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ABSTRACT

Graphene is a nanomaterial that has been the focus of intense research efforts in recent
times. Production methods that yield high quality graphene without the need for
detrimental chemical processing are needed in order to exploit this novel material in
real-world applications.

Our group makes use of ultrasound-assisted exfoliation in a liquid-phase produc-
tion process that can meet this challenge. In this work, the energetics governing the
dispersion of graphene in a wide range of solvents has been studied. 40 solvents were
tested to show that good graphene solvents are characterised by surface tensions close
to 40 mJ/m? and Hildebrand parameter close to 23 MPa'/2. Hansen solubility para-
meters for graphene itself have been derived as hdpi = 18.0MPa'/2, hdpi = 9.3 MPa'/?
and hdgi = 7.6MPa'/2. The resultant calculation of the Flory-Huggins parameter
has shown that the energetic cost of exfoliation is a key parameter in governing the
dispersibility of pristine graphene in solvents.

Graphene dispersions in aqueous media have also been prepared with the aid of
surfactant stabilisers. The dispersions were composed of largely few-layer graphene
with significant quantities of mono and bilayer material observed. The dispersions were
analysed using colloidal theory and the graphene flakes shown to be stabilised against
re-aggregation by an electrostatic potential barrier. The graphene flakes were shown
to be of extremely high quality by chemical analyses, demonstrating that oxidative
treatments or other functionalisation routines are not required to produce graphene in
water-based systems.

In order to facilitate the use of surfactant-stabilised graphene in applications, the
processing was enhanced using prolonged mild sonication to yield concentrations
exceeding 1 mg/ml. High-concentration aqueous few-layer graphene dispersions were
prepared with up to 20% monolayer number fractions. TEM and Raman evidence

showed that the flake dimensions and defect levels were unchanged under continuous
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sonication conditions over a time frame of 18 days. It was also shown that tuning the
centrifugation rate allowed a degree of flake size selection. These dispersions were
used to create free-standing conductive films of randomly stacked graphene flakes,
demonstrating the utility of the method.

In addition to graphene, there exists a diverse set of compound materials composed
of layers of atomic planes. Liquid-phase dispersions of MoS; and WS, in selected
solvents were examined and shown to contain graphene-like nanosheets. It was shown
that the crystal structure of bulk MoS, was retained on exfoliation. Hybrid materials of
these inorganic materials were prepared by blending with liquid dispersions of other
nanomaterials. As an example an MoS;/carbon nanotube hybrid was tested for use as
a cathode in lithium ion batteries showing improved capacity and cycling performance
compared to pure MoS,. In addition, the exfoliation of a class of layered compounds
with thermoelectric properties was examined, offering a potential route to enhance

energy conversion devices.
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If you thought that science was certain - well, that is just an error on your part

(Richard P. Feynman)

Fatigue is not an option

(Pavel Tsatsouline)

Ask not what your country can do for you, ask what you can do for yourself

(M.L)
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MOTIVATION AND THESIS OUTLINE

Throughout history humankind has sought to understand and manipulate the materials
that make up the world around us. Stone and a succession of metals were the defining
materials of ancient times. Today, in the era of technology, we now exploit a myriad of
materials. In particular, a wealth of knowledge has been gained through the study of
materials at the nano scale. Nanotechnology plays a crucial role in our modern world
and encompasses many scientific fields including physics, chemistry, engineering and
biology. Indeed, what can be classed as a new field of nanotechnology was opened
with the discovery of fullerenes [1] and carbon nanotubes [2]. A great deal of research
interest and investment over the last two decades has focused on the production and
characterisation of carbon nanotubes due to their superlative properties and potential
for use in novel applications [3-5]. The isolation of graphene in 2004 revealed yet
another low dimensional carbon nanomaterial with unique properties [6, 7]. Since then,
2D graphene has become one of the major “hot topics” in nanoscience, culminating
with the awarding of the Nobel Prize in Physics 2010to Andre Geim and Konstantin
Novoselov [8].

However, the primary challenge in studying and exploiting graphene, as for carbon
nanotubes, has centred on production. For realistic applications, a facile, low-cost,
non-destructive and scalable production method is required. To this end, our research
group examined liquid-phase processing strategies that built on previous experience
with carbon nanotubes [9]. It was shown that organic solvents such as N-methyl-
pyrrolidone successfully produced high quality graphene using simple processing
techniques, without the need for aggressive and detrimental chemical treatments [10].
This breakthrough in liquid-phase graphene production motivated the work presented

in this thesis.



motivation and thesis outline

To begin, my work aims to characterise the interaction of graphene with a broad
range of solvents through the use of solubility parameters. It is envisaged that de-
termining the solubility parameters of graphene itself will promote future advances in
dispersion preparation and composite formation. Following this, a method is shown
to exfoliate graphite to yield surfactant-stabilised graphene suspended in water, with
the aim of assessing the quality of the nanomaterials produced and understanding
the stabilisation mechanism. This work is then extended to explore higher concen-
tration graphene dispersions prepared in aqueous media using improved processing
conditions. In addition to graphene, many other layered compounds exist offering
a diverse range of physical and chemical properties. The large-scale liquid-phase
exfoliation of other layered materials has the potential to provide a valuable source of
two-dimensional crystals for use in a wide range of applications from electronics to en-
ergy storage and energy conversion. This prospect motivated my study of liquid-phase
dispersions of other layered compounds for the final part of this thesis. Dispersions of
two transition metal dichalcogenides and a class of materials with novel thermoelectric
properties are examined. It is hoped that the body of work presented in thesis will
facilitate the development of advanced functional materials based on two-dimensional

nanostructures with enhanced properties and performance.

thesis outline

Chapter 2: Materials and Background

An overview of carbon nanomaterials is given, including a brief discussion of carbon
nanotubes. History, properties and potential applications of graphene are reviewed.
Various graphene production methods that have been developed over recent years are
outlined, with due attention to alternative liquid-phase processing methods. General
properties of transition metal dichalcogenides are reviewed, along with a summary

of literature studies on molybdenum disulphide and tungsten disulphide. A class of



motivation and thesis outline 3

layered compounds that includes bismuth telluride are discussed. Finally, a review of

past work into carbon nanotube exfoliation and dispersion is given.

Chapter 3: Theory

Theory relating to graphene exfoliation in solvent and aqueous-surfactant systems is
discussed. Solution thermodynamics is considered along with solubility parameters.
Hansen solubility parameters are defined and related to solute-solvent interactions.
Surfactant stabilisation theory is discussed and the concept behind zeta potentials

outlined. A DLVO model to be applied to graphene/surfactant systems is developed.

Chapter 4: Characterisation and Methods

The main characterisation methods and experimental techniques used in this thesis

are discussed.

Chapter 5: Multicomponent Solubility Parameters for Graphene

Graphene dispersibility in 40 solvents is tested and exfoliation quality in a set of
solvents characterised. Solvent surface tensions and solubility parameters are related

to graphene dispersibility. Hansen solubility parameters for graphene are determined.

Chapter 6: Graphene Production in Aqueous Surfactant Solutions

Graphene dispersions are prepared in aqueous/surfactant media. Dispersions are
optically characterised and their stability assessed. Flakes extracted from dispersions
are analysed by TEM to demonstrate exfoliation. A DLVO model is applied to explain
the stabilisation mechanism. Films of graphene deposited from the dispersions are
shown and analysed by Raman spectroscopy, FTIR spectroscopy and XPS. Individual
graphene flakes are deposited for AFM analysis.
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Chapter 7: High-Concentration Surfactant Stabilised Graphene Dispersions

High-concentration graphene dispersions are demonstrated in water using prolonged
bath ultrasonication. Key dispersion parameters including sonication time and centri-
fugation rate are assessed. Thick graphene-based films are shown, characterised and
used to accurately determine extinction coefficients for the dispersions. Exfoliation
quality is assessed by TEM and Raman spectroscopy and data from the two analyses

correlated.

Chapter 8: Liquid-phase Exfoliation of Inorganic Layered Compounds

Dispersions of MoS; and WS, are shown in solvent-based systems and characterised
optically. Exfoliation quality is assessed by TEM. MoS; flakes are deposited on sub-
strates and characterised by Raman spectroscopy, AFM and SEM. Hybrid MoS,/CNT
films are demonstrated as proof of concept and tested for use in lithium ion batteries.
Dispersions and films of BiyTes, BioSes and SbySes are prepared. BiyTes flakes are

characterised by TEM, AFM, SEM/EDX and Raman spectroscopy.



MATERIALS AND BACKGROUND

2.1 introduction

This chapter will discuss the core materials used in this work. The structure, synthesis
and properties of the materials will be discussed, along with existing and potential
future applications. Current production techniques will be outlined with due attention
to the advantages and drawbacks of the various methods. The first section will deal
with carbon nanomaterials and carbon nanotubes (CNTs). Following this will be a
discussion of graphene. The next section will discuss inorganic layered compounds,
with emphasis on the specific transition metal dichalcogenides examined in this thesis.
In addition, a selection of layered compounds with useful thermoelectric properties
will be discussed. Finally, there will be a review of past work into the liquid phase
exfoliation of carbon nanomaterials that has formed a basis for this work. Due to the
wide range of materials covered in this chapter, an all-inclusive review of literature
cannot be given. My discussion will focus on key points of interest that are pertinent

to the work presented in this thesis.

2.2 carbon nanomaterials and carbon nanotubes

Carbon is a special element; it is pivotal to all life on Earth. Carbon is one of the most
versatile elements in the periodic table. Having a valency of four it has the ability to
attain a stable electronic configuration by covalently binding to other carbon atoms or to
a wide range of other elements, forming a myriad of compounds. Carbon is commonly
found in its two naturally occurring polymorphs of diamond and graphite [11]. In

diamond, a network of tetragonally arranged sp® hybridised svbonds forms a rigid
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Figure 2.1: Illustrations of some allotropes of carbon

three dimensional network yielding one of the strongest materials known. Graphite is
composed of strata of sp? hybridised carbon atoms bound in a trigonal planar atomic
arrangement giving a hexagonal lattice; the individual planes are graphene layers. The
graphene planes stack on top of each other, held together by weak van der Waals forces
acting on the delocalised p orbital system.

In 1985a new allotrope of carbon was discovered in the form of the Cgo molecule
(fullerene, buckyball) by Harry Kroto and co-workers [1]. The Cgo molecule was found
to be composed of carbon atoms in the shape of a geodesic spheroid made up of
hexagons and pentagons; the atoms are hybridized in a mixed character of sp? and
sp® molecular orbitals [11]. This discovery paved the way for a research drive into
carbon nanomaterials that led to the discovery of “Helical microtubules of graphitic
carbon” by Sumio lijima and co-workers in 1991 [2]. These structures would later
come to be known as CNTs. Fullerenes and CNTs can be visualised as rolled-up sheets
of graphene; the various related allotropes of carbon are shown in Figure 2.1. Until
relatively recently graphene, the final 2D allotrope of carbon, was not thought to exist
freely and was treated as a purely academic platform for condensed matter physics
[12]. In 2004 Andre Geim and co-workers reported the first identification of graphene

layers isolated from bulk graphite [6]. This stimulated a great deal of research interest
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that ultimately led to the work presented in this thesis. CNTs will now be discussed in

further detail.

2.2.1 Structure and Properties of Carbon Nanotubes

CNTs can be visualized as rolled-up sheets of graphene, or linear elongations of the
Ceo molecule, capped at each end by a pentagonal network of carbon atoms. There are
two distinct types of CNTs, single walled carbon nanotubes (SWNTs) and multi-walled
carbon nanotubes (MWNTs). SWNTs are formed from a single rolled-up graphene
sheet with diameter upwards of 0.4 nm and lengths up to several centimetres. MWNTs
are formed of concentric graphene cylinders, with separation between layers of around
0.35 nm [2].

Research interest in CNTs has been motivated by their unique physical and electrical
properties. Charge carriers can move without scattering in a pristine CNT due to the
effective 1D geometry, resulting in ballistic transport with minimal resistive heating and
the support of very large current densities (up to 100 MA /cm? has been reported [13]).
Also of note is that CNTs can have different electronic characteristics depending on the
way the graphene basal plane is rolled to form the tube. The process of rolling disrupts
the symmetry of planar graphene, confining electrons around the circumference of the
tube leading to metallic, semi-metallic or semiconducting character. In addition, CNTs
can be extremely strong withstanding tensile strain of up to 12% with ultimate tensile
strength up to 60 GPa and Young’s modulus up to 1 TPa (this makes them approx
two orders of magnitude stronger than steel) [14]. Also of note are the low densities of
CNTs with values around 1.3 g/cm? [5]. The combination of all these properties makes

CNTs ideal for a range of applications.

2.2.2 Synthesis and Applications of Carbon Nanotubes

Early CNT production techniques used modified Fullerene arc discharge reactors

[2, 5, 15]. Modern methods commonly use either laser ablation or chemical vapour
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deposition (CVD) [5]. In the case of CVD, the thermal decomposition of carbon
monoxide is widely used. However, all production methods result in a mixture of CNT
electronic types, diameters and lengths with contaminants of residual metal catalyst
(typically iron nano-particles) and amorphous carbon. The HiPco process can yield
SWNTs of narrow diameter distribution that can, to a limited extent, be purged of
metal catalyst and residual amorphous carbon [16]. A typical batch of SWNTs will
contain a mixture of tube types, with a ratio of 2 : 1 metallic to semiconducting being
common in the case of SWNTs [17].

CNTs have been in use since long before their relatively recent discovery. Around
400years ago swordsmiths in Damascus were inadvertently reinforcing their curved
sabre blades with MWNTs; these were formed during thermal cycling and forging of
a unique blend of specific woods and iron ores [18]. In a more modern application,
CNTs are found in commercially available tips for scanning probe microscopy [19]; the
narrow radius of a SWNT enables high spatial resolution. They have been proposed for
uses in field emission displays, hydrogen storage media, transparent conductive films,
sensors and microelectronic interconnects [3]. They can also be found in conductive
plastics for electronic packaging and automotive fuel delivery systems [20]. This latter
application illustrates one of the main focal points for CNT usage, as a reinforcing
and/or conductive filler in a composite matrix.

One of the primary challenges in using CNTs for these applications is dispersion.
Van der Waals forces between individual CNTs promote bundling and entanglement
in as-produced tubes. CNT bundles lose the superlative properties of isolated tubes.
For instance, in effective polymer reinforcement applications, stress must be uniformly
transferred to the CNT with polymer molecules coating individual CNTs. The presence
of CNT bundles will hinder performance as CNTs slip over each other under stress or
create stress concentration centres [5]. In energy storage applications, bundles will have
reduced accessible surface area thereby reducing capacity. Liquid-phase processing has
enabled efficient debundling of CNTs as a route to realising these applications. CNT
dispersions have been prepared in a range of systems using aqueous surfactant [21-27],
polymeric dispersion aids [28-33], biological aids (including DNA and protein) [34, 35]

and direct dispersion/exfoliation in organic solvents [36-40].
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SWNTs are used to a limited extent in the work of this thesis as a reinforcing and
electrically conductive component in hybrid systems - inorganic layered compounds
will serve as the primary material of the hybrids. However, the liquid-phase processing
of CNTs in solvent and aqueous surfactant systems provides a foundation which is
built upon and extended to layered materials in this thesis. This will be discussed

further in Section 2.5 on page 21

2.3 graphene

Definition - Graphene [41]
noun - a form of carbon consisting of planar sheets which are one atom thick, with the atoms
arranged in a honeycomb-shaped lattice

The term graphene was first coined in the 198G to describe the electronically
decoupled layers within graphite intercalation compounds [42, 43]. Work on splitting
apart graphite can be traced back to the 184G with an exfoliation process using
sulphuric and nitric acids developed by the German chemist Schafhaeutl [43, 44]. Since
then, many forms of graphite oxidation and intercalation have been explored [45]; all

either using covalent attachment of carbon-oxygen functional groups or the insertion

of small ions such as alkali metals to widen the natural graphitic inter-layer spacing.

All of these graphitic products are chemically distinct from the starting material. The
ideal sp? hybridised hexagonal network of carbon atoms is disrupted by these chemical
functionalities as functional groups are attached to local sp® hybridised sites. This
process alters the physical and chemical properties of the original graphite. Thinning
of pristine graphite was shown in 1999 when islands of highly oriented pyrolytic
graphite (HOPG) were thinned down a thickness of a few hundred graphene layers
by mechanical dragging using the probe of an atomic force microscope [46]. The idea
of mechanical exfoliation of graphite was extended using adhesive tape to repeatedly
peel slices of HOPG. This “Scotch-tape” method ultimately led to the isolation and

observation of monolayer graphene by Geim and co-workers [6]. This work sparked a
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great deal of scientific interest that has made graphene one of the most exciting and

fast-moving research topics in nanoscience of late.

2.3.1 Properties and Applications of Graphene

Since its popularisation in 2004 graphene has demonstrated a range of interesting
physical properties. These include an ambipolar electric field effect where room temper-
ature electron or hole concentrations can be tuned by changing the sign and amplitude
of an applied gate bias [7]. More importantly, mobilities up to 200,000 cm? V! s} have
been demonstrated [47]. In a defect-free sample of graphene the charge carriers can
maintain high mobilities at high carrier concentrations (>10'? cm™), giving ballistic
transport over length scales of a few hundred nanometres [7]. In principle such elec-
trical properties could lead to ultra-fast integrated circuits, with single-device speeds
up to 100 GHz already demonstrated [48].

Graphene’s high electrical conductivity has fuelled interest in using it as a transpar-
ent conductor film capable of replacing indium tin oxide (ITO) in devices such as flat
panel displays and touch screens. ITO is a brittle material whose cost is rising rapidly
as global supplies of indium dwindle. Suggested minimum industry requirements for
such films are visible light transmittance T > 90% and sheet resistance Rg < 100W/ ;
where R; = (spct) 1, given by DC conductivity spc and thickness t [49]. Graphene
films could feature in photovoltaic devices and organic light emitting diodes, as trans-
parent conductor windows, charge transport channels or catalytic surfaces [50]. It is
noteworthy that graphene features a visible light absorption of 2.3% per monolayer
[51-53]. Indeed, viewing graphene on top of silicon bearing a 300 nm thick oxide
coating gives a constructive interference that yields enhanced contrast of around 12%
and enables optical identification of monolayer graphene [51]. This presents a challenge
for deploying graphene in transparent conductor applications as devices built using
only a few graphene layers will exhibit significant light attenuation.

Another key property of graphene is its mechanical strength. Nano-indentation

measurements on suspended graphene showed a Young’s modulus of 1 TPa with an
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intrinsic strength of 130 GPa; this made graphene the strongest material measured
to date [54]. Such mechanical robustness, comparable to that of CNTs, opens the
prospect of using graphene as a reinforcing filler in composite matrices. Graphene
also has a very high specific surface area, with a theoretical maximum of 2630 m?/g
for non-overlapping sheets [55]. Applications requiring high surface area coupled to
high electrical conductivity include electrochemical supercapacitors and lithium ion
batteries. In addition, the high specific surface area of graphene makes it an ideal

candidate for thin film gas sensors.

2.3.2 Graphene Production Methods and Challenges

The key problem with graphene, as was the case in the early days of CNT research,
centres on mass-production. Micromechanical cleavage of graphite can yield a range
of monolayer graphene flake sizes ranging up to millimetre length scales. However,
micromechanical cleavage of graphite is a labour-intensive, slow and very inefficient
process with an extremely low yield. The monolayer, bi-layer or few-layer graphene
sheets make up a small fraction of the total ensemble of particles, the bulk of the mater-
ial produced is ordinary graphite. This makes searching for the desired material very
difficult, even with sufficient image contrast under an optical microscope. Furthermore,
micromechanical cleavage cannot be scaled up for any realistic applications. What is
needed is a new approach to producing graphene.

This thesis considers one of the potential routes to bulk production of graphene,
but it is worth noting the various other methods that have been reported. Several
groups have tried epitaxial growth of graphene by annealing silicon carbide surfaces,
but in general the results are a non-uniform array of graphitic domains [56-58]. The
major drawback of the technique, as with micromechanical cleavage, is that monolayer
graphene makes up a tiny fraction of the material on the surface. Also, it is noteworthy
that epitaxial graphene growth requires rigid processing conditions, with atomically
clean highly polished growth surfaces and ultra-high vacuum required [59]. In addition,

the processing requires the use of high substrate temperatures typically of the order of
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1300 °C, along with subsequent high temperature annealing to improve graphitisation
[59, 60]. These intense processing conditions mean a limited range of substrates can be
used. For example, flexible substrates based on plastics or polymers are incompatible
with direct epitaxial growth due to their relatively low melting temperatures.

Recent work with bottom-up production of graphene using CVD has yielded more
promising results. By using a flow gas mixture of methane, hydrogen and argon at
1000 °C over a thin (300 nm) layer of nickel on a SiO»/Si substrate, Kim et. al. produced
a coating of mostly mono and bi-layer graphene [61]. They were able to transfer their
graphene films to a variety of substrates using commonly used poly-dimethyl siloxane
(PDMS) stamping methods - this transfer procedure overcomes the substrate limitations
inherent in epitaxial graphene growth. The best patches of their films showed sheet
resistances as low as 280 W/ at 80% optical transparency. Reina et. al. produced
similar results using slightly different growth conditions [62]. lijima’s group built on
these results, reporting R, values as low as 30W/ at 90% transparency for a four
layer graphene film transferred to polyethylene terephthalate (PET) [63]; this compares
favourably to indium tin oxide (ITO) used in devices [49]. CVD growth approaches
to graphene production will undoubtedly suit some electronic applications and will
likely be used for creating graphene layers to integrate into existing lithographic
manufacturing processes.

However, the total mass of graphene that can be produced by both epitaxial and
CVD methods is severely limited as the processable substrate size dictates the graphene
yield. In addition, thermally grown films of graphene are simply not suited to a wide
variety of applications such as spray-cast anti-static coatings, device components from
free-standing graphene films or composite materials. An alternative bottom-up route
to graphene has been suggested through the chemical assembly of polycyclic aromatic
hydrocarbons [60, 64]. This method has been shown to produce tiny graphene-like
nanoribbons up to around 12 nm in length [64]. Beyond this size the flakes collapse
from suspension and the chemical reactions needed to fuse the precursors cannot take
place. Given the small length scales of these objects it remains to be seen if they exhibit

the electronic properties of large-area graphene. Thus, it may be more appropriate to
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classify the product as carbon macromolecules. If the method can be improved to yield
large-area defect-free graphene then it may in the future become a viable technique.
Liquid phase-exfoliation of graphene from graphite can potentially produce large
quantities of graphene and open routes to applications that bottom-up growth tech-
niques cannot provide. A liquid-phase dispersion of graphene is not easily made. For
a liquid-phase dispersion to be successful, the graphene must be exfoliated from a
parent graphite stack and then stabilised against its natural tendency to re-aggregate.
Early work into producing small graphite particles used graphite intercalation
compounds [65], resulting in small graphite fragments and needle-like structures.
Similar methods involving acid treatment, combined with thermal shock, also yielded
small and disordered graphite as opposed to graphene [66]. The majority of research
into the production of graphene using liquid-phases has revolved around some form
of chemical modification of graphite, usually involving aggressive oxidation to form
graphite oxide. The oxidation of graphite is not new, according to literature graphite
oxide was first prepared using aggressive oxidisers and highly concentrated acids in
1859[67], following on from earlier work on producing expanded graphite using acids
[44]. In 1957W. Hummers and R. Offeman developed a somewhat safer method using
potassium permanganate, sodium nitrate and sulphuric acid [68]. This process converts
hydrophobic graphite to hydrophilic graphite oxide that easily forms a colloidal
dispersion® in water. This is due to the attachment of hydroxyl (-OH), carboxyl (-COOH)
and epoxy (C-O-C) groups to the graphite [69-71]. Improvements to the Hummers
method in 2006led to the production of aqueous dispersions of mono-layer and few-
layer graphene oxide (GO) [72, 73]. Some groups have tried using graphite intercalation
compounds as pre-cursors to the oxidation process [74] — the presence of molecules
lodged between graphene layers in the starting graphite assists the exfoliation and
oxidation process. The GO from these types of dispersions was deposited on substrates
[75, 76] and analysed with techniques such as atomic force microscopy (AFM), Fourier

transform infrared (FTIR) spectroscopy and X-ray photoelectron spectroscopy (XPS).

+ A colloid is a homogeneous non-crystalline substance consisting of large molecules or ultramicroscopic

particles of one substance uniformly dispersed through a second substance [41].
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The data indicated a good level of exfoliation but, critically, highlighted that the each
GO flake was covered in an extensive array of functional groups.

Subsequent work by a number of groups tried to convert GO back to graphene
by aggressive reduction, to give reduced graphene oxide (r-GO). This is commonly
done using chemicals such as hydrazine [77] and by using high temperature annealing
conditions, often in excess of 800 °C [76]. Many papers have reported limited success
in removing the chemical functional groups from the graphene basal plane, thus giving
a partial restoration of expected graphene properties [74, 77-86].

All these reported results share one common problem. The process of chemically
oxidising the graphene, to date, has not been completely reversible. The functional
groups attached to the graphene basal plane severely disrupt the electronic structure of
graphene. Each functionalised carbon site represents an sp® hybridised carbon atom as
opposed to the sp? hybridised form that would normally contribute an electron to the
delocalised p system of pristine graphene. The presence of these functionalised sites
in graphene turn an excellent electrical conductor into an insulator or semiconductor
[79, 87]. The various aggressive chemical reduction and thermal annealing processes
reported in the literature (often up to 1000 °C in inert atmosphere) remove some
of the functional groups but not all of them. XPS shows that even after these harsh
treatments there is still a substantial population of oxygen functionalities [74, 76, 79,
80, 82, 85, 88-90] — these are often carboxyl and epoxide species that are extremely
difficult to remove once formed. FTIR spectra, where reported [74, 80, 81, 85], also
show peaks characteristic of persistent carbon-oxygen functional groups. Whilst the
presence of residual functional groups in r-GO may be advantageous for some polymer
reinforcement applications [88], the persisting structural and electronic damage to the
graphene flakes degrades the quality of the end product and limits the potential of this
technique. In addition, the processing conditions can pose hazards as the prolonged
use of concentrated acids is required as well as combustible gases such as hydrazine
for GO reduction. The high temperature annealing steps needed to partially remove
residual functional groups and defects also limits the usefulness of this method.

From the above survey it is clear that non-covalent liquid-phase exfoliation methods

for graphene need to be developed and understood. Such methods are explored in
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this thesis. Sonication-induced exfoliation of graphene from graphite in solvent and

aqueous surfactant systems will be discussed in Chapters 5, 6 and 7.

24 inorganic layered compounds

Graphite is the most well-known layered material, but other layered systems in the
form of transition metal dichalcogenides (TMDs), transition metal oxides (TMOs) and
compounds such as hexagonal boron nitride (BN) are also very important. These
classes of layered materials offer a diverse range of chemical, electrical and physical
characteristics. Obtaining these materials in a 2D structure yields high specific surface
areas, potentially making these materials useful in catalysis, sensing, energy storage
and energy conversion applications. However, as has been the case with graphene, the
development and exploitation of these 2D materials has been hampered by the lack of
a simple and scalable production process to yield mono or few-layer flakes. The work

shown in this thesis characterises the liquid phase exfoliation of TMDs, with particular

attention given to molybdenum disulphide (MoSy) and tungsten disulphide (WS,).

In addition, a set of layered materials (BirTez, Bi»Sez and Sb,Se3z) with interesting

thermoelectric properties will be examined.

2.4.1 Transition Metal Dichalcogenides - MoSy, WS>

The TMDs form a well-defined structural family, with all members having the general
molecular formula MX3, where M is a transition metal and X is a chalcogen. They
occur in around 60 different types [91]. MoS; is the most common of the TMDs
and is found as a naturally occurring molybdenite ore; the other TMDs are usually
chemically synthesised [91]. Depending on the metal and chalcogen combination the

TMDs span a wide spectrum of electrical characteristics, from insulating (e.g. HfSy)

to semiconducting (e.g. MoS,, WS;) to semi-metallic (e.g. WTe;, TeSy), metallic (e.g.

NbSey, TaSy, PtTe,) and superconducting (e.g. TaS) [91, 92]. Within the TMDs, around

two thirds are composed of a layered structure via the stacking of hexagonally packed
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Figure 2.2: Sample molecular structure and electronic characters for common layered transition
metal dichalcogenides. The electronic characteristics have been assigned by Wilson

and Yoffe [91].

planes [91]; the metal atoms M are sandwiched between chalcogen atoms X giving a
monolayer unit structure of X-M-X. The molecular planes in these crystals are weakly
held together by van der Waals forces, with extreme anisotropy observed in mechanical
and electrical properties [91]. Common configurations around the metal atoms are
trigonal prismatic or octahedral. A sketch of the trigonal prismatic structure (found
in naturally occurring MoS; and WS3) and a periodic table with overlay of electronic
character for common layered TMDs is shown in Figure 2.2.

The study of low-dimensional MoS, and WS; has largely focused on 0D and quasi-
1D structures. In 1992closed polyhedral and cylindrical tubes of WS, were synthesised
by annealing WS, films deposited on quartz at 1000 °C [93], with similar processing
yielding MoS; closed polyhedra [94]. These hollow closed structures are similar to
carbon-based fullerenes, with literature referring to these species as inorganic fullerene-
like (IF) nanoparticles [95]. IF-WS; and IF-MoS; were found to exhibit excellent

tribological properties, with 0.5 mass % mixtures in oils enabling a twofold reduction
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in wear and friction tests [96]. Since their discovery, the production of IF-MoS,, IF-WS;
and their nanotube variants [95, 97] has been scaled up sufficiently to enable use in
commercial products, primarily as lubricant enhancers. Nanotubes of other TMDs
including HfSy, NbSy, ZrS; and TaS; have also been synthesised [98].

Experimental studies of thin layered MoS; can be traced back to 1965 Frindt used
adhesive tape to micromechanically cleave bulk MoS; and performed optical absorption
measurements on the resulting thinned crystals [99]. Frindt reported crystals as thin
as 3 nm. The method was similar to that used by Geim, Novoselov and co-workers to
produce monolayer graphene and single layer 2D MoS, almost 40 years later [6, 100].
Such mechanically cleaved 2D MoS; has not yet found practical use in any applications
with studies primarily focussed on the electrical characterisation of single flakes.
Transistor measurements have been made on single-layer MoS; with current on-off
ratios Ion /Iog up to 10® and room temperature mobility up to 200 cm?V-1s1[92, 101];
these values are comparable to modern silicon devices, though large scale processing
remains a challenge.

