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UNIVERSITY OF SUSSEX

SEAN P. OGILVIE, DOCTOR OF PHILOSOPHY

LIQUID PHASE EXFOLIATION AND INTERFACIAL ASSEMBLY
OF TWO-DIMENSIONAL NANOMATERIALS

Liquid phase exfoliation (LPE) has been demonstrated to be a powerful and
versatile technique for scalable production of two-dimensional (2D) nanomaterials,
such as graphene and molybdenum disulfide (MoS,) which allows for their processing
into a wide range of structures. LPE can be understood in terms of the chemical
physics of the interactions of the liquid with the nanosheets.

Here, it is shown that the prototypical solvent for LPE of 2D materials, N-methyl-
2-pyrrolidone, undergoes chemical modification during exfoliation which gives rise to
increased absorption and photoluminescence, making it particularly unsuitable for
dispersion of photoluminescent nanomaterials such as MoSs.

A subsequent study identifies the influence of solvent properties on the exfoliation
process and presents a model which allows for consistent size selection of few-layer
nanosheets from any chosen solvent.

Using this understanding, applications-driven solvent selection can be used to
identify alternative solvents which facilitate processing of liquid-exfoliated nanosheets
into composite and thin film structures. This approach allows for exfoliation into
water-immiscible solvents to enable assembly of liquid-exfoliated 2D materials can
be assembled at the interface between two immiscible liquids as solid-stabilised
emulsions where the nanosheets act as both stabiliser and functional material. An
understanding of the chemical physics of these emulsions is developed in terms of
surface energies which allows for both measurement of the surface properties of the
stabilising nanosheets and design of emulsions for potential applications as inks,
composites, sensors and energy storage devices.

In addition, Langmuir deposition can be used to assemble densely-packed ultra-
thin films at the air/water interface. This method is used to prepare few-layer MoS,
nanosheet networks, which exhibit interesting spectroscopic properties. Furthermore,
these films exhibit high conductivity which is attributed to doping by nanosheet edges.
The combination of nanoscale film thickness and increased conductivity highlights
their potential for optoelectronic devices.

As such, this study demonstrates that, through understanding of exfoliation and
size selection, interfacial assembly represents a promising approach for realisation of
functional composites and thin films, enabled by ultra-thin interfacial films of 2D
nanosheets.
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Chapter 1

Introduction

Why nano?

The emergence of the field of nanoscience was based on the idea that manipulation
of matter on a near-atomic scale could lead to new technologies with unprecedented
functionality. Subsequent efforts to achieve this level of nanoscale control led to the
invention of the scanning tunnelling microscope [1] and the atomic force microscope
2], with the former successfully used to manipulate individual atoms in 1989 [3].

Around the same time, nanomaterials comprised of tens to thousands of atoms in
well-defined low-dimensional structures, such as fullerenes [4] and carbon nanotubes
[5], were discovered. Further studies seeking to harness the functional properties
of these materials highlighted that nanotechnology could be developed through
macroscopic processing. This includes solution processing where the dispersion of
isolated nanoparticles in liquids can preserve their pristine properties and facilitate
low-cost, scalable and versatile subsequent processing into of a variety of structures
with enormous potential for applications.

Such low-cost large-scale processing will be important for applications such as next-
generation composite materials and as such will require nanoscale fillers compatible
with this processing. Furthermore, wearable or Internet of Things flexible devices
will be printed and therefore need to be assembled from functional materials with
particle sizes below 1 pm to be compatible with inkjet and other printing techniques.

Indeed, nanoscale materials are almost a pre-requisite for solution processing in
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order to prepare dispersions of high-density particulates which are stable against
reaggregation and sedimentation over timescales of months and small enough to act

as low loading level fillers or survive deposition techniques.
Why 2D?

The low-dimensional family of carbon nanomaterials including zero-dimensional
fullerenes and one-dimensional carbon nanotubes was completed with the isolation
of graphene, the first and only truly two-dimensional (2D) material, by Geim and
Novoselov in 2004 [6]. This sparked a renaissance in research into the exfoliation of
graphene and related materials into atomically-thin sheets. The properties of specific
materials will be discussed in subsequent sections but it is worth considering why
high aspect ratio nanomaterials are generally considered to have more promise for

applications than isotropic nanomaterials or bulk materials.

Nanomaterials are typically defined as having at least one dimension in the size
range 1-100 nm, meaning that isotropic nanoparticles are approximately spherical
with a diameter less than 100 nm. Any structure or device based on such materials
will often need to be larger than a single nanoparticle, for reasons of absolute
performance or properties or for practicality of fabrication or integration. As such,
high aspect ratio nanomaterials which exhibit nanoscale confinement in one or two
dimensions but have at least one dimension of >100 nm are more suitable for single
nanoparticle devices. Furthermore, this high aspect ratio allows the assembly of
networks of nanoparticles with low mass per unit area or volume, i.e. reduced
percolation thresholds in films and composites compared with isotropic nanoparticles
or bulk materials [7]. These properties highlight the potential of 2D materials for
applications such as low-cost, flexible ultra-thin coatings and low-loading fillers in
macroscopic structures. Being both atomically-thin and high aspect ratio, graphene
is the prototypical 2D material where all atoms are at the surface, making assemblies
of graphene ideal candidates for applications such as mechanical reinforcement in
composites and electrochemical devices, where high specific surface area provides

large interfacial areas for stress transfer and charge storage respectively.



Why graphene?

The isolation of graphene from graphite demonstrated exfoliation of stable atomic
monolayers and subsequent characterisation identified ballistic electronic transport,
resulting in high mobility and conductivity [6]. However, the conductivity of even
very high quality graphene is only a factor of three greater than the basal plane
conductivity of graphite [8, 9, 10|, so while mechanically-exfoliated isolated monolayer
graphene is of interest for studies of new transport physics, similar conductivity
should be achievable in any suitably assembled graphene ensembles. Furthermore,
high conductivity in an atomically-thin material still corresponds to quite large sheet
resistance, which can only be reduced further by vertical assembly of graphene, such

as in printed networks of liquid-exfoliated nanosheets |8, 11].

Similar arguments can be made about the high thermal conductivity [12] and
the high Young’s modulus [13] of graphene. These properties are typically most
pronounced in isolated monolayers and there is always reduction in network prop-
erties due to inter-nanosheet electron or phonon transport (or nanosheet-matrix
stress transfer in mechanically-reinforced composites). Nevertheless, liquid-exfoliated
nanosheets have intrinsic properties comparable to graphene produced by other
methods and the potential to be realised across networks with developments in
processing to improve alignment and reduce inter-nanosheet resistance. The prospect
of exfoliating nanosheets with high electrical conductivity from a low-cost naturally-
abundant raw material has established liquid-exfoliated graphene as a promising

material for application in conductive composites and thin films.
Beyond graphene

One of the most useful aspects of the solution processing approach used in this
thesis is that it is largely transferable from graphene to other layered materials.
The nature of the interlayer bonding means that layered materials have very similar
surface properties even if they have very different functional properties. As such,
the same techniques can be used to assemble nanosheet networks across the full

range of electronic properties; graphene as conductor, MoS,; and other transition
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metal dichalcogenides (TMDs) as semiconductors and BN as insulator. Thermal and
mechanical properties give similar scope for design of heterostructure or composite
devices. In addition, the sensitivity of the optical properties to size and thickness,
particularly for semiconducting nanosheets, is a powerful diagnostic tool, used to
understand nanosheet populations and networks thereof throughout this thesis.

Thesis outline

In practise, the greatest challenge is the processing and assembly of these
nanosheets into networks which maintain the desired properties of the individual
nanosheets. This requires an understanding of the chemical physics of the nano-
materials to optimise their exfoliation and control their assembly for subsequent
applications.

This thesis investigates a relatively unexplored area in the overlap between liquid
phase exfoliation and interfacial assembly. While the former is a well-developed
approach for solution processing of pristine layered materials [14, 15|, the latter
is more well-studied for more conventionally amphiphilic nanomaterials such as
graphene oxide [16]. By confining 2D materials to a pseudo-2D space, interfacial
assembly of pristine nanosheets has the potential to preserve exfoliation and surface
area, minimise percolation thresholds and isolate ultra-thin nanomaterial films for a
range of applications.

This study aims to address three key questions:

e How can we understand exfoliation and size selection of nanosheets to develop

a framework for interfacial assembly?

e How can interfacial assembly help to solve current challenges in nanosheet

networks?

e How can interfacial assembly allow us to study intrinsic properties of nanosheets?

The properties of interest and methods of exfoliation of these layered materials
are discussed in Chapter 2, followed by an overview of the experimental processing

and characterisation techniques employed in this thesis, in Chapter 3.
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The subsequent experimental chapters seek to develop a framework for solution
processing of layered nanomaterials, starting with a study of the degradation during
liquid phase exfoliation of the prototypical solvent used for this process, N-methyl-2-
pyrrolidone (NMP). Chapter 4 addresses the influence of this degradation on the
spectroscopic characterisation of nanosheet dispersions.

Given the need for alternative solvents where the NMP degradation might affect
subsequent applications, Chapter 5 describes the influence of exfoliation and size
selection processes on nanosheet dispersions in different solvents and develops a
model to standardise size selection of few-layer nanosheets.

These solvent selection and size selection approaches are employed to facilitate
formation of nanosheet-stabilised emulsions in Chapter 6. The properties of liquid
emulsions prepared from the exfoliating solvent and water are studied to understand
their structure and properties. Subsequently, a range of emulsion compositions are
prepared to investigate the stability criteria and orientation of emulsions; whether
water-in-oil or oil-in-water based on their surface energies. Importantly, this represents
a method for both measurement of the surface energy of the nanosheets and for
design of emulsions. The potential for application of emulsions as nanosheet inks is
considered, alongside additional methods to control emulsions which may help to
realise their applications potential.

Chapter 7 presents a study of MoS, thin films as a means to investigate the
degree of exfoliation in dispersion and on substrate based on the sensitivity of the
optical properties to nanosheet dimensions. Langmuir deposition is employed to
allow preparation of ultra-thin, densely-packed nanosheet networks with potential
for thin film optoelectronic devices. The conductivity and photoconductivity of
these few-layer nanosheet networks is studied and correlated with the nanosheet
dimensions.

Together, these studies give new understanding of well-studied materials, solvents
and processes which facilitates interfacial assembly to fabricate novel structures based

on ultra-thin nanosheet films.



Chapter 2

2D materials and their synthesis

The idea that strongest and most conductive material known to man can be isolated
from "pencil lead" has established graphene and related materials as a field where
fundamental science could enable step-change developments in technology [17|. While
fullerenes and carbon nanotubes are synthetic nanomaterials, two-dimensional (2D)
and pseudo-2D nanomaterials can be produced from naturally-occurring layered
materials with a wide range of electronic, optical, thermal and mechanical properties
[18]. In practise, the range of applications in which 2D materials have been envisaged
will require processing that is more scalable and versatile than the Scotch tape
method [19]. This chapter will discuss the structure, properties and applications of
graphene and related 2D materials, followed by methods for their exfoliation, with
a focus on liquid phase exfoliation as a suitably scalable and versatile technique to

enable 2D materials to realise their applications potential.

2.1 Graphene

Graphene was the last of the set of different dimensionalities of carbon (3D graphite,
0D fullerenes and 1D carbon nanotubes) to be isolated but is actually considered
the parent material from which all other graphitic carbon can be assembled, as
shown in Figure 2.1. Graphene consists of a monolayer of carbon atoms arranged

in a hexagonal lattice. It is possible to isolate such monolayers from bulk graphite



Figure 2.1: Graphene as the parent material of sp? carbons; fullerenes, nanotubes
and graphite. Image from [20].

because its structure is simply vertically-stacked layers of graphene.

Graphite has been associated with the north west of England since the mid-16th
century, with deposits in Cumbria initially used by farmers to mark their sheep, before
leading to the establishment of the local pencil industry. Less than 100 miles away
(and 450 years later, in 2004) at the University of Manchester, Geim and Novoselov
successfully isolated monolayer graphene from graphite in 2004 by micromechanical
cleavage [6]. Not only was the monolayer found to be stable, it was demonstrated to
be a semi-metal with strong electric field effect and high carrier mobility (~10000
cm?/Vs). The simplicity of their exfoliation process using Scotch tape and the
potential of graphene and related materials for new physics and applications alike
sparked renewed interest in the field of layered materials [21].

The remarkable properties of graphene are as a result of its structure and this
is in turn a consequence of the bonding in carbon. The four valence electrons in
elemental carbon have a configuration of 2s?2p? but tend to form hybrid orbitals
between the 2s and 2p states which facilitate the formation of different structures.
In diamond, one of the s orbital electrons is promoted to the p, orbital to take part

in orbital hybridisation to form an sp® orbital where four bonds maximise the angle



Figure 2.2: Band structure of graphene illustrating linear dispersion relation (Dirac
cone) at the K point. Image from [20].

between themselves and result in the tetrahedral zincblende structure. In graphene,
only two of the three p orbitals take part in hybridisation to give an sp? structure
where three bonds can maximise the angle between them as 120° in plane [22]. This
gives the hexagonal and layered structure of graphene with the unhybridised p,

orbital responsible for the weak interplanar bonding.

In addition, overlapping orbitals in graphene lead to the formation of o and
7w bonds, for s and p orbitals respectively. ¢ bonds represent delocalised states
which facilitate in plane electronic transport [22]. They are also among the strongest
chemical bonds which confers the record Young’s modulus of graphene [13]| due to
the high energy of defect formation or dislocation movement. Whereas 7w bonds have
little overlap in the z-axis resulting in highly anisotropic electronic transport [9]
and weak interplanar bonding that can be easily overcome to isolate graphene from
graphite.

7 bonds are however responsible for the unique in-plane electronic properties
of graphene, giving bonding and anti-bonding orbitals close to the Fermi level [22].
These orbitals meet at the K-point with linear dispersion relation, as shown in Figure
2.2, making graphene a semi-metal (or zero-gap semiconductor) whose carriers have
zero effective mass and therefore ballistic (scattering-free) electronic transport [23].
These electronic properties result in remarkable device-level performance in terms of

mobility and conductivity [24, 25|, as illustrated in Figure 2.3. However, it is worth
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Figure 2.3: Optical micrograph of graphene flake from [6] and electric field effect
from [21], showing modulation of 2D resistivity p as a function of gate voltage V.

noting that these superlative properties are only strictly manifested in single-layer,

single-flake, in-plane measurements screened from external influences [26].

It is therefore important to consider how the ensembles of few-layer nanosheets
with in- and out-of-plane transport and various external influences studied in this
thesis, relate to idealised graphene. Bilayer and trilayer graphene were also reported
in Geim and Novoselov’s original paper as exhibiting "essentially identical electronic
properties characteristic for a 2D semimetal which differed from a more complex
(2D plus 3D) behavior observed for thicker, multilayer graphene as well as from the
properties of 3D graphite" [6]. While this thickness dependence was in terms of
their electric field effect and attributed to screening effects, graphitic multilayers
have qualitatively the same semi-metallicity from single-layer graphene to pseudo-

infinitely-thick graphite.

The main difference is that overlap of the p, orbitals gives rise to quadratic
(rather than linear) dispersion relations at the K-point near the Fermi level in
multilayer structures [20]. As such, carriers with zero effective mass which experience
ballistic transport in single-layer graphene have non-zero effective mass and experience
increased scattering in bilayers and above. While bilayer graphene has some desirable
properties in itself (such as the presence of a band gap for optoelectronics [27]), as a

general rule, scattering effects in multilayers result in mobilities and conductivities
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Figure 2.4: Transmittance-sheet resistance plot for various graphene materials,
illustrating relative performance mono- and multi-layer materials and comparison of
continuous flake (black squares) vs nanosheet networks (red circles, blue triangles).
Star represents minimum industry standard for indium tin oxide. Image from |[8].

which tend towards those associated with bulk graphite [20, 28, 29, 30, 9, 10].

Nevertheless, most of the properties of graphene are quite robust to increas-
ing layer number, including conductivity (~10° S/m [9, 8, 10]), transparency [31],
high surface area [32], thermal conductivity [33], mechanical properties [34] and
processability [35, 14]. This means few-layer graphene remains a material with great
applications potential [19]. Few-layer graphene typically finds applications where
versatile processing is accepted at the expense of electronic performance.

One application area which allows for comparison of different graphenes and
processing techniques is transparent electrodes, where the requirements are of low
sheet resistance (<10 €2/sq) and high optical transparency (>90%, related to film
thickness). So while there is no explicit threshold on conductivity or mobility,
the sheet resistance must be realised with an effective thickness of less than 4
monolayers [31], meaning a conductivity of >107 S/m is required. As shown in
Figure 2.4, this places nanosheet networks of solution-processed graphenes (from
both chemically-modified and pristine graphene) far from the industrial standard for

transparent conductors. Even high-quality vapour-phase-deposited graphene does
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not offer sufficiently low sheet resistance but highly-doped graphene is capable of
fulfilling the requirements for this stringent application |8, 10]. This illustrates that
the superlative but often thickness-normalised properties of graphene can fall short
of performance requirements based on absolute device properties and that few-layer
and /or solution-processed graphene can be competitive with higher electronic quality

monolayers for such applications.

In reality, applications for graphene are likely to come from across the whole
performance-cost-scale parameter space. Printed electronics [36, 11] is one such
example; graphene can be used as an electrode material despite the required solution
processing typically giving low monolayer content because graphite-like electronic
properties are sufficient. In such applications, few-layer graphene takes the form
of nanosheets assembled into a network and the properties are determined by the
network characteristics as much as the nanosheet characteristics, inter-sheet transport,

alignment, etc. These effects will be considered in later sections of this thesis.

Graphene is the most well-known and well-studied layered material, perhaps
because of its isolation from an inexpensive and naturally-occurring bulk material,
but the family of layered materials is large. Boron nitride (BN) is arguably the
closest relative of graphene given its structural similarities and sometimes referred
to as "white graphene". While BN is only studied briefly in this thesis, it is worth
addressing its relationship to and differences from graphene to understand the

transferability of findings and the potential applications.

BN, specifically hexagonal boron nitride, is structurally analagous to graphene
with three strong in-plane covalent bonds forming each layer with weak interplanar
bonds which have some ionicity due to the alternating stacking of boron and nitrogen
atoms [37, 38]. As a result of this structure, BN exhibits thermal [39] and mechanical
[40] properties approaching those of graphene. Its electronic properties however differ
from graphene as the two different atoms in the unit cell give non-vanishing terms in
the band structure. This gives rise to a wide electronic gap of 5-6 eV, making BN an

insulator [41].
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As such, initial work found atomically-thin BN to be an excellent dielectric
substrate for graphene electronics due to its lack of dangling bonds, near-perfect
lattice parameter matching and subsequent reduction in electronic scattering and
increase in mobility compared with other substrates [42]. Subsequently, BN has
been used in dielectric capacitors, both as single-flake [43] and nanosheet-ensemble
[44, 45] devices which exhibit dielectric constants as high as 6. BN has also found
applications where thermal conductivity without electronic conductivity is desirable,
such as thermal management fluids [46].

Indeed, for both BN and graphene, the most significant technological developments
based on layered materials are likely to require the versatile processing to enable
applications which are not possible with conventional materials. The range of
applications of semi-metallic graphene and insulating BN also highlights the potential
for "van der Waals heterostructures" for electronics, with the following section
introducing the most well-studied class of layered semiconductors to complete the

potential building blocks of next-generation all-2D material devices.

2.2 Transition metal dichalcogenides

Transition metal dichalcogenides are a class of layered materials with the chemical
formula MX, where M is a transition metal and X is a chalcogen. While these
materials had been studied and even isolated as monolayers over a decade before
graphene [47], the renewed interest around layered materials has established it as a
field in its own right where TMDs are often the first "beyond graphene" materials
that are considered to have comparable applications potential. The most well-studied
of these are the naturally-occurring MoS; and WSs, studied in this thesis, but dozens
of TMDs with a range of properties have been studied in recent years [48].
Notably, while TMDs had been studied for many years before their post-graphene
renaissance, this was predominantly through chemical exfoliation to produce materials
analogous to graphene intercalation compounds [47]. Chemical exfoliation typically

involves the intercalation of lithium ions between the layers of a TMD. However, this
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Figure 2.5: Crystal structure of MoS,. Image from [49].

results in a phase transition from the naturally-occurring and stable semiconducting
2H phase to the metastable metallic 1T phase [50]. Clearly, this is undesirable if the
semiconducting properties of the TMD are required for the subsequent application.
As such there have been efforts to maintain the 2H phase with post-processing [51]

or, more recently, alternative intercalants [52].

MoS; is the prototypical layered semiconductor and was successfully isolated
by micromechanical cleavage shortly after graphene [23]. It consists of a layer of
molybdenum atoms sandwiched between two layers of sulfur atoms, as shown in
Figure 2.5 and is therefore not strictly 2D but does exhibit interesting thickness-
dependent properties [53, 48]. MoS, is a model system to illustrate the effects of
quantum confinement in layered materials. The bandstructure of MoSy; and WS,
at the I' point is strongly influenced by sulfur p, electronic states. The energies of
these out-of-plane states are affected by exfoliation from bulk to monolayer with the
conduction band minimum raised and the valence band maximum (VBM) lowered,
resulting in widening of the indirect gap as expected in a confined system [54]. In
the monolayer limit, this indirect gap from the VBM at the I' point exceeds the
direct gap at the K point, resulting in the indirect-to-direct band gap transition

characteristic of MoSy and WS, [53], as shown in Figure 2.6.

It is worth noting that the same confinement effects also result in blueshifting

of the direct transition with layer number, albeit to a lesser degree because of the
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Figure 2.6: Bandstructure of bulk, 8-, 6-, 4-, bi- and, mono-layer MoS, illustrating
thickness dependence of bandgap and transition to direct gap in the monolayer limit.
Image from [54].

reduced contribution of out-of-plane electronic states at the K point (with these
being mostly due to localised d orbitals of the metal atoms). Indeed, the energy
of this transition has even been described as "relatively unchanged" by exfoliation
[48]. Nevertheless, characterising this transition has two distinct advantages. Firstly,
that its smaller shifts allows unambiguous spectroscopic identification in the visible,
compared with the band gap which shifts by over 0.6 eV. Secondly, the direct nature
of this transition facilitates correlation of absorption [55, 56] and photoluminesence
[53, 51] measurements. The robustness of these shifts is the basis of the now-well-

established spectroscopic metrics for MoSy and WS, [56, 57] used in this thesis.

As mentioned above, the direct nature of the band gap of monolayer MoS, and
WS, results in strong photoluminesence (PL) not observed for multilayers [53, 58|.
The PL intensity is around 10000 times higher for monolayers as a result of the
weak process of phonon-assisted PL in indirect gap multilayers [53], as shown in
Figure 2.7. As a result of this strong light-matter interaction [59], monolayer MoSs

and WS, have been studied as a potential active material in optoelectronic devices
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Figure 2.7: Normalised photoluminescence spectra of MoS, showing indirect gap,
A- and B-exciton PL, labelled I, A and B respectively, redshifting with increasing
layer number due to confinement effects. Image from [53].

including photovoltaics [59, 60, 61], photodetectors [62], photodiodes [63], saturable
absorbers [64] and electroluminescent devices [65] including light-emitting diodes [66].
While device efficiencies are respectable, the main attraction of 2D materials for such
applications is the prospect of ultra-thin flexible devices and, potentially, solution
processability. Given that PL is such a robust indicator of the monolayer content of
a TMD sample, it has been elusive in high-multilayer-content dispersions typically
produced by liquid exfoliation. However, recent studies of monolayer enrichment
[56, 67, 57] (discussed further in later sections) demonstrated PL from solution-
processed TMDs and illustrated their potential for integration within optoelectronic

devices.

