slit pores. 

O-NP3/laponite composites did not follow a straightforward pattern dependent on the 

percentage addition. It was predicted that as the percentage laponite addition increased, the 

BJH adsorption cumulative surface areas of pores between 1.7 - 300 nm and t-plot micropore 

area and volume would also increase. It was found that the t-plot micropore area increased 

upon addition of laponite from 4.8 to 15.2 to 23.4 m2/g for 6, 11 and 20 wt.% laponite addition, 

respectively. Similarly, the t-plot micropore volume increased as the % laponite addition 

increased. In contrast, the BJH adsorption cumulative surface areas of pores between 1.7 - 300 

nm decreased and increased from 3.0 to 1.6 to 39.8 m2/g for 6, 11 and 20% respectively, which 

contrasts with the expected finding. Since only three O-NP3/laponite composites were 

synthesised, containing three different wt.% addition of laponite, it is recognised that better 

conclusions could be made between the relationship of BET surface area and pore composition 

if more composites with different weight atomic percentages were synthesised. Unfortunately, 

 
6 A very small quantity of pores (< 5.955 x 10-4 cm3/g) are found to possess sizes on the macro-scale (up to 142.3 nm), 

however, within the context of this work, these are considered negligible. 
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the data from the three composites suggests that no larger slit pores were generated into the 

composites, suggesting that the presence of laponite within the slit pores of O-NP3 stacks was 

not causing pillared expansion.  

 

Figure 5.28 (a) N2 adsorption-desorption isotherms and (b) BJH adsorption data associated with the incremental pore 

volume for O-NP3, laponite, controls, and O-NP3/laponite composites containing 6 wt.%, 11 wt.% and 20 wt.% laponite 

addition. 

 

Table 5.7 Data associated with BET, BJH adsorption and t-plot methods for O-NP3, laponite, controls and O-NP3/laponite 

composites containing 6 wt.%, 11 wt.% and 20 wt.% laponite addition. 

 

 

 

Material 

O-NP3 
O-NP3 

Control 
Laponite 

Laponite 

Control 

O-NP3 /Laponite Composites (wt.% laponite 

addition) 

6 wt.% 11 wt.% 20 wt.% 

BET Surface Area (m²/g) 28.9 12.1 319.4 259.1 11.4 21.9 79.1 

BJH Adsorption 

Cumulative Volume of 

Pores Between 1.7 - 300 

nm (cm3/g) 

0.017 0.058 0.295 0.064 0.016 0.005 0.045 

BJH Adsorption Average 

Pore Width (4V/A) (nm) 
10.2 18.7 2.8 2.6 21.5 50.4 3.2 

BJH Adsorption Largest 

Pore Width (4V/A) (nm) 
154.0 136.7 14.0 14.0 124.4 115.2 138.5 

t-Plot Micropore Volume 

(cm3/g) 
0.010 0.001 0.029 0.057 0.002 0.007 0.010 

t-Plot Micropore Area 

(m²/g) 
20.9 1.9 67.9 127.5 4.8 15.2 23.4 

t-Plot 

Mesopore/Macropore 

Area (m²/g) 

8.0 10.2 251.5 131.6 6.7 6.8 55.7 

t-Plot Micropore Area 

Compared to Total Area 

(%) 

72.4 15.9 21.2 49.2 41.7 69.2 29.7 
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5.2.4.2.1 SEM Imaging of O-NP3/Laponite Non-Covalent Composites 

 

As previously described earlier on in the text, O-NP3 consists of large particles of 0.3 - 0.7 

mm in size. Subjection of O-NP3 to sonication (O-NP3 control) results in the breakage of these 

particles into slightly smaller particles of 0.25 mm – 1 µm in size. At high magnification 

(Figure 5.29 (b) (ii) and (iv)), it is observed that the morphology of the clustered aggregates 

within the particles remains similar to that of O-NP3. 

SEM imaging of laponite shows that the clay consists of particles of non-uniform size and 

distribution as shown in Figure 5.29 (c). Although not visible within the current imaging, single 

laponite disks of diameter ca. 25 nm2 have been recognised in previous works.476 These disks 

align to form tactoids, which cluster and accumulate to form particles, which range in size 

between < 1 to 300 µm, in the current sample. These particles possess irregular shapes and 

smooth surfaces, where the latter of these properties relates to the ordered structure of the 

material, which exists due to edge-to-edge and face-to-face interactions.477 Subjection of 

laponite to sonication (laponite control) shows that the particles become broken, similar to that 

of O-NP3 control. At higher magnifications, however, (Figure 5.29 (d) (iii) and (iv)), the 

morphology remains unchanged. 

The O-NP3/laponite composites possess morphological features of both O-NP3 and laponite. 

Particles range in size between 800 to < 50 µm and exhibit plate-like morphology, with sharp 

edges. Moreover, the particles possess both smooth and rough regions. In general, the outer 

edges of the particles are smooth, indicating the presence of laponite around the edges, whilst 

inner regions and edges are typically rougher, resembling that of O-NP3. In the former case, it 

is believed that in dispersion, laponite disks, possessing positively charged edges and 

negatively charged faces would become electrostatically attracted to the negatively charged 

oxidised O-NP3 material. As such it is likely that upon drying, the laponite material 

encapsulates O-NP3 to form these smooth regions of laponite aggregates over the surface of 

O-NP3. This suggests a relatively strong non-bonding interaction exists between O-NP3 and 

laponite. 
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Figure 5.29 SEM images of (a) O-NP3 (b) O-NP3 control (c) laponite (d) laponite control and O-NP3/laponite composites 

consisting of (e) 6 wt.% laponite (f) 11 wt.% laponite and (g) 20 wt.% laponite with magnifications of (i) 208 x (106 x for O-

NP3) (ii) 415 x (iii) 2.08 kx and (iv) 20.76 kx acquired on SEM 2. 
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5.2.4.2.2 Predicting the Structure of O-NP3/Laponite Composites 

 

Figure 5.30 compares the hypothesised pillaring structure of O-NP3/laponite composites with 

the proposed structure, based on experimental evidence. It was initially envisioned that the 

presence of laponite within O-NP3, would open the collapsed slit pores within the structure, as 

shown in Figure 5.30 (d). In contrast, however, surface area and porosity data (Figure 5.28 and 

Table 5.7) suggested that the composites displayed a relatively small surface area which did 

not reflect any pillaring type mechanism. As such, the composites were likely to contain a 

mixture of densely packed O-NP3 and laponite moieties (Figure 5.30 (e)). These findings are 

believed to be attributed to the blockage of many O-NP3’s slit pores due to laponite occupancy, 

whilst simultaneously promoting inaccessibility to laponite’s porous structure. This densely 

packed composite is therefore unlikely to allow access to nitrogen adsorbate molecules within 

much of its structure.  

The entry of laponite into the structure of O-NP3, and structure of the overall composite is 

explained in the context of work carried out by Joshi and co-workers.468,478,479 In dry state, 

laponite aggregates range in size between < 1 to 300 µm and hence, are too large to enter the 

interlayer spacings of O-NP3 (Figure 5.30 (a)). In aqueous solution, however, water is able to 

enter the interlayer regions and solvate the sodium ions, rendering a permanent negative charge 

on the faces of the disks (Figure 5.30 (b)). This causes the distance between the disks to 

increase, due to inter-face repulsion, and the laponite undergoes swelling. Meanwhile, the 

edges of the laponite disks (specifically the middle octahedral layer) containing broken crystals 

of MgO and MgOH, exhibit positive charges.479 As swelling continues, delamination of 

tactoids occurs, and these delaminated disks undergo thermal motion within the aqueous 

media.478 The continuation of delamination, and the result of the opposing charges of the faces 

and edges of laponite disks, results in an edge-to-face interaction between disks and exfoliated 

tactoids, which overcome the initial repulsive energy barrier.479 This results in the formation 

of clusters, which possess a “house-of-cards” structure. Some laponite tactoids become well-

exfoliated, whilst other tactoids may not undergo complete delamination.468 In both cases, there 

is an expansion of space in which the laponite disks occupy.  

Moreover it is believed that O-NP3 undergoes swelling in aqueous solution, enabling 

expansion of the lattice to introduce permeation channels for the laponite dispersion.480 As 

such, it is believed that the “house-of-cards” structure of laponite takes place both around, and 
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within the slit pores of O-NP3, as shown in Figure 5.30 (c). As such, this laponite forces the 

layers to expand further, acting as pillars within the aqueous dispersion. It is believed that the 

positive edges of the laponite disks interact with the negative functionality upon O-NP3.  

Upon drying at 85 °C, under vacuum, the removal of water causes the delaminated laponite 

disks to re-stack, forming tactoids and aggregates. In such a case, many tactoids and aggregates 

now occupy slit pores of the oxidised material, probably filling the slit pore (Figure 5.30 (e)). 

During the initial hypothesis, it was believed that aggregates would pillar the layers (Figure 

5.30 (d)), however, experimental evidence suggested that the laponite occupies the entirety of 

the pore instead, forming interactions with O-NP3. As such, access to nitrogen adsorbate 

molecules is denied into many of O-NP3’s slit pores and within much of the laponite structure 

itself. 

In parallel, some laponite disks may not enter the pores and remain around the edges of the 

pores, thus, nitrogen adsorbate molecules can freely access their porous network. An increase 

in BET surface area was found to be associated with the O-NP3/laponite containing the most 

laponite (20 wt.% addition), suggesting that the increased surface area was associated with 

non-integrated laponite around the edges of the composite. SEM imaging also revealed 

evidence of laponite around the edges of the material.  
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Figure 5.30 A proposed mechanism for the synthesis of the idealised pillaring structure; (d) and proposed structure based 

on experimental evidence; (e) associated with O-NP3/laponite composites. (a) depicts the structure of laponite within slit 

pores of O-NP3 and (c) depicts the entry of laponite into slit pores within aqueous media, resulting in widening of slit pores 

through the formation of a “house-of-cards” structure (shown within the inset (b)). Blue spheres represent nitrogen 

adsorbate molecules. 

 

In summary, it was believed that the presence of oxygen functionality within O-NP3 was the 

primary cause of enhanced interaction with laponite edges, resulting in a densely packed 

composite with no enhanced surface area. As such, this non-covalent pillaring strategy was 

also investigated through the addition of laponite to the less oxidised material; NP4, to 

synthesise NP4/laponite composites. It was observed that this laponite addition resulted in 

expansion of some stacks, as well as the introduction of larger slit pores within the macroporous 

regions. There was, however, no significant increase in surface area values associated with 

these composites, thus, these were not investigated further. Since it was concluded that laponite 

did not effectively pillar the structure of O-NP3 to introduce slit pores and thus, did not enhance 

the surface area, it was suggested that laponite addition through a covalent means would prove 
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advantageous in providing a more well-defined, pillaring scaffold. This covalent strategy found 

more success and is described within the next section. 

 

 

5.2.4.3 Laponite as a Covalent Pillaring Device 

 

Since the previous section found that non-covalent laponite addition did not successfully 

introduce new slit pores to O-NP3 to create a high surface area material, attention was directed 

towards a modified functionalisation strategy. In this section, a covalent laponite functionalised 

O-NP3 composite was synthesised, and the subsequent surface area and porosity were studied. 

 

 

5.2.4.3.1 Attachment of Laponite to O-NP3 

 

O-NP3 was covalently bound to laponite through a two-step approach, as shown in Scheme 

5.2. To facilitate covalent attachment between laponite and O-NP3, laponite was initially 

functionalised with primary amine moieties, to enable its coupling with carboxylic acid 

functionality on O-NP3’s surface. In this regard, laponite was functionalised with 

aminopropyltriethoxy silane (APTES), a commercialy utilised silane coupling agent. This 

reaction is depicted within Scheme 5.2 (i), and involved a condensation reaction with surface 

silanol groups, present at broken edges, through the removal of ethanol. Previous investigations 

have found that APTES is able to functionalise silica and TiO2 surfaces through a similar 

condensation reaction.390,481–483 For the initial functionalisation, the protocol by Mathias was 

followed.390 The product of (i) was the APTES functionalised laponite, containing terminal 

amine moieties, denoted f-laponite. Evidence of this species was found using solid-state NMR 

(13C and 29Si), FT-IR and XPS and supported by TGA, XRD and Raman spectroscopy. (ii) 

(Scheme 5.2) then involved the reaction of f-laponite with O-NP3, using the coupling reagent 

dicyclohexylcarbodiimide (DCC) to form f-NP3. DCC is renowned for its ability to couple 

amines with carboxylic acid functionality, to form the subsequent amide and the by-product 

dicyclohexylurea (DCU).484 This by-product is usually insoluble in the reaction solvent, 
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therefore, is typically removed from soluble products via filtration. These steps enabled the 

reaction between the terminal primary amine of f-laponite and carboxylic acid functionality on 

O-NP3, to take place. 

 

 

Scheme 5.2 Schematic representation of the synthesis of f-laponite (i) and its attachment to O-NP3 (ii) to synthesise f-NP3. 

 

 

5.2.4.3.2 Characterisation 

 

 

5.2.4.3.2.1 NMR Analysis 

 

Solid-state NMR spectroscopy was employed to investigate the 13C and 29Si environments 

within O-NP3, f-laponite and f-NP3. In addition, APTES was also analysed via solution state 

NMR to aid comparison with APTES functionalised materials. The corresponding 1H,13C and  

29Si spectra are depicted within Figure 5.31 (a) - (i) respectively and the 1H and 13C 

environments are assigned by labels a - f and a - e within both spectra, to the APTES 

molecular structure. Five peaks were observed within the 1H spectra, possessing an appoximate 

ratio of 6:2:2:10:2, consistent with the number of protons in each environment. The 13C spectra 

also possessed five peaks, with an approximate ratio of 3:1:1:3:1, consistent with the number 
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of 13C environments. Furthermore, the peak at −44.99 ppm within the 29Si spectrum 

corresponds to silicon within the triethyoxy silane environment.  

Within the 29Si NMR spectra of laponite, two resonances were present at -95.03 and -85.38 

ppm (Figure 5.31 (d)). These peaks can be assigned according to the various denotations, 

depending on how the silicon is bonded to oxygen. These denotations correspond to Qn, Tn, Dn 

or Mn, where the letter correlates to the number of oxygen atoms the silicon is bonded to: Q = 

4, T = 3, D = 2 and M = 1 and n correlates to the number of oxygen atoms which are further 

bonded to a silicon atom.485,486 The Qn and Tn denotations are outlined in more detail in Figure 

5.32. 
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Figure 5.31 NMR studies including solution state spectra; (a) 1H (b) 13C and (c) 29Si for APTES, and solid-state spectra; (d) 

29Si for laponite (e) 29Si for f-laponite (f) 13C for f-laponite (g) 13C for O-NP3 (h) 13C for f-NP3 and (i) 29Si for f-NP3. 1H and 

13C environments on APTES are annotated on (a), (b), (f) and (h), whilst the T and Q 29Si environments are depicted on (d), 

(e) and (i). Peaks relating to sodium acetate impurity on (f) are assigned with an *. 

 

 

Figure 5.32 The assignment of silanes with various denotations, where Q represents a silicon atom bonded to four oxygen 

atoms and T represents a silicon atom bonded to three oxygen atoms. The superscript integer represents the number of 

oxygen atoms bonded to a further silicon atom and R represents a variable group485,486. 
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By comparison with the literature, it can rationalised that the peak at -95.03 ppm relates to Q3 

trioxo silicon, where each silicon atom is bonded to four oxygen atoms, and three of these 

oxygen atoms are further bonded to silicon atoms. The peak at -85.38 ppm, corresponds to Q2 

sites at silicate sheet edges originating from isolated silanol groups. In these groups, each 

silicon atom is bonded to four oxygen atoms, and two of these oxygen atoms are further bonded 

to silicon atoms.487 These environments are outlined within Figure 5.33 (a). 

 

 

Figure 5.33 Structure and magnified regions of (a) laponite depicting the Q2 and Q3 environments (highlighted by red and 

green circles respectively) and (b) f-laponite depicting Q2, Q3, T2 and T3 environments (highlighted by red, green, blue and 

purple circles respectively). Black spheres within the structure of f-laponite represent sodium acetate impurity and 

decomposed silica. 
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NMR analysis of f-laponite, revealed changes within the 29Si NMR spectra (Figure 5.31 (e)). 

Most noticeably, the appearance of two new peaks at -67.55 and -58.59 ppm were observed, 

which relate to the T3 peaks and T2 respectively.488 As such, it can be concluded that the 

introduction of APTES has resulted in the presence of [RSi*(OMg)(OSi)2] (T3) and 

[RSi*(OMg)(OSi)-(Et)] (T2) type environments, where R is the rest of the APTES chain. 

These peaks relate to APTES moieties where the three ethoxy groups become condensed (T3) 

and only two ethoxy groups have condensed (T2), as shown in Figure 5.33 (b). It is likely that 

these APTES moieties reacted at not only defective silanol sites on the outer edges of laponite, 

but also underwent self-polymerisation via condensation reactions with already attached 

APTES moieties. Furthermore, it may also be possible that the APTES moieties reacted with 

silanol groups within the laponite structure itself, resulting in the disruption to the “silica” like 

structure, and promoting a degree of decomposition within the structure. Additional peaks are 

also present within the 29Si spectra at -101.21 and -110.25 ppm. The latter of these peaks has 

been observed within previous work, and was attributed to the [Si*(OSi)4] (Q
4) functionality 

associated with silicon in quartz.489 The former peak resembles silicon atoms within 

[Si*(OSi)3(OH)] (Q3) type environments.490 Furthermore, the original Q3 and Q2 peaks, relating 

to the laponite structure, were observed at -85.62 and -95.09 ppm. The combination of the 

newly formed T3 and T2 peaks in conjunction with the Q3 and Q2 peaks has been recognised 

upon functionalisation of clays and silica using various silanising reagents.390,488–493  

The subsequent 13C spectra of the material (Figure 5.31 (f)) contained various peaks including 

11.9, 23.5 and 43.2 ppm, which relate to carbons A, B and C respectively from APTES. An 

absence of 13C peaks associated with carbons D and E from APTES, suggests that condensation 

occurs successfully between laponite and APTES. Additional peaks between 172.00 - 187.18, 

25.79 and 27.59 ppm were also observed, corresponding to the carbonyl and methyl 

environments within acetate, likely to originate from primarily sodium acetate, in accordance 

with XPS and FT-IR data (vide infra).494 It is likely that such species become well intercalated 

between laponite layers during synthesis, however, it is unlikely to be bound to any acidic NH3
+ 

groups of APTES functionality, since a base work-up was carried out to neutralise any 

remaining acetic acid and to deprotonate any acidic protons. Acetate proved very difficult to 

remove even after repeated 60% methanol in water washes, as described within the work 

followed.390 Furthermore, the washing produce was also difficult due to the ability of laponite 

to gelate during redispersion/sedimentation.  
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Analysis of the 13C NMR spectrum associated with O-NP3 depicts the presence of three peaks 

corresponding to approximately 60, 124.6 and 168.8 ppm (Figure 5.31 (g)). The former, broad, 

low intensity peak indicates the presence of epoxide and hydroxyl groups.55 The latter two 

peaks correspond to unoxidised sp2 carbons of the graphitic network and carbonyl 

functionality, respectively.495  

The corresponding f-NP3 13C NMR spectrum possesses five peaks at 175.2, 124.7, 44.1, 24.7 

and 12.1 ppm (Figure 5.31 (h)). The latter three peaks related to carbons C, B and A 

respectively, within the APTES functionality, indicating the presence of f-laponite. The broad 

peak at 124.7 ppm corresponds to un-oxidised sp2 carbons within the graphitic network, similar 

to that of O-NP3. Furthermore, the low intensity peak at 175.2 ppm corresponds to carbonyl 

functionality, consistent with oxygen functionality on the graphitic surface. The existence of 

acetate was no longer observed within the 13C spectrum, and XPS data indicated the presence 

of much smaller quantities compared with that of f-laponite (vide infra), suggesting that the 

functionalisation process, shown within Scheme 5.2 (ii), was adequate in aiding its removal. In 

addition, the 29Si spectrum for f-NP3 possesses a peak at -66.89 ppm, analogous of silicon 

within the Si-O-Si polymeric chain environment, consistent with the spectrum obtained for f-

laponite (Figure 5.31 (i)).496 This was much broader than that of f-laponite due very short 

relaxation times originating from the strong couplings between the nuclei and the unpaired 

electrons within graphitic material.497 

 

 

5.2.4.3.2.2 XPS Analysis 

 

XPS was utilised to investigate the surface elemental composition of NP3, O-NP3, laponite, f-

laponite and f-NP3. The quantitative data and XPS spectra are provided in Tables 5.5, 5.8 and 

5.9 and Figures 5.16, 5.17, 5.34, 5.35 and 5.36. NP3 was found to possess carbon and oxygen 

only, with corresponding compositions of 94.2 and 5.9 at.%, respectively. The deconvoluted 

high-resolution C 1s spectrum (Figure 5.16 (b)) contains several carbon environments 

corresponding to sp2 (284.3 eV), sp3 (284.8 eV), C-O (286.6 eV), O-C=O/C=O (288.7 eV), 

π-π* (290.7 and 294.0 eV). The incorporation of oxygen functionalities within NP3 originate 

from the oxygen plasma processing, described within Chapter 3. The O 1s spectra (Figure 5.16 
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(c)) depicts four peaks at 531.9 eV, 533.2 eV, 535.6 eV and 538.0 eV, which correspond to the 

C=O, C-O-C, C-OH and the O 1s satellite structure, respectively. XPS analysis of O-NP3 

reveals a large increase in oxygen functionality, consistent with the oxidation method used 

(Scheme 5.1). O-NP3 contains a total of 23.8 at.% oxygen in the form of hydroxyl, epoxide, 

carbonyl and carboxyl moieties, as evidenced by the O 1s peak at 532.6 eV (Figure 5.17 (c)). 