Liquid-phase processing methods for layered MoS, and WS, have centred on chem-
ical exfoliation in water [102, 103]. The first reported liquid exfoliation of layered MoS;
was by Joensen, Frindt and Morisson in 1986via a lithium ion intercalation method.
The procedure involved immersion of bulk MoS; in n-butyllithium (n-BuLi - C4HgLji)
in hexane for 48 hrs, under inert atmosphere, to give an intercalation compound of
the form Liy-MoS; [104] (typically 0.1<x<1 [105]). This was followed by immersion
in water to give a violent evolution of H; gas that forced the separation of the layers,
leaving exfoliated MoS; suspended in water for up to a few days. However, the MoS;
produced in this way was structurally different from the starting material. Raman
spectra and X-ray diffraction (XRD) studies showed that the lithiation process had
changed the atomic arrangement from the original trigonal prismatic structure (as
shown in Figure 2.2), corresponding to 2H-MoS;, to a distorted octahedral configura-
tion (distorted 1T-MoS;) [105-108]. The distorted 1T-MoS; dispersions and thin films
displayed metallic behaviour, having lost the optical absorption features of the original
material in the visible range [105-107]. Raman spectra of the exfoliated flakes were

also consistent with an octahedral coordination [105 107]. This phase was found to be
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metastable, reverting back to 2H-MoS; after prolonged ageing over a period of months
or after annealing deposited material [107, 109].

A similar n-BulLi exfoliation procedure was applied to WS,, but again the exfoliated
material had octahedral atomic coordination and a metallic band structure, as shown
by XRD analysis and UV-vis absorption spectra respectively [109, 110]. This structural
distortion due to lithiation was also observed in MoSe, [10§]. It is clear there are
problems with liquid-phase methods that rely on ion intercalation. The processing
conditions are complex, requiring the use of highly reactive agents which are unstable
under normal ambient conditions. The processing is carried out over a protracted
period to yield a meta-stable exfoliated material with structural and electronic prop-
erties dramatically different from the parent crystal configuration. The liquid-phase
processing to be discussed in this thesis (Chapter 8) will examine a simple liquid-phase

exfoliation process that leads on to functional hybrid materials.

2.4.2 Thermoelectric Materials

In modern times the need for improved energy conversion, recovery and conservation
has focused research interest. Thermoelectric materials function as solid-state heat
engines, enabling a direct conversion between electrical and thermal energy using
the electron gas as the working fluid [111]. They can be used to drive cooling or
heating in devices without the need for moving parts. More importantly, they can
be used to recover waste heat, potentially generating electricity from a range of
currently inefficient energy systems such as automotive engines or power plants.
Thus, thermoelectric materials can play a major role in addressing the global energy
challenges of the future.

While solid-state energy conversion is appealing, thermoelectric materials are cur-
rently far too inefficient to be cost-effective for everyday applications. The effectiveness
of thermoelectric materials is commonly gauged by a dimensionless figure of merit

defined as
_ 82T
k

ZT (2.1)
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where s is electrical conductivity, T is absolute temperature, and k is thermal conduct-
ivity [112-114]. S in this equation is the Seebeck coefficient, a measure of the electric
current induced by a given temperature gradient. For viable devices, an average figure
of merit > 1 within the operating temperature range of device is required [115 116].

To improve ZT values, the power factor given by S?s must be increased and the
thermal conductivity k decreased. These properties are intimately linked, creating a
problem. The Seebeck coefficient is inversely related to the carrier concentration in
the material, thus the effect of raising s by conventional methods such as doping are
negated by the fall-off in S [117]. Raising the carrier concentration also increases the
contribution of electron/hole transport to the thermal conductivity, further reducing
ZT. Thus, the use of alloys and nano-structured materials has been suggested as a
means to decouple these parameters, enabling reduced thermal conductivity through
enhanced phonon scattering at crystal interfaces whilst maintaining electrical pathways
through the material [112, 117].

All current state-of-the-art thermoelectric materials have been made using some
form of nano-structuring applied to a range of semiconducting materials such as BiyTes,
BisSes, Sb,oSes, PbTe, SiGe and many other variants and alloys of these [112, 116, 118
119). Some examples from literature for making nano-structured thermoelectric mater-
ials include the use of planetary ball-milling and alloying [115 12(], electrodeposition
of films and quasi 1D nanowires from solution [121-125], co-sputtering of elemental
precursors [126, 127] and precipitation from solution-based reagents [128 129]. All
of these methods have their own advantages and disadvantages regarding scalability,
reproducibility and production hazards.

These materials have a layered structure built from weakly bound planes, each plane
composed of five hexagonally packed monatomic sheets along the crystal’s ¢ axis.
The planes are referred to as quintuple layers (QLs). Taking BioTez as an example,
QLs have the sequence -[Te-Bi-Te-Bi-Te]-. Each QL has thickness 1 nm with the
overall crystal structure of BipTez having a unit cell which is three QLs thick (3 nm)
[130, 131]. A schematic of this rhombohedral Bi,Tes crystal structure is given in Figure

2.3. Small-scale micromechanical cleavage of BiTe3z and Bi»Ses, analogous to that
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Figure 2.3: Illustration of the crystal structure of BipTez. Image from Teweldebrhan et al. [130]

used for graphene, has been shown [130, 132-135] as well as exfoliation using Li-ion
intercalation procedures similar to those used for graphite and MoS; exfoliation [136].

Each different process produces thermoelectric materials of a particular composi-
tion and morphology with unique electronic and thermal properties. Liquid-phase
processing of the type discussed in this thesis can complement these methods, poten-
tially allowing facile exfoliation and dispersion of layered thermoelectric materials.
The formation of such dispersions could allow homogeneous hybrid materials to
be readily formed using simple mixing and deposition techniques. Thermoelectric
materials such as BipTez and BiySe3 are also of interest due to their topological insu-
lator behaviour [137]. Topological insulators are materials that exhibit an insulating
bulk band gap whilst having metallic surface or edge states - the behaviour of these
surface states is changed in exfoliated topological insulator material as the surface

to volume ratio is increased [138, 139]. The properties of the surface states are useful
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for fundamental research, and potentially in applications such as spintronics [139].

Liquid-phase exfoliated material could potentially contribute to this field.

25 background - liquid phase exfoliation of carbon nanomaterials

The work of this thesis focuses on the exfoliation of graphite and, by extension,
layered inorganic materials in solvents and aqueous surfactant-based systems. The
methodology used in this work builds on knowledge gained from previous studies of
CNT liquid-phase dispersions. The procedures used in the historical work, and in this
thesis, do not invoke the use of chemical modification or functionalisation but rather
aim to use favourable solution energetics and electrostatic stabilisation to yield stable

dispersions of pristine well exfoliated nanomaterials.

2.5.1 Carbon Nanotube and Graphene Exfoliation in Solvents

During early research into CNTs it was clear that dispersions of nanotubes in liquid
phases would be useful. Given the agglomerated nature of as-produced CNTs, exfo-
liation using solvents potentially offered a route to separating nanotubes from one
another. It was originally thought that dissolution in solvents would be impossible due
to the rigid nature and size of CNTs and their agglomerates [9]. Thus, liquid-phase
processing of CNTs was initially approached using colloidal stabilisation methods, as
will be discussed in Section 2.5.2.

CNT debundling in amide solvents was eventually shown in 1999with the depos-
ition of individual SWNTs from N,N-dimethylformamide (DMF) dispersions [140].
Following this, SWNT dispersion was shown, assisted by mild ultrasonication, in other
solvents such as N-methyl-2-pyrrolidone (NMP), N,N-dimethylacetamide (DMA) and
cyclopentanone (CPO) [141-143]. It was shown that some of the SWNTs could be
completely separated from one another [144]. Subsequent work showed that SWNTs
could be exfoliated and stably dispersed in NMP, g-butyrolactone (GBL) and cyclo-

hexylpyrrolidone (CHP) using mild sonication, with mild centrifugation allowing the
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removal of large aggregates [38, 39, 145 146]. The dispersions were found to consist of
up to 70% (by number) isolated SWNTs with the majority of the remaining material
consisting of small bundles [38-40]. Further work explored the energetics involved in
forming CNT dispersions and explored the use of solubility parameters to determine
optimum solvents [146-149].

This work prompted the investigation of graphite exfoliation using amide solvents
by our research group [10] and others [53]. It was shown that mild sonication of
graphite in NMP, GBL, Dimethylacetamide (DMA) and 1,3-dimethyl-2-imidazolidinone
(DMEU) yielded grey dispersions along with large numbers of visible macroscopic
aggregates [10]. Mild centrifugation was sufficient to remove these aggregates. The
dispersions showed linear scaling of optical absorbance with concentration (Beer-
Lambert behaviour), this is illustrated in Figure 2.4 along with molecular sketches of the
solvents used. Transmission electron microscopy (TEM) examination of the supernatant
revealed the presence of monolayer graphene, as verified by electron diffraction studies
and Raman spectroscopy. Images of typical graphene flakes produced by exfoliation
in NMP are shown in Figure 2.5. Further systematic TEM analysis showed that the
dispersions in NMP consisted of mainly few-layer graphenes (<5 layers) with a yield
of up to 28% monolayer graphene by number fraction. In addition, Raman, FTIR
and XPS spectroscopies showed that graphene produced in this manner is of high
quality and is, crucially, free of the functional groups and structural defects that have
hindered previous attempts to produce liquid-phase graphene dispersions. This initial
solvent-based exfoliation work was continued as part of this thesis. In Chapter 5 a
systematic study of solvent efficacy through Hansen solubility parameters will be
given, with the aim of facilitating the future discovery of good graphene solvents or
solvent blends.

In light of this discussion of solvent-mediated graphene exfoliation, it is instructive
to compare the merits of this production technique with those discussed earlier in
Subsection 2.3.2. Table 2.1 gives a summary of the merits of the various graphene

production methods discussed so far.
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Figure 2.4: Optical characterisation of dispersions of graphite exfoliated by mild sonication
in solvents. (A) UV-vis NIR absorption spectra of typical dispersions in N-methyl-
pyrrolidone (NMP), g-Butyrolactone (GBL), Dimethylacetamide (DMA) and 1,3-
Dimethyl-2-imidazolidinone (DMEU) [10]. (B) Beer-Lambert behaviour of disper-
sions allowing measurement of extinction coefficient [10]. (C) Molecular sketches of

the amide solvents used.

Figure 2.5: TEM images of graphene flakes produced by exfoliation in N-methyl-2-pyrrolidone.

(A), (C) from Hernandez et al. [10], (B) from own image archive.
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Table 2.1: Relative merits of graphene production techniques

Advantages Disadvantages
Mechanical ~ Low cost, no special equipment  Slow process, extremely low yield
exfoliation required
High quality, no functional Not suitable for high volume
groups, defect-free basal plane production, limited to
single-flake experiments
Large area flakes (~ mm size
[1501)
Epitaxial Compatible with CMOS Largely multi-layer graphitic
growth processing domains formed
Intensive surface preparation
required, strong influence on
graphene quality
High temperature processing
required, limited substrate choice
Limited production volumes
CvD Large area graphene coatings Limited scalability potential,
growth now possible dictated by furnace and growth

Compatible with CMOS

processing

High quality graphene produced,
high monolayer yield

Product is transferable to other

substrates

substrate sizes

Not suitable for formation of

composites

High temperature processing

Transfer process damages
graphene - cracks, increased

electrical resistance [63]
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Advantages

Disadvantages

Graphene produced is candidate

for use in thin film electronics

Requires the use of metal

substrates, e.g. copper - cost

applications issues if scale-up required

Polycyclic Bottom-up process Tiny flakes produced - limited

aromatic usefulness

hydrocarbon Uses liquid phase processing Max graphene flake size limited

assembly by synthesis - solubility
Complex chemical synthesis
Questionable flake quality -
further spectroscopic
investigations required

Graphite in-  Scalable liquid phase route Persistent chemical function

tercalation/- groups - extremely difficult to

Graphene fully remove

Oxide

High monolayer yield possible

Water-processable graphene

oxide intermediate

High concentration dispersions

possible (up to 4 mg/ml [45])

Useful for composite formation

Electronically altered product -

due to residual defects

Safety issues - Graphene oxide
production requires use of

concentrated acids

Non-trivial reduction step
required - uses dangerous
reducing agents such as
hydrazine and/or high

temperature annealing
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Advantages

Disadvantages

Direct liquid

Fully scalable facile process -

Cost and hazards with use of

phase suited to bulk production amide solvents

exfoliation Non-covalent processing, no Largely few-layer graphene
in amide chemical modification of produced by default, though
solvents

graphene basal plane required -

high quality product

Useful for composite formation

monolayer yield can be increased

with additional processing

Limited flake sizes - max lateral

dimensions of a few nm

Not suited to transparent
conductor applications - high
sheet resistances due to

inter-flake junctions

2.5.2 Carbon Nanotube Exfoliation using Surfactants

Dispersion of carbon nanomaterials in solvents has drawbacks including cost of
solvents, high boiling points of good CNT solvents and incompatibility with biological
systems. The use of an aqueous medium would be convenient, but carbon nanomateri-
als in a chemically unaltered state are highly hydrophobic and will not stably exfoliate
in water.

Early work on CNT dispersion in aqueous media used colloidal stabilisation. The
most common method uses amphiphilic surface active molecules where non-polar
tail groups interact with the hydrophobic CNTs allowing the polar, hydrophilic, head
groups to interact with the water solvent medium; in this way the surfactant acts as an
interfacial stabiliser [151]. Early work in the late 199G demonstrated the formation of
stable dispersions of small bundles of CNTs via surfactant coating [140, 152-155]. Sub-

sequent work revealed the fluorescence of surfactant-based CNT dispersions; such an



25 background - liquid phase exfoliation of carbon nanomaterials 27

Figure 2.6: Molecular sketches of common surfactants used in the dispersion of carbon nan-

otubes.

effect can only be expected from the presence of well exfoliated CNTs with significant
proportions of individual nanotubes in the dispersion [21, 22, 156]. Surfactant-assisted
CNT exfoliation is well-documented [9, 157] with optimum dispersion parameters
[27, 158] and surfactant efficiencies [159-161] having being studied. Molecular sketches
of common surfactants used in CNT dispersion work are shown in Figure 2.6.

This body of research into CNT exfoliation served as stimulus for the work shown in
Chapter 6 where graphite exfoliation in aqueous surfactant systems was attempted for
the first time [162]. This work was then extended to scale-up the production process
and produce much higher concentrations of graphene to feed into future applications

[163], as discussed in Chapter 7.






THEORY

3.1 introduction

This chapter discusses key theory relevant to this thesis. Specific aspects of solvent
solution theory are used in Chapter 5 for studying the behaviour of graphene in a
wide range of solvents. In Chapters 6 and 7 concepts from colloid theory are used
in the characterisation of aqueous suspensions of graphene. Key background ideas,

terminology and derivations for these chapters are covered.

3.2 solubility theory

Solvent-based dispersion of graphene is the simplest method of liquid-phase pro-
cessing. In general terms, the process involves direct interactions between two phases.
From experience with CNT dispersions, it is clear that large molecular solutes cannot
be stably dispersed in all solvents [9]. Forced dispersion of CNTs in unsuitable solvents
using ultrasound forms unstable dispersions, resulting in rapid flocculation and precip-
itation. The energetics of the solute-solvent interactions are key to understanding CNT
or graphene dispersibility in solvents. In the following subsection, the thermodynamics
of the graphene-solvent interaction will be discussed in the context of surface energies.
A more versatile treatment is given using energy components in the form of Hansen
solubility parameters; these parameters are used in the solvent assessment work of

this thesis and will also be discussed in this section.
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3.2.1 Solution Thermodynamics and Surface Energetics

The mixing of two chemical compounds, be they simple small molecules or macro-
molecules, leads to changes in the entropy (S) and enthalpy (H) of the overall system.
In general, solubility of a material in a given solvent is thermodynamically favourable
if the free energy of mixing (DG,;y) is negative [164]. Under isothermal conditions this

is given by

Dsz'x = DHmix TDSmix (3~ 1)

where DH,;yand DS, are the enthalpy and entropy of mixing respectively. DS,;, is
the change in disorder of the system due to the mixing process and thus is always
positive. From Equation 3.1 positive values of DS,,;, are beneficial to the formation
of solutions. However, in the case of large rigid molecules such as CNTs or graphene
DS iy is very small and so DH,,;, is the dominant term [9, 165]. Stable exfoliation of
graphite to graphene in solvents can only occur if the net energy cost, given by the
enthalpy change DH,;,, is very small. The enthalpy of mixing for graphene has been
derived in previous work by our group using surface energy* parameters for solute
and solvent [10]. The derivation calculated the energy input required to separate all
solvent molecules and all individual graphene flakes from one another, subtracting the
energy regained by forming a graphene/solvent dispersion consisting of re-stacked
flakes of a given thickness. This gave an approximate energy cost of exfoliation per

unit volume of mixture V,,;, as

DH,ix 2
Vinix Tf lake

2
ﬂgmphene ﬂsolvent f (3 2)

P ——
where Ty, is the graphene thickness, 1; = = El,, is the square root of the surface

energy of phase i and f = Vgaphene/V,,;, is the graphene volume fraction [9]. For the

+ Surface energy arises from surface atoms or molecules of a material not interacting with the maximum
number of nearest neighbours. The surface atoms or molecules are in a higher energy state than atoms

at interior locations, giving a surface energy expressed in units of J/ m? [166].
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solvent phase, the surface energy E39°™ is linked to the measurable surface tension g
via

g= Esolvent TSsolvent (3_3)

sur sur

where S39/7¢ is the solvent surface entropy (which is a generic value close to 0.1 mJ m2 K
for common CNT and graphene amide solvents) [9, 167]. The graphene surface energy
is the energy required to peel two flakes apart and completely overcome the van der
Waals binding force. The merit of Equation 3.2 is that it shows how the enthalpy of
mixing is dictated by the difference between graphene and solvent surface energies
(or equivalently surface tensions). Dispersions prepared with solvents having surface

energy closest to that of graphene will have been formed with minimal energy cost;

from a surface energy perspective these solvents are expected to perform the best.

3.2.2  Solubility Parameters

Solubility theory can be largely summed up by the phrase “like seeks like”. Solubility
parameters allow for a quantitative assessment of solvents and are used to predict
which solute-solvent systems are likely to behave favourably. They are commonly
used in polymer physics. Solvent solubility parameters are derived from vaporisation
energy, i.e. the energy required to break all the van der Waals bonds holding the
liquid’s molecules together. Therefore, solubility parameters are related to the total
cohesive energy of the solvent [165].

The Hildebrand solubility parameter is the most common solubility parameter and

is defined as the square root of the solvent’s cohesive energy density
E
dr = =CT (3.4)

where V is the solvent molar volume. Using this parameter, the Hildebrand-Scratchard
expression can be derived for small molecular solutes, giving an approximation of the

enthalpy of mixing as

DA, f (1 f)(dr. dryp)? (35)
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where f is the solute volume fraction, DH,;y is the enthalpy of mixing per unit volume
of mixture and dr, and dr} are the Hildebrand parameters of the a solute and b solvent
species respectively [9, 146]. It should be noted that the form of this equation precludes
negative values of DH,,;,; this is due to geometric mean approximations made in the
derivation [9, 146].

An alternative form of Equation 3.5 is the Flory-Huggins equation given as

_ ckTf (1 f)

DHpix = (36)

(4]
where DH,,;, is again the enthalpy of mixing per unit volume of mixture, k is the
Boltzmann constant, T is absolute temperature and vy is the solvent molecular volume
[9, 146 168]. The term c in this equation is the Flory-Huggins parameter, a dimen-
sionless term that measures the pairwise interaction energies between species in the
mixture. If ¢ < 0 then solute-solvent interactions dominate and a true solution is
possible. If ¢ > 0 solute molecules have a net attraction to each other resulting in a
thermodynamically unfavourable system. Comparing Equations 3.5 and 3.6 gives the

following approximation in terms of Hildebrand parameters:

(G dry)’ (37)

Strictly speaking this form of the Flory-Huggins parameter is approximate as it does
not allow negative values. This form of the equation works reasonably well for species
with non-polar interactions, when only van der Waals forces act between species [168].
However, it still captures the key physical logic of solubility theory, i.e. dispersion is
favoured with small values of ¢ when solute and solvent solubility parameters are

matched.

Hansen Solubility Parameters

Charles Hansen recognised that the use of the Hildebrand solubility parameter in the
form of Equation 3.4 is limited as it is based on the total vaporisation (cohesive) energy
of a liquid. The interactions between solvent, or equally solvent and solute, molecules

consist of several types. The strongest and most important of these for organic mo-
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lecules are dispersion forces from atomic interactions (D), polar cohesive forces from
permanent dipole-permanent dipole molecular interactions (P) and hydrogen bonding
interactions from electron exchanges (H) [165]. Hansen suggested using these three
components of the cohesive energy to form a new set of solubility parameters - the
Hansen solubility parameters (HSPs) [165]. The basic rule governing these parameters

involves splitting the cohesive energy density into D, P and H components as follows:

Ecr _ Ecp | Ecp , EcH
T - Eep , Ecp . Ec,
Vv Vv 14 %4 (38)
The HSPs are each defined as the square root of the above energy density components
such that d12 = Eci/v, (i = D, P, H) Hansen [165]. In this way, the Hildebrand solubility

parameter can be defined using HSPs as

= dh+ b+ (39)
Using HSPs, Charles Hansen re-cast the Flory-Huggins parameter as

h i
0
ﬁ (dpe  dpp)+ (dpy  dpp)”+ (dpe i)’ (3.10

where the subscripts a and b represent the solute and solvent respectively. This func-
tional form of the Flory-Huggins parameter enables solute-solvent interactions to be
assessed using a set of well-documented HSPs and will be used in this thesis to study

graphene exfoliated in a range of solvents.

3.3 surfactant stabilisation theory

In this thesis, aqueous surfactant-assisted dispersions of graphitic material are demon-
strated. Such dispersions are described by colloidal theory. Surfactants are amphiphilic
molecules, with a tendency to accumulate at interfaces between phases such that the
polar part can immerse itself in the more polar phase (i.e. water) while the non-polar
part can interact with the non-polar material (i.e. the dispersed phase).

Ionic surfactants, as used in this thesis, will dissociate in water to form a large

molecular ion and a counterion. The surfactant molecules form solutions at low
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Figure 3.1: (A) Illustration of a sodium dodecyl sulfate micelle, counter-cations are not shown
(adapted from Hunter [151]). (B) Electrostatic potential near a positively charged

colloidal particle and the origin of zeta potential.

concentrations. Some molecules will accumulate at the air/solution interface or the
container walls in order to find more stable conditions for the hydrophobic tail com-
ponent [151]. With increasing surfactant concentration, the surfactant density at these
interfaces increases until a monolayer of surfactant coats the surfaces [151]. A specific
minimum concentration for each different ionic surfactant drives the interaction of
surfactant molecules with themselves, bringing clustering of surfactant molecules
into a micelle; this occurs at the critical micelle concentration (CMC). In a micelle the
hydrophobic groups are directed towards the centre of the cluster to minimise contact
with water, with the hydrophilic group directed towards the solvent. In this manner,
the contact between hydrophobic groups and water is minimised thereby reducing the

free energy of the system [169]. A sketch of a micelle is given in Figure 3.1A.
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3.3.1 Charged Colloidal Particles & Zeta Potential

In the case of a surfactant-stabilised colloidal system, the adsorption of the molecular
ions onto particles of the dispersed phase imparts a net charge. The interactions
between the charged particles, and with the ionic solution surrounding them, govern
key aspects of the system such as dispersion stability or flow behaviour.

The net charge of the colloid influences the distribution of ions in the surrounding
dispersant medium, forming an ionic atmosphere around the particle. The region close
to the particle has an increased concentration of counterions, this region is the electrical
double layer (EDL) [170]. The EDL can be viewed as having two parts. The innermost
region, known as the Stern Layer, consists of counterions that are tightly bound to
the charged particle surface - the potential at the boundary of this region is the Stern
potential [171, 172]. Adjacent to the Stern layer, the ions are more diffuse and less
firmly attached. This outer region of the EDL which may also include water molecules,
together with the Stern layer, is the major factor influencing the mobility of the charged
particle [170]. The potential at a point a distance x away from the charged particle
has the general form y = constant e ¥, where k ! is the Debye-Huckel parameter
[151 173. k ! is also known as the Debye-length or Debye screening-length [151, 172].
It is sometimes referred to as the “thickness” of the EDL, this is technically incorrect as
the full extent of the varying potential is closer to 4/K (this gives y .- 4 1 = 0.02y y=0)
[151]. In the case of systems where the electrical energy is small compared with the

thermal energy of the ions, y will be small with k defined as
S

K = e;‘; ’:‘TZZ (3.12)
where e is electron charge, n; is number of ions of type i per unit volume in the bulk
of the solution, z; is the charge of ions i, k is the Boltzmann constant, T is the absolute
temperature, and ## is the permittivity of the pure liquid (i.e. water) [151, 174]. From
this equation it is clear that the size of the EDL depends only on temperature and the
bulk electrolyte concentration.

The EDL plays a significant role in particle motion. When the charged particle moves

(e.g. due to gravity, applied electric field, Brownian movement, convection) the ions
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and water molecules within a specific boundary inside the EDL move with the particle
while those species outside the boundary do not travel with the particle - this boundary
is the hydrodynamic shear plane or slipping plane [170, 171, 175]. The electric potential at
the slipping plane relative to the bulk solution is the zeta potential, z, and is used as
measure of colloidal stability (typically stable dispersions are characterised by jzj > 25
mV) [170, 171, 173]. Figure 3.1B illustrates the structure of the EDL and the origin of
the zeta potential. The zeta potential can be measured by examining particle movement
under an applied electric field; this electrophoresis method will be discussed further

in Chapter 4, Section 4.5.

3.3.2 DLVO Theory

The balance between repulsive and attractive forces determines the overall stability
of a colloidal system. The theory behind colloidal stability was named after Dejaguin,
Landau, Verwey and Overbeek (DLVO) [173]. The zeta potential is a metric that deals
exclusively with repulsive forces between charged colloidal particles. These forces are
countered by attractive van der Waals interactions, primarily from dispersion forces.
Van der Waals interactions are relatively short-range forces acting over length scales of
up to 10 nm [15]]. Unlike the EDL interaction, the van der Waals interaction potential
is not influenced by changes in the electrolyte such as concentration or pH, thus it can
be treated as invariant [173].

For this thesis, layered graphite is exfoliated in aqueous surfactant media. There-
fore, it is appropriate to model interactions in the context of charged parallel two-
dimensional sheets. Using the approach provided in DLVO theory, the overall potential
energy (Vr) is given by the sum of the repulsive DLVO component (Vpryo) and the
attractive van der Waals energy (V,4w) [173].

The van der Waals potential energy can be estimated using a pairwise additive
summation over atoms in the sheets, similar to that used by Hamaker, based on the
London interatomic potential [173 174]. A circular 2D atomic sheet with radius R can

be described as shown in Figure 3.2A. Consider a free atom interacting with atoms in
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Figure 3.2: (A) Sketch of free atom interacting with planar sheet of atoms. (B) Sketch of

interaction between two similar planar atomic sheets.

the sheet from a distance D, specifically looking at a ring of atoms in the sheet with

radius x and width dx. The ring contains dN atoms such that
dN = 2pr xdx (312

where r is the atomic areal density of the sheet.
Van der Waals forces originate from quantum mechanical interactions between
fluctuating dipole moments in atoms [172]. The van der Waals potential between two

uncharged atoms can be approximated as a function of the inter-atomic separation r as

V() = 2 E (3193

dp#y 10
where # is the permittivity of free space, a is the polarisability of the atom and
E is an energy term that can be related to the first ionisation energy of the atom
[172,173 176, 177]. Thus, the interaction energy between the free atom and any atom
within the ring of the sheet is proportional to the inverse sixth power of distance [174]
such that

c. _c 010

V= 3
(x*+ D?)



38

theory

Combining Equations 3.12 and 3.14 gives the total van der Waals interaction energy

between the free atom and all atoms in the ring;:

xdx

cm (3.15)

dVatom sheet = 2pr

This can be integrated over the extent of the sheet to give the total van der Waals
interaction energy between free atom and sheet, V1o, spheet, using an upper limit of ¥
rather than R due to the short range of the interaction [151]:

Vad

xdx _prC

(x2+ D2)°  2D* (316
0

Vatom sheet — 2pr C

This argument can be extended by replacing the free atom with a duplicate of the
atomic sheet, as shown in Figure 3.2B. All atoms within the ring of the upper sheet
interact with the lower sheet with an attractive potential energy of V,;on sneer- The total
interaction energy of all AN atoms in the ring of the upper sheet with the lower sheet,
denoted dV, 4y, is given by the product of Equations 3.12 and 3.16 as

p2r2C

dVvdW = D4

xdx (3.17)

The total van der Waals interaction, V,4, can then be found by integrating Equation

3.17 over the full size of the sheets, i.e. from x = 0 to x = R:

ZR
_ pir*C _ Pp2R*2C _ Apr?C
VvdW - 7 0 de = 2D4 = 2D4 (318)

where A is the area of the sheet.
Vprvo is the repulsive potential energy between two charged planar surfaces in an

electrolyte. This has been derived in literature by Israelachvili [173] to give
Vbvo 4A##kz%e kP (3.19

where # is the relative permittivity of the liquid, z is the zeta potential, k the Debye
length and A is the surface area. Strictly speaking Equation 3.19is valid for low surface
potentials below 25 mV [173], thus the equation should be treated as approximate
any numerical data generated treated as rough values. This formulation also includes

a multiplier of 2 to account for the presence of surface charges on both sides of



3.3 surfactant stabilisation theory 39

the interacting planes [173]. Thus, the overall potential of two idealised parallel 2D
colloidal sheets can be written as

Apr2C

2, kD
Vr  4A##kZe i

(3.20)

This theoretical model will be applied to assess the stability of colloidal graphene

dispersions in Chapter 6.






CHARACTERISATION AND METHODS

4.1 introduction

This chapter discusses the main characterisation methods and experimental techniques
used in this thesis. In this work, liquid phase dispersions of layered materials were
prepared using ultrasonication of bulk layered materials in specially selected solvent
or surfactant/water media. The dispersions were then centrifuged to remove remnants
of starting material and aggregates. Typical dispersions were initially characterised by
absorption spectroscopy. This allowed derivation of sample concentration which can be
used as a quality measure and as a comparative metric between samples. In addition,
optical absorption was used to probe the temporal stability of the dispersions. The
remaining characterisations were carried out on solid material deposited or extracted
from the liquid dispersions. Infrared and Raman spectroscopies were used to probe
the chemical nature and composition of the produced materials. Transmission electron
microscopy was extensively used to examine lateral dimensions of exfoliated material
and, where possible, flake thickness. Scanning electron microscopy was used to study
macroscopic assemblies of flakes in the form of films and individual flakes deposited
on silicon substrates. Scanning probe microscopy was also used to characterise the
dimensions of flakes deposited on substrates. These various techniques will be now be

discussed with reference to relevant literature as appropriate.

