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ABSTRACT

In recent years, two dimensional materials have received widespread attention due
to their incredible properties. Graphene, a single sheet of carbon atoms was the first
two dimensional material, and was isolated in 2004. [1] Since then many researchers
have worked on ways to prepare this nano material at high yield and high quality.
One such method was liquid phase exfoliation of pristine graphite in solvents and was
first demonstrated in 2008. [2]The method involves mixing graphite with a specific
solvent and ultrasonicating the mixture for a defined period of time. Sedimentation
analysis and transmisson electron microscopy (TEM) imaging confirmed that stable,
high quality graphene flakes were dispersed, albeit at low concentration (0.01 mg/ml).
In order to take full advantage of these graphene flakes, higher concentrations must
be achieved. The research presented in this thesis aims to optimise the liquid phase
exfoliation process of graphene, and extend all knowledge gained to its inorganic
analogue, molybdenum disulphide (MoS,).

This research begins by increasing the concentration of graphene dispersed two
orders of magnitude, up to 1.2 mg/ml. [3] The method involves a long, mild, bath-
sonication in the solvent N-methyl pyrrolidinone (NMP), followed by mild centri-
fugation. Optical absorbance measurements, TEM statistical analysis and Raman
spectroscopy, for various sonication times, indicate that while the concentration of
graphene increased, the quality of these graphene flakes was maintained.

The flake size distribution within these concentrated dispersions is quite broad, with
measured mean lengths between 300 nm and 1 ym. These dimensions are too low for
some specific applications. [4, 5] With this in mind, a controlled centrifugation method
was demonstrated to take an existing dispersion of graphene and separate constituent
flakes by size. [6] Resulting in a set of dispersions with mean flake lengths varying

from 1 to 3.5 microns.
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These highly concentrated, size separated dispersions have led to a number of ad-
vances, including reinforced graphene-polymer composites, however when processing
graphene from high boiling point solvents like NMP (202 °C), it can be difficult to fully
remove residual solvent. This can present problems in areas such as flake deposition
onto a substrate. Alternatively, the direct exfoliation of graphene in low boiling point
solvents like isopropanol and chloroform can be advantageous. A dispersion procedure
was demonstrated which results in graphene concentrations of up to 0.5 mg/ml in
such solvents. [7] To demonstrate the usefulness of this approach, graphene was spray
cast onto SiO, substrates. Atomic force microscopy of the flakes indicates that they
lie flat with minimal aggregation while Raman spectroscopy confirms that they are
graphene.

Finally, by extending these optimised preparation procedures to MoS; , high quality
dispersions of mono and few layer nanosheets were prepared. Again, by prolonged
sonication and increased initial concentrations, highly concentrated dispersions of
MoS; of up to ~40 mg/ml were achieved. [8] Furthermore, re-use of the sediment after
centrifugation resulted in dispersions with mean flakes lengths of 2 ym and maximum

lengths of between 4-5 ym.
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MOTIVATION AND THESIS OUTLINE

MOTIVATION

Today’s materials have very high, multifunctional demands on them. Versatility is
essential, with properties such as elasticity, transparency and high conductivity re-
quired simultaneously. Nanomaterials can meet such demands, and have the potential
to stimulate new technologies for today and tomorrow.

Nanomaterial science is a multidisciplinary field, encompassing physics, chemistry,
engineering and biology. The field was pioneered by Prof. Richard Feynman, who
gave a lecture in 1959, entitled “There’s plenty of room at the bottom”. During this
lecture he foretold the potential of manipulating matter at the atomic scale. With the
invention of the scanning tunneling microscope in 1981, [10] and the observing of
nanomaterials such as the zero dimensional caged carbon molecule, the buckminister-
fullerene in 1985 [11] and the one dimensional single walled carbon nanotube in 1991,
[12] nanotechnology attracted a great deal of attention. In 2004, a new low dimensional
nanomaterial was isolated; a single sheet of carbon atoms called graphene, and was the
first truly two dimensional atomic crystal. [1] Graphene is rich in exceptional physical
and chemical properties, offering potential for fundamental research and exciting
applications. To that end, it was worthy of the 2010 Nobel prize in Physics, just 6 years
after its isolation.

There is arguably no doubt that the nanomaterial age is upon us, but how soon
these materials will meet the consumer market will depend upon scalable and reliable
ways to prepare these 2D nanomaterials with high quality. Liquid phase exfoliation of
layered crystals in solvents offers a way to produce billions of these nanosheets, in a
small volume of solvent. It is also a low cost processing option that offers a multitude of

advantages like spray deposition or straightforward composite formation, for example.
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This preparation technique has also recently been deemed universal. It was shown
that ultrasonication in specific solvents can be extended to a range of inorganic layered
crystals, each with their own diverse, exotic properties. [13] This offers an avenue to
isolate a specific 2D nanosheet, based on the desired properties. The motivation of this
thesis was to explore, understand and improve liquid phase processing of graphene
and inorganic 2D materials in solvents so more applications of these materials can be

realised.

THESIS OUTLINE

Chapter 2: Materials and Background

This chapter begins with discussing two dimensional materials and the unique proper-
ties that arise due to their novel geometry. The materials used throughout this research,
both graphene and MoS; are discussed under the same headings: properties, main
production methods and existing and potential applications. The chapter concludes
with discussing the opportunities and challenges that face liquid phase processing of

2D materials in solvents.

Chapter 3: Dispersion Theory

This chapter will discuss the theoretical framework for choosing specific solvents that
are used to exfoliate and stabilise the two dimensional nanosheets in dispersion. It
begins by discussing the energetics of mixing these layered crystals in solvents, which
highlights the importance of reducing the enthalpy of mixing. This was shown to be
achieved when the surface energy of the solvent is matched to that of the solute. It
was also shown that the enthalpy of mixing can be expressed in terms of solubility
parameters, indicating once again that they must match that of the solute, to minimise
the energetic cost of dispersion. This chapter also discusses Troutons rules which

links the boiling point of a solvent to the enthalpy of vaporisation, this in turn is
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linked to the cohesive energy density, which is linked to the solubility parameters. The
theory behind the stability of nanosheets dispersed in liquids, with specific reference

to nanosheets is also discussed.

Chapter 4: Sample Preparation and Characterisation Techniques

In this chapter sample preparation was discussed at length with reference to sonciation
and centrifugation. All analysis techniques that were used throughout this research
were detailed, with reference to the theory behind its operation and the specific make
and model used. UV-Vis NIR spectroscopy, Temporal stability measurements, Raman

spectroscopy, electron microscopy and atomic force microscopy were all discussed.

Chapter 5: High Concentration Solvent Exfoliation of Graphene

In this chapter a method was demonstrated to prepare graphene dispersions of up to
1.2 mg/ml in the solvent N- methyl-pyrrolidone (NMP). These highly concentrated
dispersions were prepared by sonicating the graphite-solvent mixture for long periods
of time. Transmission electron microscopy was also used to determine the level of
exfoliation and the flakes” dimensions. Statistical analysis of the flake dimensions
indicated that they scaled with sonication time as % The data also suggested that
the increase in concentration can be correlated to a decrease in flake dimension.
While the Raman spectroscopy data indicates that the defect band increases due to
an increase in total edge-length to flake area ratio, rather than induced basal plane
defects. Free standing graphene networks were also demonstrated as a result of these

highly concentrated dispersions.

Chapter 6: Size Selection of Graphene Flakes by Controlled Centrifugation

It was seen in chapter 5, that liquid exfoliation of graphene generally results in flakes

with a lateral size of one micron or less on average. This is too small for many
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applications. In this chapter, a method was described to separate an existing dispersion,
with a mean flake length of ~1 ym, into fractions with different mean flake sizes. The
initial dispersion was centrifuged at a high centrifugation rate, separating small flakes
in the supernatant from large flakes in the sediment. Redispersion of the sediment,
followed by successive centrifugation, separation and redispersion cycles were used
to separate the flakes by size, provided the centrifugation rate was decreased with
each cycle. This procedure resulted in a range of dispersions with mean flake lengths
varying from 1 ym to 3.5 ym for the sample whose final centrifugation rate was 500

Ipm.

Chapter 7: Graphene Exfoliation and Dispersion in Low Boiling point Solvent

This chapter discusses the preparation of highly concentrated dispersions of graphene
in low boiling point solvents like isopropanol and chloroform. Similar to that discussed
in chapter 5, the method involved a long, mild, bath-sonication in volatile solvents.
Graphene concentrations of up to 0.5 mg/ml were achieved in such solvents. The
main advantage of graphene in volatile solvent systems, is the ease of solvent removal
during post processing. To demonstrate this, a graphene sample was spray cast onto an
SiO, substrate. AFM of the flakes displayed them to lie flat with minimal aggregation,

while Raman spectroscopy confirmed the flakes were graphene.

Chapter 8: Preparation of High Concentration Dispersions of Exfolaited MoS, with Increased
Flake Size

This chapter aimed to optimise the exfolaition of MoS; in the solvent NMP. It builds on
the research primarily discussed in chapter 5 & 6. In this chapter the yield of dispersed
MoS, was increased to 40 mg/ml and the lateral dimension of the nanosheets dispersed
were increased to ~ 2 ym. These processes relied on prolonged sonication periods and

controlled centrifugation of redispersed sediment.



MOTIVATION AND THESIS OUTLINE

Chapter 9: Conclusions

This chapter summarises all the main data discussed in chapter 5, 6, 7 & 8. It also
discusses the future work that I intend to undertake, as a direct consequence of the

research presented in this thesis.
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MATERIALS AND BACKGROUND

2.1 INTRODUCTION

Nanomaterial science has received widespread attention, yielded vast amounts of
research effort and resulted in countless publications. However, one class of nanoma-
terials in particular has shone as a rising star. These are the newest member to the
nanomaterial family, two dimensional nanomaterials. Although they are still in their
infancy, these materials have demonstrated revolutionary capabilities. This chapter
will discuss two dimensional nanomaterials, with an emphasis on graphene and 2D
molybdenum disulphide (MoS;). These two materials will be discussed in further
detail under the same headings: properties, main production methods and existing and
potential applications. The chapter will conclude with a discussion of the opportunities
and challenges that face liquid phase processing of these two dimensional materials in

solvent systems.

2.2 TWO DIMENSIONAL MATERIALS

Dimensionality is a crucial factor in determining how a material behaves. Two dimen-
sional nanomaterials are the thinnest form of a three dimensional layered crystal and
are arguably the most intriguing and fascinating class of materials ever discovered. In
the 1930’s, it was theoretically proven that two dimensional materials could not exist
in isolation at non zero temperatures. [14, 15] It was thought they would collapse in
on themselves forming a curved structure. For some time after, experiments supported
the theory, and 2D materials were only thought of as academic materials. [16, 17]

Then in the late 60’s, the Mermin-Wagner theorem [18] predicted that two dimensional
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Figure 2.1: Schematic of a suspended graphene sheet displaying thermal fluctuations [19]

materials could exist in 3D space, but would not exhibit long range order due to
thermal fluctuations.

In 2004, experimental evidence of the first truly 2D nanomaterial was published,
proving that two dimensional materials can exist at finite temperatures. [1] Graphene,
a single layer of atoms was isolated from a graphite crystal and upon probing it with
and without surface support, it demonstrated exotic properties. [1] These new found
phenomena were attributed to the anistropy of its bulk crystal, quantum confinement,
geometric effects and surface effects, not to mention differences that arise due to the ab-
sence of interlayer interactions. Also, it was found that upon suspending the graphene
sheets, ripples at the surface act as a means to stabilise the material, reconciling its
existence with thermodynamic stability. The first experimental evidence of stabilising
thermal fluctuations was verified by Meyer et al. [19] in 2007 and are schematically
depicted in figure 2.1. These structural anomalies termed ripples, were found to reach
up to 1 nm in height. Indeed two dimensional, inorganic nanosheets have since been
proven to exist and also exhibit unique properties, due to similar aforementioned
phenomena. It was also found that 2D MoS; was stabilised by thermal fluctuations

experimentally found by Brivio et al.. [20]
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2.3 GRAPHENE

2.3.1 Properties of graphene

Graphite is made up of billions of graphene sheets, Bernel stacked, one on top of the
other. Graphene is a one carbon atom thick, monolayer of graphite.

Carbon is one of the most fascinating elements in the periodic table with an electronic
configuration of 1s? 2s? 2p? atomic orbitals. In graphene, the 1s electrons are inert and
contribute nothing to the chemical bonding. The 2s, 2p, and 2p, orbitals, hybridise to
form three planar orbitals called sp?. These 3 orbitals have 120 degree angle between
them and are responsible for the hexagonal lattice structure of graphene, and more
notably the strong, covalent chemical bonds between neighbouring carbon atoms.
These are sigma bonded and the mechanical properties of graphene are determined by
the rigidity of these sigma bonds. The remaining p.orbital contributes one electron
for each carbon atom in the lattice. This orbital is perpendicular to the plane formed
by the 2s, 2p, and 2p, orbitals and forms a pi-orbital when combined with other p,
orbitals. It is these pi-orbitals that are responsible for graphene’s remarkable electronic
properties, as when they interact with the periodic potential of the hexagonal lattice,
graphene’s novel energy spectrum is formed. One can see from its energy spectrum in
figure 2.2, that the valence and conduction bands only touch at certain momentum
values. These points where they touch are termed the Dirac points. At these Dirac
points the density of states is zero at the corresponding energy; therefore graphene is
generally termed a semi metal or a zero gap semiconductor.

Another interesting feature seen in the energy spectrum is the conical valleys. [21]
Due to graphene having two atoms per unit cell, there are two conical points found
at the Brillouin zone edges. Near these points, the valence and conduction band
energies vary linearly with the wave vector. [22] This implies that the electrons speed
is independent of momentum and behaves similar to photons that travel at constant
speed, c. Consequently in order to model the electron dynamics in graphene, the

relativistic Dirac equation is required. [23] In this equation, the Fermi velocity of the
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Figure 2.2: The electronic dispersion relation of graphene. [23] The zoomed in image displays

the dispersion relation close to one of the Dirac points

massless Dirac fermions of graphene travel 300 times slower than the speed of light,
A 10° m/s. Another remarkable property observed was the minimum conductivity
displayed even when the concentration of charge carriers tends to zero. This never falls
below a minimum value corresponding to the quantum of conductance e?/h. [24]

As one can determine from the previously discussed properties, graphene has unique
electrical characteristics. The charge carriers in graphene behave like massless Dirac
fermions at room temperature. [25] This gives rise to ballistic transport properties
over several hundreds of nanometres, [1] from which relativistic quantum tunnelling,
the Klein paradox, and other quantum electrodynamic phenomena can be explored on
a bench top experiment. [26-28] Moreover graphene demonstrates ambipolar electric
field behaviour, such that charge carriers can be tuned (by doping or local electric
fields) continuously between electrons and holes. [23] This creates the possibilities of
electrically engineering localised p-n junctions, with high mobilities. Upon isolation
it was found that graphene had carrier concentrations as high as 1013 /cm? with
mobilities exceeding 10,000 cm? per volt applied. [1] Bolotin et al. [29] went on to
demonstrate an increased mobility of 200,000 cm? per volt applied, by suspending the
flake between gold contacts thus minimising substrate induced scattering.

Graphene’s Dirac fermions also behave in an exotic manner when subjected to
magnetic fields, displaying deviations from standard quantum Hall systems. The first
Hall conductivity plateau is at half of what is expected, corresponding to a half filled

Landau level. After this, all other plateaus follow in the expected integer steps but
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are shifted by a half with respect to the normal sequence. [30, 31] This half integer
quantum Hall effect can be attributed to graphenes novel linear band structure and
the existence of both electronlike and holelike Landau states at zero energy. [32, 33]

In addition to graphene’s incredible electrical properties, this material is the strongest
ever measured. In 2008, Lee et al. [34] determined the ultimate tensile strength (UTS)
and elastic properties of graphene mono- layers suspended across cavities in a SiO,
wafer. The graphene membranes were indented using a diamond tip cantilever in
an atomic force microscope. Their results boast a Young’s modulus of 1 TPa and an
UTS of 42 TPa. Graphene also demonstrates brittleness, [35] readily folds and can be
stretched up to 20% more than any other crystal. [34] Graphene also boasts the highest
thermal conductivity (~ 3000 W/m/K) ever reported. [36] It's opacity is defined by
fundamental constants. [37] Suspended monolayer graphene absorbs 2.3 % of white
light which is defined solely by its fine structure constants. [38] This is a rare situation
in condensed matter physics and is attributed to graphene’s two-dimensional nature
and its gapless electronic spectrum.

Graphene can be considered as the building block for various carbon allotropes, as
seen in figure 2.3, and has distinguishing properties that have deemed it an intriguing
material. Despite these properties and intense theoretical and experimental interest,
widespread implementation of graphene has yet to occur. This is largely due to the
difficulty in obtaining a reliable, scalable processing option which is a prerequisite for

applications of graphene to flourish. [39]

2.3.2  Production methods of graphene

Even though two dimensional materials were thought to be thermodynamically un-
stable, some scientists continued to investigate how thin they could make graphite
planes. Using a refined micromechanical cleavage technique, Geim and co workers
peeled a 10 ym sized, two-dimensional graphene from highly oriented pyrolytic graph-
ite (HOPG). [1, 40] Their apparatus consisted of HOPG and scotch tape. This tape was

stuck on the graphite and peeled off repeatedly. The graphene were detached from the
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Figure 2.3: Graphene is the building block of all graphitic forms. Graphene is a planar sheets
of carbon atoms, that can be wrapped up to form a oD buckyball, rolled to form a

1D nanotube or stacked to form for 3D graphite. [30]

scotch tape and pinned via van der Waals forces to a Si wafer with a 300 nm oxide layer
specifically grown. The graphene was then imaged optically, showing visible contrast
on the oxide surface. Next the substrate was etched to minimise induced effects, and
graphene’s novel intrinsic properties were probed. This original method to produce
graphene is delicate, time consuming and not suitable for large scale applications.
Residual adhesive glue from the scotch tape can also alter the properties of the flakes.
[41] Developments of many processing methods have since become known. They can
be broken into three categories, i) growth in situ on a substrate ii) bottom up methods
to synthesise graphene from organic precursors and iii) top down methods of liquid

phase exfoliation of graphite oxide and pristine graphite. [42]

2.3.2.1 1) Growth in situ on a substrate

Graphene mono- and multi- layers have been grown on single crystal silicon carbide
(SiC). This process involves heating the SiC to temperatures greater than 1000 °C,

in UHV conditions. Si desorbs above this temperature and thus small islands of
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graphitised carbon form. A significant advantage of this technique is that SiC substrates
offer an insulating supporting medium. Few layer graphene that is produced this way
can be patterned using standard lithography techniques thus having potential as a
successor of silicon in the post Moore’s law era. However, it is challenging to achieve
large graphene domains with uniform thickness. Emtsev et al. have tried to overcome
this issue by an ex-situ graphitization of Si terminated SiC (0oo1). [43] This method
produces undisturbed monolayer graphene terraces that are up to 3 pm wide and > 50
pum in length. SiC as a supporting medium has also been shown to have appreciable
influence on graphene’s electrical properties and so must not be made comparable to
mechanically cleaved graphene. [44] Zhou et al. found that the interaction between the
substrate and the epitaxially grown graphene results in gaps appearing at the Dirac
points, which can be exploited to induce a band gap. [44, 45] Band-gap engineering is
very encouraging for carbon based electronics, however the high cost of SiC and high
temperature requirements are not attractive.