As expected, the carbon atomic composition reduced to 73.2 at.%. Moreover, the concentration 

of sp2 carbon also decreased from 62.7 to 40.3 at.% consistent with the change in hybridisation 

of the carbon atoms upon covalent bond formation. In parallel, the π-π* satellite structures at 

291.1 and 293.8 eV also decreased, further supporting the fact that there was a decline in π 

bonding. Silicon and sulfur were also detected in trace amounts, as evidenced by the Si and S 

2p peaks, at 103.4 eV/101.8 eV and 168.5 eV, respectively (Figure 5.17 (d) and (e)). 

 

Table 5.8 XPS quantitative element composition data for NP3, O-NP3, laponite, f-laponite and f-NP3. 

Orbital 
Atomic Concentration (%) 

NP3 O-NP3 Laponite f-laponite f-NP3 

C 1s 94.2 73.2 6.3 45.5 64.2 

Mg 2p - - 16.2 1.6 1.3 

Na 1s - - 2.5 17.6 1.2 

O 1s 5.9 23.8 52.8 30.9 23.4 

Si 2p - 2.2 20.8 2.8 5.8 

N 1s - - - 1.6 4.1 

S 2p - 0.8 - - - 

 

 

Table 5.9 XPS quantitative element composition data for the C 1s orbital for NP3, O-NP3 and f-NP3. 

C 1s Orbital 
Atomic Concentration (%) 

NP3 O-NP3 f-NP3 

Sp2 62.7 40.3 21.5 

π-π* 6.8 2.5 1.5 

π-π* 1.2 0.5 - 

C=O (overlaps with O-C=O) (overlaps with O-C=O) 5.0 

C-O 6.0 9.4 10.2 

Sp3 13.4 13.9 23.0 

O-C=O 4.0 6.7 3.1 

 

 

Analysis of laponite reveals the presence of carbon, oxygen, silicon, magnesium and sodium, 

consistent with that of previous work (Figure 5.34 and Table 5.8).498 The origin of carbon is 
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suggested to relate to atmospheric contamination. The deconvoluted C 1s orbital depicts peaks 

at 285.0 , 287.1 and 289.2 eV, which correspond to adventitious carbon (C-C and C-H bonds), 

C-O bonds and carbonate, respectively (Figure 5.34 (b)).499 Oxygen presence is evidenced by 

the binding energy at 532.3 eV, resembling that of single bonded oxygen atoms bonded to 

silicon, comprising a total 52.8 at.% of the material.500 Further binding energies at 103.2, 50.1 

and 1072.9 eV indicate the presence of silicon, magnesium and sodium, with atomic percentage 

compositions of 20.8, 50.1 and 2.5 respectively, as shown in Figure 5.34 (c) - (f). As described 

within the previous section, silicon, holding an oxidation state of +4, is bonded to four oxygen 

atoms, and is located within the tetrahedral sheets of the material. Mg2+ cations reside within 

the octahedral sheets, whilst Na+ ions are situated within the interlayers of the structure. The 

absence of lithium within the structure was attributed to the small cross section (the area at 

which a collision must take place in order for energy transfer to occur) of the XPS instrument. 

This means that it is notoriously difficult to observe lithium under XPS analysis, unless it is 

present in particularly high concentrations.501 

XPS analysis of f-laponite reveals the presence of a peak at 398.9 eV within the N 1s spectrum 

(Figure 5.35 (d)), corresponding to 1.6 at.% nitrogen. This resembles nitrogen within primary 

amine moieties, consistent with those of APTES, indicating successful functionalisation. The 

binding energy associated with the nitrogen within primary amine moieties of 3-

aminopropyltrimethoxysilane functionalised on a silicon (111) surface were also found to 

possess a similar binding energy, equivalent to 399 eV.502 Moreover, the absence of a peak 

corresponding to nitrogen within NH3
+ type functionality provides further evidence that  

protonated amines associated with Si-O- are unlikely to exist, thus, suggesting that covalent 

bonding of APTES originated from condensation of ethoxy moieties, as opposed to ionic 

interactions.503 Analysis of the C 1s spectrum (Figure 5.35 (c)) also reveals a large increase in 

carbon at 284.9 eV, indicating the incorporation of the APTES carbon chain, containing C-C, 

C-N and C-Si, as well as C-O bonds originating from sodium acetate. A further binding 

energy of 288.5 eV was also observed, consistent with the C=O bond within the acetate 

impurity. The deconvoluted O 1s spectrum (Figure 5.35 (d)) also signifies the presence of C=O 

associates with sodium acetate at 531.4 eV, in addition to single bonded oxygen to silicon 

atoms at 530.4 eV. Moreover, the Na 1s spectrum possesses a peak at 1071.4 eV, suggestive 

of Na+ ions bound to oxygen, typical of those within sodium acetate moieties (Figure 5.35 

(e)).325,504 It was also observable that f-laponite contained a considerable decline in the atomic 

concentration of magnesium and silicon (Table 5.8 and Figure 5.35 (f) and (g)). This was 
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explained through consideration of the orientation of APTES moieties. The presence of APTES 

moieties extending out from the surface of laponite results in partial coverage of the clay, 

meaning magnesium and silicon reside much deeper into the sample, and thus, would be 

detected to a lesser extent.322 It was also observed that the Si 2p peak also shifted towards a 

slightly lower binding energy value from 103.2 eV in laponite to 102.1 eV in the f-laponite. 

This implies a change to the silicon environment, consistent with NMR analysis. It is believed 

that silicon atoms bonded to four oxygen atoms, such as that of laponite, would possess a higher 

binding energy than those bonded to only three oxygen atoms, such as that of f-laponite. An 

increase in electronegative atoms such as oxygen would indeed mean that the removal of an 

electron from that atom would be more difficult, since more electron density is pulled away 

from that atom. 

XPS analysis of f-NP3 reveals the presence of nitrogen, carbon, oxygen, magnesium, sodium 

and silicon. Nitrogen was evidenced by a peak at binding energy of 400.2 eV, equating to a 

total nitrogen content of 4.1 at.% (Figure 5.36 (d)). A small increase in binding energy relative 

to f-laponite was indicative of the nitrogen within the amide functional group, possessing an 

electronegative oxygen atom within a close proximity to nitrogen. As such, electron density is 

withdrawn away from nitrogen, thus, inducing an increased binding energy.505 f-NP3 consists 

of a substantial increase in carbon relative to f-laponite (Figure 5.36 (b)). This carbon originates 

from the carbon network within O-NP3, in conjunction with APTES functional groups. More 

specifically, a large increase in sp3 carbon compared with sp2 is consistent with the addition of 

the APTES aliphatic carbon chain. Furthermore, the presence of carbon within the amide 

functional group (N-C=O) is likely to overlap with that of C=O of the graphitic network, whilst 

the C-N peak probably overlaps with the C-O peak. The presence of O-C=O functionality 

was also evidenced by the peak at 288.9 eV, suggesting that some carboxylic acid functional 

groups on the surface of f-NP3 remain unreacted with primary amine groups of f-laponite. 

Oxygen was present with a total atomic percentage composition of 23.4 (Figure 5.36 (c)). The 

O 1s spectra revealed a peak at 102.9 eV, which was deconvoluted into peaks corresponding 

to C=O/Si-O/C-O, C-O-C, C-OH, and O 1s satellite environments. 1.2 at.% sodium was 

also observed within the Na 1s spectrum at a binding energy of 1071.6 eV, corresponding to 

residual sodium acetate (Figure 5.36 (e)). The concentration is drastically reduced compared 

with that of f-laponite, suggesting that the majority of the contaminant was removed upon 

composite synthesis. Its removal may have been assisted by the functionalisation procedure 

causing exfoliation of f-laponite, such that the trapped sodium acetate became freed prior to f-
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NP3 washing. Magnesium and silicon were also observed at binding energies of 50.4 and 102.9 

eV and at.% of 1.3 and 5.8, respectively (Figure 5.36 (f) and (g)). These indicate the presence 

of Mg2+ cations within the octahedral sheets and silicon within the tetrahedral sheets, holding 

a formal charge of +4.  

 

 

Figure 5.34 XPS spectra for laponite including (a) survey spectra (b) deconvoluted C 1s orbital (c) O 1s orbital (d) Si 2p 

orbital (e) Mg 2p orbital and (f) Na 1s orbital. 
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Figure 5.35 XPS spectra of f-laponite including (a) survey spectra (b) C 1s orbital (c) O 1s orbital (Note: the peak at 536.0 

eV within the O 1s spectra of f-laponite relates to the Na Auger peak) (d) N 1s orbital (e) Na 1s orbital (f) Mg 2p orbital and 

(g) Si 2p orbital. 
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Figure 5.36 XPS analysis of f-NP3 including (a) survey spectra (b) deconvoluted C 1s orbital (c) deconvoluted O 1s orbital 

(d) N 1s orbital (e) Na 1s orbital (f) Mg 2p orbital and (g) Si 2p orbital. 

 

 

5.2.4.3.2.3 BET/BJH/t-Plot Analyses 

 

Surface area and porosity analysis was conducted on f-laponite and f-NP3, and the data 

compared with that of O-NP3 and laponite (Table 5.10 and Figure 5.37). The surface area and 

porous structures of the latter two materials are described within Sections 5.2.3 and 5.2.4. 

Initially, f-laponite was analysed, and it was found that in contrast to laponite’s Type IVb 

character with H2 hysteresis, f-laponite possessed a pseudo-type II isotherm with a small H3 

hysteresis, indicating the presence of slit-like particles with non-rigid nature, and non-uniform 
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shape and size (Figure 5.37 (a)).351 The absence of a plateau was one of the most noticeable 

differences between the isotherm of f-laponite compared to laponite, suggesting the occurrence 

of incomplete mesopore filling, resulting in multilayer proceeding until high P/P0, with no 

termination. Quite clearly changes occurred to the porous structure of the newly functionalised 

material. A second difference between laponite and f-laponite relates to the surface area. A 

relatively low BET surface area was associated with f-laponite, reducing from 319.4 m2/g 

within laponite to 0.4 m2/g within the functionalised material (Table 5.10). This reduction was 

associated with a complete loss micropores as confirmed by t-plot data, as well as a substantial 

reduction in t-plot mesopore/macropore area and BJH absorption cumulative volume of pores 

between 1.7 – 300 nm. It is believed that the functionalisation process led to a significant 

blockage of pores. It has been postulated within previous works that the functionalisation 

occurs at the edges of the laponite sheets, therefore, it is assumed that these regions prevent 

access to nitrogen adsorbate molecules.390 In fact, a reduction in surface area has been 

associated with the functionalisation of laponite with alkoxysilanes in previous work.488,491 For 

example, Bourgeat-Lami observed a decrease in surface area upon functionalisation of laponite 

with trifunctional ɣ-methacryloxypropyl trimethoxy silane from 370 m2/g down to 76 m2/g. As 

such, it is believed that in the case of f-laponite, APTES functionality, in conjunction with 

trapped sodium acetate contaminants, blocked passage of nitrogen adsorbate molecules into 

pores, as depicted within Figure 5.38 for f-laponite. Upon functionalisation of O-NP3 with f-

laponite, its surface area increased from 28.9 m2/g and 0.4 m2/g, within the independent 

materials, to 112.6 m2/g within the f-NP3 composite. As such it was evident that new pores had 

been created within the covalently bound composite structure. The BET curve for f-NP3 

displayed pseudo-type II character (Figure 5.38 (a)). Similar to the isotherm of f-laponite, the 

absence of a plateau suggests no indication of complete mesopore filling, suggesting the 

presence of relatively large pores. H3 hysteresis was observed between the adsorption and 

desorption branches between 0.4 – 1.0 P/P0, according to IUPAC classification.351 This 

hysteresis type also indicates the presence of slit-like particles with non-rigid nature and non-

uniform shape and size. The BJH adsorption cumulative volume of pores between 1.7 – 300 

nm is 0.431 cm3/g, suggesting a substantial increase in volume compared with that of the 

individual components of the composite. Similarly, the t-plot mesopore/macropore area 

increased drastically. In contrast, however, the t-plot micropore area and volume equal zero, 

suggesting a lack of pores on the micro-scale. As such, it is concluded that the increase in BET 

surface area was associated with an introduction of pores within the mesoporous and 

macroporous regions. Such pores are believed to result from a pillaring effect between the f-
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laponite tactoids within the O-NP3 stacks and layers, forming a pillared network which acts as 

a scaffold (Figure 5.39). In turn, more surface area is revealed to nitrogen adsorbate molecules. 

 

Table 5.10 BET, BJH adsorption and t-plot data for O-NP3, laponite, f-laponite and f-NP3. 

 
Material 

O-NP3 Laponite f-laponite f-NP3 

BET Surface Area (m²/g) 28.9 319.4 0.4 112.6 

BJH Adsorption Cumulative Volume of 

Pores Between 1.7 – 300 nm (cm3/g) 
0.0167 0.295 0.002 0.431 

BJH Adsorption Average Pore Width 

(4V/A) (nm) 
10.2 2.8 40.0 11.6 

BJH Adsorption Largest Pore Width 

(4V/A) (nm) 
154.0 142.3 122.1 97.5 

t-Plot Micropore Volume (cm3/g) 0.0097 0.029 0.000 0.000 

t-Plot Micropore Area (m²/g) 20.9 67.9 0.0 0.0 

t-Plot Mesopore/Macropore Area (m²/g) 8.0 251.5 0.4 112.6 

t-Plot Micropore Area Compared to 

External (%) 
72.4 21.2 0.0 0.0 

 

 

Figure 5.37 (a) N2 adsorption-desorption isotherms and (b) BJH adsorption data associated with the incremental pore 

volume for O-NP3, laponite, f-laponite and f-NP3. 
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Figure 5.38 Diagram outlining the blockage of pores within a f-laponite cluster due to functionalisation around the edges of 

the laponite disks, as well as the presence of sodium acetate within the pores. Nitrogen adsorbate molecules are shown by 

the diatomic blue spheres, and these are unable to access pores within the laponite cluster. 
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Figure 5.39 Proposed diagram depicting the pillaring effect within f-NP3. f-laponite is bonded to O-NP3 through an amide 

linkage and the pillared structure allows nitrogen adsorbate molecules (each nitrogen atom is denoted as a blue sphere) to 

access slit pores. A side on view of the pillared structure is provided within the inset. Note: the diagram is not drawn to 

scale. 

 

 

5.2.4.3.2.4 FT-IR Analysis 

 

The FT-IR spectra of O-NP3, laponite, f-laponite, APTES and f-NP3 are shown in Figure 5.40. 

The spectra were obtained using the KBr disk technique for NP3 containing samples, to reduce 

noise and achieve more pronounced peaks. The ATR technique was utilised for the remaining 

samples. The FT-IR spectra of NP3 possessed three broad, low intensity peaks at 3206, 1722 

and 1441 cm–1. The former of these was attributed to O–H bend, whilst the peak at 1722 cm–1 



218 

 

was attributed to the C=O stretching vibration, relating to ketones or aldehydes overlapping 

with the bending mode of water molecules.289  Furthermore, the peak at 1441 cm–1 was assigned 

to the O–H deformation vibrations of tertiary C–OH.506 It was observed that O-NP3 also 

possesses few, low intensity peaks. Mostly noticeably, a peak corresponding to the O–H bend 

of adsorbed water; present at 3445 cm–1. A peak corresponding to overlapping C=C and C=O 

stretches can also be observed at 1637 cm–1. In addition, a small peak at 1386 cm–1 is attributed 

to the O-H deformation vibrations of tertiary C-OH moieties. The FT-IR spectra of laponite 

contained four major peaks corresponding to 3409, 1631, 975 and 648 cm–1. The former of 

these is broad and relates to overlapping Si–OH and Mg–OH stretching vibrations, as well as 

the O–H stretching frequency due to physiosorbed water. Peaks at 1631 and 648 cm–1 correlate 

to the O–H deformation band and the O–H bending vibration of adsorbed water, providing 

further evidence of water. The remaining peak at 975 cm–1 represents the Si–O and Si–O–Si 

stretching vibrations.477,507,508 Within the FT-IR spectra of APTES, a peak was observed at 

3382 cm–1 corresponding to the NH2 stretching of primary amines.483 Meanwhile, bands at 

2974, 2927 and 2884 cm–1, correspond to the –CH3, –CH2 and –CH asymmetric stretching 

vibrations respectively.509 –CH3 and –CH2 functional groups also display bending vibrations at 

1390 and 1480 cm–1 respectively.509 Bands at 1295 and 1608 cm–1 were also present within the 

spectrum, relating to the Si-CH3 stretching vibration and the –NH bending vibration of 

amines.509 In addition, intense bands are present between 1166 and 1075 cm–1, which relate to 

Si–O–CH3 and Si–CH2–R vibrational modes.483,509 In comparison with laponite, the FT-IR 

spectra for f-laponite contains some key differences. Most notably was the incorporation of 

sodium acetate into the material, signified by two peaks were at 1573 and 1409 cm–1, which 

correspond to the stretching frequency of the carbonyl group and the CH3 deformation 

respectively.510,511 In addition, strong bands can also be observed between 1119 – 1010 cm–1, 

which correspond to S–CH2–R and Si–O–Si stretches.483,509. Furthermore, peaks at 2996 and 

2939 cm–1 were assigned to the -CH2 and –CH asymmetric stretching vibrations respectively, 

whilst the O–H deformation band and O–H bending vibration of water correlate with the peak 

at 648 cm–1.509 The FT-IR spectra of f-NP3 reveals the presence of a broad peak at 3429 cm–1, 

consistent with the O–H stretch. Various other peaks were also introduced into the spectrum, 

located at 1385, 2925 and 2876 cm-1. These correspond to the C–N stretch of amide 

functionality and –CH2 and –CH asymmetric stretching vibrations respectively, originating 

from the APTES carbon chain.509 Moreover, a peak at 1578 cm–1 was believed to relate to the 

N-H in-plane bend of the amide group.512 This appears to overlap with the C=O/C=C stretches 
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between 1650 – 1578 cm–1. Additional peaks at 1124 and 1050 cm–1 were also observed, 

correlating with Si–CH2–R and Si–O–Si stretches.483,509 

 

 

Figure 5.40 FT-IR spectra of (a) NP3 (b) O-NP3 (c) laponite (d) APTES (e) f-laponite and (f) f-NP3 using KBr transmission 

method analyses for all NP3 containing samples, and the ATR method for APTES, laponite and f-laponite analyses. 

 

 

5.2.4.3.2.5 SEM Analysis 

 

The structure of f-laponite differs quite significantly compared with that of laponite. During 

previous analysis of laponite via SEM imaging (Figure 5.29 (c)), it was observed that the 

particles possessed dimensions of between < 1 to 300 µm. In contrast, the particle sizes within 

f-laponite are typically much smaller, ranging in dimensions between < 1 µm to 100 µm, as 

shown in Figure 5.41. Such a particle size reduction was also found during laponite control, 

where laponite was subjected to sonication (Figure 5.29 (d)). As such, this decrease in particle 

size could be attributed to the mechanical mixing of laponite in dispersion, resulting in the 

fracturing of large particles. Furthermore, a decrease in particle size may also be attributed to 
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the presence of APTES moieties, extending out from the surface of the laponite disks and 

tactoids. These particles appear rougher in texture and drastically much less ordered than that 

of laponite. This indicates a reduction in edge-to-edge and face-to-face interactions between 

laponite disks, creating disordered and less cohesive aggregates, thus reducing their ability to 

form densely packed particles.477 It may, therefore, be expected that a more porous structure 

would be achieved through this functionalisation, however, this does not coincide with 

physisorption data. As such, it is likely that the presence of APTES and sodium acetate 

contaminant result in the blocking of any newly formed porosity. f-NP3 consists of particles 

which are much less aggregated than O-NP3 or f-laponite, possessing dimensions of < 20 µm 

(Figure 5.42). It is believed that the reaction between O-NP3 and f-laponite results in 

destruction of the highly aggregated structure of O-NP3, due to the steric hindrance of f-

laponite moieties within O-NP3 slit pores, revealing the presence of macro- and meso-porosity.  

 

 

Figure 5.41 SEM images of f-laponite at magnifications of (a) 208 x (b) 415 x (c) 2.08 kx and (d) 20.76 kx acquired on SEM 

2. 
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Figure 5.42 SEM images of f-NP3 at magnifications of (a) 208 x (b) 415 x (c) 2.08 kx and (d) 20.76 kx acquired on SEM 2. 