4.2 optical spectroscopy

Light interacts with matter in a multitude of ways leading to a wide range of useful

effects for an experimentalist. Figure 4.1 gives a schematic of the fundamental processes
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that occur as light propagates through a medium. A given medium can influence the
speed of light propagating through it, with light travelling slower than in free space
leading to the bending of light as governed by the laws of refraction. Scattering can
also occur, whereby photons of light interact with the medium causing the photons
to change direction. If the photon energy is unchanged, the process is elastic while if
the photon exchanges energy with the medium inelastic scattering occurs. Absorption
occurs when the frequency of the light matches an electronic transition of the material,
only unabsorbed light will be transmitted. Light in the UV (200 - 400 nm), visible
(400- 800 nm) and near-infrared (800 nm - 2500 nm) ranges of the electromagnetic
spectrum can permit the excitation of valence electrons to excited states, and also
promote vibrational and rotational transitions in molecules [178]. Thus, when probing
individual molecules in the vapour phase, discrete absorption spectra with rotational
and vibrational fine structure can be visible. In bulk materials, or materials dispersed in
solvent phases, the atoms and molecules influence each other leading to the broadening
of electronic energy levels, resulting in the loss of fine structure and the formation of
continuous absorption bands. Luminescence can also occur when light interacts with
matter; it is the general name given to the process of spontaneous emission of light by
excited atoms in a solid state material and can accompany absorption. In some systems
luminescence may be quenched as non-radiative relaxation processes can occur before
radiative re-emission takes place. The optical processes mentioned so far concern
the realm of linear optics, where the behaviour is independent of optical power. At
high light intensity, as provided by powerful lasers, the non-linear dependence of the
dielectric constant of the material on the incident electric field becomes evident . These
non-linear effects are beyond the scope of this thesis but it is noted that graphene
dispersions in solvents have displayed promising broadband non-linear optical limiting

properties [179].
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Figure 4.1: Optical phenomena as light propagates through a medium.

Figure 4.2: Representation of the Beer-Lambert law.

4.2.1 Beer-Lambert Law & UV-vis Spectroscopy

Light absorption by a sample can be easily quantified. A sketch illustrating the passage
of light through a typical liquid sample is given in Figure 4.2. Consider a parallel beam
of monochromatic light incident on a sample of total thickness /. Consider the passage
of light through a portion of the sample with length dI. The intensity reduction dI is
proportional to the light intensity I, sample concentration C and length. Thus one can
write [170]

dl = bICdl (4.1)
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where b is a constant. This expression applies to each increment of the sample, so
the emergent intensity can be found by integration over the full length of the sample,
where the incident light intensity on the first face is Iy:

ZI Z!
dllz b Cdl (4.2)

I 0

For a homogeneous system C is independent of position, this gives
In — = bCI (4.3

This can be re-written in terms of logarithmic base 10 by introducing a constant a such

that b = aln10. This gives the Beer-Lambert law as follows:

lOglo i = aCl
Ip

1= )10 (4.4)

a is the extinction coefficient (in units L g'* m™, also known as the absorption coef-

ficient). The transmittance T is defined by T = I/1, while the absorbance A is given

by:

I
A= long = 10g10f
Io
Thus, Equation 4.4 can be written as

A= aCl (4.5)

which is the usual form of the Beer-Lambert law. For liquid samples, if the extinc-
tion coefficient is known then the sample concentration can be determined from the

measured absorbance.

Equipment

UV-vis NIR absorption spectroscopy was used extensively in this research. For the ma-
jority of measurements a Varian Cary 6000i was used. This instrument is a dual-beam

device, using broad-spectrum light sources of a tungsten halogen lamp (visible/NIR)
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and a deuterium arc source (UV) [180]. A monochromator splits the light source into
components using controllable slits and a movable diffraction grating. The resulting
monochromatic beam is split in two with a half mirror. One of these beams passes
through the sample while the other passes through a reference specimen. The reference
consists of a matched cuvette filled with the same solvent as the sample or, in the case
of solid samples, a matched substrate. The beams are collected and fed to an indium
gallium-arsenide photodiode detector via a beam chopper that alternates in time which
beam is collected. This gives values of I and Iy, for sample and reference respectively,
that are presented as values of absorbance A for each wavelength that is scanned.
The instrument has a spectral resolution limited to 0.05 nm over a scanning range of
175 1800 nm [180]. For some measurements a Cary 50 was used, this spectrometer
uses an internal reference collection without the use of a second sample. It features
a lower spectral resolution of 1.5 nm with scanning range 190 1100 nm. Baseline

spectra using the solvent or substrate in use were taken before sample scans.

4.2.2 Infrared Spectroscopy

Beyond the UV-vis near-infrared range of the electromagnetic spectrum lies the infrared
(IR) region (> 2500 nm). The photons in this region have energy corresponding to
molecular and crystal vibrations in materials. In IR spectroscopy, direct absorption
of incident IR light by the material is probed. Fundamental transitions attributed
to specific vibrations of a molecule, or molecular bonds within a crystal of a given
material, will present as absorption events under IR illumination. The energy of a
particular transition is dependent on the nature of the chemical bond. In this manner,
IR spectroscopy can be used a fingerprint method to identify chemical species. IR
spectra are often collected in transmission mode by using a wide-spectrum incident IR
light source and applying a Fourier transform to the detected signal. In this manner,
absorbance features at specific wavelengths are highlighted. Databases of FTIR spectra
for a wealth of materials are available, making FTIR spectroscopy a useful identification

technique. A key point of note is that vibrations are only IR active if the vibration
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Figure 4.3: Schematic of ATR-FTIR measurement

induces a change in the permanent dipole moment of the molecule or molecular bond .
This means that molecules such as N, or O, are IR-inactive, whereas dipolar molecules
such as CO or H,O are IR-active. Similarly, a chain of carbon atoms or a graphitic
network do not possess IR-active vibrational modes. However, chemically bound
functional groups such as C O or C OH are IR-active. Thus, FTIR spectroscopy can
serve as an aid to assessing the quality of graphene and graphene derivatives, in

particular for determining the large-scale presence of residual oxides.

Equipment

One of the most challenging aspects of FTIR analysis has been sample preparation.
Traditionally, FTIR spectra of solids have been collected in transmission mode. This
required crushing the material and dispersing in a matrix such as a liquid oil or a
transparent solid. Potassium bromide (KBr) is the most widely used matrix. However
of the order of a milligram of material in about 350 mg KBr is required to form
a suitable disc sample. This method is destructive and is unsuitable for analysing
thin film samples of low mass. The technique of Attenuated Total Reflectance FTIR
(ATR-FTIR) removes these sample preparation limitations.

ATR-FTIR operates by monitoring the changes in an infrared beam that is totally
internally reflected inside a crystal that is in direct contact with the sample. A sketch
of the method is given in Figure 4.3. The refractive index of the sample must be
significantly lower than the ATR crystal to permit total internal reflectance. In addition,

this method requires good contact between sample and crystal, thus pressure is applied
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to samples during measurements. The internal reflectance within the optically dense
crystal generates an evanescent wave that extends beyond the crystal into the sample
over a distance of 0.5 5 nm [181]. This evanescent wave is attenuated by IR absorption
transitions in the material. The output IR beam is then fed to a detector and a Fourier
Transform applied.

ATR-FTIR spectra in this thesis were taken on powders and thin film samples.
Spectra were collected with a Perkin Elmer Spectrum 100 equipped with a diamond
ATR crystal. An IR background was taken prior to sample scan acquisition. A minimum

of 12 repeat acquisitions were taken per sample.

4.2.3 Raman Spectroscopy

Incident light can scatter from a material whilst interacting and exchanging energy with
it; this scattering with a change in light frequency is called Raman scattering. This effect
was first observed by C.V. Raman and K. S. Krishnan in 1928while studying common
liquids illuminated by focused sunlight [182]. As with IR spectroscopy, vibrational
transitions are probed. IR absorption results from a one-photon annihilation event,
i.e. the material is elevated in vibrational energy by the dissipated photon at the
frequency of vibrational resonance. However, Raman spectroscopy exploits photon
scattering processes. The vast majority of photons incident on molecules of a material
are scattered elastically, this is known as Rayleigh scattering. A small proportion of
the photons are scattered inelastically. This is a two-photon process and involves a
change in the polarizability of the material with respect to the molecules” vibrational
motion [183]. Incident monochromatic radiation (usually from a laser) interacts with
the polarizability of the material to create an induced dipole moment. The radiation
emitted by this induced dipole moment contains the observable Raman scattered
photons. Due to energy conservation, the frequency shift of the Raman scattered light
with respect to the incident beam corresponds to vibrational energy gained or lost by

the material.
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Figure 4.4: Diagram of spectroscopic transitions underlying vibrational and Raman spectro-
scopy. ny indicates incident laser frequency, /; (i = 1,2,3...) denote vibrational levels

with energy hn;.

The transitions involved in Raman spectroscopy can be summarised diagrammat-
ically as shown in Figure 4.4. Raman scattering events typically take place between
electronic ground state energy levels and virtual excited states. These virtual states
are short-lived distortions of the electron distribution by the incident electric field
[184]. Stokes Raman scattering occurs when the material gains vibrational energy by
terminating in an elevated vibrational state, with the scattered light reduced by the
same energy. Anti-Stokes Raman scattering involves the scattered light gaining energy
as the material transitions from an initial excited vibrational state to the ground state.
Resonance Raman scattering can also occur whereby the frequency of incident light
is close to an electronic transition of the material. In this case, Raman spectroscopy
can become more sensitive with enhanced scattering of around 10* possible [185].
However, increased absorption by the material under resonance conditions can lead
to more rapid sample decomposition [185]. Resonance Raman spectroscopy can also
suffer from enhanced fluorescence, a process whereby inter-band relaxations in excited
electronic states result in the emission of photons; this effect can drown out Raman

spectral features.
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Figure 4.5: Typical Raman spectra of graphite and graphene. (A) Comparison of Raman spectra
at 514nm for bulk graphite and graphene. (B) and (C) Evolution of spectra of
2D peak shape with number of layers at 514 nm and 633 nm, respectively. Images

adapted from [186].

Raman Spectroscopy of Graphene

Raman spectroscopy is a powerful tool for analysing carbon-based materials. It has
been used over the past 40 years to study a range of graphitic materials including
pyrolytic graphite, carbon fibres, graphitic foams, fullerenes, CNTs and now, most

recently, graphene [187]. Graphene in particular yields a distinctive Raman spectrum

whose features can reveal structural information about the material. In 2006 A.C.

Ferrari and co-workers found that graphene ranging from one to five layers thick could

be clearly identified using red (633 nm) or green (514 nm) laser excitation sources [186].

Figure 4.5A shows a typical Raman spectrum for a large-area monolayer graphene flake
made by micromechanical cleavage in comparison to a spectrum for graphite. Three
main peaks are commonly associated with graphene/graphite. A peak at 1580 cm™
labelled the G-band is characteristic of the sp? hybridised carbon structure, this peak
is also found in CNTs [187]. The G-band originates in normal first order scattering
processes; changes in graphene layer number can cause slight shifts in the shape
and position of the G-band [188 189]. The D-band, centred around 1350 cm lis
associated with breathing modes in sp? hybridised carbon rings and chains [190); this

is a second order process involving a phonon and a defect. Thus, observation of this
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band requires that the ring be near a defect in the sp? structure; these defects can be
atomic vacancies, functional groups bound to sp3 hybridised sites or the edges of the
sp? network. The D-band is absent from the spectra in Figure 4.5A as the areas of the
materials sampled by the laser spot were defect-free. A third band, characteristic of
graphene/graphite is centred around  2700cm ! and is now commonly denoted
the 2D-band. This feature has been observed in the Raman spectra of graphite since
1981 [19]] and is associated with a second order two-phonon scattering process.
Ferrari et. al., and others, have showed that the shape of this band evolves with the
numbers of graphene layers, in particular for flakes composed of 1 to 5 graphene layers
[186, 189, 190, 192]. This evolution of the 2D peak with graphene layer number is shown
in Figures 4.5B and C for two laser wavelengths. There are two more minor peaks
that appear in the spectra of graphene/graphite. A D’-band around 1620cm ! can
appear in defected graphitic structures, along its double-resonance 2D’-band around

3240cm ! [193.

Equipment

In this thesis, Raman spectroscopy was used to characterise films of deposited few-layer
graphene. A Horiba Jobin Yvon LabRam HR confocal spectrometer was used, equipped
with 532 nm and 633 nm laser excitation sources operating with power outputs up to
12 mW. Raman scattered light was isolated using notch filters. For all acquisitions a
100 objective lens was used along with a diffraction grating having 600 lines per mm,
this results in a manufacturer’s rated spatial resolution of around 5 nm and spectral
resolution of 0.3 cm™ to 1 cm™. Grating calibration using a silicon dioxide/silicon
standard and white-light spectrometer calibration were performed daily and before
analysis of every batch of samples.

Exfoliated MoS; was also characterised by scanning Raman spectroscopy. For these
samples a NT_MDT NTEGRA platform was used with a Renishaw Raman spectroscope
equipped with a 1024 512 CCD camera. An Argon ion laser source at 488 nm was
used with a 100 objective and grating having 1200 lines per mm. Bi,Tes flakes were
examined with a Witec Alpha 300, with AFM option, equipped with edge filters and

532 nm laser using a 20 lens.
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4.3 ultrasonication

In this research dispersions of layered materials are prepared by exfoliation of thin
flakes from bulk materials via the application of ultrasonic energy. Ultrasound concerns
sound waves with frequencies higher than those to which human ears can respond (i.e.
> 16 kHz). Ultrasound is widely used in a range of applications including navigation,
medicinal imaging, industrial scale chemical mixing and engineering (machining,
cutting, drilling, welding).

In this work, ultrasonic energy is applied to layered materials immersed in liquid
phases. The applied energy causes solvent molecules to oscillate about their mean
positions, with the applied sound wave having compression and rarefaction cycles.
During the rarefaction phase of the cycle the liquid molecules are drawn apart, if
the average distance between the molecules exceeds the critical molecular distance to
hold the liquid intact then void or cavities are created [194]. These cavitation bubbles
can grow in size and subsequently collapse with the creation of shock waves [194].
These collapsing cavitation bubbles and shock waves result in the application of shear
stresses to the material inside the liquid phase, these stresses result in the break-down
of the material. In the case of weakly bound layered structures such applied stress can
peel the layers from one another which then may be stabilised against re-aggregation

by the given solvent environment.

Equipment

Laboratory grade ultrasonic equipment uses piezoelectric transducers to supply energy
to the reaction vessel. Ultrasonic baths have one or more transducers attached to the
base of a steel water-filled tank. In this case the ultrasonic waves penetrate the walls of
reaction vessel(s) placed in the bath. Ultrasonic baths are often fixed frequency devices
with fixed energy output. More intense and directed energy is provided by the use of
horn or point probe sonicators directly immersed in the reaction vessel. With these
devices the energy output at the tip of the horn/probe is controlled by the power

intensity delivered to the transducer by a generator.
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In this research a fixed ultrasonic frequency of 20 kHz is used with all apparatus. An
ultrasonic bath (Branson 1510E-MT) and an ultrasonic horn/probe system (VibraCell
CVX 750 W) are used for all samples. To ensure reproducibility when using the
ultrasonic bath all samples for a given experiment are placed in identical viles/flasks
using constant water levels. For horn/point probe tip sonication, sample temperature

is controlled when necessary by the use of ice baths.

44 centrifugation and sedimentation

Dispersion assisted by ultrasonication yields a mixed suspension of exfoliated flakes,
aggregated material and particles of raw starting material. These latter phases are
unstably suspended and will settle out gradually over time. This settling process can
be accelerated using centrifugation and the supernatant retained for further use.

In this work a Hettich Mikro 220R centrifuge is used, with rotation rate variable
from 500 18000 rpm. The machine has a 6-way rotor (90 mm sample radius) for
the range 500 6000 rpm and a 24-way rotor (87 mm sample radius) for the range
6000 18000 rpm. Literature sometimes quotes the centrifugation intensity in terms
of relative centrifugal force (RCF), i.e. sample acceleration relative to gravitational
acceleration, g. This can be derived from the centripetal acceleration, 4, of the tubes

inside a rotor of radius r from

2
a= rw?=r pr;(}))rm; (4.6)

where w is the angular velocity of the rotor. The RCF is then given by

2 2
RCF = ij PTIIPMG _ 145 103 (rpm)? (4.7)

Particles can sediment out of a suspension after centrifugation. This can be due
to incomplete removal of massive particles or re-aggregation of the particles in the
dispersion. The temporal stability of dispersions can be probed by optical methods. In
this research, the transmission intensity I through liquid-phase samples is monitored as
function of time using an array of synchronised pulsed lasers (633 nm) and photodiodes.

A blank sample with pure solvent gives the value of y. Using the Beer-Lambert law
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from Equations 4.4 and 4.5 gives the change in sample absorbance as function of time
such that A (t) /I = aC (t). As the concentration of material in the dispersion falls over
time due to sedimentation, the optical absorbance will fall in tandem. In a dispersion
there may be more than one sedimenting phase, perhaps alongside a stable component.

The total initial concentration of the dispersion can be written as
o
CTotal,i = CO + a Cn (4-8)
n

where Cj is the concentration of the stable phase and C,, represents the n sedimenting
phases.

The concentration of the sedimenting phases can be shown to decay exponentially,
with each sedimenting phase having its own time constant [195]. Thus, the local time
dependent concentration of a given dispersion having n sedimenting phases and one

stable phase can be written as
C(t)= Co+ § Cpe 't (4.9)
n

where t, is the decay time constant of phase n [199]. In the context of the measured

absorbance this can be written as

A(t) _
=

a)Co+ § a,Cpe 't (4.10)
n

where gy and a, denote the extinction coefficients of the stable and sedimenting phases

respectively.

45 zeta potential

As mentioned in Chapter 3, the zeta potential is a key parameter of the EDL surround-
ing charged colloidal species. It is a useful parameter for evaluating the stability of
surfactant-stabilised dispersions. In this thesis, the zeta potential of graphene exfoliated
in aqueous surfactant media is assessed. Zeta potential measurements are made by
examining the electrokinetic behaviour of charged colloidal particles. When an electric
field is applied across the dispersion the charged particles are attracted towards the

electrode of opposite sign, with the motion countered by viscous forces. This motion
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Figure 4.6: (A) Outline of capillary cell used for zeta potential measurements. (B) Illustration
of laser doppler velocimetry technique. Images taken from Malvern Zetasizer Nano

user manual [171].

under an applied electric field is known as electrophoresis [151]. At equilibrium the
particles move with an overall drift velocity for the colloid denoted n. The electrophor-
etic mobility relates n to the applied electric field via v = mE. mcan be used to find the

zeta potential, z, from the Henry equation for spherical particles

_ 2z

M= 734

£ (ka) (4.11)

where ##, is the permittivity of the medium, h is the liquid viscosity, a is the particle
radius and K is the inverse of the Debye-length (Equation 3.11) [196]. In the case of
particles in a polar solvent like water, the size of the EDL, k 1 will be thin compared
to the particle size and so ka 1. In this case f (ka) is defined as 1.5, which reduces
Equation 4.11 to the Smoluchowski expression [196]. Note that this expression also
holds for plate-like particles having a uniform surface charge, with negligible edge
charges relative the surface charge and with radius much larger than the double layer

thickness [175].

Equipment

In this research, zeta potential measurements were carried out with a Malvern Zetasizer
Nano. Samples were injected into folded closed capillary cells with built in electrodes;
a sketch of typical cell is shown in Figure 4.6A. The drift velocity of the particles under

an applied potential, and hence the electrophoretic mobility, is essentially derived
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Figure 4.7: (A) Schematic representation of atomic force microscope [198]. (B) Sketch illustrating

tip-sample force curve.

using a laser doppler velocimetry technique [171]. This method analyses the scattering
of a 633 nm He-Ne laser incident on the capillary cell. Light scattered at a specific angle
is re-combined with a reference beam to produce a signal with fluctuating intensity, the
setup is illustrated in Figure 4.6B. The rate of fluctuation of this signal is proportional
to the speed of the particles. This is the core technique underlying the measurement, it
has been modified and enhanced by the device manufacturer to improve analytical

results [171].

4.6 atomic force microscopy

Atomic force microscopy (AFM) is a scanning probe technique that maps surface
topography. AFM images are obtained by measurement of the forces on a sharp tip
generated by proximity to the surface of the sample [197]. These force interactions
deflect the tip as it passes over the surface features of the sample, an AFM gauges
these deflections to determine sample surface information. A schematic of a typical
AFM is given in Figure 4.7A. The critical component of the AFM is the tip, attached to
a cantilever that can deflect according to Hooke’s law due to tip-sample interactions
[199]. The degree of bending of the tip is monitored by a laser reflected off the

cantilever and detected by a photodiode. The photodiode signal links into a feedback
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circuit controlling the z-height of the sample relative the tip. AFM tips/cantilevers are
commonly manufactured from silicon or silicon nitride. The radius of the end of the
tip dictates the spatial scanning resolution. In most AFM devices the sample is rastered
under the tip in the xy plane and along the z direction using piezoelectric motors.

Sample profile information with an AFM can be derived in three ways, probing
different regimes of the tip-sample interaction, as illustrated in Figure 4.7B. In contact
mode the tip tracks close to the sample surface probing the repulsive regime of the
intermolecular force curve. This mode is only suitable for relatively smooth rigid
surfaces as the feedback loop may not respond quickly enough to steep protrusions
from the surface, causing the tip to crash.

In non-contact mode the tip oscillates just above its resonance frequency at a distance
from the surface, interacting outside the repulsive regime. As the tip rasters the sample,
surface features can alter the tip-surface distance thereby changing the van der Waals
attractive force felt by the tip. This leads to a change in the oscillation frequency or
amplitude, the AFM’s feedback system responds by changing the sample height to
maintain the original oscillation of the tip. However, non-contact mode suffers under
ambient conditions due the presence of an adsorbed water layer on all samples. This
dampens short-range interactions, requiring closer tip-samples distances. The water
layer promotes a form of tip instability known as “jump-to-contact” whereby the
attractive tip-sample forces can cause a sudden drop in tip height [200].

These problems were solved by use of an intermittent contact or tapping mode, the
most widely used AFM mode. In this case the tip is oscillated at its resonance frequency,
typically of the order of 100 kHz, with amplitude of the order of 10s of nanometres.
The tip is positioned in such a way as to interact with the sample via short range
repulsive forces for a brief portion of its oscillation cycle. In this way, tapping mode can
be viewed as a hybrid of contact and non-contact mode, probing a range of interactions.
The short contact time allows the tip to track rough surfaces with low lateral forces
exerted on the sample, this makes tapping mode suitable for soft samples such as
biological specimens.

The primary source of error in AFM imaging of nanoparticles concerns observed

lateral dimensions. This arises when the nanoscale object or features of the sample
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have lateral dimensions equal to or smaller than the tip radius. The path recorded by
the tip will be distorted as the sides of the tip interact with the object before the apex.
This results in observed overall lateral dimensions of such features being extended by
a value roughly twice the tip radius.

In this thesis AFM analysis is carried out with a Digital Instruments Nanoscope IIIA
from Veeco systems. All measurements are carried out under ambient atmosphere in
tapping mode using monolithic silicon tips having resonance frequency 300 kHz,

force constant 40 N m™ and tip radius 8 10 nm.

4.7 transmission electron microscopy

Normal resolution TEM has been widely used in this research to study exfoliated
layered materials. TEM works by directing an electron beam at samples under vacuum
and examining the altered transmitted beam. Electrons can pass through unimpeded
without interacting with the atoms in the sample or they can be scattered elastically
or inelastically; the loss of electron beam intensity due to scattering by the sample is
responsible for the contrast in a TEM image. The operating principles of a TEM are
similar to those of a transmission light microscope with a source beam focused onto
the sample by condensing electromagnetic lenses, and the transmitted beam gathered
and focused onto a screen by objective and projector lenses. A schematic of a typical
TEM system is shown in Figure 4.8.

The electrons are supplied at the top of the instrument column. The gun used
depends on the instrument type, with thermionic LaBg or tungsten filaments in normal
resolution microscopes and Shottky field emission or cold field emission guns in
high resolution machines. The illumination system shown in Figure 4.8A regulates
the shape of the incident beam, producing a parallel beam along the optic axis for
normal TEM use. This coherent beam passes through the specimen and in doing so
is disrupted. Some of the incident electrons pass straight through thin specimens
unimpeded while others are scattered in the both the forward and back directions

elastically and inelastically.
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Figure 4.8: Optical system schematic of common transmission electron microscopes. (A) Illu-
mination system layout. (B) Diffraction mode projecting diffraction pattern onto
viewing screen. (C) Bright field mode projecting image of sample onto viewing

screen. Schematic adapted from Williams and Carter [201].
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The emergent beam passes through the objective lens to produce a diffraction pattern
in the back focal plane, as shown by blue and red markers in Figure 4.8B. Use of a
selected area aperture in the first image plane allows electron beams from a localised
region of a specimen to be probed; this is equivalent to placing a virtual mask or
aperture over the specimen. The intermediate and projector lenses focus the diffraction
pattern onto the viewing screen, photographic plate or CCD. The diffractograms of
single crystalline samples have spot patterns with spot positions governed by Bragg’s
law; the central bright spot comes from the transmitted beam [201]. Polycrystalline
samples will exhibit ring patterns. Electron diffraction patterns can be calculated for
many crystals. Electron diffraction has proved useful in the identification of monolayer
graphene produced by micromechanical cleavage and liquid-exfoliation [10, 186, 202].

Under normal imaging conditions the selected area aperture is removed and an ob-
jective aperture is placed in the back focal plane as shown in Figure 4.8C. This objective
aperture only allows electrons in the unscattered transmitted beam to contribute to the
final image, cutting out the majority of diffracted beams and thereby boosting image
contrast. The intermediate lens is adjusted to focus on the first intermediate image
plane yielding an image of the sample on the screen. For high resolution TEM (HR-
TEM), the objective aperture is set to the widest setting or removed altogether. In this
case, the image is formed by the interference of many diffracted beams, giving a phase
contrast that reflects the crystal’s structure. The spatial resolution obtained in HR-TEM
is limited by inherent aberrations in the microscope. These include the defocus setting,
spherical aberrations (Cs, from imperfections in the focusing system) and chromatic
aberrations (from non-identical electron energies incident on the specimen). Use of
aberration corrected TEMs can correct spherical aberrations in the magnetic lenses via
destructive interference, with some machines featuring chromatic aberration correctors
as well. It is noted that, due to aberrations, atomic features in phase contrast images
do not have a direct correspondence to the atomic scattering potentials of the crystal
[201].

In this research normal TEM imaging was carried out with a Jeol 2100 operated at
an accelerating voltage of 200 kV. This instrument has a LaBg filament electron gun.

HR-TEM images were collected with a field-emission FEI-Titan operating at 300 kV.
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Some HR-TEM was carried out by Dr. Valeria Nicolosi at the Department of Materials,
University of Oxford using the Oxford-Jeol JEM2200MCO FEGTEM/STEM fitted with

two CEOS C; aberration correctors operating at 200 kV.

Quantitative TEM analysis

Previous TEM studies on graphene produced using sonication-induced liquid-phase
processing revealed the presence of flake-like objects that were quite transparent to the
incident electron beam (see Figure 2.5) [10]. Due to attenuation of the electron beam
by the graphene crystalline lattice, a dark contrast was observed relative the vacuum
background in bright-field images. With reference to Raman spectra and electron
diffraction data it was shown that many of the observed flakes were monolayer
graphene. In addition, few-layer graphene flakes were observed. It was observed that
many of the multi-layered flakes showed visible straight line contrast features at one
or more of their flake edges - these features corresponded to the individual graphene
layers making up multi-layered flakes [10]. An example of this type of edge contrast is
given in Figure 4.9A, with the individual layers highlighted. It is noted that the number
of layers, N, counted for a given flake has a certain degree of uncertainty associated
with it. Due to the limitations of the image contrast the gradation distinguishing one
layer from the next may be difficult to see, thus for some flakes the count may only be
determined to the nearest one or two layers. In order to balance the statistics obtained
in layer counting for similar ranges of N an alternating bias was used: e.g. for a flake
counted as either 4 or 5 layers, 4 would be selected, the next time a flake was counted
as either 4 or 5, 5 would be used and so on. In this way the errors balance out and
allow for an overall estimation for mean numbers of layers per flake, hNi.

In addition to N the lateral dimensions of the flakes can also be quantified. As the
flakes are of random shape, the values of length were taken across the longest axes of
the flakes, with the width taken as the largest measurement perpendicular the longest
axis. This is illustrated in Figures 4.9B and C. The uncertainty associated the length
and width measurements was quite small, while the uncertainty in the estimation of N
could be mitigated by using a large sample set. It is also worth noting the systematic

errors in this type of quantitative TEM analysis. The first of these is attributable to the
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method used to capture the graphene flakes from the liquid dispersions. For the work
in this thesis the dispersions were dropped onto holey carbon grids. The holey carbon
membrane acts as a mesh. As the dispersion passes through the grid some flakes are
suspended by the carbon strands. The size of the holes in the carbon membrane can
range from ~ 100 nm up to several microns in diameter, thus a significant proportion
of the flakes incident on the membrane could pass through without being suspended.
As the smallest flakes in the dispersion are more likely to pass through the holes it is
possible that the statistics derived may be biased towards larger flakes. This would be
especially true for low-concentration dispersions where only a few hundred flakes may
be observable over an entire TEM grid. However, it will be shown from work on high
concentration dispersions (Chapter 7, [163]) that small graphene flakes can be readily
observed directly on top of the carbon membrane (these flakes are smaller than the
strands of the membrane and so are not being suspended by the typical filtration action
of the membrane). This is likely due to a strong affinity of the graphene flakes for the
carbon-based membrane. By ensuring these flakes are included in any quantitative
analysis the statistical error can be reduced. In addition, there can be a subjective bias
in the collection of TEM images for analysis. It is reasonable to suggest that the larger
flakes in a given sample will attract greater attention from the TEM operator and
so lead to a bias in the collected image set. This subjective error was reduced in all
the work shown in this thesis by attempting to randomise the data collection process.
In particular, data was collected from across the entire TEM grid using random XY
movements at low magnification to find individual flakes or clusters of flakes. Close-up
images were acquired for all the observed flakes in each area sampled. This procedure
also had the effect of compensating for bias due to localised hole size variations in the

carbon grid that could have influenced the size of suspended flakes in a given area.

4.8 scanning electron microscopy

The scanning electron microscope (SEM) is a powerful analytical tool, widely used

in scientific research and industry. In an SEM an electron beam is focused, by elec-
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Figure 4.9: Illustration of methodology used to assess graphene flake size from bright-field
TEM images. (A) Multi-layered graphene flake showing contrast due to individual
graphene layers. (B) and (C) Illustrations of method used to determine length and

width for a typical flake.

tromagnetic lenses, onto the sample under vacuum. When this primary beam strikes
the sample several interactions occur within a teardrop-shaped volume of interaction
depending on the beam energy and sample nature [122]. The most important effects of
the bombardment are the formation of secondary and backscattered electrons [203].
Rastering of the beam across the sample and the collection of these electrons by various
detection systems allows a digital image to be formed.

Secondary electrons are the result of ionisation of the sample by the primary electron
beam. Secondary electrons have low energy, around 3 5 €V, resulting in a small
escape depth of only a few nanometers [122, 204]. This allows secondary electrons
to give good topographic information about the sample. Backscattered electrons are
high energy inelastically scattered electrons that have undergone single or multiple
scattering events, these electrons originate deeper in the sample [122]. Imaging using
backscattered electrons yields chemical contrast as elements with higher atomic number
will have a higher backscattered signal. However, as the backscattered electrons are of
high energy they are not readily absorbed by the sample, meaning the sample region

from which they are produced is much larger than it is for secondary electrons; this



4.8 scanning electron microscopy

Figure 4.10: Schematic of lens system in Zeiss Ultra Plus scanning electron microscope. Adap-

ted from Zeiss Ultra/Supra manual [204].

means lateral resolution is worse than when using secondary electrons (1 mm vs

10 nm) [122)].