The growth of mono- and few layer graphene on transition metals is also well
documented and has established itself as a promising means of production. The
procedure involves exposing the transition metal to a hydrocarbon gas, under pressure.
This has been demonstrated on Pt [46], Ir [47], Ru [48], Cu [49]and on both Ni single-
[50] and poly- crystalline [51, 52] transition metals. There are a lot of requirements for
these processing options for example, high temperatures (~700 - 1000 °C) and UHV
conditions, not to mention variables like cooling rates and gas phase kinetics. However,
an advantage of this processing method is the ability to transfer graphene to a variety
of substrates. CVD grown graphene, transferred onto SiO,, has been shown to exhibit
high electron mobilities and even the half integer quantum Hall effect, indicating that
the quality can be as high as mechanically cleaved graphene. [52] At present the largest
sheet (30 inch diagonal to diagonal) of CVD grown graphene has been demonstrated by
Bae et al.. [53] This unique method involves using a 7.5 inch wide quartz tube wrapped
in copper foils that is inserted into an 8 inch wide furnace. After oven processing the
graphene is transferred to an adhesive polymer support and the copper is etched,
which is a complicated, expensive process . The graphene films are then transferred

from the polymer support onto a target substrate by removing the adhesive forces. The
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resulting graphene films have set the bar for transparent conductive electrodes with a
sheet resistance of ~40 2 sq~! and a transparency at 550 nm of ~90%, however only
over small areas.

Although these films [53] are ready for use in transparent conductive coating ap-
plications, this processing option is very expensive and has large energy requirements.
There are also improvements to be made to the transfer process, grain size, crystallo-
graphic orientation and layer thickness. However when these improvements are met,
this processing option has huge compatibility advantages with current microelectronic
technologies. Thus the inclusion of graphene will be less disruptive and more cost

effective than perhaps other processing options. [9]

2.3.2.2 i) Bottom up methods to synthesise graphene from organic precursors

Bottom up synthetic approaches using benzene-based macromolecules have been
known for some time. [54, 55] They are referred to as polyaromatic hydrocarbons
(PAHs) and they lie between molecule and macromolecule structures. The arrangement
of the benzene rings is very similar to the 2D chicken wire structure of graphene and
has thus attracted attention as a possible route for controlled growth of graphene
on substrates. PAHSs are also attractive due to their versatility, their clean processing
and the multitude of aliphatic chains that can be attached to modify their solubility.
[56] These routes have been largely explored by Mullen and co- workers who have
produced a number of graphene precursors. The main disadvantage of increasing the
molecular weight of these planar structures is that their solubility in common solvents
decreases, complicating their processability. The core molecule in molecular graphene
is the hexabenzocoronene (HBC), which consists of 13 fused hexagon rings. This
molecule became the building block along with other hexaphenylbenzene derivatives.
The largest graphene molecules arranged to date has 222 carbon atoms in its core. [57]
Further advances came in 2008, when Yang et al.[58], demonstrated total synthesis
of graphene nanoribbons (GNRs) (their advantage is discussed in the application
section) with controlled edge configuration. The electrical properties of these GNRs
were characterised by scanning tunnelling microscopy (STM), and thin films were

prepared showing liquid crystal properties. Also recently, the exfoliation and dispersion
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of HBC was demonstrated in 28 different organic solvents by Hughes et al., [59]
where it was found that successful solvents were characterised by similar Hildebrand
solubility parameters to graphene. Furthermore, organic synthesis of graphene offers
an alternative route to synthesising graphene with defined shape, size and edge
structure, factors that are quite important for applications that require a finite band

gap and edges that allow spin transport.

2.3.2.3 iii) Top down methods of liquid phase exfoliation of graphite oxide and pristine graph-
ite

Dispersing graphene in solution requires overcoming the cohesive energy of the

graphite planes. [60] To overcome this energy barrier, two main methods have emerged.

The first requires the chemical functionalisation of graphite which aims to weaken

interlayer interactions [61] and the second involves the sonication of untreated graphite

in solvent [2] or surfactant systems. [62]

The first approach results in graphite oxide (GO). This is a product of the oxidation
of graphite which results in the decoupling of individual graphene layers but retains
the original graphite layered structure. [63] The principle method to oxidise graphite is
the Hummers method, [61] and involves dispersing graphite in concentrated sulphuric
acid, sodium nitrate and potassium permanganate at 45 °C for a few hours. The
resulting graphite intercalation compounds are then rapidly annealed, generating a
CO, over-pressure that causes the graphite to split. Further ultrasonication results in
individual GO sheets. These GO sheets contains large quantities of hydroxyl, carboxyl,
carbonyl and epoxide functional groups which are attached to the edge or basal planes.
[64] Undesirably during the oxidation processing, the carbon atom is transformed
from a planar sp? hybridised geometry to a distorted sp® hybridised geometry, thus
changing its electrical properties to become electrically insulating (see figure 2.4).
Attempts to restore the electrical conductivity are performed by means of a hydrazine
or hydrogen plasma reduction.

GO is strongly hydrophilic and can be readily exfoliated in water to form stable
colloidal dispersions at 2 mg/ml. [65] Further dispersion analysis confirmed that single

layer GO sheets, up to hundreds of microns in size, have been dispersed in a variety
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Figure 2.4: Graphene oxide structure demonstrating the distorted sp? atomic arrangement with
attached functionalities (left) and vial of GO brown dispersion (right). Its brown

colour is attributed to the absence of n conjugated structure.

of organic solvents at concentrations of ~ 2 mg/ml. [66—69] Notably, Ang et al. [70]
obtained stable dispersions with 9o% monolayer yield and mean sheet areas of 330 +
10 um?. They explained that intercalated GO sediments formed after oxidation, via
a modified Hummers method, result in oxidised outer layers of the large sized GO
aggregates, but the inner layers consist of mildly oxidised (mainly at the edge planes)
graphene sheets. These sediments were then intercalated using tetrabutylammonium
hydroxide, (TBA, 40 % water) under reflux conditions for two days. After two days the
colour changes from pale yellow to black indicating an increase in UV-Vis absorption
region due to the presence of extended conjugate n structure. [71] They were then
dispersed in dimethylformamide (DMF) and spin coated onto SiO,. Their XPS data
suggests that less that 10 % of the carbon remains oxidised and a conductivity of 15,000
S/m was measured. Dikin et al. prepared free standing (1 to 30 ym thick) GO paper
showing a mean Youngs modulus of 32 GPa and ultimate tensile strength of 60 MPa.
[72] These results are greater than most of the reported nanotube bucky papers. [73]
Despite increased processability of graphene oxide, it retains significant amounts of
oxygen functionalities even after severe reduction processes and can contain irreversible
lattice defects. [69] In comparison to mildly defective graphene derived from expanded
graphite, it fails to meet the high electrical conductivities due to distorted sp? structure
and contains many lattice defects. [74—76]

The other mentioned approach to overcome the forces that bind graphene layers

together, is liquid phase exfoliation of pristine graphite in solvent and surfactant
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systems. Solvent exfoliation of graphite was first demonstrated by Hernandez et
al. [2] and concentrations of up to 0.01 mg/ml were achieved. It was found that
ultrasonication of graphite in solvents with solubility parameters in a defined range,
will result in graphene flakes of varying thickness and dimension stabilised against re-
aggregation. Further centrifugation post sonication, was found to result in an increased
fraction of thinner flakes in the dispersion. Others, working with similar approaches
have yielded dispersions of graphene between 0.05 and 0.1 mg/ml [77, 78]. While
exfoliation in ionic liquids has yielded concentrations as high as ~ 5 mg/ml. [79]
Surfactant aided aqueous dispersions of graphene have also been prepared, [62] with
concentrations of up to 0.3 mg/ml achieved. [80] Since then the concentration of
dispersed graphene in solvents has been improved and will be discussed at length
in chapter 5 and 7. Also the advantages and challenges of this processing option are

discussed later in this chapter.

2.3.3 Applications of graphene

From the unique properties of graphene stems a whole wealth of noteworthy applica-
tions. For example, graphene’s surface area to volume ratio and low intrinsic noise,
has offered atomic sensitivity in sensors. [81] These in combination with the fragility
of a single point contact makes the band structure of graphene highly sensitive to
any change, such as external electric fields, mechanical deformations, doping and
adsorbates, which are also desirable for sensing applications. Graphenes’ theoretical
surface area is 2630 m? per gram and its high energy storage density, making it a
suitable candidate for ultracapacitors and batteries. [82, 83] The chemistry of graphenes
basal plane must also be mentioned, as although it is a chemically inert material ,
nanometre scale reactivity can be found in localised regions at its surface, which arise
because of the ripples. This allows for spatial control of chemical functionalisation at
these regions and can lead to a range of applications. For example, a metal to insulator
transition at a desired location, and the tuning of the flakes mechanical properties by

the incorporation of analyte specific lock and key type binding. [84] The absence of
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a band gap in graphene also allows for a vast number of electronic transitions, over
a large portion of the electromagnetic spectrum [85] indicating the wealth of poten-
tial applications in electronic-photonic devices. Graphene has many applications in
electronics including transparent conductive coatings for flexible touch screen displays
and faster, smaller transistors consuming less energy and dissipating heat faster than
silicon based devices. Finally graphene based polymer composites have exhibited low
electrical percolation thresholds (0.1 vol%) [86] and high tensile strength and thermal
conductivity. [87]

These are but a few applications of graphene, that can stem for its superlative
properties. For more applications to flourish a large scale production method must be
found. However, in the near term, top down methods of liquid phase exfoliation of
graphene have manifested themselves as a viable route for graphene production.

Graphene is also limited with no band gap, thus restricting its use in some applica-
tions. However, attempts have been made to overcome this, for example preparation of
graphene nanoribbons. [88] However, this adds complexities to the processing and in
some cases can reduce graphene’s high mobility. A more ideal approach would be the

use of two dimensional nanosheets that are semiconducting.

2.4 TRANSITION METAL DICHALCOGENIDES - MOLYBDENUM DISULPHIDE

Molybdenum disulphide (MoS;) is the most stable member of the transition metal
dichalcogenide (TMDs) compound family. TMDs have an MX; stoichiometry, where M
is a transition metal atom and X are the chalcogen atoms, illustrated in the schematic
at the bottom of figure 2.5. There are approximately 60 different compounds ranging
from insulators (eg. HfS;) to semiconductors (eg. MoS;) to superconductors (eg. TaS;),
depending on the metal - chalcogen combination (see figure 2.5). [89] In addition each
material displays unique novel properties, making them applicable to a whole wealth
of material limited technologies like thermoelectrics and supercapacitors, for example.

To date MoS; is probably the most studied TMD, as it is seen as the semiconducting
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Figure 2.5: Periodic table, with highlighted regions indicating the transition metals (blue) and
the chalcogens atoms (green). Under the periodic table is a stick and ball model,

demonstrating the MX, stoichiometry.

analogue of graphene, however plenty of further research is required to improve

processing methods and explore more applications.

2.4.1  Properties of MoS,

MoS; comes from a naturally occurring mineral called Molybdenite. This compound
consists of hexagonal stacked nanosheets, where each individual nanosheet is three
atoms thick. The nanosheet itself is then made up of a metal molybdenum atom
(M), sandwiched between chalcogon sulphur atoms (X), giving a monolayer structure
of MX;. As already mentioned, the atoms that make up each nanosheet are bound
covalently to one another, while out of plane, the interlayer sulphur - sulphur bonds

are loosely held together by weak van der Waals forces that have a strength of about 3
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A) B)

Figure 2.6: A) A schematic of a trigonal prism with the Mo atoms in red and the S atoms in
yellow. Each trigional prism joins to form a monolayer in plane while out of plane
it stacks with a AbA, BaB where A, B are chalcogen atom layers and a, b are Mo

atom layers

% that of the intralayer binding forces. Interlayer, each Mo atoms occupies the centre
of a trigonal prismatic structure with 3 equidistant sulphur atoms bound to the top
and bottom, as seen in figure 2.6A. Each trigonal prism is then stacked one on top of
the other with an interlayer spacing of 0.62 nm, a monolayer height of 0.67 nm and an
ADbA BaB stacking sequence (as seen in figure 2.6B & C) giving the crystal its layered
structure. The hexagonal arrangement of MoS; indicates that it is 2H phase with two
monolayers per unit cell.

MoS; in its bulk form, is a semiconductor with an intrinsic indirect bandgap of
1.29 eV and an electrical conductivity of 1.58 x 107* QO cm~!. [38] However, when
a monolayer of MoS, is isolated, it becomes a direct bandgap semiconductor with
a bandgap of 1.8 eV [90] that demonstrates strong photoluminescence as a result of
quantum confinement. [91] MoS; has also demonstrated thermal stability up to 1100
°C and good mechanical properties, with a high Youngs modulus. Early measurement
of bulk MoS;, indictaed it has a Youngs modulus of Ey,j; = 0.24 TPa, [92] while more
recently, suspended nanosheets of MoS; have been shown to have a Youngs modulus
of E = 0.33 +0.07 TPa. [93] These compare favourably with graphene, the strongest

material ever discovered, which has a Youngs modulus of E = 0.8 — 1.0 TPa. [34]
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2.4.2  Production methods of MoS;

The weakly bound layered structure of MoS; has encouraged scientists to try split the
bulk crystal into individual monolayers for many years, even though at the time it
was unclear whether or not free standing monolayers could exist. Similar to graphite,
intercalation was one of the first methods to try prepare monolayer MoS,. The process
involved inserting various bulky intercalation ions, like tetrabutylammonium (TBA)
between the layers. [94] Water was also sometimes added to create hydrogen to further
separate the layers. [95] The materials prepared were characterised using X-ray dif-
fraction, which gave no indication of how thin the nanosheets were exfoliated. [95, 96]
They did however determine that they had created a metastable phase of the exfoliated
MoS;, changing the metal coordination from a trigonal prismatic (2H) to a metastable
octahedral geometry (1T). This undesirable change in crystal symmetry resulted in a
different electronic structure, [97] and structural distortions. [98, 99] The method itself
was also time consuming and extremely sensitive to environmental conditions. More
recently efforts have been made to improve on the traditional intercalation methods,
with some noteworthy successes published by Eda et al. and Zeng et al.. [100, 101]
Monolayers of MoS, were prepared however complete restoration of the 2H phase was
not fully achieved.

Another successful technique to isolate monolayers of MoS; was by micromechan-
ically cleaving the bulk MoS, crystal. Individual monolayer sheets were confirmed
using AFM and Raman spectroscopy. [38, 40, 102] Similar to graphene, the MoS,
nanosheets were deposited onto an oxidised Si wafer and an estimate of the level
of exfoliation was determined optically, by observing their colour interference on
the substrate. [40, 103, 104] This preparation method yields high quality 2D crystals,
however future applications will require the development of new processing options
that will overcome the low yield and slow processing associated with this technique.

The next approach that became a viable route to prepare 2D nanosheets of layered
TMDs and other layered crystals, like boron nitride (BN) for example, was demon-

strated in 2011 by Coleman et al. [13]. This research was an extension of liquid phase
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Figure 2.7: Butterworth - filtered HRTEM images of section of a A) BN, B) MoS, and C) WS,
nanosheet and D-F) are their corresponding intensity distributions along their

respective dotted lines. Image taken from Coleman et al. [13]

exfoliation of graphene in specific solvents and demonstrates the exfoliation of layered
crystals in common solvents. This approach provides a scalable mixture of single and
multi layered flakes of various materials. Seen in figure 2.7, are high resolution TEM
images of a A) BN, B) MoS; and C) tungsten disulphide (WS;) monolayers, displaying
the defect free, hexagonal structure of flakes after exfoliation by ultrasonication in
solvent. Further optimisation of liquid phase processing of MoS; nanosheets will be
discussed in chapter 8.

Since then there have been a number of bottom up processing options to prepare
large areas of crystalline MoS; thin films. Some of these approaches are more com-
patible with current device technologies and will result in the integration of MoS;
into future device applications. For example, they have been grown by thermal de-
composition of benzenethiol salts on Cu(111) by Kim et al., producing exclusively
monolayer MoS,, that are typically tens of nms in dimension. [105] Also Liu et al. [106]
have demonstrated the growth of large area and highly crystalline MoS; thin layers
on insulating substrates, by high temperature annealing of thermally decomposed
ammonium thiomolbdate layer in the presence of sulphur. Using the same precursor,
graphene grown on Cu (111) was shown to act as a good growth template for mono-
layers of MoS,, up to several microns long. [107] Chemical vapour deposition (CVD)
of MoS; onto amorphous SiO; substrates has been demonstrated. [108] These films

were prepared using MoO3 and S powder as the reactants and consist of mono to few
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layer MoS,. Large scale vapour phase growth has also been demonstrated, producing
mono- and multi layers of MoS; on SiO, substrates. [109] However similar to graphene,
generally these bottom up preparation routes require a lot of chemical reactants, high
temperatures, UHV conditions, but to mention a few parameters.

All preparation techniques discussed in this section still require further development
to optimise the quality, yield and size of the MoS, nanosheets. Of note, some processing

options will be more suited to specific industries for specific applications.

2.4.3 Applications of MoS;

MoS; has been shown both theoretically [110] and experimentally [13] to have excep-
tional properties that can be exploited in many fields. A monolayer of MoS, has been
shown to demonstrate superior performances in nanotribology, hydrogen production,
gas sensors and solar energy production. Most recently, the use of a monolayer MoS,
as the gate channel in a field-effect transistor (FET) with hafnium dioxide as the gate
insulator layer was demonstrated. This combination demonstrated some excellent
results with channel mobilities of up to 200 cm? V~! s7! and on/off ratios of more
than 108, proving itself as a promising replacement for silicon in a FET. [102] Monolayer
MoS; also exhibits strong photoluminesence, centred at 676 nm. [91] An increase in
luminescence quantum efficiency was observed with decreasing MoS; layer thickness,
with a 1000 fold increase in luminescence efficiency found for monolayers. [38, 91]
MoS; also appears to be promising for optoelectronic device, [111] solar cells, and
light-emitting diodes. MoS; nanosheets with their large intrinsic bandgap can also be
useful in flexible semiconducting devices. With their high Youngs modulus and tough-
ness, they can withstand deformations up to tens of nanometers elastically without
breaking. [93, 112] Smith et al., [113] also found that by preparing MoS, only and
MoS; /single walled nanotubes (SWNTs) hybrid electrodes, they displayed a higher
rate capability and higher retained capacity over 100 cycles when compared to MoS,

only electrodes (100 mAh/g versus 200 mAh/g). Du et al. [114] also demonstrated that
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restacked MoS, exhibited a higher lithium storage capacity of 850 mAh/g at 50 mA/g

and good cycle stability as a Li-ion battery electrode.

2.5 LIQUID PHASE PROCESSING, OPPORTUNITIES AND CHALLENGES

Opportunities

The processing option chosen for the duration of this research are based on liquid
phase exfoliation by ultrasonciation, of pristine bulk crystals in specific solvents.
This approach is straightforward with easily controlled parameters. It is also readily
accessible with a low cost. When successful dispersions were prepared, they can be
directly mixed or blended with polymers or other nanomaterials to prepare hybrids.
It is also very easy to spin or dip coat, filter, print or spray these dispersions. The
nanosheets can also be easily post treated, with functionalities for example. This
process is also reliable and scalable to meet industrial volume requirements and has
proved itself universal for layered crystals, with only slight optimisation required for

each different material.