 

 

5.2.4.3.3 Analysis of the Graphitic Structure of f-NP3 using Raman Spectroscopy 
 

The Raman spectrum of f-NP3 is similar to that of NP3 and O-NP3, depicting a D band, G 

band and 2D band at 1353, 1580 and 2702 cm-1 respectively, as shown in Figure 5.43.305–

308,312 In addition, the D’ peak and (D + D’) peaks can also be observed at 1600 and 

2933 cm-1 respectively, where the former band overlaps with that of the G band.172,310 

The ID/IG ratio of f-NP3 equates to 0.99, suggesting a similar number of defects as that 

of O-NP3.312  Since the f-laponite moieties are covalently bonded to an existing carboxylic 

acid functional group, additional defects are not be expected to arise within the material, 

consistent with the findings. Furthermore, an I2D/IG ratio of 0.30 also predicts a multilayered 

structure, consistent with that of NP3 and O-NP3.312  This suggests many graphitic layers 

remained as stacks, indicating that f-laponite moieties do not result in pillaring of individual 
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layers within the stacks themselves, and rather, pillar of the stacks. The Raman spectra of 

laponite and f-laponite (not shown) displayed no Raman peaks. 

 

 

Figure 5.43 Raman spectra of NP3, O-NP3 and f-NP3 depicting their corresponding ID/IG and I2D/IG ratios. Peak 

deconvolution was performed using OriginPro software to discriminate the D and G bands from overlapping D*, D’’ and D’ 

bands. 

 

 

5.2.4.3.4 XRD Analysis 

 

The XRD pattern associated with f-NP3 displayed a strong resemblance to that of NP3 and 

O-NP3, as shown in Figure 5.44, possessing peaks at identical positions of 26.7, 54.8, 

77.7° and peaks in the range 43° – 45° corresponding to the 2H (002)/3R (003), 2H 

(004)/3R (006), 2H (100)/3R (110) and 2H (100)/3R (101)/ 2H (101)/ 3R (012) phases, 
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respectively. More details on these peaks are provided earlier on in the text. There was, 

however, a small shift in the peaks corresponding to the largest interlayer spacings 

within f-NP3. The (001) peak can be observed at 7.3°, corresponding to an interlayer spacing 

of 1.211 nm. Furthermore, the peak at 23.6° within O-NP3 was shifted to 21.7° within f-

NP3, corresponding to an increased interlayer spacing of 0.410 nm. As it was previously 

concluded that not all graphitic planes became oxidised during oxidation of NP3 to O-

NP3, it was expected that many of the graphitic planes would remain within f-NP3, consistent 

with the findings. As such, it is likely that it was the oxidised regions within O-NP3 that 

underwent covalent functionalisation upon synthesis of f-NP3. During this functionalisation, 

an increased interlayer spacing is consistent with the expansion of oxidised layers due to large 

pillaring f-laponite moieties forcing widening of layers.  

 

 

Figure 5.44 XRD patterns of NP3, O-NP3 and f-NP3. 
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5.2.4.3.5 TGA 

 

TGA analysis was conducted to understand the thermal decomposition pathway of NP3, 

O-NP3, laponite, f-laponite and f-NP3, as shown in Figure 5.45. During this analysis, NP3 

underwent a gradual mass loss corresponding to 13.9%, indicative of the decomposition of 

covalently and non-covalently bound oxygen moieties, after being heated to 

temperatures up to 770 °C.431,432 O-NP3 underwent a larger mass loss than NP3, 

corresponding to 51.1% up to these temperature, indicating the presence of a large 

amount of oxygen functionality. Below 100 °C, mass losses of 1% within NP3 and 14% 

within O-NP3 were attributed to the removal of adsorbed water.456 As such, it can be 

concluded that a substantially larger amount of adsorbed water resides within O-NP3 

compared to O-NP3, consistent with the nature of the oxidised material and an increase 

in hydrogen bonding to with the water molecules.457 

Within laponite, a total mass loss of 14.8% was observed. Initially, a rapid mass loss 

occurred, up to 150 °C, which corresponded to the removal of adsorbed water. Between 

200 - 550 °C, additional water occupying the interlayer spacings of the material was 

removed. A final mass loss was also present between 550 to 800 °C corresponding to 

the dehydroxylation of laponite.485  

A much larger mass loss was associated with f-laponite, corresponding to 60.6%. This 

mass loss occurred in two main stages (8% loss between 150 and 210 °C and 40% loss 

between 250 to 450 °C). This increased mass loss was attributed to the decomposition 

of further functionality, consistent with APTES moieties and sodium acetate 

respectively. In the latter species, a similar decomposition pathway was observed 

between 350 and 450 °C within previous work.513 Furthermore, the removal of APTES 

moieties from La0.8Sr0.2MnO3 was also shown to proceed between 150 and 400 °C, 

consistent with the current data.514 It was also observed that a smaller mass loss up to 

150 °C was associated with f-laponite compared with laponite, indicating the presence 

of less adsorbed water. This is consistent with the existence of less Si–O surface groups, 

which bond to water easily. Within f-NP3, a total weight loss of 42.4%, was observed, 

relating to the decomposition of oxygen functionality from O-NP3 and APTES moieties from 

f-laponite. The overall mass loss, however, was much less than that of f-laponite or O-NP3 

alone, indicating an increased thermal stability for the composite structure. This increase in 
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stability is attributed to the composite structure being more tightly held due to covalent 

interaction between f-laponite and O-NP3, which prevent facile loss of APTES moieties upon 

heating. In addition, some oxygen functionality within the O-NP3 structure is likely to be 

“protected” by the presence of f-laponite linkers. This increase in thermal stability was also 

observed within previous works upon composite addition.466 

 

Figure 5.45 TGA curves for NP3, O-NP3, laponite, f-laponite and f-NP3. 

 

 

5.3 Conclusion 

 

This chapter explores the surface area and porosity of NP materials which were found to 

contain extensive slit pores between stacks of orderly aligned layers. These slit pores were 

estimated to range in size between the mesoporous and macroporous regions, possessing 

relatively large average BJH pore width between 6.3 - 10.4 nm. BJH data was applied to 

provide an estimation of these slit pore widths, thereby enabling subsequent estimation of the 

distance between stacks within NP4. Such a methodology coincided with measurements 
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obtained via SEM imaging and AFM and XRD analyses. Upon investigation into the effects of 

oxidation on surface area and porosity, it was determined that oxidation of NP3 via the 

modified Hummers’ method resulted in a substantial reduction in the BET surface area. This 

was attributed to a decrease in porosity available to nitrogen adsorbate molecules, due to 

blockage of slit-like micropores and mesopores. XRD provided evidence of interlayer spacing 

expansion, suggesting that newly formed micropores were created during the oxidation 

process. SEM images showed that oxidation of the material caused considerable aggregation. 

Employing laponite as a covalently attached pillaring device served to introduce further slit 

pores into the structure, to increase the BET surface area. This was found to increase from 28.9 

m2/g in O-NP3 to 112.6 m2/g in f-NP3. Moreover, the novel composite: f-NP3 could serve as 

an advantageous material within composite applications. For example, the addition of high 

surface area NP, with high aspect ratios, to laponite, could enhance the clay’s barrier properties, 

acting as a filler within the interparticle regions.232 Furthermore, the application of laponite 

within surface coatings could be improved through the addition of NP, providing it with 

additional strength and flexibility.463,515 In summary, this chapter enhances the knowledge of 

the porous structure of NPs, identifies a novel application of BJH analysis and distinguishes a 

novel functionalisation strategy to pillar slit pores, to obtain oxidised NP materials with 

enhanced surface areas. 
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6.1 Synopsis 
 

Within this chapter, a novel oleophobic/hydrophilic NP-based composite was developed, 

comprising of NP4, polydiallyldimethylammonium chloride (PDDA) polyelectrolyte and 

sodium perfluorooactanoate (PFO) fluorosurfactant. This unique composite was rendered into 

free-standing films, and also coated upon various substrates including Kevlar, carbon fibre, 

glass fibre, nylon and stainless-steel mesh. Tests were performed on the films and coated 

substrates to assess their ability to retain oil, whilst simultaneously allowing the passive release 

of water. Meanwhile the morphology, structure, and oleophobic/hydrophilic properties 

associated with the films and coated substrates, were investigated. Selected coated substrates 

were then applied as membranes for oil/water separation within the context of oil-spill clean-

up and within aircraft propellant tanks. 

 

 

6.2 Introduction 

 

Oil/water separation is imperative for a number of applications, including oil-spill clean-up, 

anti-fogging films, detergent free-cleaning surfaces, liquid-liquid separation membranes and 

within bearing liners and pressure vessels, to prevent moisture build-up within aircraft 

equipment.516–518 In regard to the former, there are huge economic and environmental impacts 

associated with the spilling of oil in oceans. The removal of this oil from water is not a 

straightforward process since the oil undergoes a number of processes concurrently. These 

include spreading, evaporation, emulsification, photo-oxidation, dispersion, sinking, 

resurfacing, tar ball formation and biodegradation.519 At present there are various methods to 

remove and contain the oil, including in-situ burning of oil slick and the use of mechanical 

techniques such as booms, bioremediation, dispersants and sorbents.519 Unfortunately, these 

methods are not free of drawbacks and it is therefore, beneficial to continue investigation into 

alternative strategies for oil removal.  

Another key issue associated with undesirable water/oil mixing occurs within aircraft fuel 

tanks. Within fuel tanks exists small openings which allow the pressure to be maintained within 
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the interior of the tank. Whilst these openings are crucial within many fuel tank designs, they 

cause the tank to become susceptible to an ingress of atmospheric water. If water is drawn into 

the tank, water/fuel mixing can occur, resulting in the inevitable accumulation of water at the 

base of the tank, due to its increased density.520 As water build-up continues in this manner, 

several issues arise. The presence of water reduces the fuel-storage capacity, increases the fuel 

tank mass, raises the risk of biocontamination and may become frozen within colder conditions, 

causing obstruction to the normal working function. In practice, this water is removed through 

a scavenger pump or drainage valves, or a combination of both. Unfortunately, scavenger 

pumps are susceptible to malfunction and drainage valves require manual operation, resulting 

in additional costs.  

Oil/water separation may proceed through the removal of oil from water using a 

hydrophobic/oleophilic material or via the removal of water from oil, relating to a 

hydrophilic/oleophobic material. The former of this has been investigated in some detail, 

however, such materials suffer the major drawback of fouling, where unwanted oil deposits 

remain in the surface and reduce the material’s ability to be recycled.516 

Hydrophilic/oleophobic materials are less common since it is widely accepted that liquids with 

higher surface tensions possess large contact angles. As such, the water contact angle (WCA) 

will typically exceed that of the oil contact angle (OCA), since most oils possess much lower 

surface tension values than water.520 In essence, a given solid surface is typically more wettable 

to oil than water. Of course, there are some exceptions, and the morphology and properties of 

surfaces which are more wettable to water than oil are specifically designed to overcome these 

considerations. These types of surfaces are highly desirable for the applications described 

above, and have been reviewed by Wang and Gong.518 

Common reagents which are implemented into oleophobic/hydrophilic membranes and 

surfaces involve fluorosurfactants, which typically possess ultralow surface energies (< 20 

mN/m using hexadecane).521 In principle these low surface energy surfaces should not be 

wettable to oil or water, however, it has been found that water can penetrate the reagents with 

much success. For example, Badyal reported the use of cationic fluorosurfactants complexed 

to well-defined plasma-deposited acrylic acid and maleic anhydride surfaces, which in turn 

allowed for simultaneous oleophobic/hydrophilic behaviour.522,523 It was believed that the 

ultrathin array of aligned perfluorocarbon fluorosurfactant tails, present at the liquid-solid 

interface, were effective in repelling non-polar liquids, whilst allowing wetting of polar water 
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molecules. The latter were believed to be able to penetrate into the hydrophilic subsurface or 

cause the perfluoro tails to reorganise to expose non-hydrophilic regions. 

Furthermore, a combination of polydiallyldimethylammonium chloride (PDDA) and  sodium 

perfluorooctanoate fluorosurfactant (PFO) with SiO2 nanoparticles have also been 

implemented commonly within several research groups.524–526 Zhou applied this combination 

as a coating upon various substrates including a glass slide, via a spray coating technique.525 

The surface was then plasma-treated in air to introduce hydrophilic polar groups to enhance 

favourable interaction with water and unfavourable interaction with hexadecane. Zhou found 

that water droplets wet the coating rapidly, whilst oil droplets rolled off the coating at low tilt 

angles, as shown in Figure 6.1.  

 

 

 

Figure 6.1 (a) A glass slide coated with PDDA/PFO/SiO2 and treated with oxygen plasma to introduce hydrophilic polar 

groups to the surface to enhance favourable interaction with water and unfavourable interaction with hexadecane; (b) 

deposition of hexadecane on the surface causing the droplet to roll off easily; (c) deposition of water on the surface causing 

droplets to wet the surface rapidly; (d) the deposition of hexadecane upon the water-wetted surface causing droplets to roll 

off easily. Reprinted from reference 525. 

 

Yoon and co-workers also exploited this reagent system during the coating of stainless-steel 

mesh.526 They tested the ability of the coated mesh to enable oil/water separation by passing 

hexadecane, dyed with Oil Red O, and water, dyed with methylene blue, through their mesh. 
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It was found that the coated mesh was successful in preventing oil passage, whilst allowing 

passage of water through. Furthermore, they also introduced a graphene plug which was able 

to purify the water by extracting methylene blue dye from the separated water. In this regard, 

the plug prevented the passage of the dye molecules by promoting their adsorption upon the 

surface of the graphene sheets, via π−π stacking interactions, thus, allowing for colourless 

water to pass through. This provided the mesh with the potential application as a membrane for 

wastewater clean-up, within the dyeing industry. The group also achieved contact angles of 

hexadecane and water of 95 (± 2)° and 0°, respectively, on the coated mesh. Yang and co-

workers utilised the same combination of reagents, and found that PDDA adsorbed to the 

surface of SiO2 readily, meanwhile PFO anions coordinated to quaternary ammonium groups 

of PDDA to form a new composite.524 They synthesised an aqueous dispersion of these reagents 

and coated them upon a stainless-steel mesh using a spray gun. Brown and Bhushan also 

employed PDDA polyelectrolyte, but with Capstone™ FS-50 fluorosurfactant and SiO2 

nanoparticles.527,528 They coated this onto glass and found that the surface displayed 

oleophobic/superhydrophilic behaviour, achieving hexadecane contact angles exceeding 155°, 

and tilt angles of < 4°. 

Within many examples of oleophobic/hydrophilic surfaces, SiO2 nanoparticles are often 

applied.516 The incentive behind this addition relates to their role as a “roughness component”, 

which has the effect of amplifying the oleophobic/hydrophilic behaviour of the material. It is 

found that the introduction of roughness is effective in providing more pores to the material. 

As such, a larger surface area is provided, thus, enhancing the contact made between the 

material and the liquid droplets, leading to amplification of the solid-liquid interactions. This 

scenario is described by the Wenzel regime.529,530 

The mechanisms behind the oleophobic/hydrophilic behaviour of 

fluorosurfactant/polyelectrolyte coupled surfaces have been discussed in some detail by Wang 

and Gong, although these remain under debate.518 An early suggestion related to surface 

rearrangement or the “flip-flop” mechanism, as first proposed by Sawada in 1996.531 When 

water molecules make contact with the surface, rearrangement takes place so that the surface 

exposes its hydrophilic regions, thereby attracting water. When oil molecules make contact 

however, no rearrangement takes place and the topmost fluorinated chains, with low surface 

energy, repel the oil. This ability for the different liquids to “see” different aspects of the surface 

was utilised to describe the behaviour of various oleophobic/hydrophilic surfaces.522,523,531–535 

An alternate theory relates to the Cassie-Baxter model.536 Within nano-scale rough surfaces, 
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containing hierarchical structures underwater, water becomes trapped below the oil droplet, 

resulting in formation of an oil/water/solid interface within the water system.537 Such structures 

were detected by the extremely low adhesive force between the oil droplet and the surface.  

Further developments on the mechanism were made in the last decade. When water molecules 

make contact with a silicon surface, coated with perfluoropolyether, they pass down towards 

the hydrophilic sub-surface, causing wetting to occur. It is thought that this occurs through 

defects in the fluorinated layer. Since water penetrates the polymer layer and is attracted to the 

high surface tension subsurface, it would make sense that oil would also be attracted to the high 

surface tension substrate also, to a much larger extent that the perfluorinated moieties.538 

However, in contrast to water molecules, the oil molecules are too large to penetrate these gaps 

instantly.538 This is due to size exclusion and the size of the polymer layer is therefore crucial 

in optimising the passage of water, whilst preventing the passage of oil, for a substantial time. 

Within Li’s work, it was observed that the OCA decreased over time, therefore, its initial 

contact angle was considered kinetic in nature, rather than the equilibrium value.538,539 

According to this size exclusion theory, oil molecules will ultimately penetrate these defects 

also. In this context, the initial rearrangement mechanism proposed by Sawada, was 

disregarded. The surface within Li’s work comprised of polymers containing polar hydroxy 

groups which were believed to favour interaction with the silicon substrate, rather than the 

deposited water molecules. It was therefore deemed improbable that the polymers would flip, 

to reveal their polar hydroxy groups to water molecules in preference.539,540 

In light of the success of these literature investigations, a combination of PDDA and PFO 

reagents were utilised in this work to synthesise free-standing NP4 films and coatings with 

oleophobic/hydrophilic properties. It was hypothesised that the large surface area associated 

with NP4 would act as a platform for the adsorption of PDDA/PFO, as well as providing the 

necessary roughness component to amplify oleophobic/hydrophilic behaviour. The application 

of these films and coated substrates was postulated and tested within the context of aircraft 

propellant tanks and oil-spill clean-up. This chapter therefore provides a novel application for 

NP material within the context of oil/water separation. 
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6.3 Results and Discussion 

 

 

6.3.1 NP4-PP Films and Coated Substrates 

 

NP4-PP composite was synthesised via a two-step procedure as shown in Scheme 6.1 (a) . 

Initially step (i) involved the addition of PDDA to NP4, to promote adsorption of the 

polyelectrolyte onto the graphitic surface, as well to encourage access of PDDA moieties into 

NP4’s slit pores. The resultant material is denoted PDDA/NP4. During step (ii), PFO was then 

added dropwise to enable polyelectrolyte/fluorosurfactant complexation, in accordance with 

previous investigations, as outlined in the introductory section of this chapter.524–526 The 

addition of PFO coincided with an approximate 1:1 stoichiometry relative to PDDA, and 

resulted in the formation of a thick black sludge, as shown in  Scheme 6.1 (a) (b). Upon repeated 

washing cycles, to remove NaCl and loosely bound PDDA/PFO reagents, and subsequent 

drying under vacuum for 12 hours, a solid composite material, denoted as NP4-PP composite, 

was formed. 
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Scheme 6.1 (a) Schematic of NP4-PP synthesis utilising a two-step approach consisting of (i) the addition of PDDA and NP4 

resulting in adsorption of PDDA on NP4 and (ii) the addition of PFO to NP4/PDDA resulting in complexation of PDDA and 

PFO moieties within the NP4 material. PDDA reagent consists of three isomers, including the cis and trans isomers and an 

unsaturated species containing a pendent double bond, consistent with previous work.541 A photograph of NP4-PP as an 

aqueous sludge is depicted within (b). 

 

Redispersion of NP4-PP composite in methanol allowed the formation of free-standing films 

and coated substrates. Bath sonication was used to assist the formation of the dispersion. In the 

case of film formation, two concentrations of this dispersion were initially synthesised. In the 

first instance, 1.75 g of NP4-PP was added to 35 mL of methanol and poured into a section of 

the eight-sectioned metal tray shown in Figure 6.2. This was repeated eight times to fill all 

sections of the tray. Solvent evaporation under ambient conditions was then allowed overnight, 

affording eight identical free-standing films comprised of NP4-PP (each denoted as NP4-PP 

thick film). The latter concentration consisted of only 0.80 g of NP4-PP in 35 mL of methanol. 

The same process was repeated in this case, affording a further eight free-standing films; each 

denoted as NP4-PP thin film. 
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Figure 6.2 Schematic depicting the synthesis of NP4-PP thick film and NP4-PP thin film. The processes involved the 

redispersion of different concentrations of NP4-PP composite in methanol (1.75 g per 35 mL methanol and 0.80 g per 35 mL 

methanol for NP4-PP thick film and NP4-PP thin film respectively). The dispersions were subsequently poured into each 

section of an eight-sectioned metal tray. Through solvent evaporation overnight in air, free-standing films were fabricated. 

 

NP4-PP thick film and NP4-PP thin film possessed similar appearances, both consisting of 

black films. NP4-PP thick film, however, possessed much thicker dimensions, as expected. 

SEM imaging was conducted on the side of each film to determine the dimensions across three 

regions of the edge, to gain an understanding of the film thickness (Figure 6.3). NP4-PP thick 

film possesses thicknesses which vary quite drastically across different regions of the film 

edge, corresponding to 471, 318 and 285 µm. In contrast, NP4-PP thin film possesses a more 

even thickness distribution, where thicknesses correspond to 121, 130 and 142 µm. As such, 

the thickness of NP4-PP thick film is approximately three times that of NP4-PP thin film. In 

addition, NP4-PP thick film was more brittle in nature. In fact, upon bending a section of each 

film with tweezers, it was observed that the NP4-PP thick film was susceptible to snapping, 

whilst the NP4-PP thin film could be bent repeatedly with no observable damage, thus showing 

improved flexibility Figure 6.4. 