While optically-active devices represent a promising application area, the most
intense area of study of MoSs and WS, has been in electrostatically-gated electronics,
specifically field-effect transistors [49, 68, 69, 70, 71|. Compared to graphene, which
has ultrahigh mobility and zero band gap, semiconducting TMDs have lower but
nevertheless reasonable mobilities (~500 cm?/Vs, limited by the high effective mass

of carriers) but the sizeable band gap results in excellent on-off ratios (>108). These



16

findings have helped to establish that 2D materials beyond graphene are likely to
have excellent transport properties specifically because of their layered structure; this
ensures that they are free from dangling bonds, therefore stable, and have reduced
electronic scattering due to reduced interlayer coupling. While carrier mobilities
are still lower than for state-of-the-art compound semiconductors, reported values
for MoS, are comparable with graphene nanoribbons and thin film silicon [49] and
their other attributes may make them competitive with III-V materials for certain

low-power applications [72].

Another point to consider is the variability of electronic properties reported for
MoS, and sensitivity to their environment [49, 70]. Bulk MoS, actually exhibits
mobility of up to 500 ¢cm?/Vs but this is reduced to 0.1-10 cm?/Vs for exfoliated
layers on substrate and a high dielectric constant passivation layer (such as HfO, [68]
or Al,Oj3 [70]) is required to restore the mobility to values above that of the bulk. In
addition, the contacts are found to have a strong influence on device performance
[70, 71]|. Such effects can promote or suppress scattering mechanisms which results
in quite variable performance even for single-flake devices [73|. Coupled to these
extrinsic effects is the well-acknowledged role of sulfur vacancies in doping MoS,
[71, 74]. These vacancies are prevalent even in MoS, exfoliated from bulk crystals and
result in Fermi level pinning close to the conduction band [75, 76, 77|. This provides
an explanation for both the near-universal observation of n-type semiconduction by
MoS, [74] and the variability of device mobilities. The prevalence and influence of
such defects in WS, is less well-studied and perhaps significantly different given that

both n- and p-type behaviour often found for this material |78, 79].

The inherent n-doping of MoS; is also found to result in a zero Schottky barrier
at the interface between monolayer MoS, and several common contact metals [49, 71].
This phenomenon also applies, albeit with non-zero but reduced Schottky barrier,
to multilayer MoS, devices [70, 80, 81] and seemingly solution-processed nanosheet
networks [82, 83| similar to those studied in this thesis. These effects and their

transferability to nanosheet networks, as well as the potential to manipulate them to
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develop novel solution-processed devices, make semiconducting TMDs, particularly

MoS,, exciting materials for a range of appplcations.

2.3 Synthesis of 2D materials

As a result of its remarkable properties, graphene has been hailed as a wonder
material for applications including field-effect transistors, transparent electrodes,
mechanically-reinforced and conductive polymer composites and energy storage
devices [19]. However, it is worth noting that most of these applications require pro-
cessing which is not possible with graphene as produced by micromechanical cleavage.
This may include direct deposition, transfer, or assembly into three-dimensional
structures. Such a range of applications will require similarly versatile processing
while prioritising high-quality (defect-free) graphene which can be produced by
cost-effective and scalable techniques.

Micromechanical cleavage, or the Scotch tape method, is a simple and therefore
low cost method of producing very high quality graphene (with only the defects
present in the raw material) and relatively large sheets (up to hundreds of microns),
but its applicability is severely limited by the lack of scalability [19]. In addition, while
materials can be transferred by various techniques, devices are typically fabricated
around the as-exfoliated material and fabrication of more diverse structures, such as
networks or composite materials, is not possible.

For applications where high electronic quality is required with improved through-
put and integration, chemical vapour deposition (CVD) has emerged as an alternative
to micromechanical cleavage. CVD involves decomposition of precursor gases over a
catalyst under carefully-controlled conditions to minimise defect density. By over-
coating with polymer transfer films and etching substrates, CVD materials can be
more readily integrated within other structures [19]. In addition, direct deposition
of three-dimensional structures by CVD has also been demonstrated [84]. CVD
can be considered scalable in that it can facilitate high area applications (such

roll-to-roll production of 75 cm transparent electrodes for touch screens [85]) but the
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atomically-thin nature of these films mean mass throughput is low and applications
which require greater processability remain elusive. Furthermore, the equipment,
precursors and high temperatures result in an increased cost of CVD materials

compared with other techniques.

Intuitively, low-cost scalable production requires solution processing. In practise,
preparation of graphene in solution is challenging because of its poor dispersability;
graphite and other bulk layered materials do not spontaneously disperse as for some
other colloids nor can they be debundled by mild agitation as for carbon nanotubes.
The dispersability of graphite is especially poor in water but can be overcome by
oxidising the graphite to form graphite oxide with hydrophilic functional groups
allowing exfoliation in water to yield dispersions of graphene oxide (GO) [86]. This
process is well developed, relatively low cost and can be scaled to high throughput.
However, the addition of functional groups to improve dispersability inevitably

influences electronic properties [87].

GO is an inhomogeneous material with conductive sp? domains alongside func-
tionalised insulating sp® regions [88|. The exact electronic properties are dependent
on the degree of oxidation, best characterised by the C/O ratio. For typical C/O
ratios in the range 2-5, this results in near-insulating character with a wide band gap
of around 3-4 eV and conductivity around 1072 S/m [89]. As such, much research
has been carried out to take advantage of the processability of graphene oxide and
subsequently reduce it to restore the electronic properties to those of graphene
[86, 90, 91, 51|. The most effective of these reduction techniques typically require
high temperature under vacuum or harsh chemical treatment such as hydrazine
[87, 86]. While less aggressive methods have been developed, such as reduction
by vitamin C [92] or microwave treatment [93|, it remains challenging to recover
high electronic quality with conductivities typically limited to ~10% S/m [87, 89].
This difficulty and the need for post-processing represents a barrier to the adoption
of reduced graphene oxide (rGO) for solution-processed applications. In addition,

this oxidation-reduction approach is only possible (or at least well-developed) for
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Figure 2.8: Venn diagram illustrating graphene production methods and their
attributes.

graphene and is not transferrable to other layered materials and so restricts the range
of applications possible with this approach.

Clearly, it would be desirable to have a synthesis technique which combines
the simplicity and transferrability of the Scotch tape method, the quality-at-scale
potential of CVD and versatility of solution processing associated with GO.

Liquid phase exfoliation (LPE) is an approach developed based on applying
hydrodynamic shear forces to suspensions of bulk layered material powders in
carefully-selected solvents to exfoliate and stabilise pristine nanosheets [14, 15]. As
such, LPE is a powerful technique to enable high-quality nanosheets to be processed

into a range of structures for subsequent applications, as illustrated in Figure 2.8.

2.3.1 Liquid phase exfoliation

In order to realise the potential of LPE, it is important to understand how and
why it is possible to prepare 2D materials in this way. LPE involves the generation
of shear forces in a dispersion of bulk layered material. This approach was first
demonstrated for the exfoliation of graphite powder to graphene by ultrasonication
[14]. This has subsequently been demonstrated for a wide range of materials including

TMDs [15, 94, 95|, BN [15], black phosphorus [96, 97| and layered double hydroxides
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[98, 99]. It has also been demonstrated using both solvent [100, 101, 95] and aqueous
surfactant [102, 103, 94| and polymer solutions [104, 97, 67, 105] as dispersants, with
exfoliation techniques including high-shear mixing [106, 107, 108] and high-pressure

homogenisation techniques [109, 105, 110].

During exfoliation, local shear forces result in exfoliation of the layered material
from bulk to few-layer nanosheets. For exfoliation in aqueous surfactant solutions,
this allows the hydrophobic group of the surfactant to adsorb on the nanosheet surface
and the hydrophilic group to interact with the surrounding water molecules, reducing
of the interfacial energy of the system. However adsorbed surfactant molecules
are typically difficult to remove and inhibitive to conductivity if present at the
high concentrations used for exfoliation. As such, for certain applications, solvent
exfoliation might be preferable. The extent to which this is possible for any given
layered material and solvent depends on the energetic cost of creating the additional
solid-liquid interface which is related to their chemical composition. The enthalpy
of mixing for layered materials in solvents scales with the square of the difference
of the square root of their surface energies [14]. Based on analysis of attainable
concentrations at which graphene, MoS; and BN can be exfoliated into a range of
solvents, they are estimated to have very similar surface energy of around 70 mJ/m?
[15]. This is perhaps surprising given their differences in chemical compositions but

not inconceivable given the nature of the van der Waals bonding between their layers.

This argument of surface energy matching broadly describes liquid phase exfoli-
ation of layered nanosheets. Effective solvents are those with surface energies close
to the layered materials in the range 60-80 mJ/m?, which corresponds to surface
tensions of 30-50 mN/m [14, 15]. As such, layered nanosheets are considered to be
neither polar like water (v = 72 mN/m) nor non-polar like alkanes (e.g. hexane,
= 18 mN/m) and are instead somewhere in between. Surface energy for a liquid
is simply the sum of the well-defined and directly-measurable surface tension and
surface entropy, which take a constant value of ~29 mJ/m? for all liquids at room

temperature [111]. The most effective solvent for LPE is N-methyl-2-pyrrolidone
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Figure 2.9: Concentration of graphene dispersions as a function of solvent surface
energy, showing maximum near 70 mJ/m?. Tmage from [14].

(NMP) whose surface energy is very well matched to that of these layered nanosheets
[14, 15]. Nevertheless, some solvents very close in surface energy perform poorly and
others which are more poorly matched perform reasonably well [14, 101]. This is
attributed to the difficulty in describing the chemical interactions of a complex system
with only two numbers and this can be improved by using solubility parameter theory.
Hansen solubility parameters are an extension of the Hildebrand solubility parameter
approach, which is itself related to the cohesive energy density of a molecule [112].
Hansen parameters seek to improve the description of the chemical interactions which
contribute to the cohesive energy density by dividing these into dispersive, polar and
hydrogen bonding components [112]. The Hansen parameters for a solvent essentially
specify a co-ordinate in a three-dimensional parameter space of dispersive, polar and
hydrogen bonding (94, d,, d5,), with different co-ordinates for all solvents and solutes.
Solvents which are close in Hansen space to a layered material are chemically similar
and have a lower enthalpy of mixing, allow them to be more readily dispersed at
appreciable concentrations. This solubility metric is known as the Hansen interaction

radius and is defined as

Ra = /(2841 — 042))? + (01 — 0p2)2 + (O1 — G2)? (2.1)

where the factor of two for the dispersive parameters only is included to improve
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the sphericity of good solvents, since dispersive parameters span a narrower range
of values than the polar and hydrogen components. The concentration attainable
in a dispersion can be shown to decay exponentially with the square of the Hansen
interaction radius, making it a relatively selective screening approach for solvent
selection, although many other factors also influence the exfoliation and stabilisation
process. Nevertheless, this approach is found to elucidate many deviations from
the predictions of surface energy alone and provides a method for identifying new

solvents for exfoliation [113].

One of the most important aspects of LPE is that it has been demonstrated
to yield defect-free nanosheets and therefore maintains their electronic quality. By
contrast to GO, where defects are deliberately introduced to facilitate dispersion and
solution processing at the expense of conductivity, the basal plane of LPE nanosheets
are not chemically modified by the exfoliation process, with dispersion achieved by
overcoming the interfacial energy penalty through solvent choice or use of surfactant
[14, 15, 106]. Transmission electron microscopy finds the nanosheets to maintain
excellent long range crystallographic order [14, 15]. Raman spectroscopy can be
used to correlate defect modes with the lateral size of nanosheets and therefore
can be attributed to edges rather than basal plane defects [114, 115]. This is
consistent with inverse gas chromatography measurements which find that high-
energy basal plane defects are sparse and only present at the same levels as in
the parent graphite [116, 117]. In addition, electrical characteristics and nanosheet
mobilities of semiconducting materials are found to be comparable to those produced

by other defect-free techniques [118, 79].

Nevertheless, LPE is an ensemble approach which produces nanosheets with broad
distributions of lateral size and thickness [14, 15]. Such variations can significantly
influence nanosheet and device properties and therefore require characterisation.
For most applications it is often desirable to maximise the degree of exfoliation (to
increase the surface area, decrease percolation threholds, etc.) while maintaining

nanosheet size to minimise the influence of inter-nanosheet junctions. The need for
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rapid and representative characterisation of nanosheet size and thickness has led to
the development of spectroscopic metrics [56, 57, 115, 119]. This approach allows
for estimation of average layer number or lateral size for dispersions of graphene,
TMDs or BN based on the influence of physical dimensions on optical or vibrational
spectral features, e.g. intensity or wavelength of plasmonic or excitonic features due
to interlayer coupling or relative intensities of features associated with defects due to
influence of edge sites. These studies illustrate the potential of spectroscopy for both
fundamental understanding and practical applicability of ensembles of nanosheets,
which this thesis seeks to extend through modelling of size selection in Chapters 5

and 7.

2.3.2 Solution processing

The main advantage of liquid-exfoliated nanosheets is their versatility for solution
processing [15]. Their size means they are most often assembled as networks, either
alone or as hybrids or composites, which seeks to maintain the properties of the
individual nanosheets in macroscopic structures. Nanosheet networks have been
fabricated using a range of deposition techniques including spray deposition [102, 44],
vacuum filtration [14, 15, 120], inkjet [121, 11, 122, 123, 124, 125, 45| and screen
printing [105, 126, 127].

The assembly of graphene into such networks has facilitated fabrication of films
with thickness-dependent sheet resistance which can be lower than that of monolayer
films [102, 7, 8]. While network conductivities are typically too low for the originally-
envisaged application as transparent electrodes [8], thicker films have been applied
as electrodes for a range of devices including photodetectors [11], capacitors [44, 45|
and transistors [121, 79]. Recently, graphene nanosheet networks have even been
demonstrated as antennae for wireless electronics [126, 127].

Such devices often use other 2D materials, including MoS, and BN, as semicon-
ducting or insulating materials as solution-processed van der Waals heterostructures.

For example, BN nanosheet networks have been utilised as the insulating layer
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in dielectric capacitors [44, 45] and transistors [124, 79]. Nanosheet networks of
MoS, and other semiconducting TMDs have been demonstrated to exhibit good
photosensitivity [11, 83, 128| and reasonable performance as field-effect transistors
[122, 79, 129], although low conductivity, thick films require electrolytic gating and
device performance is typically limited by the presence of charge traps and inefficient
inter-nanosheet charge transport [83]. Recently, it has been demonstrated that
chemical exfoliation of MoS,; with novel intercalants can retain the semiconducting
phase and allow fabrication of solution-processed films of large sheets which exhibit
improved mobility and can be gated electrostatically [52].

Furthermore, hybrid films of nanosheets, such as of graphene and MoS,, have
shown promise for improving conductivity [120], photoresponse [130] or mobility [131]
in electronic devices and enabling applications as dye-sensitised solar cell electrodes
[132]. In addition to all-nanosheet films, networks can be formed by combining
these materials with polymer matrices to form composites. Research in this area has
mainly focused on graphene to yield variously flexible, transparent [133|, mechanically-
reinforced [134, 135, 136, 137], conductive [10] and/or electromechanically-sensitive
[138, 139] composite materials. BN nanosheets have also been demonstrated to
be an effective filler for mechanical reinforcement [140, 141], while semiconducting
TMD nanosheets have been integrated within polymer matrices for photoluminescent

composites [67] and non-linear optics [142].

2.3.3 Interfacial assembly

Such composites exhibit impressive functionality but are typically composed of
random networks of nanosheets within the polymer matrix. This leads to relatively
high percolation thresholds and broad distributions of inter-nanosheet resistance
which results in very gradual increases in conductivity above the percolation threshold
[10]. Interfacial assembly presents a route to reduction of percolation thresholds
by confining nanosheets to a pseudo-2D space which templates their structure in

the composite, as previously demonstrated for carbon nanotubes in polymer latex
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composites [143|. This approach for solid-liquid interfaces can be extended to liquid-
liquid interfaces where solid particles can act to stabilise emulsions, known as Pickering
emulsions [144, 145], where a film of the particles reduces the interfacial energy of
the system. These have been studied for insulating layered materials such as clays
[146, 147] and graphene oxide [148|, with some studies of reduced graphene oxide [149]
and graphitic multilayers [150, 150, 151]. Subsequent applications include chemical
[152] or strain sensing [151] or energy storage devices [149]. However, ultra-low loading
composites based on this approach have yet to be realised, with emulsion-polymerised
composites exhibiting droplet size-loading level values corresponding to relatively low
specific surface areas [153, 150] due to poorly-exfoliated materials and/or overcoating
during film formation. Nevertheless, assembly of ultra-thin interfacial films has been
achieved at non-emulsified liquid-liquid interfaces, with films subsequently deposited
onto substrates. This has been demonstrated for graphene for transparent conductive
films [153] and WSe, for photoelectrochemical devices [154] but has the potential to

be generalised and applied further.

While assembly of functional nanosheets at liquid-liquid interfaces has not been
extensively studied, interfacial assembly at the liquid-air interface has received
considerably more attention [155]. Formation of a floating film on the surface of a
water subphase using a spreading solvent, followed by densification and deposition,
is known as Langmuir deposition and has been successfully applied to produce
films of GO [156], rGO [157, 158], liquid-exfoliated pristine graphene [159, 160] and
chemically-exfoliated MoS, subsequently treated to restore the semiconducting phase
[161, 162]. These studies typically seek to prepare ultra-thin films to enhance other
properties such as transmittance [159, 160] or gas sensitivity [162]. In addition,
studies of the optoelectronic properties of films of semiconducting TMD nanosheets
have employed a Langmuir-based technique with confined area to yield thicker
films [82, 83]. As such, Langmuir deposition has the potential to produce films
which are both ultra-thin and have sufficient areal density to exhibit high (bulk-like)

conductivity to facilitate applications. The initial aim of this thesis was to use
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Langmuir deposition to negate the thickness-dependent conductivity scaling observed
for spray- or inkjet-deposited films [7, 11] with a view to application in printed
nanosheet network transistors where the improvements on the current state-of-the-
art, based on electrolytic gating |79, 129], could be realised by electrostatic gating of

these ultra-thin films.

The physics common to assembly at both liquid-liquid and liquid-air interfaces,
that this thesis seeks to develop, is that of spreading at three-phase boundaries.
Fluids which are immiscible (such as water and solvent or water and air) are so
because they are sufficiently chemically different in terms of cohesive energy density,
surface tension, etc. Such large mismatches in surface tension mean that liquid-liquid
and liquid-air interfaces can be manipulated to form films of carefully-chosen third
phases. Essentially, this third phase must exhibit spreading behaviour at the interface
which arises as a result of the third phase partially wetting both immiscible phases,
rather than preferentially wetting one or the other. Such three-phase interfaces are
typically analysed by considering the force balance as illustrated in Figure 2.10. For
liquid-liquid interfaces (emulsions), the third phase is the nanosheet stabiliser itself as
shown in Figure 2.10(a) and (b), where the spreading criteria are that the water must
spread at the solid /oil interface and the oil (solvent) must spread at the solid /water
interface. In this case, the forces can be considered collinear and so-called spreading

coefficients can be defined as

Sso = Yso = Vsw — Yow (22)

st = Ysw — Vso — TYow (23)

where Sy, and Sy, are the spreading coefficients for the solid/oil and solid /water
interfaces respectively and 7s,, Vsw and 7., are the interfacial energies of the solid/oil,

solid/water and oil/water interfaces respectively.

The criterion is typically that these must both have the same sign (negative or

positive) for stable emulsion formation, which places constraints on the interfacial
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Figure 2.10: Three-phase boundaries associated with interfacial assembly: (a) oil at
solid /water interface, (b) water at solid/oil interface and (b) oil (solvent) at air/water
interface.

energies of the constituents and presents a route towards nanosheet-stabilised emulsion
design and studies of the surface properties of the nanosheets themselves.

For liquid-air interfaces, such as those involved in Langmuir deposition, the third
phase is the spreading solvent which acts as a carrier for the nanomaterial. In this
case, the solvent must wet the air/water interface in order to form a thin layer
and evaporate to leave the nanomaterial trapped at the interface. As such, this
three-phase boundary defines the interfacial energy of solvents which are suitable for
Langmuir deposition. For both emulsions and Langmuir films, this thesis aims to
develop understanding of the physics of spreading and its relation to the surface and
interfacial properties of liquid-exfoliated nanosheets in order to facilitate applications

of these assemblies.
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Chapter 3

Processing and characterisation

techniques

This chapter will introduce the most important processing and characterisation
techniques used in this thesis, outlining their working priniciples and relation to the

studies performed.

3.1 Ultrasonication

Ultrasonication is the process of agitating a liquid or dispersion using high-frequency
acoustic energy. This is typically achieved using an ultrasonic bath or ultrasonic
probe where a transducer is electrically driven to oscillate at an ultrasonic frequency
(~20 kHz) to generate pressure waves in the liquid medium. Such variations in
pressure results in ultrasonic cavitation, where bubbles are formed and manipulated
by the applied ultrasound. Cavitation can be classified as either inertial or stable,
based on whether the ultrasound causes the bubbles to collapse violently (inertial),
resulting in localised extremes of pressure and temperature, or oscillate periodically
(stable). In either case, cavitation exerts hydrodynamic shear forces on the liquid
and any dispersed particulates, which are sufficient to result in both exfoliation
and scission of layered materials. While there have been some studies of controlled

acoustic cavitation for dispersion of nanomaterials [163], ultrasonication is widely
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used for liquid phase exfoliation of layered materials with little attention paid to the
mechanism (or consequences thereof) of the process.

In this study, probe ultrasonication (Sonics Vibra-Cell VCX130) is used routinely
for liquid phase exfoliation as a means to supply the high energy required to cut
starting materials into more exfoliable particles to lower the interfacial energy
required for exfoliation. In addition, in Chapter 4, the influence of sonication-induced
chemistry on the prototypical solvent for liquid phase exfoliation is investigated.
In Chapter 5, the power output from the ultrasonic probe is correlated with the
viscosity of various solvents to study how viscosity affects the yield of ultrasonic

exfoliation processes.

3.2 Centrifugation

For a number of reasons, liquid phase exfoliation can be a relatively low-yield low-
concentration process. This can in part be attributed to brute force exfoliation
methods which must supply the high energies required for exfoliation events at a
frequency which results in reasonable yields while not supplying such high energy as to
result in excessive scission. In addition, the ultra-thin nature of exfoliated nanosheets
means that any unexfoliated crystallites, even in the highest yield processes, constitute
a significant proportion of the mass and volume in the dispersion. As such, size
selection methods are required to separated the desired few-layer nanosheets from
unexfoliated material. Given the small mass but appreciable lateral size of few-
layer nanosheets, they are known to be far more stable against sedimentation than
unexfoliated crystallites. Centrifugation is a well-established method to accelerate this
sedimentation to allow high-throughput size selection of nanosheets. By subjecting
a dispersion to high-rpm rotation, the relative g-force experience by dispersed
nanosheets is increased and few-layer nanosheets can be isolated within minutes.
Recently, it has been demonstrated that multi-step centrifugation can be used
to isolate fractions of a population of nanosheets as a function of their size [57].

Known as liquid cascade centrifugation (LCC), this approach involves successively
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sedimenting different fractions under increasing relative g-force and redispersing
these to produce samples. This method has the advantage of producing narrower
size distributions independently of the initial population and allows for concentration
and /or solvent transfer of the nanosheets. As such, LCC is utilised throughout this

thesis as a powerful technique for size selection and solvent transfer.

3.3 Microscopy

3.3.1 Atomic force microscopy

One of the challenges of studying ensembles of nanoparticles is that there are
inevitably distributions of sizes which influence material properties and performance.
In addition, the structures of assembled networks cannot be measured or studied
at sufficient resolution by optical microscopy. As such, atomic force microscopy
(AFM) is employed for well-calibrated high-resolution topographic characterisation
of nanosheets and networks thereof.