Challenges

The main drawback however, is the lack of control over the level of individual flake
exfoliation and unavoidable sonication induced scission. These effects can vary con-
siderably even within a dispersion and can lead to unpredictable results with inferior
properties. To try minimise this polydispersity, a centrifugation step can be used to
narrow the flake thickness and size distribution. It was also found that by recycling
and redispersing the sediment and controlling the centrifugation, groups of flakes
dimensions can be isolated from the polydispere dispersion and will be discussed
further in chapter 6 and 8. Ultracentrifugation of the dispersion in a density gradient
medium has also been demonstrated by Green et al.. [115] This sorts graphene sheets

according to their buoyant density and has produced mono-disperse graphene disper-



2.6 CONCLUSIONS

Mechanical exfoliation
(research,
C\VD prototyping)
(coating, bio, transparent .
’, e, conductive layers,

$ 0 electronics,
a’§¢ ¢ , Pphotonics) @
el

E-" o*a - i
5 R o %
@ x
a
SiC =
(electronics, Molecular
RF transistors) assembly

(nanoelectronics)

Iz @ ¥y .. Liquid-phase exfoliation
#M + [coating, composites,
2{1"’},-,{. "tl i inks, energy storage,

| X T 5 bio, transparent conductive layers)

Price (for mass production)

Figure 2.8: Scalable graphene production options [9]

sions. Column chromatography of solution processed nanosheets is also another route
to prepare dispersions of flakes with specific lateral dimensions, [66, 116] however this

can be quite time consuming.

2.6 CONCLUSIONS

This chapter discusses the unique properties of two dimensional materials. The chapter
focuses on discussing graphene, the first two dimensional material and MoS,, its

inorganic analogy. Both materials theoretically and experimentally display unrivaled

intrinsic capabilities, and will significantly advance specific material based technologies.

The various processing options discussed in this chapter can be summarised in figure
2.8. One can see that although liquid phase exfoliation is a low cost, scalable processing
option, it suffers from reduced quality nanosheets. However, this low quality refers to
small flake dimensions and increased thickness rather than induced defects, which is
promising. This thesis aims to improve upon current solvent exfoliation techniques to

improve the overall quality of the two dimensional nanosheets dispersed.
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DISPERSION THEORY

3.1 INTRODUCTION

Before two dimensional nanomaterials were ever isolated, the liquid phase dispersion
of carbon nanotubes had been well explored, in particular the exfoliation of individual
carbon nanotubes using solvents. [117-119] It was shown that the driving factor
in nanotube exfoliation was the strength of the solvent-nanotube sidewall surface
interactions. In particular, it was seen that if the surface energies of nanotube and
solvent matched closely, dispersion would be successful, in accordance with the
solubility chemistry phrase “like dissloves like”. Consequently, since the surface
energy of carbon nanotubes is close to that of graphite, it was proposed that successful
nanotube solvents could also be used to exfoliate graphene from graphite. Hernandez et
al. performed the first experiments to investigate this in 2008. [2] The results indicated
that indeed, solvents with similar surface energies to the surface energy of graphite
resulted in favourable exfoliation of graphite into graphene. [2, 120]

In 2011, it was seen that this approach could be universally applied when trans-
ition metal dichalcogenides (two dimensional nanosheets) were exfoliated in specific
solvents with surface energies that matched the surface energy of the solute. [13] This
chapter will discuss the theoretical framework for choosing these specific solvents.
It will begin by discussing the energetics of mixing nanosheets in solvents, from a
thermodynamic perspective. This will lead us into breaking the interactions down and
discussing solubility parameters. Then, finally, the theory governing the stability of the
solvent-solute mixtures will be discussed, with specific reference to two dimensional

nanosheets.
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3.2 SOLUTION THERMODYNAMICS

The thermodynamics of a mixture are governed by the Gibbs free energy (AG,ix),
which is a function of enthalpy of mixing (AH,;y), absolute temperature (T) and

entropy of mixing (ASix).
AGpixy = AHpix — TASyix (31)

Mixing is favourable when AG,,;, is negative or close to zero. For this to occur at room
temperature, a large entropic and/or a small enthalpic term is required. Assuming
that the AS,,;, of the system is low due to the nanosheets being rigid and relatively
large, the AH,,;,y must therefore be minimised. A calculation for AH,,;, , indicating the
factors that can be controlled to minimise AH,,;, was derived for graphene [2], with

the following outcome

AH,yix ~ 2 solvent solute 2
Vmix ~ Tflake (\/Esurf \/Esurf ) 4) (32)

where \/?Wf is the square root of surface energy for the solute or solvent , Tgy, is the
flake thickness and ¢ is the solute volume fraction (K}:—I:f) This formula was rederived
specifically by Herandez et al.. [2] This analysis showed that the AH,,;, term was
minimised when the surface energy of the solvent was matched to the surface energy
of the solute. The surface energy of the solvent can be related to its surface tension (7)

as follows

solvent T Ssolvent

Y= Esurf surf (3'3)

where Szglrzj’f”t is the surface entropy and is a generic value close to 0.1 mJ/m?/K for

common CNT and graphene amide solvents. [118] Equation 3.2 expresses AVH—’;X in

mi.

terms of the difference between E;ﬁljj’f”t and ngf;jf" . When the surface energy of the
solute and solvent are matched, this will result in a minimal net energy cost. And thus
a small % term in equation 3.1, coupled with a small AS,,;, contribution, suggests
in turn that a mixture is thermodynamically favorable.

In the above mentioned approach, matching the solute and solvent surface energy

was successful at highlighting good solvents but not all of the solvents whose surface
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energy matched that of the solute (68 mJ/m?) were successful. Perhaps this is because
this approach relies on a rather crude summation of energetic terms.

In the 1930s , a theory was developed by Flory and Huggins to describe the solubility
of polymers. This theory considered three main interactions which are responsible
for determining whether mixing occurs: the solute-solute, solvent-solvent and solute-
solvent interactions. [121] Assuming that the solute and solvent molecular volumes are
similar and the molecules are small, inter-molecular pairwise interactions, €, between
the solute (A) and the solvent (B) can be accounted for by the so-called Flory-Huggins
parameter yx, [122]

_ z(2eap — €44 —€BB)

where z is the coordination number for both the solvent and solute. A relationship
between the Flory-Huggins parameter x and the enthalpy of mixing per unit volume

AH iy, can be derived, leading to this expression [122],

AHmix — X‘P(l — ‘P) kT
40

(35)
where x is dimensionless, ¢ is the solute volume fraction, and vy is the solvent
molecular volume. The enthalpy of mixing is required to be small or negative for
mixing to occur, and equation 3.5 shows that y must also be small or negative for this
condition to hold. Inspecting equation 3.4, it can be seen that this is satisfied when
solute-solvent interactions dominate.

It can be noted that ) exactly describes intermolecular interactions (unlike the
previous model, which only permitted positive or zero values for mixing), however

the drawback is that it is difficult to measure in practice. Therefore in the following

section, methods are discussed to improve the accuracy of the original model.

3.3 SOLUBILITY PARAMETERS (J)

AH,;x can also be expressed in terms of solubility parameters. Solubility parameters

are a means to assess how good a solvent will be at dissolving a specific solute. There
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are a range of solubility parameters including, for example surface tension, surface
energy, refractive index and Hildebrand solubility parameters, é7. The most commonly
used solubility parameter is the Hildebrand solubility parameter, which can be derived
from the vaporisation energy of the solute or solvent, and is related to the total cohesive

density Ec T by

_ |Ecr
or = A (3.6)

where V is the solvent molar volume. Using the expression for AH,,;, in equation 3.5,
we can also derive the Hildebrand-Scratchard expression. This expresses AH,;;, in
terms of Hildebrand solubility parameters, where ér 4 and 7 are the Hildebrand

solubility parameters of the solute and solvent respectively.

AHyix = (01,4 — 618)*¢(1 — ) (3.7)

It should be noted that this has a similar form to equation 3.2, where the difference
between the two energetic forms dominates the AH,,;, for the interacting species. é7
was shown to depend on the dispersive, polar and hydrogen bonding terms by Hansen

according to equation

02 = 0% + 02 4 6% (3.8)

where ép, ép and Jy are the dispersive, polar and hydrogen bonding solubility pa-
rameters respectively. Based on equation 3.8, equation 3.7 can be expanded for the

enthalpy of mixing as follows

AHyix = ¢ (1 —¢) [(6p,a — 0p,8)* + (Op.a — 6p,8)* + (6r,4 — O11,8)°] (3.9)

This implies that all three solubility parameters of the solvent must match those of the
solute to minimise the energetic cost of dispersion.

The cohesive energy density and the respective Hansen/ Hildebrand parameters
are difficult to measure for solutes, since solids don’t vaporise easily. However there
are a wide range of experimental and calculated values available for materials such as

graphite. [119] However ngfr‘}” was found to have a wide range of values depending
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on how measured and calculated. By comparison, there exists a vast collection of these
values for solvents.

Solute parameters can however, be estimated by inspecting the correlation between
the dispersed solute concentration and the solvent solubility parameters. Intuitively,
if successful solvents have parameters matching those of the solute, they should also
facilitate the dispersion of material. In fact recently a relationship between the enthalpy
of mixing and the maximum dispersed concentration was derived by Hughes et al.[123]

tobe:

0 0 (AHuir/V)

C « exp “RT 59

(3.10)

where 7 is the molar volume of the solute. Applying this to disks and substituting

equation 3.2 into equation 3.10, this predicts the concentration of dispersed nanosheets

to be described by
m(L/2)? lvent lute\2
Chanosheet o €Xp [_ 3 Eizzrz}entkT (Ez%‘en - EZ%‘E) (3.11)

where L is half the longest axis of the nanosheet. It has been confirmed for both

graphene and MoS, that successful solvents show a Gaussian dependence on solubility
parameters. Sometimes, the data can be quite scattered, with many solvents showing
dispersed concentrations below the predicted envelope function. [124]

It was found that good solvents for graphene and MoS; are characterised by Hilde-

1/2 [120] and 0T, Mos, = 22 MPal/2. [124]

brand solubility parameters ot g, ~ 23 MPa
Specific physical interactions between the solvent and graphene were subsequently
investigated using Hansen parameters. The effectiveness of the studied solvents was
shown to scale with proximity to the calculated Hansen solubility parameters for
graphene as dp ~ 18 MPa!/?, §p ~ 10 MPa!/? and 6y ~ 7 MPa!/2 and for MoS; as ép

~ 17.8 MPal/?, 6p ~ g MPa!’? and oy ~ 7.5 MPa'/2.

31



32

DISPERSION THEORY

3.3.1  Trouton’s rule

Trouton’s rule is an approximation rule for the derivation of the enthalpy of vapor-
isation for a liquid AH%F, at its boiling point. Thus it can be seen that the boiling
point of the solvent can provide a reasonable indication to how successful it will be at
preparing a high concentration, well exfoliated dispersion. Trouton’s emperical rule

links the boiling point (T) of the solvent to the enthalpy of vaporisation;

AH® =~ AS® x Tg~ constant x Tg (3.12)

vap vap
where AS® = 80 J/K/mol for most solvents. [125] Thus it can be shown that the

vap—

boiling point provides an indication of the cohesive energy density by

AEyy = AHg,, — RT (3.13)

and this in turn is related to the Hildebrand solubility parameter, which indicates

quantitatively how successful a solvent will be at exfoliating a solute.

3.4 DISPERSION STABILITY

Thermodynamically, all dispersions are unstable and eventually all the dispersed
material will sediment under the gravitational field. There is however a measurable
period of time where the dispersion demonstrates a quasi-stablility. This quasi-stability
is partly controlled by the solute-solvent interactions and can be determined by
monitoring the optical transmission through a dispersion as a function of time. This
data can be normalised and used to highlight the amount of quasi stable material,
their time constants and the number and amount of unstable phases in the dispersion
(post-centrifugation). [126]

According to sedimentation theory, [127-129] the concentration of a non-soluble

phase sedimenting out of a liquid is given as a function of time t by

2 _
C(t) o« Cypexp —Wt o« Cye "/ (3.14)
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where

~ f(B—rpy)
T= 2(os = py)mb (3.15)

Cy, is the initial concentration of the solute, ¢ is the acceleration due to gravity, ps
is the density of the sedimenting phase, p; is the fluid density, m is the mass per
sedimentation particle, b is the buoyancy correction factor <b =1- %), [130] f is the
frictional coefficient given by Stokes’ relation, py is the fluid pressure, and B is related
to the solid-fluid interaction force and has the dimensions of pressure.

In a real dispersion there are more than one distinct sedimenting phase, and each
phase can be characterised by its own T and concentration of that specific phase. [126]
There may also be a soluble phase; thus the local time-dependent concentration of a

dispersion with n insoluble phases and one soluble phase can be described by

C(t) = Co+ Y Cpe ™ (3.16)
n

where C is the concentration of the soluble phase. In addition, conservation of mass
dictates that the total initial concentration Cg,; should equal the sum of the soluble

phase and all of the sedimenting phases.

Crot = Co + ch (3-17)
n

3.5 CONCLUSION

This chapter provided a brief overview of the theory behind why specific solvents are
better at exfoliating specific 2D materials compared to others. It can be summarised
by stating that mixing is favourable when there is a minimal energetic stress between
the solute and the solvent. In dispersions generally, the solvent also acts to stabilise
the solute against reaggregation, and thus a determination of the quasi-stability of the
solute can be related to the solvent’s effectiveness. This is measured by monitoring

the optical transmission through a dispersion as a function of time. By fitting an
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exponential decay to the data, one can determine the percentage of stably dispersed

material and the sedimentation time constant, 7.



SAMPLE PREPARATION AND CHARACTERISATION
TECHNIQUES

4.1 INTRODUCTION

This chapter will discuss the steps involved in liquid phase processing of two di-
mensional crystals and the various analytical and quantitative techniques used to
unambiguously characterise them. The sample preparation procedure can be broken
in two main parts: ultrasonication and centrifugation. During the sonication process,
energy is added to the dispersion to overcome the van der Waals forces that hold the
individual nanosheets together and promote exfoliation. The centrifugation process
aims to separate the larger pieces that did not receive complete exfoliation from exfo-
liated nanosheets. The supernatant was separated from the sediment and stored for
further characterisation and experimentation.

The dispersion was initially characterised by absorption spectroscopy. The absorp-
tion spectra can confirm the materials” identity and by using the Lambert-Beer law the
concentration of material dispersed was determined. Consecutive absorbance measure-
ments over a period of time were used to indicate the temporal stability of the two
dimensional crystals in dispersion. The crystals were then isolated from the solvent
by dropping or filtering the dispersion onto a porous membrane. Electron microscopy
of the deposited material was used to examine the dimension, stoichiometry and
level of exfoliation of the crystals. Raman spectroscopy also indicated the flake quality
and dimension. Finally, in some cases, atomic force microscopy measurements were
performed on crystals that were spray cast onto appropriate substrates, providing a

surface profile from which crystal heights were determined.
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4.2 SAMPLE PREPARATION
4.2.1  Ultrasonication

Ultrasonication of weakly bound layered materials in specific solvents adds sufficient
energy to overcome the interlayer interactions between the layers in the crystal. During
sonication an electrical signal is converted into a physical vibration. The sonicator
is composed of an ultrasonic electric generator which creates a signal to power a
transducer. This transducer then converts the electrical input into a mechanical vi-
bration which is amplified by the sonicator and passed through the sonic bath or tip.
This transfers the vibration to the sample and causes cavitations. These caviations
of forming and collapsing bubbles, induce shockwaves which exfoliate the layered
crystals into individual nanosheets. These nanosheets are then dispersed throughout
the solvent, which aims to stabilise the nanosheets and minimise aggregation.

Sonication theory and experiments on polymers and low dimensional nanostructures
have established that ultrasonication results in both exfoliation and scission. These
arise due to the cavitation bubbles, which generate high strain rates in the surrounding
solvent. [131] The frictional forces between the moving solvent and solute can lead to
bond fractures when the load is sufficient enough. [132] It has been suggested that
this is the cause for sonication induced scission, and has been experimentally found to
exhibit an inverse power law dependence with sonication time, t, as L %, where L
is the longest axis of the solute. [131, 133] There are a variety of parameters that can
govern the level of sonication induced exfoliation and scission with time. These include
the energy density, the vial geometry, the pulsing rate, the frequency of implosion
events and the spatial distribution of cavitations, [134] some of which are not easily
controlled by the user.

There are two main sonication systems used throughout this research, an ultrasonic
bath and an ultrasonic tip. The Branson 1510E-MT ultrasonic bath had a fixed frequency
(20 kHz) transducer attached to its base, with a 2 L water capacity. It is a milder form of

sonication, typically with a power output of >25 W . The sample was then positioned
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and held inside the bath during sonication. This type of sonication exfoliates the
layered crystals into their two dimensional counterpart at good yield but requires
prolonged periods of time. Heating of the sample and water evaporation in the bath
were issues that were overcome by using a chiller system and a siphon. However,
sample reproducibility was a problem. Variability was minimised by ensuring the
sample was positioned in the center of the same bath, the same sample vessel was re
used and the sample height in the water was kept constant.

The other sonication system used was an ultrasonic probe. During this type of
sonication the vibrations travel down the probe at a user defined amplitude and cause
localised sonication. The power energy density is much higher than that of the bath
and so required less time to reach higher concentrations of dispersed material. The
probe can either be a point probe or a horn probe sonic tip. During parts of this
research a horn probe sonic tip was used, even though the power output was less than
that of the point probe. This type of probe allowed for larger volumes of dispersions
to be sonicated, typically 100 ml. A VibraCell CVX 750W was the model of sonic
probe used throughout experimentation. The sample beaker was also connected to a
cooling system that allowed for cold water (5°C) to flow around the dispersion during

sonication.

4.2.2  Centrifugation

The earth’s gravitational field causes materials above 1 um> to sediment rapidly.
However for materials below this size, centrifugation of materials in suspersion can
speed up this processes by creating a centrifugal force on the nanosheets in dispersion.
During centrifugation the unexfoliated material is forced against the wall of the vial
and collects at the bottom. The centrifuge used during this research was a Hettich
Mikro 22R. This centrifuge had a fixed angle rotor that held up to 6 samples with ~30
ml capacity in each tube. All centrifugation was performed over a 45 minute period

and the centrifuge temperature was kept constant at 40°C.
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Discussed in chapter 6 & 8, centrifugation also offers a way to size separate the two
dimensional crystals. It was observed that after a high centrifugation rate (~5000 rpm)
the supernatant contained light, thin and small nanosheets while after a low centrifu-
gation rate, it contained a combination of light, thin and small nanosheets amongst
some heavier, thicker and bigger material. By analysis of what remains suspended in
the supernatant, one can infer what remains in the sediment. This sediment can also be
redispersed and re-centrifuged. In response to the centrifugal forces applied to them,
if a high centrifugation rate is initially chosen, the small flakes will be removed in the
supernatant leaving behind larger flakes in the sediment. By redispersing this sediment
and centrifuging it at a lower centrifugation rate, the resulting flakes in the supernatant
will have a larger mean flake dimension in comparison to the first supernatant. If this
recycling of the sediment and re-centrifuging at a lower centrifugation rate than the
previous one is repeated, one can isolate the flake dimensions into groups; from the
smallest flakes to the largest in the dispersion. This method will be discussed in more

detail with respect to graphene and MoS; in chapter 6 & 8, respectively.