 



236 

 

 

Figure 6.3 SEM images showing the thickness of three edge regions of (a) NP4-PP thick film and (b) NP4-PP thin film at 

magnifications of 152 x and 198 x respectively. 

 

 

Figure 6.4 Photographs of NP4-PP thick film (above) and NP4-PP thin film (below), illustrating the ability of the films to be 

bent with tweezers. NP4-PP thick film snapped easily as it was bent, whereas NP4-PP thin film could be bent repeatedly 

with no visible damage to the film. 

 

The coated substrates were synthesised using a similar methodology to that of the NP4-PP 

films and are depicted in Figure 6.5. The substrates (Kevlar, carbon fibre, glass fibre, nylon 

and stainless-steel mesh) were deposited within the bottom of a single-sectioned metal tray, 

and a dispersion consisting of 2.5 g of NP4-PP in 150 mL methanol was then poured over the 

substrates. The tray was left overnight, to enable solvent evaporation, thereby affording a black 

NP4-PP coating upon each substrate. In addition, nylon was also coated with two slightly less 
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concentrated dispersions of NP4-PP composite, including 0.26 g per 150 mL and 0.16 g per 

150 mL, referred to as NP4-PP coated nylon 3 and NP4-PP coated nylon 2 respectively. It was 

found that the coating upon Kevlar, carbon fibre and glass fibre appeared homogeneous. These 

coatings were uniformly black in colour. Coated nylon and coated stainless-steel mesh, 

however, appeared to acquire a less homogenous coating, where some regions appeared darker, 

indicating well coated regions, whilst other regions appeared lighter, indicating less well-

coated regions. This was particularly obvious for coated nylon synthesised with lower 

concentrations of NP4-PP dispersions.  

 

 

Figure 6.5 Schematic depicting the synthesis of NP4-PP coated substrates. The process involved redispersion of 2.5 g NP4-

PP composite in 150 mL methanol, followed by pouring of the dispersion over substrates: Kevlar, carbon fibre, glass fibre, 

nylon and stainless-steel mesh deposited within a single-sectioned metal tray. Solvent evaporation in air overnight resulted 

in a coating of NP4-PP over the substrates. In addition, nylon was also coated using the same methodology using less 

concentrated dispersions including 0.26 g NP4-PP composite in 150 mL MeOH and 0.16 g NP4-PP composite in 150 mL 

MeOH (referred to as coated nylon 2 and coated nylon 3 respectively). 
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6.3.2 Chemical Composition of NP4-PP and Interactions Between 

Reagents using XPS 

  

XPS was employed to analyse the surface elemental composition present within NP4, PDDA, 

NP4/PDDA, PFO and NP4-PP composite to build an understanding of the interactions between 

reagents. As such, the nature of the products obtained from steps (i) and (ii) within Scheme 6.1 

(a) could be determined (vide infra). The quantitative data associated with this analysis is 

presented within Table 6.1, and the corresponding survey spectra and high-resolution spectra 

are depicted in Figures 6.6 and Figures 6.8 – 6.11. Initial analysis of NP4 suggested that the 

material incorporated carbon, oxygen and nitrogen with atomic percentage compositions (at.%) 

of 93.4, 0.3 and 6.3, respectively (Table 6.1 and Figure 6.6 (a)). Deconvolution of the high-

resolution C 1s spectrum indicated the presence of seven carbon environments, as shown in 

Figure 6.6 (b). These environments corresponded to binding energies of 284.4, 284.8, 286.2, 

287.7, 289.3, 290.8 and 293.9 eV, relating to sp2, sp3, C-O, C=O, O-C=O and π-π* satellite 

components, respectively. The presence of π-π* satellite structure, in combination with a large 

proportion of sp2 character, signify the presence of extensive π bonding within the graphitic 

material.542 The appearance of oxygen functionality is also observed in the form of C=O, C-O 

and O-C=O, suggesting the presence of hydroxy, epoxide, carboxyl, and carbonyl functional 

groups.543 These functionalities are further evidenced within the O 1s state (Figure 6.6 (c)). The 

O 1s spectra contains four peaks at 531.5, 532.9, 535.4 and 538.0 eV, which correspond to 

C=O, C-O-C, C-OH and the O 1s satellite structure, respectively. A trace amount of nitrogen 

is also indicated by the N 1s state at 400.4 eV (see Figure 6.6 (d)). This binding energy is 

characteristic of a nitrogen contaminant in the form of NH2/NHx. This may have been 

introduced to NP4 during the gas feed within the plasma-synthesis procedure. 

 

Table 6.1 XPS surface elemental composition data for NP4, PDDA, NP4/PDDA, PFO and NP4-PP composite. 

Orbital 
Atomic Concentration (%) 

NP4 PDDA NP4/PDDA PFO NP4-PP 

C 1s 93.4 69.3 73.5 28.5 55.1 

N 1s 0.3 7.4 8.2 - 3.4 

O 1s 6.3 11.2 6.0 4.7 4.7 

Cl 2p - 7.6 9.1 - 1.1 

Na 1s - 2.5 2.3 4.7 0.3 

S 2p - 2.0 - - - 

F 1s - - 0.97 62.1 35.4 
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Figure 6.6 XPS analysis of NP4 including (a) survey spectrum and high-resolution spectra of the (b) deconvoluted C 1s 

orbital (c) deconvoluted O 1s orbital and (d) N 1s orbital. 

 

XPS analysis was subsequently carried out on PDDA (Figure 6.8). This enables comparisons 

to be made between NP4-PP and NP4, to understand any surface elemental changes which 

occur as PDDA is adsorbed onto NP4. Previous investigations have discussed the adsorption 

of PDDA upon graphitic materials including CNTs, rGO and GO.544–550 It was suggested by 

several of these authors that an electrostatic interaction exists between the negatively charged 

structures of GO or rGO and the positive charge of the PDDA.548–551 It is well-established that 

the presence of -COOH and -OH functional groups on the surface of such materials are 

capable of ionising in aqueous solution, therefore, providing the surface with a negative 

charge.552–554 As such, electrostatic interaction was considered as a potential adsorption 

bonding process between the NP4 and PDDA components. In contrast, other research has 

suggested that adsorption may take place via π-π bonding between the unsaturated species, 

containing pendant residual double bonds, present within PDDA reagent (shown in Scheme 

6.1 (a)), with the conjugated π system of the graphitic network. This unsaturated species is 

believed to originate from the polymerisation synthesis of PDDA, whilst accounting for < 2 

at.% of the structure. It was reported that its presence was recognised by a shake-up peak at 

290.9 eV, associated with the π→π* transitions within the XPS spectrum.541,547 Within this 

current work, XPS analysis of PDDA did not reveal the presence of any shake-up peak within 

the C 1s spectrum, as evidenced in Figure 6.8 (b). Instead, two peaks at 284.4 and 285.6 eV 

were observed; corresponding to the carbons bonded to carbon and hydrogen only (CHx), and 

carbons bonded to the quaternary ammonium group (N-CHx) within the polyelectrolyte, 

respectively.547 The 13C NMR spectra of PDDA did, however, indicate the presence of alkene-
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type species, depicting two small peaks at 128.64 and 123.93 ppm (see Figure 6.7), which 

correspond to the unsaturated species of PDDA.  

 

 

Figure 6.7 13C NMR spectrum of PDDA showing the presence of alkene peaks at 128.64 and 123.93 ppm. 

 

Several explanations may be used to explain the absence of this shake-up peak from the XPS 

spectrum including: (1) PDDA may possess an orientation where the C=C bond within the 

unsaturated species do not reside at the surface region; (2) The unsaturated species is present 

in too small concentration at the surface region to be detected; and/or (3) the binding energy 

associated with the unsaturated species overlaps with that of the CHX and N-CHX 

environments of the cis/trans isomers. Since previous works have detected the presence of this 

unsaturated impurity and evidence of unsaturation is obtained within the 13C NMR spectrum, 

it is deemed plausible that interactions may take place through π-π bonding in some regions 

of the sample. 

The N 1s spectra of PDDA reveals the presence of four nitrogen environments at 401.7, 405.9, 

398.1 and 399.2 eV (Figure 6.8 (c)). The former of these relates to the quaternary (4o) 

ammonium group present within all isomeric forms of PDDA, including the cis/trans isomer 

and unsaturated species (see Scheme 6.1 (a)). These each possess negligible deviations from 

each other in their binding energy values due to the presence of the positively charged nitrogen 

centre.547 The binding energy at 405.9 eV is characteristic of N-O environments, likely in the 

form of NO2 or NO3.
555 Such species may have contaminated PDDA, perhaps during the 

synthesis procedure. Moreover, the peak at 399.2 eV is likely to correspond to a trace amount 
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of contamination in the form of polymeric amines. The final peak at 398.1 eV, relates to a 

reduced form of nitrogen. When analysing PDDA via XPS, several authors have also observed 

a peak between 399 – 400 eV, which they have assigned to “the uncharged side product” of the 

quaternary ammonium group, correlating to approximately 7% of the total nitrogen 

composition.547,556–558 Marinoiu and co-workers suggested that this product originated from the 

partial loss of Cl+ from PDDA.557 During our investigations, we sought to examine the N 1s 

spectrum in more detail to explain and identify the origin of the uncharged side product. It was 

hypothesised that the XPS analysis promoted reduction of the quaternary ammonium group to 

form the uncharged side product. In order to explore this further, the XPS analysis was repeated 

on the same sample 420 seconds after the initial nitrogen scan (Figure 6.8 (d)). It was found 

that the atomic composition of this peak did in fact increase from 0.1 to 0.5 at.%, suggesting 

that the XPS conditions were indeed, causing reduction. The reduction process is likely to 

proceed via elimination of methyl chloride from the quaternary R4N
+, resulting in the formation 

of a neutrally charged species, as shown in Scheme 6.2. Alternatively, this peak may also 

correspond to nitrogen within an NH2 type environment, formed during the reduction NO2 to 

NH2, if indeed, the nitro species was present. X-ray beam reduction has been observed in this 

way within previous reports and this serves to demonstrate that functional group changes can 

occur during XPS analysis.197,385,386 This latter scenario, however, is less likely since a peak at 

approximately 406 eV, resembling the NO2 environment, is not observed within the N 1s 

spectra of NP4/PDDA (Figure 6.9 (d)), despite the fact that two peaks associated with reduced 

nitrogen are present at 398.1 and 398.4 eV.  
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Figure 6.8 XPS analysis of PDDA including (a) survey spectrum and high-resolution spectra of the (b) deconvoluted C 1s 

orbital (c) deconvoluted N 1s orbital (initial scan) (d) deconvoluted N 1s orbital (acquired 420 seconds after initial scan) (e) 

Na 1s orbital (f) deconvoluted Cl 2p orbital (g) deconvoluted O 1s orbital and (h) deconvoluted S 2p orbital. 

 

 

 

Scheme 6.2 The proposed reduction of PDDA resulting in the loss of a methyl radical and generation of an uncharged 

tertiary amine species. Methyl radicals may then undergo dimerisation, reaction with water or gain electrons, to form 

ethane, methane or hydroxide ions. 

 

XPS analysis of PDDA also revealed the presence of the Na 1s state at 1070.8 eV, which is 

likely to correspond to NaCl impurities in the aqueous solution (Figure 6.8 (e)). In addition, 

the Cl 2p spectrum depicts two chlorine species, as observed in (Figure 6.8 (f)). The former 

relates to chloride (Cl-), associated with the quaternary ammonium R4N
+ of PDDA, 

corresponding to binding energies, and respective spin states of 196.5 (Cl 2p 3/2) and 198.1 eV 
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(Cl 2p 1/2). The second corresponds to NaCl, possessing binding energies, and respective 

orbitals of 197.9 (Cl 2p 3/2) and 199.5 eV (Cl 2p 1/2).
559 Through peak integration, it was found 

that 7.2 at.% of the total chlorine related to Cl- associated with the quaternary ammonium R4N
+ 

of PDDA. This value is not dissimilar to the at.% of nitrogen within the quaternary ammonium 

R4N
+ of PDDA, which corresponds to 6.7. This finding is not surprising since an approximate 

1:1 ratio is predicted between nitrogen and chlorine within R4N
+Cl-. Furthermore, a large 

proportion of oxygen (11.2 at.%) is also observed within PDDA, as evidenced by the O 1s 

spectrum (Figure 6.8 (g)). This is likely to correspond to the presence of the -OH anion 

associated with PDDA, formed during the removal of the Cl- anion in aqueous solution, in the 

form of HCl gas.547 In addition, some oxygen may also be associated with sulfur in the form of 

SO3 or SO4-based compounds (See Figure 6.8 (h)).   

Full characterisation of PDDA by XPS, enables comparisons to be made between PDDA, 

NP4/PDDA and NP4-PP, to determine the nature of the composite materials. XPS analysis was 

then conducted on NP4/PDDA, as shown in Figure 6.9. The C 1s spectrum (Figure 6.9 (b)) 

closely resembles that of PDDA, displaying peaks at 284.4 and 285.6 eV, which relate to N-

CHX and CHX carbon environments, respectively. Interestingly, there are an absence of peaks 

associated with the π-π* satellite structure, C-O, C=O and O-C=O functionality within NP4. 

Of course, any sp2 and sp3 associated with NP4 would overlap with that of the CHx functionality 

of PDDA and thus, may not be visible within the NP4/PDDA mixture. This absence of peaks 

suggests that a large proportion of PDDA exists within the surface region of the NP4/PDDA 

mixture, therefore, the underlaying NP4 was not analysed. A reduction in oxygen content was 

also observed in comparison with PDDA, reducing from 11.2 at.% in PDDA to 6.0 at.% in 

NP4/PDDA (Figure 6.9 (c) and Table 6.1), despite both NP4 and PDDA containing oxygen. 

This may be due to loss of -OH anions from PDDA hydroxide or due to attenuation of the O 

1s state, resulting from a reduction of oxygen concentration within the surface region. 

NP4/PDDA also contains an N 1s peak at 401.5 eV, indicating the presence of quaternary 

ammonium groups, relating to PDDA (see Figure 6.9 (d)). This binding energy is similar to 

that of free PDDA, as discussed above. The Na 1s and Cl 2p orbitals (Figure 6.9 (e) and (f)) 

possess identical spectra to that of PDDA, indicating the presence of NaCl intercalated within 

the material and Cl- interacting with quaternary ammonium R4N
+ groups. The unexpected 

presence of fluorine was also recognised by a F 1s peak at 688.7 eV (Figure 6.9 (g)) This peak 

correlates with a small amount of contamination, likely to originate from the synthesis 
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procedure. It is believed that this contamination has no effect on the reactivity of the data 

presented and thus, it is not considered further.  

 

Figure 6.9 XPS spectra of PDDA/NP4 including (a) survey spectrum and high-resolution spectra of the (b) deconvoluted C 

1s orbital (c) deconvoluted O 1s orbital (d) deconvoluted N 1s orbital (e) Na 1s orbital (f) deconvoluted Cl 2p orbital and 

(g) deconvoluted F 1s orbital. 

 

XPS analysis of PFO revealed the presence of four elements, including carbon, oxygen, 

sodium, and fluorine (Figure 6.10 (a) and Table 6.1). The C 1s spectrum contained four peaks 

at 286.0, 290.0, 292.0 and 294.0 eV (Figure 6.10 (b)). These correspond to various 

environments including C-O, O-C=O, CF2 and CF3, consistent with the structure of PFO.525 

The presence of CF3 and CF2 environments were also evidenced by peaks at 689.2 and 690.2 

eV, within the deconvoluted F 1s spectrum (Figure 6.10 (c)).499 Furthermore, peaks at 532.8 

and 1072.4 eV relate to the O 1s and Na 1s environments respectively, corresponding to oxygen 

and sodium within the sodium carboxylate functionality of the fluorosurfactant (see Figure 6.10 

(d) and (e)). 
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Figure 6.10 XPS analysis of PFO including (a) survey spectrum and high-resolution spectra of the (b) deconvoluted C 1s 

orbital (c) deconvoluted F 1s orbital (d) deconvoluted O 1s orbital and (e) Na 1s orbital. 

 

XPS analysis of NP4-PP composite, provided evidence of carbon, nitrogen, oxygen, chlorine, 

sodium, and fluorine (Figure 6.11 and Table 6.1). These elements originate from a contribution 

of NP4, PDDA and PFO within the surface regions. The C 1s spectrum (Figure 6.11 (a)) depicts 

six peaks located at 284.6, 286.0, 288.1, 290.5, 291.5 and 293.8 eV. The latter three binding 

energies correspond to the O-C=O, CF2 and CF3 environments within PFO, whilst the former 

two correspond to CHX and N-CHX environments within PDDA. Furthermore, a peak at 288.1 

eV, and a slight broadening of the peak at 286.0 eV, indicate the presence of C 1s environments 

originating from NP4. The former of these peaks most likely corresponds to C=O within NP4, 

whilst the broadening of PDDA’s CHX peak indicates additional C-O bonding. Moreover, it 

is plausible that the remaining environments within NP4 overlap with the C 1s environments 

of PDDA and PFO. A substantial reduction in the atomic concentration of chlorine between 

PDDA and NP4-PP composite is observed (Figure 6.11 (c)). This finding is attributed to the 

polyelectrolyte/fluorosurfactant complex formation, and the establishment of NaCl through 

counterion exchange. The presence of NaCl is evidenced by peaks at 199.8 and 1070.8 eV, 

corresponding to Cl 2p 3/2 and Na 1s orbitals, respectively (see Figure 6.11 (c) and (d)). The 

washing procedure for NP4-PP involved a succession of dispersion-centrifugation-decantation 

cycles in effort to remove NaCl, which proved successful due to the presence of only trace 

quantities of the salt remaining within NP4-PP (0.3 at.% according to the sodium atomic 
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concentration shown in Table 6.1). Furthermore, a small quantity of Cl- remained bound to 

quaternary ammonium groups as evidenced by the Cl 2p 3/2 peak at 196.8 eV, suggesting that 

PFO did not complex to all quaternary ammonium group present on PDDA. As such, the 

polyelectrolyte/fluorosurfactant complex was unlikely to have formed in a 1:1 stoichiometry, 

contrarily to previous works.560–562 It is believed that some quaternary ammonium functionality 

within PDDA may have been inaccessible to PFO moieties due to the morphology of NP4. 

Some regions of PDDA may have become blocked within the porous structure. Whilst the 

stoichiometry was not directly quantified, it was found that upon washing of NP4-PP, both 

PDDA and PFO were present in the filtrate, suggesting that they were in excess upon addition. 

This finding supports the inaccessibility theory since it would be reasonable to assume that an 

excess of PFO would bind in a 1:1 stoichiometry with PDDA.  

The presence of four nitrogen species was also observed within the N 1s spectrum associated 

with NP4-PP, consistent with the N 1s spectrum for PDDA (Figure 6.11 (e)) A shift in the 

binding energy for the quaternary ammonium species was also observed from 401.7 eV in 

PDDA to 402.1 eV in NP4-PP. This increase in binding energy, by 0.5 eV, was attributed to 

complexation of quaternary ammonium groups within PDDA with carboxylate functionality 

within PFO. This shift can be explained by the ability of oxygen to form strong electrostatic 

interactions with the positively charged nitrogen species. Interestingly, this shift in binding 

energy was not observed for NP4/PDDA, suggesting that PDDA moieties did not form 

electrostatic interaction with carboxylate groups present on NP4, or indicating that any 

electrostatic interaction present was comparatively weaker. Analysis of the O 1s spectrum for 

NP4-PP also provided evidence of oxygen within the material, displaying a peak at 530.8 eV 

(Figure 6.11 (f)). This oxygen originates from NP4, PDDA and PFO. The F 1s spectrum also 

signifies the presence of fluorine in the form of CF3 and CF2, corresponding to 687.9 and 688.9 

eV, respectively (Figure 6.11 (g)). Theoretically, a 1:1 stoichiometry between PDDA and PFO 

would be consistent with 15 fluorine atoms for every 1 nitrogen atom.560–562 Within NP4-PP, 

the nitrogen to fluorine ratio was approximated to be 13:1, providing further evidence that some 

quaternary ammonium groups remained un-complexed to PFO moieties within NP4-PP. 
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Figure 6.11 XPS analysis of NP4-PP including (a) survey spectrum and high-resolution spectra of the (b) deconvoluted C 1s 

orbital (c) deconvoluted Cl 2p orbital (d) Na 1s orbital (e) deconvoluted N 1s orbital (f) O 1s orbital (g) deconvoluted F 1s 

orbital. 