In this thesis, a Zeiss Ultra Plus SEM with field emission electron gun is used. Some
images were taken with an older Hitachi S-4300 field emission SEM. A schematic
of the GEMINI® lens system in the Zeiss Ultra Plus SEM is given in Figure 4.10.
The magnetic lenses and scan coils focus and move the sample beam. The secondary
electron detector (SE2) is mounted inside the chamber to one side. The system features
two backscattered electron detectors, one for low angle electrons (AsB detector) and
one in-column for high angle electrons (EsB detector). In addition there is an In-Lens
secondary electron detector inside the column; this probes secondary electrons having
a very low penetration depth yielding images with very high surface sensitivity.

A final feature of modern SEMs is the incorporation of X-ray analysers. At sufficiently
high electron accelerating voltages (typically 10 30 kV) core shell electrons can be

knocked out by the primary beam, with the ions emitting characteristic X-rays when
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they relax back to a lower energy state. These energy dispersive X-rays (EDX) can be
analysed with reference to known atomic X-ray spectra. Care must be taken when using
this technique as the use of an SEM column with limited electron output can yield low
X-ray counts. In addition, X-rays produced in initial atom ionisation can create core level
vacancies in other atoms of the sample, these will then re-emit X-rays of a lower energy
in a process known as X-ray fluorescence [205]. Furthermore, information of sample
tilt relative the X-ray analyser is passed to the analysis software, meaning samples
should be level inside the SEM as far as possible. Low X-ray counts, fluorescence and
sample tilt effects can be significant and bias the data manipulation performed by
software [205]. This can lead to skewed quantitative elemental composition results. In
general, use of SEM-based EDX gives excellent qualitative composition information,

with care required when attempting to derive quantitative results.



PRODUCTION OF GRAPHENE IN SOLVENTS: INVESTIGATING
THE ENERGETICS OF GRAPHITE EXFOLIATION THROUGH
MULTICOMPONENT SOLUBILITY PARAMETERS

5.1 introduction

This thesis examines the preparation of liquid phase dispersions of graphene and other
layered materials in solvent and surfactant systems. This chapter specifically deals
with the interaction of graphene with a wide range of solvents. Previous work has
shown that graphene can be produced via mild sonication of bulk graphite platelets in
selected amide solvents, with mild centrifugation used to remove large aggregates and
graphite particles [10]. It was shown that high quality graphene, free from chemical
functionalities, can be easily prepared in this manner. However, at that time only a
small set of suitable solvents for graphene had been found. Furthermore, knowledge
about the interactions between the solvents and the dispersed graphene was limited.
In this chapter a study of the dispersibility of graphene in a wide range of solvents is
presented. Hansen solubility parameters (HSPs) for graphene are identified. This in
turn allows the energy cost of exfoliation to be probed for a given system through the
estimation of the Flory-Huggins parameter. Finally, the quality of graphene produced

in good and poor solvents is examined by TEM analysis.

5.2 experimental procedure
The graphite powder used in all experiments was a natural flake graphite purchased

from Sigma-Aldrich (product number 33249, having been sieved through a 0.5 mm

mesh to remove the largest particles. All solvents were purchased from Sigma-Aldrich.
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Figure 5.1: SEM micrograph of starting graphite material

The solvents were selected in a number of ways. Firstly, solvents that were known from
literature as good CNT solvents were selected; these included N-methyl-pyrrolidone
(NMP), cyclohexylpyrrolidone (CHP) and dimethylformamide (DMF) [142, 143, 206].
Other solvents were selected based on the their structural similarity to NMP (see Figure
2.4C on page 23 for the structure of NMP). Some solvents were chosen as they had
surface energy close to that experimentally estimated for graphene [10]. Finally, a few
solvents were chosen during the course of the study based on preliminary estimations
of the HSPs of graphene.

In all cases 0.1 mg/ml of starting graphite material was added to 10 ml of solvent in
a 14 ml vial. An SEM micrograph of the starting material is given in Figure 5.1. The
samples were sonicated in an ultrasonic bath for 30 min. After sonication, centrifu-
gation was immediately carried out at 500 rpm (25¢) for 90 min and the supernatant
retained for analysis. Optical absorbance spectra were taken of the supernatant. In
previous work graphene dispersions were found to follow Beer-Lambert behaviour
and an extinction coefficient for graphene was determined (a = 2460 L't g m™ at
660 nm wavelength) [10]. This figure was used to calculate the graphene concentration
remaining after centrifugation, Cq. Each solvent was tested in this manner a minimum
of three times, taking mean values of Cy; and using the standard deviation as an

estimate of experimental error.
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Values for HSPs and solvent molecular values used for data analysis were taken
HSPiP software (www.hansen-solubility.com). The software incorporates literature
values [165] for the majority of solvents and has built-in algorithms to calculate values
for some solvents with unknown HSPs.

Samples for TEM analysis were prepared by dropping approx 500 ni of the disper-
sions onto holey carbon grids (400 mesh), which allow the solvent to wick through
whilst suspending graphene flakes. All images were taken in bright field mode at
200 kV.

5.3 results and discussion

5.3.1 Graphene Dispersibility and Stability

In this study the value of C; is used as a quantitative measure of the graphene
dispersibility in each solvent. The measured values ranged from 0.16  0.05 mg/ml in
the poorest solvent pentane to 8.5 1.2 ng/ml in cyclopentanone (CPO). The measured
dispersibilities for all solvents tested are given in Table 5.1.

A full data set including estimated errors, HSPs and Hildebrand parameters for
each solvent tested is given in Appendix Table 10.1, page 179 The values quoted
are applicable to the specific set of experimental conditions used in this study (i.e.
initial graphite concentration, sample volume, sonication method, sonication time and
centrifugation settings). These conditions were held constant throughout the study
allowing the data to be comparable.

While the data in Table 5.1 shows graphene is dispersible in a range of solvents, it
is important to ensure that the dispersions are reasonably stable. This initial quality
check was done by monitoring the optical absorbance at 650 nm of selected dispersions
as a function of time using a dedicated sedimentation apparatus. Figure 5.2 shows
the sedimentation data for the best solvent (CPO), a good solvent (NMP) and poor
solvents (ethanol and toluene); these solvents are marked by * in Table 5.1. While some

sedimentation was observed in all samples, the temporal stability was found to be very
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Solvent Cs Solvent Cs
(mg/ml) (mg/ml)
Cyclopentanone (CPO) * 85 l-octyl-2-pyrrolidone (N8P) 28
Cyclohexanone 73 1-3 dioxolane 28
N-formyl piperidine (NFP) 7.2 Ethyl acetate 26
N-vinyl pyrrolidone (NVP) 55 Quinoline 2.6
1,3-Dimethyl-2-imidazolidinone (DMEU) 54 Benzaldehyde 25
Bromobenzene 5.1 Ethanolamine 25
Benzonitrile 48 Diethyl phthalate 2.2
Benzyl benzoate 47 N-dodecyl-2-pyrrolidone (N12P) ~ 21
N-methyl-pyrrolidone (NMP) *A 47 Pyridine 20
N,N-Dimethylpropylene urea (DMPU) 4.6 Dimethyl phthalate 18
g-Butyrolactone (GBL) 41 Formamide 17
Dimethylformamide (DMF) 41 Ethanol * 1.6
N-ethyl-pyrrolidone (NEP) ~ 4.0 Vinyl acetate 15
Dimethylacetamide (DMA) 3.9 Acetone " 12
Cyclohexylpyrrolidone (CHP) 37 Water 11
Dimethyl sulfoxide (DMSO) 37 Ethylene glycol 1.0
Dibenzyl ether 35 Toluene * 0.8
Chloroform 34 Heptane 0.3
Isopropanol (IPA) 3.1 Hexane 0.2
Chlorobenzene 29 Pentane 0.2

Table 5.1: Graphene concentration after centrifugation (dispersibility, C,) in 40 solvents. Tem-
poral stability of the dispersions was tested for solvents marked with *. TEM analysis

was carried out for solvents marked with A.
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Figure 5.2: Sedimentation data for graphene in selected solvents. A single exponential decay
fit for NMP is shown by the black dashed line with fit constants for the other

dispersions shown in the graph table.
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good in the case of CPO and NMP with > 70% of material remaining after over 10 days.
Fitting of exponential decay functions to these curves as per Equation 4.10 showed
stable phases of 75% and 72% of the graphene mass in NMP and CPO respectively.
Toluene exhibited rapid sedimentation with a decay constant of only 10 hrs, whilst
displaying an unexpectedly stable mass of 60% - the reason for the observed behaviour
is unclear. Ethanol was significantly less stable with a stable phase of 39%. Overall,
this data confirms that solvents with poorer ability to initially suspend graphene also

have poorer retention properties.

5.3.2 Degree of Exfoliation in Various Solvents - TEM Analysis

Probing the graphene dispersibility through measurements of the optical absorbance
does not confirm the presence of graphene in the dispersions. While previous work
had demonstrated large-scale exfoliation of graphite in NMP to yield largely mono
and bi-layer graphene [10], it could not be assumed that this would be the case in
other solvents. Analysis of the degree of exfoliation is often carried out in literature
by direct measurement of flake thickness via AFM. The use of AFM with solvent-
exfoliated graphene and CNTs is challenging due to solvent drying effects [10, 38]. In a
traditional drop-casting method onto a silicon wafer, the slowly evaporating solvent can
increase the local concentration of dispersed material and lead to aggregation. These
unpredictable aggregation effects are especially prevalent in high boiling point solvents,
as often used in this work. In addition, folding of graphene flakes onto themselves is
often observed in deposited samples making reliable thickness estimations from AFM
analysis difficult.

In this chapter, TEM analysis is used to assess the degree of exfoliation in six
solvents. The solvents were chosen to reflect high, intermediate and poor graphene
dispersibility. These were compared to NMP which had been previously studied [10].
Figure 5.3 shows selected bright field TEM images for the six solvents tested, with
folded monolayer and multilayer examples given for each. None of the samples showed

evidence of the presence of large-scale defects. It is notable that all of the solvents
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Figure 5.3: Selected monolayer and multi-layer graphene flakes from six solvents. All scale bars

are 1 mm in length.
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Figure 5.4: Histograms for numbers of layers per flake from TEM analysis of six solvents

examined produced some monolayer graphene, with many few-layer graphene flakes
observed. In order to further study the quality of graphene produced, a detailed
statistical TEM analysis was carried out over a large number of flakes for each solvent.
Previous work had demonstrated that bright field TEM images yielded sufficient
optical contrast to distinguish the edges of individual graphene layers within a flake
[10]. By careful examination of flake edges the number of graphene layers per flake,
N, has been estimated; this was done for a minimum of 64 flakes per solvent. It is
acknowledged that for some multilayer flakes the exact counting of layers is difficult.
Hence, only an estimate of N can be made, however it is expected that the random
errors involved will cancel each other when statistically analysing the complete data
set. Figure 5.4 charts the distribution of observed numbers of layers per flake for the
six solvents tested. In all solvents the distributions are biased towards few-layer flakes.
It is interesting to note that all solvents produced significant populations of mono
and bi-layer material. The statistics are summarised in Table 5.2. The best performing

solvent was NMP having a monolayer number fraction of 29%, with a mean number of
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Solvent hNi JI:]T; (%) Nl\sz (%) NKT:S (%)
N-methyl-pyrrolidone (NMP) 25 29 59 97
1,3-Dimethyl-2-imidazolidinone (DMEU) 45 11 27 70
Cyclopentanone (CPO) 4.8 5 18 69
N-ethyl-pyrrolidone (NEP) 4.2 6 27 65
N-dodecyl-2-pyrrolidone (N12P) 52 5 17 64
Acetone 4.3 7 21 74

Table 5.2: Layer number statistics from TEM analysis of six solvents. Mean numbers of graphene
layers per flake hNi and number fractions of monolayer graphene Ni/Ny, mono and
bilayer graphene N1 2/Nr and few-layer graphene M1 5/Nr. Statistics for NMP taken

from previous work by Hernandez et al. [10].

layers of 2.5. The most interesting point to note is that all the solvents have > 63% of

flakes with 1 5 layers, even for the solvents with poorest C, values such as acetone.

This means that high quality graphene can be produced despite poor dispersibility in

weak graphene solvents.

5.3.3 Surface Tension as a Graphene Solubility Parameter

The variation of C, with solvent surface tension can be used as an initial assessment of
graphene-solvent interactions. As mentioned previously with Equation 3.2 (PHuix/V,;,

2 Thake Ngraphene  Vsotvent 2f ), the enthalpy of mixing, DH,,;, for graphene dispersed
in a solvent is governed by the difference in surface energy of the two phases. A
minimum enthalpy of mixing will maximise graphene dispersibility, this should be the
case when solvent and graphene surface energies are closely matched. In this manner,
the surface energy can be treated as a solubility parameter. The surface energy of the
solvent is directly related to the solvent’s measurable surface tension (Equation 3.3). As
shown in Figure 5.5, the graphene dispersibility is maximised for solvents with surface

tensions around 40 mJ/m?. This is in line with previous work that examined graphene
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Figure 5.5: Graphene dispersibility, C,, for all solvents tested as a function of solvent surface

tension and surface energy.

dispersions in a small selection of solvents, primarily amide solvents [10]. This value
also agrees with that observed for SWNTs [40]; this is not unexpected as graphene
and CNTs share a common graphitic basal plane structure and should therefore have
similar surface energies.

The graphene flakes are nanomaterials that interact with the solvents over a well-
defined surface. Thus, it would seem plausible to expand this crude analysis by
developing a set of solubility parameters for the solvents based on surface energies.
The intermolecular interactions could be simplified into dispersive (D), polar (P)
and hydrogen bonding (H) components [165]. This could then be used to probe
the graphene-solvent interaction through surface energy components. In theory, an
analogue of Equation 3.2 based on surface energy components could be developed.
This methodology would lead directly to an understanding of the thermodynamics of
the interactions via the enthalpy of mixing. However, this approach would be severely
limited because surface energy components are only known for a limited array of
solvents and for only a handful of the solvents tested in this study. In contrast, HSPs

have been documented for over 1200 solvents as well as over 500 polymers [165]. This
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Figure 5.6: Graphene dispersibility, C,, for all solvents tested as a function of Hildebrand

solubility parameter.

makes HSPs far more useful, even though they are more commonly applied to systems

involving molecular solutes.

5.3.4 Graphene Dispersibility Through Hansen Solubility Parameters

The Hildebrand parameter, dr, is the most common solubility parameter. It was
previously defined in Equation 3.4 as the square root of the cohesive energy density of
a given solvent, i,e. dr = P Ec,r/V. The cohesive energy density is derived from the
solvent vaporisation energy. When considering a solute interacting with the solvent, the
Hildebrand-Scratchard equation, Equation 3.5, shows optimum dispersibility occurs
by matching of the respective Hildebrand parameters. However, approximations in
the formulation of the Hildebrand-Scratchard equation mean it only strictly applies
to systems interacting solely through dispersion forces, i.e. for non-polar molecular
solutes [146, 168].

The applicability of the Hildebrand parameter in the case of a nanomaterial like

graphene can be tested with a plot as given in Figure 5.6. A well-defined peak in the
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data centred at 22.5 MPa'/? is observed, this is marked by the dashed line in Figure
5.6. This is in good agreement with work on solvent dispersed SWNTs and MWNTs
[146, 148. However, some solvents with dr close to this peak show poor dispersibility.
This means that the Hildebrand parameter alone is not sufficient to fully account for
the behaviour of graphene in solvents. HSPs given by Equation 3.9 as components of
the Hildebrand parameter (dzT = d2D + dj’; + dlzq) allow for a more complete treatment of
the solvent-graphene interaction. When considering HSPs, D, P and H interactions are
accounted for. Good dispersibility should be achieved when all three parameters of
graphene and solvent are similar.

Figure 5.7 plots the dispersibility as a function of the three Hansen components. In
Figure 5.7A, a peak in C; is observed at dp = 18 MPa?/2, with good graphene solvents
having dispersive components in the range 16 MPa'/> 20 MPa!/2. Figures 5.7B and
C show very broad peaks in C; in the polar and hydrogen bonding components
around 11 MPa¥/2 and 7 MPa'/?, respectively. These results are a little surprising
as graphene should be a non-polar solute. Previous FTIR and XPS analysis showed
that no oxygen-containing groups or other polar species were attached to graphene
produced by graphite exfoliation in NMP [10]. Thus, one would expect that the
Hildebrand parameter alone would be sufficient to determine dispersibility, as has
been shown for the Cgp molecule in literature [207]. The data in Figure 5.7 suggests
that a certain fundamental degree of solvent polarity is required to successfully
disperse graphene and that purely dispersive interactions are not sufficient. This
agrees with a study by Park et. al. that examined the dilution of a stock dispersion
of highly reduced graphene oxide in DMF/H,O with a set of other solvents [84].
They found that their reduced graphene oxide could be dispersed in solvents having
10MPal/2 < (dp + dy) < 30 MPa'/2. These values agree well with the data for defect-
free graphene shown in this thesis, a plot of Cy vs dp + dy is given in Appendix Figure
10.1, page 182 The need for non-zero solvent polarity is also found in solvent-assisted
dispersions of SWNTs [146]. The reason why polar solvent interactions are important

for the dispersibility of graphene and CNTs but not fullerenes is unclear at present.
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Figure 5.7: Graphene dispersibility, C,, as a function of solvent HSPs. (A) dispersive HSP dp,
(B) polar HSP dp and (C) hydrogen bonding HSP dy.
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5.35 Estimating the Hansen Solubility Parameters of Graphene

The data shown in Figure 5.7 shows general trends in the scaling of graphene dispers-
ibility with the three HSPs. However there is a large amount of scatter present. The
parameters are treated individually in these plots. As a result, solvents having only one
HSP matching graphene will appear under the envelope of the curves with a reduced
C,; value. An alternative analysis that evaluates all three HSPs simultaneously can
address this issue. This can be achieved by calculating the Flory-Huggins parameter, c,
for each solvent. This parameter is commonly used in polymer chemistry to quantify
the energy cost of mixing of solute A in solvent B. ¢ is given in terms of HSPs by

Equation 3.10 as
h

% (doe  Opp)*+ (dpa dpp)?+ (e dH,b)ZI

Solvent systems with all three HSPs close to the solute HSPs will have low values of
C. As c is proportional to the enthalpy of mixing (Equation 3.6), solvents with low
¢ will have a low energetic cost of exfoliation and are expected to show good solute
dispersibility. It is worth noting that negative values of ¢ are not permitted by this
equation. Negative ¢ can occur when the solute-solvent interactions are very strong
and can indicate true thermodynamic solubility; slightly negative ¢ has been suggested
for SWNTs dispersed in NMP [9, 40]. Nevertheless, this expression retains the physical
meaning of the Flory-Huggins parameter and links it to interaction components in the
form of HSPs.

In order to determine values of ¢ for graphene dispersions the HSPs of graphene
itself must be determined. One method to do this is to make the assumption that
correct values of graphene HSPs will give a plot of ¢ vs C; with the least scatter. A
MATLAB program* was written to calculate ¢ using Equation 3.10 with user-selected
values of dp, dp and dy for the solute (graphene). These input values were estimated
crudely from solvents with the highest C,. The program then fit a straight line to a

plot of log(C,) versus log(c) and calculated a parameter to gauge the fitting quality

+ The MATLAB programs were written by Dr. David Rickard for analysing SWNT-solvent systems

[146], and have been adapted for use in this thesis.
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(this was the square root of the sum of the squared line fit residuals). The program
repeated this procedure for a wide range of solute HSP values around the manually
selected ones. The final output of the program was the set of dp, dp and dy that gave
the best fit. As an additional calculation with a higher localised precision, the fitting
was repeated using a constrained non-linear optimisation method using the “Fmincon”
function within MATLAB's optimisation toolbox. This resulted in best fit values of
dp = 21.7MPa'/2, dp = 9.7MPa'/? and dy = 8.5MPa'/2.

However, there is a slight weakness with this methodology. Equation 3.10is normally
written by Charles Hansen with a pre-factor of 0.25 before the second and third terms
on the right-hand side [165], i.e.

90 h 2 2 2i

w7 (G Opp)*+ 0.25(dpa  dpp)”+ 0.25(da i)

This pre-factor is an empirical term that derives from solvent-selection routines. The pre-
factors adjust the weighting of the polar and hydrogen bonding Hansen components,
helping to account for “good” or “bad” solvents that would otherwise be excluded
by calculations. Inclusion of the pre-factor is common in solubility research and is
supported by notable quantities of empirical data [165], but its usage is not supported
by a rigorous theoretical basis. In addition, Hansen notes that different values of the
pre-factor are appropriate for some systems [165]. This is why it has been omitted
from the above analysis and why a more intuitive form of ¢ has been retained in
Equation 3.10. This presents a problem with the above analysis because a functional
form of ¢ must be written into the MATLAB program. Repeating the computations
including the pre-factor of 0.25, or some number close to it, significantly changes the
values of the optimum HSPs. Given the requirement of some degree of polarity for
successful graphene dispersion, shown in Figures 5.7B and C, it may be the case that
some pre-factor value is needed to determine the correct expression for c.

In order to avoid this problem, one can estimate the graphene HSPs using an
alternative solvent screening method [146, 165]. This involves associating the graphene
HSPs with those of the most successful solvents. This can be done by taking the
weighted average of the Hansen parameters of the solvents; in this study C, is the

quantitative measure of solvent efficiency and is used as the weighting factor. This
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approach has the benefit that solvents contribute to the final result in proportion to
their quality and does not rely on the use of an explicit formulation of c. The three

HSPs can then be given by

a ngi,solvent
hjll - all solvents
a G

all solvents

(5.1)

where i = D, P,H and d; 55/pent is @ Hansen component for each solvent. The summation
is taken over all 40 solvents studied. This gives estimated HSPs for graphene of hdpi =
18.0 MPa'/2, hdpi = 9.3MPal/? and hdyi = 7.6 MPal/2. These values agree well with
those measured for carbon nanotubes by our group (dp swnt = 17.8 MPal/2, dp swNT =
7.5MPal/? and dg swnT = 7.6 MPal/?) [146] and others [148]. It was expected that
good graphene solvents would have HSPs close to those of graphene. Preliminary
calculations of the graphene HSPs led to the selection of CPO and cyclohexanone from
the HSPiP database, these solvents were measured as the best solvents. In addition, the
worst solvents of heptane, hexane and pentane were discovered by looking for solvents
with HSPs far from those estimated for graphene. This helps validate the methods
used and the results obtained.

Using these computed values for the graphene HSPs allows the calculation of ¢
for each solvent. Figure 5.8 plots C, as a function of ¢ using both sets of calculated
graphene HSPs. Equation 3.10, excluding Hansen’s 0.25 pre-factor, has been used.
Inclusion of the pre-factor has been tested and has the effect of simply scaling the
numerical values of c; this doesn’t affect the observed trends or alter the interpretation
of the results.

It is clear from Figure 5.8 that C, rises with decreasing c. This means that solvent
and graphene solubility parameters converge as the graphene dispersibility improves;
this further validates the use of HSPs in the study of graphene-solvent dispersions. It
also confirms that the estimated values of graphene HSPs are close to the true values.
These figures clearly demonstrate that the exfoliation of graphite in solvents to produce
graphene is strongly influenced by the energetic cost of exfoliation.

It is noteworthy that all solvents tested with Hansen parameters close to those
estimated for graphene (i.e. low c) are shown to disperse graphene to some extent.

This is in contrast to findings in literature for CNTs, where a significant number of
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Figure 5.8: Graphene dispersibility, Cg, as a function of the Flory-Huggins parameter, c. (A)
Plotted using graphene HSPs from MATLAB fitting. (B) Plotted using graphene

HSPs from solvent screening.
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solvents with the correct HSPs failed to disperse SWNTs [146]. For SWNTs it was
found that successful solvents were limited to amide solvents. It is thought that a
solvent-specific interaction with the SWNTs, such as a charge-transfer process, is
important in determining good dispersibility [146]. In the current graphene study the
most successful solvent was a ketone (CPO) with no evidence that solvent-specific
effects limit dispersibility. However, while raw dispersibility is highest for CPO, NMP
as an intermediate solvent produces the best graphene flake thickness distributions and
the most stable dispersions. Thus, the exact mechanism dictating graphene stabilisation

by solvents remains unknown.

5.4 conclusions

In conclusion, this work greatly enhances the field of liquid-phase graphene production.
This work has demonstrated that graphene can be exfoliated from natural bulk graphite
and dispersed in over 40 solvents, at the time this research was carried out 28 of these
were new graphene solvents. TEM analysis confirms a high degree of exfoliation
in even the poorest solvents, with significant populations of monolayer and bilayer
graphene found regardless of the level of dispersibility. This is important as many of
the new solvents have significant advantages over previously studied solvents such as
NMP. For instance, use of NMP and similar solvents can be hindered by their high
boiling points, often in excess of 200 °C, making the removal of solvent difficult; this
applies for example in the case of depositing graphene flakes on surfaces by spray or
drop casting. In addition, access to such a broad solvent set can facilitate the making
of a diverse range of graphene-polymer composites.

The overall solvent-graphene interaction has been assessed through the use of surface
tension data and Hildebrand solubility parameters. It has been confirmed, in line with
previous work [10], that good graphene solvents are characterised by surface tensions
close to 40 mJ/m? and by Hildebrand parameters around 23 MPa'/2. This study has
been extended by invoking the use of Hansen solubility parameters to examine the

dispersive, polar and hydrogen-bonding components of the interaction. The Hansen
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solubility parameters of graphene have been estimated as hdpi = 18.0MPa'/?, hdpi =
9.3MPa'/? and hdyi = 7.6MPa!/2. This has allowed the use of the Flory-Huggins
parameter to illustrate that the energetic cost of exfoliation is an important factor
governing the level of graphene dispersibility in solvents. Surprisingly, non-zero
values of the polar and hydrogen-bonding components are required for a solvent

to successfully disperse graphene, a non-polar material. Knowledge of the graphene

Hansen parameters may lead to the future discovery of better solvents or solvent blends.

Use of graphene Hansen parameters will also aid polymer selection for composite

formation.
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LIQUID-PHASE PRODUCTION OF GRAPHENE DISPERSIONS
BY EXFOLIATION OF GRAPHITE IN AQUEOUS SURFACTANT
SOLUTIONS

6.1 introduction

In Chapter 5, the production of graphene in a wide range solvents has been discussed.
Such solvent-based processing produces high quality graphene but there are some
drawbacks. When considering potential applications, some good graphene solvents
such as NMP suffer problems associated with high boiling points. Some solvents like
DMF require special handling if they are to be used in a safe manner. In addition,
some solvents are relatively expensive compared to the negligible cost of the graphite
starting material. Unfortunately, the safest, cheapest and most abundant solvent in the
world, water, has far too high a surface tension to stably suspend useful quantities of
graphene on its own. A lot of research has focused on chemically modifying naturally
hydrophobic graphite to make a water-soluble graphene derivative, usually in the
form of graphene oxide. In order to re-form graphene, additional reduction steps and
high temperature annealing are required. However, the structural modifications of the
graphene basal are impossible to completely reverse leaving a structurally damaged
and electronically degraded end-product.

Thus, there is a need for an alternative, scalable, liquid-phase production technique
to produce high quality graphene at a reasonable yield. The method should use non-
oxidative processing conditions and should not require post-processing in the form of
high temperature annealing or aggressive chemical treatments. In this chapter such a
method is explored, using surfactants to stabilise graphene in an aqueous medium.
The graphene is produced in a surfactant system similar to that previously applied to

CNTs [27], using experimental conditions similar to those used in Chapter 5.
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6.2 experimental procedure

The graphite powder used in these experiments was as previously used in Chapter
5, purchased from Sigma Aldrich and sieved to remove the largest particles. Sodium
dodecylbenzene sulfonate (SDBS) surfactant was purchased from Sigma Aldrich (lot
no. 065K2511) and used as provided. Stock solutions of SDBS with concentrations
between 5 and 10 mg/ml were prepared in Millipore water with overnight stirring.
A typical sample was prepared by dispersing graphite in the desired SDBS solution
in 25 ml cylindrical vials using 30 min of low power bath sonication. The resulting
dispersions were left to stand for around 24 hrs to allow any unstable aggregates to
form and then centrifuged at 500 rpm (25g) for 90 min. After centrifugation the top
15 ml was decanted by pipette and retained for use. For optical characterisation, a range
of graphene concentrations were prepared. To maintain fixed surfactant concentration
across samples, all dilutions were carried out by adding surfactant solution with SDBS
concentration identical to the dispersion being diluted.

Zeta potential measurements were carried out with a Malvern Zetasizer Nano system
(see Section 4.5), with the zeta potential determined by measuring the electrophoretic
mobility and applying the Smoluchowski expression for plate-like particles (Equation
4.11). All measurements were carried out at 20 °C and at the natural pH of the
dispersion unless otherwise stated.

Samples for AFM were prepared by spray-casting the dispersion onto freshly-cleaved
mica. 1 ml of the dispersion was sprayed over the mica using an Evolution Airbrush
spray gun (from www.graphics.co.uk). The mica surface was maintained at 120 °C
using a hotplate. The spray gun was held approximately 20 cm from the mica surface
and set to deliver a fine mist of the dispersion using a pressure of 1.5 bar. This method
allowed the water to flash evaporate from the surface of the mica. After approximately
0.5 ml of dispersion had been dispensed, the sample was rinsed by immersion in a
water bath for 30 seconds and gently dried with compressed air. The remaining 0.5 ml

of dispersion was applied and the sample rinsed again.
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Preparation of a typical graphene film was carried out immediately after centrifu-
gation (CF) by vacuum filtration of the dispersion through nitrocellulose membranes
(pore size 25 nm) or alumina membranes (pore size 20 nm, Whatman Anodisc) suppor-
ted on a fritted glass holder. In some cases the resulting compact films were washed
with water and dried overnight in a vacuum oven at room temperature at 10 3 mbar.
The film thickness, t, was estimated from the known deposited mass per unit area,
M/ A using t = M/Ar, where r is the film density. While the density was not precisely
known, it was estimated as 2000 kg/m?3, as these films were not expected to display
significant porosity by analogy with graphene oxide films [75].

Electrical conductivity measurements were carried out with a four-probe method
using a Keithley 2400 source meter. A linear array of four electrodes of length [ were
placed on the sample using silver paint. A DC current, I, was applied across the
outer two electrodes with voltage, V, measured across the inner pair of electrodes. For
voltage electrodes separated by width w on a film of thickness ¢, the resistance R was
given by the inverse of the slope of the measured I V plot. R is related to the film

resistivity r via

R= — = (61)

where R; is defined as the sheet resistance of the thin film (units of W/ ). The
conductivity, S, of the film was then given by s = 1/r such thats = 1/R;t.