4.3 SAMPLE CHARACTERISATION

4.3.1  UV-Vis NIR Absorption Spectroscopy

The samples were characterised by UV-vis-NIR (ultraviolet-visible-near infrared) spec-
troscopy. UV-vis-NIR spectroscopy was used to measure the absorbance of the two
dimensional crystals in dispersion over a range of wavelengths, typically between
1600 and 200 nm. These measurements were taken with a Varian Cary 6000i dual
beam spectrophotometer, which uses a monochromator to select light of a specific
wavelength from a tungsten halogen lamp source. At specific wavelengths, different
materials absorb light differently due their unique band structure. Absorption peaks
were observed when the frequency of incident light was matched to an electronic tran-
sition. This in turn leads to a drop in transmission which is measured by comparing

the intensity of the sample beam (I) to the reference beams (Iy).
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Figure 4.1: Schematic of light attenuation by absorption of the sample

This can be related to absorbance by,

A=—In(T)=—In <IIO> (4-2)

where the absorption A, is proportional to «, the extinction coefficient of the material,

C, the concentration (mg/ml) and the path length, I by

A =aCl (4-3)

This relationship is referred to as the Lambert-Beer Law and can be used to determine
the concentration of the dispersions provided the extinction coefficient is known. A
dilution series of the 2D crystals in dispersion was also performed, to ensure all the
material in dispersion obeyed this law.

The absorption spectra for graphene were featureless, as expected [135] and A was
recorded at 660 nm [2]. The featureless spectra were expected because of graphene’s
unique band structure, unlike MoS; which is a semiconductor with a discrete band gap.
With MoS; nanosheet dispersions, as the frequency of incident light changes, electrons
are allowed to move from one state to another. This is evident by characteristic peaks in

the spectra which can provide information on electronic transitions and can be used to
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identify the material. For MoS; there are two main features at around 679 and 610 nm.
The absorbance value at 679 nm was used to determine the concentration of dispersed
material.

For both of these materials, the absorption coefficient, « was measured. To do this a
known volume, with a measured absorbance per unit cell, A/I, was filtered through a
membrane. Next by careful weighting, the concentration, C, could be measured (C =
77) and used to determine an & value in mg/ml/m. This was measured for a range of
sonication times and centrifugation rates by preparing large volumes of dispersion. It
was found for graphene that a, was relatively invariant with processing procedure,
as one would expect, with an average value of 3620 + 575 mg/ml/m. For MoS,, the
absorption spectra were superimposed on a power law scattering background (ex A™"),
thus making the absolute value of A/l unreliable. To overcome this, the scattering
background was extrapolated from the high wavelength region and subtracted. This

gave a mean af,s, of 1020 + 153 mg/ml/m.

4.3.2  Temporal Stability

The temporal stability of the dispersions were measured using a home built sedimen-
tation apparatus. [126] The apparatus consisted of four lasers (A = 650 nm) and four
photodiodes stacked vertically opposite each other and the dispersion was housed be-
tween them in a 10 mm quartz cuvette. The lasers were set to run, with a synchronised
pulse duration of 30 ms for a set period of time, typically weeks. The transmission
spectra of the laser light through the dispersion, was then converted to absorbance
per unit cell using the Lambert-Beer law. The data across the four lasers was averaged
and its respective baseline deducted. The data was then normalised and plotted as

normalised absorbance (a.u.) as a function of time (hrs).
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4.3.3 Raman Spectroscopy

Raman spectroscopy is a non-destructive, fast, characterisation technique that can give
crucial information about bulk powders and exfoliated 2D nanosheets. Both graphene
and MoS; are highly Raman active, with distinct features in their spectra. [136, 137]
During this research Raman spectra were measured using a red HeNe 633 nm laser
with a Horiba Jobin Yvon LabRAM-HR and a Witec Alpha 300R (532 nm). These
systems were operated with a 100x objective lens and diffraction grating with 600
lines mm~!. The acquisition time per pixel varied depending on the signal to noise
ratio and the spatial resolution of the laser was ~3-5 uym and 500 nm for the two
Raman spectrometers respectively. The technique itself involves a monochromatic
light source, which is directed at the sample. During this process, the majority of
light is scattered elastically (Rayleigh scattering), while a small portion of light was
inelastically scattered. The study of inelastically scattered photons is called Raman
spectroscopy and the change in energy of the scattered photons is referred to as the
Raman shift. A Raman spectra is a plot of intensity of Raman scattered photons versus
the Raman shift in wavenumbers. The peaks in the spectrum can be correlated to a set

of vibrational modes that correspond to specific materials.

4.3.3.1  Raman Spectroscopy of Graphene

The main features in a typical graphene Raman spectra are the D, G and 2D bands

1

(figure 4.2A). [138] The D band, so called after defects, can be found at ~1350 cm™".

This is associated with breathing modes in sp? carbon rings and requires a break in
symmetry due to edges or a high density of defects to become active. [139] Pristine

graphite or graphene will not display a D band; however any disruption of the graphitic

basal plane by chemical functionalities or edges will result in an increased D band.

The second main feature is the G band, found at ~1580 cm~!, it is characteristic of
sp? hybridised carbon atoms and is also found in a graphite spectrum. [140, 141]
The G-band is invariant with the number of layers, unlike the third feature, the 2D

band which lies ~2700 cm ™. [142] This is a double resonance process of the D band
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Figure 4.2: A) Raman spectrum taken of a graphene edge showing the main features the D,
G and 2D bands. This spectrum was taken with an excitation wavelength of 514
nm.[143] B) Evolution of the 2D band spectra at 514 nm with the number of layers.

C) Evolution of the Raman spectra at 633 nm with the number of layers.[136]

and is always there, irrespective of the D band. Ferrari et al. found that the shape
of the 2D band can be used to determine if it is a single or multi- layered graphene
samples. This band evolves with the number of layers and thus with the evolution of
the band structure (figure 4.2B&C). [136] For monolayer graphene, the 2D band is a
single Lorentzian peak (FWHM ~30 cm~!) with an intensity ~4 times greater than the

G peak. [136]

4.3.3.2  Raman Spectroscopy of MoS»

There are two main bands of interest when examining MoS, Raman spectra. [137,

144, 145] The E%g and the A, bands located at 383 cm~! and 409 cm ™!

respectively.
The band located at 383 cm™! is associated with in plane vibrations, while the 409
cm~! band is indicative of out of plane vibrations. Similar to graphene, the number of
layers in an MoS; nanosheet can be inferred from the spectra.[146, 147] Experimental
evidence suggests that a decrease in the frequency of the Aj; band and an increase
in the E%g band occurs with a decreased number of layers, as seen in figure 4.3. An

increase in intensity is also observed for the Aj; band. The decrease in frequency in

the A1, band occurs because there are less van der Waals interactions restricting the
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Figure 4.3: Raman spectra for bulk MoS, powder and thin (nL) nanosheets. n is labeled on the

right side of its corresponding spectrum.[146]

atoms vibrating. These shifts could also indicate the absence of long range Coulombic
interlayer interactions that are potentially there when the material is in its bulk

state.[146]

4.3.4 Electron Microscopy

When imaging an object, the radiation used to observe it must have a wavelength
comparable to that of the object. Electrons accelerated at 10 kV or 200 kV have a
wavelength of 12.3 pm or 2.5 pm respectively, making them ideal for interacting with
2D nanosheets and thus will contain information about any interaction and ultimately
the sample. Transmission electron microscopy (TEM) was chosen to characterise the
exfoliation state of the graphene dispersions and the nanosheet dispersions for two
main reasons. Firstly the ease of sample preparation and secondly the wealth of
information that can be obtained. Furthermore, structural analysis was also obtained
using high resolution transmission electron microscopy (HRTEM). Scanning electron

microscopy (SEM) of the powders was used to identify the layered strata in the powder
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Figure 4.4: Schematic of the illumination system in a TEM

and if there was an impurity phase. SEM of the filtered dispersions allowed for film

morphology, density and uniformity to be determined.

4.3.4.1 Transmission Electron Microscopy (TEM)

The TEM is made up of an electron source, electromagnetic lens, various apertures
and a phosphor screen/CCD camera. The illumination system controls the incident
beam on the sample, and is made up of a condenser, aperture and lens. These produce
a parallel beam of coherent electrons along the optic axis, to interact with the sample
(figure 4.4). [148]

Upon interaction, the beam undergoes transmission or is either scattered elastically
or inelastically. After the beam has passed through the sample, the objective aperture
only allows the unscattered electrons to travel to the projection lens system, which
projects and magnifies the beam onto the phosphor screen/CCD.

The electron source in the microscope is very important and will affect the resolving
ability of the electron beam. Two TEM’s were used during this research, one with a

thermionic LaBg filament (JOEL 2100, operated at 200 kV), which was used primarily
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Figure 4.5: Schematic of two of the modes of operation in a TEM, normal imaging mode and

diffraction mode. [148]
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Figure 4.6: Labeling of flake dimensions, L and w and identification of number of layers N.

for bright field imaging. The other TEM used contained a Shottky field emission source
(FEI TITAN, operated at 300kV) and was used for high resolution TEM (HRTEM) and
diffraction.

During bright field imaging the illumination the apertures in the illumination system
produce a coherent wavefront of electrons to interact with the sample and the objective
aperture is inserted to achieve better diffraction contrast during imaging (figure 4.5 left
side). At magnifications of typically 10,000 and above, the level of exfoliation could be
identifed. The flakes” dimensions could also be measured and statistical analysis of the
flakes” thickness, length and width could be determined. A flake’s lateral dimension
was measured by approximating the longest axis as its length, L, and the dimension
perpendicular to that at the widest point was its width, w (figure 4.6). The number
of layers, N, was estimated by zooming in on the edge of a flake and identifying the
strata where possible. As seen in figure 4.6, this flake has five layer edges that can
be easily identified. However, this was not always possible for some multi layers and
in some cases, it was only possible to estimate N. It is also expected that the errors
involved are random and so cancel out when data for many flakes are combined in a
histogram.

The TEM samples were prepared by pipetting the dispersion directly onto a holey
or lacey carbon support mesh on a copper TEM grid. The TEM grid had an area of ~ 3
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mm?, with a carbon support mesh containing pores, typically ~ 200 nm in dimension.

This allowed for the flakes to remain captured while the solvent percolated through.

Sometimes the use of a continuous carbon film TEM grid was required to ensure
flakes with dimensions > 100 nm could be captured and observed. The volume of
dispersion pipetted depended on the concentration of the dispersion and sometimes
the dispersion required dilution. The grids were allowed to dry in air or baked in a

vacuum oven, depending on the solvent used.

4.3.4.2  Electron Diffraction

The electron beam has a wavelength comparable to the crystal lattice and therefore
also contains crystallographic information about the samples. When the microscope is
set to diffraction mode, an additional selected area aperture is in place (figure 4.5 right
side). This ensures that the exit beam only carries information from a localised area
of the sample. The diffraction pattern is formed after the exit wave goes through the
objective lens, in the back focal plane. This diffraction pattern is then projected onto
the phosphor screen/ CCD for analysis. The orientation of the sample, with respect
to the beam and the samples thickness, play a strong role in the resultant diffraction
pattern. Provided the sample is crystalline, the resultant diffraction pattern will contain
spots that can be related to structural information about the crystal’s lattice (through
Braggs law). The intensity of the diffracted beam is also linked to the position of
the atoms in the unit cell through the structure factor. Such patterns can be used to
unambiguously identify mono- , bi- or multi- layered graphene. [2, 19, 149] However,
this has not been the case for MoS,, where simulated intensity ratios and structure
factor calculations have indicated that there is no distinguishable difference between

single and multi-layered nanosheets. [13]

4.3.4.3 High Resolution TEM (HRTEM)

When HRTEM information is combined with diffraction information, one can gain a
lot of information about two dimensional crystals. To achieve high resolution imaging
conditions, the condenser and objective apertures were set to the widest settings. Thus

all the diffracted beams can interfere, causing an interference pattern that will contain
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phase information. This interference pattern is then projected onto the phosphor
screen/CCD and the image is formed by phase contrast, as opposed to diffraction
contrast. However, the spatial resolution is still limited by inherent spherical and
chromatic aberrations, which can only be alleviated by the inclusion of correctors. These
correctors aim to constructively and destructively distort the beam, and thus cancel
out aberrations. Unfortunately, correctors were not accessible during this research,
however, further digital filtering in digital micrograph was sometimes used to alleviate

some of the blurriness.

4.3.4.4 Scanning Electron Microscope (SEM)

A scanning electron microscope uses a focused beam of accelerated electrons (~5 kV
) to probe the sample, while current carrying coils are used to raster scan the beam
across the sample. As the beam interacts with the sample, kinetic energy is transferred
and the incident electrons are decelerated. This energy is then dissipated as a variety
of beam-sample interactions which are monitored by a variety of detectors inside the
chamber. All SEM measurements were made using a Zeiss Ultra Plus SEM. The electron
beam generator is a thermal field emission tungsten tip, with a sintered reservoir of
zirconium oxide in the shank. Three detectors were used to monitor these interactions,
the secondary electron (SE) detector, the back scattered electron detector (BSE) and the
Inlens detector. Each detector is positioned at a discrete location to collect electrons
from a different interaction volume as seen in figure 4.7. The SE detector collects
electrons produced by inelastic scattering events that have low energy and a short
mean free path, hence contain good topography information. The BSE detector collects
higher energy, elastically scattered electrons from deeper within the interaction volume.
These energy of the scattered electrons can be used to identify chemical compositions
in multiphase samples. The Inlens detector, which is not labeled in this diagram was
also sometimes used. This detector is efficient at collecting scattered electrons from
low acceleration voltages, and is placed directly in the beams path, close to the sample,

allowing for better surface analysis.
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Figure 4.7: Schematic of an SEM, displaying the scanning coils, secondary electron and back

scattered electron detectors.
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Figure 4.8: Schematic of an AFM

4.3.5 Atomic Force Microscopy (AFM)

An AFM is a very sensitive probe microscope, with resolutions up to fractions of a
nanometre. The machine used throughout characterisation was a Vecco Dimension V,
with a SiN tip. The samples were prepared by spraying the dispersion directly onto
silicon dioxide. The principle of operation is based on a microscale cantilever with a
very fine tip ( < 10 nm), that comes in contact with the sample. This contact causes
the tip to deflect according to Hooke’s law. The deflection is then measured indirectly
by a laser which is directed onto the back of the cantilever (figure 4.8). Any shift is
then projected onto a photodiode, where a feedback loop can adjust the height of
the sample, which is sitting on a piezoelectric stage. This occurs when the AFM is
operating in contact mode. The down side to this mode of operation is that the lateral
forces between the tip and the sample can lead to the tip becoming damaged. This was
minimised by operating the AFM in tapping mode. During this operation mode the
cantilever is oscillated at, or close to, its resonant frequency (300 kHz). When the tip
came close or in contact with the sample, the oscillation amplitude fluctuates due to
interaction forces. The changes in oscillation are compared to the external reference
oscillation, and thus can provide information about the surface topography and the
flakes on the surface. The data was then imported in Gwyddion software, where flake

heights were determined.



HIGH CONCENTRATION SOLVENT EXFOLIATION OF
GRAPHENE

5.1 INTRODUCTION

The discovery of graphene and its incredible properties greatly excited the scientific
community and many researchers began working on ways to prepare this material at
high quality and high yield. Before 2008, efforts made either produced high quality
monolayers at very low yield (via micromechanical cleavage) [1] or relatively high
yield, mildly defective graphene with degraded properties (reduced graphene oxide).
[150] In order to address these issues, this research group [2, 62] and others [77, 78,
115] developed methods to exfoliate pristine graphite powder to give graphene in
the liquid phase without oxidation or defect formation. This method relies on the
exfoliation and stabilisation of graphene using specific solvents. This solvent-exfoliated
graphene has the potential to be useful in a host of applications in both industry
and research. However, these methods have one critical disadvantage: the graphene
can only be dispersed at relatively low concentration, typically o0.01 mg/ml. Such
a low concentration makes many applications completely impractical. This gives
graphene oxide a significant advantage as it can be dispersed in some organic solvents
at concentrations of up to 1 mg/ml, [67, 74] and in water at concentrations of up
to 7 mg/ml. In order to gain full advantage from dispersions of pristine graphene
in solvents, it is critical to increase the maximum concentration obtainable while
maintaining the quality of the graphene flakes. In this chapter, such a method was

demonstrated.
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5.2 EXPERIMENTAL PROCEDURE

A set of identical graphene dispersions were prepared by adding powdered graphite (as
seen in figure 5.1) (Branwell natural graphite, grade 2369, www.branwell.u-net.com/) to
N-methyl-pyrrolidone (NMP) (spectroscopic grade, Sigma Aldrich) at a concentration
of 3.3 mg/ml (700 mls, round bottomed flask). These dispersions were then bath
sonicated for various periods of time from 6 hrs to 462 hrs. It is noted that the true
power output (estimated from the measured rate of temperature increase (K/s) when
sonicating a known mass of water) tends to vary between even nominally identical
sonic baths. Throughout this work, a single sonic bath with a measured output of 23 W
was used. After sonication, the dispersions were transferred to vials and centrifuged
at 500 rpm for 45 minutes. Following centrifugation, the top 20 mls (out of 28 mls)
were carefully removed and retained for further use. The set of centrifuged dispersions
appeared darker in colour for longer sonication times, as shown in figure 5.2 inset.
The UV-vis-IR absorbance spectra were measured, appearing flat and featureless in all
cases. The concentration remaining after centrifugation, Cg, was calculated using the
absorbance per unit cell, Agsonm /I and the measured mean absorption coefficient of
graphene in NMP, a. The absorption coefficient was measured for a range of sonication
times and centrifugation rates by preparing large volumes of dispersion, measuring
Aseonm /1, and then finding the dispersed mass by filtration and weighing. It was
found to be relatively invariant with processing procedure, displaying a mean value
of a= 3630 = 575 mg/ml/m, slightly higher than the previous estimate of a= 2460 +

500 mg/ml/m. [2] Samples for TEM were prepared by pipetting a few millilitres of
dispersion onto a holey carbon grid and imaged in bright field mode at 200 kV. All
thin films were prepared by vacuum filtering the dispersion onto a porous alumina
membrane (Whatman Anodisc 47 mm, pore size = 0.02 ym). Thick films were prepared
by vacuum filtering more dispersion onto the alumina membrane, to give between 40
and 8o um free standing thick graphene films. They were dried for 24 hrs in a 65°C

oven to remove any trapped air bubbles, followed by 48 hrs in a vacuum oven at 60 °C.
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Figure 5.1: Scanning electron microscope image of Branwell natural graphite powder and

(inset) a magnified image at the edge of a flake.

5.3 RESULTS AND DISCUSSION

One can hypothesise that the concentration of exfoliated graphene dispersed in solvents
such as NMP is limited by the amount of energy added during sonication. This can be
rigorously tested by monitoring the dispersion quality, concentration, flake dimension

and thickness as a function of sonication time.