 

Reflection upon the XPS elemental surface data enables several assumptions to be made 

regarding the nature of NP4/PDDA and NP4-PP. The data provides no evidence of the 

existence of an electrostatic interaction between positive quaternary ammonium groups and the 

carboxylate groups on NP4 upon addition of PDDA to NP4, shown in step (i) of Scheme 6.1 

(a). Instead, it is believed that adsorption occurs via π-π interactions between the unsaturated 

species of PDDA, and the graphitic network of NP4, since unsaturated presence was recognised 

within the 13C NMR spectra. Furthermore, it is likely that PDDA moieties become well 

intercalated into pores present within NP4. In step (ii) (Scheme 6.1 (a)), PFO addition proceeds 

and polyelectrolyte/fluorosurfactant complexation occurs between many positive quaternary 

ammonium groups of PDDA with carboxylate functionality of PFO. In turn, some entrapped 

PDDA moieties remain un-complexed with NP4. As such, the resultant NP4-PP remains well 

bound through entrapment of PDDA/PFO complex within NP4’s porous structure and through 

non-covalent bonding interactions. Within the following sections, the oleophobic/hydrophilic 

nature of the NP4-PP films and coated substrates are investigated and their application within 

the context of oil-water separation is explored. 
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6.3.3 Investigating Oleophobic/Hydrophilic Behaviour 

 

 

6.3.3.1 Testing of Water/Oil Passage Through NP4-PP Films and NP4-PP Coated 

Substrates 

 

The films and coated substrates were tested for their ability to allow passage of silicone oil and 

water through the material. In this regard, drops of each liquid were deposited upon the surface 

of each material, at a rate of approximately 1 drop per second, using a burette, using a gravity-

based separation. For clarity of observation, DI water was dyed with brilliant blue R dye, whilst 

silicone oil was dyed with oil red O dye. The wetting and passage of liquid through each 

material was then observed. Photographs were taken over the period of testing. In total, 5 mL 

of silicone oil and 5 mL of DI water were added onto the films and coated substates. The water 

and silicone oil were mixed and poured into the burette. Due to differences in densities between 

the liquids, water tended to settle to the bottom of the burette and hence the deposition of water 

typically occurred before that of silicone oil. The ease in which silicone oil could be poured off 

the film/substrate was also shown by simply tilting the material to enable it to slide off. 

 

 

6.3.3.1.1 Silicone Oil/Water Passage Tests of NP4-PP Films 

 

Initially, NP4-PP thick film and NP4-PP thin film were tested for their ability to allow 

water/silicone oil passage through the materials. It was found that neither water nor silicone oil 

were able to penetrate the thick film (as shown in Figure 6.12). The addition of water resulted 

in partial wetting of the material after approximately 20 seconds (Figure 6.12 (b) and (c)), 

causing the film to become partially saturated. Subsequent water, however, formed droplets on 

the surface which failed to wet the material further. This excess water was removed with a 

paper towel prior to silicone oil deposition. Upon deposition of silicone oil, it was observed 

that minimal wetting occurred, and the silicone oil could be poured off with ease, at any stage 

after its deposition (see Figure 6.12 (d)) and (e)). It was also observed that silicone oil was 

capable of remaining on the surface of the film for at least 3 weeks with no visible wetting 



249 

 

occurring over this time.7 Water and silicone oil were deposited on five different thick films in 

this way, and the same results were achieved each time. 

 

 

 

Figure 6.12 Silicone oil/water passage tests on NP4-PP thick film. (a) depicts the set-up of NP4-PP thick film on a beaker, 

beneath a burette filled with water and silicone oil. (b) shows the deposition of water on the film, resulting in formation of a 

droplet on the film instantaneously after deposition, and wetting of the film after approximately 20 seconds after deposition; 

(c). (d) depicts the addition of silicone oil showing that a droplet formed on the film with no occurrence of wetting. This 

droplet could easily be removed at any stage after its deposition by tilting the material, as shown in (e), and remained on top 

for at least 3 weeks. 

 

NP4-PP thin film was then tested under the same conditions as those described above, as shown 

in Figure 6.13. It was found that complete wetting of the surface occurred after approximately 

20 seconds (Figure 6.13 (c)). In contrast to NP4-PP thick film, it was found that water was able 

to pass through the material passively. Figure 6.13 (d) shows the process of a water droplet 

forming on the bottom of the film, before becoming released into the beaker. Five different thin 

films were tested in this way, and found that in contrast to the thick film, complete water 

penetration was enabled during 4 out of the 5 tests. This water penetration, however, was very 

slow, taking 2.5 hours on average to occur. During one of the tests however, it was observed 

that the thin film did not allow water penetration at all, and like the thick film, water wetted the 

surface, but remained on top for at least 3 weeks. In a similar way with the thick film, the thin 

film also prevented silicone oil passage for at least 3 weeks. Deposition of silicone oil resulted 

in a droplet, which did not wet the surface of the film, and could easily be poured off (Figure 

6.13 (e) and (f)). 

  

 
7 3 weeks was the limit of observation, however, there was no evidence to suggest that the silicone oil would have wet the 

film after this time 
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Figure 6.13 Silicone oil/water passage tests on NP4-PP thin film. (a) depicts the set-up of NP4-PP thin film on a beaker, 

beneath a burette filled with water and silicone oil. (b) shows the deposition of water on the film, resulting in formation of a 

droplet on the film instantaneously after deposition, and wetting the film after approximately 20 seconds after deposition; 

(c). (d)(i)-(vii) depict the passage of water through the film after 2.5 hours after its deposition, showing that a droplet forms 

on the bottom of the film and is subsequently released into the beaker. (d) shows the deposition of silicone oil showing that a 

droplet formed on the film with no occurrence of wetting. This droplet could easily be removed at any stage after its 

deposition by tilting the material, as shown in (f), and remained on top for at least 3 weeks. 

 

These findings reveal that both NP4-PP thick film and NP4-PP thin film are successful in 

displaying oleophobic/hydrophilic behaviour due to their enhanced wetting capacity towards 

water than silicone oil. As previously discussed, this finding is unusual since theoretically, a 

surface should always be more wettable to oil than water due to the higher surface tension 

associated with water.563,564 Unfortunately, however, many applications, such as those 

described further on in the text, require a material which not only enables wetting of water, but 

also allows its facile passage through the material. In the case of NP4-PP films, water did 

indeed wet the films. However, its passage through the materials was either very slow (in the 

case of the thin films) or redundant (in the case of the thick films). The differences in thickness 

between the film sizes meant that water passage could occur only through the thin material, 

due to much shorter pathways. In order to explore this further, a third film was also synthesised 

(NP4-PP thin film 2) using a dispersion of 2.5 g in 150 mL methanol using the single-sectioned 

metal tray shown in Figure 6.5. This film was visibly much thinner than NP4-PP thin film, 

possessing thicknesses across three regions of the film edge of 28.5, 26.2 and 25.9 µm (see 
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Figure 6.14). As such, it can be concluded that NP4-PP thin film 2 is approximately five times 

smaller than that of NP4-PP thin film. NP4-PP thin film 2 allows water penetration after only 

1 hour, whilst still preventing silicone oil passage. It was, however, much weaker in strength 

and easily ripped when handling. Furthermore, after 4 hours, a small volume of silicone oil 

residing on its surface (10 mL) formed a large tear. The silicone oil droplet therefore passed 

through the tear and into the beaker. As with the former films, the test was repeated on five 

identical samples and the same results were obtained. As such, it was concluded that 

minimising the thickness of NP4-PP film enhanced the rate of water passage, however, 

jeopardised the mechanical strength of the film, resulting in its failure to withstand the physical 

weight of the deposited oil on its surface. For practical application, this latter observation grants 

such a thin film unsuitable.  

As such, the NP4-PP composite was then coated upon substrates, to provide additional support 

to the thin film-like coating, thus reducing the potential for film breakage. Moreover, all 

substrates contained apertures which simultaneously provided passages to enhance the rate of 

water penetration through the materials. 

 

 

Figure 6.14 SEM image of NP4-PP thin film 2 showing the thickness of three edge regions of the film at a magnification of 

787 x. 
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6.3.3.1.2 Silicone Oil/Water Passage Tests of NP4-PP Coated Substrates 

 

The NP4-PP composite was coated upon various substrates including Kevlar, carbon fibre, 

glass fibre, nylon and stainless-steel mesh using a dispersion with a concentration of 2.5 g per 

150 mL MeOH (identical to that of NP4-PP thin film 2 synthesis).8 The coated substrates were 

then investigated for their silicone oil/water passage ability, again, using an identical process 

to that of the NP4-PP films. The reproducibility of the coatings were also assessed on the 

various coated substrates to observe how robust the coatings were and whether they were 

retained following washing and usage. In this regard, the coated substrates were repeatedly 

washed with DI water and acetone to remove residual silicone oil, before drying in air. The 

coated substrates were then re-tested under the same conditions. Furthermore, as controls, 

water and silicone oil were also deposited onto the substrates in the absence of coating, to show 

that free passage of both liquids was allowed instantaneously after their deposition (Figure 6.15 

(a) - (e)). It was apparent that the addition of a coating was required to provide oleophobic 

behaviour to the substrates, whilst simultaneously allowing free passage of water. 

 

 

Figure 6.15 Water and silicone oil passage through each of the uncoated substrates including (a) Kevlar (b) carbon fibre (c) 

glass fibre (d) nylon and (e) stainless-steel mesh. 1 mL of each liquid was deposited on the surface of the substrate. It was 

observed that both liquids penetrated all materials instantaneously. 

 

The findings revealed that coated Kevlar was effective in allowing the passage of water within 

10 seconds (approximately 10 drops of water added) of deposition (Figure 6.16 (b)). Further 

water addition resulted in continuous water passage through the material, suggesting that the 

prior wetting of the substrate assisted in the penetration of further water molecules. 5 mL water 

 
8 During early stages of this investigation, a spray coating technique was employed using a spray gun; a method which found 

success in previous works to coat substrates with nanocomposite/polymer coatings.524,525,581–583 In the current work, however, 

the spray gun became rapidly clogged with NP4-PP composite, leading to extremely poor coated substrates. As such, the 

solvent evaporation coating method was utilised. 



253 

 

passed through the coated substrate effectively. Furthermore, coated Kevlar simultaneously 

prevented the passage of silicone oil, even after at least three weeks, as shown in Figure 6.16 

(c). Silicone oil could be removed from the surface with ease, by simply tilting the substrate 

and decanting off the liquid (Figure 6.16 (d)). Following washing of the coated substrate, there 

were no visible differences in the material’s appearance (see Figure 6.17). Identical findings 

were obtained to its unwashed counterpart in enabling water passage and preventing silicone 

oil passage, as shown in Figure 6.17 (b) - (d). This indicated that the coating remained well 

adsorbed and integrated into the fibres. 

Similar results were obtained during tests of the coated carbon fibre, as shown in Figure 6.18. 

Silicone oil was unable to penetrate the coated material even after 3 weeks of deposition and 

could easily be poured off with ease (Figure 6.18 (c) and (d)). The passage of water was also 

allowed through the material and occurred at a faster rate than that of the coated Kevlar 

substrate. Water rapidly passed through the material within 5 seconds of deposition and then 

continuously from then onwards, allowing a total of 5 mL water through (Figure 6.18 (b)). 

There were no visual differences in the appearance of the coated carbon fibre after washing, or 

in its ability to allow water passage and prevent silicone oil passage (Figure 6.19). As such, the 

material also reflected the good adsorption and integration of the coating within the fibres. 

Next, the coated glass fibre was tested. In this case it was found that water passage was enabled 

through the coated substrate within 5 seconds of its deposition, as shown in Figure 6.20 (b). In 

contrast to coated Kevlar and coated carbon fibre, however, silicone oil passage was only 

prevented for periods of up to 2 hours after initial deposition onto the surface. After 2 hours, 

the oil was found to penetrate through the coated substrate, falling into the beaker, as shown in 

Figure 6.20 (e). Prior to this, silicone oil could easily be removed at any stage by pouring off 

the surface Figure 6.20 (d)). This demonstrates a temporary blockage of the oil through the 

coated substrate. This difference in behaviour was attributed to the larger apertures present 

within coated glass fibre (See SEM analysis within 6.3.4.1 for more detail). Photographs 

provide evidence of much larger uncoated holes within the substrate in comparison with coated 

Kevlar and coated carbon fibre (Figure 6.5). After washing of coated glass fibre, no visual 

differences were observed in the appearance of this coated substrate (see Figure 6.21), 

suggesting that, again, the coating remained well adsorbed and integrated into the fibres. 

Subsequent tests were repeated, and it was found that water passage was enabled through the 

coated substrate, consistent with its unwashed counterpart (Figure 6.21 (b)). In contrast 

however, silicone oil passage was prevented for at least 3 weeks after deposition (substantially 
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longer than the initial test) and could also be extracted by tilting the coated substrate, as shown 

in Figure 6.21 (c) and (d). This finding appears to be due to the flexible nature of this coated 

glass fibre, meaning that fibres were very susceptible to moving. Whilst carrying out the second 

test on the washed coated substrate, it appeared that the fibres may have moved slightly, 

altering the size of the holes within the grid. By revealing much smaller holes, it is believed 

that the silicone oil passage is prevented for a much longer time period. 

 

 

Figure 6.16 Silicone oil/water passage tests on NP4-PP coated Kevlar. (a) depicts the set-up of the coated substrate on a 

beaker, beneath a burette filled with water and silicone oil. (b) shows the deposition of water onto the coated substrate, 

resulting in wetting and subsequent penetration of 5 mL water through the coated substrate and into the beaker after 10 

seconds of its deposition. (c) shows the presence of a silicone oil droplet on the surface of the coated substrate, which 

undergoes no visible wetting or penetration of the coated substrate after at least 3 weeks, and (d) shows that the silicone oil 

can easily be poured off the coated substrate by tilting. 

 

 

Figure 6.17 Silicone oil/water passage tests on NP4-PP coated Kevlar after washing with acetone and water to remove 

residual silicone oil. The tests displayed identical findings to that of the analogous unwashed coated substrate. (a) depicts 

the set-up of the coated substrate on a beaker, beneath a burette filled with water and silicone oil. (b) shows the deposition 

of water onto the coated substrate, resulting in wetting and subsequent penetration of 5 mL water through the coated 

substrate and into the beaker after 10 seconds of its deposition. (c) shows the presence of a silicone oil droplet on the 

surface of the coated substrate, which undergoes no visible wetting or penetration of the coated substrate after at least 3 

weeks, and (d) shows that the silicone oil can easily be poured off the coated substrate by tilting. 
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Figure 6.18 Silicone oil/water passage tests on NP4-PP coated carbon fibre. (a) depicts the set-up of the coated substrate on 

a beaker, beneath a burette filled with water and silicone oil. (b) shows the deposition of water onto the coated substrate, 

resulting in wetting and subsequent penetration of 5 mL water through the coated substrate and into the beaker after 5 

seconds of its deposition. (c) shows the presence of a silicone oil droplet on the surface of the coated substrate, which 

undergoes no visible wetting or penetration of the coated substrate after at least 3 weeks, and (d) shows that the silicone oil 

can easily be poured off the coated substrate by tilting. 

 

 

Figure 6.19 Silicone oil/water passage tests on NP4-PP coated carbon fibre after washing with acetone and water to remove 

residual silicone oil. The tests displayed identical findings to that of the analogous unwashed coated substrate. (a) depicts 

the set-up of the coated substrate on a beaker, beneath a burette filled with water and silicone oil. (b) shows the deposition 

of water onto the coated substrate, resulting in wetting and subsequent penetration of 5 mL water through the coated 

substrate and into the beaker after 5 seconds of its deposition. (c) shows the presence of a silicone oil droplet on the surface 

of the coated substrate, which undergoes no visible wetting or penetration of the coated substrate after at least 3 weeks, and 

(d) shows that the silicone oil can easily be poured off the coated substrate by tilting. 
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Figure 6.20 Silicone oil/water passage tests on NP4-PP coated glass fibre. (a) depicts the set-up of the coated substrate on a 

beaker, beneath a burette filled with water and silicone oil. (b) shows the deposition of water onto the coated substrate, 

resulting in wetting and subsequent penetration of 5 mL water through the coated substrate and into the beaker after 5 

seconds of its deposition. (c) shows the presence of a silicone oil droplet on the surface of the coated substrate, which 

undergoes no visible wetting or penetration of the coated substrate for up to 2 hours, and (d) shows that the silicone oil can 

easily be poured off the coated substrate by tilting, up to 2 hours after its deposition. (e) shows the penetration of silicone oil 

through the coated substrate after 2 hours. 

 

 

Figure 6.21 Silicone oil/water passage tests on NP4-PP coated glass fibre after washing with acetone and water to remove 

residual silicone oil. The tests displayed different findings to that of the analogous unwashed coated substrate. (a) depicts 

the set-up of the coated substrate on a beaker, beneath a burette filled with water and silicone oil. (b) shows the deposition 

of water onto the coated substrate, resulting in wetting and subsequent penetration of 5 mL water through the coated 

substrate and into the beaker after 5 seconds of its deposition. (c) shows the presence of a silicone oil droplet on the surface 

of the coated substrate, which undergoes no visible wetting or penetration of the coated substrate after at least 3 weeks, and 

(d) shows that the silicone oil can easily be poured off the coated substrate by tilting. 

 

The next step in the investigation involved coating nylon substrate. Three coated nylon 

substrates were synthesised using various concentrations of NP4-PP composite dispersion, as 

described in the Experimental. Coated nylon prepared using a concentrated dispersion of NP4-

PP (2.5 g in 150 mL MeOH) was found to prevent the passage of both water and silicone oil, 

for at least 3 weeks, as shown in Figure 6.22 (b) and (c). It was observed that like the thick 

film, water wetted the surface of the coated substrate to a much greater extent than silicone oil, 
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however, it was unable to pass through the material. This was likely due there being complete 

coverage of all holes within the nylon, and thus, it behaved similar to that of the thick film. In 

order to facilitate water passage, a thinner coating was targeted by using less concentrated 

dispersions of NP4-PP coated upon nylon. These included NP4-PP coated nylon 3 (synthesised 

using 0.26 g in 150 mL MeOH) and NP4-PP coated nylon 2 (synthesised using 0.16 g in 150 

mL MeOH). Differences in coating concentrations were evidenced by direct observation, 

where the more concentrated the coating, the darker and more homogeneous the coating 

appeared (see Figure 6.5). It was observed that these lower concentrated dispersions were 

sufficient in providing coated nylon substrates which allowed free passage of water instantly 

after deposition (Figure 6.23 and Figure 6.25). Meanwhile, silicone oil passage was prevented 

for at least 3 weeks in both cases (see Figure 6.23 (c) and Figure 6.25 (c)). Silicone oil could 

easily be poured off the surface of these coated substrates. Upon washing of these latter two 

materials, partial removal of the coating from the nylon substrate was observed during the 

acetone washing steps. The subsequent partially washed away coatings are presented in Figure 

6.24 (a) and Figure 6.26 (a). Despite this, the coated nylon materials performed just as 

efficiently as their unwashed counterparts, providing silicone oil passage prevention for at least 

3 weeks, and allowing passive flow of water (Figure 6.24 and Figure 6.26). It was therefore 

suggested that the remaining coating, which was not washed away, must have been satisfactory 

to enable the oleophobic behaviour.  In addition, it was desirable that the coating was not 

washed away during the water wash since this could hinder its practical application when 

separating water/oil mixtures. 

 

 

 

Figure 6.22 Silicone oil/water passage tests on NP4-PP coated nylon. (a) depicts the set-up of the coated substrate on a 

beaker, beneath a burette filled with water and silicone oil. (b) shows the deposition of water onto the coated substrate, 

resulting in wetting of the substrate but no penetration for up to 3 weeks (c) shows the presence of a silicone oil droplet on 

the surface of the coated substrate, which undergoes no visible wetting or penetration of the coated substrate after at least 3 

weeks. 
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Figure 6.23 Silicone oil/water passage tests on NP4-PP coated nylon 3 (0.26 g per 150 mL MeOH) (a) depicts the set-up of 

the coated substrate on a beaker, beneath a burette filled with water and silicone oil. (b) shows the deposition of 5 mL water 

onto the coated substrate, resulting in instantaneous penetration through the coated substrate after its deposition. (c) shows 

the presence of a silicone oil droplet on the surface of the coated substrate, which undergoes no visible wetting or 

penetration of the coated substrate after at least 3 weeks, and (d) shows that subsequent water droplets penetrate through 

the silicone oil droplet and coated substrate. 

 

 

 

Figure 6.24 Silicone oil/water passage tests on NP4-PP coated nylon 3 (0.26 g per 150 mL MeOH) after washing with 

acetone and water to remove residual silicone oil. The tests displayed identical findings to that of the analogous unwashed 

coated substrate. (a) depicts the partially washed away coating upon the substrate after acetone washes. (b) depicts the set-

up of the coated substrate on a beaker, beneath a burette filled with water and silicone oil. (c) shows the deposition of 5 mL 

water onto the coated substrate, resulting in instantaneous penetration through the coated substrate after its deposition. (d) 

shows the presence of a silicone oil droplet on the surface of the coated substrate, which undergoes no visible wetting or 

penetration of the coated substrate after at least 3 weeks, and (e) shows that the silicone oil can easily be poured off the 

coated substrate by tilting. 
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Figure 6.25 Silicone oil/water passage tests on NP4-PP coated nylon 2 (0.16 g per 150 mL MeOH) (a) depicts the set-up of 

the coated substrate on a beaker, beneath a burette filled with water and silicone oil. (b) shows the deposition of 5 mL water 

onto the coated substrate, resulting in instantaneous penetration through the coated substrate after its deposition and (c) 

shows the presence of a silicone oil droplet on the surface of the coated substrate, which undergoes no visible wetting or 

penetration of the coated substrate after at least 3 weeks. 