XPS analysis was performed in a system equipped with a VG CLAM II electron
analyzer and PSP twin anode source. Mg Ka (hn = 1253.6 eV) spectra were recorded
at 10 eV pass energy and 2 mm slits, yielding an overall energy resolution of 0.85 eV.
Samples were introduced via a loadlock and measurement base pressure was better
than 10 9 mbar. Thermogravimetric analysis (TGA) was carried out using a Perkin
Elmer Pyris 1 TGA in an oxygen atmosphere. The temperature was scanned from 25 to
900 °C at 10 °C/min. The optical transparency of deposited films, when required, was
determined by comparing the transmitted intensity of a HeNe laser (632 nm) through
the film to the transmitted intensity through the filter membrane alone. Mild annealing

of some of these deposited films (on alumina membranes) was carried out in a GERO
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Hochtemperaturéfen GmbH tube furnace. Electrical measurements to determine the
sheet resistance of the films were made using a four probe technique with silver paint

as electrodes and a Keithley 2400 source meter.

6.3 results and discussion

6.3.1 Dispersion Preparation and Optimisation

The sonication procedure used in this study produced pale grey dispersions of graphitic
material as shown in Figure 6.1A, with a decanted dispersion after CF shown in
Figure 6.1B. The dispersions were analysed first with UV-vis spectroscopy. Figure 6.1C
presents typical spectra for an SDBS solution and a dispersion with initial graphite
concentration, Cg ;, of 0.1 mg/ml. The absorption spectrum of the graphitic dispersion
was flat and featureless, as expected from calculations based on quasi two-dimensional
graphene and bi-layer graphene and from results based on graphene dispersed in
solvents [10, 208]. Below 280 nm a strong absorption band is observed, this feature is
attributable to absorption by the surfactant as it scales linearly with SDBS concentration,
Cspps, whilst being independent of the dispersion concentration. Graphite was also
expected to have an optical absorption feature near this region [209, 210] but it appears
that the peak was largely obscured by the surfactant’s absorption peak.

To estimate the extinction coefficient, a, for these graphitic dispersions, a large stock
(400 ml) of decanted dispersion with C,; = 0.1 mg/ml and Cspgs = 0.5 mg/ml
was prepared. A precisely measured volume of this dispersion was filtered under
high vacuum onto an alumina membrane of known mass. The resulting compact but
relatively thick film ( 5mm) was washed with 1 L of water and dried overnight
at room temperature under vacuum. The mass of the deposited material was then
determined using a micro-balance. From TGA analysis of the film (analysis by Dr.
Fiona Blighe, not shown), it was determined that approximately 64 % of the film
was graphitic; the remainder was attributed to residual surfactant. The high level of

residual surfactant was not surprising as the thickness of the film made it difficult
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Figure 6.1: Photos of aqueous graphitic dispersions and optical absorbance spectra. (A) Graph-
itic dispersion after sonication. (B) Graphitic dispersion after centrifugation (CF).
(C) Absorbance spectra of a typical graphitic dispersion after CF and a typical
aqueous solution of SDBS. Inset: plot of absorbance of SDBS at 261 nm as a function
of surfactant concentration, Cspps. Cspps was varied by serial dilution of a stock

SDBS solution.
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Figure 6.2: Absorbance per unit length (I = 660 nm) as a function of dispersion concentration
after centrifugation, Cg. Initial graphite concentration Cg; = 0.1 mg/ml with

Cspps = 0.5 mg/ml.

to remove the surfactant during film formation. Knowledge of the mass of graphitic
material in the film allowed for the calculation of the dispersion concentration, Cg. A
sample of the stock dispersion was then serially diluted allowing the measurement
of absorbance per unit length (A/I) versus C, as shown in Figure 6.2. A straight line
fit through these points gave the extinction coefficient at 660 nm, via Equation 4.5, as
a; = 1390 L gt m™. This was in reasonable agreement with the value determined for
graphene dispersed in solvents [10]. The non-zero intercept of 0.72 m™ compared with
the residual absorbance of SDBS at 660 nm of 0.5 m™ for Cspgs = 0.5 mg/ml.
Knowing a, for these dispersions allowed the value of C; to be determined for
all future samples. In an early attempt to optimise the preparation conditions the
weight percent (100 Cg/Cq;) was used as a gauge of quality. The initial sample
parameters of C,; and Cspps were varied independently to find optimum values; this
optimisation study was carried out by Dr. Yenny Hernandez. It was found that a
maximum concentration after CF of C; = 0.05 mg/ml could be achieved for C,; =

14 mg/ml when using a constant Cspps of 10 mg/ml, giving a fraction remaining
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of 0.35wt%. It was found that C;; = 0.1 mg/ml gave a yield of 3 wt%. Holding C;
at this value, Cspps was then varied showing a maximum weight percent for Cspps
between 0.5 and 1 mg/ml, with a fall-off in C; below 0.5 mg/ml. The critical micelle
concentration (CMC) of SDBS is known to be about 0.7 mg/ml [211, 212], and the
observed fall-off in concentration was similar to the behaviour of CNT/SDBS systems
below the CMC threshold [17, 27]. In this work, in order to keep the concentration of
surfactant to a minimum, all subsequent experiments were performed on standard
dispersions with surfactant concentration held close to the CMC (Cspps = 0.5 mg/ml,

Cg,i = 0.1 mg/ml).

6.3.2 Ewvidence of Exfoliation

To further characterise the exact form of the nanocarbons in the dispersions, a detailed
TEM analysis of a standard dispersion was conducted; this analysis was conducted
jointly with Dr. Yenny Hernandez. TEM imaging revealed a large quantity of flakes
of different types across a typical TEM grid, as shown in Figure 6.3. Some monolayer
graphene flakes were observed as shown in 6.3A along with many monolayer pro-
trusions from multilayered graphene stacks. A larger proportion of the flakes were
few-layer graphenes including bilayer and trilayer material as shown in Figures 6.3B
and C. Many of the objects exhibited folding of the graphene flake onto itself (Figure
6.3D) with a few instances of edge curling and scrolling (Figure 6.3E). A few very large
and thick objects of the type shown in Figure 6.3F were also observed. It was found
that these were graphite particles by the observation of protrusions of thin multilayer
graphene. It is noteworthy that while these types of flakes were rare in number they
contributed disproportionately by mass, e.g. in the measurements of extinction coeffi-
cient. It is likely that improved centrifugation and decanting procedures would remove
such objects completely.

By carefully examining the edges of the flakes observed in TEM it was possible
to count the number of graphene layers per flake for all but the largest multilayer

particles. This is illustrated by the close-up TEM images of the edges of multilayered
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Figure 6.3: Selected TEM images of flakes produced by surfactant-assisted processing of graph-
ite. (A) A monolayer graphene flake with a small patch of surface debris. (B) A
bilayer graphene flake. (C) A trilayer graphene flake. (D) A folded multilayer flake.
(E) A multilayer flake showing edge bending on right hand side. (F) A large and
thick flake; inset showing magnification of marked edge with thin protruding

graphene flakes. All scale bars are 1 mm in length.

Figure 6.4: Close-up TEM images of graphene flake edges showing visible layered structure
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Figure 6.5: Histogram of number of layers per flake for a standard dispersion from surfactant-
assisted processing of graphite, sample size of 71 flakes. The data does not include

rare large objects of the type shown in Figure 6.3F.

flakes shown in Figure 6.4. A histogram of the data is presented in Figure 6.5. The
data showed a good population of few-layer graphene with  43% of the 71 flakes
counted having < 5 layers. In general, the majority of these few-layer flakes had
lateral dimensions ranging from 200nm to  1nm. Significantly, 3% were monolayer
graphene. While this is a relatively small percentage, it is broadly in line with the
numbers observed in a range of solvents in the previous chapter, though not as good as
NMP. Most importantly, the data confirms that monolayer graphene can be produced
in aqueous media without the need for aggressive chemical treatment of the starting
graphite material.

The TEM characterisation of these graphene flakes was extended further by the use
of HR-TEM,; this was carried out by Dr. Valeria Nicolosi at the University of Oxford.
Shown in Figure 6.6A is a HR-TEM image of the edge of a trilayer graphene flake. In
this image some non-uniformities are present which are likely due to contamination
from residual surfactant on the graphene surface. The inset shows a fast Fourier
transform (FFT) of the flake image, displaying hexagonal rings of spots characteristic

of a graphitic structure. The information given by the FFT under the given imaging
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Figure 6.6: High-resolution TEM images of surfactant exfoliated graphene flakes. (A) HR-TEM
image of a section of a trilayer graphene flake. Inset: fast Fourier transform of
a portion of the image. (B) Aberration corrected HR-TEM image of a graphene
monolayer. Inset: fast Fourier transform of the region enclosed by the yellow box.
(C) Filtered image of marked region in image B. (D) Intensity cross-section along the
red dotted line of image C showing graphene hexagon width of 2.4 A. (E) Intensity
cross-section along the blue dotted line in image C showing C-C bond length of

1.44 A.
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conditions is equivalent to an electron diffraction pattern [213]. The outer ring of
{2110} spots are clearly brighter than the inner set of {1100} spots, thus confirming
that the image is of a multilayer graphene flake [10]; the number of layers can be
counted as three from the edge structure of the flake. Figure 6.6B is an image of
a section of a graphene monolayer captured using an aberration corrected TEM;
this machine compensated spherical Cs aberrations allowing spatial resolution up
to 0.12nm. In this case the FFT reveals {11009 spots that are more intense than the
barely visible {21109 spots, confirming that this an image of a graphene monolayer [10].
Again some non-uniformity is present in this image which can be attributed to either
surface contaminants like residual surfactant or structural ripples along the graphene
basal plane. The image in Figure 6.6B can be enhanced by using a low-pass filtering
procedure (Fourier mask filtering using twin circular pattern masks and 5 pixel edge
smoothing). This procedure has the effect of removing the artefacts and non-uniformity
in a phase contrast HR-TEM image to reveal the underlying crystal structure. This has
been done on the marked yellow box. The result, shown in Figure 6.6C, displays atomic
resolution showing clearly the hexagonal atomic lattice of graphene. Examining the
intensity of the image along the red dotted line, shown in Figure 6.6D, gives a hexagon
width of 2.4 A, very close to the expected value of 2.46 A for graphene. Similar analysis
along the blue dotted line gives the plot in Figure 6.6E, displaying a C-C bond length
of 1.44 A which is close to the expected value of 1.42 A [214].

The TEM analysis clearly demonstrates that graphene can be produced in surfactant-
based systems. It is important to note that at no stage of the analysis, using low-
resolution and high-resolution imaging, was there any evidence of large-scale structural
defects in the flakes. This strongly suggests that this exfoliation procedure is non-
destructive. Further structural and chemical analysis of the flake quality will be given

later in this chapter.
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Figure 6.7: Sedimentation curve for a standard graphene/SDBS dispersion (Cspps =
0.5mg/ml, C; = 0.006 mg/ml). Optical absorbance at 650nm as a function of

time with bi-exponential decay fit.

6.3.3 Dispersion Stability

TEM analysis confirms the chosen method gives good exfoliation of graphite to
produce graphene. The usefulness of the method in any potential application is heavily
influenced by the temporal stability of the dispersions. After CF it was observed
that these surfactant-stabilised graphene dispersions were quite stable, with only
moderate sedimentation over time periods of months. This was also the case for
systems with low surfactant concentrations, i.e. Cspgs = 0.1 mg/ml. As previously
done for solvent-exfoliated graphene, the stability was quantified using sedimentation
profiles for material retained after CF. The accumulated data over 5 weeks for a
standard dispersion is shown in Figure 6.7. The measured absorbance fell steadily over
an extended time frame. A bi-exponential decay curve was fitted to the data, indicating
a stable phase of 35 wt%. The fit indicates that 19 wt% of the material fell out with a

time constant of 24 hrs, with the 46 wt% slowly sedimenting over much a longer
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Figure 6.8: Zeta potential spectra for a fresh graphene/SDBS dispersion (Cspgs = 0.5mg/ml,
C; = 0.006 mg/ml), an SDBS solution (Cspgs = 0.5mg/ml) and a six week old
graphene/SDBS dispersion (Cspps = 0.5mg/ml, C; = 0.001 mg/ml). Inset: Zeta
potential as a function of pH for the fresh graphene/SDBS dispersion.

time scale with a time constant of 209 hrs. These results compare well with earlier
data for solvent-based graphene dispersions.

In order to shed more light on the how the dispersions were stabilised the zeta
potential was examined. In this system, graphene was prepared using the anionic
surfactant SDBS. Thus, one would expect that the SDBS weakly attached onto the
exfoliated graphene flakes (via physisorption) and imparted an effective charge. This
mechanism has allowed the successful dispersion of CNTs in water using a range of
surfactants. As discussed previously, the zeta potential is the potential at the interface
between the tightly adsorbed surfactant molecular ions and the diffuse region of the
electrolytic double layer (EDL). Thus, it directly quantifies the electrostatic repulsion
between charged surfactant-coated flakes and gives a measure of stability. The zeta
potential was determined using the Henry equation given in Equation 4.11 and

applying Smoluchoski’s approximation for spherical or plate-like particles such that
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z = hny##, where h is the solution viscosity and mis the measurable electrophoretic
mobility.

As shown in Figure 6.8, a peak zeta potential of 44 mV was observed in a fresh
graphene/SDBS dispersion. This value is well beyond the 25mV threshold for
colloidal stability of negatively charged particles, indicating good dispersion stability
with a minimal tendency towards re-aggregation of flakes. The small shoulder at

76mV is likely due to free SDBS in the dispersion as this peak matches well with the
peak for pure SDBS at Cspps = 0.5mg/ml.

The pH of the fresh dispersion was also varied by addition of HCl and NaOH, with
the data shown in the inset. The natural pH of the fresh graphene/SDBS dispersion
was 7.4, this agrees well with literature data for CNT/SDBS dispersions [212]. As
the pH was raised by increased [OH ], there was a trend towards more negative
zeta potential values. This suggests that inter-particle repulsions were increased as
more charges were added to the negatively biased flakes. For acidic dispersions at
lower pH values a less negative zeta potential was observed, consistent with charge
neutralisation and destabilisation of the system. This zeta potential versus pH trend is
in line with trends reported for graphene oxide and reduced graphene oxide [78]. By
lowering the pH, the zeta potential approached the limit of stability of the system but
did not switch sign, i.e. the isoelectric point was never reached. This is may be due to
very high surface coverage of the graphene flakes by SDBS ionic molecules or a buffer
action by the free surfactant in the dispersion.

For comparison, the zeta spectrum of a six week old sample is also shown in Figure
6.8 with main peak at 78mV and shoulder at 103mV. In this case the peak can
be attributed to the free surfactant while the shoulder represents the graphene flakes.
The drop in intensity of the graphene peak relative the SDBS peak was likely due to
the drop in C, over the six week period. The observed shift of the graphene peak to a
more negative zeta potential indicates that the electrophoretic mobility, m increased
in magnitude. It is plausible to suggest that this was caused by a shift in the mean
flake diameter towards smaller and hence more mobile flakes. To test this theory TEM
analysis of the aged dispersion was carried out. This showed that only small flakes

remained in the dispersion after six weeks. These were typically few-layer graphene
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with flakes less than 500nm in diameter. This can be linked to the sedimentation
analysis suggesting the presence of a non-sedimenting phase. Taking the evidence
from TEM, sedimentation and zeta potential data together one can suggest that the first
sedimenting phase consists of large flakes (fragments of graphite) that inadvertently
remained in the dispersion after CF, these are flakes of the type shown in Figure
6.3F. Medium sized flakes can be identified as those towards the right side of the
distribution in Figure 6.5, which fall out of the dispersion over the 6 week period. This
leaves small flakes remaining in the dispersion that display an increase in jnj and

hence an increase in jzj compared to the fresh dispersion.

6.3.4 Stabilisation Mechanism

Having examined the stability of these graphene/SDBS dispersions, one can now
consider the underlying stabilisation mechanism. This can be achieved through the
application of DLVO theory. This theory examines the interactions between charged
species inside an electrolyte. In our case the SDBS molecular ions have adsorbed onto
the graphene flakes imparting an effective charge with free surfactant ions and sodium
counterions making up the surrounding electrolyte. The balance of repulsive and
attractive forces between the charged colloidal particles will dictate whether a given
dispersion will remain stable or collapse following aggregation of the particles.

The above zeta potential data quantifies the electrostatic repulsion between the
graphene flakes. This can be used to derive the repulsive potential energy between two

charged flakes of area A separated by a distance D via Equation 3.19

VDLVO 4A#7#0k22€ kD

The term k is the inverse of the Debye screening length and relates back to the size of
the EDL. This can easily be calculated using Equation 3.11:
s

e2 8 n;z?
#HHkT
Knowing that Cspps was 0.5mg/ml (500 g/ m3), with SDBS having a molar mass of

k =

348.48 g /mol, gives the number density of surfactant molecules as 10 = 8.6 10¥m 3.
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Each molecule dissociates to give two ions each having charge of magnitude 1. Thus,

in our system the Debye length can be written as

S
k1=

#HokT
2621’10

(6.2)

Plugging in the dielectric constant of water # = 80 and absolute temperature taken
as T = 293K gives k ! = 8.1nm for this graphene/SDBS system. Knowing k and the
experimental data for z  50mV means Vpryo can be calculated.

The attractive forces between the graphene flakes can be modelled via the idealised
van der Waals interaction between two discs. To a first approximation the van der
Waals interaction can be treated in isolation from the solvent. In this case, the total

attractive potential, V,;, can be written as Equation 3.18

_ Apr2C

Vod = o

where r is the atomic areal density and C is a constant of proportionality. This equation
can be reduced by relating the V,;,v/ A to the energy required to separate two sheets in
graphite from their van der Waals minimum at separation dp = 0.35nm [11] to infinity;
this is the surface energy g. The graphene surface energy has been roughly estimated
in Chapter 5, using Figure 5.5,as  70m]/ m?. Setting Vg /A = g and D = d gives

2qd4
r2C %0=6.69 10 9] m?

Thus, using these estimated parameters, the overall interaction potential energy
Vr Vbwo Vwaw can be plotted as a function of sheet separation D for a typical
graphene/SDBS dispersion. This is shown as Vr/A in Figure 6.9. From this graph it
can be seen that the surfactant-stabilised graphene flakes feel a potential barrier as they
approach each other. This repulsive barrier peaks at V1 .y for a given zeta potential
and resists aggregation effects. This barrier is responsible for the stabilisation of the
surfactant-coated graphene flakes.

It is worth noting that the value of Vr a4y, as derived so far, is a lower limit. This
is because the attractive V,;y component has been over-estimated. The calculation
used to derive V ;4 treated the interaction as between parallel sheets in vacuum. In

reality, the presence of the solvent, i.e. water, between the graphene flakes will screen
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Figure 6.9: Plot of total interaction potential energy per unit area, Vr/A, as a function of
separation D for two charged parallel sheets. Repulsive component Vpryo and
attractive component Vi also plotted. Inset: plot of lower and upper limits of the

maximum net repulsive interaction energy Vr a1,y as a function of zeta potential.

the van der Waals interaction. The upper bound for Vr a1,y can be taken in the case of
infinite solvent screening of the van der Waals interaction at the minimum possible
sheet separation of 0.35nm. This would mean treating V, 4y as negligible. This upper
bound of V1 pmux along with the lower bound are plotted in the inset of Figure 6.9. The
curves are similar, with upper and lower bounds quite close together showing typical
V1 Max Values in the range 2 5 meV/ nm? for z in the range 30 50mV. These barrier
values are quite large and would suggest a strong resistance to aggregation in the
chosen sample.

As the derivation of V7 relied on several crude approximations, the numerical values
derived can only reliably be used to compare similar graphene systems. This model
serves to illustrate the physics underlying the stabilisation of graphene in aqueous
surfactant-based systems. It shows that the observed stability can be related back to
the electrostatic repulsion between charged colloidal particles and the fundamental

attractive interactions between dispersed flakes.
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Figure 6.10: (A) SEM and (B) optical images of a typical graphene film made by vacuum
filtration. Film thickness was estimated at 50nm. In (A) thin regions of the film

allow the porous nitrocellulose membrane to be visible.

6.3.5 Graphene Films - Characterisation

To examine the quality of the surfactant-assisted graphene dispersions and to ex-
plore potential uses thin films were cast by vacuum filtration of standard dispersions
onto porous membranes. SEM and optical images of a typical film on a nitrocellu-
lose membrane are shown in Figure 6.10. Similar films were also cast on alumina
membranes.

The facile production of films of graphene as shown here enabled further charac-
terisation of the flake quality. The novel electronic properties of graphene are highly
sensitive to the presence of defects such as oxide functional groups. It was critical to
determine whether the chosen exfoliation procedure damaged the physical or chemical
make-up of the flakes. This was done by examining graphene films deposited on porous

alumina membranes using Raman, FTIR and X-ray photoelectron spectroscopies.
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Raman Spectroscopy

The deposited graphene films were initially characterised by Raman spectroscopy.
Examples of typical spectra for a thin film deposited on an alumina membrane are
shown in Figure 6.11 This film was similar to that shown in Figure 6.10 with large
flakes embedded in a matrix of small flakes. All spectra were normalised to the
intensity of the G-band. As per the starting graphite powder, the large flakes showed
no D-band. This strongly supports the HR-TEM data that the processing used does not
result in the formation of significant quantities of defects on the graphitic basal plane.
The 2D-band of the large flake resembles that of graphite. This shows that the flake
was > 5 layers [186, 190, 192]. This minimum thickness estimate and the large lateral
dimensions means that such flakes are likely to be those that make up the rapidly
sedimenting phase of the dispersions, as measured by Figure 6.7.

The spectrum for the small sub-micron sized flakes looked similar to that from films
made using solvent-exfoliated graphene in NMP [10] (shown by the dashed black
line in Figure 6.11). A small D-band was visible with intensity relative the G band
similar to that seen in the solvent-exfoliated graphene. It is stressed that the spectral
width and intensity of this D-band were far smaller than those seen in literature
for graphene-oxide and reduced graphene-oxide [76, 79, 80, 215]. Also of note is the
small size of the flakes relative the size of the laser spot and Raman spectroscope
resolution (estimated at 3 mm). Thus, while the presence of basal plane defects cannot
be completely ruled out, it is reasonable to suggest that the observed D-band in the
small flakes was largely due to edge contributions. The shape and intensity of this
band, together with the absence of the D-band in large flakes, shows that the graphene
tilms were composed of flakes with a low defect content.

The shape of the 2D-band for the small flakes can be examined with reference to
literature (Figure 4.5). The shape is characteristic of thin flakes composed of less than
five graphene layers. The 2D-band in Figure 6.11 was composed of a time-averaged
value at a single laser spot location. To assess the uniformity of the film, a survey of
the Raman spectra for the small flakes at over 30 random locations was carried out

(by Ronan Smith). At every location the spectra were characteristic of flakes less than
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Figure 6.11: Raman spectra for a graphene film (  300nm thick) deposited on an alumina
membrane and rinsed with 17.5ml water. Spectra associated with small flakes
( 1mm or less) and a large flake (> 5nmm) are shown along with a reference
spectrum for the starting graphite powder. The dashed line is a Raman spectrum

from a comparable film of small flakes made using a graphene/NMP dispersion.
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Figure 6.12 ATR-FTIR spectra of graphene films. Spectra for three graphene films having
undergone three different washing regimes are shown. Films were =~ 300 nm thick
and deposited on alumina. Reference spectra for the alumina membrane and SDBS

are also shown.

five layers as shown in Figure 6.11 This shows that minimal aggregation occurred
during film formation, with the small graphene flakes randomly assembling and not

re-forming Bernal (AB) stacked graphite particles.

FTIR Spectroscopy

ATR-FTIR spectra were also acquired for 300 nm thick graphene films. Figure 6.12
shows spectra for three films subjected to different washing regimes. These spectra
show only very small features centred at 1100 cm™ and 2900 cm™. By comparison
to the reference spectra it is clear that these features are attributable to residual
surfactant trapped in the film. While the observed peaks in FTIR spectra cannot be
analysed quantitatively, it is clear that none of the various washing regimes succeeded
in completely removing the surfactant. A key feature of the spectra in Figure 6.12is
the complete absence of peaks associated with C OH ( 1340 cm™) and -COOH ( 1710

to 1720 cm™) groups [69, 71, 78, 81]. The spectra are in stark contrast to those provided
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Figure 6.13: XPS spectrum for a thin graphene film produced by vacuum filtration and dried
under vacuum. The Shirley background has been removed and empirical fits for

C OH and C O have been added.

in literature for films made from reduced graphene oxide [69, 78] or chemically
derived graphene [74, 80, 215]. This is further evidence that this surfactant-assisted
exfoliation technique does not chemically functionalise the graphene/graphite and

that the deposited films are composed of largely defect-free material.

X-Ray Photoelectron Spectroscopy

As a final test for the presence of functional groups, XPS spectra were taken for a very
thin graphene film on alumina. This analysis was carried out by Zhiming Wang on a
film of 30nm thickness, results are shown in Figure 6.13. The Shirley background
has been removed to correct for asymmetry in the spectrum from inelastically scattered
photoelectrons [216]. The spectrum was dominated by a feature near 285eV that
corresponded to the Carbon 1s core level - this was associated with the graphitic
carbon from the film. There was no evidence of sulphur in the spectra, suggesting that

the top few nanometres of the film were relatively free of surfactant.
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In order to fully explain the observed spectra a manual fitting procedure was carried
out. A spectrum for HOPG was recorded and additional small fitting components
for C OH and C O were included, at 286 €V and 287.5 eV respectively [90, 217]. This
gave the fitted red line in Figure 6.13 that closely matched the graphene film spectrum.
Requiring these fits indicates that low levels of oxidation have occurred during the
processing. However, the levels of any oxidation are very small. The main C C peak
makes up 86% of the C 1s spectrum. This is similar to that found in reduced graphene
oxide films that have been thermally annealed to around 1100 °C under vacuum [218].
Taking these results together with the Raman and FTIR data indicates that while a
very low level of oxidation is induced by the processing, there is minimal structural

damage to the graphene flakes.

Optical and Electrical Properties

To test the optical and electrical properties of such films, the optical transparency
and sheet resistance were recorded for a number of thin films deposited on alumina
membranes, with thickness  30nm. These films had transmittance of  62%, de-
termined by comparing the transmitted intensity of a 632nm HeNe laser through the
deposited film and the bare membrane. Sheet resistance values of 970kW/ were
measured, giving a DC conductivity of = 35S/m. This was quite a low value but it
was believed to be largely due to the presence of residual surfactant; as mentioned
previously thick films contained around 35wt% residual surfactant after washing.
In an attempt to remove surfactant and promote better inter-flake contacts, the film
was annealed at 250 °C in Ar/N> for 2 hrs. After annealing the transmittance was
unchanged but the sheet resistance had fallen to 22.5kW/ , corresponding to a DC
conductivity of ~ 1500S/m. This value is still significantly lower than the  6500S/m
measured for similar films produced using graphene/NMP dispersions [10] or from

reduced graphene oxide [78].
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When considering the usefulness of such thin films in electronic applications, a
figure of merit given by the ratio of electrical to optical conductivity (Spc/Sopt) is

usually used. This can be calculated from

Spc _

Sopt R,

(6.3)

HTH N
—_

where zp = 377 Wis the impedance of free space and T is the film transmittance. This
ratio needs to be > 35 to meet the bare minimum industry requirements for rivalling
ITO in transparent conductor applications, requiring for example Ry < 100W/ with
transmittance T > 90% [219]. More stringent requirements even specify a need for
Spc/Sopt > 220 [219). While a detailed study of the potential uses of graphene as a
transparent conductor are beyond the scope of this thesis, it is worth briefly considering
the above data in the context of this figure of merit. The post-anneal sample had
Rs  225kW/ at 62% transmittance, giving Spc/Sepr  0.06. Subsequent work by
our group has shown that using improved graphene/surfactant dispersions and better
film preparation conditions can lead to DC conductivities around 1.5 10* S/m [220).
This represented a significant improvement with optimum films having Spc/Sopr 0.4,
in line with the best results from chemically-modified graphene [219 220]. These
results indicate that surfactant-processed graphene films are not good enough for
transparent conductor applications. It has been subsequently shown that regardless
of the processing method, a network of such small graphene flakes will be limited by
fundamental constraints [219]. However, it is clear that film formation using surfactant-
processed graphene has many advantages including lack of toxicity, cost, scalability
and ease of transfer to surfaces. Using nitrocellulose membranes, the samples can be
easily transferred from to a range of substrates including PET, glass and quartz using
acetone vapour. Such conductive films could be easily used in applications where
transparency is not critical such as sensors or in electrodes in thin film capacitors and

batteries.
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Figure 6.14 AFM images of spray deposited graphene. (A) 10mm 10 mm scan showing
large numbers of deposited flakes. (B) Individual flake, with cross section taken
across green line, showing apparent folding. (C), (D) and (E) Magnified images of

individual flakes with cross sections along green lines.
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6.3.6 Deposition on Surfaces - AFM Characterisation

The work on surfactant-based graphene dispersions presented so far in this chapter
has focused on characterising the dispersions and examining flake quality using
vacuum filtered films. Depositing individual graphene flakes onto flat solid surfaces is
important for characterisation by scanning probe analysis and for other studies that
require isolated graphene. Such deposition can be problematic for graphene exfoliated
in amide solvents as the solvent’s high boiling point leads to slow evaporation, allowing
sufficient time for extensive re-aggregation to occur [10]. While the aqueous system
considered here allows for facile solvent removal, the problem of residual surfactant
remains. In an extensive study, carried out jointly by myself and Paul J. King, several
methods were explored to deposit a standard graphene/SDBS dispersion. Three
different substrates were considered: SiO,/Si, SiO,/Si functionalised with 3-amino-
propyl-triethoxysilane (ATPS) and mica. These substrates are commonly used for
scanning probe characterisation of CNT dispersions [25, 27, 35, 36, 38, 39, 158 221, 2272].
The standard dispersion was applied to these substrates by a number of methods
including drop-casting, dip-coating, spin-coating and spraying. In most cases, the
results either showed lack of adhesion of graphene to the substrate or excessive
coverage with SDBS. This is not surprising given that, per unit volume of dispersion,
the surfactant typically had two orders of magnitude higher mass than the graphene
flakes. Thus, it was necessary in this study to remove the excess surfactant after
deposition. The optimum procedure involved spray casting the dispersion onto freshly
cleaved mica, followed by gentle rinsing with water. We speculate that the mica
substrate worked well due to the residual surface charge after cleavage [221]. It is
likely that improvements in the concentration of dispersed graphene relative to the
surfactant will make future deposition easier, facilitating the use of some of the other
techniques mentioned above.

A sample of the AFM images obtained is shown in Figure 6.14. Large numbers of
flakes can be seen in the 10mMm 10 mm AFM image. In addition, a small number of

aggregates with heights > 12nm were observed. The largest flakes were similar in
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Figure 6.15: Statistics derived from AFM analysis of 182 graphene flakes deposited on mica.

lateral size to those observed in TEM, a typical example is shown in Figure 6.14B
with some debris in the top right corner of the image. This flake shows interesting
step height features across what appear to be flake folds similar to those observed in
TEM imaging (Figure 6.3D), the red arrows marks steps of 1.22nm and 0.63 nm. These
features are consistent with bilayer and monolayer step heights, as literature sources
report monolayer graphene having heights  1nm [77, 223 224]. Figures 6.14C, D
and E show small flakes with cross sections for each. It is worth noting that although
monolayer graphene has thickness around 0.4 nm, substrate-tip interactions, residual
material (in this case surfactant), humidity and different tip oscillation settings in
tapping mode AFM can result in shifts of observed monolayer graphene heights of
around 1nm [225].