5.3.1 Graphene dispersion optimisation

Increasing the initial concentration of graphite (from 0.1 mg/ml to 3.3 mg/ml) and
prolonging the sonication time resulted in the concentration increasing steadily from
0.06 mg/ml after 0.5 hr to 1.2 mg/ml after 270 hrs, at which point it saturated, this is
shown in figure 5.2. This concentration is much larger than the previous maximum
concentration of 0.01 mg/ml [2] and is comparable to the best results for graphene
oxide in organic solvents. [69] We note that, empirically, the data closely follows a Cg

o /t trend, illustrated by the red line in figure 5.2.
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Figure 5.2: Concentration of graphene after centrifugation as a function of sonication time.
The upper axis shows the total energy output of the bath, calculated using the
measured power output of 23 W. The solid data points represent the samples whose
dimensions were used in eqn 5.1 to determine their concentration. Inset: Two 1
mm cuvettes containing graphene dispersion after 6 hrs and 180 hrs sonication,

respectively.
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5.3.2 Analysis of dispersion quality

Increasing the concentration of graphene dispersions is only useful if the dispersion
quality is maintained at these higher concentrations. To test this, TEM analysis on a
subset of dispersions was performed. A few drops, taken from dispersions sonicated
for 36, 96, 192 and 343 hrs respectively, were dropped onto holey carbon grids and
analysed using TEM. Shown in figure 5.3 are representative TEM images of the
flakes observed. Figure 5.3A shows a graphene monolayer while figure 5.3B shows a
multilayer. The monolayer can easily be identified by its well defined edges, while the
multilayer is typical of the larger objects observed regularly. Some thick multilayers
were observed on rare occasions. These objects are non-transparent to the electron
beam but have lateral dimensions similar to the thinner flakes. Of the >400 flakes
observed, only 2 were very thick objects. It can be noted that for short sonication
times, the grids were sparsely coated by flakes, making the flakes difficult to find using
TEM. Shown in figure 5.3D is a wide-field image of a TEM grid prepared from a long
sonication time sample (180 hrs). This image is covered by large numbers of flakes and
is typical of those observed for longer sonication times.

The large numbers of flakes observed make statistical analysis relatively easy for
these samples. The TEM images of the type shown in figure 5.3 were used to generate
statistical data on the exfoliation state of the graphene in these dispersions (as discussed
in further detail in chapter 4, section 4.3.4.1). For each flake observed, the length, L,
and width, w, was measured and an estimate of the number of layers per flake, N,
was determined. This was done for approximately 100 flakes for each sonication time.
The monolayers were identified by their well defined, straight edges and characteristic
diffraction pattern, [2] where the inner spots ({1100}) are more intense that the outer
spots ({2110}). An example of a graphene bilayer diffraction pattern can be seen in
figure 5.3C inset, where the intensity of the {1100} reflections are less intense than the
{2110} reflections.

The statistical results of the flake thickness, length, width and aspect ratio (%)

are summarised in figure 5.4. It is worth noting that the distribution of flake thick-
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Figure 5.3: TEM images of graphene flakes observed during this work. A) a monolayer, B) a
multilayer and C) a bilayer graphene flake with corresponding diffraction pattern,
where the intensity of the {1100} reflections are less intense than the {2110}
reflections, and D) a wide field image showing the large quantities of flakes observed

after long sonication times (180 hrs)
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nesses for the most concentrated sample (Cg = 1.2 mg/ml, 343 hrs sonication time) is
characteristic of a well-exfoliated sample.

This data shows < w >, < L >and < N > the mean width and length of flakes and
number of layers per flake as a function of sonication time. The mean number of layers
per flake is close to 3 for all sonication times. However, the lateral dimensions of each
flake decreased significantly with sonication time, with the mean length falling from
~ 3pum to ~ 1 ym and the mean width falling from ~ 1 ym to ~ 300 nm. In fact,
the data for both flake length and width, scale with the inverse square root of time:
<L>« \2 and < w > \}E This behaviour is expected theoretically and discussed
in further detail in chapter 4 section 4.2.1. [151] We note that this time dependence

explains a number of aspects of the data outlined in figure 5.4.

L
The mean flake aspect ratio, <> was also determined and stayed almost constant
w

L
at 2.5-3 for all sonication times. That <w> # 1 suggests that asymmetric flakes are

favoured during the sonication and exfoliation process. From the statistical data, we
Ni234
Total

found that the fraction of flakes with < 5 layers,

, layers was between 80% and

90% for all samples. In addition the fraction of monolayers, , increased from

Ntotal
~10% for the short sonication times to ~ 20% for the longer times.

5.3.3 Correlation of concentration and flake size

This research suggests that the increase in graphene concentration can be correlated
to a decrease in flake dimensions, as sonication time is increased. It has been shown
for dispersions of nanotubes in NMP, the equilibrium bundle diameter is set by the
concentration, such that each bundle has an associated volume of solvent close to the
volume of the sphere whose diameter equals the bundle length, as illustrated in figure
5.5, left side. [152] The physical basis of this is that when the bundles are brought
closer, by debundling, collisions can occur between rotating adjacent bundles, resulting
in aggregation. Given that nanotubes in NMP can spontaneously split from the bundles
by desorption, spurred by dilution, [119] resulting in a dynamic equilibrium which

sets the relationship between bundle diameter and concentration. If such a correlation
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Figure 5.5: Schematic illustrating the hypothesis that the concentration of both nanotube and
graphene dispersions are determined by the volume of the solvent sphere defined

by the tube or flake dimension

exists here, each graphene flake should reside in a solvent volume equal to the volume
of the sphere defined by the flake length, illustrated in figure 5.5, right side.

If this is the case, the dispersed graphene concentration can be expressed as the mass
of the average flake divided by the volume of its associated sphere. In this scenario,

the concentration is given by:

P <L><w><N>d  6pcd<w><N>
~k N3 ~k T <L >? o Vi
47r<2) /3

where k is the proportionality constant, pg is the density of graphite (2200 kg/m?),

Ce

(5.1)

and d is the inter layer spacing for individual sheets of graphene in graphite (0.35 nm).

Equation 5.1 also explains the observed scaling of Cg with v/t. To further investigate
this correlation between flake size and concentration, equation 5.1 can also be used to
work out the calculated graphene concentration using the data derived from the flake
size statistics, < N >, < L > and < w >. The calculated values are plotted as the red
line fit in figure 5.2.

These values (seen as solid data points in figure 5.2) are in good agreement with
the measured data (open data points figure 5.2), for k = 1. This confirms that the
observed concentration is controlled by the flakes” dimensions. Given the invariance
of < N > with time and the observed scaling of < L > and < w > with \}f , the V/t
dependence emerges naturally from equation 5.1. k = 1 is not general behaviour and

was a surprising result. This represents a state of the system when the concentration is

close to the maximum value, set by the flakes” dimensions and also by the fact that
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each isolated flake resides in its own sphere of solvent. This is most likely due to the
low centrifugation rate of 500 rpm, that was used to centrifuge these samples. This rate
was chosen as the lowest rotation rate that was shown to remove all large aggregates in
preliminary experiments. Thus this scenario represents the maximum concentration of
well dispersed flakes. Higher rotation rates will result in the removal of more material,

leading to reduced concentrations and values of k < 1.

5.3.4 Centrifugation rate dependence

It was also observed that increased rotation rates produced a decrease in dispersed
concentration. To test this, a fresh sample was prepared using the experimental method
outlined previously and sonicated for 146 hrs. The dispersion was then divided into
4 equal volumes and these were centrifuged at 4 different rates ranging from 500 to
4000 rpm. Following centrifugation, their absorbance was measured and concentration
determined and plotted as a function of centrifugation rate, as shown in figure 5.6.
Unexpectedly, the decay does not scale off as the inverse square of centrifugation rate.
It is also important to point out that this decay does not invalidate equation 5.1; rather
it suggests that k is a function of the rotation rate, with k = 1 corresponding to the
lowest rotation rate.

One might expect that smaller, lighter flakes would remain suspended in the su-
pernatant after higher rotation rates. To test this, TEM analysis was performed on
the four dispersions. The measured flake lengths and widths were plotted against
centrifugation rates as seen in figure 5.6 inset. Both flake dimensions fell from <L> =
1.02 £ 0.07 ym, <w> = 0.38 =+ 0.03 ym and <N> = 3.1 £ 1.6 for the 500 rpm sample
to <L> = 0.54 + 0.05 ym, <w> = 0.19 £ 0.01 ym and <N> = 2.9 &£ 0.8 for the 4000
rpm centrifuged sample. This proved that primarily smaller flakes remain dispersed

following centrifugation at high rates.
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Figure 5.6: Concentration of graphene as a function of centrifugation rate for a constant
sonication time of 146 hrs. Inset: < L > and < w > as a function of centrifugation

rate.

5.3.5 Defect analysis

Thus far, we have seen that highly exfoliated graphene dispersions can be produced
at reasonably high concentrations. However, as this procedure requires sonication for
long times, the possibility of defect formation must be considered. To test this thin films
(~ 50 nm thick) were prepared by filtering a number of graphene dispersions through
porous alumina membranes. Their Raman spectra were measured at 10 different spots
on each film before normalising and averaging the spectra. The resultant spectra for
the 36 and 192 hrs sonication films are shown in figure 5.7. Also shown is a spectrum
of the graphite powder. There are three bands of note, as discussed in chapter 4, section
4.3.3.1. These are [136] : the D band (=~ 1350 cm™1!), the G band (=~ 1600 cm~!) and the
2D band (= 2700 cm™!). The D band gives evidence of the presence of defects due to
either edges [139] or topological defects in the sheet. We note that the starting powder
displays a small defect population. We can quantify the defect level by the D to G
band intensity ratio, Ip/Is. As shown in figure 5.7 left inset, Ip /I increases gradually

with sonication, prompting investigation as to whether this increase was due to the
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formation of basal plane defects or new edges. It was known from statistical TEM, that
as the flakes get smaller with sonication time, the total edge length increases. This is
consistent with the data in figure 5.7.

We can further quantitatively test this by noting that for edge defects, Ip should scale
with the flake-edge length, while I should scale with the flake area. Approximating
the flakes as rectangular, this means the ratio should scale as:

Ip 1 1

<E>°< <L> <ws (5:2)

As shown in figure 5.8, this is indeed seen to be the case, for both sample prepared
for different sonication times and centrifugation rates. It is interesting to see that both
sample sets sit on the same straight line. This supports the idea that the increase in the
intensity of the D band can be attributed to the introduction of new edges as the larger
graphitic crystallites are broken down.

Given the the data in figure 5.8 and the observed time dependences of <L> and <w>,
it can then be shown that <Ip/Iz> , should scale with /¢ , which is approximately the
case, as illustrated by the dashed line in figure 5.7 right side inset. This validates the
use of long sonication times, as the presence of basal plane defects would be undesired
and expected to significantly degrade the electronic properties.

The shape of the 2D band must also be considered. The shape of this band is
indicative of the number of layers per flake. [136, 153] For flakes thicker than ~ 5
layers, the Raman spectrum is considerably different from that of graphene. None of
the 70 spectra measured for the thin films described above displayed graphite-like
character. Rather, all spectra were consistent with flakes of 3-5 layers in good agreement
with the TEM data. Of note, this also suggests that the graphene does not revert back
to AB stacked graphite during film formation. Thus the films consist of a disordered

arrangement of randomly re stacked but weakly interacting few layer graphene flakes.
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Figure 5.7: Raman Spectra of starting graphite powder and of thin filtered films prepared after
36 hrs and 192 hrs sonication (500 rpm) and after 146 hrs sonication but centrifuged
at 500 rpm and 4000 rpm. Inset on left side: D band to G band intensity ratio as a
function of centrifugation rate. Inset on right side: D band to G band intensity ratio
as a function of sonication time. The errors are standard errors of the distribution
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Figure 5.9: Sedimentation behaviour for graphene dispersions (diluted from 1 mg/ml to 0.01
mg/ml) in NMP. The data can be fitted well by an exponential decay (red) described
by the parameters shown. Inset: A TEM image of a graphene flake following

dilution.

5.3.6 Temporal stability

To check that these highly concentrated dispersions were stable, their stability was
measured using the sedimentation apparatus previously described in chapter 3. The
stock dispersion was however too concentrated to measure directly and required a
dilution to allow adequate light through for a reliable transmittance measurement. The
dispersion was diluted 100x with NMP, then bath sonicated for 15 mins to homogenise
it. The sedimentation was measured by tracking the optical absorbance over a week
(168 hrs). As one can see from figure 5.9, the dispersion was very stable showing < 15%
sedimentation. The sedimentation curve could also be fitted to an exponential decay,
where Cy represents the fraction of graphene stable against sedimentation and was

calculated to be ~ 80 + 10 % for this sample, with a time constant T = 175 + 10 hrs.
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Figure 5.10: An SEM profile image of a free standing graphene film. This particular dispersion

was sonicated for 96 hrs. Inset: A photograph of the free standing film.

5.3.7 Free standing film formation

Access to high quality, high concentration graphene dispersions facilitates a number
of areas of research such as composite and film formation. This can be illustrated by
preparing thick, free-standing films from dispersions sonicated for a range of times.
The films were prepared by vacuum filtering the dispersions onto alumina membranes
to give films ~ 40 - 80 ym thick with densities of between 1200-1350 kg/m?> (and so
porosities of between 40 and 45 %) They were dried for 24 hrs in a 65°C oven followed
by 48 hrs in a vacuum oven at 60°C. No annealing, washing or post treatment was
performed on these films, and they were easily removed from the membrane substrate
by slightly bending it. In all cases, the films displayed a shiny metallic sheen as seen in
figure 5.10 inset, which was consistent with what has been observed for previously
reported films of reduced GO. [71] SEM imaging of the film edge showed it to display
a well defined layered morphology (figure 5.10). The flakes also are reasonably well

packed, even though the porosity was relatively high.
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5.4 CONCLUSIONS

In this chapter a method to prepare dispersions of graphene in NMP at concentrations
of up to 1.2 mg/ml by extended sonication was demonstrated. The flake dimensions
decreased with sonication time as %, while it was found that the concentration can be
directly related to the flake size. The intensity of the Raman D band increases with
time as V¢, and can be attributed to the formation of new edges rather than basal
plane defects. These dispersions can be formed into free standing films. It is believed

that this method will greatly facilitate the preparation of materials such as composites

or transparent films.
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SIZE SELECTION OF GRAPHENE FLAKES BY CONTROLLED
CENTRIFUGATION

6.1 INTRODUCTION

Solvent or surfactant exfoliated graphene gives defect-free flakes but with a relatively
low monolayer content. Each method results in dispersions with concentrations of
up to a few mg/ml, and can be produced up to liter quantities. [69] However both
methods have one very serious weakness; they tend to produce small flakes. Dispersed
GO is generally produced as flakes with lateral size ~100s of nm, while solvent or
surfactant exfoliated graphene is usually characterised by flake size ~1 micron. This
is a significant problem. Liquid exfoliation of graphene is usually presented as a
method to produce graphene in large quantities for applications such as in composites
or films. However, many of these applications require flakes which are considerably
larger than those currently available. For example, Gong et al recently showed that in
order to produce effectively reinforced graphene-polymethylmethacrylate composites,
the flake length would have to be a few microns or greater. [4] Currently available
exfoliated graphene is usually significantly smaller than this, which partly explains
why most graphene composite papers describe reinforcement values much lower than
the theoretical limit [154] of dY/dV; ~ 1 TPa where Y is the composite modulus and
V; is the graphene volume fraction. [155-164]

Alternatively, conducting graphene networks have been mooted as potential trans-
parent electrodes or supercapacitor electrodes. However, the conductivity of such
networks is limited by interflake junctions. [165] Smaller flakes result in more junctions
and thus lower conductivity. [166] Thus, there is a real need to increase the size of the
dispersed flakes. Ideally, optimisation of the dispersion/exfoliation process to give

larger flakes would be most suitable. However, while some progress has been made
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in this area, it is worth exploring methods to post-treat existing dispersions to select
flakes by size. Green et al have already demonstrated that surfactant-exfoliated flakes
can be sorted by thickness using density gradient centrifugation. [115] However to our
knowledge, size selection has not been demonstrated for lateral size i.e. flake length. In
this chapter, a method is demonstrated to take an existing dispersion of graphene in a
solvent and separate flakes by size, using controlled centrifugation. A set of dispersions
with mean flake lengths varying from 1 to 3.5 microns were prepared. The method
is versatile and can easily be applied to surfactant stabilised graphene or indeed any

exfoliated layered compound. [13]

6.2 EXPERIMENTAL PROCEDURE

1.65 g of graphite powder (Sigma Aldrich) was sonicated in 500 ml of NMP (C;=
3.3 mg/ml) in a sonic bath for 168 hrs. This was the stock dispersion used for all
experiments. After each centrifugation, 80% of the supernatant was pipetted off.
TEM measurements were made on samples prepared by drop casting a few drops of
dispersion on to a holey carbon grid. Thin films for Raman analysis were prepared by
vacuum filtration of the dispersion through a porous membrane (PVDEF, pore size of

0.45 pm ). Raman measurements were performed using a 633 nm wavelength laser.

6.3 RESULTS AND DISCUSSION

While liquid phase exfoliation generally results in flakes which are small on average,
< 500 nm, the flake size distribution can be quite broad. In this chapter, methods to
post-treat dispersions of exfoliated graphene to predominately select flakes from the
upper end of the distribution is demonstrated. However, to achieve this, the baseline
flake size distribution achieved was determined by using the standard dispersion

techniques.
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6.3.1  Normal dispersion properties

A stock volume of graphene-NMP dispersion was prepared as detailed in the ex-
perimental section above. As a baseline, 20 mls of dispersion was centrifuged at 500
rpm for 45 minutes. The concentration of the supernatant was measured by optical
absorption to be 0.45 mg/ml. [3] TEM analysis showed the supernatant to be rich
in multilayer graphene flakes with a typical example shown in figure 6.1. From the
TEM images, the length for ~go flakes was measured. In addition, the flake thickness
was estimated (i.e. the number of stacked monolayers per flake, N) using the edge
counting method. [3] These data are summarised in the histograms in figure 6.2. The
flake length varied from ~150 nm to ~4 ym (mean 1.1 ym), while the flake thickness
varied from 1 to 6 monolayers (mean 2.8) and is typical of what is found for sonicated
solvent-exfoliated graphene. [2, 3, 7, 120] Taking these as the baseline, we aimed to
increase the dimensions of the flakes .

However, it is important to point out that these are not absolute limits because
such a small sample is extremely unlikely to contain the largest and smallest flakes in
the distribution. Thus, small populations of flakes outside these limits probably exist,
although they were not observed during the statistical analysis. In addition Raman
analysis of a film prepared by vacuum filtration of this dispersion gave a spectrum
typical of graphene. The Ip/I; band ratio was larger than that of the starting powder

by ~0.2, a result which is consistent with small defect free flakes. [3, 62, 80]

6.3.2 Controlled centrifugation

While size selection can be achieved by chromatography, [167] this method usually
gives limited quantities of size selected material. Thus, for practical reasons, a con-
trolled centrifugation approach was adopted. As seen in chapter 5, for centrifuged
graphene dispersions, the average lateral flake size decreased as the centrifugation
rate (rpm) was increased. [3, 8o] This meant that centrifugation at a high rate results in

the separation of small flakes which remain dispersed from large flakes that sediment

71



72 SIZE SELECTION OF GRAPHENE FLAKES BY CONTROLLED CENTRIFUGATION

Figure 6.1: TEM images of exfoliated flakes prepared by bath sonication and centrifuged at 500

rpm without size selection.