 

 

 

Figure 6.26 Silicone oil/water passage tests on NP4-PP coated nylon 2 (0.16 g per 150 mL MeOH) after washing with 

acetone and water to remove residual silicone oil. The tests displayed identical findings to that of the analogous unwashed 

coated substrate. (a) depicts the partially washed away coating upon the substrate after acetone washes. (b) depicts the set-

up of the coated substrate on a beaker, beneath a burette filled with water and silicone oil. (c) shows the deposition of 5 mL 

water onto the coated substrate, resulting in instantaneous penetration through the coated substrate after its deposition. (d) 

shows the presence of a silicone oil droplet on the surface of the coated substrate, which undergoes no visible wetting or 

penetration of the coated substrate after at least 3 weeks, and (e) shows that the silicone oil can easily be poured off the 

coated substrate by tilting. 

 

Upon analysis of coated stainless-steel mesh, it was observed that water penetrated the coated 

material after approximately 5 minutes after deposition (after 20 drops of silicone oil were also 

added) as shown in Figure 6.27 (b). Meanwhile, silicone oil passage was prevented, even after 

3 weeks (Figure 6.27 (c)). The silicone oil could easily be poured off the surface of the coated 

mesh as shown in Figure 6.27 (d). After washing, it was observed that the coating had partially 
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washed away from the mesh, but to a much lesser extent than that of the coated nylon 2 and 3 

(see Figure 6.28 (a)). Despite this, identical findings were acquired when assessing the 

water/silicone oil passage ability (Figure 6.28 (b) - (e)). 

 

 

Figure 6.27 oil/water passage tests on NP4-PP coated stainless-steel mesh. (a) depicts the set-up of the coated substrate on 

a beaker, beneath a burette filled with water and silicone oil. (b) shows the deposition of water onto the coated substrate, 

resulting in wetting and subsequent penetration of 5 mL water through the coated substrate and into the beaker after 5 

minutes of its deposition. (c) shows the presence of a silicone oil droplet on the surface of the coated substrate, which 

undergoes no visible wetting or penetration of the coated substrate after at least 3 weeks, and (d) shows that the silicone oil 

can easily be poured off the coated substrate by tilting. 

 

 

Figure 6.28 Silicone oil/water passage tests on NP4-PP coated stainless-steel mesh after washing with acetone and water to 

remove residual silicone oil. The tests displayed identical findings to that of the analogous unwashed coated substrate. (a) 

depicts the partially washed away coating upon the substrate after acetone washes. (b) depicts the set-up of the coated 

substrate on a beaker, beneath a burette filled with water and silicone oil. (c) shows the deposition of water onto the coated 

substrate, resulting in wetting and subsequent penetration of 5 mL water through the coated substrate and into the beaker 

after 5 minutes of its deposition. (d) shows the presence of a silicone oil droplet on the surface of the coated substrate, which 

undergoes no visible wetting or penetration of the coated substrate after at least 3 weeks, and (e) shows that the silicone oil 

can easily be poured off the coated substrate by tilting. 
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The results of the coated substrates tests suggested that the presence of a substrate was much 

more effective in providing passage for water penetration through the material, whilst also 

improving the mechanical integrity of the NP4-PP film-type coating. In no incidence was there 

a tear observed in the coating, such as that obtained for NP4-PP thin film 2. Furthermore, 

silicone oil did not wet any of the coated substrates, thus, it is believed that these coated 

substrates show potential as membranes for oil/water separation. 

The results of these water/silicone oil passage tests for NP4-PP films and coated substrates are 

summarised in Table 6.2. They show that all films and coated substrates successfully exhibited 

oleophobic character. In all cases, films and substrates did not allow the passing of oil, even 

after a substantial length of time with silicone oil deposited on the top. The free passage of 

water, however, required optimisation. Whilst coated Kevlar, carbon fibre, glass fibre and 

stainless-steel mesh possess pores large enough to allow water to flow through passively, 

coated nylon synthesised with a relatively concentrated dispersion of the NP4-PP composite 

(2.5 g per 150 mL) prevented water passage. As a result, the thickness of the coating was 

decreased using less concentrated dispersions. These proved effective in allowing the free 

passage of water. Similarly, it was also found that the thick film did not enable water 

penetration through the material, whereas the thin film did, during 4 out of the 5 tests, although 

took an average of 2.5 hours for complete penetration. It is likely that the water passage 

proceeds as it finds suitable pathways through the films, thus, the thinner the film, the quicker 

the rate of passage.  
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Table 6.2 A summary of the silicone oil/water passage tests of various NP4-PP films and NP4-PP coated substrates. 

Washing procedures were conducted with water and acetone. 

Substrate 

Was water 

allowed 

through? 

Was oil 

passage 

prevented 

(for at least 3 

weeks)? 

Did the 

film/coated 

break? 

Could the 

silicone oil 

be poured 

off easily? 

Were there any 

visual changes 

to the coated 

substrate after 

washing? 

Did the silicone 

oil/water passage 

behaviour remain 

consistent after 

washing? 

NP4-PP 

Thick Film 
No Yes No Yes N/A N/A 

NP4-PP Thin 

Film 

Yes (after ~ 
2.5 hours) 

Yes No Yes N/A N/A 

NP4-PP Thin 

Film 2 

Yes (after 1 

hour) 

No (film was 
too weak and 

tore) 

Yes (film was 
too weak and 

tore) 

Yes N/A N/A 

NP4-PP 

Coated 

Kevlar 

Yes (after 10 

seconds) 
Yes No Yes No Yes 

NP4-PP 

Coated 

Carbon Fibre 

Yes (after 5 

seconds) 
Yes No Yes No Yes 

NP4-PP 

Coated Glass 

Fibre 

Yes (after 5 

seconds) 

No (silicone oil 
passed through 

apertures after 2 

hours) 

No Yes No 

No, oleophobic 
behaviour improved 

and oil passage was 
prevented for at least 

3 weeks 

NP4-PP 

Coated Nylon 
No Yes No Yes N/A N/A 

NP4-PP 

Coated Nylon 

3 

Yes 

(instantly) 
Yes No Yes 

Yes, coating was 

partially washed 
away 

Yes 

NP4-PP 

Coated Nylon 

2 

Yes 

(instantly) 
Yes No Yes 

Yes, coating was 

partially washed 
away 

Yes 

NP4-PP 

Coated 

Stainless-

Steel Mesh 

Yes (after ~ 5 

minutes) 
Yes No Yes 

Yes, coating was 

partially washed 
away 

Yes 

 

 

Figure 6.29 provides an illustrative outline of the NP4-PP composite synthesised into NP4-PP 

thin film, NP4-PP thick film and NP4-PP coated substrates. The passage of water through films 

and coated substrates is depicted by a blue arrow; such that an arrow above the material 

represents water deposition upon the material, and a second blue arrow beneath the material 

depicts the water penetration through the entire material. Red arrows represent the deposition 

of silicone oil on the surface of the material, however, the absence of a second red arrow 

beneath the material signifies the prevention of silicone oil penetration. 
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Figure 6.29 Diagram showing a simplified structure of NP4-PP composite and how it can be used to fabricate NP4-PP films 

and NP4-PP coated substrates. Blue and red arrows represent the passage of water and silicone oil onto the material and/or 

through the material. The time for water penetration is depicted below each material. This diagram refers to the results 

accompanying NP4-PP coated nylon 2 and 3. All materials, unless specified, prevented silicone oil passage for at least 3 

weeks. 
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In light of these findings, it is suggested that all materials containing the NP4-PP composite 

display desirable oleophobic properties. In general, NP4-PP coated substrates afford much 

more facile water penetration, whilst simultaneously displaying oleophobic behaviour to 

silicone oil, granting them particularly desirable for application within the context of oil/water 

separation for oil-spill clean-up and within aircraft technology (vide infra). To further examine 

the oleophobic behaviour of such materials, contact angle and sliding angle measurements and 

were conducted. 

 

 

6.3.3.2  Contact Angle Measurements 

 

Contact angle measurements were measured on NP4-PP films and NP4-PP coated substrates 

using three different oils, including silicone oil, hexadecane, and Jet A-1 fuel. In each case, a 

small droplet (1 - 3 µL) of each liquid was deposited onto three different regions of the 

material’s surface, thereby allowing the measurement of their contact angles. Average contact 

angles for each material are depicted in Table 6.3. WCAs in all cases were unmeasurable, due 

to the instantaneous wetting of each material. As such, WCAs were deemed to correspond to 

0°. In regards to contact angles associated with the oils, it is generally accepted that a contact 

angle of less than 90° shows no oleophobic behaviour, between 90 and 150° shows oleophobic 

behaviour and angles exceeding 150° show superoleophobic behaviour.565 During the present 

measurements, it was found that all materials possessed oleophobic behaviour to hexadecane, 

whilst the majority of the materials demonstrated oleophobic behaviour towards silicone oil 

and Jet A-1 fuel, with all contact angles being greater than 70.6°. Very high contact angles 

were observed for NP4-PP thin film corresponding to 126.4, 111.9 and 105.9° for hexadecane, 

Jet A-1 fuel and silicone oil, respectively, demonstrating that the NP4/PDDA/PFO composite 

provides the targeted properties. In some cases, the contact angles for Jet A-1 fuel and silicone 

oil were generally slightly lower for each material, with the former oil generally associated 

with slightly higher contact angles than the latter. These findings are attributed to the 

differences in surface tension. The surface tension values are in order of magnitude 

corresponding to hexadecane > Jet A-1 fuel > silicone oil, as shown in Table 6.4.566,567 Many 

contact angles with Jet A-1 fuel and silicone oil also reflected oleophobic behaviour, possessing 

contact angles of over 90° in both cases. It was noticeable, however, that NP4-PP coated carbon 
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fibre and NP4-PP coated nylon possess lower contact angles with silicone oil and that NP4-PP 

thick film possesses a relatively low contact angle with Jet A-1 fuel. These findings were 

attributed to the non-uniformity of the materials, as well as due to the presence of large pores, 

particularly in the case of the coated substrates. The porous structures were observed directly 

via SEM imaging (vide infra). It is believed that during both contact angle analyses, it is 

possible that the oil droplet was deposited over a large pore, and therefore, the oil droplet may 

have partially resided in the pore space. As such, a lower contact angle could have been 

generated this way. Whilst it is often desirable to obtain extremely high contract angles 

exceeding 150°, such as many of those within literature, they are not necessary within the 

current investigation, since the NP4-PP films and coated substrates all succeeded in preventing 

oil passage. 
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Table 6.3 Contact angle measurements for silicone oil, hexadecane and Jet A-1 fuel on NP4-PP film and NP4-PP coated 

substrates with subsequent photographs of the droplet. 

Material 
Average Contact Angle (°) 

Silicone Oil Hexadecane Jet A-1 Fuel 

NP4-PP Thick Film 

70.6 

 

95.1 

 

78.6 

 

NP4-PP Thin Film 

105.9 

 

126.4 

 

111.9 

 

NP4-PP Coated Kevlar 

78.3 

 

116.1 

 

103.6 

 

NP4-PP Coated Carbon Fibre 

103.3 

 

117.6 

 

107.0 

 

NP4-PP Coated Glass Fibre 

90.3 

 

120.3 

 

106.0 

 

NP4-PP Coated Nylon 

74.5 

 

90.6 

 

97.2 

 

NP4-PP Coated Stainless-steel Mesh 

92.3 

  

109.3 

  

96.9 
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Table 6.4 Surface tension of various liquids566,567. 

Liquid Surface Tension (mN/m) (20 °C) 

Water 73 

Hexadecane 27 

Silicone Oil 21 

Jet A-1 Fuel 24 

 

 

6.3.3.3 Sliding Angle Measurements 

 

In order to gain an understanding of the surface properties of the NP4-PP films and coated 

substrates, sliding angle measurements were conducted using an electronic goniometer (see 

Figure 6.30). These involved the deposition of silicone oil onto each material, before tilting the 

material using an electronic goniometer until the droplet began to roll. This process was 

repeated 5 times for each material and an average sliding angle was recorded, as shown in 

Table 6.5. Small sliding angles are typically associated with a low lateral adhesion between the 

silicone oil droplet and the surface.568  

 

 

Figure 6.30 Sliding angle measurements conducted on an electronic goniometer. Materials were fixed to the goniometer 

with a small piece of tape (see photograph on the right). A droplet of silicone oil (approximately 0.05 mL) was deposited 

upon each material and the goniometer was lifted. When the droplet began to slide, the angle was recorded. The process was 

repeated five times for each material and an average sliding angle was recorded. 

 

It was found that all sliding angles ranged between 16.0° - 33.8°. The ability of the oil droplets 

to roll off the surface with no visible contamination is a beneficial commodity and results from 

the oleophobic behaviour of the surface, causing repellence towards the oil droplet. The ease 

towards oil removal by tilting each material was also discussed during silicone/oil passage 

tests. An example of an application where it is necessary that the oil can be poured off with 
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ease is discussed in more detail further on in the chapter and considers the use of NP4-PP 

coated carbon fibre as a net to scoop up oil from the surface of water. It should be noted, 

however, that these angles are higher than several other oleophobic surfaces containing  PDDA 

with fluorosurfactant, which typically range between 4° to 10°.525,527 As such, it is believed that 

the higher sliding angle measurements within the current work reflect the presence of pores 

within the NP4-based materials, which provide grooves for the oil to partially situate in. As 

such, the oil is required to overcome a relatively large resistance (friction) to slide across the 

material.529  

 

Table 6.5 Sliding angle data for NP4-PP films and NP4-PP coated substrates using silicone oil. 

Material Average Sliding Angle (°) 

NP4-PP Thick Film 32.7 

NP4-PP Thin Film 23.2 

NP4-PP Coated Kevlar 16.0 

NP4-PP Coated Carbon Fibre 23.7 

NP4-PP Coated Glass Fibre 16.6 

NP4-PP Coated Nylon 33.8 

NP4-PP Coated Stainless Steel Mesh 26.7 

 

 

6.3.3.4 Comparison of NP4-PP Membranes with Existing Membrane Technology 

 

A comparison of NP4-PP membranes with various membranes within literature is summarised 

within Table 6.6. This compares the rate of water and oil passage through the various 

oleophobic/hydrophilic membranes, as well as the OCA associated with various oils. Since 

NP4-PP membranes (describing NP4-PP thin films and NP4-PP coated substrates) rely on a 

gravity-based separation, only literature examples of this type are provided. Gravity-based 

separations are, of course, particularly desirable to provide passive separations with no need 

for pumping technology.569 Within these published works, it is observed that water passage 

through the membranes is typically within the region of several seconds to several minutes. 

These differences in passage rates primarily relate to the chemical composition, morphology 

and pore size of the membrane.525,570 In some of these examples, the water was unable to 

penetrate the membrane, even though the OCA exceeded that of the WCA. This was observed 

within the work by Sultanov and co-workers, who coated methoxytrimethylsilane 
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functionalised SiO2 nanoparticles onto stainless steel mesh containing various aperatures.569,570 

The penetration of oil through the membranes was found to be related to the pore size, where 

the stainless steel mesh substrate with larger pore sizes accommodated passage for oil flow, 

whilst the smaller pores sizes prevented it. Through comparison of these rates of water passage 

within these examples, it was suggested that the water passage through NP4-PP coated 

substrates occurred relatively fast, where times for complete passage through the membranes 

corresponded to between 0 – 5 minutes, depending on the substrate used. The present results 

also indicated that substrates with large pore sizes typically allowed much faster water passage. 

Further comparative analysis of the ability of the membrane to retain oil, revealed that several 

of the oleophobic/hydrophilic membranes allowed water to pass through, but also allowed oil 

passage, albeit at a slower rate than the water passage. Whilst these differences in separation 

times between oil and liquid may be sufficient for many separation applications, they require 

the separated water to be removed prior to the passage of oil to avoid further water/oil mixing. 

In the context of the applications presented within this thesis, this is undesirable. Any passage 

of oil through the NP4-PP coated nylon membrane would result in Jet A-1 fuel being lost from 

the propellant tank, in the context of aircraft tanks. Meanwhile, passage of oil through the NP4-

PP coated carbon fibre membrane, which is shown to be act as a successful “net” to scoop up 

oil from the surface of ocean water, would result in further oil contamination of the water. 

Details relating to these applications are discussed further on in the chapter. Furthermore, the 

penetration of oil into the membrane can result in fouling of the membrane.525 Within the 

current work, oil passage was typically prevented for at least 3 weeks. As such, the oil was 

successfully retained at the membrane surface and could be easily poured off. Furthermore, 

OCAs acquired within the current work were comparable with those achieved within published 

work, typically correlating with “oleophobic contact angles” (those with an OCA > 90º).565 
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Table 6.6 A comparison of the present membranes rate of water and oil passage with various gravity-based separation 

membrane technologies published within the literature. Note: In published examples, various membranes may have been 

tested, however, the most significant results are displayed here. 

Membrane and its 

Composition  

Rate of water 

passage 

(sec/min/hour) 

Rate of oil passage 

(if any) (min/hour) * 
Oil Contact Angle (°) Reference 

Various substrates coated 

with NP/PDDA/PFO 

2.5 hour 

(NP4-PP thin 

film) 

 

Instantly – 5 

min (coated 

substrates) 

 

No oil passage 

(silicone oil) 

105.9 (silicone oil) 

126.4 (hexadecane) 

111.9 (Jet A-1 fuel) (NP4-

PP thin film) 

 

Up to 103.3 (silicone oil) 

up to 120.3 (hexadecane) 

Up to 107.0 (Jet A-1 fuel) 

(Coated substrates) 

 

Current 

work 

Stainless steel mesh 

spray coated with 

hydrolysed 

methoxytrimethylsilane/ 

SiO2 nanoparticles 

1.5 sec – 2 

min  

No oil passage 

(vacuum-pump oil) 

 

Oil passage occurs 

between 25 – 28 

mins (kerosene) 

128 

(organic liquidǂ) 
569 

Stainless steel mesh 

spray coated with PDDA/ 

Pentadecafluorooctanoic 

acid/ SiO2 

4 – 5 sec 

Oil passage occurs 

between 20 – 21 

min (vacuum pump 

oil) 

 

No oil passage 

(kerosene) 

116 (kerosene) 570 

Cellulose filter paper dip 

coated in acetonitrile 

solution of toluene 

diisocyanate/ N-(2,4-

diaminophenyl) 

maleimide 

< 2 min 
No oil passage 

(dibromoethane) 
139.7 (dibromoethane) 571 

Stainless steel mesh dip 

coated with 

PDDA/PFO/SiO2 

nanoparticles 

12 min 
No oil passage 

(hexadecane) 
95 (hexadecane) 526 

Stainless steel mesh 

spray coated with 

PDDA/PFO/SiO2 

nanoparticles 

~ 7 sec 
No oil passage 

(paraffin oil) 
162 (paraffin oil) 524 

*No oil passage refers to the oil being retained at the surface of the membrane. The length of time in which the oil is retained 

is not always specified within literature, however, in the present work, this refers to at least 3 weeks 
ǂThe specific organic liquid is unspecified within the literature 
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6.3.4 Morphological Analysis 

 

 

6.3.4.1 SEM analysis 

 

SEM analysis was conducted to gain an insight to the structure and morphology of NP4-PP 

films and NP4-PP coated substrates. Initially SEM imaging was performed on NP4 for 

comparative purposes, and three different magnification images were recorded, as shown in 

Figure 6.31. These images reveal the presence of many aggregated stacks, forming particles 

which range drastically in size, spanning between several hundred microns to several hundred 

nanometers, as described in 5.2.1.1 of Chapter 5. Figure 6.31 (a) depicts the presence of 

particles with lengths of up to 300 µm. At high magnification, it is observed that these particles 

possess a powdery, clumped appearance (Figure 6.31 (c)). 

 

 

Figure 6.31 SEM image of NP4 at magnifications of (a) 415 x (b) 4.15 kx and (c) 20.74 kx. 

 

Images of the NP4-PP composite contain a unique morphology, which differs from that of NP4. 

The SEM images (Figure 6.32) comprise of larger particles containing aggregates consisting 

of NP4 stacks in conjunction with PDDA and PFO. These particles possess lengths of several 

hundred microns to several millimetres. High magnification images (Figure 6.32 (c) and (d)) 

reveal that the outer regions of these aggregates also possess a smooth morphology, with a 

scaley appearance (Figure 6.32 (d)). In parallel, SEM imaging was also conducted on a mixture 

of PDDA and PFO in the absence of NP4, for comparative purposes. Corresponding images 
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are depicted within Figure 6.33 and show that this material consists of a single large particle, 

with a length of approximately 2 mm. The particle possesses a smooth morphology and at 

higher magnifications, the surface structure also appears scaly, with a rippling effect (Figure 

6.33 (e) and (f)). As such, this scaly, rippling effect within NP4-PP, was attributed to the 

presence of the PDDA/PFO mixture. It is also noteworthy that the physical texture of the NP4-

PP varied across the sample when physically handling the material. Some areas were brittle 

and could be snapped easily, whilst others were more flexible and could be stretched. The 

PDDA/PFO mixture possessed a more flexible texture, which is typical of many polymer-

containing materials. As such, it is believed that within NP4-PP composite, the contribution of 

rigidity and flexibility, originates from the presence of both NP4 and PDDA/PFO components 

in the material. 

 

 

Figure 6.32 SEM image of NP4-PP composite at magnifications of (a) 105 x (b) 415 x (c) 4.15 kx and (d) 20.76 kx. 
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Figure 6.33 SEM images of PDDA/PFO at magnifications of (a) 106 x (b) 415 x (c) 1.04 kx (d) 4.15 kx (e) 20.76 kx and (f) 

34.60 kx. 