In AFM, a cantilever with a sharp tip is rastered across the sample surface and
the influence of the sample-tip interactions on the deflection of the cantilever are
measured. Readout is achieved by monitoring the reflection of a laser source from
the back of the cantilever onto a spatially-resolved photodiode detector as shown
in Figure 3.1. This is calibrated with a piezoelectric sensor in the z-axis to allow
accurate height determination. These measurements are made point by point to
build a map of the surface topography of the sample.

Furthermore, it is possible to extract additional information from a single scan by
driving the oscillation of the cantilever at its resonant frequency such as in tapping
mode or various proprietary "peak force" modes, such as with the Bruker Dimension
Icon instrument used in this study. In tapping mode, the phase shift between the
driving oscillation and the feedback provides indicative mechanical characterisation,
showing contrast between soft and hard materials. In peak force AFM, multiple

force-distance for the oscillation of the tip are recorded at each point and processed to
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Figure 3.1: Schematic of atomic force microscopy.

extract potentially-quantitative mechanical information including modulus, adhesion
and dissipation. These additional channels can be particularly helpful in identifying
unexpected or undesired species which often have distinct mechanical properties to
the nanomaterial of interest.

In this study, AFM (Bruker Dimension Icon) is utilised to visualise such species
(NMP residue on the surface of nanosheets), perform statistical length and thickness
characterisation of individual nanosheets and to determine the density and, more

importantly, thickness of nanosheet networks down to tens of nanometres.

3.3.2 Scanning electron microscopy

While AFM facilitates well-calibrated high-resolution imaging of a sample surface,
it is limited to relatively small areas (<100 pm) and slow scan rates. By contrast,
scanning electron microscopy (SEM) allows rapid imaging of conductive samples over
length scales from nanometres to hundreds of microns.

The working principle of SEM is that an electron beam is accelerated at high
voltage (typically 1-10 kV) penetrates the sample surface to a depth of around
1 pm with a range of interactions resulting in signals that can be used to image
with higher spatial resolution than optical microscopy. The most common imaging

mode is secondary electron imaging where the intensity of electrons ejected from
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Figure 3.2: Schematic of scanning electron microscopy.

the sample surface with energies <50 eV is mapped to image the structures from
which they originated. This allows high resolution topographic imaging because
such low-energy electrons can only escape from close to the sample surface. It is
also worth noting that non-conductive material such as organic residues are often
electron-transparent due to their weak interaction with the primary beam and may
not appear at all in SEM. However, if such materials are present is higher quantities,
such as in low-conductivity composites, imaging can be challenging due to charging

effects, especially at higher voltages required for high resolution.

SEM also has some chemical sensitivity with primary electrons backscattered
with a scattering cross-section corresponding to the atomic number of the scattering
centre in the sample. This has the potential to enhance contrast between low atomic
number (e.g. polymer matrices/binders) and higher atomic number phases (e.g.
metal-containing fillers). In addition, SEM can be used for quantitative chemical
imaging due to the generation of X-rays in the samples in the presence of electron
beam. Displacement of core level electrons may result in transitions of valence

electrons to fill the vacancy and emission of an X-ray of characteristic energy, which
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can be detected to determine the elemental composition.
In this study, SEM (Zeiss SIGMA) is used for the combination of capabilities and
the potential for rapid magnification to image over a wide range of length scales is

employed to confirm the structure and uniformity of films over such areas.

3.4 Spectroscopy

3.4.1 UV-visible extinction spectroscopy

UV-visible extinction spectroscopy is the technique of measuring the extinction
(combined absorbance and scattering) as a function of wavelength. This is typically
correlated with some known optical properties of the materials (extinction coefficient,
plasmon or exciton wavelength, etc.) to characterise sample properties (concentration,
layer number, thickness, etc).

A UV-visible spectrometer consists of a broadband white light source which is
monochromated to allow single-wavelength illumination. The monochromated light
is passed through a beam splitter to create two parallel beams to allow measurement
of sample and reference simultaneously. The fraction of the light intensity which is
transmitted is measured by photodiodes. A baseline measurement is performed to
record the intensity of the incident light as a function of wavelength. Subsequently,
the sample (usually either a dilute dispersion or semitransparent film on substrate)
and a reference (either the pristine solvent used in the dispersion or the substrate
on which the sample is deposited) are measured and their the difference in their
transmittances attributed to the dispersed material or deposited film.

In practise, it is often more convenient to characterise the extinction of samples,
related to transmittance by A = -logio(T). As a result of the Beer-Lambert law,
extinction can be quantitatively relate to the concentration of the sample, the path
length through the cuvette and its extinction coefficient to allow measurement of this
concentration through the equation Ext = Cel. In the case of films, the extinction

coefficient can be defined and measured to allow subsequent characterisation of film
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Figure 3.3: Schematic of UV-visible extinction spectroscopy.

thickness, although this is likely to be affected by sub-unity area coverage or porosity.
In addition, UV-visible extinction spectroscopy provides indirect measurement of the
energies of electronic transitions in a material, observed as local peaks in the spectra.
As such, UV-visible spectroscopy (Shimadzu UV3600Plus spectrometer) is used to
confer information about the nature of the material such as degree of exfoliation and
thus have been developed into spectroscopic metrics for layer number and lateral

size for a number of 2D materials [56, 115, 119], which are employed in this thesis.

3.4.2 Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy is the measurement of light emitted by a
material under illumination as a function of emission wavelength. PL is a phenomenon
associated with direct-gap semiconductors where emission can occur without the need
for phonon transfer. The measurement is technically similar to extinction spectroscopy
but spectrometers are often arranged in a right-angle geometry to minimise the
incident light transmitted into the detector. For fixed excitation wavelength, the
PL intensity is measured as a function of wavelength to determine the peak and

width of the emission profile. When this has been identified, the measurement can be
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performed in reverse, measuring the intensity at the peak emission wavelength as a
function of the excitation wavelength, to ascertain the energy of the transition which
is responsible for the PL. These measurements can even be formed as a continuous
3D scan where excitation and emission wavelength and PL intensity can be plotted
as a colour map containing all of the information about the process. In this thesis,
PL spectroscopy (Shimadzu RF-6000 spectrofluorometer) is used to characterise
both monolayer MoS, nanosheets in dispersion and the anomolous emission from

degraded solvent identified in Chapter 4.

3.4.3 Raman spectroscopy

Raman spectroscopy is a characterisation technique based on inelastic scattering
of incident light by excitation of vibrations in a crystal or molecule. Most light
scattering is elastic Rayleigh scattering which simply affects the number of photons
transmitted or reflected, such as the scattering contribution to extinction spectroscopy
or the A\™* dependence that is responsible for the blue colour of the sky. By contrast,
the Raman effect is far less prevalent (only affecting about 1 in 107 photons) but
actually modifies their energy. This is achieved by an incident photon exciting a
system from the electronic ground state to an electronic excited virtual state, followed
by relaxation to an vibrational state just above the ground state. This results in
scattering of a photon with an energy reduced by the energy difference between the
ground and vibrational state, i.e. the energy of the vibrational mode as shown in
Figure 3.4. This version of events, where the scattered photon is redshifted is known
as Stokes Raman scattering. It is also possible for a system already in an excited
vibrational state to transfer energy to the photon, via a virtual state, by relaxing
into the ground state. This results in the scattered light being blueshifted and is
known as anti-Stokes Raman scattering but occurs at a reduced intensity due to the
lower number of molecules in the vibrational excited state at any given time.

In addition, because the vibrational modes of a molecule have well-defined energies

related to the distortion of the bonds between atoms, Raman scattering has evolved
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Figure 3.4: Schematic of energy levels involved in Raman spectroscopy.

into a chemical spectroscopy where molecules and nanoparticles can be identified
by their vibrational signatures. A Raman spectrometer typically consists of an
optical microscope to identify the sample with visible wavelength laser excitation to
illuminate. A series of filters, gratings and a CCD detector are then employed to
measure the intensity spectrum of the Raman scattered light free from the influence
of the excitation source. The measured spectrum is outputted as a function of Raman
shift, the difference in wavenumber between the excitation and scattering, which
can be correlated with well-known modes to identify or characterise the material.
2D materials are particularly Raman active and the frequency and intensity of
their Raman modes is often sensitive to their layer number and lateral size due to
interlayer coupling and the effect of defects respectively [164, 57, 115]. Therefore,
Raman spectroscopy (Renishaw inVia Raman spectrometer) is utilised in this thesis
for liquid-exfoliated nanosheets where there can be broad distributions of size and
thickness which must be characterised to understand their influence on material

properties.
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Chapter 4

N-methyl-2-pyrrolidone:

Degradation during exfoliation

N-methyl-2-pyrrolidone (NMP) has been shown to be the most effective solvent for
liquid phase exfoliation and dispersion of a range of 2D materials including graphene,
molybdenum disulfide (MoS,) and black phosphorus. However, NMP is also known
to be susceptible to sonochemical degradation during exfoliation. It is found that this
degradation gives rise to strong visible photoluminescence of NMP. Sonochemical
modification is shown to influence exfoliation of layered materials in NMP and the
optical absorbance of the solvent in the dispersion. The emerging optical properties of
the degraded solvent present challenges for spectroscopy of nanomaterial dispersions;
most notably the possibility of observing solvent photoluminescence in the spectra of
2D materials such as MoSs, highlighting the need for stable solvents and exfoliation
processes to minimise the influence of solvent degradation on the properties of

liquid-exfoliated 2D materials.

4.1 Emerging absorbance and photoluminescence

N-methyl-2-pyrrolidone (NMP) is the prototypical solvent for dispersion of a range of
carbon nanomaterials including fullerenes [165|, conjugated polymers [166], nanotubes

[167] and graphene [14]. This general applicability is attributed to the matching of
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surface energy and Hansen solubility parameters with these materials [168, 169, 113].
This results in low enthalpy of mixing and allows individualised fullerenes, nanotubes
and nanosheets to be dispersed at high concentration. Consequently, there is renewed
interest in NMP for 2D materials beyond graphene such as molybdenum disulfide
(MoSz) and black phosphorus. These layered materials require solvents which enable
exfoliation from the bulk powder and stabilisation against restacking. While the
surface tensions and Hansen parameters of these materials are difficult to measure
directly, and are inherently dependent on the technique, MoS,, black phosphorus

and many other layered materials can be easily exfoliated into NMP [15, 170].

While clearly an effective solvent, NMP is also known to be very susceptible
to sonochemical polymerisation [171] and degradation [172] under the standard
processing techniques for exfoliation of 2D materials. In addition, the yield and
degree of exfoliation are also sensitive to the concentration of dissolved oxygen and
water in the solvent [172, 173, 174]. Such sensitivities indicate that liquid phase
exfoliation in NMP is not simply described by solubility parameter theory. The
process involves chemical modification of the solvent, generating degradation and
polymerisation products which influence the exfoliation process and results. While
this may be desirable, the nature of these sonochemical processes can result in a
wide variety of products which are difficult to characterise, and may be present as
residual contaminants which influence the properties of the exfoliated nanosheets.
The influence of degradation during exfoliation may lead to considerable variation
of the performance of NMP as a solvent for a given nanomaterial, and potentially
skewing of the measured surface energy and solubility parameters of the nanomaterial

towards those of the pristine NMP [14].

Furthermore, it has been noted that the optical properties of NMP are also
influenced by its degradation, with yellowing of the solvent usually attributed to
increased scattering of sonication products [171]. In addition, exfoliation yield and
optical absorbance of NMP have also been acknowledged to vary with the age of the

solvent [172]. Optical spectroscopy of NMP dispersions is further complicated, albeit



39

rarely acknowledged in the literature on nanomaterials, by weak photoluminescence
(PL) of the solvent [175, 176]. This PL has been found to be the enhanced with
degradation, with an increase in the overall intensity and the influence of a redshifted
component in both aged samples and sonicated samples. The absorbance and
photoluminescence of the degraded NMP present challenges for spectroscopy of
nanomaterial dispersions, with the features still observed in as-received NMP and their
influence exacerbated by the sonochemical degradation processes during exfoliation

of the nanomaterial.

The initial motivation for this study was the observation of visible yellowing of
NMP samples with age as previously acknowledged by others [172]. Figure 1(a)
shows UV-visible extinction spectra for NMP samples stored in closed containers, in
the dark and under ambient conditions for one, four and nine years. The samples
were not externally treated in any way. Similar discolouration is also observed for
sonicated NMP, hereafter referred to as NMP(s), produced from as-received NMP
(HPLC grade, >99% purity). It is evident that such changes arise from increased

optical absorption in the wavelength range below 450 nm.

Given that NMP has been reported to be weakly photoluminescent [175], the
samples were illuminated with a 405 nm laser. Under this excitation, all samples
were observed to exhibit strong blue-green photoluminescence with PL intensity
clearly increasing with both ageing and sonication of the NMP, as shown in the inset
photographs in Figure 4.1. While the differences in absorbance between the samples at
this wavelength are small, the differences in PL intensity are significant and therefore
not simply due to the increasing absorbance. This suggests that the increasing
photoluminescence is due to the emergence of new species whose concentration or
PL efficiency increases with degradation. Having made these observations in the
aged samples, the sonicated samples were prepared to study degradation in a more

controlled and practically-relevant manner.
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Figure 4.1: (a) UV-visible absorption spectra of NMP showing extinction below 450
nm increasing with the age of the NMP, for NMP-1, NMP-4 and NMP-9 (aged for 1,
4 and 9 respectively). Inset: Photographs of NMP-1, NMP-4 and NMP-9 exhibiting
strong blue-green photoluminescence under illumination with 405 nm laser pointer.
(b) UV-visible absorption spectra for as-received NMP and sonicated NMP(s). Inset:
chemical structure of NMP and photographs of NMP and NMP(s) exhibiting similar
blue-green under illumination with 405 nm laser pointer.
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4.2 Chemical characterisation

Raman spectroscopy was performed with laser excitation at 532 nm to compare
the vibrational modes of the different samples and identify any new species present.
These spectra show that NMP and NMP(s) have indistinguishable vibrational modes
with fixed peak positions and intensities (Figure 4.2) which are also in excellent

agreement with the solvent data sheet.

Subsequently, 'H nuclear magnetic resonance (NMR) spectroscopy was performed
to identify any covalently-modified species which are present at trace levels and/or
too similar in their vibrational modes to be detected by Raman spectroscopy. In
addition to the expected proton peaks for the NMP, the NMR spectra show a number
of peaks present at around 0.1% by number. The peaks with chemical shifts of
around 5 ppm are attributed to alkenyl protons, suggesting the formation of RC=CH,
species, while the peaks around 0.9 ppm correspond to protons in a methyl group.
These characteristic features are also observed in a previous study of sonochemical
degradation of NMP which proposes a mechanism for formation of an enamine species
(-N-C=C-) which undergoes polymerisation to form oligomeric nanoparticles [171].
The observation of similar features in the NMR spectra suggest that this mechanism
could describe degradation due to both sonication and ageing. Furthermore, the
presence of these features in the NMR spectra of all samples suggests that any
degradation product is also present, at lower concentration, in the as-received NMP.
Notably, the alkenyl and methyl protons associated with the previously-proposed
mechanism of enamine formation and polymerization, are present and show downfield
shifts relative to the as-received NMP. This is consistent with the downfield shifting of
peaks expected due to deshielding by a nearby 7-system, which could be a conjugated
species which gives rise to the absorption and PL in both aged and sonicated NMP.

To determine whether the emergent absorption and PL are likely to be due to
the pristine NMP or from a modified species, time-dependent density functional
theory calculations were performed [177]. The unmodified NMP molecule was found

to have optical transitions in the UV range of the spectrum only, with the primary
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Figure 4.2: (a) Raman and (b) '"H NMR spectra of NMP and NMP(s), with no
discernible changes in the Raman modes but new features emerging in the NMR,
most notably alkenyl protons at chemical shift of 5 ppm.
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absorption and emission features around 180 and 250 nm respectively, which strongly
suggests that emerging properties in the visible range are due to a modified species.
Using the previously-proposed enamine species as a starting point for degradation
and polymerisation, the primary optical absorption redshifts by more than 40 nm.
In addition, calculations show the emergence of a strong PL transition in the visible
at 470 nm. While the modified species is likely to be more complex than the NMP
derivative used, such calculations demonstrate that simple structural modifications

can result in significant shifts and emergent transitions in the optical spectra of

NMP.

4.3 Optical spectroscopy

In order to ascertain the extent of the emission from the new species, PL spectroscopy
was performed to obtain photoluminescence excitation (PLE) maps containing all
excitation and emission spectra (Figure 4.3). These PLE maps indicate that NMP
exhibits broad photoluminescence with peak emission around 400 nm under excitation
at 325 nm. In addition, the spectroscopic changes after sonochemical degradation
are illustrated by the changes in the intensity of the PL. For any given excitation
wavelength, the peak PL intensity increases with the age of the NMP, resulting in
the increasing brightness shown in the photographs in Figure 4.1. The as-received
NMP exhibits only very weak photoluminescence, with Raman features observed as
prominently as the PL peaks. For NMP(s), the PL intensity is increased by an order
of magnitude with appreciable emission across the whole visible spectrum.

The PL spectra for peak emission (A, = 400 nm, A.;. = 325 nm) of NMP and
NMP(s) are shown in Figure 4.4 and can be fitted as the sum of two components,
Gaussian in energy, at approximately 380 nm and 440 nm. Instrument-broadened
Raman scattering of the excitation source (identified as the feature at ~2900 cm™! in
Figure 4.2) is present in the PL spectra at ~360 nm (Figure 4.4(a)). The relevant data
ranges were neglected from the curve fitting. These two PL components correspond to

two emission species in the samples. When excited at lower energy than one or both
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Figure 4.3: Photoluminescence excitation maps of (a) NMP and (b) NMP(s) showing
significantly enhanced intensity and redshift of emission. White space corresponds
to the excitation source (samples are not sufficiently absorbing at all wavelengths to
quench this feature), the other linear feature at around 550 nm is the second order
diffraction of the excitation source and the dashed line indicates feature associated
with C-H stretch Raman at 2900 cm™!.
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of the species, as is common for photoluminescence measurements of 2D materials,
the breadth of the features results in a redshifted contribution of that feature to
the PL spectrum. This is illustrated by the significant PL intensity shown in the
PLE maps for long wavelength excitation of NMP(s). The emission is dominated by
the feature at 440 nm, which shows an apparent redshift with increasing excitation
wavelength which, in dispersions containing nanosheets, result in secondary excitation

of the dispersed nanomaterial.

The PL excitation spectrum in Figure 4.4(c) shows the wavelengths at which
excitation contributes to the peak emission at 400 nm. In the absence of any other
factors, it would be expected that this excitation spectrum shows features which
correspond to absorption features in the extinction spectrum. While the extinction
does increase with decreasing wavelength close the excitation spectrum maximum, it
is not monotonic which suggests some other mechanism of extinction. This may be
scattering contributions, particularly prevalent at shorter wavelength, or absorption
caused by excitation between non-radiative states. In addition, the broad nature of
the PL is further illustrated by PL spectra for longer wavelength excitation shown
in Figure 4.4(d) and (e) where both NMP and NMP(s) exhibit non-negligible PL
with similar lineshape extending across the visible spectrum under excitation at 405
nm (laser wavelength used for inset of Figure 4.1) and 450 nm (practically-relevant

wavelength for excitation of photoluminescent nanomaterials).

Time-resolved photoluminescence spectroscopy was performed to provide char-
acterisation of the photoluminescence lifetimes of the species in the NMP samples.
Figure 4.5 show time-resolved photoluminescence measurements with excitation
wavelength of 336 nm at an emission wavelength of 400 nm, chosen to be as com-
parable as possible with the steady-state spectra shown above. It is evident that
the total photoluminescence lifetime is significantly increased for NMP(s) compared
with NMP. These time-correlated emission measurements can be fitted as the sum of
exponential components, as shown in Figure 4.5, where both samples were found to

have a short-lived species with lifetime around 1 ns and a longer-lived species with
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Figure 4.4: Photoluminescence spectra of (a) NMP and (b) NMP(s) with two-
component fitting at peak emission wavelength. (¢) Comparison of extinction and
PL excitation spectrum, indicating absorption resulting in emission is centred at
325 nm and additional contributions to extinction may be scattering effects. (d)
PL spectra for NMP and (e) NMP(s) for longer wavelength excitation, illustrating
similar strong broad emission extending across the visible spectrum.
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Figure 4.5: Time-resolved photoluminescence of NMP and NMP(s) showing signific-
antly increased lifetime and additional component in fitting.

lifetime around 5 ns. In addition, NMP(s) was found to have a third component
with significantly greater lifetime of 19 ns. The relative abundances of the two
shorter-lived species indicate that they likely correspond to the two components from
the steady-state data, while the longer-lived species in NMP(s) is a much smaller
contribution which was not identified in the steady-state fitting. In addition, the
increase in the individual component lifetimes could suggest that the PL observed in
as-received NMP is not due to the pristine NMP but due to the onset of ambient
degradation. Greater delocalisation of the electron-hole pair in the excited state
leads to the observed increase in the excited state lifetime. As such, the overall
increase in lifetime with degradation is consistent with the formation of a larger,

possibly polymerised, species.

It has been shown that sonication of NMP results in modification of both the
chemical composition and the optical properties of the solvent. Sonochemical de-
gradation has previously been shown to influence the behavior of NMP as a solvent
for exfoliation and dispersion of nanomaterials [171, 172]. The considerable changes
observed with the relatively short sonication used to produce NMP(s) highlights
the potential for the solvent degradation under typical exfoliation processes for 2D
materials. In order to understand the influence of sonochemical degradation on liquid

phase exfoliation of 2D materials, samples of graphene and MoS, were exfoliated by
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Figure 4.6: UV-visible extinction spectra of NMP-exfoliated graphene and MoS,,
with A- and B-excitonic positions labelled, with some variation in concentration for
the pre-sonicated solvent.

sonication into as-received NMP and pre-sonicated NMP(s). UV-visible absorption
spectra for the dispersions are shown in Figure 4.6, which show opposing influences
on exfoliation into pre-sonicated NMP(s). As previously demonstrated for carbon
nanotubes [171], the concentration of graphene dispersions is increased for exfoliation
into NMP(s), as illustrated by the 10% increase in extinction. It is possible that
this is due to solvation of the graphene nanosheets by a polymeric degradation
product, similar to the polymer wrapping suggested for carbon nanotubes. While
covalent modification of the nanomaterial has also been suggested as a potential
mechanism [171], given that liquid phase exfoliation in NMP has been shown to
produce defect-free graphene [14], it is anticipated that polymer wrapping is the more
likely mechanism. By contrast, the concentration of MoS, dispersions is decreased for
exfoliation into NMP(s), suggesting that the production of degradation products and
their interaction with the 2D materials may be sensitive to the chemical composition
of the system. While the properties of these liquid-exfoliated dispersions are also
likely to be influenced by the process itself, the differences observed demonstrate the
sensitivity of the 2D materials to degradation of the solvent which will occur dynam-
ically during exfoliation and is therefore inevitable for sonication-based exfoliation

processes.
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In addition, the influence of NMP degradation on the optical properties of the
solvent present previously-unacknowledged challenges for spectroscopy of dispersions
and solutions in NMP. Any dispersion produced by ultrasonication will be subject to
degradation of the NMP, which further increases scattering in the solvent and the
dispersion [171, 172]. As such, it is not appropriate to use an untreated NMP sample
as a reference for absorption spectroscopy as this will be chemically different from the
sonicated NMP in the dispersion. However, if the reference sample is also sonicated,
the ultrasonic cavitation field and thereby the sonochemical processes will differ
significantly between the dispersion and the NMP reference sample. Importantly,
this indicates that it is not possible to produce a reference sample of NMP for optical
spectroscopy which is identical to the NMP in the nanomaterial dispersion. As
such, the reference samples used for the spectra in Figure 4.6 were the starting
solvent NMP and NMP(s) respectively, which may no longer be representative of the
solvent in the dispersion and the spectra therefore represent an upper bound on the
absorption due to the 2D materials. This is clearly problematic for extinction-based
measurements of concentration, size and thickness [115] and highlights the need for

alternative solvents and exfoliation processes.