<N>=2.8

Number

Figure 6.2: Histrograms of flake lengths, L, and flake thicknesses for the flakes, N, which is
expressed as the number of stacked monolayers per flakes. These distributions

represent the flakes found in the normal dispersion dicsussed above (figure 6.1).
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Figure 6.3: Schematic of controlled centrifugation process.

out. The sediment can be redispersed resulting in the flakes being separated by size
into two different dispersions. It is noted that the dispersions of sonicated graphite
always contain some unexfoliated graphitic crystallites. [2] These must be removed by
a centrifugation step, with 500 rpm usually enough to remove the graphitic crystallites
while leaving the flakes dispersed. Thus, when redispersing the sediment it is always
necessary to centrifuge. However, one can choose the centrifugation rate. If one chooses
500 rpm to remove only the crystallites, the result will be that the initial supernatant
will contain small flakes, the redispersed centrifuged sediment with medium sized
flakes, and a second sediment containing large flakes and crystallites. This suggests
that controlled centrifugation can potentially act as a size selection mechanism. To test
this, a controlled centrifugation-based, size selection procedure was designed and is

summarised in figure 6.3.
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To begin, a stock dispersion was prepared using the same conditions mentioned
in the experimental procedure, except we centrifuged the sample at 4000 rpm (all
samples were centrifuged for 45 mins). The supernatant was set aside and the sediment
redispersed in 16 mls NMP by bath sonication for 15 mins. This redispersed sediment
was then centrifuged at 3000 rpm, the supernatant was decanted and set aside, and
the sediment again redispersed in 16 mls NMP. This procedure was repeated a further
four times, centrifuging the redispersed sediment at 2000, 1000, 700 and 500 rpm, each
time collecting the supernatant. After the 500 rpm centrifugation, the procedure was
stopped, as it was found that 500 rpm was the minimum centrifugation rate required

to remove unexfoliated graphitic crystallites.

6.3.3 Analysis of dispersion quality

Each of the supernatants were then analysed by absorption spectroscopy to measure
the dispersed concentration. It is worth noting that to achieve a range of size separated
samples, it was necessary to centrifuge at successively lower rates. It was found, that
if the procedure was attempted with the same centrifugation rate at each step, the
same flake size will be achieved in all supernatants, albeit at a reduced concentration.
Shown in figure 6.4 are the dispersed concentrations as a function of final centrifugate
rate experienced by the sample. The concentration falls from a high value of ~o.17
mg/ml for the 4000 rpm sample to a constant value of ~0.05 mg/ml. The final sample,
centrifuged for the last time at 500 rpm displayed a slightly higher concentration of

~0.1 mg/ml.

6.3.4 Defect analysis

In addition, the supernatants were vacuum filtered to form thin films which were
analysed by Raman spectroscopy. A typical Raman spectrum measured on a film
prepared from the sample whose final CF rate was 500 rpm is shown in figure 6.5

inset. These spectra have the D, G and 2D bands typical of graphitic material. Similar
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Figure 6.4: Dispersed concentration measured by absorption spectroscopy as a function of final

centrifugation rate.

to chapter 5, the ratio of the intensities of the D and G bands, Ip/Ip can give some
information about the sample. This ratio decreases from ~0.22 to ~0.08 as the final CF
rate is decreased from 4000 to 500 rpm. For solvent exfoliated graphene flakes, this
band is thought to be associated with the presence of flake edges and so is linked to
the flake length by

Ip/Ic — (Ip/1G) powder = k/L (6.1)

where k is a constant. [3, 7] Thus the decrease in Ip/I; with decreasing rpm is a

manifestation of increasing flake size.

6.3.5 Measurement of flake dimension with centrifugation rate

The increase in flake length with decreasing (final) rpm can be confirmed by TEM
analysis of the 3000, 1000 and 500 rpm samples. Shown in figures 6.6A-E are typical
TEM images for the 3000 and 500 rpm samples. It is immediately clear from the images
that the 3000 rpm flakes are much smaller than the 500 rpm ones. To confirm this, the

individual flake length, L, and the individual flake thicknesses, N, for ~50-100 flakes
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Figure 6.5: Ratio of Raman D:G bands measured on films prepared from size selected disper-
sions as a function of final centrifugation rate. Inset: Raman spectra for the film of

size selected flakes prepared after a final centrifugation at 500 rpm.

for each CF rate was measured and is shown in figure 6.7. It is clear from this data
that L increases as the final CF rate decreases. The mean values of L were measured
to be 3.3 & 1.2, 1.6 0.2 and 0.94 =+ 0.1 ym for the 500, 1000 and 3000 rpm samples

respectively as shown in figure 6.8.

6.3.6  Correlation of flake dimension with Ip/lg and centrifugation rate

This data, in combination with the Raman data, can be used to estimate k (in equation
6.1) by plotting Ip /I versus <1T> (figure 6.8). This gives a value of k = 0.17 £ 0.05,
slightly different to the previously found value of 0.26, in chapter 5 figure 5.8. [3, 7]
This fit also gave a band intensity ratio for the powder of (Ip /1) powder = 0.037, which is
in good agreement with the measured value of 0.03. The reason for this discrepancy is
unclear although it is noted that different graphite was used here (Aldrich) compared
with the previous work (Branwell).

Equation 6.1 can also be used to estimate the flake length from the Raman data as

shown in figure 6.9. This data shows a continuous increase from ~1 ym for the 4000
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Figure 6.6: TEM images of flakes prepared during the controlled centrifugation process shown
in figure 6.3. The final centrifugation rate was 3000 rpm for A & B) and 500 rpm for

C-E).
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Figure 6.8: The Raman D/G band intensity ratio plotted versus inverse mean flake length for
the bath sonicated 3000, 1000 and 500 rpm samples. The dashed line represents
ID/IG_(ID/IG)powder ~ 0.17/L. The error associated with the slope is & 0.05. N.B.

this slope differs from the previously reported value of 0.26. [3]
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Figure 6.9: Mean flake length as measured from TEM and as estimated from both Raman and

TEM. The dashed line indicates an empirical scaling behaviour of w~0®.

rpm sample to ~3.5 ym for the 500 rpm sample. It can be noted empirically, that the
flake length scales with final CF rate as w~%°.

While the mean values of N were 3.2 £ 0.6 and 3.0 & 0.4 respectively for the 3000
and 1000 rpm samples, similar to the normal dispersion, <N> was 7.3 £1.1 for the
500 rpm sample, which is considerably larger. This means that the flake aspect ratio
(here defined as length/thickness i.e. L/(N x 0.35nm)) does not necessarily increase
monotonically with final CF rate. In fact the measured aspect ratios were 990 + 150,
1680 + 270, 1310 + 140, 1180 £ 240 for the 3000 rpm, 1000 rpm, 500 rpm and normally
dispersed samples respectively. In spite of the slightly increased thickness of the 500
rpm flakes, their increased length will be advantageous for a range of applications
from mechanical composites [4] to conducting thin films [168]. Their thickness varied
in the range 6 < N < 12 while their length varied in the range 1.2 ym <N < 7.8 ym.
It is noted that the smallest flake observed in this sample were larger than the mean
for the normal dispersion. In addition, it should be possible to use this size-selected

sample as a starting point for further centrifugation-based treatment in order to refine

the sample and narrow the length distribution.
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6.4 CONCLUSIONS

This chapter demonstrated that controlled centrifugation can be used to separate
graphene flakes by size. Centrifugation at high rates resulted in small flakes being
dispersed but larger ones sedimenting out. The sediment was collected and redispersed.
Centrifugation at a lower rate then resulted in a dispersion of slightly larger flakes and
the rejection of the rest. Repeating this procedure a number of times resulted in the
separation of the original dispersion into a number of fractions each with different
mean flake lengths, in this case from ~1 to ~3.5 ym. Although it has been demonstrated
for solvent exfoliated graphene, it can be easily extended to surfactant exfoliated
graphene or indeed any exfoliated layered compound. This will be demonstrated later

in chapter 8.[13]



GRAPHENE EXFOLIATION AND DISPERSION IN LOW
BOILING POINT SOLVENTS

7.1 INTRODUCTION

Recent developments in liquid phase exfoliation of graphite to produce graphene mean
that it is now possible to prepare large quantities of dispersed graphene cheaply and
easily. There are two main methods to exfoliate graphene; using high surface tension
solvents [2, 3, 77, 78, 120, 169] or in water using surfactants [62, 80, 115] or polymers
[170] as stabilisers. These methods have been very successful and have led to a number
of advances including the preparation of polymer-graphene composites, [170] facile
production methods for transparent conductors [171] and the sorting of graphene by
layer number. [115] However, these methods still face some problems. For example,
when processing graphene from surfactant dispersions it can be difficult to remove
residual surfactant. [62] Alternatively, the best solvents tend to be non-volatile [120]
causing problems with processing. This is because the energetic cost of exfoliation
falls as the solvent’s Hildebrand solubility parameter approaches 23 MPa!/? (which
is equivalent to saying that the surface tension approaches 40 mJ/m?). [2, 118, 120]
As discussed in chapter 3, section 3.3.1, Trouton’s rule links the solubility parameter
to the boiling point (Tp) through the enthalpy of vaporisation. This generally means
that the best solvents tend to have high boiling points. This can make it difficult to
remove solvents when processing graphene into films or composites. [2] In particular,
it is virtually impossible to deposit individual flakes from solvent exfoliated graphene
as aggregation tends to occur during the slow solvent evaporation. [2] While graphene
dispersions in high boiling point solvents have been transferred into low boiling point
solvents by solvent exchange, [172] it would be preferable to have a method which

allows the direct exfoliation of graphite to give stable dispersions of graphene in low
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boiling point solvents. Such a method would greatly simplify graphene exfoliation and
significantly expand the number of applications of liquid exfoliated graphene.
It is noted, that if good solvents such as N-methyl-pyrrolidone (NMP) have solubility

parameters of around 23 MPa!/?

and boiling points close to 200 °C, then the logical
corollary of this is that mediocre solvents have lower solubility parameters and lower
boiling points. The cost of mediocrity is generally low concentration and possibly
poor exfoliation quality and stability. The research presented in this chapter explores
if it possible that such issues can be addressed by the optimisation of processing

procedures to give good quality, high concentration, stable dispersions in low boiling

point solvents.

7.2 EXPERIMENTAL PROCEDURE

All solvents used were of Chromosolv grade and were purchased from Sigma Aldrich:
Acetone (product number 34850), Chloroform (product number 366919), Isopropanol
(CAS 67-63-0), Cyclohexanone (product number 398241), N-methyl pyrrolidone (prod-
uct number 69120) and Dimethylformamide (product number 15440). The concen-
tration was determined using UV-vis-IR spectroscopy. Thin films were prepared by
filtering the dispersion onto porous polyvinylidene fluoride (PVDF) membranes with
a nominal pore size of 0.22 ym. Individual flakes were deposited onto SiO, using an
airbrush spray gun (Evolution Airbrush, www.graphicsdirect.co.uk). The gun was held
approximately 2 cm from the substrate and the graphene flakes in dispersion were
carried to the substrate by an injection of nitrogen at 2 Bar pressure. The spraying was
pulsed (5 second intervals) to allow for solvent evaporation. No additional heat or
silanisation of the surface was required. A palladium grid reference with dots > 20 nm,
was sputtered onto freshly cleaved SiO, (300 nm thermally grown oxide) allowing the
flake positions to be recorded for subsequent characterisation. The substrate was also
cleaned for 10 minutes in an oxygen plasma (Diener barrel asher) before spraying. All
sonication was performed in the same low power sonic bath with a nominal power

output of ~16 W.
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7.3 RESULTS AND DISCUSSION

7.3.1 Dispersion of graphene in low boiling point solvents

Previous work in this group has demonstrated that chloroform, isopropanol (IPA) and
acetone can disperse graphene at low concentration (3.4, 3.1, 1.2 pg/ml respectively).
[120] While, these concentrations are far too low for most applications, such solvents
have the significant advantage of having relatively low boiling points (61, 82, and 56
°C respectively). Earlier in chapter 5 it was shown that the concentration of graphene
dispersed in NMP can be increased dramatically by sonicating at low power for very
long periods of time. [3] Thus, in order to attempt to produce high concentrations of
exfoliated graphene in these low boiling point (BP) solvents, graphite powder (initial
concentration 3.3 mg/ml) was sonicated for 48 hrs in a low power sonic bath. Each
dispersion was then split into three and each portion centrifuged at three different
rates; 500, 2000 and 5000 rpm. The top 6 mls (out of 10 mls) was then removed by
pipette. In addition, graphite powder was dispersed using identical procedures in
three high BP solvents - NMP, DMF and cyclohexanone — all of which are known to
exfoliate graphite. [120] In all cases, the dispersed concentration after centrifugation
(CF) was measured using UV-vis-IR spectroscopy (taking the absorption coefficient to
be & = 3620 mg/ml/m). The concentration of dispersed graphene for all six solvents
was calculated, at three rotation rates, and was plotted in figure 7.1. Previous work has
shown that higher rotation rates result in the retention of smaller flakes. [3, 80] The data
for the three high BP solvents is similar with concentrations of ~1, ~o0.5 and ~0.2 mg/ml
obtained for CF rates of 500, 2000 and 5000 rpm. These concentrations are much higher
than those originally reported for good solvents (typically ~10 pg/ml) [2, 120] and
compare well to recent reports of high concentrations of graphene dispersed in NMP.
[3] Likewise, the data for isopropanol and chloroform are similar with surprisingly
high concentrations observed: ~0.5, ~0.2 and ~0.07 mg/ml for CF rates of 500, 2000 and
5000 rpm. Acetone gave poorer results: ~0.08, ~0.025 and ~0.01 mg/ml for CF rates

of 500, 2000 and 5000 rpm. However, all three solvents show significant improvement
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Figure 7.1: Concentration of dispersed graphene as a function of centrifugation rate for three
high boiling point and three low boiling point solvents. The boiling points are

shown at the top of the figure.

on previous results which gave concentrations of graphene in chloroform, IPA and
acetone of 3.4, 3.1, 1.2 ng/ml respectively (all obtained with much shorter sonication
time; ~30 minutes and lower initial graphene concentration, ~0.1 mg/ml). [120]

It is important to check if these relatively high concentrations are compatible with the
postulated dispersion mechanism discussed in chapter 3. Previously, it was suggested
that good solvents are those whose Hansen solubility parameters match reasonably well
to those suggested for graphene. [118, 120] These parameters represent the dispersive,
polar and hydrogen bonding contributions to the cohesive energy density of the
material and measure the energy required to disperse one phase in another. [122, 173]
For both carbon nanotubes [117] and graphene [120] dispersed in solvents, dispersion
quality is particularly sensitive to the dispersive Hansen parameter, dp; successful
dispersions are only achieved for solvents with 15 MPal/? < ép < 21 MPal/2. [120]
Conversely reasonable dispersions can be achieved for a much wider range of polar,
op, and H-bonding, dy, Hansen parameters (from 2-3 MPal/? to 17-18 MPal/? in each
case). [120] This suggests that the concentrations achieved in the present study should
be controlled primarily by dp. In figure 7.2 the graphene concentration was plotted

for the 5000 rpm dispersions against the solvent Jp. The dashed curve represents the
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Figure 7.2: Graphene concentration (5000 rpm) as a function of dispersive Hansen parameter
for the solvents shown in figure 7.1. The dashed line illustrates the behaviour found

by Hernandez et al, [2] rescaled to match the data for cyclohexanone.

envelope of the data reported previously for graphene, dispersed at low concentration
in a wide range of solvents. [120] With the exception of chloroform, all solvents match
very well to the dashed line. We suggest that the chloroform data is significantly

1/2 is at the very edge of the

below the dashed line because its dp value of 3.1 MPa
allowed range (2-3 MPa'/? to 17-18 MPa'/?). [120] This results in the reduction of the
concentration of graphene in chloroform, below what would be expected by analysis
of dp alone. By contrast the ép and Jy values of the other solvents are much closer to

the center of the accepted Hansen parameters range for graphene, which also shown

in table 7.1.

7.3.2  Graphene dispersion optimisation

As discussed in chapter 5, the concentration of dispersed graphene can be achieved by
increasing the sonication time, t. [3, 80] Longer sonication times result in smaller flakes
which can be dispersed at higher concentrations. [3] Thus, dispersions of graphene
in IPA and chloroform (initial graphite concentration of 3.3 mg/ml, 250 ml, round

bottomed flask, sonic bath) were prepared for a range of sonication times followed by
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Solvent Sp(MPa)l/2 | 5p(MPa)'/2 | 5 (MPa)l/2
DMF 17.4 13.7 11.3
NMP 18 12.3 7.2

cyclohexanone 17.8 8.4 5.1
IPA 15.8 6.1 16.4
chloroform 17.8 3.1 5.7
acetone 15.5 10.4 7
graphene 18 (15-21) 9.3 (3-17) 7.7 (2-18)

Table 7.1: Dispersive, polar and Hydrogen bonding Hansen parameters for the solvents used in
this work. The Hansen parameters of graphene are also shown. The bracketed figures

are the approximate range of acceptable values for graphene exfoliating solvents.

centrifugation (2000 rpm for 45 minutes) and calculated their concentrations. For both
solvents, the concentration increased significantly, saturating at ~0.4 and ~o0.5 mg/ml
for chloroform and IPA respectively (figure 7.3). As shown by the dashed lines, this
increase is consistent with the v/t behaviour previously observed for NMP dispersions.
[3] This suggests that the concentration is partly controlled by flake size which is,
in turn, controlled by sonication time. [3] Of note, the concentration of 0.5 mg/ml
is relatively high, comparing favorably with the highest concentrations observed for

graphene in NMP and surfactants (1.2 and 0.3 mg/ml respectively). [3, 80]

7.3.3 Analysis of low boiling point solvent dispersion

Analysis of exfoliation using TEM

Subsequently, the quality of the dispersion was assessed using TEM. Shown in figure
7.4A is a TEM image of a large number of graphene flakes deposited on the TEM grid.
A higher magnification image of a folded bilayer, with some smaller flakes attached
is shown in figure 7.4B. Figure 7.4C shows a HRTEM image of a flake, with well

defined edges, that appears to be a monolayer. Electron diffraction analysis was also
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Figure 7.3: Concentration of graphene dispersed in isopropanol and chloroform as a function

of sonication time. The dashed lines illustrate v/t behaviour.

performed. A diffraction pattern for a monolayer of graphene is shown in figure 7.4D

to test this. It is clear that the inner set of spots ({1100}) is more intense than the

secondary set ({2110}), confirming that this flake consists of a single graphene layer.