This AFM analysis was extended by examining images of a large number of flakes
(182), ignoring aggregates with height > 12nm, to yield a distribution of flake dimen-
sions (height, length and width). This data is presented in Figure 6.15. The lateral

dimensions of length and width were corrected for tip distortion by subtracting 50 nm.

111



112

graphene production in aqueous surfactant solutions

The data shows that  10% of flakes had thickness  1nm, consistent with monolayer
graphene. The length and width data indicate peaks of = 250nm and  150nm,
these are significantly different to the TEM data where the majority of thin flakes
were 1mm wide. It is possible that this discrepancy is due to small flakes being
washed through the holes in the TEM carbon mesh, thereby biasing the TEM results.
Alternatively, it is possible that the larger flakes were more unstable towards the water
rinsing process and were preferentially removed. The aspect ratio data show most
flakes had length/width ratios up to 2, though some ribbons were observed with
aspect ratios approaching 13.

As mentioned above, some aggregated material with height > 12nm was observed,
with some of these objects having lateral dimensions ranging from 300nm to 2 mm.
As some of these objects have relatively small lateral dimensions they cannot be
associated with the large flakes seen in TEM or observed to be embedded in deposited
graphene films. It is proposed that these are clusters of small exfoliated graphene flakes
that re-aggregated during the AFM deposition process. Spraying the surfactant-based
dispersion onto the heated mica substrate yielded significant quantities of exfoliated
graphene but also an extensive coating of SDBS. The subsequent rinsing was necessary
to remove this SDBS residue. It can be speculated that this washing not only removed
SDBS from the mica surface but also from the deposited graphene. At the very least,
some of the graphene flakes were likely to be mobile during the rinsing process; if
these flakes were mobile and deficient in surfactant coating then aggregation was
likely. These aggregates would then be left behind on the substrate. This assessment is
supported by the strong dependence of the aggregation observed on the deposition
processes used and the details of the washing/drying process. The data presented here
relates to the optimum deposition process that was found for this system. Despite the
presence of some aggregates, thin exfoliated graphene material can be easily observed,

opening the way for further characterisation of individual deposited flakes.
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6.4 conclusions

This work was the first of its kind, demonstrating a method to produce graphene in
surfactant/water solutions with the aid of ultrasound. The method is simple, cheap,
safe and scalable, requiring only graphite, water and surfactant without the need
for aggressive chemical treatments. The process yields large quantities of few-layer
graphene with < 5 layers, with smaller quantities of monolayer material. TEM analysis
shows these flakes are of high quality. The exfoliated graphene flakes are reasonably
stable with larger flakes sedimenting out time-scales of 6 weeks. The system is well
described by colloidal theory and is shown to be stabilised against re-aggregation by a
potential barrier that derives from the electrostatic repulsion between surfactant-coated
flakes. The liquid-phase dispersions readily permit the formation of thin and thick
films of randomly oriented graphene via vacuum filtration. The dispersions can also
be spray cast to give isolated individual flakes for further study, with the potential to
scale up the spraying process to give very thin networks of flakes. AFM analysis of
small deposited graphene flakes shows heights consistent with monolayer material.
Characterisation of ensembles of these flakes in film form, by Raman, FTIR and XPS
analyses, confirms the quality of the material with only low levels of defects or oxides
on the graphene basal plane. The films can be made semitransparent and are reasonably
conductive, making them suitable for a range of potential future applications. This
work enhances the field of liquid-phase graphene processing, with improvements to
the dispersion processing and film formation anticipated. Some of these improvements

were pursued as part of this thesis and are dealt with in the next chapter.
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HIGH-CONCENTRATION SURFACTANT STABILISED
GRAPHENE DISPERSIONS

7.1 introduction

The work presented in the Chapter 6 showed that graphene can be successfully
produced via mild sonication of graphite in surfactant/water systems. It was shown
that the chosen processing conditions yielded dispersions of pristine, largely few-
layer graphene with final concentrations < 0.01 mg/ml. The simple method used
boasts significant advantages including negligible cost, scalability and high safety.
However, with such low graphene concentrations, the dispersions shown up till now
are completely impractical for many applications. Graphene oxide, by comparison,
can be prepared with concentrations around 1mg/ml in organic solvents [76, 84,
86, 226] and in water at concentrations up to 7mg/ml [217]. In order to gain full
advantage from dispersions of pristine graphene using surfactant/water systems,
the dispersion concentration needs to be greatly improved whilst maintaining high
graphene quality. The goal of the work shown in this chapter is to prepare aqueous
surfactant-stabilised dispersions of graphene at high concentrations, building on earlier
results that used mild sonication of graphite followed by centrifugation. This was
attempted by optimising various experimental parameters and employing long bath

sonication times (up to 430 hours).

7.2 experimental procedure

Natural flake graphite was used in all experiments (Branwell Graphite Ltd, Grade

RFL 99.5, cost ~ 3 kg) and used as provided. Sodium cholate (SC), purchased from
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Sigma Aldrich (SigmaUltra > 99%), was dissolved in Millipore water and made up
to various concentrations between 0.01 and 20 mg/ml. Typical graphene dispersions
were prepared by adding graphite at initial graphite concentration of Cg,i = 5mg/ml
using a total sample volume of 400 ml SC solution in 500 ml capped round-bottomed
flasks. Ultrasonication was carried out in a low power sonic bath. The nominal power
output of the bath was rated at 80 W but the true output was estimated at 16 W, this
was done by measuring the temperature increase while sonicating a known mass of
water. The sonic bath typically operates at a temperature of around 60 °C. However,
due to the long sonication times used in these experiments, continuous re-filling of
the sonic bath water by siphoning from a reservoir was needed to maintain sonication
efficiency and prevent overheating. Samples extracted from the flasks by pipette were
left to stand overnight to allow any large unstable graphite aggregates to form and
then centrifuged in 14 28 ml glass vials for either 30 or 90 minutes. Centrifugation
rates of 500 5000rpm (25 2500%) were used. After centrifugation the top two thirds
of the dispersions were extracted by pipette and retained for use.

Optical absorption measurements and sedimentation measurements were performed
as before. Samples for TEM analysis were prepared as before on holey carbon grids
(400 mesh). Bright-field TEM images were taken with a Jeol 2100, operated at 200 kV.
Energy filtered TEM (EF-TEM) images were taken with the FEI Titan operating at 80 kV,
selecting the carbon energy loss spectrum using a 15V plasmon window centred at
25€V.

Deposited films were prepared by vacuum filtration onto porous mixed cellulose
ester membranes (Millipore, 0.025 mn pore size, 47 mm diameter). Thin deposited films
were transferred onto glass slides by wetting with isopropanol to remove trapped
air between the film and substrate to improve adhesion. The glass slide was then
saturated with an acetone vapour and immersed in acetone baths followed by a rinse
in a methanol bath to complete the removal of cellulose. Free-standing films were
prepared by vacuum filtration onto porous alumina membranes (Millipore, 0.2 mm
pore size, 47 mm diameter) and drying in a 70 °C oven. TGA analysis was performed

on a Perkin-Elmer Pyris 1 in an oxygen atmosphere.
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The dispersion preparation, optimisation of experimental parameters, and film

preparation shown in this chapter were carried out jointly with Paul J. King.

7.3 results and discussion

7.3.1 Production of High-Concentration Graphene Dispersions

The method chosen in this work for preparing graphene dispersions required the use
of sonication followed by centrifugation. Thus, it was expected that optimising the
dispersion parameters would enhance the final graphene concentration and dispersion
quality. The main parameters considered were the initial graphite concentration (Cy ),
the surfactant concentration, the CF rate (w) and the sonication time (£gy;;c).

The other key component of the system is the chosen surfactant. In Chapter 6 SDBS
was selected because it had been proven to be effective in dispersing carbon nanotubes
[27]. However, there are many surfactants available. A brief study of a selection of
seven different surfactants was carried out, using fixed initial graphite concentrations,
fixed sonication times and fixed CF rates at a variety of surfactant concentrations.
The surfactants tested were SDBS, sodium dodecyl sufate (SDS), lithium dodecyl
sulfate (LDS), sodium decyl sulfate (SDeS), cetyl trimethylammonium bromide (CTAB),
household Fairy liquid and sodium cholate (SC). In this initial study, sodium cholate
performed the best (molecular sketch given in Figure 2.6), being readily soluble in
water up to very high concentrations and giving a high yield of graphene. It was
used for all experiments shown in this chapter. The reader is referred to subsequent
work led by Ronan Smith for a detailed study of the use of a wide range of ionic and
non-ionic surfactants for graphene dispersion [227].

The first part of this study determined the optimum sodium cholate concentration
(Csc), using fixed parameters Cg; = 5mg/ml, ts,;c = 24hrs and CF time 30 min at
w = 1000 rpm. The initial sonication time and CF rate were chosen based on work
done in our group with graphene/NMP dispersions [22§]. The reasonably high initial

graphite concentration was chosen as the aim of the study was to maximise the



118

high-concentration surfactant stabilised graphene dispersions

Figure 7.1: Absorbance per unit cell length as a function of sodium cholate concentration.

Cg,i = 5mg/ml, tsopic = 24hrs, w = 1000 rpm for 30 min.

final dispersed graphene concentration. It is noted that the chosen sonication time
was already much longer than that used for the earlier graphene/SDBS systems. The
measured absorbance per unit cell length at 660 nm after CF (A /[) was used to measure
efficiency as a function of surfactant concentration, this data is shown in Figure 7.1. Also
shown in the inset of Figure 7.1 is a typical absorbance spectrum for these dispersions.
As expected, and seen before with graphene/SDBS dispersions, the spectrum was
mostly flat and featureless. However, for these higher concentration dispersions an
inter-band absorption feature around 270 nm characteristic of graphite/graphene was
observed [78, 209, 210Q.

From Figure 7.1, it is clear that the dispersion concentration peaked strongly for
Csc = 0.1mg/ml. This is somewhat surprising as the optimum value was expected
to be closer to the CMC of SC (5 mg/ml), as was observed for graphene/SDBS
dispersions. The new data indicates that the CMC is not an important parameter for
the graphene/sodium cholate system at least. The reason for the observed behaviour is
not clear. One can speculate that it may be due to the 2D nature of the graphene flakes,

whereby the surfactant cannot encapsulate a given flake (micelle size typical a few
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Figure 7.2: Photos of surfactant stabilised dispersions. Left, as-prepared stock dispersion
without centrifugation. The centrifuged samples have been diluted by a factor

of 10 to highlight the concentration change.

nm, flake sizes > 100nm) but rather randomly adsorbs onto the flake surface. In this
scenario the presence of micelles in the surrounding surfactant solution may not be
necessary. If this is the case, the earlier linking of optimum SDBS concentration with
CMC may have been incorrect. Another puzzling attribute of Figure 7.1 is the behaviour
at higher surfactant concentrations where a fall-off in dispersion concentration is
observed. The reason for the observed behaviour remains unknown. Nevertheless, the
optimum concentration found here is lower than the Cspps = 0.5 mg/ml used before
which should assist residual surfactant removal. Thus all subsequent dispersions,
unless stated otherwise, were prepared with Cgc = 0.1 mg/ml.

The next dispersion parameter studied was the CF rate. A stock graphene dispersion
was prepared with C,; = 5mg/ml and tsnc = 24 hrs, with portions centrifuged at
different rates from 500 5000rpm (25 2500¢) for 90 min. 90 min CF times were
chosen for this and all subsequent experiments as it was found to be more effective at
removing graphite starting material and aggregates than a 30 min CF. In all cases the
dispersions were very dark, even after CF. On dilution, a gradation in concentration
was apparent, as shown in Figure 7.2.

In order to properly assess the concentrations of these dispersions, the extinction

coefficient, a,, needed to be determined. This was done by measuring A/I at 660 nm
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Figure 7.3: Differentiated TGA curves for graphene films made using a range of centrifugation
rates. Also shown is reference TGA curve for sodium cholate. These differentiated

spectra have been normalised to enable comparisons.

Figure 7.4: Extinction coefficient as a function of centrifugation rate. Inset: absorbance per unit

cell length as a function of concentration for various w.
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for large stocks of dispersions across the range of w shown in Figure 7.2. These
dispersions (in excess of 400ml) were then filtered through pre-weighed porous
alumina membranes. After drying under warm vacuum, the films were re-weighed to
give the deposited graphitic mass. TGA analysis was performed on material scraped
off the alumina membranes, with derivatives of the mass curves shown in Figure 7.3.
Integrating these curves across the peaks attributable to sodium cholate allowed the
content of graphitic material to be determined for each film. It was found that these
unwashed films were largely composed of graphitic material, having 15  30% residual
surfactant by mass. Plotting A/l versus the dispersion concentration, as shown in the
inset of Figure 7.4, gave the extinction coefficient from the line slope via Equation 4.5.
As shown in Figure 7.4, the extinction coefficient was largely invariant with w, with a
mean value of a; = 6600L g Im 1,

This value is significantly higher than the initial estimate of 1390 L g m™ for
low concentration graphene/SDBS dispersions, and also higher than the value of
2460 L gt m™! reported for graphene dispersed in amide solvents [10]. As the graphene
flakes have been produced using similar processing conditions across all three studies
one would expect the extinction coefficient values to match fairly closely. In my view
the earlier measurements suffered from experimental errors that were not present in
the current work, these may explain the discrepancies. Firstly, in both of the previous
measurements, the dispersions were prepared with centrifugation conditions that
were not optimised and so contained some nano-graphite particles - these were the
large thick flakes of the type shown in Figure 6.3F. The particulates, comprised of the
order of perhaps hundreds of graphene layers, would have a mass equivalent to many
exfoliated flakes. This may be significant as the equation used to derive the value of a,

was as follows:
Ae60nmV
Q= ————— 71
where Agoonm is the absorbance of the dispersion, V is the volume of dispersion filtered,
M is the mass of material deposited on the filtration membrane from the dispersion

and [ is the path length of the measurement cuvette - M/v defines the dispersion

concentration C,. It is reasonable to suggest that the nano-graphite particles could
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have a lower light attenuation effect per unit mass than well-exfoliated graphene flakes.
This can be justified by crudely considering the light absorption per graphene layer of

2.3% [51-53], a 40-layer thick nano-graphite particle would block all light incident on
it. If another nano-graphite particle had more than 40 layers then the light absorption
effect was the same while the mass of the particle was increased. Thus, from Equation
7.1 it can be seen that such thick nano-graphite particles could contribute to a reduced
Assonm/ M ratio and so lead to a lowered agvalue. It will be shown in subsection 7.3.2
that improved processing conditions reduced the population of these nano-graphite
residual particles for the work shown in this chapter. In addition, much higher masses
of material (100 mg) were deposited in the new measurements in order to derive C,.
Thus, the errors involved in weighing and assessing the graphitic mass through TGA
analysis were greatly reduced compared to work on low-concentration graphene/S-
DBS dispersions. This also compares favourably with the work on graphene/NMP
dispersions where low dispersion concentrations led to very small masses of graphene,
of the order of only 2 mg, being assessed to derive C, [10]. Taking into account the
reduced impact of nano-graphite residuals and the greatly reduced errors in dispersion
concentration analysis the new value of a;, = 6600L g 'm Tshould be much more
reliable.

With the value of a; known, the change of concentration as a function of w was
assessed. The data in Figure 7.5 shows that as w was increased the dispersion concen-
tration fell from about 0.2mg/ml to 0.03 mg/ml; an empirical scaling of C; with w !
was observed. It was found later during the course of this work that the dispersion
concentrations could be increased by raising the initial graphite concentration Cg;
whilst maintaining the 50 : 1 ratio of graphite to sodium cholate initially used. One of
these stock solutions was prepared using tsouic = 170 hrs, with C,; = 25mg/ml and
Csc = 0.5mg/ml. This gave the data shown in the inset of Figure 7.5, demonstrating
that graphene concentrations in excess of 1 mg/ml can be achieved through the use of
prolonged low power ultrasonication.

The final processing parameter to be explored was the sonication time. Previous work
in our group using graphene/NMP dispersions had shown that the final dispersed

graphene concentrations could be readily increased by extending the bath sonication
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Figure 7.5: Dispersed graphene concentration as a function of centrifugation rate for a fixed son-
ication time of 24 hrs. Inset: concentration versus W for samples taken after 7 days

sonication using further optimised initial graphite and surfactant concentrations.

Figure 7.6: Dispersed graphene concentration as a function of sonication time. Inset: concentra-
tion versus 5oy for further optimised initial graphite and surfactant concentrations.

Dashed lines show scaling of A/l and C¢ with P tsonic- All samples were centrifuged

at w = 1500 rpm.
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Figure 7.7: Sedimentation behaviour for a typical high concentration graphene dispersion. This

dispersion had been diluted by a factor of 2 in 0.1 mg/ml SC solution.

time [228]. To test if such behaviour applied to graphene/surfactant systems, a large
400 ml stock dispersion was prepared in a round-bottomed flask with Cy; = 5mg/ml
and Csc = 0.1mg/ml. This flask was sonicated for = 430hrs, with 5ml aliquots
removed during this period and centrifuged at w = 1500 rpm. The aliquots were
centrifuged at w = 1500 rpm giving the concentration versus ty,,;. data shown in
Figure 7.6. The dispersion concentration showed a sharp increase over the first 100 hrs
or so, with a more gradual increase thereafter, ultimately reaching 0.3 mg/ml. The
dispersion concentration also shows an empirical scaling with P tsonic, similar to that
seen in graphene/NMP dispersions [228]. In addition, use of higher initial graphite
and sodium cholate concentrations yields a similar concentration scaling with time,
giving 0.93mg/ml concentrations after 170 hrs, as shown in the inset of Figure 7.6.
These concentrations are two orders of magnitude higher than those shown in Chapter
6 for typical graphene/SDBS dispersions and represent a major improvement.

The usability of these high concentration dispersions is strongly affected by their
temporal stability. This was tested by sedimentation measurements on a typical disper-
sion (C,; = 5mg/ml, Csc = 0.1mg/ml, tsopic = 24 hrs, w = 1500 rpm); this dispersion

had to be diluted by a factor of 2 with 0.1 mg/ml SC solution to allow sufficient trans-
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mitted intensity from the probe lasers. The data shown in Figure 7.7 shows excellent
stability. Over 5 days, 97% of the sample remained suspended. This compares very
favourably with results discussed in Chapter 6 for low concentration systems where
only 60% of material remained over the same time period. In Chapter 6 the initial
sedimenting phase (19 wt%) with time constant 24 hrs was attributed to large thick
flakes resembling nanographite rather than few layer graphene; these were flakes
inadvertently left in the dispersion after decantation. The absence of these large flakes
in the current dispersions and improved stability is attributed to the use of a higher
CF rate (1500 rpm vs 500 rpm) which has yielded more efficient flake separation.

It is likely that additional optimisation of sonication conditions will further increase
the dispersed concentrations. For example, employing high powered point probe or
horn tip sonication results in more concentrated energy transfer to the starting material.
This combined with adjustments to the starting material concentrations should yield
high concentration dispersions in less time than required with low powered sonic baths.
Horn tip processing has been employed by Green and Hersam [229] for graphene/SC
dispersions, resulting in concentrations around 0.3 mg/ml. In our group we can now
routinely prepare high concentration graphene/SC dispersions around 2 mg/ml using
pulsed horn tip sonication over time-frames of a few days.

It is noted that work on very high concentration aqueous graphene dispersions
(> 0.3 mg/ml) post-dates the main body of work of presented in this chapter. Therefore,
the remaining results in this chapter relate to large stock dispersions (400 ml) prepared

via mild bath sonication, with Cy; = 5mg/ml and Csc = 0.1 mg/ml

7.3.2 Exfoliation Quality - TEM Analysis

Despite the high yield and good stability shown by these dispersions, the quality of
the flakes produced must be evaluated. The flake size and thickness was evaluated
with TEM analysis. TEM analysis was chosen due to the ease of sample preparation
and the easy measurement of lateral flake dimensions. As before, thickness estimates

were possible by careful examination of flake edges. Use of TEM analysis also avoided
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Figure 7.8: Selected TEM images from high concentration aqueous graphene/SC dispersions.
Wide area bright field images and isolated flakes at w = 1500 rpm for different
tsonic: (A) 72 hrs, (B) 144 hrs, (C) 433 hrs, (D) 2 hrs, (E) 144 hrs and (F) 144 hrs. (G),
(H) and (I) Isolated flakes imaged using energy filtered TEM. Monolayer graphene
flakes shown in (D), (E), (G) and (H). All scale bars 500 nm.

the deposition-related problems experienced previously with AFM analysis, though it
is possible that lateral flake dimensions may be biased towards larger flakes due to
loss of the small flakes through holes in the grid.

TEM analysis was used to characterise a wide range of dispersions, made either
under conditions of variable sonication time (tgu;c : 6 433 hrs) with fixed w =
1500 rpm or using a variable CF rate (w : 500 5000 rpm) with fixed ts,,;c = 24 hrs.
A sample of the images obtained at fixed w = 1500rpm, using bright field TEM
imaging, are shown in Figures 7.8A-F. Also shown are selected EF-TEM images of

flakes produced in this study, displaying enhanced contrast due to removal of the
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zero-loss electrons. From all these images, the high quality of the flakes is apparent
with well-exfoliated material produced. A few thick objects opaque to the electron
beam, with lateral dimensions 4 15 mm, were observed across the entire TEM grid
in the sample with lowest CF rate of 500 rpm. These were nanographite particles, but
their population was small - by examining several low-magnification TEM images
the number fraction of these particles was estimated at less than 2%. At CF rates
of 1500 rpm and above no such objects were observed. One of the primary concerns
commonly raised by peers in relation to the use of long sonication times was that
the graphene would be severely damaged or destroyed. From the images in Figure
7.8, this is clearly not the case with no evidence of large-scale defects or holes in the
graphene flakes, even for those exposed to sonication times of over two and a half
weeks (433 hrs). It is also interesting to note the high aspect ratios seen in many of the
flakes, including monolayer and bilayer ribbons as illustrated in Figures 7.8D and F
respectively.

A large set of TEM images was analysed to derive statistical data on the exfoliation
state of the graphene. This was done for a grand total of 1000 flakes, with a total

of Nr = 100 for each CF rate and sonication time chosen. A monolayer number

fraction N1/Nt of  10% was observed across all sonication times at w = 1500 rpm.

By taking the ratio of the number of monolayers counted to the total number of layers
observed across all flakes [10], an estimated monolayer mass fraction of 1.1 wt% was
derived. The TEM analysis found that the combined number fraction of monolayer
and bilayer flakes was N; /Nt = 50%, while the fraction of flakes with less than 5
layers was Ni 4/ Nt = 80%. These data demonstrate a very high degree of exfoliation
in these samples. In addition, the value of N;/Nr rose to 20% for the sample
having w = 5000 rpm, made using 24 hrs sonication. The rise in monolayer number
fraction with increased CF rate is consistent with subsequent work shown in literature
using the surfactant sodium deoxycholate (SDOC, Figure 2.6), a close relative of
SC, where a monolayer number fraction of = 26% was found using a CF rate of
10000 rpm [230]. This is important as it shows that enrichment of monolayer graphene
in surfactant-stabilised dispersions is possible by simply increasing the centrifugation

rate. In addition, density gradient ultracentrifugation has been applied to graphene/SC
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systems, showing that these types of dispersions can be further processed to sort
the graphene flakes by layer number [229 231]. While there is a cost to be paid
with reduced overall dispersion concentration, this can be offset by making higher
concentration stock graphene dispersions as discussed earlier.

The TEM data can be analysed using the plots shown in Figure 7.9. The full data set
of the number of layers per flake (N), length (L), width (W) and aspect ratio (L/W)
analyses are given as histograms in the Appendix, Figures 10.2 and 10.3 on pages
183and 184, respectively. From Figures 7.9A-C, the mean number of layers per flake,
mean flake length and mean flake width all decrease with increasing CF rate. Over
the range 500 5000 rpm, hNi falls from 5.2 to 3.4, hLi falls from 1200 to 500 nm and
hWi falls from 600 to 300 nm. This shows that increased CF rates preferentially remove
larger flakes. In all dispersions some small flakes with lengths as short as 50 nm were
observed. These results are as expected and agree with work on high concentration
graphene/NMP dispersions [228] and graphene/surfactant systems [229-231].

A surprising result is given by the data in Figures 7.9E-G, where the flake dimensions
are observed to hardly vary with sonication time. Over a broad range from 6 433 hrs
the flake dimensions remain fairly constant with hNi 4, hLi 800 nm and hWi
350 nm. The dispersions display a similar size distribution during prolonged sonication,
with increasing concentrations of material produced. As a further experiment, a stock
of graphene/SC dispersion sonicated for 48 hrs was settled and transferred to a clean
round-bottomed flask, with a further 48 hrs sonication applied. This had the effect of
removing the starting graphite material and exposing the already dispersed material to
further sonication. TEM analysis of the original and re-sonicated dispersions showed
no noticeable change in flake dimensions. A recent study on very high concentration
graphene dispersions in NMP also showed an absence of extensive scission under
prolonged sonication conditions [2327]. The dependence of nanoparticle dimensions
on sonication time has been examined in literature in the context of CNT dispersions
[233 234]. It was shown that sonication-induced scission relies on stress transfer caused
by motion of the CNTs relative to the surrounding fluid; this motion is due to the
collapse of cavitation bubbles in the liquid phase [234]. If the applied tensile stresses

in the dispersed material exceeds the maximum tolerable stress then fracture occurs;
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Figure 7.9: Flake size data derived from TEM analysis as a function of centrifugation rate and
sonication time. Left panel: (A) mean number of layers per flake hNi, (B) mean
flake length hLi, (C) mean flake width hWi and (D) mean aspect ratio hL/Wi as a
function of centrifugation rate for fixed ty,,;. = 24 hrs. Right panel: (E) hNi, (F) hLi,
(G) Wi and (H) hL/Wi as a function of sonication time for fixed w = 1500 rpm.
Each data point was derived from analysis of 100 flakes, error bars taken from the

standard error of mean values.
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in the case of CNTs this happens over time until a critical length is reached [233. The
absence of such behaviour in graphene/surfactant systems may point to a limitation
in the stress-transfer in the system. The difference in behaviour may be related to
the 2D nature of the graphene flakes compared to the 1D CNTs. It is possible that
surfactant slippage at the graphene/surfactant/water double interface may also limit
stress transfer.

A final observation from Figures 7.9D and H is the fairly constant mean flake as-
pect ratio ranging between 2.0 and 2.5. This is in agreement with previous work on
graphene/NMP systems [228] and with earlier data from AFM analysis of graphene/S-
DBS dispersions. This suggests that sonication-induced exfoliation (and scission)
favours asymmetric flakes, with the formation of some very high aspect ratio graphene

ribbons as shown in Figure 7.8.

7.3.3 Graphene Quality - Raman Analysis

The quality of the graphene dispersions was further analysed by Raman spectroscopy.
Thin films were prepared by vacuum filtration from the same sets of dispersions
analysed by TEM. These films were then transferred to glass, with Raman spectra
taken at a number of points on each film. Representative spectra are given in Figure
7.10. All of the film spectra showed 2D-bands that are indicative of exfoliation and
consistent with few-layer material [189 190, 229. In all cases, significant D-band
intensities were observed, with larger peaks than the starting powder. The observed
D and D’ bands are due to the introduction of defects during the processing, and are
attributable to either flake edges or basal plane defects. The formation of edge defects
is inevitable as the sonication process breaks up the starting graphite crystals to form
smaller graphene flakes. These flakes have more edges per unit flake area, resulting in
a higher edge defect population.

To examine this more closely, the mean D:G band intensity ratios (Ip/Ig) of the
thin films were examined as functions of t,,; and w. From Figure 7.11A, Ip/I; was

surprisingly invariant with sonication time, displaying values around 0.57. This shows
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Figure 7.10: Raman spectra for thin films made with high concentration graphene dispersions.
Spectra have been normalised to the intensity of the G-band. These films were
deposited on glass, with a reference spectrum for the starting graphite powder

also shown.
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Figure 7.11: Mean Raman D:G band intensity ratios as a function of (A) sonication time and
(B) centrifugation rate. Samples in (A) made using fixed CF rate w = 1500 rpm,

(B) using fixed sonication time t;4,;. = 24 hrs.
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Figure 7.12 Mean Raman D:G band intensity ratio as a function of mean graphene flake
length. Blue data points are taken from data on high concentration graphene/SC
dispersions that were separated by size-exclusion column chromatography [235].
The dashed line is a linear fit data for samples with varied w and data from Smith

et. al. [239]

that prolonged sonication in aqueous surfactant systems does not introduce new
flake edges in the dispersions. This implies that the graphene flakes are not cut to a
significant extent during prolonged sonication; this data agrees strongly with the TEM
flake size analysis. More importantly, Figure 7.11A indicates that the flakes do not
suffer increased basal plane damage as t;,; is increased, even up to extremely long
durations.

A different picture is painted by Figure 7.11B, where Ip /I increased significantly
with CF rate. This indicates that flakes produced at higher rotation rates are either
smaller, as suggested by TEM data, and/or possess a higher density of basal plane de-
fects. To correlate the Raman and TEM data, one can consider the relationship between

the Raman intensity and lateral flake dimensions. The value of Ip is proportional to the
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total flake edge length probed by the laser (Ip p hLi + hWi) while I; is proportional

to the flake area (I 1 hLihWi). Modelling the flakes as rectangles means that
Ib whwi 4+ nLi ! (7.2)
Ie

This proportionality accounts for the change in D:G ratio due to the formation of new
edges as graphene flakes are formed from the parent bulk crystal. As the flake aspect
ratio is nearly constant across all samples (W./wi  2.2), the contribution of edges to
the D:G ratio can be written in terms of flake length as

D%D=a 22hLi '+ hLi o= khLi ! (7.3)
G

where a and k are constants. In addition, the measured Raman intensity ratio has a
contribution from the starting graphite powder, (Io/1s) powder® Assuming the D band

intensity is dominated by flake edges, one can write

Ig Ife powder Ife

For the graphite used in this study, (Io/1) = 0.17. This allows Equation 7.3 to be

powder
plotted as shown in Figure 7.12. The data relating to samples analysed with varied
sonication times is marked by the open red circles, as expected this dataset is clustered
due to the invariance of flake size with t,,;.. The data relating to the samples prepared
with varied w showed nearly linear DIn/I; scaling with hLi '. The combined set of data
roughly scales linearly through the origin as would be expected if edge defects account
for the observed D:G ratios [228]. An interesting observation on the observed flake size
variation can be made by considering subsequent work in our group by Smith et. al.
[235]. A high concentration aqueous graphene dispersion was prepared with sodium
cholate using horn tip sonication. The dispersion was centrifuged mildly and passed
through a porous gel filtration medium packed into a column. This size exclusion
chromatography technique allowed physical separation of the graphene flakes by
lateral size (in our case size selection was achieved by tuning the centrifugation speed,
as shown by TEM and Raman data). The DIo/i; and hLi ! data from the various

column fractions collected has been added as the blue stars in Figure 7.12. This shows

an excellent correlation as the chromatography data closely follows the trend set by
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varying w. This indicates that the two very different processing techniques can yield
very similar average graphene flake sizes while the closely matched Raman D:G band
ratios indicate flakes of similar quality are formed.