Finally, the most significant influence of NMP degradation is in its use as a
solvent for photoluminescence spectroscopy of nanomaterials, despite the solvent
itself exhibiting strong and broad photoluminescence. Such nanomaterials include
conjugated polymers [178], carbon nanotubes [179], transition metal dichalcogenides
[180, 181] and black phosphorus [170, 96]. For most of these materials, the photo-
luminescence is not in the same wavelength range as the NMP but the excitation
wavelengths used could result in broad background luminescence from the solvent,
although there is likely to be some quenching by the nanomaterial. This presents
the possibility of the NMP emitting into the absorption band of the nanomaterial
and providing an undesired longer wavelength excitation. For example, excitation
of a dispersion of MoSs or black phosphorus in NMP at 450 nm will result in PL

emission from the NMP in the range 500-600 nm and further excitation of the dis-
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persed nanosheets, potentially resulting in additional spectral features or influencing
spectroscopic measurements of such materials. This is particularly problematic for
quantitative spectroscopic measurements such as that of monolayer fraction from PL
and Raman spectroscopy [57], which could be invalidated by secondary excitation of

the MoS, by PL emission from the NMP.

To illustrate the influence of NMP degradation, the PL spectrum for MoS,
exfoliated into NMP for excitation at 450 nm is shown in Figure 4.7. MoS, dispersions
typically show weak PL since emission is only from monolayer nanosheets and self-
absorbance reduces the outgoing signal. As such, the PL spectrum shows features
at low intensity corresponding to A and B exciton PL at ~680 nm and ~625 nm
respectively. The intense broad feature at ~530 nm is not due to the MoS, but is
instead due to the NMP, observed at longer wavelength under excitation at 450 nm.
This feature is likely to have been incorrectly attributed to MoS, in previous studies
[181]. To confirm this, the MoS, dispersion was centrifuged at high speed to sediment
the nanosheets out of the dispersion. The supernatant NMP was then discarded and
the material was redispersed into fresh aqueous sodium cholate solution in a manner
similar to liquid cascade centrifugation [57]. Figure 4.7(a) shows the PL spectrum for
the dispersion of MoS, in surfactant and water following solvent transfer. The broad
background due to the feature at ~530 nm is no longer present, confirming that it
is indeed PL from the degraded NMP, and the spectrum shows only the PL from
the MoS,, albeit dominated by the B exciton due to self-absorbance by multilayers
in the range of the A exciton. Together these spectra demonstrate the influence of
NMP degradation on the PL spectra of liquid-exfoliated 2D materials and present a
potential route, through sedimentation and redispersion, to transfer nanomaterials
into fresh or different solvents to minimise the influence of solvent degradation on

spectroscopy of 2D materials.
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4.4 Conclusions

In conclusion, NMP, the most widely used solvent for 2D materials, has been shown
to present significant challenges for liquid phase exfoliation due to its susceptibility to
sonochemical degradation. It has been shown that NMP is even susceptible to such
degradation with ageing under ambient conditions. Both ambient and sonochemical
degradation result in chemically-similar products which give rise to strong visible
photoluminescence of the NMP. In addition, this solvent degradation has been shown
to influence the performance of NMP as a solvent for liquid phase exfoliation of 2D
materials and perhaps even complicate the understanding of solubility parameters
for solvent selection. Measurements of such dispersions are complicated by the
increasing optical absorbance with solvent degradation and the nature of ultrasonic
processing suggests that it is not possible to produce a sample of NMP as a reference
sample for extinction spectroscopy, which is identical to the solvent in the dispersion.
Furthermore, the emergence of photoluminescence of the degraded NMP influences
spectroscopic measurements of photoluminescent materials in NMP, such as trans-
itional metal dichalcogenides, with the PL spectrum of MoS; in NMP shown to be
dominated by the degraded solvent. These observations indicate that the use of NMP
requires careful consideration for liquid phase exfoliation and optical spectroscopy of

2D materials.
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Chapter 5

Size selection of liquid-exfoliated

nanosheets

Here, a size selection model for liquid-exfoliated two-dimensional nanosheets is
presented. The ability to consistently select exfoliated nanosheets with desired
properties is important for development of applications in all areas. The model
presented facilitates determination of centrifugation parameters for production of
dispersions with controlled size and thickness for different materials, solvents and
exfoliation processes. Importantly, after accounting for the influence of viscosity
on exfoliation, comparisons of different solvents are shown to be well described by
the surface tension and Hansen parameter matching. This suggests that previous
analyses may have overestimated the relative performance of more viscous solvents.
This understanding can be extended to develop a model based on the force balance
of nanosheets falling under viscous drag during centrifugation. By considering the
microscopic aspect ratio relationships, this model can be both calibrated for size

selection of nanosheets and compare the exfoliation processes themselves.

Liquid phase exfoliation has been demonstrated to be a versatile, scalable and cost-
effective technique for the production of few-layer two-dimensional (2D) nanosheets
for a wide range of applications [15, 182, 183, 129, 96, 184]. Although surfactants

in aqueous solution have been shown to yield high-quality dispersions of few-layer
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nanosheets at reasonable concentrations owing to stabilisation by the amphiphilic
surfactant molecules, their presence can be undesirable for some applications [103].
Moreover, in certain cases it would be preferable to produce high-quality dispersions
in organic solvents [100, 11, 151]. As a result, there has been extensive work to
identify "good" solvents based on the chemical physics of their interactions with the

nanosheets through surface tension and Hansen solubility parameters [15, 113, 14].

The most commonly used and well-studied method for liquid phase exfoliation of
2D materials is probe ultrasonication, where high frequency ultrasound is applied
to a high mass concentration dispersion of bulk layered material in liquid [15, 14].
The sonication process both exfoliates and cuts the layered materials to yield a
dispersion of particles with a wide distribution of size and thickness; from unexfoliated
crystallites to monolayer nanosheets. After sonication, dispersions are typically
subjected to centrifugation-based size selection where increased relative centrifugal
forces result in accelerated and preferential sedimentation of the larger particles,

leaving the few-layer nanosheets dispersed in the supernatant.

In addition to the considerations of surface tension and Hansen parameters, the
physical properties of the solvents typically employed will influence the exfoliation,
size selection and stability of the liquid-exfoliated nanosheets due to their effect on
buoyancy, viscous drag, etc. An understanding of the influence of various processing
parameters (sonication time and power, relative centrifugal force, etc.) on concen-
tration, size and thickness of the exfoliated nanosheets has been developed through
an iterative approach and is well described by scaling laws to maximise yield and
the degree of exfoliation [106]. However, there is little physical interpretation of
this understanding (i.e. of the exponents and pre-factors of these scaling laws) to
generalise the applicability to different materials and solvents. Here the influence
of these factors is studied to develop exfoliation processes, which apply to different
2D materials and solvents. In particular, our results point to the role of viscosity
in determining exfoliation yield during probe sonication and size selection during

centrifugation. Accordingly, a model can be developed based on the force balance
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Figure 5.1: Dependence of ultrasonic probe power output on solvent viscosity,
showing a logarithmic relationship.

of nanosheets falling under viscous drag during centrifugation that well describes
size selection. This will allow others in the field to produce dispersions with desired

properties for their chosen applications.

5.1 Viscosity effects

During sonication, a probe oscillates at a fixed ultrasonic frequency and the amp-
litude (as a percentage of the maximum tip displacement) can be controlled as an
experimental parameter. Although this complicated process depends on many factors
such as vessel size and shape [163], the absolute power delivered by the probe is
determined by the resistance to oscillation and therefore is primarily related to the
viscosity of the liquid being sonicated. As such, the power output and therefore total
energy delivered during ultrasonication-based exfoliation cannot be independently
controlled, preventing a direct comparison of the exfoliation processes in solvents
with different viscosities.

Figure 5.1 shows the ultrasonic power output for a range of organic solvents as a
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function of their viscosity. The power output shows a clear logarithmic dependence,
which results in low viscosity solvents such as acetone being subjected to only 60% of
the power of high-viscosity solvents such as cyclopentanone (CPO). Notably, many
of the good solvents identified for liquid phase exfoliation have viscosity >1 mPas
[15, 14]. While high viscosity is typically correlated with high surface tension and
Hansen parameters through the cohesive energy density, it is possible that previous
analyses, which have neglected the effect of viscosity, may have overestimated the
relative performance of more viscous solvents. It is worth noting however that the
viscosity-dependent power delivered by the tip is not all delivered to the dispersed
nanomaterial or even the solvent; differences in the heat capacities of different solvents
and power loss through the walls of the vial will influence the power available for

exfoliation.

In addition to its influence on the ultrasonic power output, the viscosity of the
liquid will influence centrifugation-based size selection, since viscous drag forces
oppose the sedimentation of dispersed particles. Nanosheets in higher viscosity
liquids will experience greater viscous drag than nanosheets of the same size and
mass in a lower viscosity liquid. As such, they sediment more slowly leaving a higher
concentration of larger and thicker nanosheets dispersed in the supernatant than for
lower viscosity liquids. This leads to higher post-centrifugation mass concentrations
in these higher viscosity liquids when centrifuged under the same conditions as lower

viscosity dispersions, due to the inclusion of these larger nanosheets.

In order to illustrate the significance of the twofold contribution of viscosity
to exfoliation and size selection yield, analysis has been performed using data
from O’Neill et al. [101] on the concentrations of graphene in both ‘good’ and
‘bad’ solvents with both low and high viscosity where single centrifugation steps
at different speeds have been used to size select the nanosheets in the supernatant.
To show the influence of viscosity, acetone and isopropanol (IPA) are considered
as two so-called poorer solvents. Although both solvents have a large mismatch in

relative surface tension and Hansen parameters compared to graphene, IPA has a
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six-times-greater viscosity 1 than acetone, (Macetone = 0.31 mPa.s, nypa= 2.04 mPa.s
[185]). For comparison, cyclohexanone (CHO), N-methyl-2-pyrrolidone (NMP) and
dimethylformamide (DMF) have been included as three so-called good solvents which
are similarly well matched to graphene in surface tension and Hansen parameters
but also with a range of different viscosities (ncgo= 2.02 mPa.s, nyyp= 1.67 mPa.s,

npmr= 0.92 mPa.s [185]).

Figure 5.2 shows the concentration of graphene in the different solvents as a
function of the relative g-force used for the centrifugation-based size selection. The
differences in concentration between the good solvents and the poorer solvents can
be attributed to the yield of few-layer nanosheets during the ultrasonic exfoliation
process which is determined by the surface tension and Hansen parameter matching
[101], although NMP is also known to be susceptible to sonochemical degradation
which may influence exfoliation [177, 172], as discussed in Chapter 4. As the relative
g-force is increased, larger and thicker nanosheets are preferentially sedimented,
leaving smaller and thinner populations of nanosheets dispersed, as shown by the
decreasing concentration, which is well described by a series of near-parallel power

laws for all solvents.

Interestingly, at low relative g-force centrifugation, DMF has the highest relative
graphene concentration, despite its lower viscosity, while the highest viscosity solvent,
CHO, has the lowest concentration with NMP being intermediate. This suggests
that initially, the detailed performance of good solvents is dictated by the chemical
physics of surface tension and Hansen parameters more so than the fluid physics
of viscosity. Conversely, as the centrifugation process proceeds to higher relative
g-force the already-thinner population of nanosheets in DMF is subjected to further
sedimentation which decreases the concentration below both CHO and NMP, where
higher viscosity results in retention of larger and thicker nanosheets and therefore

higher concentration.

Clearly, a viscosity-based normalisation of the centrifugation parameters is re-

quired in order to quantitatively compare solvents and more importantly to allow
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Figure 5.2: (a) Graphene concentration in a range of "good" and "bad" solvents as
a function of the relative g-force applied during centrifugation-based size selection,
adapted from [101]. (b) Graphene concentration from (a) normalised to ultrasonic
power output, as a function of viscosity-normalised relative g-force, to account for
the influence of viscosity on both exfoliation and size selection. (c¢) UV-visible
extinction spectra for MoS, /CPO dispersion diluted into CPO and CHO before
further centrifugation to illustrate the influence of viscosity.
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consistent size selection of few-layer nanosheets with controlled size and thickness.
As concentration increases approximately linearly with the energy-per-unit-volume
applied during exfoliation [106], the concentration dependence on relative g-force
can be normalised to the ultrasonic power delivered as shown in Figure 5.2. The
sedimentation rate of a given size will be proportional to the relative g-force R
(contributing to the weight) and inversely proportional to 7 contributing to the
viscous drag. This additional normalisation accounts for the variation in viscous drag
experienced by nanosheets of the same size and mass under the same centrifugation
conditions in solvents of different viscosity. As such, R/n allows for comparison of

equivalent centrifugation conditions.

With this normalisation, CHO, NMP and DMF (and other "good" solvents)
can be compared when subjected to equivalent centrifugation, which indicates that
DMF shows higher concentration relative to its viscosity-normalised centrifugation
conditions than NMP and CHO. This suggests that for this exfoliation and size
selection process, DMF is genuinely the best solvent in terms of concentration of the
graphene relative to the centrifugation conditions, i.e. the DMF dispersion contains

nanosheets which are thinner and/or smaller and at higher concentration than in

NMP and CHO.

For the poorer solvents, acetone and IPA, the viscosity normalisation results in
an even more significant shift where the 2500 ¢ centrifugation in IPA is shown to be
nearly equivalent to the 400 g centrifugation in acetone (roughly equal to the ratio
of their viscosities). Under these viscosity normalised centrifugation conditions, the
concentrations of graphene in acetone and IPA are comparable and the data could be
considered to converge on a single power law for poorer solvents, where the surface
tension and Hansen parameter mismatch makes these viscosity effects markedly more
pronounced. Indeed, it is even possible that if physical properties of the solvent could
be suitably accounted for (by controlling power delivered, correcting centrifugation
for viscosity, etc.), acetone and IPA could be equally good (or bad) solvents for the

exfoliation of few-layer graphene and other 2D materials.
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To further illustrate the effect of viscosity on sedimentation, molybdenum disulfide
(MoSs) was exfoliated in cyclopentanone (CPO) by probe ultrasonication, with a
centrifugation step applied to remove unexfoliated material. CPO has surface tension
and Hansen parameters almost equivalent to the six-membered-ring analogue CHO
[112], but has significantly lower viscosity (ncpo= 1.23 mPa.s, ncgo= 2.02 mPa.s
[185]). To isolate the influence of this viscosity difference for these otherwise very
similar solvents, the MoS, /CPO dispersion was diluted by a factor of 5 into both
CPO and CHO and subjected to further centrifugation. The similarities between
CPO and CHO make it possible to have an identical population of nanosheets in
solvents of different viscosities without requiring changes to the exfoliation and size
selection procedures.

Figure 5.2 shows the UV-visible extinction spectra of the CPO- and CHO-diluted
dispersions after the second centrifugation step. The concentration of the CHO-
diluted sample, measured from the minimum at ~350 nm is around 50% higher
than for the CPO-diluted sample, highlighting the effect of the increased viscosity in
reducing sedimentation rate and leaving a greater mass of nanosheets dispersed than
in the CPO sample. In addition, there is a slight redshift of the A-exciton for the
CHO-diluted sample suggesting higher average layer number. Moreover, using the
length metric calculation outlined by Backes et al. [56] the nanosheets are on average
5% larger. It is evident that the slower sedimentation rate allows larger particles to
remain suspended in the high-viscosity system, where they would be removed from
a dispersion with lower viscosity. This highlights the importance of accounting for
viscosity (at least in centrifugation-based size selection) to ensure the size, thickness
and concentration of the 2D nanosheets being selected is consistent between different

solvents.

5.2 Modelling centrifugation

With this empirical understanding of the influence of viscosity and concentration

on centrifugation, it would be desirable to develop a quantitative model for size
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selection of few-layer nanosheets of a given size or thickness in arbitrary solvents. This
approach facilitates consistent selection irrespective of the efficiency of the exfoliation
process itself. By extending the arguments about viscous drag and sedimentation
rate, it is possible to develop a simple metric for the centrifugation parameters
required to sediment nanosheets based on their physical properties and those of the
solvent.

Firstly, it is necessary to consider the force balance on nanosheets while falling
under their weight, buoyancy and viscous drag due to the liquid, as shown in Figure
5.3(a), to determine their terminal velocity and therefore sedimentation time for a
given height of centrifuge tube. The net force due to weight F, and buoyancy Fy, for
a nanosheet can be related to the density of the material pop and that of the liquid

pi, the volume of the nanosheet V, relative g-force R and acceleration due to gravity

g by

Fy— Fy = (pap — p)V Ry (5.1)

The effective drag radius of the nanosheets is estimated to be proportional to the
geometric mean of the length, width and thickness, i.e. the cube root of the volume
V with some constant «, accounting for the non-cubic nature of the nanosheets, such
that the drag force can be related to the viscosity of the liquid n, the drag radius

aV'/3 and the velocity v by

F; = 6mnaV*3y (5.2)

The above equations are equal assuming terminal velocity and this velocity can
be expressed as v = h/T', where T is the time taken to sediment through a centrifuge

tube of height h, such that

(p2p — p)V Rg = 6mmaV*Y3h/T (5.3)

This can be expressed in terms of the g-time product (g-force Rg and time T in
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seconds) as

6mnh

RgT =
J (pap — pr)aV2/3

(5.4)

In order for RT to yield a number of g-minutes (divide by 60 seconds per minute),

this can be further simplified as

mnh

RT =
10(p2D — pl)aV2/3

(5.5)

Effectively, the model describes the centrifugal processing required to draw sheets
of volume V from the top of a centrifuge tube to the bottom. Interestingly, it
suggests that there is a direct equivalence between relative centrifugal force and
time. For instance, this suggests that 1 minute at 15000 g will result in equivalent
sedimentation as 1 hour at 250 g or even 15000 minutes under gravity, provided the

effects of diffusion-driven reaggregation are negligible.

In order to test this model, dispersions of MoS,, tungsten disulfide (WS,),
graphene and boron nitride (BN) were prepared in aqueous sodium cholate solution
by ultrasonic exfoliation and liquid cascade centrifugation [57]. In this process, the
samples are produced by sedimentation and redispersion of the desired nanosheets
which results in narrower size distributions compared with a single centrifugation step.
The process is repeated under increasing centrifugation conditions to yield a series of
samples with nanosheets of decreasing size and thickness. Specifically, in each step,
the centrifugal acceleration was increased, but the time held at 2 hours. Identical
vial geometries were used across the four data sets. The size-selected samples were
characterised by statistical atomic force microscopy. The longest dimension (L),
dimension perpendicular to this (width, 1) and thickness were measured on 200-250
individual nanosheets. The apparent thickness was converted to layer number by the
reported step height analysis of the material [106, 56, 119]. From such a statistical
analysis, mean length (L), width (W) and layer number (N) for all samples was

calculated and analysed as a function of their centrifugation g-time product.
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Figure 5.3: (a) Schematic showing force balance on a nanosheet falling under
centrifuge-induced g-force, buoyancy and viscous drag. (b) Centrifugation g-time
product as a function of nanosheet volume, measured from AFM, for size-selected
dispersions of MoS,, WSs, graphene and BN, with power law fitting and exponents of
0.69+0.06. (c) Centrifugation g-time product as a function of average layer number
for size-selected dispersions with power law fitting showing variation due to aspect

ratio effects.
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These statistics can be used to calculate a mean nanosheet volume for each
size-selected sample V=(L)(W)(N) which facilitates fitting of the data according to
Equation 1. This data with the appropriate fitting is shown in Figure 5.3; in all
cases, the g-time product also exhibits power law scaling with the volume with all
exponents in the range 0.69 + 0.06, indicating that the relationship RT ~ V~2/3 well

describes the size selection process.

While models similar to Equation 5.5 have been proposed [109] and verified
[108] previously, little attention has been devoted to understanding the influence of
aspect ratio on centrifugation. In practise, the volume of a nanosheet population
is difficult to relate directly to the individual dimensions of interest; in particular
the average layer number (N), which is most indicative of the degree of exfoliation.
In contrast to the volume scaling, the power-law exponents for the ¢g-time product
variation with (N) vary significantly between different materials, as shown in Figure
5.3, presumably due to material-specific variance in the basal plane area. In order
to better understand this variability between scaling laws, it would be desirable to
account for the various aspect ratio relationships that contribute to the volume. The
microscopic power law relationships between (L) and (W) and (N) are shown in
Figure 5.4. The pre-factors and exponents of these power laws relate to the length
and width of the nanosheets at any given thickness with graphene and BN exhibiting
larger pre-factors and smaller exponents than MoS; and WS,, suggesting "better"

exfoliation to larger nanosheets at lower layer number.

These well-defined aspect ratio relationships facilitate parameterisation of the
effective volume of a nanosheet in terms of (N) with pre-factors and exponents which
are characteristic of the exfoliation process, (V) = (L)(W)(N) ~ (N)*(N)*(N) =
(N)atb+1 - Accordingly, by also parameterising the effective drag radius as 7 ~ ro (V)¢
the centrifugation g-time product for size selection can be expressed in terms of the

nanosheet thickness (IV);

mnh

RT =
100020 — PR (N}

(5.6)
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where k is a "shape factor" related to the product of the prefactors of the aspect
ratio scalings of the nanosheets which appears as k? since the term derived from
V2/3 must have units of area, meaning that & is correlated with the monolayer size
for a given population of nanosheets and the exponent n=a+b+1-c. This approach
gives justification to the selection of centrifugation parameters to sediment a given
size of nanosheets from a dispersion and potentially allows for the standardisation of

size selection to ensure few-layer dispersions.

Figure 5.4 shows that the relationship between RT and (N) is well described
by these underlying aspect ratio relationships. The exponent n increases linearly
with the sum of the length and width exponents. In addition, the intercept (-0.25)
indicates that the drag radius exponent ¢=1.25 takes an empirical universal value for
all of these materials. Given the drag radius has previously been shown to scale with
volume with an exponent of 1/3, these relations can be equated to indicate that, on
average, volume can be parameterised in terms of average layer number without the
need to directly evaluate the aspect ratio of the nanosheets, such that V ~ N15/4,

This can be used to determine an average and idealised value for the exponent n of

2.5, since RT ~ V~2/3 ~ N=5/2,

The idealised value of the exponent n quoted above, as an average of the data in
Figure 5.3 for populations of well-exfoliated nanosheets, represents the ideal scaling
for broad initial distributions of (N). In these samples there is sufficient content
of few-layer nanosheets to allow progressively lower average layer number to be
achieved through successive centrifugation steps, resulting in the expected scaling
as observed in previous studies [57, 119]. Deviations from this exponent can be
attributed to variations in pre-centrifugation distribution such as in dispersions of
large few-layer nanosheets wherein the average layer number will be reduced more
gradually with centrifugation, since the nanosheet volume decreases more gradually

with layer number.

This results in reduced exponents (n<2.5) and larger shape factors compared

with the average case. By contrast, while dispersions with high-few layer content but
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smaller nanosheets can be considered well exfoliated, the nanosheet volumes scale
more sharply with layer number and result in increased exponents (n>2.5) and small
shape factors. In addition, dispersions of comparatively poorly-exfoliated nanosheets
with low few-layer content will retain higher average layer number after successive
centrifugations, resulting in arbitrarily large exponents and unphysical shape factors,
where the intuitive aspect ratio scalings above do not apply. As such, this approach
can be used not only for size selection from dispersion but also for characterisation

of the exfoliation process and degree of exfoliation achieved.