[2] All the observed flakes were found to have reasonably well defined edges and
appear to be of good quality with no observable holes or other damage. Both the
aggregation state and the flake size distribution can be estimated by careful analysis
of the TEM images. [2, 3, 80, 120] By analysis of the flake edges, an estimation of the
number of layers per flake, N, for ~80 flakes, was measured. These were used to give
flake thickness histograms as shown in figure 7.5. Although very few monolayers are
observed in either solvent, all the flakes had 7 or less layers, demonstrating the quality
of exfoliation ( with <N> ~ 3.2 in both solvents). The mean flake length, L, and width,
w, can be measured and histograms of these quantities plotted. This data is shown in
figure 7.5 for both chloroform and IPA. In chloroform, the mean flake length and width
were < L > = 0.84 £0.22 ym and < w > = 0.36 £ 0.9 ym respectively. Similarly, in
IPA the mean flake length and width were < L > = 1.1 + 0.3 ym and < w > = 0.35
+ o.52 um respectively. These sizes are typical of exfoliated graphene. [2, 3, 80, 120] In
addition the flakes were asymmetric with an average aspect ratio of <$> =26t 0.7

and 3.4 =+ 0.6 for chloroform and IPA respectively.
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Figure 7.4: TEM analysis of graphene dispersed in IPA and chloroform. A) A TEM image
of a grid coated with a large number of few-layer graphene flakes exfoliated in
isopropanol. B) A TEM image of a folded bilayer graphene C) A HRTEM image of

a monolayer as confirmed by the electron diffraction pattern in D).
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Figure 7.5: Statistical analysis of TEM images showing histograms of the number of layers per

flake, N, flake length, L, and flake width w, for graphene dispersed in both IPA and

chloroform.
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Analysis of flake quality using Raman spectroscopy

It is also important to check for the formation of basal plane defects during sonication.
Raman spectroscopy on thin films prepared by vacuum filtration of both IPA and
chloroform based dispersions after 22 and 70 hrs sonication indicated their quality.
Their averaged Raman spectra are shown in figure 7.6, with the graphite powder
spectrum shown for comparison. The defect content is generally characterised by the
ratio of the intensity of the defect band (D band, ~1300 cm™!) to that of the G band
(~1300 cm™1), Ip /1. From the data one can see that this ratio increased with sonication
time. While such behaviour is indicative of defect formation, such defects can be in the
basal plane or can represent new edges formed as the average flake size is reduced by
continuing sonication. It is believed that the latter case can be identified by the time
dependence of the difference between Ip /1 for exfoliated graphene versus graphite
powder. [3, 80] We denote this difference as Alp/Ig(t) = Ip/I(t) — (Ip/IG)powder-
(Ip/1g) powder Was measured to be 0.14 for the graphite used in this study. The formation
of edges is characterised by Alp/Ig(t) « (t)'/2, [3] which is illustrated in the inset
of figure 7.6. This can be checked by noting that earlier in chapter 5, it was shown
that for solvent dispersed graphene, the relationship between Ip /I and flake size is
known: Alp /1= 0.065 [< L>14+<w >*1] , where the dimensions are measured in
microns. [3] From the TEM analysis we know that (%) ~ 3, allowing us to approximate:
Alp/I; = 0.26 / < L >. Combining this with the fit in the inset of figure 7.6 inset
gives <L > =187/ (H)1/2 , where L is in pm and t in hrs (this is reasonably close to
the known expression for NMP dispersions: < L > =14.6/(t)!/?). [3] This allows an
estimate of the flake length for the 48 hrs sample to be 1.25 ym, which is consistent
with the measured value of 1.0 yum. Thus the Raman data strongly suggests that the
newly created defects are new flake edges rather than body defects. This therefore
implies that the exfoliation process is not overly destructive and yields good quality
flakes.

In addition, the shape of the Raman 2D band (~ 2700 cm™!) is different from that of

graphite and is consistent with few-layer graphene as discussed earlier in chapter 4
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Figure 7.6: Raman spectra of the starting powder and of the films of graphene (IPA) deposited
on PVDF membranes for sonication times of 22 and 70 hrs. Inset: The increase
in Ip/Ig compared to that for the graphite powder, Alp/Ig, as a function of the
square root of sonication time for both IPA (squares) and chloroform (triangles)
dispersions. A straight line indicates that the defects being formed are associated

with new edges.

figure 4.2. [136] This indicates that while flakes must aggregate during film formation,

the resultant stacking is not ordered AB stacking but random. [143]

7.3.4 Dispersion stability

The rate of sedimentation of these dispersions was measured by monitoring the disper-
sion concentration optically, due to the fact that any unstable material sediments out
(NB this is performed after centrifugation). [126] When dispersed in good solvents such
as NMP, graphene is particularly stable. [3, 120] However, when dispersed in mediocre
solvents, one expects some degree of sedimentation. Sedimentation measurements
were carried out for a number of graphene/IPA dispersions (7 independent disper-
sions) and graphene/chloroform dispersions (4 independent dispersions). Typical

sedimentation curves for graphene dispersed in IPA and chloroform are shown in
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figure 7.7. For chloroform, an initially rapid sedimentation had saturated after ~100
hrs with ~75% of the graphene remaining stable. In the case of IPA a slow steady
sedimentation was observed (see curve [PA-1). This tended to saturate after >200 hrs
with 96% of the graphene stably dispersed. However, it can be noted that occasionally
(2 out of 7) sedimentation curves like that labelled IPA-2 are observed for graphene
dispersed in IPA. In such cases, a steady decrease in concentration was observed with
no saturation observed after hundreds of hours. Such behaviour seems to be associated
with wet or aged IPA and can be avoided by using fresh solvent and molecular sieves
to remove any water. It has been shown that, during sedimentation, the concentration

remaining dispersed can be approximated by,
C(t) = Co + (Cr—Co)e /" (7.1)

for a system with one stable phase (concentration, Cp) and one sedimenting phase
(concentration, Cr - Cy where Cr is the total initial concentration). [126] Equation
7.1 fits extremely well to both data sets (dashed lines figure 7.7). The chloroform
dispersions were characterised by values of Cy/Cr in the range 0.67 - 0.96 (mean 0.80)
and values of T between 11 and 19 hrs with an outlying value of 88 hrs (overall mean
34 hrs). The stable IPA dispersions were characterised by values of Cy/Cr in the range
0.93 - 0.97 (with one outlying value of 0.69, overall mean 0.92) and values of T between
45 and 221 hrs (overall mean 126 hrs). In addition, the unstable IPA dispersions (IPA-2)
were characterised by Cy = 0 and T ~880 hrs.

Discounting the unstable dispersions which can be attributed to impure solvent, the
Co/Cr values tell us that these dispersions are extremely stable with the vast majority
of graphene remaining dispersed over very long time scales. The main difference
between solvents is in the time constants. These were tens of hrs for chloroform
and hundreds of hours for IPA. Short time constants suggests that the amount of
sedimenting material is relatively large. [126] This suggests the unstable phase in the
chloroform dispersions to be large graphitic flakes which were not fully removed
after centrifugation. Such large objects would tend to sediment with a short time
constant. However, for IPA the time constants are much longer suggesting smaller

sedimenting objects. Here, we suggest the sedimenting phase are small graphene flakes.
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Figure 7.7: Sedimentation curves for graphene dispersed in isopropanol and chloroform after
centrifugation. C/Cr is the concentration normalised to the total initial concentra-

tion. The dashed lines are fits to the inset equation.

This hypotheses can be tested by performing TEM on the sediment formed after the
sedimentation experiments (~360 hrs). These data sets are shown in figure 7.8 and
confirm that relatively large graphitic flakes sediment out of chloroform while the

unstable objects in the isopropanol dispersions are smaller multilayer graphene flakes.

7.3.5 Deposition of graphene onto substrates

One of the biggest problems with graphene exfoliation in high boiling point solvents
is the difficulty associated with the deposition of individual flakes. The reason for this
is that during the slow evaporation of the solvents, there is plenty of time for flake
aggregation. This work addresses this issue by exploiting the ease of solvent removal
from graphene exfoliated in volatile systems such as IPA. The samples were prepared
by spraying the concentrated dispersion directly onto oxygen plasma cleaned SiO,
with an airbrush spray gun. The substrate was analysed after deposition by AFM.”
A widefield image of the substrate is shown in figure 7.9A. This image shows large

numbers of flakes distributed reasonably uniformly over the substrate. Under these

* AFM measurements were performed by Peter N. Nirmalraj
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Chidreform

Figure 7.8: TEM images of the sediment formed after a sedimentation experiment performed
on dispersions prepared with Chloroform and IPA. Note how the flakes in the

chloroform sediment are significantly larger then those in the IPA sediment.

conditions, >10 flakes of length ~1 ym are deposited per 10 ym x 10 ym square. Figure
7.9B shows a higher magnification image of this substrate. The flakes are well defined
but show some evidence of aggregation, which likely occured during the spraying
process. Analysis of the flake heights showed them to be typically between 2 and
10 nm, corresponding to multiple layers. The fact that these heights are significantly
greater than the thicknesses suggested by the TEM analysis confirms that, as indicated
by the AFM images, aggregation occurs on deposition. However, it can be noted that
this aggregation is much less than what was observed when depositing from NMP or
other high boiling point solvents. It was confirmed that these flakes were few-layer
graphene by Raman mapping. The Raman spectra were recorded from spots (~1 ym
in diameter) that were arranged in the grid with a separation of 0.5 ym. Analysis of
individual Raman spectra showed them to be compatible with few layer graphitic
material. By integrating between 1200 and 2800 cm™! and plotting the integrated value
as a function of position, a Raman map was generated as shown in figure 7.9C. This

area corresponds to that measured by AFM in figure 7.9B. The agreement between
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Figure 7.9: A) Wide angle AFM scan of graphene flakes spray deposited onto SiO, from IPA.
B) A zoom in to a portion of this image. C) A Raman map of the region in B). This
map plots the integral of the Raman scan between 1200 and 2800 cm ™! plotted on a

point by point basis.

figures 7.9B and C is extremely good confirming that the objects analysed by AFM are

indeed graphene.

7.3.6  Correlation of flake dimension and Raman spectroscopy

Finally, the data contained in the Raman map can be used to further study the
correlation between flake size and Raman D:G ratio. This was done for 23 flakes that

were contained in the 10 ym X 10 um region seen in figure 7.9B. Their flake size and
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Figure 7.10: Alp /I for individual flakes deposited on SiO; from IPA plotted as a function
of <L >"1+ <w>"1. A straight line on this plot indicates that the defects
responsible for the D band are predominately edge defects. We note that this data
is consistent with our previous data (measured on graphene films) as indicated by

the solid line. The scatter of the data above the line is indicative of aggregation.

the Raman D:G band ratio was measured and plotted as Alp/I; versus % + %, and
shown in figure 7.10. Although there is considerable scatter, it is clear that AIp /I does
indeed scale with 7 + 1. As described above, previous measurements on graphene
films showed that Alp/Ig = 0.065 [(1) + (1)]. This curve has been superimposed on
the graph and is consistent with the data (red line in figure 7.10). It can be noted that
much of the scatter comes from data with values of which are considerably higher
than expected. This can be explained by aggregation effects. In many cases figure 7.9B
shows small flakes adsorbed on top of lager flakes. However, while L and w were
measured for the overall aggregate size, the Raman signal includes contributions from
all flakes in the aggregate. The contribution from the smaller adsorbed flakes will

increase the D band intensity meaning that Alp/I; will be larger than expected for

large individual flakes alone.
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7.4 CONCLUSIONS

To conclude it has been demonstrated that dispersion of graphene in volatile solvents
such as acetone, chloroform and isopropanol can be optimised. At moderate centrifu-
gation rates, concentrations as high as 0.5 mg/ml were achieved. These dispersions are
reasonably stable with >80% of dispersed phase remaining after 100 hrs. The dispersed
concentration increases with the square root of sonication time. This behaviour is
indicative of sonication induced scission and suggests that the concentration is con-
trolled by flake size. The exfoliation state is good; isopropanol dispersions display only
flakes with less than 5 layers. Raman measurements show the flakes to be relatively
free of basal plane defects. Of note, dispersion in volatile solvents facilitates the depo-
sition of graphene flakes onto substrates by spraying. While some aggregation was
observed, the deposited flakes tend to be more numerous and thinner than for flakes
deposited with high boiling point solvents. This research will make solvent exfoliation

of graphene viable in a much wider variety of situations.
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PREPARATION OF HIGH CONCENTRATION DISPERSIONS OF
EXFOLIATED MOS, WITH INCREASED FLAKE SIZE

8.1 INTRODUCTION

In this chapter, this research aims to overcome three main shortcomings in preparing
MoS; dispersions by liquid phase exfolaition. From the literature, it it noted that both
solvent [13] and surfactant-exfoliated [113] transition metal dichalcogenides (TMD)
tend to exist as multilayer stacks with few, if any, individual nanosheets. This is
in contrast to ion intercalation and exfoliation methods which have recently been
shown to give reasonably large, monolayer populations. [100] Secondly, the dispersed
concentrations tend to be well below 1 mg/ml, which is too low for applications
requiring large quantities of exfoliated material. And finally, the lateral flake size is
relatively small, typically between 200 - 400 nm. This is probably due to sonication
induced scission but can limit the potential of these materials in a range of applications
from composites to transistors or sensors. Thus, it will be important to find ways to
modify solvent (and surfactant) exfoliation methods to improve the exfoliation state
(i.e. decrease the average flake thickness) and increase both the dispersed concentration
and the flake size. In this chapter, two of these problems will be addressed. It will be
shown that the sonication conditions can be controlled to give relatively large flakes at
relatively high concentration. In addition, it is shown that the flakes can be further size

selected to give dispersions with a range of mean flake sizes.
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Figure 8.1: SEM image of the starting MoS, powder

8.2 EXPERIMENTAL PROCEDURE

The MoS; powder and NMP used throughout these experiments were purchased
from Sigma Aldrich (CAS 69860 and CAS My9603). The initial MoS, concentration
experiments were performed by adding the powder to 20 mls of NMP in a 100 ml
capacity, flat bottomed beaker. These samples were sonicated continuously for 6o
minutes using a horn probe sonic tip at 25 % amplitude ( of 750 W). They were then
centrifuged at 1500 rpm. For the concentration versus sonication time experiments, 100
mls of NMP was added to 10 g of MoS,. The sonic tip was pulsed for 8 seconds on
and 2 seconds off, to avoid damage to the processor and reduce solvent heating and
thus solvent degradation. During sonication, 5 mls aliquots were removed at certain
time intervals and centrifuged. All samples for TEM were diluted and prepared by
pipetting a few mls of the dispersion onto the holey carbon grid. Statistical analyses of
the flake dimensions was performed for 50 nanosheets. High resolution imaging of the

flakes was also performed to ensure the quality of the nanosheets was preserved.

8.3 RESULTS AND DISCUSSION

In order to maximise the concentration of dispersed MoS, nanosheets, it will be

necessary to optimise the dispersion parameters. Throughout this chapter the solvent
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Figure 8.2: Absorption spectra of MoS, dispersions prepared with various starting concentra-
tions. Note that each spectrum is superimposed on a scattering background. The
concentration was estimated from the absorbance above an extrapolated background
as shown by the arrows using an absorption coefficient of 1020 ml/mg/m. The

dispersed concentration is also plotted as a function of initial MoS, concentration.

N-methyl-pyrrolidone (NMP) was used as it is known to be an excellent solvent, not

only for MoS; [13, 124, 174], but also for carbon nanotubes [119] and graphene. [2, 3]

8.3.1  Exfoliation and dispersion of MoS,

To begin, dispersions of varying initial concentration (Cy) of MoS; powder from 5-200
mg/ml (in 20 mls of solvent) were prepared. The dispersions were probe sonicated
for 60 min and then centrifuged at 1500 rpm to remove any unexfoliated material.
The supernatants were decanted and their optical absorption spectra were measured
(figure 8.2). TEM of these dispersions also indicated that the material was exfoliated

and of high quality.

Optical characterisation of the MoS; dispersion

The spectra for the MoS, dispersions consisted of an excitonic feature at 679 nm and

other resonant features at lower wavelengths, superimposed on a power law scattering
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background (ex A™" ). It was immediately clear that the magnitude of the absorbance
varied considerably with C;. However, because the scattering exponent, 7, is thought
to depend on flake size, [13, 113] the absolute value of absorbance per cell length (4/1)
cannot be used to reliably measure the concentration. To estimate the concentration,
the scattering background was extrapolated from the high-wavelength region (dashed
line in figure 8.2A) and the value of 4/1 solely due to resonant absorption, (4/1)g ,
was estimated for each sample (679 nm, illustrated by arrows in figure 8.2A). The
concentration of dispersed material can be determined using (4/1)g, provided the
resonant absorption coefficient, ar , is known. To measure ar , a known volume of
dispersion was filtered through a membrane. By careful weighing, the concentration, C,
could be measured and ar estimated from the measured (4/1)g [(4/1)r= arC] to give
agr = 1020 ml/mg/m. In most cases, this allowed us to determine the concentration
of MoS; dispersions regardless of the value of the scattering exponent. The measured
concentration as a function of C; is shown in figure 8.2B to increase from C =~ 0.1
mg/ml for C; = 5 mg/ml to C ~ 2 mg/ml for C; = 100 mg/ml before falling off at
higher initial concentrations. The initial increase is linear as indicated by the dashed
line. The slope of this line gives the yield of the dispersion procedure which was 2.4 %

under these circumstances.

8.3.2  Dispersion optimisation

Increasing the concentration of dispersed MoS, nanosheets

It has been discussed in chapter 5&7, that prolonged sonication results in increased
dispersion concentrations. [3, 7] To test if this applies to MoS;, 100 mls of NMP was
added to 10 g of MoS; (C; = 100 mg/ml) in a beaker and probe sonicated for up to
~200 hrs. At various time intervals aliquots were removed, centrifuged (1500 rpm,
45 min), decanted and the absorption spectrum recorded (figure 8.3 left side). The
scattering exponent varied from n = 2.7 to n = 4.2 as the sonication time increased
suggesting a variation in flake size. [113] The concentration was determined from the

spectra as before and is plotted as a function of sonication time in figure 8.3 right
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Figure 8.3: Absorbance spectra for various sonication times. Note that the background appears
to vary with sonication time. Dispersed concentration as a function of sonication

time. The dashed line illustrates /t5,,;c behaviour.

side. The concentration increased from 3.2 mg/ml after 23 hours sonication to 40
mg/ml after 140 hours before falling off slightly. These concentrations are extremely
high and compare favourable to the highest concentration graphene dispersions. [175]
Of note, the highest concentration achieved implied a yield of 40% demonstrating
the efficiency of this dispersion process. However, unlike the situation for graphene,
[3, 7] the concentration of the dispersion did not scale well with the square root of
sonication time (illustrated by the dotted line in figure 8.3 right side), suggesting that

the exfoliation kinetics may vary between layered materials.

TEM of MoS, dispersion to determine quality and nanosheet dimension

The ability to produce such highly concentrated MoS; dispersions will be useful pro-
vided the flake quality is preserved. To test this, a subset of dispersions was examined
using transmission electron microscopy (TEM). Generally, the flakes appeared well
exfoliated (figure 8.4A&B ) with some very thin sheets, perhaps even monolayers
observed (figure 8.4C). Further examination of the flake quality was performed by
high resolution TEM imaging (figure 8.4D&E). These images illustrated that prolonged

sonication did not appear to damage or disrupt the hexagonal structure of MoS;.
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Figure 8.4: A), B) and C) sample images of MoS; flakes prepared with sonication times of
23, 70 and 106 hrs respectively. D) A HRTEM image of an MoS; flake. Note the
well-defined hexagons in the dashed box. E) A digitally filtered image of a portion
of the flake within the dashed box.
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Figure 8.5: Mean flake length and width (calculated from 50 measurements) as a function of

sonication time. The dashed lines represent 1//t;y,i. behaviour.