 

For the NP4-PP films, it was found that the morphologies consisted of an extended array of 

aggregates, comprising NP4 stacks and PDDA/PFO reagents (see Figure 6.34 and Figure 6.35). 

NP4-PP thick film possesses aggregates which exhibit lengths of 1 - 20 µm (Figure 6.34 (a) 

and (b)), whilst NP4-PP thin film possesses aggregates with lengths typically around 1 – 10 

µm, with a few larger aggregates possessing lengths of up to 100 µm (Figure 6.35 (a) and (b)). 

In both films, some aggregates appeared cross-linked with one another, presumably by 

PDDA/PFO complex. This can be observed within (d) - (f) of Figure 6.34 and Figure 6.35. 

These images also enable the observation of a scaly, rippling texture, consistent with that of 

NP4-PP and PDDA/PFO. The arrangement of aggregates and the presence of cross-linking 

within both films resulted in the formation of pores, which were quite clearly observed 

throughout the films. Several large pores of 1 µm in size can be observed within NP4-PP thick 

film in Figure 6.34 (d) (e) and (f). NP4-PP thin film also contains pores between the aggregates, 

as shown within Figure 6.35 (f). Approximations were made to estimate the widths and areas 

associated within the pores of NP4-PP thin film, as outlined within Figure 6.36. Pores were 

observed to exhibit approximate widths of 0.5, 1.0 and 2.0 µm with corresponding areas of 0.1, 

0.2, 0.3, 1.0 and 2.0 µm2. These pores between NP4-PP aggregates form a network which 

extends throughout NP4-PP film and were observable within multiple SEM images taken 

across different positions on the film. As such, this porous network most likely provides a path 

for water passage through the material. 
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Figure 6.34 SEM images of NP4-PP thick film at various magnifications including (a) 415 x and (b) 2.06 kx (c) 4.14 kx (d) 

10.37 kx (e) 17.36 kx and (f) 34.71 kx. 

 

 

 

Figure 6.35 SEM image of NP4-PP thin film at magnifications of (a) 414 x (b) 2.07 kx (c) 4.17 kx (d) 10.45 kx (e) 17.36 kx 

and (f) 34.56 kx. 
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Figure 6.36 SEM image of NP4-PP thin film at a magnification of 34.56 kx, depicting approximate dimensions in the form of 

diameters and areas (A). 

 

SEM imaging was also conducted on the coated substrates, as shown in Figure 6.37. Kevlar, 

carbon fibre and glass fibre contain fibrous strands with respective diameters of 15, 7.5 and 

15.1 µm, as shown in (a) of Figures 6.38 – 6.40. Within these materials, many strands run 

parallel to one another, whilst other strands run perpendicular, resulting in a crosshatched 

arrangement of fibres. This orientation allows for the formation of gaps between both parallel 

and perpendicular strands. These gaps result in the presence of numerous pores within the 

overall material. Nylon and stainless-steel mesh also consist of a crosshatched arrangement, 

however, do not consist of the parallel fibrous structure present in the other substrates. Nylon 

contains an aperture and width of 0.1 mm, whilst stainless-steel mesh consists of apertures of 

0.28 mm and widths of 0.16 mm, as observed in Figure 6.41 (a) and Figure 6.42 (a), 

respectively. Low magnification, wide field imaging of these showed that the coating on the 

substrates was homogeneous in some regions of the substrates and inhomogeneous in others 

(Figure 6.37). For example, in coated Kevlar, carbon fibre and glass fibre, it can be observed 

that some of the gaps between the fibres remained uncoated, as shown in Figure 6.37 (a) - (c). 

High magnification SEM analysis reveals the presence of pores within the three-coated 

substrates, corresponding to widths of 64 and 90 µm in coated Kevlar (Figure 6.38 (b) and (c)), 
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52, 15 and 14 µm in coated carbon fibre (Figure 6.39 (b)(c) and (d)) and 101 µm in coated glass 

fibre (Figure 6.40 (b)). Furthermore, additional pores are also observed between coated regions 

of the substrate and the fibres themselves, with areas corresponding to 114 and 232 µm2 as 

shown by SEM imaging of coated glass fibre (Figure 6.40 (c)). 

 

 

Figure 6.37 SEM images obtained in wide field mode of NP4-PP coated (a) Kevlar (b) carbon fibre (c) glass fibre (d) nylon 

3 and (e) stainless-steel mesh at magnifications of 20 x. 

 

In general, the coating process on Kevlar, carbon fibre and glass fibre resulted in NP4-PP film 

formation across the majority of the substrate. Some regions acquired film morphology directly 

over the strands, whilst other regions consist of film suspended between strands, however, the 

strands remain very much visible, as observed in Figure 6.38 (d), Figure 6.39 (e) and (f) and 

Figure 6.40 (d) and (f). Furthermore, some regions do not acquire NP4-PP film morphology at 

all, as evidenced by the large pores present within the coated substrates. In regions where 

coating consists of NP4-PP film formation suspended between strands, it is observed that the 

morphology differs significantly. Some regions comprise a smooth film formation, as shown 

in Figure 6.38 (e), Figure 6.39 (e) and Figure 6.40 (c) and (e), likely to be due to the presence 

of large concentrations of PDDA and PFO polymer. These regions possess no pores observable 

by SEM imaging. Other regions possess a similar aggregated morphology to that of NP4-PP 
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film, as shown in Figure 6.38 (f), Figure 6.39 (e) and (f) and Figure 6.40 (f), consisting of a 

more cluster-like appearance. In this case, pores are also present within the film forming areas 

themselves. For example, it is observed that coated Kevlar possesses pores with corresponding 

approximate areas of 5.0, 0.4, 5.0 and 1.0 µm2 (Figure 6.38 (f)). In regions where film 

formation is acquired over the strands directly, a smooth morphology is observed. These are 

comparable with strands which do not acquire film formation, which display a different 

contrast, and appear much darker in colour. This is clearly observed within images associated 

with coated carbon fibre and coated glass fibre in Figure 6.39 (f) and Figure 6.40 (d), 

respectively. It is evident that pores are formed both within the film itself and within regions 

where film formation is not present. In the latter case, these regions may not have become 

coated during the process or may have become coated, but the flexible nature of the substrate 

may have led to tearing of the film. Within the SEM image for coated carbon fibre, as shown 

in Figure 6.39 (d), it is likely that this situation has occurred. This image depicts a very smooth 

crevasse within the film, where each side of this crevasse appears to perfectly match its 

opposing side, indicating that it was once conjoined. As such, it is evident that a large variety 

of pores exists within NP4-PP coated Kevlar, carbon fibre and glass fibre substrates, which 

provide facile passages for the passing of water. In the case with glass fibre, SEM imaging 

suggests that many of the pores are much larger than that of the other substrates. In particular, 

those pores present between non-coated areas and between parallel and neighbouring strands. 

This may explain why silicone oil passes through this coated substrate 2 hours after deposition 

in some cases, during silicone oil/water passage tests (see 6.3.3.1.2). With the remaining NP4-

PP coated substrates and NP4-PP films, it is believed that oil may reside partially in the pores 

within the upmost regions (since high sliding angles were obtained), however, the oleophobic 

nature of the PFO moieties prevented any passage through the materials, and hence, silicone 

oil droplets remained on the surface with no visible wetting, for at least 3 weeks.  
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Figure 6.38 SEM images of (a) uncoated Kevlar at a magnification of 1.73 kx and coated Kevlar at magnifications of (b) 56 

x (c) 589 x (d) 519 x (e) 10.38 kx and (f) 10.38 kx. 

 

 

Figure 6.39 SEM images of (a) uncoated carbon fibre at a magnification of 1.38 kx and coated carbon fibre at 

magnifications of (b) 461 x (c) 2.08 kx (d) 830 kx (e) 4.15 kx and (f) 1.04 kx. 
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Figure 6.40 SEM images of (a) uncoated glass fibre at a magnification of 1.38 kx and coated glass fibre at magnifications of 

(b) 208 x (c) 1.38 kx (d) 1.38 kx (e) 4.15 kx and (f) 10.38 kx. 

 

Within coated nylon 3 and stainless-steel mesh, it was observed that many apertures acquired 

a suspended film across them, however, some did not acquire coating or became partially 

coated (Figure 6.37). As such, large pores were created in the latter cases, as shown in Figure 

6.41 (b) and Figure 6.42 (b). Coated stainless-steel mesh contained pores with corresponding 

areas of 0.02 and 0.04 mm2 (Figure 6.42 (b)). It was also observed that regions which did 

acquire coating, displayed varying morphologies, similar to those of the previous coated 

substrates. Many regions displayed a smooth film-like morphology, indicating the presence of 

concentrated regions of PDDA/PFO reagents, as evidenced by Figure 6.41 (c) and Figure 6.42 

(c). Other regions comprised of a coating, possessing strong similarity to that of NP4-PP films, 

as shown in Figure 6.41 (d) and Figure 6.42 (d). These possessed a cluster-like appearance. 

Pores were also created within the coated areas themselves. High magnification images also 

revealed the presence of pores with areas corresponding to 3 and 5 µm2 in Figure 6.41 (e) for 

coated nylon 3 and 0.2 µm2 in Figure 6.42 (e) for stainless-steel mesh. Pore formation also 

occurred within the spacing between suspended film and the substrate itself, likely to be due to 

the flexibility of the substrate. An example is depicted in the coated nylon 3 (Figure 6.41 (f)), 

which contains a pore of 13 µm in width. Moreover, a large crevasse-like pore can be observed 

within a coated region of the stainless-steel mesh, possessing a width of 31 µm, also likely to 

be formed due to movements of the substrate (Figure 6.42 (f)). 
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Figure 6.41 SEM images of (a) uncoated nylon at a magnification of 125 x and coated nylon 3 at magnifications of (b) 415 x 

(c) 10.38 kx (d) 10.39 kx (e) 20.75 kx and (f) 4.15 kx. 

 

 

Figure 6.42 SEM images of (a) uncoated stainless-steel mesh at a magnification of 106 x and coated stainless-steel mesh at 

magnifications of (b) 208 x (c) 10.38 kx (d) 10.38 kx (e) 9.96 kx and (f) 692 x. 
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SEM imaging revealed the presence of a wide variety of pores within NP4-PP films and NP4-

PP coated substrates. In the latter materials, the size of the largest pores in each material reflects 

the order as follows: glass fibre (232 µm) > stainless-steel mesh (200 µm) > nylon 3 (100 µm) 

> Kevlar (90 µm) > carbon fibre (52 µm). The presence of relatively large pores within glass 

fibre provide an explanation to why it allowed silicone oil passage, as previously mentioned in 

Section 6.3.3.1.2. It was also noticed that although SEM imaging of coated stainless-steel mesh 

revealed the presence of relatively large pores, this coated substrate showed very slow water 

penetration during the same silicone oil/water passage tests. It is believed that if a water droplet 

was deposited on an extremely well-coated region of this substrate, the passage would have 

been much slower than if deposition had have occurred on a less well-coated region. As such, 

this reasoning could explain why the passage for this coated substrate was much slower than 

expected. 

 

 

6.3.4.2 AFM Analysis 

 

The morphology of NP4-PP thin film was also analysed using AFM, as shown in Figure 6.43. 

It is observed that the film possesses a rough texture, consisting of aggregates of NP4, PDDA 

and PFO with dimensions of several microns (Figure 6.43 (a) and (b)). The coloured contrast 

within the images enables identification of the height variations of the film, such that lighter 

areas depict regions where the film protrudes from the surface, and darker regions correspond 

to holes within the film. It is evident that the NP4-PP thin film is not flat, and instead, contains 

many features which extend out from the surface. Further analysis of the holes is observed 

within the two-dimensional representation of Figure 6.43 (b), where measured line profiles 

provide an indication of the height variations across holes (see line profiles in Figure 6.43 

(d)(i)). These line profiles indicate that a relatively large drop in height exists within these 

holes, including 37, 307, 240 and 276 nm for line profiles 1 – 4, respectively. A line profile 

was also produced across Figure 6.43 (c) and is depicted as a 2D representation in Figure 6.43 

(e)). The respective line profile plot (Figure 6.43 (e) (i)) shows that the surface of the aggregate 

does not possess a flat topography. It is observed that the vertical distance varies between a 

minimum value of -109 nm to a maximum value of 77 nm, indicating that the height variations 

range quite substantially across a single aggregate. 
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Figure 6.43 AFM images of NP4-PP thin film depicting: (a) a 10 by 10 µm AFM image of the surface of NP4-PP thin film, 

consisting of many aggregates; (b) a magnified image of (a) consisting of a 10 by 10 µm AFM image; (c) a magnified image 

of (b) consisting of a 2 by 2 µm AFM image of the surface of an aggregate; (d) a two-dimensional (2D) representation of 

image (b) containing line profiles 1 – 4, and corresponding plots (shown in (d)(i)), measured across four holes and (e) a 

two-dimensional representation of image (c) containing a line profile and its corresponding plot (shown in (e)(i)), measured 

across the surface of an aggregate. 
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6.3.5 Surface Area and Porosity Analysis 

 

BET, BJH and t-plot analysis were conducted to gain an understanding of the surface area and 

porosity associated with NP4, NP4-PP composite and NP4-PP thin film.9 The BET curves 

provided data on the adsorption-desorption characteristics of the materials, as shown within 

Figure 6.44. NP4 was previously characterised using BET, BJH and t-plot techniques within 

Chapter 5 (referred to as NP4), and contains a H3 hysteresis loop according to IUPAC 

classification,239,351 indicating the presence of slit-like particles with non-rigid nature, and non-

uniform shape and size. The other materials display similar isotherms, also possessing H3 

hysteresis with a pseudo-type II isotherm. Like NP4, the absence of the plateau within NP4-PP 

composite and NP4-PP thin film suggests that the materials contain large pores which do not 

become completely filled during adsorption. As such, multilayer adsorption continues to 

proceed with no termination, until high P/P0. In contrast to NP4, there is no steep uptake of 

nitrogen adsorbate at P/P0 < 0.001, indicating an absence of micropores within the material. 

The BET surface area associated with NP4-PP composite and thin film correspond to 4.3 and 

1.8 m²/g, which is drastically lower than the surface area of NP4 (670.9 m²/g) (see Table 6.7). 

The large surface of NP4 was desirable to maximise PDDA/PFO adsorption. 

  

 
9 The BET surface area data gave negligible surface area values for Kevlar, carbon fibre, glass fibre, nylon, stainless-steel 

mesh and their NP4-PP coated counterparts 
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Figure 6.44 BET curve for NP4, NP4-PP composite and NP4-PP thin film. 

 

The BJH PSD is depicted in Figure 6.45. The BJH pore volume associated with NP4-PP 

composite and thin film was found to correspond to 0.03 and 0.01 cm3/g, which contrasts quite 

dramatically from 1.16 cm3/g associated with NP4, as shown in Table 6.7. T-plot data also 

provided evidence of a decrease in the mesopore and macropore surface areas associated with 

NP4-PP composite and NP4-PP thin film, corresponding to 4.3 and 1.8 m2/g, relative to 489.3 

m2/g for NP4 (Table 6.8). It is believed that the addition of PDDA/PFO results in a severe loss 

of pore volume and area, which remains consistent with the large decrease in surface area 

available to nitrogen adsorbate. This suggests that many mesopores and macropores within 

NP4 become diminished through the addition of PDDA and PFO, due to the physical blocking 

and occupancy of pores (both in-plane and slit pores). Interestingly film formation decreases 

the pore volume, pore area and subsequent BET surface area further, relative to NP4-PP 

composite, suggesting that a more orderly alignment of NP4 stacks and PDDA/PFO moieties 

exists. The BJH PSD of NP4-PP composite and thin film also varies from NP4. NP4 possesses 

a PSD between 1.7 - 84.5 nm, suggesting the presence of micropores, mesopores and 

macropores the material. In contrast, NP4-PP composite and NP4-PP thin film possess larger 
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PSDs corresponding to 4.1 – 123.8 and 5.9 – 130.3 nm, respectively, indicating mesopore and 

macropore presence only, with the loss of micropores. This finding is confirmed due to the 

absence of t-plot micropore area and volume associated with these materials. This absence of 

micropores is consistent with the lack of a sharp nitrogen uptake within the BET curves. 

Moreover, a loss of small mesopores with widths between 1.7 - 4.1 nm for NP4-PP and 1.7 - 

5.9 nm for NP4-PP thin film also suggests that these small pores are heavily impacted by the 

presence of PDDA and PFO. Interestingly, it is also observed that the PSD increases over the 

macroporous region for NP4-PP composite and NP4-PP thin film, suggesting that larger pores 

were introduced into the materials, albeit in very low amounts. It is thus believed that the 

presence of PDDA and PFO moieties causes widening of some slit pores, whilst simultaneously 

establishing new pores through the linkage of aggregated NP4 stacks with PDDA/PFO 

networks. 

 

Table 6.7 BET and BJH data for NP4, NP4-PP composite and NP4-PP thin film. 

Material 
BET Surface Area 

(m²/g) 

BJH Adsorption Volume of Pores 

Between 1.7 - 300 nm (cm3/g) 
BJH Average Pore Width 

(Adsorption)(4V/A) (nm) 

NP4 670.9 1.16 6.3 

NP4-PP Composite 4.3 0.03 16.7 

NP4-PP Thin Film 1.8 0.01 23.1 

 

Table 6.8 BJH and t-plot data for NP4, NP4-PP composite and NP4-PP thin film. 

Material t-plot Micropore 

Volume (cm3/g) 

t-plot Micropore Surface Area 

(m2/g) 

t-Plot Mesopore/Macropore 

Area (m2/g) 

NP4 0.0806 181.6 489.3 

NP4-PP Composite 0 0 4.3 

NP4-PP Thin Film 0 0 1.8 
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Figure 6.45 BJH incremental pore volume as a function of average pore width for NP4, NP4-PP composite and NP4-PP 

thin film 

 

SEM imaging provided evidence of large macropores within the NP4-PP thin film, possessing 

widths of approximately 0.5 – 2 µm in size (Figure 6.36). It is worth noting that the surface 

area and volume associated with these pores contributes to the BET and t-plot 

mesopore/macropore area data, however does not contribute to BJH data, which analyses pores 

between the widths of 1.7 – 300 nm.344,572 

 

 

6.3.6  Bond Analysis using ATR-FT-IR 

 

The ATR-FT-IR spectra of PDDA, PFO and NP4-PP are depicted in Figure 6.46. The FT-IR 

spectrum of NP4 exhibited no significant peaks, which is assumed to be due to the nature of 

the material displaying absorption over the entire region of the spectrum. As such, the spectrum 
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is not presented. The most prominent absorptions within the spectrum of PDDA relates to the 

O-H stretch at approximately 3315 cm-1. This peak exhibits a small shoulder around 

approximately 2900 cm-1 resembling that of the C-H asymmetrical stretch. An O-H 

symmetric deformation is also observed at 1633 cm-1, whilst the O-H asymmetric deformation 

and O-H deformation are present at 1473 and 720 cm-1, respectively.573 The corresponding 

spectrum for PFO, exhibits prominent peaks at 1688 cm-1 corresponding to as (COO-), 1421 

cm-1 corresponding to as(COO-) and 1363 cm-1 corresponding to ax(CF2). Furthermore, 

peaks at 1230, 1195 and 1146 cm-1 correspond to the CF2 and CF3 groups within PFO.574 The 

spectrum of NP4-PP composite consists of a combination of both PDDA and PFO peaks, 

indicating the presence of both reagents within the composite material.  

 

 

Figure 6.46 ATR-FT-IR spectra of PDDA, PFO and NP4-PP composite 

 

 



288 

 

6.3.7 Graphitic Structure and Defects Analysis using Raman Spectroscopy 

 

The Raman spectra of NP4 and NP4-PP are presented within Figure 6.47. In accordance with 

the NP4’s Raman spectra (originally presented in Section 5.4.1.2 within Chapter 5), the Raman 

spectrum associated with NP4-PP also contains three distinct peaks corresponding to the D 

band (1348 cm-1), G band (1582 cm-1) and 2D band (2700 cm-1). The identify of these bands is 

discussed in more detail in the previous chapters. The D band signifies the presence of defects 

within NP4-PP, whilst the G band indicates the presence of sp2centres.305–308 Deconvolution 

of the D and G band with the overlapping D*, D’’ and D’ bands, allows for the ID/IG ratio of 

NP4-PP to be calculated.311 This value corresponds to 0.96, which exceeds that for NP4 

(0.93). This indicates an increase in the number of defects within the composite material.  