5.3 Calibrating the model

A calibration experiment can be performed to determine the shape factor and
exponent for any given material and processing parameters. This involves exfoliation
of the bulk material followed by liquid cascade centrifugation of the exfoliated
nanosheets. The average layer number of each sample would be characterised,
either by statistical atomic force microscopy (AFM) or using spectroscopic metrics
[56, 119, 115], and this would be used to fit against the g-time product to determine
the exponent n and shape factor k£ for that material and process. Given this
calibration, Equation 5.6 can be applied to determine centrifugation parameters to
select nanosheets of any given thickness in future experiments. Figure 5.5 shows
a centrifugation cascade with the RT values selected to give the greatest possible
applicability for a range of solvent viscosities, material densities, shape factors and
exponents, where the average layer numbers sedimented can be characterised by
spectroscopic metrics in order to perform a calibration experiment.

The UV-visible extinction spectra for dispersions of MoS, exfoliated in sodium
cholate solution (as for the data in Figure 5.3) and size selected by liquid cascade
centrifugation are shown in Figure 5.5. These exhibit a clear blueshift of the A-exciton
with increasing RT, associated with decreasing average layer number. The (N) values
are determined from the respective spectroscopic metrics [56, 57, 119, 115] and fitted

to determine the shape factor and exponent, shown in Figure 5.5. Note that in
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this experiment, the centrifugation speed was kept constant, while the time was
varied in order to expedite the low g¢-time centrifugation steps. While a combination
of varying relative g-force and time can be used to preferentially select higher or
lower aspect ratio nanosheets, it is noted that using one approach or the other gives
broadly similar results. Furthermore, these calibration experiments were performed
with a smaller volume ultrasonic probe, smaller volumes and correspondingly shorter
sonication time than for the experiments in Figure 5.3 (VCX130, 30 mL and 3 hours
cf. VCX750, 80 mL and 5 hours). Nevertheless, when using the same surfactant and
similar initial concentrations of MoS, and surfactant, there is excellent agreement in
the centrifugation-size dependence indicating the robustness of the g-time equivalence
and the reproducibility of nanosheet populations under comparable processing with

both exponents around 3.1.

This demonstrates both the variability of exfoliated nanosheet populations when
subjected to changes as subtle as the surfactant and concentration and the sensitivity
of this calibration experiment to the degree of exfoliation. Furthermore, these results
indicate that this method can be used not only to calibrate the size selection procedure
for a given exfoliation process but also to determine the degree of exfoliation achieved
by that process. This information can be used to compare exfoliation process and
account for difference in subsequent experiments or to iteratively improve exfoliation

processes.

The methodology and analysis presented here facilitate rapid and representative
characterisation of a range of liquid exfoliated layered nanomaterials. The use of
a simple physically-grounded model describing the size selection process facilitates
calibration of the size selection procedure and optimisation of the exfoliation process.
It is hoped that this approach will allow other researchers in the field to improve the
selectivity and efficiency of their processes, whilst also providing a framework for

standardised comparison of results.
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5.4 Conclusions

This chapter has developed a size selection model for liquid-exfoliated 2D nanosheets,
which facilitates standardisation of centrifugal processing for production of dispersions
with controlled size and thickness. It has been demonstrated that the influence of
viscosity on ultrasonic exfoliation may have been neglected in previous analyses
and that, when viscosity is suitably accounted for, the results are well described
by the chemical physics (surface tension and Hansen parameter matching) for both
"good" and "bad" solvents. By using a simple force balance model, it is possible to
determine centrifugation parameters for different materials and solvents. This model
can be calibrated for a given exfoliation process to facilitate controlled size selection

of nanosheets or to characterise and compare exfoliation processes.
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Chapter 6

Nanosheet-stabilised emulsions

With the understanding developed from Chapters 4 and 5, this chapter (and the next)
seeks to explore how interfacial assembly techniques can be used to fabricate novel
structures from, and study the properties of, pristine layered nanosheets. Methods
for interfacial assembly typically seek to isolate monolayers, whether molecular or
particulate, at the surface of another material or materials [186]. Clearly, for layered
nanosheets, this presents a route towards assembly of structures where the degree of
exfoliation can be maintained, allowing functional properties to be realised at low
loading level.

For graphene, for example, exfoliation leads to high number densities of electrically
and thermally conductive nanosheets which can be assembled into conducting films
or composites with very low mass per unit area or volume respectively [7, 10]. In
addition, nanosheets in such networks have high specific surface area which can
facilitate interfacial stress transfer for mechanical reinforcement [140] or energy
storage for electrochemical devices [32]. As such, the properties of networks of
layered materials are often enhanced (at least relative to their loading level) when
the nanosheets are isolated in their few layer forms. Networks can be assembled as
composites or hybrid systems [10, 120, 132] to broaden their range of applications.
This approach often aims to minimise the quantity of graphene included to maintain
other properties such as transparency, flexibility or low cost (of polymers/matrix

materials). One route towards this is templated assembly where structuring of
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the matrix phase, such as in latex composites, minimises the volume available to
nanosheets and reduces the percolation threshold, as previously demonstrated for
carbon nanotubes [143].

An alternative approach is Pickering emulsification where nanosheets act as both
solid stabiliser and functional filler in an all-liquid system [144, 145]. While previous
work has demonstrated emulsification by functionalised clays [146, 147|, graphene
oxide [148], reduced graphene oxide [149] or graphitic multilayers [150, 152, 151], the
lack of a framework for understanding and design of nanosheet-stabilised emulsions
has limited the applicability and exploitation of the potential of few-layer nanosheet-
stabilised emulsions. This chapter develops a comprehensive understanding of
emulsions stabilised by pristine few-layer nanosheets which illustrates their potential

for a range of applications.

6.1 Emulsification by pristine few-layer nanosheets

The mechanism of Pickering stabilisation is that two immiscible liquids partially
wet the solid stabiliser such that the total interfacial energy is less than that of the
oil-water interface [144, 145]. This is typically achieved with a high surface tension
"water" phase, most often water, and a low surface tension "oil" phase which can be
any water-immiscible organic solvent. Given the poor dispersability of graphene and
other pristine layered materials in water (without surfactant, which would act to
stabilise an emulsion itself), the most obvious route to formation of these emulsions
is by preparing dispersions in the oil phase followed by addition of water, as shown in
Figure 6.1. Whether an oil-in-water (o/w) or water-in-oil (w/o) emulsion is formed
depends on the relative magnitudes of the interfacial energies at the three-phase
boundary between liquids shown in Figure 6.1 and this will be discussed in more
detail later in this chapter.

It would be desirable to form these nanosheet-stabilised emulsions with oil
phases selected for subsequent applications such as low boiling point liquids for

inks, monomers for functional composites, etc. In practise, solvent selection is more



73

C
good for exfoliation
VAW,
dodecane w methanol
water immiscible low boiling point

Figure 6.1: (a) Schematic of emulsification process showing exfoliated nanosheets
(black) in organic solvent (grey) added to water (blue) to yield water-in-oil emulsion.
(b) Stabilisation mechanism in terms of interfacial energies. (c) Solvent selection

venn diagram.
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challenging as the solvents must be water immiscible, which precludes NMP, DMF,
acetone and most alcohols. They must also be sufficiently close in surface energy and
Hansen parameters to the stabiliser to allow exfoliation to few-layer nanosheets at
reasonable concentration, which precludes chloroform and other non-polar solvents
and common monomers such as MMA and styrene, as illustrated in Figure 6.1(b).
As such, cyclopentanone (CPO) and cyclohexanone (CHO) are identified as water-
immiscible solvents suitable for direct exfoliation, which also have relatively low
boiling points (131 and 156 °C) and relatively high vapour pressures. In this study,
higher concentrations and better stability were consistently observed for dispersions
of graphene in CHO and MoS, in CPO (compared with the opposite combination,
which cannot be simply explained by any chemical or kinetic arguments but is beyond
the scope of this study) and hereafter these are used as the standard exfoliating

solvents for these respective materials.

Addition of water to these cycloketone dispersions of few-layer nanosheets (C ~
0.1 g/L) above the miscibility limit (of ~10:1 cycloketone:water) followed by simply
shaking by hand results in the formation of nanosheet-stabilised water droplets in
a continuous oil phase. These droplets are typically between 10 and 500 pm in
diameter and are optically semi-transparent (as shown in Figure 6.2), indicating
that the nanosheets form films of average thickness <20 monolayers. It is important
to note that films with greater than few-layer thicknesses are typically formed by
disordered restacking of the original nanosheets, dictated by the "kinetics" of the film
formation during emulsification, rather than "energetics" of restacking with atomic
registry as noted in [115]. Therefore, any layer number dependent properties are
likely to be retained in the emulsions, as evidenced by the green colour associated

with MoS, in its few-layer form [56].

Clearly, networks of these droplets have potential for application in functional
structures where the templated self-assembly ensures system-scale conductivity
with all nanosheets contributing to the network, cf. random composites. Network

conductivity increases with reduction of droplet size and corresponding increase



Figure 6.2: Optical micrographs of graphene (a) and MoS; (b) emulsions. Scale
bars 100 pm.

in number of parallel paths, with the high specific surface area of the nanosheet
films ensuring surface coverage and conductivity at a range of loading levels. This
was demonstrated in a preliminary study of pristine graphene emulsions, with the
encapsulated liquid sysem applied as an electromechanical sensor [151]. For emulsions
stabilised by few-layer pristine nanosheets, the relationship between droplet size and

loading level will have equally important implications for subsequent applications.

To characterise this, the concentration of the starting dispersions of graphene
and MoS, was varied before emulsifying the same volume of water. Emulsions with
a range of volume fractions and droplet sizes were produced with their average
droplet diameter measured by statistical optical microscopy. Figure 6.3 shows the
droplet diameter as a function of volume fraction, with droplets between 10 and 300
pm for nanosheet volume fractions across three orders of magnitude below 1 vol.%.
Variations between graphene and MoS,; can be attributed to their differences in
specific surface area, any differences in the nanosheets interactions during interfacial
film formation and the viscosity of CHO and CPO potentially influencing initial

droplet sizes and coalescence dynamics.

In principle, the droplet size in a nanosheet-stabilised emulsion can be geometric-

ally related to the volume fraction and specific surface area to give an expression
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for droplet size as a function of nanosheet volume fraction. By assuming that the

system consists of droplets of diameter (d) with surface area A given by

A =r(d)? (6.1)

This can be equated to the surface area of the nanosheet stabilised which depends
on the mass m of stabiliser, the specific surface area of the monolayer SSA and the

thickness of the nanosheet film as a number of monolayers (N)

A =n(d)* = mSSA/(N) (6.2)

The mass of stabilising nanosheets can be related to the mass of the droplet via

the nanosheet volume fraction ¢

m = ¢papm(d)®/6 (6.3)

By combining the two equations above

©(d)* = ¢ (d)*p2pSSA/6(N) (6.4)

Rearranging to give (d) in terms of ¢ and noting that for layered materials, SSA

is simply the reciprocal of the product of density pop and interlayer spacing cop gives

_ 602D<N>

{d) 5

(6.5)

where ¢ is the volume fraction of the nanosheets relative to the droplet phase
and (N) here denotes the film thickness as a number of monolayers, rather than the
thickness of the individual nanosheets. It is noted that fitting this model assumes
that the thickness of the stabilising film is independent of loading level and in practise
often gives an offset in droplet size, whereas power law fitting gives an exponent of
around 0.5, rather than 1, as shown in Figure 6.3.

These deviations from the expected scaling are mathematically equivalent to (V)
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Figure 6.3: (a) Average droplet diameter as a function of nanosheet volume fraction,
with power law fitting with exponents of -0.45 and -0.49 for graphene and MoS,
respectively. (b) Calculated layer number as a function of nanosheet volume fraction
with power law fitting with exponents of -0.55 and -0.51 for graphene and MoS,
respectively.
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also varying with volume fraction, where the droplets are being overcoated with
more than one layer of nanosheets. There are several reasons for this. Firstly, the
theoretical droplet size for nanosheets with average layer number of 5 at volume
fraction 0.1 vol.% is around 1 pm. As this is approaching the length of the nanosheets
themselves, it is not possible to stabilise droplets of this radius without reducing the

nanosheet size to allow them to assemble on the spherical surface.

Secondly, this droplet size is likely lower than the average droplet size produced
by homogenisation of the two liquids at this shear rate, so higher shear and smaller
nanosheets are required to stabilise sub-10 pm droplets. In addition, the dynamics
of droplet formation and availability of stabiliser results in larger than expected
droplets and overcoating of their surfaces. When droplets of one liquid are formed in
another, they must diffuse under homogenisation to become coated and stabilised.
This typically results in coalescence until they are sufficiently larger than the sheets
and have become fully coated which may result in the formation of high (N) films at

the nanosheet-stabilised interfaces, as shown in Figure 6.3.

These calculated film thicknesses, as a number of monolayers, suggest that a
scaling of the form (N) ~ /¢ with values between 5 and 50 for the graphene
samples and 0.3 and 5 for the MoS,; samples. Given that these calculations account
for specific surface area of the materials, this perhaps indicates some difference in
the way the nanosheets assemble to stabilise the interface. In particular, the near-
and sub-unity values obtained for MoS,, where the constituent nanosheets have
greater average layer number ((N) ~ 5), might suggest stabilisation with more sparse
assembly of nanosheets than is the case for graphene where overcoating results in
much thicker interfacial films. This is also convolved with any solvent effects, where
the greater viscosity of CHO may result in larger droplets, lower surface area and
greater overcoating for graphene compared with MoS,. Nevertheless, the robustness
of the (d) ~ 1/4/¢ scaling across both materials suggests some well-defined physics
governs droplet formation and potentially allows for empirical modelling where a

single fitting constant relates droplet size and volume fraction for emulsions stabilised
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by few-layer nanosheets.

Interestingly, disordered restacking in these films results in retention of the degree
of exfoliation as shown by the Raman mapping of a drop-cast single droplet of MoS,
emulsion in Figure 6.4, where (N),s ~ 5. This opens up potential applications of
emulsions as inks where high concentration can be achieved in energetically (rather
than solely kinetically) stable inks without the addition of viscosity modifiers, binders
or other additives. This would allow deposition of relatively thick films from single

droplets where the interfacial film deposited may be tens of nanometres.

Moreover, the above indicates that stable emulsions ((N),s = 5 and (d) = 10 pm)
can be formed with volume fractions as low as 107 (0.001 vol.%). As these droplets
sediment to pack together into dense networks, even with an interfacial layer of oil
between adjacent water droplets, they exhibit system-scale conductivity which is
appreciably higher than that of the water or oil phase and can be attributed to the
formation of conductive films on the surface of droplets and tunnelling through the
ultra~-thin oil layers between droplets. Importantly, the conductivity increases with
volume fraction indicating that it is indeed a property of the templated structure,

where smaller droplets result in the formation of more parallel paths.

The conductivity in these droplet networks highlights that layered nanosheets
with a high degree of exfoliation, despite their high absolute resistance, can facilit-
ate system-scale conductivity at ultra-low loading levels as a consequence of their
templated structure. Interestingly, these interfacial films do not exhibit percolative
behaviour typically associated with nanocomposites; there is no clear percolation
threshold because reducing the volume fraction simply increases the droplet size
until there is a single large droplet whose diameter is approaching the size of the
container. Even then, system-scale conductivity can be maintained by using a larger
container until there is simply not enough stabiliser to coat the droplet. In principle,
centimetre-scale droplets could be formed (N) = 5 and ¢ = 1077 (0.00001 vol.%)

and would still form a conductive network.

As such, their conductivity-volume fraction relationship can be fitted to power
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Figure 6.4: (a) Representative Raman spectrum of deposited MoS; emulsion droplet
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and relationship to layer number from previous studies of mechanically-exfoliated
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Figure 6.5: Emulsion conductivity as a function of nanosheet volume fraction for
graphene and MoSs; with power law fitting with exponents 1.27 and 0.89 respectively.

law scalings, as shown in Figure 6.5, which are simply percolation curves, accounting
for the scaling of paths in the network, but with ultra-low (negligible) threshold.
To the best of our knowledge, these are the lowest loading levels ever reported for
graphene-based conductive networks and yet still have conductivities approaching
those of typical graphene-polymer composites [10]. This approach has enormous
potential for the production of ultra-low loading conductive composites, mechanical

reinforcement and electrochemical devices.

6.2 Emulsion stability and orientation

In order to realise this potential, it will be necessary to form nanosheet-stabilised
emulsions with liquids other than water and cycloketones. However, for the reasons
illustrated in Figure 6.1(b), it is quite challenging to use alternative solvents while

retaining the high degree of exfoliation required for ultra-low loading applications.
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In practice, this can be achieved using a solvent transfer step based on liquid cascade
centrifugation [57]. Dispersions are prepared in cycloketones as normal and subjected
to further centrifugation to sediment the majority of the nanosheets, the supernatant
is discarded and the sediment is redispersed into an alternative solvent of choice before
immediate emulsification. This allows for production of well-exfoliated materials in
solvents where this would not be possible by direct exfoliation such that few-layer
nanosheet-stabilised emulsions can be produced with relatively arbitrary oil and

water phases.

This approach allows us to investigate emulsification of liquids with different sur-
face tensions to modify the three-phase boundary shown in Figure 6.1(a). Having es-
tablished that graphene, MoS; and BN are capable of stabilising water-in-cycloketone
emulsions, suggesting preferential wetting of the nanosheets by the cycloketone com-
pared with the water, it was noted that less polar oil and/or water phases would be
required to produce oil-in-water emulsions. Emulsions of water and dichloromethane
(DCM) were found to still form as water-in-oil but with buoyant water droplets
that remain stable at the interface with the air. Reducing the polarity of the oil
phase as far as pentane results in formation of oil-in-water emulsions albeit with
reduced surface area and increased droplet size due to the challenges of redispersing
graphene into such a non-polar solvent. In addition, these oil droplets are buoyant
in water and rise to the air interface where they burst and spread at the surface.
Alternatively, it was found that by reducing the polarity of the water phase — by
using ethylene glycol — it is possible to form oil-in-water emulsions with almost any

immiscible organic (DCM, pentane, etc.).

Based on the above, nanosheet-stabilised emulsions can be classified as either
oil-in-water or water-in-oil and either buoyant or non-buoyant, as illustrated in
Figure 6.6. In general, oil droplets are found to be unstable at the air interface,
until ruptured droplets form a film of nanosheets against which remaining droplets
are stable. Water droplets are stable at the air interface when buoyant but are

often non-buoyant and unstable on certain hydrophilic substrates including glass,
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Figure 6.6: (a) Emulsion stability at air and substrate interfaces and optical
micrographs of (b) unstable buoyant droplet and (c) stable non-buoyant droplet
emulsions.
and therefore must be stored in silanised vials. Water droplets are however stable
against polymeric substrates, with (non-buoyant) oil droplets stable against almost
all substrates. These observations provide an insight into the stability criteria and
inversion threshold of these emulsions, from which it should be possible to develop a
design framework for nanosheet-stabilised emulsions.

The stability and orientation (whether oil-in-water or water-in-oil) of these
emulsions is determined by the three-phase boundary and associated interfacial

energies and spreading coefficients. These are defined as

Sso = Yso — Vsw — Yow (66)
Sow = Ysw — VYso — VYow (6~7)

where S, and g, are the spreading coefficients for solid/oil and solid /water inter-



84

faces respectively and the subscripts of the surface energies v denote the contributions
as shown in Figure 2.10. The criterion is typically that they must both have the same
sign (positive or negative) for an emulsion to be stable, where one phase preferentially
wets the solid stabiliser and therefore forms the continuous phase while the other

forms the droplet phase [144].

While interfacial tensions between liquids can be measured using the Wilhelmy
plate method at a submerged interface, it would be preferable to have an under-
standing of the spreading coefficients as a continuous function of the individual
and well-known surface tensions of the liquids. To facilitate this, one of two well-
established simple models for interfacial tension as a function of surface tension
(one using a geometric mean term and the other using an arithmetic mean term

[188, 189, 151]) can be employed;

Yab = Ya + Vo — 2/ Va Vo (6.8)
Ya Vo

b = Yo+ — 4 6.9

ab 7 R Ya + Vo ( )

These allow calculation of the spreading coefficients for a given emulsion com-
position, as shown for graphene and water (as a function of oil surface tension) in

Figure 6.7.

It is important to note that surface tension and surface energy are used inter-
changeably in the context of graphene and related materials. The surface energy
of a liquid is simply the sum of surface tension, which is directly measurable, and
the surface entropy which takes a value of 29 mN/m for all liquids at room tem-
perature [111]. For graphene and related materials, as solids, the surface entropy
(and therefore surface tension) is poorly-defined and therefore it is more correct to
infer the surface energy from its interaction with liquids of known surface energy [14]
or by inverse gas chromatography [116, 117|. As such, liquid-exfoliated graphene is

understood to have a surface energy close to 70 mJ/m? based on good exfoliation
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Figure 6.7: Spreading coefficients as a function of surface tension of oil phase for
graphene-stabilised emulsion with water.

and dispersion into solvents with surface tensions close to 40 mN /m.

As a starting point, this value of v = 70 mJ/m? is taken to allow determination
of the stability and orientation of emulsions as a function of the surface tension of
the oil phase as shown in Figure 6.7. It is noted that these models give a reasonable
approximation to the measured interfacial tensions for most liquids but fail to describe
some other phenomenology associated with three-phase interfaces. This requires
a model which captures more of the chemical physics of those interface and will
be discussed in the next chapter [190]. Nevertheless, the chemical model is not
well-defined for solids and the simple geometric and harmonic models are found to
accurately describe the stability and orientation of these emulsions, likely due to the
fact that spreading coefficients are a comparison of the relative magnitude (rather

than absolute value) of the interfacial energies.

The stability of a graphene/water interface with a third phase is limited to those
with surface energy less than graphene itself, confirming that graphene-stabilised
water droplets should not be stable in contact with high surface energy substrates

such as glass. Figure 6.7 also indicates that graphene/water interfaces are stable for
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oil phases with surface tensions as low as 0 mN/m (air), verifying the observation
of stable buoyant water droplets. Furthermore, this spreading coefficient analysis
shows an inversion point (where the lines intersect) close to the surface energy of
pentane, which was the lowest surface tension solvent tested and the only one to give
oil-in-water. These results indicate that this analysis using spreading coefficients, an
interfacial tension model and approximate surface energy for graphene capture the

underlying physics of emulsion stability and orientation.

In order to further formalise this understanding of emulsion stability and ori-
entation based on surface tensions of the liquids, the relationship between the
spreading coefficients and the models for their constituent interfacial tensions must

be considered.

From their definitions, the spreading coefficients can be rearranged to give

Sso + Ywo = Vso — Vsw (610)

st + Ywo = Vsw — Vso (611)

As such, it can be shown that

Sso + st = _27wo (612)

Since interfacial tensions/energies are positive, spreading coefficients can only
have the same sign (and thereby form a stable emulsion) if that sign is negative. If

both spreading coefficients are negative, the stability criteria can be expressed as

Vso — Vsw < Ywo (613)
7311} - /Yso < ’on (614)
Since Yso — Ysw = —(Ysw — Vso), one of the above equations will always be satisfied

and the criterion reduces to
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|730 - 'st| < Yow (615)

Based on the geometric and harmonic mean models, it can be intuitively argued
that it is most easily satisfied by 7, < v, (giving large v,,,) and 5 ~ 7, and ~,
~ Y (gIVIng 5o ~ Vs and the difference is small), which requires that v, < v <
Yw, as illustrated in Figure 6.7, although this is more challenging to demonstrate
rigourously.