Unlike graphene, [3] the level of exfoliation of MoS; is not easily quantified by edge
counting. Further analysis of TEM intensity profiles, coupled with electron diffraction
data and electron energy loss spectroscopy can indicate whether the MoS; is exfoliated,
however a quantitative method to indicate the exact number of layers is still required.
[13] Statistical analysis of the lateral flake dimensions (i.e. length, L and width, w)
was performed. Shown in figure 8.5 are the mean values of L and w plotted versus
sonication time. Both dimensions increase from relatively low values [ < L > =~ 0.3 ym,
< w > = o0.17 um] after 23 hrs sonication, to a maximum [< L >~ 0.7 ym, < w > =~
0.4 um] after 60 hrs sonication. This increase in size after sonication is very interesting
and unintuitive and may reflect the preferential exfoliation of MoS; crystallites by size.
However, after 60 hrs, the flake dimensions decrease to < L > ~ 0.2 ym and < w >~
0.15 pum after 142 hrs of sonication. In the second regime the data is consistent with an
inverse square root dependence with sonication time (i.e. o« t~1/2 , dashed line). This
suggests the flakes are cut by sonication induced scission [151] as observed previously
for graphene dispersions in chapter 5&7. [3]

Although these MoS; flakes are laterally larger than previously reported [ ~o.7

pum compared to ~0.3 pm reported by Coleman et. al. and Smith et. al.], [13, 113]
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they are still smaller than the graphene flakes obtained using similar sonication and
centrifugation (CF) regimes. [3, 80] This may be due to two things, firstly the size of
crystallites in the initial starting MoS, powder [ ~10 ym], is much smaller than that
of the graphite used in earlier studies [ ~700 pm]. [2] However, perhaps more likely,
sonication induced scission should give a flake size which is determined by the material
tensile strength. [133] Lucas has suggested that for rods cut by sonication induced
scission, the terminal length, L; , scales with strength, op , as Ly o,/0p. [133] While we
cannot be sure the flakes described in figure 8.5 have reached their terminal size, we
nevertheless compare their length after the longest sonication time (440 nm after 166
hours) to graphene flakes sonicated in NMP which appear to have reached terminal
length (~800 nm after 350 hours). [3] Taking the known strengths of graphene and
MoS; (130 and 23 GPa, 1/130/23= 2.4) [34, 112], we and applying Lucas’s expression
predicts L /L pmos, > 800/440 = 1.8 (the inequality is because the MoS, flakes have
probably not reached their terminal length). This is reasonably close to our estimate
from the experimental data. This good agreement suggests the relative flake sizes

observed for graphene and MoS, are consistent with sonication induced scission.

8.3.3 Flake size separation by controlled centrifugation

In chapter 6, it was shown that graphene flakes can be selected by size by controlled
centrifugation coupled with sediment recycling. [6, 126] To test if this could be extended
to MoS; dispersions, an MoS, /NMP dispersion which had been sonicated for 50 hrs
followed by centrifugation at 1500 rpm, was selected. This was chosen based on its
relatively high concentration (7.6 mg/ml) and relatively large flakes [ < L >~ 0.7 yml].
Similar to graphene controlled centrifugation and size separation demonstrated in
chapter 6, the flakes in the stock dispersion were separated by centrifuging at the high
rate of 5000 rpm for 45 min (centrifugation time remained constant throughout this
study). This acted to separate the smaller flakes which remained in the supernatant
from the medium and larger flakes in the sediment. [6] After centrifugation, 8 mls

of supernatant was decanted and stored for further analysis, after which 8 mls of
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Figure 8.6: Photograph of the dispersions after size selection (these dispersions have been
diluted by a factor of 100 to emphasis the colour change). Also shown are typical
Raman spectra observed for MoS; films, one prepared by vacuum filtration of the
the 500 rpm dispersion and the other of the 5000 rpm dispersion. Note there is no

difference in the spectra.

fresh NMP were added to the sediment in the same vial. The mixture was stirred
and sonicated for 15 min before re centrifuging it at the lower rate of 3000 rpm again
separating flakes by size. The supernatant was decanted and fresh NMP was once
again added to the sediment. This procedure was repeated another 4 times for 1500,
750, 500 and 300 rpm. By analogy with research discussed in chapter 6, the flake size
was expected to increase as the final centrifugation rate decreases. [6] The colour of
the resultant dispersions varied strongly with final centrifugation rate indicating that
the nature of the nanosheets had indeed changed (figure 8.6 ).

After each centrifugation step absorption spectroscopy was performed. For high
centrifugation rates the spectra were superimposed on a scattering background similar
to that observed previously (figure 8.2). However for lower rotation rates the spectra
changed significantly, appearing flatter and more featureless as the rotation rate fell
(figure 8.7 ). This may be partly due to dependence of the scattering exponent on
flake dimension. To test this, an estimation of the scattering exponent from the high
wavelength region, was plotted as a function of centrifugation rate in figure 8.7 inset.
The scattering exponent was close to 4 for high rotation rates. This is what might be
expected for Rayleigh scattering which would be consistent with the retention of small

flakes at high centrifugation rates. [6] In addition, the scattering exponent decreased
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Figure 8.7: Absorption spectra for the dispersions in figure 8.6. The spectra are labelled by
their final centrifugation rate. Note how the exponent of the scattering background

changes with final centrifugation rate (inset)

with decreasing rotation rate, that is, with increasing flake size. However, this does not
entirely describe the spectral changes; as at lower rotation rates the absorption spectra
appeared distorted such that background subtraction was impossible. This means that
optical measurements of concentration was no longer possible after the controlled CF
of the dispersions. The reasons for these distortions are unknown.

TEM on each supernatant to determine the quality and dimension of the flakes
during the controlled centrifugation regime (figure 8.8) was also performed. The TEM
micrographs illustrated that the MoS, was well exfoliated for high rotation rates,
however as the rotation rate decreased the electron transparency of the flakes also
reduced indicating an increase in flake thickness. In addition, it was noticed that
size-selected flakes tended to have smaller flakes adsorbed in many cases.

The lateral size of the flakes could also readily be determined from these images as
plotted in figure 8.9. The maximum and minimum flake dimensions normally achieved
for the starting dispersions were also indicated by the horizontal lines. After the initial
5000 rpm centrifugation the flakes had a mean length and width of < L > ~ 0.3 = 0.05

pm and < w > =~ 0.15 £ 0.02 pum. However as the final rotation rate decreased, the
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Figure 8.8: A), B) and C) Sample images of flakes after size selection for different final centrifu-

gation rates.

flake dimensions increased, reaching < L > ~ 2 £+ 0.3 ym and < w > ~ 1.2 £ 0.2um
for the 300 rpm sample. The lengths of the largest flakes observed after each CF was
also plotted, and reached ~5 um for the 500 rpm sample. Once the flake dimensions
were known the scattering exponent was plotted as a function of flake length (figure
8.9, inset). Flakes with lengths below 1 ym have exponents between 3 and 4, while
longer flakes have lower exponents. This is consistent with the earlier prediction that

the scattering component is changing due to changing flake dimension.

8.3.4 Dispersion sedimentation

The dispersion stability was also measured by the absorbance and hence concentration
as a function of sedimentation time. Data was collected over a 3 week period (figure
8.10). The results indicated that small flakes, found in the 3000 rpm dispersion remained
dispersed over the entire measurement period. In contrast, for the 1500 and 300 rpm
samples, the concentration fell off steadily with time. As already discussed in chapter
3, modelling the sedimentation as an exponential decay of concentration with time
[126] gave the sedimentation time constant, T, and the percentage of stably dispersed
material for each sample. The fit curves predicted that ~45 % and ~22 % are stable
indefinitely and gave values of T of 190 hrs and 33 hrs, for the 1500 and 300 rpm
samples respectively.

Taken together, this suggests that sedimentation occurs at a rate defined by the

nanosheet size, until a stable concentration is reached. This stable concentration
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Figure 8.9: Flake size as a function of final centrifugation rate. The data points are the average
of 50 measurements. Shown is data for the mean flake length and width as well as
the maximum flake length observed. The dashed lines represent the sizes of the
flakes in the normal starting dispersion, which has been sonicated for 50 hr and
centrifuged at 1500 rpm for 45 min. Inset: Scattering exponent as a function of mean

flake length.
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Figure 8.10: Concentration as a function of sedimentation time for size selected flakes of three
different final centrifugation rates (see labels). Inset: Sedimentation time constant
versus (L) ~2, where L is the mean flake length at the start of the sedimentation

experiment.

appears to be size dependent such that higher concentrations are attainable for smaller

flakes. This might explain the thickening of the observed flakes as their size increased.

Shown in figure 8.11A is a widefield image of a sample of the largest flakes attained
(300 rpm). It is clear that most of the flakes are relatively thick. While thinner flakes

were observed (figure 8.11 inset), they only represent 10-15 % of the total population.

8.3.5 Optimisation of flake separation regime

It was confirmed that the controlled centrifugation regime successfully isolates MoS,
flakes of different dimensions; however the process is complex and can take up to 6 hrs
of centrifugation. In order to reduce the number of centrifugation steps, the same stock
dispersion described above was taken (sonicated for 50 hrs) and centrifuged at the low
rotation rate of 500 rpm, with the aim of separating the larger flakes into the sediment
while leaving the smaller flakes in the supernatant. The supernatant was decanted and

fresh NMP was added to the sediment. The mixture was stirred and sonicated for 15

min before centrifuging it again at 300 rpm to remove any remaining large aggregates.

The process was similar to before but with four fewer centrifugation steps, thus greatly
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reducing the experimental time. TEM imaging of the dispersions gave the flake size
for this truncated size selection procedure to be < L > ~ 1.9 ymand < L > =~ 1.2
pum which is virtually identical to the results for the 300 rpm sample prepared by the
longer procedure. A TEM image of the flakes produced by this shortened procedure is
shown in figure 8.11B. The flakes look very similar to the ones shown in figure 8.11A.
As before, most flakes are relatively thick with a small population (10-15 %) relatively
thin (inset).

It may be possible to explain the correlation between flake size and thickness as
follows. At high concentrations, large flakes will have a relatively small solvent volume
per flake. This may drive aggregation until the volume of solvent per flake increases to
an appropriate level. It can be noted that a similar phenomenon has been observed for
carbon nanotubes dispersed in solvents where the aggregation state (manifested by
the bundle diameter) varied reversibly as the concentration was cycled from high to
low. [152, 176]

For such a system, it has been shown in chapter 5, that there is a relationship between
the dispersed concentration, C, and mean flake dimensions for exfoliated graphene:
Cox<w><t>/<L>2 (length, L, width, w, and thickness, t). [3] This implies that
large flakes, dispersed at relatively high concentration, as is the case here, should
be relatively thick. This suggests that thinner flakes might be obtained by reducing
the concentration. To test this, the 300 rpm sample described above was diluted by
a factor of 100 by addition of NMP followed by 30 min of probe sonication. TEM
analysis (figure 8.11C) suggested the flakes to be marginally thinner (higher electron
transparency). However, they were also slightly smaller (< L > ~ 1.6 ym and < w >
~ 0.9 um), probably as a result of the additional sonication. Thus, it is not clear if
dilution results in a net improvement.

However, it is worth noting that a modest increase in flake thickness may not actually
be too high a price to pay for large flakes. The effect of aggregation on the electronic
properties of MoS; is considerably different to the situation for graphene. In graphene,
the electronic properties depend sensitively on the number of layers per flake (for flakes
with < 5 layers). [177] However, for MoS; the effect is considerably less significant. It

is true that a large change occurs going form a monolayer to bilayer. However as the
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Figure 8.11: TEM micrographs of size selected dispersions produced by centrifugation at 300
rpm as part of A) the normal regime, B) the reduced centrifugation regime and C)
the reduced centrifugation regime followed by a 100 fold dilution in NMP. The

insets show examples of thinner flakes observed in each case.
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number of layers is increased beyond 2 the properties change slowly; going from two
to six layers, the bandgap changes from 1.6 to 1.4 eV. [38] Increasing to bulk changes
the bandgap only to 1.3 eV. [38] In all cases multilayers have an indirect bandgap.
This means the electronic properties of MoS; multilayers are relatively insensitive to
nanosheet thickness. It is unlikely that the thickness increases observed during size

selection procedure result in changes in the bandgap of more than 0.1 - 0.2 eV.

8.4 CONCLUSIONS

In conclusion, the effect of processing parameters on the dispersion and exfoliation of
MoS; in the solvent NMP was explored. It was found that the dispersed concentration is
maximised for an initial MoS; concentration of 100 mg/ml. The dispersed concentration
can be increased to ~40 mg/ml by increasing the sonication time to 200 hrs. However,
the lateral flake size peaks at ~ 700 nm after 60 hrs, after which it falls off due to
sonication induced scission. These dispersions generally contain relatively broad flake
size distributions. Such dispersions can be separated in fractions with different mean
size by controlled centrifugation. Using this technique, it was possible to prepare
samples with mean flake length of ~2 ym and maximum length of 4-5 ym. However,
larger flakes tend to be thicker than smaller ones, a factor that can be mitigated slightly

by dilution and sonication.
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CONCLUSIONS

There is little doubt that two dimensional materials and their unrivaled properties
will play an important role in the next generation microprocessors, energy storage
capabilities and ultra strong and light composites, to mention a few examples. The
research presented in this thesis aims to explore and optimise the preparation of these
2D crystals in the liquid phase. The research began by addressing the need for increased
concentrations of graphene in dispersion. In chapter 5 a method was demonstrated
to prepare dispersions of graphene in NMP at concentrations of up to 1.2 mg/ml by

extended sonication. It was found that the flake dimensions decreased with sonication

1

\/p
spectroscopy indicated that an increased D band was attributed to new edges forming

time as and that the concentration was directly related to the flake size. Raman
rather than defect formation. Vacuum filtration of these concentrated dispersions
demonstrated for the first time that free standing pristine graphene networks can be
prepared.

Although high concentrations of graphene dispersions were prepared, their lateral
dimensions were too small (<1 um) for many applications. For example, it was shown
for graphene, that the required flake length to reinforce a composite was a few microns
or greater. [4, 5] The aim of chapter 6 was to address this, by increasing the lateral
dimension of the graphene flakes by a controlled centrifugation process. It was found
that centrifugation at high rates resulted in a dispersion of small flakes, while the larger
flakes and graphite crystallites sedimented out. Re-dispersion of this sediment in fresh
solvent aimed to isolate these larger flakes of different sizes. Successive centrifugations
at lower rates then resulted in dispersions of larger flakes. Repeating the procedure a

number of times resulted in the separation of the original dispersion into a number
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of fractions, each with different mean flake lengths, in this case from ~1 to ~3.5 ym.
These flakes were laterally the largest ever demonstrated for liquid phase exfoliation.

Next in chapter 7, dispersions of graphene in low boiling point solvents like chloro-
form and isopropanol, were optimised. At moderate centrifugation rates, concentra-
tions as high as 0.5 mg/ml of graphene in isopropanol and 0.4 mg/ml in chloroform
were achieved. These dispersions were reasonably stable with >80% of the dispersed
phase remaining after 100 hrs. Similar to what was observed in chapter 5, the dispersed
concentration increased with the square root of sonication time. This behaviour was
indicative of sonication induced scission and suggested once again that the concentra-
tion was controlled by the flake size. The exfoliation state of the graphene flakes was
also good with isopropanol dispersions displaying only flakes with less than 5 layers.
Raman measurements showed that the flakes were relatively free of basal plane defects.
The versatility of this approach was demonstrated by spray casting the graphene flakes
onto an SiO; substrate. While some aggregation was observed, the deposited flakes
tended to be more numerous and thinner than for flakes deposited with high boiling
point solvents.

Graphene liquid phase exfoliation research was extended to its inorganic analogue
MoS;, and others, for the first time in 2011. [13] That research proved the universality of
the liquid phase exfoliation approach for layered materials, however further dispersion
optimisation was required to improve the yield and size of the 2D nanosheets. In
chapter 8, the effects of processing parameters on the dispersion and exfoliation of
MoS; in the solvent NMP were explored. It was found that the dispersed concentration
was maximised for an initial MoS; concentration of 100 mg/ml. Similar to graphene
dispersions in chapter 5 and 7, prolonged sonication resulted in highly concentrated
dispersions up to ~40 mg/ml of MoS,. However, it was found that the lateral flake
size peaked at ~ 700 nm after 60 hrs, attributed to sonication induced scission. These
dispersions generally contained relatively broad flake size distributions. As with
graphene and demonstrated in chapter 6, 2D material dispersions can be separated into
fractions with different mean sizes, by controlled centrifugation. Using this technique,

it was possible to prepare samples with mean flake length of ~2 ym and maximum
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lengths of 4-5 ym. However, larger flakes tended to be thicker than smaller ones, a
factor that was mitigated slightly by dilution and sonication.

The research presented here has succeeded in exploring the preparation parameters
for optimising liquid phase exfoliation of graphene and MoS; in solvents. It is believed
that all knowledge gained throughout this research can be extended to a range of other

layered crystals. [124]

FUTURE WORK

The research presented in this thesis addresses two of the three main shortcomings
of liquid phase processing of graphene and MoS,. These are increased concentrations
and increased lateral flake sizes, as discussed in chapter 5, 6 & 8. However, further
research is required to address the third shortcoming, to increase the overall mono-
layer population. Ideally, this would be achieved for large nanosheets, without any
compromise of their increased dimension.

This may be addressed by further centrifugation of the size separated dispersion in
a density gradient medium like iodixanol. If a size selected dispersion with a mean
flake length of 2 um, is centrifuged in a density gradient medium, the majority of
flakes within the dispersion should separate by number of layers, as the density should
increase with each layer. Also, further optimisation of the dilution with new avenues
for agitation rather than sonication may result in flake thinning. There may also be
an optimum frequency, dilution, energy density and time at which some extra mild
agitation, post centrifugation, will incur flake thinning. This can be tested with a
variable frequency sonic bath or perhaps by agitation with a magnetic stirrer which
may induce shear stresses on the flakes, thus aiding exfoliation without inducing
sonication induced scission. Thorough TEM analysis of the flakes in both cases will be
required to quantitatively verify if either results in a nanosheet thickness separation.

Also as already discussed liquid phase exfoliation is a universal technique that can
be applied to a wealth of layered materials, as demonstrated by exfolition of graphene

from graphite and 2D nanosheets of MoS,. The next extension of this research will be
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Figure 9.1: Top: SEM image of a-MoOj3 bulk crystal with a zoom in at the edge on the right.

Bottom: Are TEM images of exfoliated MoOs3; nanosheets, dispersed in IPA.

applying all gained knowledge to transition metal oxides, TMOs. TMOs comprise of
a transition metal sandwiched between oxygen atoms. There are dozens of different
oxide nanosheets. By using the liquid phase exfoliation approach, it will be possible to
investigate dozens of different 2D oxide nanosheets in search of new phenomena and
applications. Oxide nanosheets are structurally diverse and have interesting electronic
properties. They have potential applications in a range of areas such as gas sensing,
[178, 179] electrochromics devices, [180, 181] molecular electronics [94] and lithium
ion batteries [182]. Taking molybdenum trioxide, MoOs as the model TMO structure,
a full liquid phase exfoliation study will be performed. a-MoQ3 is an orthorhombic
layered material and was purchased from Sigma Aldrich ( CAS: 1313275 ). The layered
structure can been seen in the SEM images in figure 9.1. To begin, suitable dispersing
solvents will be selected based on the materials Hildebrand solubility parameters.
Next, the level of exfoliation will be rigorously tested by monitoring the dispersion
quality, concentration, flake dimension and thickness as a function of sonication time.
Some exfolaited nanosheets are also shown in the bottom of figure 9.1. These samples
were prepared by sonicating 5 mg/ml of MoOj in IPA, for 1 hr in the point probe sonic

tip at 25 % amplitude. These preliminary results look very promising.
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