Furthermore, an additional defect band is present in NP4-PP at 2944 cm-1, which 

corresponds to the combination mode (D + D’).172,310 Whilst defects within NP4 can be 

attributed to its plasma-exfoliation synthesis,95 it is clear that the treatment of NP4 to form 

NP4-PP enhances its defective nature further. It is believed that the stirring within aqueous 

conditions may result in a small proportion of covalently bound oxygen becoming introduced 

into the graphitic network, thus, rehybridisation of some carbon atoms would occur from sp2 

to sp3. The Raman spectra also provide an insight to the structure within both materials. The 

intensity ratio of the G band in respect to the 2D band (I2G/IG) is not dissimilar to that of NP4, 

possessing a value of 0.52, cf. 0.55 for NP4. Since this value is smaller than 1, the multilayer 

graphitic structure is confirmed, indicating that NP4 still consists of stacks comprising orderly 

aligned sheets.312   

 

 

Figure 6.47 Raman spectra of NP4 and NP4-PP composite with depicting their corresponding ID/IG and I2D/IG ratios. Peak 

deconvolution was performed using OriginPro software to discriminate the D and G bands from overlapping D*, D’’ and D’ 

bands. 
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6.3.8  Stacking Orientation and Interlayer Spacing Analysis using XRD 

 

The XRD patterns for NP4 and NP4-PP are presented in Figure 6.48. NP4 displays an intense 

peak at 2θ = 26.6°, which resembles the hexagonal (2H) (002) and rhombohedral (3R) (003) 

planes. These planes are associated with an interlayer spacing of 0.335 nm, thus, providing 

evidence of graphitic stacking. Slightly larger interlayer spacings are also present within the 

material, corresponding to 0.465 and 0.372 nm. These spacings relate to peaks at 2θ = 19.1° 

and 23.9° and suggest that the material consists of regions where graphitic layers have become 

expanded, probably due to the presence of covalently bound oxygen moieties.318,454 A broad 

peak is also present between 43° and 46°, consistent with the presence of 2H (100) and 

(101) and 3R (101) and (012) stacking planes.371 Additional peaks at 55.6° and 77.8° are also 

observed, resembling the graphite 2H (004) and (110) planes. The pattern associated with NP4-

PP displays some key differences. Although a peak at 2θ = 26.6° is also present, it is much less 

intense. The most intense peak is observed at 2θ = 17.3°, which relates to an interlayer spacing 

of 0.513 nm. Further peaks are also observed at 19.9° and 24.2°, relating to interlayer spacing 

values of 0.446 and 0.363 nm, respectively. These widened interlayer spacings indicate the 

expansion of graphitic layers due to the presence of PDDA and PFO reagents. These widened 

interlayer spacings do not contribute to any significant porous area however, since the reagents 

cause complete occupancy, and therefore blockage of the pore as explained during BET/BJH 

analysis. 
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Figure 6.48 XRD patterns of NP4 and NP4-PP composite. 

 

 

6.3.9 Mechanism for Oleophobic/Hydrophilic Behaviour of NP4-PP 

Composite 

 

As previously outlined, it is believed that PDDA and PFO result in physical blockage of a large 

proportion of slit pores and in-plane pores within NP4. Furthermore, an electrostatic bond 

exists between PDDA and PFO moieties, forming the polyelectrolyte/fluorosurfactant 

complex, which has been utilised in complex formation in various other investigations.518,522–

528,575–577 Within these complexes exists the perfluorinated tail of PFO, which extends out 

towards the air/solid interface. This tail provides a sufficiently low dispersive component of its 

surface tension, whilst the polar carboxylate head group and PDDA moieties provide a 

sufficiently high polar component to the complex, thus providing effective 

oleophobic/hydrophilic behaviour, complimentary to previous works.518,522–528,575–577 It has 

been found that a low dispersive component and a higher non-dispersive component are 

required for simultaneous oleophobic/hydrophilic behaviour.578 When water is deposited on 

the surface it also encounters PFO’s tails first, however, a stronger interaction exists between 

water and hydrophilic groups, thus water experiences a pull through the composite and pores 
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within the coated substrates.577 During the dynamic process, more hydrophilic groups therefore 

reside at the top, resulting in an ease of passage for subsequent water molecules.  

Cassie-Baxter and Wenzel regimes were also considered as alternative mechanisms for the 

existence of oleophobicity and hydrophilicity within the NP4-PP films and coated 

substrates.530,536 In theory, a Cassie-Baxter wetting scenario could occur if a solid-water-oil or 

solid-air-oil interface was created. In regard to the former, it may have been possible that such 

an interface evolved when water was deposited onto the NP4-PP film and coated substrates, 

prior to oil deposition. In such a case, water could enter the surface pores of the material and 

create a “composite interface” for the oil to reside on, thus preventing its passage through the 

material. Whilst it is believed that this mechanism may be possible, it is unlikely that it is the 

key contributor towards the oleophobic behaviour. As explained previously, a test was 

conducted involving the deposition of oil onto coated nylon 3, prior to the deposition of water. 

During this test, no visible wetting occurred with the oil, however, water passed through the 

coated substrate with ease, consistent with the initial test on coated nylon 3. As such, it was 

concluded that the prior wetting of the NP4-PP films and coated substrates was not necessary 

to provide the oleophobic behaviour. Moreover, the roughness of the nanostructure may also 

result in the entrapment of air, resulting in a composite interface to both water and oil droplets. 

If indeed this had occurred, both water and oil wetting would have been equally reduced.  

Finally, in relation to the Wenzel regime, it is believed that the nano-scale roughness of NP4-

PP film and coated substrates resulted in increased oleophobic behaviour due to a larger 

oleophobic surface area being available. In parallel, it is believed that an increase in surface 

area would also increase the interaction between polar moieties with water droplets. As such, 

the oleophobic and hydrophilic behaviour becomes amplified.579 AFM imaging provided 

evidence of the nano-scale rough texture of the NP4-PP aggregates; moreover, SEM analysis 

showed that many pores exist between the aggregates themselves. Whilst it is believed that 

these large pores should be large enough to provide passage for both water and oil droplets, the 

presence of the sufficiently low dispersive component associated with the PFO tails is sufficient 

in preventing the passage of oil.578 

Reflection upon silicone oil/water passage tests, contact angle and sliding angle analyses and 

extensive characterisation of NP4-PP composite grants it success within the context of enabling 

oil/water separation. In addition, it was deemed a suitable candidate to be fabricated into free-

standing films and coated upon substrates. These materials are deemed suitable as membranes 
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to separate oil/water mixtures. The porous morphology of these films and coated membranes, 

created due to the presence of NP4, is effective in providing a porous network which creates 

channels for water passage. In addition, the inhomogeneous coating coverage upon substrates 

also assisted in providing facile routes for water to pass through. In light of these findings, the 

applicability of NP4-PP composite within membrane applications is investigated within the 

context of oil-spill clean-up and within aircraft propellant tanks. 

 

 

6.3.10  Application of NP4-PP Coated Substrates 

 

 

6.3.10.1 Application within Oil-Spill Clean-Up 

 

A well-known and desirable application for oleophobic/hydrophilic materials relates to 

oil/water separation. In the context of oil-spill clean-up, it can be extremely challenging to 

remove oil from water, especially when the oil disperses into many small droplets. As described 

within the introduction, there are a number of economic and environmental issues associated 

with the presence of oil in the oceans, and hence research into more effective strategies to 

enable its removal is vital.519 When oil is spilt into water, it tends to accumulate at the water 

surface, due to the differences in densities associated with the liquids, as shown in Figure 6.49. 

As such, NP4-PP coated carbon fibre was employed as a coated net to “mop up” the surface-

accumulated oil (Figure 6.49). The choice of this coated substrate over NP4-PP films and the 

remaining NP4-PP coated substrates lies in its suitability for application. Carbon fibre is 

mechanically strong, whilst flexible in nature. As such, it is suitable to withstand the weight of 

becoming saturated with water, without becoming damaged. Furthermore, its flexible nature 

means that it can be bent in the water to act as a scoop as it is lifts from the liquid’s surface. In 

addition, this coated substrate also showed relatively fast water penetration during silicone/oil 

passage tests, as well as the highest OCA to silicone oil, relative to the other NP4-PP coated 

substrates. To test the application of NP4-PP coated carbon fibre, apparatus was set up, as 

shown in Figure 6.50. Water was placed into a round flask and silicone oil was poured over the 

top. These liquids contained the same dyes as outlined above. Naturally, the silicone oil 
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dispersed into several small droplets, which resided on the surface of the water. Coated carbon 

fibre was placed onto a stainless-steel mesh to ease its submersion into the water, and the coated 

substrate was scooped under the oil layer, before lifting from the water. The water then passed 

back through the coated carbon fibre, whilst the silicone oil remained on the coated substrate 

surface. The silicone oil was then deposited into a separate beaker by simply tilting the coated 

substrate. This process was repeated several times until no more silicone oil was observed on 

the water. 

 

 

Figure 6.49 A proposed step-by-step process to remove oil from the surface of water in oceans, using an 

oleophobic/hydrophilic coated net to “mop up” the accumulated oil. 

 

 

Figure 6.50 A step-by-step process implementing NP4-PP coated carbon fibre supported on a stainless-steel mesh to remove 

silicone oil from the surface of water. 
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6.3.10.2 Application within Aircraft Propellant Tanks 

 

A second application which exploits the use of oleophobic/hydrophilic materials is proposed 

in the context of aircraft propellant tanks. As explained within the Introduction, a passive 

membrane which allows the removal of built-up water from a propellant tank, whilst 

simultaneously retaining propellant inside the tank, would be desirable. A simplified diagram 

of a propellant tank is shown in Figure 6.51, and depicts how engrossed water can accumulate 

at the bottom of tanks. The presence of a suitable oleophobic/hydrophilic membrane is 

therefore desirable to allow the removal of the water, whilst simultaneously retaining the 

propellant within the tank. For this purpose, NP4-PP coated nylon 3 was utilised as a passive 

filter membrane. This coated substrate was chosen due to its ease to cut into a suitable shape, 

and thin nature, enabling it to be manipulated into suitable apparatus. In addition, it also 

possessed a relatively high OCA using Jet A-1 fuel. To replicate an aircraft propellant tank, a 

Whatman three-piece filter funnel was used, and a homogenously coated section of NP4-PP 

coated nylon 3 was cut into a circular shape and sandwiched between two plates containing 

holes, as shown in Figure 6.52. The funnel was then filled with Jet A-1 fuel, to replicate a tank 

containing propellant. 20 mL of water was then pipetted into the Jet A-1 fuel, and it was 

observed that the coated nylon 3 was effective in allowing the passing of the water only, whilst 

retaining the Jet A-1 fuel within the tank. The water was released from the bottom of the funnel 

within 30 seconds. The Jet A-1 fuel was retained in the apparatus for at least 24 hours. A further 

20 mL of water was then pipetted into the Jet A-1 fuel (not shown), and it was observed that 

the coated nylon 3 remained effective in allowing water passage through, within 30 seconds. 

As a control, it was shown that in the absence of NP4-PP coating, nylon was unable to prevent 

the passing of Jet A-1 fuel, thereby enabling it to pass freely through the apparatus, as shown 

in Figure 6.53. 
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Figure 6.51 Diagram outlining how a passive membrane allows the removal of water accumulation from the bottom of an 

aircraft propellant tank. 

 

 

Figure 6.52 Apparatus used to replicate an aircraft propellant tank consisting of (a) a Whatman three-piece filter funnel and 

(b) NP4-PP coated nylon 3 which is sandwiched between two plates containing holes to replicate the membrane. 
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Figure 6.53 Apparatus to replicate an aircraft propellant tank, consisting of a Whatman three-piece filter funnel and NP4-

PP coated nylon 3 sandwiched between two plates containing holes. (a) depicts the funnel filled with Jet A-1 fuel to resemble 

a propellant tank. 20 mL water was then added into the funnel and this water passed through the propellant and membrane 

within 30 seconds. The NP4-PP coated nylon 3 membrane therefore allows for the removal of water, whilst simultaneously 

retaining the Jet A-1 fuel. The Jet A-1 fuel was retained for at least 24 hours. (b) corresponds to a control experiment 

showing that Jet A-1 fuel penetrates uncoated nylon, and therefore passes freely through the apparatus and into the beaker, 

in the absence of NP4-PP coated nylon 3. 

 

 

 

6.4 Conclusion 

 

Within this chapter, a novel NP based composite comprising PDDA and PFO (NP4-PP) was 

synthesised and fabricated into free-standing films and coated upon various substrates, 

including Kevlar, carbon fibre, glass fibre, nylon and stainless-steel mesh. The NP4-PP films 

and NP4-PP coated substrates were found to display oleophobic character, preventing the 

wetting and passage of silicone oil, whilst simultaneously allowing water passage. High oil 

contact angles of up to 126.4° using silicone oil, hexadecane and Jet A-1 fuel, were associated 

with the materials. In addition, sliding angle measurements provided evidence of the ability for 

an oil droplet to be poured off from the surface of the materials by simply tilting them to angles 

in the range of 16.0° - 33.8°. The NP4-PP composite, NP4-PP films and NP4-PP coated 

substrates were investigated in some detail using XPS, XRD, BET/BJH/t-plot, FT-IR, Raman 

spectroscopy, AFM and SEM techniques. SEM analysis provided evidence of a unique porous 

network within the NP4-PP films. Furthermore, additional pores were observed upon the NP4-
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PP coated substrates within regions of no coating. These additional pores served to decrease 

the time for water passage through these materials with respect to the NP4-PP films. Finally, 

the application of NP4-PP coated carbon fibre and NP4-PP coated nylon within the context of 

oil-spill clean-up and aircraft propellant tanks was investigated, revealing the capability of 

these coated substrates as membranes. In the former case, coated carbon fibre was effective in 

acting as a net to scoop up oil from the surface of water, whilst in the latter case, the coated 

nylon was used to allow removal of water from an aircraft propellant tank passively. The 

advantages of these membranes and free-standing films lays in their ability to allow water/oil 

separation in the absence of a vacuum. Passive gravity-driven separation is, of course, desirable 

to minimise the need for pump technology. In addition, the time for water passage through the 

coated substrates, is relatively fast compared to many literature examples of oil/water 

separation membranes and the oil passage is prevented for a considerably longer period of time. 

In summary, this chapter serves to identify a unique membrane and coating technology for 

oil/water separation which could benefit applications such as oil-spill clean-up and within 

aircraft propellant tanks. 
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7 Conclusions and Future Work 
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The entirety of this PhD work has involved the investigation into the understanding of the 

nature and modification of NP. In this regard, a number of novel strategies have been 

implemented to tailor the structure and nature of this material for advanced applications. 

Initially, a covalent functionalisation strategy, utilising aryl boronic acids, was investigated as 

an alternative to hazardous diazonium salts, with the objective to develop a safer and more 

industrially desirable route to large-scale synthesis of functionalised GBMs. This 

functionalisation strategy proved successful in decorating the edges of NP1 stacks with 4-

(trifluoromethyl)phenyl moieties. The functionalised material was investigated in detail, 

revealing changes to the elemental composition, number of defects, morphology, and thermal 

stability as well as the surface area and porous characteristics. Unfortunately, at this stage of 

development, some challenges were associated with the methodology. Functionalisation was 

not solely obtained from the desired 4-(trifluoromethyl)phenyl units, and a portion of 

undesirable functionalities arose from oxidation caused by the presence of the oxidising reagent 

required for the catalytic conversion of Ag(I) to Ag(II). Furthermore, the integration of a small 

quantity of non-covalently bound, entrapped, silver impurities were also detected and assumed 

to be well in integrated to the porous structure of the material. As such, the development of 

strategies to avoid this unwanted functionality would be attractive. Despite these drawbacks, 

this functionalisation approach proved successful as a preliminary investigation towards the 

use of alternate aryl radical precursors for the safe synthesis of functionalised GBMs. In light 

of these findings, this work opens up the possibility for the decoration of NP and related 

materials with a variety of functional groups.  

Following from this initial investigation, an alternate functionalisation strategy was then 

embarked upon with the aim to modify the surface area and porosity of oxidised NP. It was 

observed that the oxidation of NP3 led to a drastic decrease in its surface area upon drying, 

resulting from the disappearance of porous area within the material due to enhanced interaction 

between successive layers and stacks. Such a finding has only been reported in a handful of 

literature examples, despite the overwhelming research into oxidised GBMs. As such, the 

pillaring functionalisation strategy sought to re-introduce surface area to oxidised NP3, by 

establishing slit pores back into the structure. In this strategy, the synthetic clay material, 

laponite, was utilised as a unique pillaring device. Initially, laponite was functionalised with 

aminopropyltriethoxy silane via a silanisation reaction and was subsequently characterised, 

revealing the successful integration of terminal primary amine functionality from its surface. 

Afterwards, covalent functionalisation progressed via a coupling reaction between the 
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functionalised laponite, and carboxylic acid moieties present on the oxidised NP3. This two-

step functionalisation found success in promoting expansion of the oxidised NP3 structure, 

resulting in the generation of slit pores and an almost four-fold increase in the BET surface 

area. As such, the employment of laponite as a pillaring device could open new avenues 

towards the expansion of multilayered and stacked materials. Consistent with the previous 

investigation, the entrapment of contaminant within the functionalised material once again 

proved challenging to remove. The undesirable presence of sodium acetate within f-laponite 

was believed to have a large influence on its surface area and porosity characteristics by causing 

physical blocking of the material. Upon addressing said challenges, a future perspective on this 

work would involve optimising the concentration of laponite attachment to enhance the surface 

area further. In addition, alternative clay materials with larger dimensions, such as 

montmorillonite, may also prove advantageous in the pillaring of such materials to different 

degrees.  

Success was also found during the non-covalent functionalisation of NP4 with polyelectrolyte 

and fluorosurfactant moieties, providing opportunities for NP4 as a scaffold within oleophobic 

composite materials. Such a composite found success during the synthesis of free-standing 

films and as a coating for a variety of substrates. Interest was sparked in the potential 

application of this composite within the perspective of membrane technology for oil-spill 

clean-up and within aircraft propellant tanks, and its utility was demonstrated within a small 

laboratory-scale context. The morphology and nature of the composite, free-standing films and 

coated substrates also attracted vast interest, inspiring extensive microscopy analysis. SEM and 

AFM images revealed the obtainment of a unique porous structure, entailing a network of 

macropores, linked by NP4 aggregates and polymeric strands. In regard to future perspective 

on this investigation, the mechanism of oleophobic/hydrophilic behaviour should be 

investigated further. Whilst it is believed that the presence of fluorosurfactant grants the 

composite its oleophobic properties, it is still not well understood as to how exactly these 

proceed. For example, it would be extremely useful to assess the contact angle measurements 

over time, to see if there is any deterioration in the oleophobic properties of the materials. 

Furthermore, the contact angle measurements may also be measured using a wider range of 

oils to expand application. There are a range of jet fuels, containing slightly different 

compositions of hydrocarbon components, and thus the assessment of each would be necessary 

for implementation of the oleophobic composite membranes for specific aircraft propellant 

tank applications. In addition, varying the composition of polyelectrolyte/fluorosurfactant/NP4 
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within the composite may also result in changes to the oleophobic behaviour. Again, as an 

example, the length of the perfluorinated chain could be altered to tune oleophobic behaviour. 

Furthermore, practical considerations would also need to be considered upon utilising the 

composite material as a potential membrane within the stated applications. For instance, the 

longevity of the membranes would need to be examined in more detail, requiring tests on the 

reusability of the membranes after repeated use. Whilst it was shown within the current work 

that the coated substrates found success in their ability to prevent silicone oil passage whilst 

simultaneously allowing water passage, even after washing, this would need to be repeated to 

determine the reusability of the membranes and the quantity of reagents lost upon washing (if 

any at all). Such an investigation becomes particularly important to the application of the 

membranes within the context of oil-spill clean-up, where loss of any reagent to the sea could 

have detrimental impacts on aquatic life and the environment. Furthermore, it is also believed 

that the use of NPs within oleophobic/hydrophilic membranes could serve as an effective way 

of filtering contaminated water containing compounds such as polyaromatic hydrocarbons 

which often possess high toxicity, even at low concentrations. As such, these compounds are 

of great concern within the environment. It is well known that the extensive π system intrinsic 

to graphitic material is exceptionally good at forming π-π interactions with aromatic 

compounds. As such, a further avenue of research could serve to investigate the ability of the 

free-standing films and coated substrates to retain unwanted contaminants as the water passes 

through the membrane material, to enable its purification. 

The structure and morphology of these plasma derived materials was also investigated in detail, 

revealing interesting porous structures and the presence of a large range of slit pore widths. In 

this context, BJH analysis was uniquely applied to assess the distance between the stacks in the 

present materials. In recent years, BJH analysis has become much less commonly used to assess 

pore size distributions in carbon materials containing slit pores, due its shortcomings, and DFT 

has rapidly emerged as an alternative strategy. Despite this, however, the present work shows 

that BJH still remains a valuable and straightforward method to measure the distance between 

the stacks within materials such as NP2. 

In all investigations, the requirement for characterisation was vital in effectively drawing 

conclusions about NPs and their functionalised counterparts. In this context, a number of 

practical struggles were encountered. For example, it was recognised that a great difficulty lies 

in the ability to identify whether covalent functionalisation or non-covalent functionalisation 

has occurred. In addition, the relatively inert nature of graphitic materials such as NPs brings 
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about a number of pragmatic issues when obtaining large degrees of functionalisation. Such 

hurdles have been reviewed in detail within this work, and in many cases, the strategies to 

overcome these issues have been identified. 

As such, this PhD work offers a deeper understanding of the nature of plasma-exfoliated 

graphitic material, which is crucial for academic users working with analogous materials, as 

well as industrial manufacturers such as Perpetuus. In addition, the extensive investigations 

into novel covalent and non-covalent strategies allows for facile modification of NPs to alter 

their structure and properties and expand their application into a plurality of fields. 
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