However, in order to explicitly state this condition, interfacial energy models are
required. The orientation of an emulsion (o/w or w/o0) is also determined by the
spreading coefficients, i.e. whichever is more negative forms the droplet phase; o/w
for Ss < Ssw and w/o for S5, > Ss,. As such, the point at which they are equal
can be considered the inversion threshold for an emulsion. This can be simplified

(by definition and without any empirical models) as

Yso = Vsw (616)

where the phase which has the lowest interfacial tension with the solid will form
the droplets, independently of the interfacial tension of the two phases.
So this inversion threshold can be further simplified, by substituting Equation

6.8 into Equation 6.16 to be given in terms of surface energies

Vo + VT = 24/% (6.17)

where lower surface energies of the liquid phases give o/w and higher surface
energies give w/o, and the threshold itself is determined by the surface energy of the
solid stabiliser; in this case, the layered nanosheets.

In practise, this equation describes all experimental observations in terms of
stability and orientation for all combinations of liquids, air and substrate interfaces
and nanosheet type (graphene, MoS,; and BN), confirming the nanosheet surface

energies to be close to 70 mJ/m? as shown in Figure 6.8. Interestingly, and perhaps
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Figure 6.8: Surface tension phase diagram for nanosheet-stabilised emulsions showing
inversion threshold for pristine nanosheets where I', and I',, are the surface tension
of the oil and water phases respectively, TS is the product to absolute temperature
and surface entropy and -, is the surface energy of the stabilising nanosheets.

surprisingly, substituting the harmonic mean interfacial tension into Equation 6.16
or at any stage of the analysis, gives numerically identical inversion thresholds, likely
due to the robustness of the scalings of interfacial energies with constituent surface
energies in terms of relative magnitudes. Importantly, this equation only describes
all experimental results when considering surface energies (rather than tensions) as
the interfacial properties are non-linearly related to individual surface properties. In
addition, the same emulsion orientations are observed for graphene, MoS,; and BN
for both exfoliated dispersions and bulk powders suggesting they have little to no
difference in their effective surface energies.

Furthermore, using this equation it is possible to measure the surface energy of
layered nanosheets based on inversion of an emulsion by changing its composition.
To perform this measurement on well-exfoliated few-layer nanosheets, cycloketone
dispersions were diluted with pentane and immediately emulsified with water to
determine their orientation as a function of pentane volume fraction. The surface

tension of the cycloketone/pentane dispersions was measured and used to calculate
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bounds of the surface energy of the nanosheets based on the emulsion orientation.
Inversion of these emulsions was observed to occur at a pentane volume fraction
between 0.90 and 0.95, with a surface tension of ~17 mN/m, corresponding to a

nanosheet surface energy of 7140.5 mJ/m?.

This is consistent with the observations for pristine solvent combinations where
DCM/formamide and hexane/water emulsions set bounds of 70.0 and 72.0 mJ/m?
respectively, in an area-weighted fashion. Furthermore, these results are largely
consistent with inverse gas chromatography measurements of surface energies as
a function of nanosheet size [116, 117|. This method was used to determine the
intrinsic basal plane surface energy of graphene to be 61 mJ/m? with basal plane
and edge defects contributing 180 and 130 mJ/m? respectively. Given the low basal
plane defect density in graphene, the effective surface energy is dominated by the size
effects associated with the difference between the intrinsic basal plane surface energy
and that of edge defects as shown in Figure 6.9. In the size range of liquid-exfoliated
nanosheets, where the length distributions will always be weighted towards the
surface energy of larger nanosheets by area averaging, surface energies are in the
range 65 to 75 mJ/m?, consistent with all dispersions studied here which typically
have (L) between 100 and 400 nm.

This does suggest that smaller nanosheets would have sufficiently high surface
energy to invert some w/o emulsions (e.g. MMA /water) and that larger nanosheets
would have sufficiently low surface energy to invert some o/w emulsions (e.g. EA/EG).
In practise, these extremes of nanosheet size are very difficult to produce and disperse
in quantities large enough to emulsify. In addition, as discussed above, bulk powders
are found to have effective surface energy closer to the average-sized exfoliated
nanosheets than that of larger nanosheets. This could be due to their non-negligible
thickness and associated increase in edge sites at their surface, coupled to potential
roughness effects on their effective surface energy. Size effects on emulsion orientation

remains an area of interest for future work.

This model represents a coherent framework for understanding and design of
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nanosheet-stabilised emulsions and the apparent robustness of nanosheet surface
energy to material, size, etc. enhances the possibilities of using liquid processing to

prepare controlled structures with a range of functional properties.

6.3 Emulsion inks

This design framework coupled with the ability to disperse nanosheets (in disordered
films) at concentrations greater than 10 mg/mL with energetic, rather than solely
kinetic, stability, highlights their suitability for use as inks for deposition of nanosheet
networks.

As illustrated by Figure 6.1, the ideal combination of solvent properties for
an emulsion ink would be suitability for exfoliation, water immiscibility and low
boiling point. In addition, the stability considerations illustrated in Figure 6.7
are particularly important for emulsion ink design, where o/w emulsions, achieved
through use of high boiling point EG, are typically buoyant and unstable at the
air interface. While w/o are unstable on high surface energy substrates, deposition
onto low surface energy (solvent resistant) polymeric substrates such as PET is
well-suited for applications of nanosheet networks for flexible electronics. This also
allows preparation of suitable inks directly from dispersions in cycloketone solvents.

In addition, the stability of deposited water droplets on polymeric substrates
confers a degree of spatial control to deposition of emulsion inks even when depositing
drop-wise by hand. As shown in Figure 6.10, water droplets are stable on substrate
until spreading and evaporation of the capping layer of solvent. The exposed graphene-
coated water droplet then forms an unstable three-phase interface with the air (only
stable for air-in-water), resulting in deformation, drying and collapse of the droplet
onto the substrate. By contrast with dispersions, where wetting of the substrate by
the liquid results in loss of any spatial control and drying results in some degree of
coffee-ring effect, the osmotic pressure-driven collapse of these droplets appears to
minimise this effect in emulsion inks as shown by the uniform intensity of the Raman

mapping in Figure 6.4.
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Figure 6.10:

(a) Schematic of emulsion deposition showing initial evaporation of

solvent capping layer followed by collapse of exposed water droplet. (b)-(g) Optical

micrographs of graphene film deposited from emulsion with increasing number of
passes. Scale bars 500 pm.
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This uniform drying and spatial control of emulsions, along with the ability to
prepare at higher concentrations than dispersions, facilitates drop-wise deposition of
nanosheet networks by hand with greater control than drop casting or spray coating
from dispersions, with a view to inkjet printing in future. The deposited nanosheets
form dense packed networks as shown in the AFM height image in Figure 6.11 with
system-scale electronic conductivity in both graphene and MoS, films. Interestingly,
the conductivities exhibit thickness-dependent scaling as observed previously but
the macroscopic non-uniformity introduced by depositing by hand results in critical
thicknesses of ~1 pm, cf. 50-200 nm in previous studies of vacuum filtration or inkjet
printing |7, 11]. Nevertheless, the measured conductivities of graphene and MoSs
films reach bulk-like thickness-independent values of ~3000 S/m and ~0.001 S/m

respectively, with the latter discussed in detail in Chapter 7.

In order to be suitable for inkjet deposition, these emulsions also require a
viscosity (~0.01 Pa.s) greater than that of common solvents at the shear rates
applied during jetting (~10°% s7!). As Newtonian fluids, the viscosities of most
solvents is independent of shear rate. By contrast, emulsions can exhibit non-
Newtonian behaviour with viscosities which are strongly dependent on shear rate
[191]. Figure 6.12 shows preliminary rheological measurements of a representative
graphene-stabilised emulsion using a parallel plate viscometer for shear rates between
0.1 and 100 s—!. Most notably, this shows that nanosheet-stabilised emulsions exhibit
non-Newtonian shear-thinning behaviour with a well-defined and hysteresis-free
dependence on shear rate. This near-power-law scaling for the shear rate regime
measured here (~1 Pa.s at ~0.1 s™' and ~0.01 Pa.s at ~100 s™') indicates that
these emulsions have the potential to be modified to give the desired rheological

properties.

While these water-in-cycloketone emulsions reach the viscosity required for inkjet

1 10* times lower shear rate than during jetting, it it possible

printing at 100 s~
that viscosity will rapidly saturate at higher shear rates as shown previously for

clay-stabilised water-in-oil emulsions [192]. Alternatively, it may be possible to use
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Figure 6.12: Rheological characterisation of graphene-stabilised emulsion with shear
stress and viscosity as a function of shear rate.

dilute emulsions (with lower ratio of droplet to continuous phase) which are known
to exhibit Newtonian behaviour with viscosity independent of shear rate [191] to
ensure the desired viscosity during jetting. However, this does mean reducing the
concentration of the emulsion ink and potentially using a high viscosity (likely high
boiling point) continuous phase, the selection of which must also satisfy other criteria
for surface energy, nanosheet dispersability, etc. A more practical alternative might
be to manipulate the shear rate-dependent viscosity by controlling emulsion droplet
size. It is well known that smaller droplets in a concentrated emulsion give rise to
increased viscosity [191, 193] which presents a route to ensure sufficient viscosity
during inkjet. Optimisation of this effect for nanosheet-stabilised emulsions, with
phases suited for deposition, requires a systematic study to characterise rheology and
correlate with the structure and properties of printed traces to realise the potential

of emulsions as inks for printed electronics.

6.4 Conclusions

In this chapter, it has been demonstrated that nanosheet-stabilised emulsions rep-
resent a relatively unexplored approach for assembly of layered materials where
the combination of high surface area and functional properties have much prom-

ise for applications. As acknowledged previously, functionalised layered materials
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including clays and graphene oxide have been studied in some depth, likely due
to their dispersability in water and formation of polymerisation-suited oil-in-water
emulsions [146, 147, 145, 148|. However, their chemical functionalisation typically
renders them non-conductive, limiting their application to structural (rather than
functional) assemblies. By contrast, pristine layered materials have poor dispersab-
ility in water, often resulting in lower degree of exfoliation and accessible surface
area, and form water-in-oil emulsions, for which it is more challenging to develop
applications [150, 152, 151]. Here, through solvent selection/transfer and modelling
of emulsion droplet size, stability and orientation, it has been possible to develop a
framework for preparation of emulsions stabilised by pristine few-layer nanosheets.
Graphene- or MoS,-stabilised water-in-cycloketone emulsions have been shown to
exhibit system-scale conductivity in their as-produced liquid form. Conductivities
of ~107* S/m at nanosheet volume fractions of ~107° have been obtained, which
represent the lowest loading level nanosheet-containing conductive composites ever
reported. Their potential as emulsion inks is highlighted by the ability to drop-cast
by hand into films with conductivities equivalent to other deposition techniques,
facilitated by their high concentration and drying dynamics which gives spatial

control, which would not be possible with standard dispersions.

Of course, to exploit the full potential of these emulsion structures, other com-
positions will be required to form polymer composites, optoelectronic devices, phase
change materials, etc. For such applications, it will often be necessary to form
oil-in-water emulsions where the water phase can be removed to form dry or solid
structures. Based on the understanding of surface energy developed here, this can
be most easily achieved through use of ethylene glycol as the water phase. However,
the high boiling point and increased potential for chemical interactions (compared
with water) means ethylene glycol can be difficult to remove and/or can interfere
with polymerisation or other in situ reactions. Alternatively, oil-in-water emulsions
can be realised with water as the water phase by increasing the surface energy of

the stabilising nanosheets by some mild functionalisation which retains their the
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conductive nature, although emulsions stabilised by rGO reduced to the point of
being conductive find that this still gives w/o emulsions [149]. Other approaches to
increase the surface energy of pristine nanosheets include controlled size selection of
small, high-edge-density nanosheets which may be sufficient to yield o/w emulsions.
Future work will seek to understand the size dependence of nanosheet surface energy

with a view to controlling emulsion orientation.

Finally, it is important to consider how the dispersability (and subsequently
degree of exfoliation, accessible surface area, loading levels, etc.) will affect emulsions
of arbitrary compositions. While solvent transfer from cycloketones facilitates
preparation of reasonable concentrations without catastrophic reaggregation in most
solvents, it would be preferable to prepare nanosheets in a phase which allows
direct emulsification with a third phase specific to the application. Clearly this
would have to be water and therefore requires the addition of surfactant in order to
prepare dispersions of pristine nanosheets. It has been observed that, for surfactant
concentrations typically used for exfoliation (~1:5 surfactant:bulk layered material),
the surfactant acts to stabilise o/w interfaces while the nanosheets act to stabilise
w /o interfaces, resulting in phase separation of the whole emulsion. This perhaps
suggests that surfactant and nanosheets act independently and that removing any
free surfactant may allow emulsification of stable structures. By using lower initial
surfactant concentration (~1:100 surfactant:bulk layered material), it has been
possible to form such emulsions as shown in Figure 6.13 which exhibit the same
orientation as for solvent-exfoliated nanosheets. This approach requires further

investigation but highlights the potential of additives to facilitate emulsification.

Inspired by this observation (and the use of acidic conditions to destabilise GO
in dispersion to allow emulsification), preliminary experiments have been performed
to investigate the influence of pH on pristine nanosheet-stabilised emulsions. The
stability of GO in water is attributed (in part) to the de-protonation of functional
groups such as hydroxides (R-OH to R-O~) which increases their polarity and thereby

effective surface energy, moving it closer to that of water. By acidifying the water, the
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inverted by emulsification under basic conditions (pH 13 KOH). (e) Photograph
showing buoyant droplets indicating inversion and (f) optical micrograph of buoyant
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surface energy based on model from [116, 117| as proposed mechanism for emulsion
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concentration of HT is increased and the GO acts to reduce this by re-protonation of
these functional groups, reducing surface energy and stability in solution to promote
emulsification. As such, it was hypothesised that any functional groups present at
the edges of pristine nanosheets would not be dissociated in solvent dispersions (to
reduce polarity and improve surface energy matching) but could be deprotonated
under at elevated pH, such as in emulsification with basic solution. In practise, using
standard cycloketone dispersion and pH 13 KOH solution, emulsions are found to
form as oil-in-water as shown in Figure 6.13, indicating that deprotonation induced is
sufficient to increase the surface energy of the nanosheets above the threshold required
to invert these emulsions, around 80 mJ/m?. As shown this approach can be applied
for graphene, MoSy and BN, suggesting some similarity in their edge functionalities
and can even be used for surfactant-exfoliated nanosheets. This inversion can also
be reconciled with the surface energy model in that dissociation of functional groups
increases the polar contribution to the edge defect surface energy measured in [117].
A 30% increase in this value, for nanosheets of average size, would be sufficient to
increase their surface energy above the threshold required for inversion.

These results emphasise the robustness of the framework developed here to
understand and design functional nanosheet-stabilised emulsions. Further studies
will be required to fully understand the influence of composition (surface energies,
nanosheet size, surfactant, pH) on structure and subsequent influence of structure

on functional properties, as these emulsions move towards applications.
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Chapter 7

Thin films of MoS-> nanosheets

The original objective of this thesis was to extend the Langmuir deposition technique,
previously used for graphene [160], to other pristine nanosheets, specifically MoS,.
Alongside the "detours" of identifying NMP degradation and photoluminescence,
modelling size selection and developing a framework for nanosheet-stabilised emulsi-
fication, the observation of the anomalously-high conductivity in MoS, nanosheet
networks maintained interest in the potential of Langmuir films.

Pristine layered materials, even in the now-archetypcal subset of graphene, BN
and MoSs, span the full gamut of electronic properties; namely, conductor, insulator
and semiconductor. Their potential for combination and application in thin film
electronics is an area of significant research interest [124, 79, 45]. While solution-
processed devices have recently been demonstrated with impressive functionality, their
performance remains far behind single-flake devices fabricated from mechanically-
cleaved or CVD materials [49]. Electronic transport in nanosheet networks is
typically limited by inter-sheet junctions, resulting in low conductivities and mobilities
compared with single-flake devices [79].

These effects are compounded by the difficulty in assembling densely-packed
networks from liquid-exfoliated nanosheets at low film thickness. This is because
traditional thin film deposition techniques (spray deposition, inkjet printing) are
random overcoating processes where area coverage and thickness are inherently

coupled. As such, it is not possible to increase area coverage without also increasing
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film thickness. One consequence of this is that there are minimum thicknesses for
connectivity and formation of a percolation network (associated with area coverage
for percolation) and a further thickness threshold for the network conductivity to
reach the maximum bulk-like, thickness-independent value |7, 11]. This effect is
perhaps most evident for BN in printed capacitors where pinhole-free full-coverage
films are only achieved at a thickness >1.5 nm [44]. Clearly, such disorder and
porosity is likely to influence both critical thicknesses and functional properties in

device structures and must be reduced to improve performance.

For (semi)conductors, the thickness required for bulk-like conductivity is typically
in the range 50-200 nm for relatively uniform deposition (vacuum filtration [7], inkjet
[11]) but can be greater than 1 pm for less uniform deposition (as in Chapter 6).
This increases the film thickness required for a given conductance to thicknesses
where it is not possible to electrostatically gate devices, hence recent studies of
electrolytically-gated devices [79, 129]. Indeed, even if the semiconductor films could
be assembled with sufficiently high conductivity and low thickness, devices would

also require ultra-thin pinhole-free dielectric films for electrostatic gating.

An alternative to random overcoating techniques (inkjet, spray, filtration) is
the interfacial assembly approach of Langmuir deposition. This is the technique of
assembling thin films at the air/water interface, followed by "compression" into a
dense-packed network and transfer onto substrate. This technique has previously
been applied to a range of 2D materials [156, 157, 158, 159, 160, 161| but its
potential for thin films of semiconducting nanosheets remains relatively unexplored.
As such, this chapter develops a methodology for exfoliation and deposition of MoS,,
the prototypical 2D semiconductor with a view to preparation of thin and highly-
conductive films for application as the active layers in solution-processed electronic

devices.



Figure 7.1: Schematic of Langmuir deposition of nanosheets; (a) spreading, (b)
compression, (¢) Langmuir-Schaefer horizonatal deposition and (d) deposited film.

7.1 Understanding solvent spreading

As for nanosheet-stabilised emulsions, solvent selection is an important aspect of
Langmuir deposition where the carrier liquid is required to be a spreading solvent at
the air/water interface, good for exfoliation and low boiling point. Spreading at the
air/water interface, as with the dynamics of emulsion interfaces, is determined by
the force balance at the three-phase boundary [190]. This air/water/solvent interface
can be illustrated as a hemispherical droplet on the water surface with air/water and
solvent /water interfacial tension opposing each other horizontally and the solvent/air
interfacial tension at an angle inclined to the centre of the solvent droplet. The
relative magnitudes of the interfacial tensions determine this contact angle and for
solvents which this is less than 90°, the interfacial point will move outward, resulting
in spreading of the solvent. This is described by Young’s equation, which is usually
used to characterise the contact angle of a liquid on a solid substrate, with the water

acting as the planar subphase in this case.

Yaw = Vsw + Vsa COS b (7.1)
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Given the criterion that spreading solvents are those for which 6. < 90° and
therefore cos 6. > 0, this can be rearranged to give an inequality on the interfacial

tensions

Yaw > Vsw (7.2)

However, this appears to be a trivial condition as the interfacial tension between
air and water is, almost by definition, greater than that between air and the solvent in
that all common solvents are intermediate in surface tension between air (~0 mN /m)
and water (~72 mN/m). This is numerically consistent with both experimental
measurements of interfacial tension and simple models of interfacial tension as a
function of surface tension but incorrectly implies that all solvents will spread at
the air/water interface. There are a number of low surface tension, low boiling
point solvents (e.g. pentane, hexane, toluene) which do not spread at the air/water
interface and instead pool at the surface. Some higher surface tension organics (e.g.
toluene) do not spread and some lower surface tension organics do (e.g. acetone).
These observations suggest that spreading is not solely determined by surface or
interfacial tensions and that there is some chemical selectivity, with non-polar solvents
comprising most of the non-spreading solvents. While these non-spreading solvents
are not conventionally considered good solvents for the exfoliation and dispersion
of 2D materials, a simple observation of spreading or non-spreading on a pristine
water subphase does not account for solvents which may be borderline; which spread
initially but cease to do under certain conditions, for example in the presence of a

film or other species.

It is possible to formalise this understanding of the influence of solvent chemistry
on spreading by using an interfacial tension model based on Hansen parameters. By
taking an established model [194] correlating surface tension with Hansen parameters
via molar volume, and noting that solubility in the Hansen formalism is determined
by the component-wise differences between parameters, effective interfacial tensions

Ysw can be calculated which are related to the difference in chemical properties,
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Figure 7.2: Solvent spreading based on Hansen parameter analysis, presented in
[190].

allowing them to be greater than ~,, and therefore non-spreading according to
Equation 7.2. Interestingly, while the original surface tension-Hansen parameter
model is not perfectly accurate (~ 3% error) and the calculated interfacial tensions
are not consistent with either experimental measurements or simple geometric or
harmonic mean models, the calculated values of 7y, correctly predict the spreading

behaviour of all 21 solvents tested, as shown in Figure 7.2.

In addition, the difference 74, — V4w gives a value for surface pressure (the
reduction in surface tension of the water subphase, such as in the presence of an
amphiphilic film) at which that solvent would cease to spread. By assembling a
film of arachidic acid, with surface pressure-area "isotherm" shown in Figure 7.3,
these maximum surface pressures can even be verified by compressing to increasing
surface pressure and testing spreading at each, showing excellent agreement with
the values predicted by the model. This result illustrates the robustness of this
Hansen parameter model for spreading solvent identification and identifies a range of
candidate solvents for Langmuir deposition of 2D materials. Importantly, however,
the maximum spreading pressures are found to only apply for surface active films
where the amphiphile acts to reduce the overall surface tension of the subphase
(rather than contributing its own surface tension) and thereby reducing the threshold
for spreading. While nanosheet films contribute to the surface pressure measured

during Langmuir deposition, their particulate nature means that even in relatively
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dense films, a spreading droplet can part the film and effectively spread on the pristine
water surface below. This facilitates the formation of dense films from a range of
spreading solvents despite their susceptibility to non-spreading in the presence of
traditional amphiphilic Langmuir films. As such, this model can be considered to
capture the chemical physics of solvent spreading, where other models and even
experimental values do not, and therefore be used a screening mechanism to ascertain
whether previously unexplored solvents, which may have other properties desirable

for Langmuir deposition, are likely to spread.

7.2 Langmuir deposition of MoS, films

The approach presented in the previous section for solvent selection was used here
to identify a number of spreading solvents, in conjunction with Hansen parameter
analysis to determine their suitability for exfoliation of layered materials, before
experimental verification. Conventionally good exfoliating solvents are those which
are well matched in surface energy and Hansen parameters to the layered materials.
NMP has been well established as the solvent which gives the highest concentrations

and degrees of exfoliation for liquid phase exfoliation of layered materials and has
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been used for Langmuir deposition of graphene despite its high boiling point and other
drawbacks detailed in Chapter 4. NMP has been used as a solvent for Langmuir
deposition on both its own [159], relying on dissolution into the subphase, and
following dilution with other lower boiling point spreading solvents [160] but this
will still leave residue in the deposited films. Since Langmuir deposition (unlike
other techniques) can be performed with relatively low concentration dispersions,
it is possible to use solvents considered poorer for liquid exfoliation, which may
also be lower boiling point and less susceptible to degradation, such as acetone
[195]. In practise, it would be desirable to balance concentration (and degree of
exfoliation) with boiling point to allow rapid deposition of well-exfoliated nanosheets
into residue-free films. There are a number of solvents with low Hansen interaction
radius (<6 MPal/ %) and low boiling point, such as dichloromethane and acetone, but
these are often coupled with poor surface tension matching, as illustrated in Figure
7.4, resulting in low concentrations with relatively poorly-exfoliated nanosheets. In
fact, the only solvent in the bottom left quadrant of both Figure 7.4(b) and (c)
with low surface tension mismatch, Hansen interaction distance and boiling point is
cyclopentanone (CPO). The relatively low viscosity and high vapour pressure results
in rapid spreading and evaporation and, coupled with its low toxicity, make CPO an

ideal solvent for Langmuir deposition of MoSs.