By considering the data from both size-selection routines, a fitting parameter for
Equation 7.3 of k0.6 Mm was found; this was somewhat higher than values of 0.3
found in solvent-dispersed graphene systems [228 232, 236]. The solvent systems were
processed using less aggressive centrifugation conditions that could influence flake size
statistics and reduce D:G ratios, thus explaining the different fit value. Alternatively the
data could indicate a genuine difference in the defect density in graphene/surfactant
dispersions. From the limited data available it is not clear whether the observed D:G
ratios can be solely explained by edge formation due to sonication-induced scission.
It is possible, though unlikely, that a basal-plane defect contribution that increases
linearly with hLi ! is contributing to the slope of the line fit in Figure 7.12. At best
we can state that the linear scaling of DIn/I; scaling with hLi !is consistent with edge

formation.

7.3.4 Film Formation

One of the key strengths of producing aqueous graphene dispersions is their ease of use
in a range of applications. While surfactant-stabilised graphene has been assessed for
use in transparent conducting film applications [49, 219 220], many other possibilities
are opened by the availability of high concentration dispersions. Dispersions of the
type displayed in this chapter are suitable for the formation of composite materials,
using water-soluble polymers. In addition, they could be used to form much thicker
films than have been shown in the work presented so far.

To demonstrate this, free-standing assemblies of randomly stacked few-layer graphene
have been prepared by scaling up the mass deposited on filter membranes via vacuum
filtration, images of these films are shown in Figure 7.13. Free-standing films were
prepared with thicknesses in the range 50 120 mm. The films were matt on top but

shiny on the side formed in contact with the filter membrane, an example of the shiny
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Figure 7.13: Free-standing graphene films from aqueous graphene/SC dispersions. Films made
with Cg; = 5mg/ml, Csc = 0.1 mg/ml. (A) Photo of film prepared using 171 hrs
sonication. (B) SEM image of crack on the surface of a film. (C) SEM image of
a fracture edge showing protruding graphene ribbons. (D) Cross-sectional SEM

image of a fracture edge. Films in (B), (C) and (D) prepared using 24 hrs sonication.



7.4 conclusions

face is shown in Figure 7.13A. The SEM images show that the flakes were well aligned
in the film plane. From these images the flakes appear to have randomly packed, with
many very thin protruding flakes visible including ribbons of the type shown in 7.13C.
The 2D bands of the Raman spectra of these films matched those of the thin films,
confirming that the flakes remain electronically decoupled and do not stack in an
ordered AB arrangement to re-form graphite. A slightly higher averaged Ip/I¢ ratio
was observed on the shiny sides of the films compared to the matt side, suggesting that
the smoother surface was formed by smaller flakes that packed tightly to dominate
the initial formation of the film.

The films displayed reasonable mechanical properties (measured by Umar Khan),
with Young’s moduli (Y) typically in the range 4 10 GPa and ultimate tensile strengths
(UTS) around 15 30 MPa. These values are very similar to those found in films made
from graphene/NMP dispersions [228] but fall short of values of reported for films
made with GO (Y 40 GPa, UTS 100 MPa [75]) and reduced GO (Y 20 43 GPa,
UTS 250 MPa [78, 237]). The reason these films are mechanically weaker than their
GO and reduced GO counterparts likely rests in the absence of oxide functional groups;
these oxide groups can significantly improve inter-flake linkages through hydrogen
bonding interactions [75]. The presence of residual surfactant may also influence
the mechanical properties. The films also displayed promising electrical properties
(measured by Sukanta De), displaying mean conductivity values of 1.75 10* S/m
after annealing at 500 °C for 2 hrs under an argon/hydrogen atmosphere. Again, this
agrees very well with values found in free-standing graphene/NMP films and with
work on optimised flexible thin films of graphene from aqueous surfactant systems

[220).

7.4 conclusions

To conclude, the work presented in this chapter has demonstrated that highly concen-
trated and stable aqueous suspensions of graphene can be produced using surfactant

stabilisers. Concentrations exceeding 1 mg/ml can be achieved using a facile, low-
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cost, safe and scalable procedure utilising low power ultrasonication. High quality
dispersions can be produced, with increased bath sonication times, t.,;., yielding in-
creased concentrations that empirically follow P tsonic dependence. Mild centrifugation
at 1500 rpm yields dispersions with ~ 10% monolayer number fraction and  80%
of graphene flakes composed of fewer than 5 layers. Over a sonication time range
of 430 hrs the flake dimensions were largely invariant under mild centrifugation
conditions (W = 1500 rpm) with hNi 4, hLi ~ 800nm and hWi  350nm. It was
shown that the monolayer number fraction can be increased to  20% by simply
increasing the centrifugation rate to 5000 rpm, suggesting that rotation rate optimisa-
tion can be used to form dispersions enriched with monolayer graphene. In addition,
increasing the centrifugation rotation rate from 1500 rpm to 5000 rpm reduced the
flake dimensions to hNi 3.4, hLi ~ 500nm and hWi  300nm; this suggests a
degree of flake size sorting is possible by tuning the centrifugation parameters. The
scaling of the Raman D-band to G-band intensity ratio, Ip/Is, with sonication time
and TEM imaging shows that prolonged sonication does not measurably damage
the graphene flakes or reduce their lateral dimensions through sonication-induced
scission. The Ip/I; scaling with centrifugation rate is largely consistent with new
edges being observed due to overall flake size reductions. The flake size and Raman
data correlate well with surfactant dispersed graphene flakes physically separated
by size using column chromatography [235]. The dispersions can be easily cast into
conductive free-standing films with good mechanical and electrical properties. These
dispersions, and their resultant films, can facilitate the large-scale production of a
range of graphene-based devices and composite materials where aqueous liquid-phase

processing is advantageous.



BEYOND GRAPHENE: 2D NANOSHEETS FROM LIQUID-PHASE
EXFOLIATION OF INORGANIC LAYERED COMPOUNDS

8.1 introduction

Thus far, the work presented in this thesis has focused on the liquid-phase production of
graphene. Dispersions of predominantly few-layer graphene have been demonstrated
using sonication-induced exfoliation of layered graphite material. While graphene is
an important and potentially useful 2D crystal, it is important to note that a myriad of
other layered materials exist. These layered materials are a largely untapped resource
which, given a simple scalable exfoliation method, could yield a set of nanosheets
offering diverse electronic and physical properties coupled with high specific surface
areas. In this chapter, the experimental methods and characterisation techniques used
previously with graphene, as shown in Chapters 5 to 7, are applied to inorganic
layered compounds. Two sets of layered materials are examined, with the aim of
producing solvent-based dispersions of well-exfoliated material. The first class of
materials discussed are the transition metal dichalcogenides (TMDs), with emphasis
on MoS; and WS,. These materials are combined with graphene and CNT dispersions
to form hybrid films. A hybrid MoS,/CNT material is demonstrated and its potential
for use in lithium ion batteries is examined. The second set of materials discussed
in this chapter are used in thermoelectric devices, with nano-structuring suggested
as a route to improve device performance [112]. The specific materials examined are
BioTes, BixSez and Sb,Ses; a discussion of the preparation and characterisation of

solvent-based dispersions of these materials is given.
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8.2 experimental procedure

Commercially available starting powders of MoS; and WS, from Sigma Aldrich were
used; these powders consisted of platelets with lateral sizes ranging from a few microns
to around 20 mm. BiyTes, BioSez and SbySes chunks (approximately 5 mm pieces) were
purchased from Cerac Incorporated (via ABSCO UK). The powders were used as
supplied while chunks were cut down into small fragments with a razor blade before
use. For MoS, and WS; the solvents NMP, NVP and CHP were used, while CHP was
used for preparing BiyTes, BioSez and Sb,Ses dispersions. All solvents were purchased
from Sigma Aldrich.

MoS; and WS, dispersions were prepared using either bath, horn or point probe
sonication. Bath-sonicated samples were prepared with initial powder concentrations
of 5 mg/ml using 400 ml solvent volume in 500 ml round bottom flasks, and sonicated
for 48 hrs. Bath-sonicated dispersions were used to determine the extinction coefficients
of the dispersions. Point probe sonication was used for samples studied with detailed
TEM analysis, these were prepared at initial concentrations of 10 mg/ml in 14 ml
vials using 1 hr sonication at a nominal output of 38%. Samples prepared with a horn
tip used 10 15 mg/ml initial powder concentrations in 100 ml volumes with 3 hr
sonication at 75% amplitude. All samples were settled overnight and centrifuged at
1500 rpm for 60 or 90 min.

Point probe sonicated dispersions in NMP were deposited on holey carbon grids
for TEM analysis. Dispersions of MoS, were also deposited for scanning Raman, SEM
and AFM analysis by spray casting. High concentration MoS,/NMP dispersions at
0.36 mg/ml were diluted by a factor of 100 in IPA. Silicon wafers with 300 nm thermally
grown oxide were rinsed with IPA and blow dried prior to use as substrates. The
silicon was pre-heated to 90 °C and 2 ml of the diluted was applied using an Evolution
Airbrush at a pressure of 1.5 bar. Alignment marks were scored onto the substrate
after deposition and the resulting silicon debris gently blown away by compressed air.

The horn-sonicated dispersions were used for the preparation of hybrid films by

blending with graphene or SWNT dispersions. Graphene dispersions were prepared
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in DMF via 48 hr bath sonication. Iljin SWNTs were dispersed in CHP at 1 mg/ml
using 5 min point probe sonication at 20% amplitude followed by 1 hr bath sonication
and a further 5 min probe sonication; these dispersions were not centrifuged in order
to maintain a high concentration of SWNTs. The MoS,/WS, dispersions were blended
with graphene/SWNT dispersions using precise volumes to give controlled mass
fractions. Free-standing hybrid films, with mass close to 50 mg, were prepared by
vacuum filtration onto alumina membranes.

MoS; hybrid films for battery testing were made using concentrated MoS, disper-
sions. These were prepared by taking stock dispersions in CHP centrifuged at 1500 rpm
and applying a second centrifugation step at 15000 rpm for 4 hrs at a temperature of
10 °C. This had the effect of forming a highly concentrated dispersion at the bottom of
the Eppendorf centrifuge tubes, the relatively clear supernatant was discarded and the
concentrate extracted and diluted with IPA. This concentrate was then blended with
Iljin SWNT dispersions in CHP and diluted by a factor of approximately 20 with IPA.
These diluted blends were then filtered onto nitrocellulose membranes. A reference
film made with MoS; only was also prepared. The resulting films were transferred,
using acetone vapour and baths, to copper foils to be tested as cathodes in coin cell
lithium ion batteries. The testing and analysis of these films was performed by collabor-
ators Dr. Jun Chen from the Intelligent Polymer Research Institute at the University of
Wollongong and Prof. Andrew Minett from the Laboratory for Sustainable Technology
at the University of Sydney. The electrochemical testing of these foils was carried
out using 2032 coin cells. The cells were assembled inside an argon-filled glove box
using an electrolyte solution of 1M lithium hexafluorophosphate (LiPFg) in ethylene
carbonate/diethyl carbonate (EC/DEC,1 : 2 v/v ratio) with lithium metal foil as the
counter electrode. Charge-discharge tests were performed at a rate of 100 mA gt in
the range 0.1 3.0 V.

BiTes, BioSes and Sb,Ses dispersions were largely prepared using horn tip (up
to 3 hr) and point probe sonication (up to 90 min), with bath sonication also used
for early testing. Centrifugation was typically carried out at a rate of 500 rpm or
1000 rpm for 45 mins. The lower intensity centrifugation compared to the TMDs was

found to be sufficient to remove the largest aggregates from the dispersions whilst
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maintaining high concentrations, this can be explained by the higher density of these
materials compared to graphene or TMDs. For thin film formation on glass or silicon
substrates, concentrated Bi,Tez dispersions were prepared using a second centrifuga-
tion at 10000 rpm for 3 hrs, diluted with IPA and filtered onto nitrocellulose before
being transferred. Raman spectra for BiTes films deposited on alumina membranes
were collected with a 532 nm laser and 20 lens with manually reduced laser intensity

to reduce sample heating and burning.

8.3 results and discussion : mos,; and ws,

8.3.1 Dispersion Preparation and Optical Characterisation

It was found that powders of bulk MoS; and WS, could be successfully dispersed
using a variety of ultrasonication types, including bath sonication, horn tip and point
probe methods. For both materials, homogeneous dark green dispersions, free of
visible particles, were produced in a wide range of solvents with NMP, NVP and CHP
found to be quite effective [238]. SEM images of the starting materials and photos of
typical dispersions are given in Figure 8.1.

The optical absorption spectra of all MoS,; and WS, dispersions prepared were
recorded. In all samples, across all solvents, the absorption spectra for both materials
showed distinct peaks below 700nm. The observed features appeared to sit on a
background, which was most likely due to scattering. In order to examine this further
the spectra were plotted using logarithmic axes. Figure 8.2 gives the absorption spectra
for typical MoS, and WS, dispersions prepared by 48 hr bath sonication in NVP. From
this plot, the background appears to be approximately linear in the non-resonant
region of the spectrum. This power-law dependence of the absorbance on wavelength
(A p | M)is characteristic of light scattering [239]. Three types of scattering are possible:
(i) Rayleigh scattering by molecules with size much smaller than the wavelength of
incident light, (ii) Tyndall scattering that is independent of wavelength and (iii) Mie

scattering covering scattering between Rayleigh and Tyndall scattering regimes [239].
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Figure 8.1: Images of starting material and typical MoS; and WS; liquid phase dispersions.

(A) SEM image of MoS; bulk starting powder. (B) SEM image of WSy bulk starting
powder. (C) Dispersions of MoS, and WS, prepared in NMP using point probe

sonication and centrifugation at 1500 rpm.

Mie scattering is described by exponents 1< h< 4 [239]; the fitted data in Figure
8.2 is consistent with Mie scattering with h = 33 and 3.9 for MoS; and WS,
respectively. Subtracting the scattering background gives the absorption spectra of
the MoS, and WS; as shown in the inset of Figure 8.2. Absorption peaks at 671 nm
and 621 nm are observed in MoS; and at 629 nm in WS,; these spectral features agree
with literature data relating to micro-mechanically exfoliated and electrochemically
deposited MoS; [99, 240, 241] and fragmented bulk WSxcrystals [110].

The next step in characterising these dispersions was to determine the extinction
coefficients. This was done in a similar manner to that used for high concentration
graphene dispersions in Chapter 7. Large stock dispersions of MoS,; and WS, were
prepared by bath sonication, centrifuged and filtered through PVDF membranes
(0.22 mm) of known mass. Following deposition, the films were dried for 24 hrs at
70 °C and re-weighed to derive the deposited mass; TGA analysis confirmed that the
NVP solvent had been removed. Green coloured filtrates were observed indicating
loss of some of the dispersed particles through the membranes. The value of A/l

for the filtrates was compared to that of the initial stock dispersion to correct the
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Figure 8.2: Optical absorption spectra for MoS, and WS dispersions in NVP. Dashed lines
show power-law scattering backgrounds fitted in the non-resonant regions of the
spectra. Inset: absorbance per unit cell length with scattering background A/Ipx

subtracted.

values of deposited mass (12 wt% and 46 wt% of dispersion mass had been retained
in the filtrate for MoS; and WS, respectively). This allowed calculation of extinction
coefficient values of as, = 1900 L g'l m™t and aws, = 1000 L g'l mL. Dispersions
with concentration of the order of 1 mg/ml after 1500 rpm CF were routinely obtained
using horn tip or point probe sonication. Such high concentrations can enable the
production films, polymer composite materials and hybrid materials; some of these
applications will be explored later in this chapter.

The usefulness of these liquid-phase dispersions is strongly influenced by their
temporal stability. This was assessed by sedimentation measurements using typical
MoS; and WS; dispersions prepared by bath sonication in NVP. The data in Figure
8.3 shows that the MoS; dispersion was very stable, with 94% of material remaining
suspended after three weeks. The WS, dispersion showed some sedimentation with
70% remaining over the same time period, with a stable phase from the decay fitting of

56%. This level of stability still allows a very good processing window. It is likely that
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Figure 8.3: Sedimentation behaviour for typical MoS; and WS, dispersions. The dispersions
were prepared using 48 hrs bath sonication in NVP with 90 min centrifugation at

1500 rpm. Fitted exponential decay curves are indicated by red dashed lines.

the use of optimised dispersion parameters (i.e. solvent choice, sonication conditions

and CF rotation rate) can improve the observed stability further.

8.3.2 Exfoliation Quality - TEM Analysis

TEM analysis was carried out in order to assess the quality of the dispersed materials.

In general, large quantities of thin nanosheets were observed. Figure 8.4 shows a
selection of images of these flakes. Flakes of the types shown in Figures 8.4A-D were
frequently observed, with many very thin small flakes deposited on the surface of the
holey carbon mesh and on the surface of larger flakes (these small flakes are visible in
Figure 8.4B and C). A HR-TEM image of a WS; flake is shown in Figure 8.4E, with the
inset showing a fast Fourier transform of the marked area. The relative intensity of FFT
or electron diffraction spots cannot be used to infer the layer number as calculations
of the structure factors for MoS; and WS, showed that electron diffraction intensity
ratios were insensitive to the number of stacked layers [238§]. From these types of

images and their FFTs, it was clear that the hexagonal structure of the original bulk
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Figure 8.4: TEM and STEM images of MoS; and WS, from exfoliation in NMP. (A) and (C)
TEM images of MoS; flakes. (B) and (D) TEM images of WS; flakes. (E) HR-TEM
image of a thin plane protruding from a multi-layer WS, flake, inset FFT of the area
marked with the yellow box. (F) High contrast STEM image of a cluster of MoS;
flakes..
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WS; had been retained - this was confirmed by the absence of new spots characteristic
of a superlattice and spot splitting in the FFTs [242]. This is important as it shows
that the processing has not structurally converted the WS, atomic configuration from
hexagonal 2H to octahedral 1T, this type of atomic re-arrangement has been observed
when exfoliating TMDs using lithium ion intercalation [105-108]. Figure 8.4F shows an
assortment of MoS; flakes imaged using annular dark-field STEM. From this image a
range of flake sizes and thicknesses are visible, with very thin layers appearing as the
darkest objects. Annular dark-field STEM imaging gives better layer contrast for TMDs
than for graphene as the electron energy loss due to Rutherford scattering by atoms
is roughly proportional to the square of the atomic number [201]. High resolution
STEM imaging combined with EELS analysis was used by our collaborators (Dr Valeria
Nicolosi and co-workers, University of Oxford) to show that such thin MoS, and WS,
layers had electron loss spectra distinct from the bulk materials, indicating successful
exfoliation [238]. In addition, they confirmed the presence of monolayer material using
atomic resolution aberration corrected HR-TEM combined with the simulation of
intensity distributions.

The TEM analysis of MoS; and WS, can be extended by looking at the dimensions
of a large number of flakes. This was done by examining low-res TEM images of the
type shown in Figures 8.4A-D. For graphene, it has been shown that edge counting is a
reasonably reliable way to determine layer number. However, in TMDs the individual
layers of the material are three atoms thick. This more complicated structure makes
edge counting more difficult. A more accurate way to conduct the study would be to
exploit the high contrast of STEM imaging, using fixed microscope conditions and a
precisely calibrated annular dark-field detector. This could allow the use of intensity
cross sections at flake edges to reliably count layer number. However, such analysis
requires special equipment, is time consuming and can be complicated by sample
contamination caused by the STEM probe. Thus, the flake thickness analysis was

attempted using careful edge-counting, in the same manner as for graphene, noting the

approximate outcome of the results. Statistics of lateral flake dimensions were reliable.

The data is summarised in Figure 8.5. From Figure 8.5A and E, few-layer flakes made

up the majority components of the dispersions. The MoS;and WS, flakes had lateral
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Figure 8.5: Statistical TEM analysis of TMD flake dimensions: number of layers per flake (N),
length (L), width (W) and aspect ratio (L/W). Data for 98 MoS; (A-D) and 147 WS,
(E-H) are shown. Samples were prepared using 1 hr point probe sonication in NMP

using CF rate of 1500 rpm.
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dimensions in the range 50 1000 nm. In general, the flakes were smaller than those
found previously in graphene with mean lengths of 170 nm and 248 nm observed in
MoS; and WS, respectively. The smaller sizes of these flakes, compared to graphene,
is possibly a reflection of the lower tensile strength of the parent crystal, offering lower
resistance to sonication induced scission. Alternatively, the higher density of the TMDs
may result in a distribution of smaller flake sizes being selected by the centrifugation
process [195]. The sonication process produced asymmetric flakes, with aspect ratio
distributions for both materials matching each other closely. The mean aspect ratio
values were very similar to those shown previously in Chapter 7 for aqueous graphene

dispersions.

8.3.3 MoS; Deposition on Surfaces - AFM, SEM and Raman

The MoS; and WS; dispersions shown in this work are highly versatile and nanoflakes
of these materials were deposited for further study. It was found that exfoliated
flakes could be easily deposited on surfaces by spray casting, this was done for MoS;
dispersed in NMP by point probe sonication. A 20 20 mm region of the substrate was
isolated using alignment marks and characterised with non-resonant scanning Raman
spectroscopy (using a 488 nm laser), AFM and SEM.

Figures 8.6A and B show AFM and SEM images of a 6.2 6.2 mm area containing
small flake-like objects, these objects were typical of those observed across the substrate
with sizes in the range 50nm 1 mm. Shown in Figure 8.6E are close-up SEM and
AFM images of the flake highlighted with the yellow box in Figure 8.6B, along with a
horizontal AFM cross section.

Raman spectroscopy was used in order to determine whether the observed objects
were MoS,. The Raman features of bulk MoS, are well-known. Under 488 nm laser
excitation conditions, as used here, an in-plane vibrational mode (E%g) at 383 cm?
and an out-of-plane vibration (Ajg) at 408 cm™! are observed in bulk 2H-MoS, [103
105 107, 243-245]. Raman spectra of the spray deposited material closely resembled

2H-MoS; with peaks at 382 cm™ and 406 cm™, as shown in Figure 8.6C for a typical
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Figure 8.6: MoS; flakes deposited on silicon. (A) AFM image, (B) SEM image, (C) Raman
spectrum of a typical MoS; flake, Lorentzian peak fits as red lines, (D) scanning
Raman map of the same 6.2 6.2 mm area in A and B. (E) Left - SEM image, Middle
- AFM image, Right - horizontal AFM cross section of flake marked by yellow box
in (B). (F) AFM flake thickness statistics for 100 MoS; flakes.
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object. The higher energy Aj; mode can be described by a single Lorentzian fit centred
at 405.5 cm™ with a FWHM of 5.8 cm™, these values agree with literature data for
mechanically exfoliated bi-layer MoS; sheets analysed with a 514 nm excitation source
[245]. The lower energy E%g mode also follows a single Lorentzian profile with a peak at
381.9 cm™ and FWHM of 4.5 cm™}; the peak position is in line with the 382 384 cm™
range for few layer mechanically exfoliated flakes though the spectral line width is
slightly broader than the 2 cm™ reported in literature [245].

The key point to note is that while spectra such as the one shown in Figure 8.6C
indicate the presence of thin flakes, they confirm that the MoS; flakes produced are
of the 2H polytype. Flakes produced by lithium ion intercalation of MoS; have been
shown to undergo an intercalation-induced phase transformation to 1T-MoS; bearing
an octahedral atomic configuration [105 108 246]. In 1T-MoS; the E%g mode is inactive
[105 107]. Additional distortion due to the intercalation process has also been shown
to result in the activation of new Raman modes [107]. The flakes produced in this
work bear Raman signatures exclusive to 2H-MoS; and are consistent with pristine
samples of mechanically exfoliated MoS; crystals [245]. This is significant as it confirms
that solvent assisted exfoliation yields undistorted 2H-MoS; and that no structural
transformations occur due to the processing.

Raman mapping centred around the Aj; mode (scanning grid size 300 nm, Figure
8.6D) allowed identification of MoS; flakes. MoS, flakes made up the majority of the
objects seen in AFM and SEM imaging, though some of the smallest objects observed
did not have the required Raman signature - these contaminants were probably
particles of silicon debris from the substrate marking process. Across a sample of 50
MoS; flakes, the E%g peak centres fell within the range 376 384 cm™! while the Agg
peak centres were in the range 400 406 cm™. Such shifts and peak broadening have
been observed in the Raman spectra of chemically synthesised few-layer MoS; and in

fullerene-like MoS, [244]. In order to test if the shifts were due to size effects, the AFM

heights and Raman spectral features were compared for the 50 MoS; flakes studied.

No obvious trend with flake thickness was observable. The data is plotted in Appendix
Figure 10.4 on page 185 It is quite possible that the use of an unfiltered maximum

intensity Raman excitation laser caused variable sample heating, resulting in the peak

151



152

liguid -phase exfoliation of inorganic layered compounds

shifts - the maximum intensity laser source was required to produce an adequate
Raman signal for mapping and MoS; flake identification. In addition, literature data
does not examine lateral size effects, leaving open the possibility that variations in
flake lateral dimensions, thickness and shape affect the Raman signal.

As part of this analysis, a set of MoS; flake heights were obtained. The height
data for 50 flakes is summarised in Figure 8.6F. It was found that larger objects with
lateral dimensions 500 1000 nm tended to be thicker than smaller flakes, sometimes
with heights in the tens of nanometres as shown to the right of the distribution. The
SEM images indicated some aggregation was present which would skew the data
towards larger heights. The smaller flakes below 500 nm in size were much thinner
in general with heights in the range 3 7 nm. A few steps in the range 0.9 1.2 nm
were observed consistent with MoS; monolayers, meaning the small flakes were likely
3 7 layers thick. These small flakes dominate the distribution in Figure 10.4F. No
unambiguous monolayer material was observed with AFM and this was likely due
to aggregation effects. It is noted that the AFM analysis was somewhat limited by
the available equipment, use of a higher resolution instrument with larger scan areas
and > 512 samples per line and > 512 lines per image would facilitate the search
for monolayer and bi-layer material and yield more accurate step height information.

Contact mode AFM could also be considered to yield better topographic information.

8.34 TMD Films and Hybrid Materials

The MoS; and WS, dispersions were easily prepared in large volumes at high concen-
trations (0.5 1 mg/ml) using bath or horn tip processing. This enabled the formation
of free-standing films. These liquid-phase systems are highly versatile, allowing the
facile formation of hybrid films by simply blending with dispersions of other nano-
materials. Figure 8.7A shows photos of free-standing films prepared with pure MoS;
and WS; dispersions, along with a graphene film and hybrid films. The SEM images
in Figure 8.7B and C show that the MoS, and WS; flakes roughly aligned themselves

in the plane of the film. These films showed no evidence of impurities and had surface
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Figure 8.7: Images of MoS; and WS, nanosheet films and hybrid materials. (A) Photos of
free-standing MoS,, WS, and graphene films along with hybrid films made of
50 : 50 mass ratio blends. (B) and (C) SEM images of the surfaces of pure MoS»
and WS nanosheet films. (D) and (E) SEM images of the surfaces of free-standing
MoS,(WS3)/graphene hybrid films at 50 : 50 mass ratios. (F) and (G) SEM images
of fractured edges of hybrid MoS>(WSz)/SWNT films.
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morphology that closely resembled the graphene films shown in Chapter 7. Indeed,
in the SEM images of the hybrid films shown in Figure 8.7D and E it is impossible
to distinguish MoS; and WS, from graphene. The addition of graphene in making
the 50% mass fraction hybrids improved the mechanical properties of MoS; and WS,.
The pure graphene film had Young’s modulus of 1 GPa. Comparing pure TMD and
hybrid films, the Young’s modulus rose from 0.4 GPato 1.8 GPa for MoS; and
from 18 GPato 3.2 GPa for WS; (these measurements were performed by Umar
Khan).

In a similar fashion, TMDs can be blended with SWNTs. In this case, the MoS,
and WS, flakes were blended with Iljin SWNTs nanotubes that had been originally
dispersed in CHP. As shown in Figure 8.7F and G, the MoS; and WS; flakes were
embedded in a network of long SWNTs. It was found that filtering the total blended
dispersion volume of up to 20 ml onto a filter membrane at once produced an inhomo-
geneous film, with a higher concentration of MoS; or WS, on the film side in contact
with the membrane and a rougher top surface rich in SWNTs. To overcome this, a
layered deposition process was used, with small aliquots of 2 5 ml of dispersion
filtered at a time and allowing each aliquot to dry and compact before applying the
next aliquot. This produced more robust and homogeneous hybrid films.

A set of MoS,/SWNT hybrid films were prepared from concentrated MoS; disper-
sions on nitrocellulose and transferred to metal foils. To illustrate the potential utility
of hybrid TMD films these samples were tested as a cathodes in lithium ion batteries.
The battery cell operated by reversibly exchanging Li+ ions with the working material
via the electrolyte; for an MoS; electrode this exchange process can be written as
xLi+ MoS; $ LiyMoS;. The lithium intercalates into the layered structure of MoSp,
resulting in a conversion from 2H to 1T structure [247]. Initial testing of the hybrid
films indicated a marked improvement in performance over MoS; films prepared by
solvent-assisted exfoliation. Figure 8.8 shows data for a pure MoS; film and a 80%
MoS2-20% SWNT hybrid film. The MoS; film shows a rapid degradation in capacity
over the first 10 cycles, with 86% of capacity lost by the 40t cycle. The hybrid film per-
formed better over the same number of cycles with 75% of the initial capacity retained.

This data compares well with literature for other MoS;-based nano-structured and com-
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Figure 8.8: Comparison of battery capacity for MoS; and MoS,/SWNT cathode materials

Figure 8.9: Extended battery capacity and efficiency testing of MoS,/SWNT cathode material
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posite materials tested in lithium batteries over similar numbers of charge/discharge
cycles [247-251]. The rapid fall-off in MoS; electrode capacity has been attributed in
literature to aggregation and degradation of active particles during charge/discharge
cycling [252]. In the MoS,;/SWNT nanocomposite, the MoS; flakes are distributed in
a mechanically robust CNT network with restricted mobility, this should help limit
aggregation. In addition, the highly electrically conducting CNT network facilitates
electron transfer during lithiation and de-lithiation processes. Figure 8.9 shows the
results of extending the testing of the hybrid cell to 100 cycles. Also shown is the
Coulombic efficiency, this metric relates charge input and output through the cell.
The Coulombic efficiency was high at above 95% for all measurements and indicated
low energy losses over the charge/discharge cycles. The extended testing revealed
a gradual degradation in charge capacity. The final capacity of 222 mAh g ! is very
close to that observed in a similar MoS;/SWNT hybrid film prepared using MoS; and
SWNTs exfoliated in aqueous surfactant systems [253]. The reason for the observed
degradation with charge cycling is unclear and further tests are under way to study
this; several factors including the CNT mass fraction, current density used, electrolyte
degradation and CNT purity may be significant.