Langmuir deposition has been demonstrated with a range of 2D materials [156,
157, 158, 159, 160, 161, 162] but it has yet to be applied to deposit thin films of
semiconducting nanosheets. In particular, in order to exploit their potential for thin
films with bulk-like conductivity, it is necessary to achieve with high area coverage.
Langmuir deposition troughs are typically capable of compression ratios of around 5,
from a few hundred to tens of cm? samples, which means that the floating film must

have area fraction of around 0.2 before compression.

This is typically monitored during deposition using surface pressure as a proxy
for area coverage [160]. However, it is important to note that these dense films of

nanosheets do not behave like amphiphilic films in terms of their self-interaction or
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Figure 7.5: (a) Photograph and (b) pressure-area isotherm of MoS, film during
repeated cycling and deposition. Inset: optical micrographs of film at different stages
of compression.

surface pressure. Firstly, as mentioned above, amphiphiles are essentially surfactants,
which reduce the surface tension of the water subphase rather than covering a
fraction of the surface with a lower surface energy species. As such, amphiphiles
in floating monolayers only interact when the area per molecule is decreased below
their characteristic value, leading to well-defined gas-to-liquid and liquid-to-solid
transitions in the pressure-area isotherm, as in Figure 7.3. By contrast, films of
nanosheets are self-interacting even before compression; their particulate nature
means that edges constitute an additional energetic contribution, a lower dimensional
"linear tension", which is minimised when neighbouring nanosheets aggregate. It is
also likely that there is a chemical contribution to this edge effect due to high-energy

defect and functional groups present at nanosheet edges.
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This results in the formation of "islands" of nanosheets during deposition, which
can be several millimetres across and appear continuous under low magnification
optical microscopy. The effect of these islands on the pressure-area isotherm during
deposition and compression is to smooth the transitions between solid, liquid and gas
phases of the films. It appears that the transitions are associated with the islands of
nanosheets coming into contact and reaching full compression, as shown in Figure

7.5.

In addition, the rapid spreading and evaporation of the solvent is likely to cause
these islands to form as turbostratically-restacked, rather than perfectly coplanar,
nanosheets. This would result in a minimum film thickness correlated with the
typical thickness of islands and their proportion in relation to individual nanosheets.
In practise, if lower concentrations and volumes and slower deposition are used
to attempt to form films of individual nanosheets, there is no measurable film
conductivity even at high area coverage. This perhaps suggests that, even though
very thin but dense films can be formed, there remains a critical thickness for bulk-like
conductivity due to the need for charge transport perpendicular (and large nanosheet

overlap area) to the basal plane to circumvent the issue of edge-edge hopping.

The formation of a monolayer of islands, as opposed to a monolayer of nanosheets,
is evidenced by the structure of the deposited films. Atomic force microscopy (Figure
7.6 shows that they are densely-packed networks of nanosheets with area coverage
>80 % and peak heights of around 150 nm, with the average height (film thickness)
typically 20-50 nm. Further, scanning electron microscopy confirms this uniformity
over length scales of hundreds of microns. This illustrates the potential of Langmuir
deposition, above other techniques, to form films without significant area coverage-
thickness correlation. The prospect of preparing such films at thicknesses up to an
order of magnitude thinner than by inkjet but with comparable sheet resistance may

facilitate their integration within thin film electronics.

Given the layer number dependence of the optoelectronic properties of MoS,,

it is important to consider how the degree of the exfoliation of the nanosheets in
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the films may influence subsequent device performance. The effect of the average
layer number of a dispersion of nanosheets and of a deposited film thereof is not
fully understood but it is generally acknowledged that greater degree of exfoliation
allows for greater alignment in the film and that greater polydispersity due to
smaller thinner nanosheets allows for improved packing. This results in charge
transport predominantly parallel to the basal plane of the nanosheets, however smaller
nanosheets result in a high density of inter-sheet junctions with smaller contact area
(increased junction resistance), so nanosheet size and thickness distributions are

likely to have an optimum for maximum film conductivity.

In addition to the network morphology and conductivity, MoS,; nanosheets
themselves are modified by the degree of exfoliation. Confinement effects in few-layer
MoS; lead to the indirect band gap widening and becoming direct in the monolayer
limit |53, 48]. This thickness dependence can be problematic for films with a broad
distribution of few-layer nanosheets, where mismatched band gaps can act as charge
traps and reduce device performance [79]. As such, an optimal degree of exfoliation
for such devices might be to retain an in situ layer number that maximises transport
properties but with no variation in band gap (perhaps around (N)=6 layers). By
contrast, other applications may require different optical properties and therefore
layer number (perhaps even all-monolayer) and, as such, it is of interest to test the

extent to which exfoliation can be retained in situ.

Langmuir films are a model system for such measurements because their semi-
transparency (T ~ 20-50%) allows the use of optical spectroscopy in transmission
to determine layer number from well-established spectroscopic metrics [56]. Given
that the monolayer transmittance of MoS, is around 85% [196], even the lowest
transmittance Langmuir films have an area-averaged thickness of <10 monolayers.
This does not account for reflectance or the influence of nanosheets at an angle to
the incident beam but nevertheless gives an order-of-magnitude estimate in good
agreement with the microscopy above. This also highlights that it would not be

possible to make such measurements in films with thicknesses >1 pm, meaning that
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Figure 7.7: UV-visible extinction spectra (a) dispersions and (b) deposited Langmuir
films of MoS,, showing systematic shifts in excitonic features with centrifugation

time.

Langmuir films are the only system where these optical and electrical measurements
can be made on the same samples.

As such, the average layer number in the deposited film can be compared to that
in dispersion to characterise the degree of exfoliation retained. Importantly this
requires the nanosheets in dispersion to be below the ~10-layer threshold for which
spectroscopic metrics are sensitive to layer number. For these metrics, calibrated
for surfactant-exfoliated nanosheets and those transferred into aqueous surfactant
during liquid cascade centrifugation, this corresponds to A-exciton energies between

1.84 and 1.89 €V (675 and 660 nm respectively) for both dispersions and films.
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However, when performing liquid cascade centrifugation on CPO-exfoliated
samples, even allowing for viscosity and size effects as discussed in Chapter 5,
the A-exciton features show meaningful shifts to energies as low as 1.82 eV (up to
~680 nm, as shown in Figure 7.7), which would correspond to >20-layer nanosheets.
In addition, A-exciton peaks are not observed at energies above 1.86 eV (below 668
nm), suggesting (N) > 5, even for samples prepared under substantial centrifugation
conditions (>10° gmin). While this could be attributed to decreased few-layer
population compared with surfactant-exfoliated dispersions, this does not account for
the apparently increased sensitivity of A-exciton wavelength to >10-layer nanosheets

[56].

By characterising the Langmuir films deposited from these narrow size distribution
dispersions, any influence of the solvent will be reduced. As shown in Figure 7.7,
the A-exciton wavelength range of the corresponding films does indeed blueshift, to
energies greater than 1.83 eV, closer to the expected range for few-layer nanosheets.
This shift suggests that the nanosheets in these Langmuir films exhibit a higher
degree of exfoliation than those in the dispersion from which they were deposited,

which is clearly physically unreasonable.

Instead, the net blueshift could be attributed to the removal of solvatochromic
effects present in dispersion dominating over reaggregation of the nanosheets during
deposition. This is consistent with the net redshift for the thinnest nanosheet
dispersions after deposition with their high surface area providing a greater driving
force for reaggregation. As such, a plot such as Figure 7.8(c), specifically whether
points are above or below the line y=x, can be used to determine the net effects of

solvatochromism (removal thereof) and reaggregation of during deposition.

In addition, these metrics are unlikely to remain calibrated to the point of being
quantitative after deposition and solvatochromic effects are unlikely to be removed
entirely. Nevertheless, the sensitivity of these spectroscopic features to size selection
parameters suggests they are at least indicative of the nanosheet conditions in

dispersion and film. In an attempt to quantify the influence of solvatochromic effects,
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the (V) metric from [56] can be expressed in terms of energy;

(N) = 2.3 x 1030441654 (7.3)

From this equation, it is clear that few-nm shifts which correspond to few-meV
offsets can be expressed as an exponential prefactor to the original calculated layer
number. Assuming that the metric is valid for the deposited films and that these
therefore give a lower bound on the layer number for the dispersions, this approach
could be used to "correct" the solvatochromic effect and determine the actual degree

of exfoliation retained.

In studies of solvatochromism on mechanically-cleaved MoS,, acetone (a ketone,
like CPO) is found to redshift the PL emission either in terms of peak energy [197| or
increasing the trion contribution [198|. Assuming a corresponding shift applies to the
absorption peak and taking the ~16 meV redshift observed in [197] as an estimate
for that expected for CPO, the prefactor in the (V) metric would be 0.49. This
would mean the values measured for the CPO dispersion are around double their
true (solvatochromism-free) value and therefore all lower than the corresponding
values of for the deposited films. In fact, this shift could be as low as 7 meV and still
satify the requirement than (N)gs, < (N) fim, with all values in between suggesting
varying degrees of aggregation are responsible for the shifts between dispersion and

film, as shown in Figure 7.9.

It is also worth noting that the influence of restacking on spectroscopy of liquid-
exfoliated nanosheets is poorly understood in general. It has been suggested that
nanosheets films exhibit turbostratic restacking and this results in little influence
on the spectroscopic properties (both optical and vibrational) relative to isolated
the same nanosheets in dispersion [115|. If this is the case, it might be a more
accurate interpretation that there is little to no reaggregation and all effects are
solvatochromic with a balance between removal by depositing from dispersion (blue-
shift) and retention by the presence of residual solvent (redshift). As such, it may be

necessary to apply offsets to both the dispersion and film values. Doing so as a fitting
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Figure 7.9: MoS, (N) metric calculated for film and dispersion with suggested
solvatochromic corrections based on shifts observed in [197] and fitting to maximise
agreement neglecting reaggregation effects.

exercise finds that shifts of 17 and 10 meV for the dispersions and films respectively
give the best agreement between the two series, as shown in Figure 7.9. In reality
however, the influence of the solvatochromism is likely to be more complicated and
perhaps even sensitive to layer number given the potential for screening effects by
the outermost layers. Nevertheless, this illustrates the potential of Langmuir films to
study film formation through their optical properties, which will be an important

area for future work.

7.3 Conductivity of films

Having characterised microstructural and optical properties of these MoS, films, it
is important to consider how these correlate with the functional properties, namely
electrical conductivity. The initial motivation for this study was the prospect of
preparing films, which are both thin and highly conductive, i.e. without a thickness-
dependent conductivity regime. It has been shown that the films have thicknesses

of 20-50 nm at which thickness the conductivity of randomly-deposited MoS, films
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Figure 7.10: Representative I-V characteristic of MoS, Langmuir films.

would be <107% S/m, with sheet resistances >1 T /sq, which is impractical for
any device operation. Indeed, even if it were possible to prepare films with bulk-
like conductivity of ~107> S/m, the sheet resistance would still be ~100 G€2/sq.
Nevertheless, given that devices such as photodetectors and transistors have been
demonstrated with films at comparable sheet resistance (conductivity ~ 107° S/m
and thickness ~1 pm), ultra-thin Langmuir films have potential for application in
ultra-thin devices where it may be possible to electrostatically gate the entire active

layer.

In order to measure conductivity, Langmuir films, approaching full area coverage,
were prepared as centimetre scale samples. Films were then deposited onto sputtered
gold electrodes on PET, where the electrode adhesion is much better than on glass
allowing part of the electrode area to be masked with Scotch tape, to allow direct
contact after deposition. As shown in Figure 7.10, the I-V characteristics measured
for these films are surprisingly ohmic, arguably even more so than previously-reported
solution-processed films with good ohmic contacts [82, 83|. This indicates a reduction

of the Schottky barrier that would be expected at the MoS,-gold interface based
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on conventional band bending arguments. This lack of a Schottky barrier has been
observed previously in monolayer MoS, devices [49, 70, 71| with a reduced but
non-zero barrier in multilayer MoS, [118, 80]. These effects have been attributed to

Fermi level pinning close to the conduction band |76, 75, 77|.

Most significantly, the sheet resistance of these samples is measured to be ~1
GS2/sq, as shown by the representative I-V characteristic in Figure 7.10. Given the
film thicknesses of 20-50 nm (see Figure 7.6), this gives the conductivity as ~1073
S/m, two to three orders of magnitude higher than previously reported for MoS,

nanosheet networks.

Given these results, it is interesting to compare these results with the conduct-
ivities previously reported for MoSs nanosheets. This is illustrated in Figure 7.11
as a plot of sheet resistance against film thickness for a range of samples deposited
from different solvents and techniques. Parallel lines of constant conductivity show a
group of results around 2 x 107% S/m for MoS, nanosheets deposited by a Langmuir-
Blodgett-type assembly [120], vacuum filtration [83|, inkjet printing [11, 130]. While
all of these samples are prepared by exfoliation in NMP, the influence of the NMP in
these films is likely to be minimised by the use of washing (during filtration) or solvent
transfer (into fresh NMP or IPA). This "in-plane" conductivity is consistent with
the three orders of magnitude anisotropy with respect to "out-of-plane" conductivity

measured for IPA-exfoliated (NMP-free) MoS, [82].

In order to ascertain the origin of the high conductivity in the CPO-exfoliated
MoS, Langmuir films described here, dispersions in NMP and aqueous surfactant
solution were prepared using the same processing conditions. These were used to
deposit films by solvent-compatible techniques; vacuum filtration for NMP and
spray deposition for surfactant. Remarkably, these films also exhibit the same high
conductivity as the Langmuir films (~ 2 x 1072 S/m), indicating that this anomalous
performance is relatively independent of solvent choice, deposition technique and
subsequent film structure. Instead, this suggests that the conductivity is the result

of a modification of the inherent properties of the MoS; nanosheets themselves.
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Figure 7.11: Sheet resistance as a function of thickness for a range of MoS, from
literature and experiment.

As such, it is important to consider differences in processing between these
nanosheet networks with conductivities of ~10™ S/m and those reported with
conductivities of ~107% S /m. Most significant is the choice of size selection procedures;
where this work prioritised the selection of few-layer spectroscopically-interesting but
correspondingly-smaller nanosheets, previous studies have either not size selected or
preferentially removed these smaller thinner nanosheets. The reasons for this have
been to prevent pinholes in vertical devices [82], negative photoconductivity |11, 83]

and band gap mismatch [130].

If the the high conductivity of these films is also associated the size of the
nanosheets, one might expect that they should also exhibit negative photoconductivity
and/or charge trapping due to band gap mismatch. To investigate this, conductivity
was measured under simulated solar illumination at a range of intensities. These
films were indeed found to decrease in conductivity as a function of intensity to
around half of their initial value at 1200 W/m?. Interestingly, this dependence is
not described by the power law relationship expected for a trap-limited system [82].

Instead, the functional form is better described by a quadratic form, which is not
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Figure 7.12: Negative photoconductivity of MoS, films as a function of light intensity,
as previously acknowledged for networks of small nanosheets, attributed to Fermi
level pinning, with quadratic fitting as a guide to the eye.

typical of photoconductivity or even negative photoconductivity and indicative of an

alternative mechanism which requires further investigation.

These measurements confirm the films studied here have multiple characteristics
which were acknowledged but not studied in detail previously; small nanosheets
and negative photoconductivity [11, 83]. These can be correlated through other
observations about networks formed from small nanosheets. These, by definition,
have a high defect density due to number of edge sites relative to the number of
basal plane sites. Edge sites are created by ultrasonic scission during exfoliation and
can comprise functional groups, dangling bonds or vacancies. In MoS, in particular,
sulfur vacancies are formed very readily [76, 75] and contribute a state very close to
the conduction band. The effect of this is to pin the Fermi level close the conduction
band edge, making MoSs an n-type semiconductor [77|. The extent to which this
affects the conductivity is determined by the proximity and density of states of this
dopant level. For states sufficiently close in energy to the conduction band, electrons

can be thermally excited to result in higher carrier density and thereby conductivity.
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The density of states is determined by dopant density, i.e. the number density of
sulfur vacancies, and therefore has the potential to vary significantly with nanosheet
size. Based on the edge-to-basal plane model presented in [56] and used in Chapter
6, the area fraction of edge sites (<2 nm from edge) can vary from 2% for 500 nm
nanosheets to 20% for 50 nm nanosheets. A corresponding increase in the density of
dopant states could explain the anomolously high conductivity observed in the films

of small nanosheets studied here.

While this high conductivity was observed for relatively polydisperse single-
centrifugation-step-selected samples, dispersion with systematically decreasing size
and narrower distributions can be produced by liquid cascade centrifugation. A
cascade was therefore performed to produce nanosheets with sizes ranging from
much greater than those typically prepared for spectroscopic studies ((N) > 10
and (L) ~ 500 nm) to much smaller few-layer nanosheets ((N) < 5 and (L) ~ 100
nm). These nanosheets were spray deposited to >500 nm thickness to ensure bulk-
like, thickness-independent conductivity and allow measurement by focus-encoded
optical microscopy. The average nanosheet length was also measured by extinction
spectroscopy using the metric developed in [56]. This allows correlation of the

nanosheet size with film conductivity as shown in Figure 7.13.

This experiment illustrates that film conductivity does indeed exhibit a depend-
ence on nanosheet length with larger nanosheets (>300 nm) exhibiting conductivities
close to those previously reported for MoS; where smaller nanosheets are removed
[82, 11, 83, 79, 130]. As nanosheet length is reduced below 300 nm, there appears
to be a transition to the higher conductivity regime observed in this study. This is
consistent with the increased effective dopant density due to the likely increase in
prevalence of sulfur vacancies. The conductivity saturates for smaller nanosheets
which may be due to the density of sulfur vacancies reaching an upper limit where
further formation with decreasing nanosheet size is not possible. Alternatively, this
saturation could be attributed to the increasing density of inter-sheet junction resist-

ance in networks of smaller nanosheets. However, elucidation of the exact mechanisms
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Figure 7.13: Conductivity of MoS, films as a function of average nanosheet length,
indicating significant influence of doping due to nanosheet edges.

of both conductivity in nanosheet networks and doping by edge sulfur vacancies
will require further work. In addition, it is unlikely that this high conductivity is
solely due to increased carrier density, since this is unlikely to account for the three
order of magnitude increase, and suggests that inter-nanosheet junctions may also
be modified by the vacancies, potentially decreasing junction resistance and network

mobility.

7.4 Conclusions

Langmuir deposition has been demonstrated to be a promising technique for pre-
paration of ultra-thin and densely-packed nanosheet networks. Applications-driven
solvent selection identifies that cycloketones provide a good balance of suitability
for direct exfoliation, water immiscibility and low boiling point. Efforts to formalise
the understanding of spreading and film formation have led to the development of a
model which facilitates screening of potential solvents and reconciles inconsistencies

in the existing models for this phenomenon.
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Application of Langmuir deposition to MoS, illustrates that thin films of semicon-
ducting nanosheets can be prepared at thicknesses below the thresholds for bulk-like
conductivity associated with random overcoating techniques. The ultra-thin nature
of these films allows them to be studied in transmission by optical extinction spectro-
scopy. The fundamental sensitivity of the A-exciton energy to degree of exfoliation
enables analysis of the nanosheets in dispersion and on substrate, with deviations
from established spectroscopic metrics attributed to solvatochromic effects. Further
studies of such effects would investigate the effects of a range of solvents on films
of deposited nanosheets where layer number could be correlated with statistical
microscopy to calibrate metrics for solvatochromism.

In addition, despite the sub-100 nm thickness of these films, their conductivity is
found to be thickness-independent, likely due to the high area coverage compared to
spray- or inkjet-deposited films at similar thickness. Furthermore, the conductivity of
these films is found to be around 1072 S/m, which is two to three orders of magnitude
higher than previously reported for similar networks. Perhaps more surprisingly, this
high conductivity is independent of the exfoliating solvent or deposition process and
instead a property of the relatively small few-layer nanosheets used here, which have
been deliberately removed in previous studies [11, 83, 79]. This is consistent with
the well-established influence of doping by sulfur vacancies in MoS, which results in
Fermi level pinning close to the conduction band edge and n-type semiconduction.
The combination of these ultra-thin films and high conductivity (and potentially
mobility) opens up applications in optoelectronic devices such as electrostatically-

gated transistors, which will be the focus of future work.



123

Chapter 8

Conclusions and future work

Liquid phase exfoliation is versatile technique to facilitate assembly of films, hybrids
and composites of pristine few-layer 2D nanosheets and can be understood in terms
of the surface energy and Hansen parameter matching of solvent to the layered
material. However, the high concentrations typically required for applications means
that N-methyl-2-pyrrolidone or aqueous surfactant solutions are often the dispersants
of choice for film or composite formation.

The former has high boiling point and toxicity and, as shown in Chapter 4, is
susceptible to degradation which results in polymeric residue adsorbed on nanosheet
surfaces and photoluminescence which influences the optical properties of dispersions
and potentially devices. Nevertheless, NMP has been demonstrated to be the
most effective solvent for exfoliation of a range of 2D materials with impressive
materials performance and functionality despite the potential for this to be influenced
by degradation. While this can be minimised by solvent transfer or self-washing
during vacuum filtration, it may be of interest for future work to consider how this
degradation influences exfoliation and material performance to investigate whether
liquid-exfoliated nanosheet networks can compete with conductivities etc. reported
for other exfoliation processes in the absence of NMP residues [199].

Similar considerations must be made for surfactant-exfoliated nanosheets. Sur-
factants are typically used at concentrations of around 1:5 to that of the bulk layered

material but, with exfoliation yields of order 1%, post-centrifugation supernatants
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typically have surfactant:nanosheet ratios around 20:1 by mass. Such dispersions
deposited in this study are, unsurprisingly, found to be non-conductive and this
is likely the reason for the relative lack of studies of conductive networks based
on surfactant-exfoliated nanosheets. While some of this surfactant is likely to be
bound to nanosheets, a significant proportion will be free in solution and therefore
superfluous. As with NMP, this can be remedied by solvent transfer, such as liquid
cascade centrifugation, or filtration-type deposition techniques. In Chapters 6 and
7, proof-of-concept experiments are performed with surfactant exfoliation at low
concentration (1:100 to bulk layered material) in an effort to minimise the amount
in the final dispersion without the need for washing. Although this ratio is still
likely to be around 1:1, films deposited from such dispersions exhibit conductivities
similar to those for solvent-exfoliated nanosheets or washed films. Given that it
would be desirable to develop water-based dispersions for applications, further work
is needed to develop a protocol for applications-driven surfactant exfoliation. This
would include comparison of exfoliation yield and bound vs free surfactant content
as a function of initial surfactant concentration and Maron’s titration experiments,
previously performed for carbon nanotubes [200] to determine the surface coverage
(and thereby mass ratio to the surfactant) of exfoliated nanosheets. Furthermore, the
interfacial assembly techniques studied here represent a robust test for suitably-low

surfactant content, which will be quantified in future studies.

With the above considerations for NMP- or surfactant-exfoliated nanosheet
dispersions, it was decided that initial studies of interfacial assembly in this thesis
would require alternative dispersants. In addition, the need for water immiscible
solvents ideally with low boiling point resulted in the applications-driven solvent
selection approach presented in Chapters 6 and 7. While the use of NMP and
surfactant for exfoliation is typically justified based on surface energy matching and
electrostatic stabilisation respectively, there is little quantitative understanding of
how good or bad alternative solvents can be and how to standardise processing

to optimise their suitability. Chapter 5 illustrates the influence of viscosity on
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both exfoliation and centrifugation for a range of solvents, highlighting the need
for adjusted processing parameters to allow fair comparison or optimisation of
unconventional solvents. This understanding is used to develop a size selection model
which also accounts for aspect ratio effects on the centrifugation. This simple model
facilitates estimation of appropriate centrifugation parameters for any given material,
solvent and desired nanosheet size and thickness. Calibration of the model is required
in order for it be fully quantitative but it is hoped that further understanding of
nanosheet aspect ratios and distributions can be developed to make the model fully
predictive. In addition, future work will seek to verify both aspect ratio and viscosity
effects by applying the model to a range of solvents to quantify how good or bad

these "poor" exfoliating solvent actually are.