As the data presented here is limited primarily to charge capacity as a function
of cycle number, a full comparison with other battery systems is not possible. With
future work performance metrics such as power density, self-discharge levels, tem-
perature performance and specific production costs can be derived for MoS,/CNT
hybrid electrodes of the type discussed above - this will enable a full assessment of
the true value of the current work and allow for the setting of targeted performance
improvements. One limiting factor in the overall performance of Li-ion batteries is long
charge/discharge times, which are largely due to the limited diffusion rate of Li* ions
to the interior of the electrode material. Thus, it would be advantageous to increase the
porosity of the electrode material. One could envisage exploiting the relatively porous
structure of CNT networks in a hybrid system to increase ion flow capacity. In addition,
the use of exfoliated 2D materials could improve charge/discharge rates if they could
be assembled in such a way as to form a porous electrode that retains a high specific

surface area. While charge/discharge data for the system above is not yet available, it is
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instructive to compare the final capacity at 100 cycles to other battery cathode materials.
Most Li-ion cells operate with natural graphite cathodes with a theoretical maximum
capacity of around 370 mAh g'l [254]. Current state-of-the art cells being examined for
use in all-electric vehicle applications use cathode materials based on cobalt oxides, or
compounds containing various ratios of cobalt/nickel/manganese/aluminium [255].
These cathode materials typically have capacity of the order of 340 680 mAh g*
[259]. Thus, on capacity alone the hybrid material demonstrated here needs significant
improvement to begin rivalling state of the art systems. These improvements could
come from the use of improved CNTs with better electrochemical performance and the
use of more stable exfoliated layered compounds. Nevertheless, the battery measure-
ments shown here illustrate a key application for liquid-phase exfoliated nanomaterials.
The processing enables the simple formation of hybrid materials with properties that
surpass the original material. It is hoped work in progress will shed further light on

the behaviour of these battery systems and lead to further improvements.

8.4 results and discussion : bistes and related compounds

The general method of sonication-assisted exfoliation in liquid-phase systems can be
extended to other layered materials. In this section, the exfoliation of BiyTes, Bi>Ses
and Sb,Ses is explored; sonication of these materials resulted in dark grey/black
dispersions. As for MoS; and WS, a selection of good graphene solvents including
CHP, NMP and NVP were found to be effective dispersal media for these materials.
Figure 8.10 gives typical optical absorption spectra for these materials dispersed in
CHP using 10 min point probe sonication in CHP. The band gaps for these materials are
typically 0.3 eV (4000 nm) [135 138 256] which was beyond the range of available
spectrometers. Optical transitions are visible at 272 nm, 268 nm and 264 nm (in BiyTes,
BiySez and SbSes respectively).

The stability of these types of dispersions was assessed by sedimentation analysis,
this data is shown in Figure 8.11 Fitted exponential decay curves are also shown. It is

clear that the Sb,Ses dispersion was less stable than the others with fitting indicating a
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Figure 8.10: Optical absorption spectra for BiyTez, BizSez and SbySez dispersed in CHP by

10 min point probe sonication and 1000 rpm centrifugation.

Figure 8.11: Sedimentation behaviour of BiyTes, BioSez and SbySez dispersions in CHP. Samples
at initial concentration C; = 5 mg/ml were point probe sonicated for 10 min and
centrifuged at 1000 rpm. Fitted exponential decay curves are indicated by red

dashed lines.
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Figure 8.12 Final BiyTes dispersion concentration and percentage of starting material retained

as a function of (A) initial concentration and (B) sonication time.

stable phase of only 24%. Comparing the fits for Bi;Tez and BisSe3 shows very different
fitting constants despite the similarity of the curves, this appears to be an artefact
of the fitting process that could be addressed by recording the data over a longer
time period. Nevertheless, after 24 hrs over 96% of material remained dispersed for
all three systems, with over 89% remaining after three days in all cases. After three
weeks,  55% of SbySez and  70% of the BirTez and BixSes remained dispersed. This
data suggests reasonable stability of the dispersions and allows a good processing
window. Further refinements in solvent selection and centrifugation parameters will
help improve the stability further.

The preparation conditions of BiyTez dispersions were studied in further detail. The
first parameter assessed was the extinction coefficient. The dispersions were found
to follow Beer-Lambert behaviour upon dilution. As done previously for MoSy, the
mass contained in a known volume of stock dispersion was determined by filtration

onto a pre-weighed membrane. This allowed calculation of an extinction coefficient
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of ap;,7., = 800 L gt m™, at an arbitrary wavelength of 740 nm. Following this, the
effect of sonication time, fy,,i, and the initial concentration of starting material, C;,
was investigated. Figure 8.12A shows a marked increase in final concentration as
C; is scaled up before saturating at the highest values of C;, with constant yields
of around 9% for all initial concentrations studied. A scaling of concentration with
sonication time was also observed, as displayed in Figure 8.12B. Unlike the high
concentration graphene systems discussed in Chapter 7, the trend did not quite follow
P tsonic behaviour. However, as seen before, increasing the sonication time improved
the final concentration of dispersed material. The use of higher initial concentrations
can improve yields further, allowing up to 45% of the initial material to be dispersed.

Samples of these dispersions were analysed by TEM. Figures 8.13A and C show
examples of ribbon-like BiTes structures. In general these flakes, and others like them,
were quite opaque to the electron beam when compared to the materials discussed
up till now, i.e. graphene, MoS, and WS,. This was partly due to the material being
more dense and having constituent atoms with higher atomic masses relative graphene
and the TMDs imaged previously; this resulted in enhanced scattering of incident
electrons yielding higher contrast [201]. Another factor was that the exfoliation was
not as complete as before, with most of the flakes composed of more than a few layers.
In addition, the lack of clear edge contrast in these types of flakes prohibited the use
of quantitative thickness analysis by edge counting.

Nevertheless, in nearly all cases thin protruding regions were observed. A close up
of a typical edge is shown in Figure 8.13B. In the inset, a fast Fourier transform of the
image displays a hexagonal pattern indicating a hexagonal parent crystal structure. In
addition, direct measurement of the observed hexagonal lattice fringes shows a lattice
spacing of 0.219 nm, this is in perfect agreement with literature data on chemically
synthesised BiyTez nanoparticles [139, 257], and with simple direct calculations based
on the known lattice constant of ag = 0.4384 nm [130, 131]. Figure 8.13D also shows a
BisSes flake imaged with annular dark-field STEM. The close-up of the marked yellow
square shown in Figure 8.13E clearly illustrates that the layered structure of the parent
bulk crystal has been retained, with exposed single QLs visible. The enhanced surface

area of these flakes and the presence of thinned edges, with exposed QLs, may affect
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Figure 8.13 TEM and STEM images of material found in BipTez and BiySez dispersions pre-
pared in CHP. (A) and (C) Ribbons of Bi;Tes. (B) High resolution image of the
region marked by the red square in (A) with spacing of lattice fringes marked,
inset showing FFT of the image. (D) STEM image of a Bi;Se3 flake with close-up

of the area marked by the yellow square shown in (E).
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Figure 8.14: SEM images of (A-C) BizTes, (D) BizSez and (E) Sb2Ses flakes and thin films. The
large flake in (B) and the cluster of flakes in (C) were suspended on a TEM grid.

electrical and thermal characteristics; this may prove useful in future thermoelectric
device applications and in the making of nano-structured composites.

To further characterise these materials, films were prepared and transferred to
silicon substrates. SEM images of flakes and thin films prepared from Bi,Te3, Bi>Ses
and SbySes are shown in Figure 8.14. For all materials, the films were composed of
a disordered array of platelets of various sizes ranging from about 20 nm to several
mm. The films were not mechanically robust and were easily rubbed off glass or

silicon substrates, with bare patches and cracks visible in SEM imaging of thin films.
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Figure 8.15 SEM/EDX analysis of BiyTes film deposited on a PVDF membrane. EDX spectrum

acquired using 20 kV electron beam. Inset: SEM image of the sampled area.

The poor packing of the flakes made electrical measurements on the films difficult.

Typical electrical conductivity values of between 10 ® and 10 4 S/m were measured
for BipTes films, far below typical literature values in excess of 10% S/m. Tt is noted
that the nano-structured Bi;Tez samples shown in literature typically used some form
of high pressure compression and/or sintering process to form dense pellets from
nano-crystals for subsequent electrical and thermal testing [120, 258-264], future work
can consider using a similar densification/annealing process on material produced by
liquid phase exfoliation.

The chemical composition of the films was also examined. A Bi,Tes film deposited

on PVDF was tested with EDX. Silicon was not used as a substrate as intense silicon

X-ray features dominated the spectra and were found to corrupt the elemental analysis.

The EDX spectrum is shown in Figure 8.15, with an SEM image of the area sampled
in the inset. The bismuth M line and tellurium L line are the dominant peaks in the

spectrum. Some oxygen, carbon and fluorine were also detected. The detection of
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Element | Emission line | Weight % | Atomic %
C K 14.6 492
@) K 25 6.2
F K 128 271
Bi M 37.0 7.1
Te L 331 104

Table 8.1: EDX elemental analysis for exfoliated BipTez deposited on a PVDF membrane

Figure 8.16: Raman spectra at three points along a film of BiyTes flakes deposited on an alumina
membrane. Spectra were collected with low laser power and 10 min acquisition

times, averaged over two accumulations.
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carbon and fluorine can be attributed to the penetration of the high tension electron
beam into the underlying PVDF membrane with molecular formula (CHxFB),
The oxygen detected was also probably due to functional groups attached to the PVDF
during manufacturing to render it hydrophilic. The results of the elemental analysis by
the SEM/EDX software are shown Table 8.1. This shows a Te:Bi ratio of 1.46, within
4% of the expected stoichiometric ratio of 1.5; the difference may be due to a slight Te
deficiency caused by sonication-induced damage or maybe be attributed to uncertainty
in the the EDX analysis. Significantly, the data shows that the processing has not
introduced large-scale contamination or dramatically altered the chemical composition
of the BiyTej flakes.

In addition, Raman spectra were collected from a BiyTes film deposited on an alumina

membrane. Due to the low thermal conductivity of Bi;Tez, pronounced heating effects

and visible sample burning made the acquisition of a large number of spectra difficult.

Low laser intensities and long accumulation times were required. Figure 8.16 shows
spectra collected from three points on a typical film. A series of peaks are visible
from each spot, two peaks are common to all three spectra. The peak labelled A;,?
at 138.1 cm™ is an IR and Raman active out-of-plane (c-axis) vibration commonly
observed in BiyTez while one of the spectra also featured a related Algl out-of-plane
vibration [130, 132, 133 257, 265]. The peak at 116.3 cm, labelled A%u, corresponds
to an IR active out-of-plane vibration. This mode is normally Raman inactive in bulk
BioTez but has been observed in mechanically exfoliated and chemically synthesised
BioTez nanoflakes [130, 132, 133 257]. The activation of this peak has been attributed
to the loss of crystal periodicity normally found in bulk BiTes as flakes are thinned
and new inter-layer interfaces are formed [133]. Another feature typical of BiyTe3 is
normally found around 100 cm™ and is denoted E§ and corresponds to an in-plane
lattice vibration, this feature was not observed within the limits set by the noise of the
spectra of Figure 8.16. This feature has been shown to be largely absent in 2D Bi,Tes
synthesised by chemical vapour transport [257]. In mechanically exfoliated flakes, the
Eg, peak also showed a drop in intensity relative the A], peak with decreasing flake
thickness [133]. The dominance of the Al peak over the E§ in liquid-phase exfoliated

flakes may indicate the loss of bulk crystalline properties as surface-to-volume ratios
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are increased. The shoulders of the Al peak at 112.5 cm™ and 113.8 cm™ and the peak
at 152 cm™ in one of the spectra are unknown features.

Finally, dispersed Bi,Tes flakes were spray-cast onto silicon and analysed by AFM.
Figure 8.17A and B show samples of two regions analysed. The SEM images show a
random scattering of flakes, similar to the thin films in Figure 8.14 but with a lower
areal density. On close examination, widespread clustering of flakes and aggregation
is present. Figure 8.17C gives statistics for heights measured across 100 objects - these
measurements were taken from higher magnification AFM scans within the areas
shown in Figure 8.14. Only 6% of objects could be classed as very thin with height
< 10 nm (corresponding to about 10 QLs or three unit cells), the majority were much
thicker with a mean value of 37 nm. The high values are partly due to aggregation,
though with reference to the TEM images it appears that incomplete exfoliation has
occurred. This may be due to a lower tensile strength of BioTez and perhaps stronger
inter-layer van der Waals interactions relative to materials like graphite; this may
result in more facile tearing of the flakes under the tensile stresses applied to the bulk
material during sonication [228 238]. Nonetheless, these flakes show enhanced surface
to volume ratios that could increase surface electronic effects. Furthermore, literature
data shows a marked reduction in the in-plane and cross-plane thermal conductivity
(k) of mechanically exfoliated 50 nm thick BizTes stacks, with in-plane k reduced
by factor 2.4 and cross plane k reduced by factor 3.5 from bulk values [132]. By
analogy, similar thermal conductivity effects can be expected from the liquid-phase
exfoliated material shown here. In addition, the dispersions can be easily processed
and mixed with other nanomaterials such as graphene, CNTs, TMDs or others for
the formation of hybrid materials, as illustrated for MoS; and WS, earlier. Future
studies on the formation of these hybrids could potentially yield novel cost-effective

thermoelectric materials with high electrical conductivity and high Seebeck coefficients.
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Figure 8.17: AFM/SEM analysis of BiTes flakes deposited on silicon by spray casting. (A) and
(B) show AFM (left, orange) and SEM (right, grayscale) images of two different
14 mm areas analysed. (C) Histogram of BioTes flake thickness. All scale bars are

4 mm in length.



168

liguid -phase exfoliation of inorganic layered compounds

8.5 conclusions

The work presented in this chapter has demonstrated that the sonication-assisted liquid-
phase processing techniques previously used to produce graphene can be extended
to form a wide range of other layered nanomaterials. Very stable dispersions of two
transition metal dichalcogenides, MoS, and WS;, have been prepared in common
amide solvents. TEM analysis shows the flakes are of high quality and provides
evidence of large-scale exfoliation to yield flakes that closely resemble graphene and
few-layer graphene in shape and appearance. Further studies of deposited MoS, flakes
by scanning Raman spectroscopy showed features characteristic of 2H-MoS,. This
confirmed that the preparation procedure did not chemically modify the crystalline
structure to yield a 1T octahedral geometry and distinguishes the chosen method
from traditional Li-ion intercalation exfoliation routines. In addition, the Raman data
allowed positive identification of MoS; flakes to allow characterisation by SEM and
AFM. The AFM data showed the presence of small few-layer flakes consistent with the
TEM results, though a correlation between flake height and Raman peak shifts was
not found.

Hybrid materials consisting of MoS; and WS; blended with graphene and SWNTs
were successfully prepared. Testing of MoS,/SWNT films for Li-ion battery applica-
tions showed improved cycling stability and storage capacity compared to pure MoS;
films. Some degradation was observed over large numbers of charge/discharge cycles
with further work required to improve performance. The MoS;/SWNT hybrid system
provides proof-of-concept. The range of hybrid materials that could be formed in this
manner is extensive, with the ability to utilise not just graphene and CNTs but also a
broad collection of polymers and other exfoliated TMDs.

Finally, the exfoliation of a class of materials with known thermoelectric properties
and topological insulator qualities was examined. Dispersions of BisTes, BioSez and
Sb,Se3 were prepared in CHP. TEM and SEM analysis showed nanoflakes had been
produced which retained the layered structure of the bulk materials. Raman spectra

showed peaks characteristic of Bi;Tez with possible spectral evidence of surface effects.



8.5 conclusions

EDX analysis confirmed that the production process did not yield chemically modified
BiyTes flakes. AFM and SEM analysis of deposited BiyTes flakes showed some evidence
of aggregation and confirmed TEM evidence suggesting limited exfoliation in these
materials. Nonetheless, the enhanced surface to volume ratio of these nanomaterials
warrants further study and may lead to the observation of novel electrical characterist-
ics. In addition, the facile production of hybrids of these materials through liquid-phase

processing will facilitate future studies in thermoelectric devices.
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9.1 conclusions

The aim of this thesis was to study the ultrasound-assisted exfoliation and dispersion
of layered nanosheets in liquid phases. Across all systems studied, the processing
method offered a scalable route to produce high quality material without the need for
aggressive chemical treatments. To begin, this study examined the exfoliation of graph-
ite to produce graphene across a broad range of solvents. It was shown that graphene
could be successfully produced in over 40 solvents, 28 of which were new graphene
solvents. It is noted that significant populations of monolayer and bilayer graphene
were observed, even in solvents showing poor dispersibility. TEM analysis of graphene
produced across all six solvents showed > 63% of flakes were composed of 1 5
graphene layers. This is important as many of the new solvents have advantages over
those previously studied such as NMP, including low boiling points and compatibility
with polymers to facilitate composite formation. The energetics of graphene-solvent
interactions have been examined. It was confirmed that good graphene solvents have
surface tensions close to 40 mJ/m? and Hildebrand parameter 23 MPa/2. Study-
ing the dispersions in terms of Hansen solubility parameters showed that dispersive
interactions alone do not specify good solvents and that a degree of solvent polarity
is required to disperse graphene well. In addition the Hansen solubility parameters
of graphene itself have been estimated as hdpi = 18.0MPa'/2, hdpi = 9.3MPa!/? and
hdyi = 7.6 MPa'/2. This has allowed the Flory-Huggins parameter to be calculated for
each solvent to show that the energetic cost of graphene exfoliation strongly influences
the ability of a solvent to disperse graphene.

Graphene production in aqueous systems using surfactant stabilisers was demon-

strated for the first time. It was shown that large quantities of few-layer graphene
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could be readily produced ( 43% < 5 layers), including significant quantities of
monolayer material as proven with reference to electron diffraction data. The flakes
were shown to be of high quality with no evidence of large-scale structural defects.
This showed that oxidative chemical treatments or other functionalisation routines are
not required to produce graphene in water-based systems. The dispersions were shown
to be reasonably stable over a time frame of 6 weeks. Zeta potential measurements
and the application of DLVO theory probed the stabilisation mechanism, proving the
dispersions were stabilised against re-aggregation by electrostatic repulsions between
surfactant coated graphene flakes. The graphene flakes were deposited to form films
and shown to be composed of few-layer material by Raman spectroscopy, in agreement
with TEM data. FTIR and XPS analyses confirmed the quality of the material with
evidence of only very low levels of oxidation. AFM analysis demonstrated that spray
casting allows small flakes to be easily deposited, revealing a significant population of
flakes with thickness consistent with monolayer material.

High concentration surfactant-stabilised graphene dispersions were also prepared.
Graphene concentrations exceeding 1 mg/ml were made using low power sonication
for long times and optimised starting concentrations of graphite and surfactant. The dis-
persion concentration followed P tsonic behaviour. Mild centrifugation at w = 1500 rpm
yielded very stable dispersions having an estimated 10% number fraction of graphene
monolayers with ~ 80% of flakes composed of < 5 layers. Higher centrifugation rates
were shown to increase the monolayer yield. Raman and TEM analyses showed that
prolonged sonication up to 430 hours did not reduce overall flake dimensions
(hLi 800 nm, Wi 350 nm) or increase the density of basal plane defects. The

1 with increased

concentration of the high concentration dispersions scaled with w
rotation rates shown to decrease the overall graphene flake size. The ratio between
the Raman D-band and G-band intensities was shown to scale linearly with the flake
dimensions, with an observed trend in defect density that was consistent with the
formation of new flake edges. The Raman and flake size data compared well to that
obtained from studies on graphene-surfactant dispersions physically size selected

using column chromatography. Free-standing films composed of predominantly few-

layer graphene flakes were prepared with mechanical and electrical properties that
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compared well to similar films shown in literature prepared from reduced graphene
oxide.

Finally, other materials composed of layered atomic planes were studied. Very stable
high concentration dispersions of exfoliated MoS; and WS, were prepared in solvent-
based systems. These dispersions showed optical features characteristic of the parent
crystals. TEM analysis confirmed that large-scale exfoliation occurred, revealing flakes
similar in appearance to graphene. Raman spectra of MoS; flakes showed that the
original bulk 2H crystal structure had been retained, this distinguished the chosen
method from alternative methods using lithium ion intercalation where transforma-
tions to a 1T structure are observed. Scanning Raman measurements confirmed the
nature of MoS; flakes deposited on silicon by spray casting and enabled AFM ana-
lysis to reveal small flakes with heights consistent with 3 7 layer thickness. Hybrid
materials were prepared by blending MoS; and WS, dispersions with graphene and
single-walled carbon nanotubes. MoS,/carbon nanotube films were tested as cathode
materials in lithium ion batteries. The hybrid film showed enhanced capacity and cyc-
ling stability compared to the exfoliated MoS,. Dispersions of thermoelectric materials
BiyTes, BirSez and SboSes were also prepared by sonication in solvent systems and
shown to have moderate temporal stability. TEM and AFM studies of BiyTes flakes
showed that partial exfoliation had occurred, although protrusions of thin quintuple
layers were frequently observed. TEM and SEM/EDX analysis confirmed that the core
crystal structure and stoichiometry of BioTes was retained during processing. Raman
spectra from BiyTes flakes showed features characteristic of the bulk material whilst
displaying peak intensity ratios that suggest enhanced surface effects.

Overall, I strongly feel this thesis contributes to the understanding and development
of diverse liquid-phase dispersions of exfoliated layered materials and that this work

will promote future advances in nanomaterials research.
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9.2 future work

The methods and results shown in this thesis enhance the availability of layered mater-
ials to researchers. It is hoped the knowledge gained in relation to solvent performance
and Hansen solubility parameters for graphene will facilitate the formulation of high
performance solvent blends and polymer composite materials. A similar study is under
way in our group to determine the Hansen solubility parameters of a selection of
transition metal dichalcogenides, this will further advance the study of solvent-based
exfoliation routines. The work on surfactant-assisted graphene exfoliation in water
offers an alternative liquid-phase processing route with a number of benefits including
minimal cost, high safety and compatibility with aqueous reagents. These dispersions
are suitable for a wide range of applications with work in progress examining their use
in gas sensors and electrodes in energy storage devices. The successful liquid-phase
exfoliation of layered inorganic materials such as MoS, and WS, offers an exciting
opportunity to exploit layered structures with a wide range of useful attributes. As part
of this future work we are currently investigating ways to improve the performance of
lithium ion batteries using blends of various liquid-phase dispersed low dimensional
nanomaterials. Furthermore, the availability of liquid-dispersed layered compounds
offers a route to form nanostructured hybrid materials which may have advantageous
thermoelectric performance for energy conversion applications.

Some aspects of this future work can be specified more precisely as targeted projects
for future PhD candidates. These are now given for the study of the effects of ultra-
sound in the liquid-phase processing of layered materials and for the development of

high performance thermoelectric materials based on 2D nanostructures.

9.2.1 Investigation of the mechanics/kinetics of ultrasound-assisted liquid-phase exfoliation

of 2D materials

It has been shown that liquid-phase dispersions of exfoliated layered materials such as

graphene or MoS; can be formed in suitable media by applying ultrasonic energy to
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bulk parent materials [9, 10, 162, 238]. However, there is only a limited understanding
of the role of ultrasound and the role of the starting material.

The first part of this study would aim to examine the influence of modified sonication
parameters on a model system, e.g. graphite exfoliated to graphene. Different sonication
frequencies could be tested and results compared to literature where fixed 20 kHz
frequency generators were used. By examining the size and defect densities of the
graphene flakes with TEM and Raman spectroscopy, improved production procedures
can be derived.

Following this the variation of yield with other parameters that influence sonication
such as solvent viscosity and temperature would be tested. In particular the study of
solvent viscosity could be related directly to the sonic wave propagation within the
liquid medium.

To further knowledge of the effects of sonication on the quality of material produced,
tip-enhanced Raman spectroscopy could be used to examine the basal plane and
edge defect densities of the flakes. Observed trends could be related to the sonication
frequency. In addition, tip enhanced Raman could be used in the determination of the
defect densities of different starting materials (e.g. HOPG, Kish graphite, various mined
graphites). In addition, FTIR and XPS spectroscopies can be used to assess the extent
of chemical functional groups in the starting material. This analysis of the starting
material could be related back to the quality of the graphene flakes produced. The
data could also potentially be fitted to simulations based on the fracture of defective
graphene/graphite crystals with a view to understanding the influence of defects in
the shear of graphite crystals during sonication and the factors influencing the sizes of

graphene flakes produced.

9.2.2 Investigation of the improvement of thermoelectric devices using liquid-exfoliated 2D

nanomaterials

Thermoelectric materials have promise for use in energy conversion but improvements

in the thermoelectric figure of merit ZT are needed to make their widespread usage vi-
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able. In particular, the availability of 2D thermoelectric materials like bismuth telluride
opens the prospect of using nano-structuring to improve devices [112].

One of the challenges with current work on thin film thermoelectrics lies with
determination of ZT. Whilst electrical conductivity (s), Seebeck coefficient (S) and
carrier concentrations can be determined easily, say using deposited contacts, the
thermal conductivity (k) is not easy to measure. Most work to date on thin-film
thermoelectric devices has relied on using bulk values for thermal conductivity or
on cross-plane measurements. Work is now under way to measure all the relevant
thermoelectric parameters for thin films systems using a van der Pauw testing method.
Thus, the first part of this project would be to adapt this van der Pauw technique
to characterise thin films of thermoelectric materials produced in different ways (e.g.
assembly of flakes deposited from liquid phases, co-sputtering and electrodeposition).
This would work would develop a much-needed characterisation protocol for thin-film
thermoelectric materials and lead into the next phase of the project.

2D thermoelectric materials could be used to fabricate thin films hybrids with
anisotropic thermal and electrical conductivities. The components of these hybrids
could be judiciously selected to maximise ZT. As one case, CNT fillers (high s) could
be coupled with exfoliated BioTes (high S). By forming films the 1D CNT network will
be aligned in the film plane, with in-plane alignment of the 2D material also possible.
One would then expect that the values of in-plane and cross-plane S, s and k should
differ considerably. What is not known is if these properties would vary in a correlated
fashion or if the use of a thermally and electrically conductive component would
benefit the overall ZT. By using the previously developed ZT measurement technique,
together with existing methods for cross-plane measurements, the anisotropy in ZT
could be determined. Percolation behaviour across S, s and k as a function of the
composition of these systems could also be studied. This knowledge would lead a
wide range of hybrid systems being be developed for further study.

These optimum systems could then be applied to produce a test device. One can
visualise one simple geometry where stacks of thin film thermoelectric hybrids could
be fabricated. Potentially by electrically insulating the stacks from the other using

a dielectric a bulk thermoelectric block could be fabricated. Within this block each
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layer could act as its own independent thermoelectric device, which may give may
have advantages in some device applications. Indeed, the formation of novel device
architectures from thin-film thermoelectric hybrid materials could itself warrant a

further study.
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101 graphene dispersibility in solvents

Table 10.1: Graphene dispersibilities, Hansen solubility parameters and Hildebrand parameters
for all 40 solvents studied. Hansen and Hildebrand parameters were taken from
HSPiP software. Most of this data can also be found in Hansen Solubility Parameters

- A User’s Handbook [165].

Solvent dp dp dy dr Cg DCq
MPal/2| MPa'/2| MPal/2| MPa'/?|| mg/ml | nmg/ml
1. Cyclopentanone (CPO) 17.9 119 52 221 8.5 12
2. Cyclohexanone 178 8.4 51 20.3 7.3 13
3. N-formyl piperidine 187 106 7.8 229 7.2 1.0
(NFP)
4. N-vinyl pyrrolidone 16.4 9.3 5.9 198 55 15
(NVP)
5. 1,3-Dimethyl-2- 180 105 9.7 230 54 13
imidazolidinone
(DMEU)
6. Bromobenzene 192 55 4.1 204 51 -
7. Benzonitrile 188 120 3.3 225 4.8 0.6
8. Benzyl benzoate 200 51 5.2 213 4.7 19
9. N-methyl-pyrrolidone 180 123 7.2 230 4.7 19
(NMP)
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Solvent dp dp dy dr Cg DCq
MPal/2| MPal/2| MPal/2| MPal/2| ng/ml | nmg/ml

10. N,N-Dimethylpropylene || 17.8 9.5 9.3 222 4.6 13
urea (DMPU)

11 g-Butyrolactone (GBL) 18.0 16.6 7.4 256 4.1 11

12 Dimethylformamide 174 137 113 24.9 4.1 14
(DMEF)

13. N-ethyl-pyrrolidone 180 120 7.0 227 4.0 0.7
(NEP)

14. Dimethylacetamide 16.8 115 9.4 224 3.9 15
(DMA)

15. Cyclohexylpyrrolidone 182 6.8 6.5 205 3.7 1.0
(CHP)

16. Dimethyl sulfoxide 184 164 102 26.7 3.7 15
(DMSO)

17. Dibenzyl ether 196 3.4 5.2 206 35 0.6

18 Chloroform 178 31 5.7 189 34 0.7

19. Isopropanol (IPA) 158 6.1 164 236 31 1.0

20. Chlorobenzene 190 4.3 20 196 29 0.5

21 1l-octyl-2-pyrrolidone 174 6.2 4.8 191 2.8 1.0
(N8P)

22. 1-3 dioxolane 181 6.6 9.3 214 2.8 14

23. Ethyl acetate 158 5.3 7.2 182 2.6 12

24. Quinoline 205 5.6 5.7 220 2.6 0.6

25. Benzaldehyde 194 7.4 5.3 214 25 15

26. Ethanolamine 175 6.8 180 26.0 25 04

27. Diethyl phthalate 17.6 9.6 4.5 205 2.2 1.9
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Solvent dp dp dy dr Cq DCyq
MPal/2| MPal/2| MPal/2| MPal/2|| nmg/ml | mg/ml
28. N-dodecyl-2-pyrrolidone || 17.5 4.1 32 183 21 11
(N12P)
29. Pyridine 19.0 8.8 5.9 218 2.0 17
30. Dimethyl phthalate 186 108 4.9 221 1.8 0.4
31 Formamide 17.2 26.2 19.0 36.7 17 -
32 Ethanol 158 8.8 194 26.5 1.6 0.7
33. Vinyl acetate 16.0 7.2 5.9 185 15 0.7
34. Acetone 155 104 7.0 199 12 0.4
35 Water 155 16.0 423 478 11 0.4
36. Ethylene glycol 17.0 110 26.0 330 1.0 0.8
37. Toluene 180 14 2.0 182 0.8 0.4
38. Heptane 153 0.0 0.0 153 0.3 0.4
39. Hexane 14.9 0.0 0.0 14.9 0.2 0.1
40. Pentane 145 0.0 0.0 145 0.16 0.05
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Figure 10.1: Graphene dispersibility, C¢, as a function of the sum of polar and hydrogen
bonding HSPs
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102 high concentration graphene /sc dispersions - tem statistics

Figure 10.2: Histograms of TEM data as a function of CF rate, w. All samples prepared using

90min CF time with f5,;c = 24 hrs, Co; = 5mg/ml, Cs¢c = 0.1mg/ml.
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Figure 10.3: Histograms of TEM data as a function of sonication time, t5y,;.. All samples
prepared using 90min CF time with w = 1500rpm, Cp; = 5mg/ml, Csc =
0.1mg/ml.
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103 inorganic layered compounds - mos,; afm data

Figure 10.4: Flake height from AFM analysis vs Raman peak position for solvent exfoliated
MoS;. Flakes were deposited on silicon by spray casting and analysed with a

488 nm Ar ion laser.
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