In practise, it is found that cyclopentanone (CPO) and cyclohexanone (CHO)
are two unconventional solvents which enable exfoliation of MoS, and graphene,
respectively, for the interfacial assembly approaches studied in this thesis. Specifically,
the ability to prepare few-layer nanosheets at reasonable concentration in water-
immiscible solvents allows the preparation of nanosheet-stabilised emulsions. These
emulsions represent previously-unexplored assemblies of pristine nanosheets with
the potential for applications such as high-loading inks, conductive composites,
electromechanical sensors, energy storage materials and optoelectronic devices. By
stabilising microscale liquid droplets with nanoscale thin films, these emulsions
can be assembled into macroscopic structures at nanosheet volume fractions as
low as 107° with conductivities as high as 10 S/m, comparable to randomly-
assembled nanosheet polymer composites at much higher loadings [10]. In fact, such
emulsions represent the lowest loading nanosheet-based conducting networks ever
reported. Alternatively, the disordered restacking of thicker interfacial films allows
formation of high-loading energetically-stable emulsions for applications as inks, which
facilitate coffee-ring-free manual deposition of films with conductivities comparable
to those for the deposited by other techniques. Optimisation of concentrations and

compatibility for inkjet printing will require further studies of the influence of droplet
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size, specifically on the rheology of emulsion inks.

Future work will focus on expanding the applications of these nanosheet-stabilised
emulsions by seeking to maintain highly-exfoliated ultra-thin films in systems with
compositions which facilitate formation of composites or hybrid systems for the
aforementioned applications. In addition, emulsification of systems with a range of
oil and water phases has enabled development of a model for emulsion orientation
based on surface energies of the liquids and nanosheets. By combining simplified
spreading coefficient criteria and mathematical approximations for interfacial energies,
an emulsion equation has been derived which describes the threshold for inversion
between water-in-oil and oil-in-water emulsions as a function of the nanosheet surface
energy. This correctly describes all observed phenomenology with a nanosheet surface
energy consistent with that inferred from exfoliating solvent studies or measured
by inverse gas chromatography. As such, this emulsion equation is a powerful tool
for design of nanosheet-stabilised emulsions and understanding of the properties
of the nanosheets themselves. Nanosheet size is a parameter of interest for future
studies with the potential to control surface energy and thereby emulsion orientation
in suitably small or large populations. The influence of nanosheet edges is further
illustrated by the demonstration of emulsion inversion in the presence of hydroxide
ions in basic conditions. This is attributed to deprotonation of hydroxyl groups at
graphene edges, increasing the polar contribution to the nanosheet surface energy
and therefore inverting the emulsion. Perhaps surprisingly, this approach also inverts
the orientation of MoS,- and BN-stabilised emulsions, suggesting the presence of
similar edge groups which can be deprotonated to raise surface energy. These could
be S-H (thiol) and N-H (amine) groups respectively; verification and manipulation
of this previously-unacknowledged edge functionality of liquid-exfoliated nanosheets

is a potential area for future work.

Finally, Chapter 7 presents a study of Langmuir films of liquid-exfoliated nanosheets
assembled at the air/water interface with a view to preparing ultra-thin densely-

packed films of MoS, for optoelectronic device applications. Langmuir deposition,
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as an interfacial assembly technique, facilitates formation of a films with nanoscale
thickness which can be compressed into densely-packed networks, negating the
thickness-dependent conductivity regime which places a lower bound on the thickness
of films deposited by other techniques, resulting in the need for electrolytic-gating in
nanosheet network devices [79, 129]. Chapter 7 demonstrates that it is possible to
prepare conductive Langmuir films with thicknesses below 100 nm owing to their
high area coverage. In addition, it is possible to study the optical properties of these
ultra-thin nanosheet networks with UV-visible extinction spectroscopy in transmis-
sion. Measurements of the CPO dispersions find that the A-exciton is shifted to a
lower energy range than would be expected for these nanosheets, with meaningful
shifts at energies well beyond the bulk-like threshold [56]. Langmuir deposition from
these dispersions results in films with a range of A-exciton energies blueshifted from
the dispersions, which would conventionally indicate a higher degree of exfoliation.
Instead, this is attributed to solvatochromic effects in the CPO dispersions which
are to some extent removed after deposition. These solvent effects, specifically their
influence on spectroscopic metrics for liquid-exfoliated nanosheets, will be studied in
future work, to allow their use for the wide range of solvents required for interfacial

assembly and other techniques.

Most significantly, while these films are around 100 times thinner than MoS,
nanosheet networks reported in the literature, their sheet resistances are comparable,
if not lower, indicating their conductivity is at least 100 times higher. In addition,
these high conductivities are observed for nansoheets prepared under the same
processing conditions in NMP and surfactant and deposited by vacuum filtration and
spray deposition, respectively, suggesting the effect to be independent of dispersant or
deposition technique. Instead, it is attributed to the use of small few-layer nanosheets
deposited here, which are removed in previous studies to prevent pinholes, charge
trapping due to band gap mismatch, and negative photoconductivity. Interestingly,
negative photoconductivity is observed in the films studied here and is consistent

with the two-level system expected for MoS, with edge sulfur vacancies. These
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prevalent defects result in pinning of the Fermi level close the conduction band edge
and it is suggested that these small nanosheets are highly doped due to the increased
dopant density. Liquid cascade centrifugation is used to prepare size-selected samples
for which the film conductivity shows a sharp transition between 10=° S/m and 1073
S/m as nanosheet size is reduced below 400 nm. While doping due to edge sulfur
vacancies increases the carrier density, it is unlikely that it is solely responsible for
the three order of magnitude increase in conductivity. As such, it it possible that the
nature of the inter-nanosheet junctions is also modified by these vacancies, acting
to increase network mobility and thereby conductivity. If so, this further enhances
the potential of small MoS, nanosheet networks prepared as ultra-thin Langmuir
films for electrostatically-gated transistors. In order to explore this application,
future work will focus on thorough photoconductivity and field-effect measurements
of these networks to characterise and understand device performance. On a more
fundamental level, these networks are a novel system where smaller nanosheets, which
typically results in reduced junction area and increased inter-nanosheet resistance,
have higher network conductivity. Understanding the relative influence of modifying
nanosheet size and inter-nanosheet junctions in this and other systems will require
a model for transport in these networks. It is hoped that by studying graphene a
model system without nanosheet size effects, this understanding can be developed
and applied to improve the applications potential of nanosheet networks whether in

films, composites or emulsions.
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Appendix A

Experimental methods

A.1 Methods for Chapter 4

Materials

NMP for the as-received and sonicated samples was purchased from Sigma Aldrich,
product number 270458. NMP for the aged samples was purchased from Sigma
Aldrich and Fisher Scientific with the dates of receipt and product numbers as
follows: NMP-9, 06/07/2007, Sigma 328634; NMP-4, 24/10/2012, Fisher M /5120/08,;
NMP-1, 01/10/2015, Sigma C112402. MoS,; powder was purchased from Sigma
Aldrich. Graphite powder was supplied by Zenyatta Ventures Ltd.

Characterisation methods

UV-visible spectroscopy measurements were performed using a Shimadzu UV-
2501PC spectrophotometer and Shimadzu UV-3600 Plus spectrophotometer using
quartz cuvettes. Photoluminescence spectroscopy was performed using Cary Eclipse
spectrophotometer and a Shimadzu RF-6000 spectrofluorometer. Raman spectra were
acquired using an NT-MDT NTEGRA Spectra system with 473 nm laser excitation
and Renishaw inVia system with 532 nm laser excitation. The photoluminescence
background was subtracted using spline interpolation and the spectra were then
normalized to the Raman mode at ~2900 cm~!. Time-resolved photoluminescence
measurements were performed with a Horiba DeltaFlex TCSPC system with excita-

tion at 336 nm, 349 nm and 409 nm using a 6 nm bandpass. 'H NMR spectroscopy
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was performed on a Varian VNMRS 600 spectrometer operating at a 'H frequency
of 599.7 MHz.

Sonication and liquid phase exfoliation

Sonochemical degradation of NMP was performed with a Sonics Vibra-Cell
VCX130 ultrasonic probe. 20 mL of NMP was sonicated for 1 hour at 75% amplitude
(~30 W power output), to produce the sample designated NMP(s). For the liquid-
exfoliated graphene samples, graphite powder was added to 20 mL of NMP at an
initial concentration of 25 g/L and sonicated for 1 hour at 75% amplitude. The
sample was then centrifuged for 1 hour at 4000 g using a Thermo Scientific Sorvall
Legend X1. For the liquid-exfoliated MoSy samples, MoS, powder was added to
20 mL of NMP at an initial concentration of 25 g/L. The supernatant was then
discarded and the sediment was redispersed into another 20 mL of NMP. This was
then sonicated for 1 hour at 50% amplitude with a pulse of 6 s on and 2 s off. The
sample was then centrifuged for 1 hour at 2000 g, the sediment was discarded and
the supernatant was collected. After the final centrifugation, all samples were left to
stand overnight before characterisation. For the non-degraded samples, as-received
NMP was used throughout the process. For the degraded samples, NMP(s) was used

throughout the process.

A.2 Methods for Chapter 5

Viscosity effects and CPO/CHO mixing

Power measurements were performed using a Sonics Vibra-cell VCX-130 probe
on 20 mL of solvent in identical glass vials with the probe at a fixed height relative
to the bottom of the vial. MoS; powder, sodium cholate hydrate and all solvents
were purchased from Sigma Aldrich. For the CPO/CHO mixing experiment, MoS,
powder was added to 30 mL of CPO at an initial concentration of 10 g/L and
subjected to 1 hour of continuous probe sonication (VCX130) at 60% amplitude.
The dispersion was then centrifuged (Thermo Scientific Sorvall Legend X1 with

High Conic II rotor) at 5000 g for 5 mins resulting in sedimentation of all material
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except very small nanosheets and impurities. This centrifugation was performed
using a Thermo Scientific Sorvall Legend X1. The supernatant was discarded and
the sediment was redispersed in to 30 mL of fresh CPO and subjected to a further 3
hours of continuous probe sonication at 60% amplitude. The dispersion was then
centrifuged (Thermo Scientific Sorvall Legend X1 with High Conic II rotor) at 5000
g for 5 mins to leave only few-layer nanosheets dispersed in the supernatant. The
sediment was discarded and the few-layer MoS, dispersion (supernatant) was divided
between two vials and diluted by a factor of 5, one into more CPO and one into
CHO. These dispersions were subjected to further centrifugation of 5000 ¢ for 10
mins to allow comparison of the effects of viscosity on the same initial dispersion
of nanosheets. UV-visible extinction spectroscopy was performed using a Shimadzu

UV3600Plus spectrometer.
LCC with speed variation

For the first set of liquid cascade centrifugation in the calibration experiment
(speed variation experiment), the starting material (MoS,, WSy, BN, graphite all
purchased from Sigma Aldrich) at a concentration of 20 g/L was immersed in in a 6
g/L aqueous solution of sodium cholate solution in a metal beaker and subjected to
probe sonicating (VibraCell VCX500, flathead tip) for 1 hour at 60% amplitude. The
beaker was mounted in a water bath connected to a chiller system to maintain the
external temperature at 5 °C during sonication. The dispersion was then centrifuged
in a Hettich Mikro 220R centrifuge equipped with a fixed-angle rotor 1016 at 2260 ¢
for 2 hours. The supernatant was removed. From our experience, this relatively short
initial sonication removes impurities in the supernatant which otherwise destabilise
the dispersion. The sediment was redispersed in fresh surfactant solution (2 g/L).
and subsequently sonicated for 5 hours at 60% amplitude with a pulse of 6 on and
2 off (water cooling). The resultant stock dispersion was centrifuged at 27 ¢ for
2 hours, sediment discarded and the supernatant subjected to size selection. For
the size selection of nanosheets, we used a centrifugation cascade increasing the

speed and moving the supernatant on to the next stage each time. The sediment
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after each centrifugation was collected and redispersed in fresh surfactant solution,
while the supernatant was centrifuged at higher centrifugal acceleration. The final
supernatant was discarded. For centrifugation <3000 ¢, a Hettich Mikro 220R
centrifuge equipped with a fixed-angle rotor 1016 (50 mL vials filled with 20 mL each)
was used. For centrifugation >3000 g, a Hettich Mikro 220R centrifuge equipped
with a fixed-angle rotor 1195-A (1.5 mL vials). All centrifugation was performed for
2 hours at 15 °C. Centrifugal g-force was varied slightly depending on the starting
material. graphene: 100 g, 400 g, 1000 g, 5000 ¢, 10000 g, 30000 ¢g. BN: 400 ¢, 1000
g, 5000 g, 10000 g, 22000 g, 74000 g, WS, and MoS,, 100 g, 400 g, 1000 g, 5000 g,
10000 ¢, 22000 g, 74000 g. On these dispersions, atomic force microscopy (AFM)
was carried out on a Dimension ICON3 scanning probe microscope (Bruker AXS
S.A.S.) in ScanAsyst in air under ambient conditions using aluminum coated silicon
cantilevers (OLTESP-R3). The concentrated dispersions were diluted with water
to optical densities <0.1 across the resonant spectral region. A drop of the dilute
dispersions (20 pl.) was deposited on a pre-heated (180 °C) Si/SiO, wafers (0.5x0.5
cm?) with an oxide layer of 300 nm. After deposition, the wafers were rinsed with
~5 mL of water and ~5 mL of isopropanol. Typical image sizes were 10x10 pm?
for larger nanosheets (100-1000 g, and 400-1000 ¢) and ranged down to 4x4 jm?
for smaller nanosheets at scan rates of 0.5 Hz with 1024 lines per image. For the
statistical analysis, only individualized nanosheets (no aggregates) were counted and
their longest dimension (L), the dimension perpendicular to this (width, W) and
the thickness measured. Thickness was converted to layer number by using known
step heights [106, 56, 119]. The lateral dimension was corrected by a previously
established correction to account for cantilever broadening and pixilation [201]. In
each case 150-250 nanosheets were counted (depending on the polydispersity of the

fraction) until the distribution histograms showed the typical lognormal distribution.
LCC with time variation

For the second set of liquid cascade centrifugation in the calibration experiment

(time variation experiment), MoS, powder was added to 30 mL of aqueous surfactant
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solution (6 g/L sodium cholate concentration) at an initial MoSs concentration of
25 g/L. The dispersion was then subjected to continuous probe sonication (Sonics
Vibra-cell VCX130) at 60% amplitude for 1 hour, followed by centrifugation (Thermo
Scientific Sorvall Legend X1 with High Conic II rotor) at 10000 ¢ for 10 mins to
remove unexfoliated material. The supernatant was discarded and the sediment
was redispersed into fresh surfactant solution and subjected to probe sonication at
60% amplitude for 3 hours, followed by centrifugation at 10000 ¢ for 20 mins. The
sediment was redispersed into 3 mL of fresh sodium cholate solution to give the first
sample and the supernatant was collected for the further centrifugation at 10000 g
for 1 and 16 hours with sediment redispersed at each stage to give a series of narrowly
size selected dispersions. UV-visible extinction spectroscopy was performed using a

Shimadzu UV3600Plus spectrometer.

A.3 Methods for Chapter 6

Exfoliation and emulsification

MoS; and BN powders were purchased from Sigma Aldrich. Graphite powder
was provided by Zenyatta Ventures Ltd. MoS, was subjected to an initial sonication-
centrifugation step to remove impurities and very small nanosheets; the bulk powder
was added to 30 mL of cyclopentanone (CPO) at an initial concentration of 25 g/L and
sonicated using a Sonic Vibra-cell VCX130 at 60% amplitude for 1 hour under ice bath
cooling. The dispersion was centrifuged (Thermo Scientific Sorvall Legend X1 with
High Conic II rotor) at 5000 ¢ for 5 mins, the supernatant containing the impurities
and very small nanosheets was the discarded and the sediment was redispersed into 30
mL of fresh CPO. Graphite and BN powders were added to 30 mL of cyclohexanone
(CHO) at an initial concentration of 25 g/L. The subsequent sonication step used was
the same for MoS,, graphite and BN; sonication using a Sonic Vibra-cell VCX130 at
60% amplitude for 3 hours under ice bath cooling. MoS, dispersions were centrifuged
at 5000 ¢ for 5 mins and graphene and BN dispersions were centrifuged at 5000

g for 30 mins. This typically yields dispersions of nanosheets with (/NV)<10 for
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all materials, as confirmed with spectroscopic metrics by UV-visible extinction
spectroscopy (Shimadzu UV3600Plus spectrometer). Extinction spectroscopy was
also used in conjunction with previously measured extinction ceofficients to determine
concentration of these dispersions. Concentrations for these processing conditions are
typically ~0.1 g/L. These cycloketone dispersions can be emulsified with deionised
water by transferring to silanised vials and adding water at ~1:10 by volume followed
by vigourously shaking by hand to homogenise. This gives nanosheet-stabilised water
droplets which sediment through the cycloketone continuous phase. These droplets
were collected and deposited on PET to perform statistical measurements of average
droplet diameter by optical microscopy (Olympus BX53-M optical microscope). In
order to measure droplet size as a function of nanosheet volume fraction, the stock
dispersion were diluted with cycloketone and fixed volume was emulsified with fixed
volume of water to control droplet size while maintaining a fixed volume of droplets.
These samples were transferred into channels milled into PTFE with copper tape
contacts to allow electrical measurements using a Keithley 2600 sourcemeter. I-V
characteristics were obtained and resistances normalised to channel dimensions to
calculate conductivity. For Raman mapping of deposited droplets, samples were
deposited onto silicon wafers and their Raman spectra were mapped using a Renishaw
inVia Raman microscope with 660 nm excitation using a x50 objective. Indicative
layer number distributions were calculated by mapping the A;g and Eég mode
separation and converting to layer number based on the relationship established for

mechanically-exfoliated MoS, [187].
Solvent transfer and emulsion inversion

In order to prepare emulsions stabilised by well-exfoliated nanosheets in solvents
which are conventionally considered poor for LPE, cycloketone dispersions were
subjected to further centrifugation of 10000 ¢ for 16 hours to result in sedimentation
of almost all of the dispersed nanosheets. The cycloketone supernatant was discarded
and the sediment redispersed into a new oil phase such as pentane, hexane, ethyl

acetate, methyl methacrylate, dichloromethane or styrene. These oil phases span
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the range of surface energies of water-immiscible organic solvents and are immiscible
with alternative high surface energy water phases; ethylene glycol and formamide
(with the exception of ethyl acetate-formamide). As such, these combinations were
used to identify emulsion orientation and stability, as shown in Figure 6.8. The
solvent-transferred dispersions were emulsified with ethylene glycol, formamide and
water at 1:1 by volume (to ensure sufficient oil and water phase to stabilise either
orientation of emulsion) and their orientation determined by identifying buoyancy
and /or stability on glass or silanised vials or at the air interface, as shown in Figure
6.6. These orientations were used to verify the surface energy model presented in
Chapter 6 and found to be identical for graphene, MoS,; and BN emulsions whether
exfoliated or bulk material was used. In order to perform the inversion experiment
shown in Figure 6.9, a CHO dispersion was diluted to varying volume fractions of
pentane and the mixed solvent dispersion emulsified with water and orientation
determined. Samples between which the emulsion orientation inverted were used to

calculate a range for the surface energy of the nanosheet films.
Emulsion inks

Water-in-cycloketone emulsions of graphene and MoS, were prepared as described
above. Samples were deposited by onto PET substrate heated to 80 °C by manual
drop casting of ~0.1 mL (per pass) of densely-packed emulsion over an area of ~1 cm?.
The sheet resistance was measured using a Keithley 2600 sourcemeter after every
deposition pass. Once dry, another 0.1 mL was deposited and this was repeated until
optical microscopy showed the films to have nearly complete area coverage, around 5
passes as shown in Figure 6.10. At this stage, AFM was performed using a Bruker
Dimension Icon with ScanAsyst-Air probes to measure topography and determine
approximate thickness per pass. The deposition process was repeated until the sheet
resistance began to decrease with the reciprocal of pass number, indicating that the
thickness-independent bulk-like conductivity regime had been reached. Preliminary
rheological measurements were performed using a TA Instruments AR2000 rheometer

with PMMA parallel plates.



166

Emulsification of surfactant-exfoliated nanosheets and basic inversion

For the proof-of-concept emulsification of surfactant-exfoliated nanosheets, disper-
sions were prepared using the exfoliation parameters described above on dispersions
of graphene, MoS, or BN in 0.25 g/L aqueous Triton X-100 solution, which yields a
dispersion with the minimal amount of surfactant, likely bound to the sheets rather
than free in dispersion. Surfactant concentration of 0.1 g/L was found to result
in significantly reduced concentration, while dispersions produced by exfoliation at
higher surfactant concentration required washing by vacuum filtration and redis-
persion in order to allow stable emulsification. For the emulsion inversion by basic
deprotonation, cycloketone dispersions were prepared and emulsified with pH 13
KOH solution, resulting in formation of buoyant oil droplets in a continuous phase
of the basic solution, which are stabilised when a sacrificial layer of droplets have
burst and coated the air/water interface. Surfactant exfoliation and basic inversion
can also be achieved by blending aqueous surfactant dispersions of nanosheets with

KOH solution followed by emulsification with an arbritrary oil phase.

A.4 Methods for Chapter 7

Exfoliation and deposition

Exfoliation of MoS, in CPO was performed as described in A.3 with the centrifu-
gation procedure modified depending on the experiment. The standard single-step
centrifugation used for loosely size selected experiments was 5000 ¢ for 5 mins with
the supernatant collected and the sediment discarded. For size selection experiments,
liquid cascade centrifugation was performed with centrifugation conditions given in
the relevant sections below. In either case, dispersions were prepared at or diluted
concentrations around 0.1 g/L. Langmuir deposition was performed with a NIMA
102A Langmuir trough equipped with a platinum Wilhelmy plate with subphase
area ~75 cm? and a transparent window to allow mounting on a Leica spotting
microscope with x10 and x30 magnification to allow monitoring of film formation. For

the spreading experiments, the behaviour of each solvent studied was established by
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adding a 5 pL. droplet from a micropipette onto a pristine water surface. Spreading
solvents rapidly spread out over the surface and evaporate within several seconds
under ambient conditions. Non-spreading solvents pool into one or more droplets
and evaporate at a significantly slower rate, even for comparable boiling points to
spreading solvents. To prepare an amphiphilic monolayer film, arachidic acid was
dissolved into chloroform at ~1 g/L concentration. 10 pL of the solution was spread
onto the surface of the Langmuir trough. The isotherm of Figure 7.3 was obtained
by closing the barriers at a rate of 10 cm?/min with a target surface pressure of 30
mN /m. To measure the maximum spreading pressure of each solvent, the barriers
were initially fully opened. The surface pressure was controlled in increments of 3
mN/m, and at each increment a 5 pl. droplet of pristine solvent was added to the
surface for observation. Each solvent was tested separately, with the trough water
and arachidic acid film replaced in between solvent tests. Deposition of MoS, films
was performed by drop-wise addition of the ~0.1 g/L dispersion onto the water
subphase with ~0.1 mL deposited before cycling the barriers to homogenise the film
before depositing more material and ~2 mL of dispersion typically deposited to give
high area coverage as confirmed by in situ optical microscopy after compression
to 25 cm?. Samples were transferred onto glass microscope slides of PET by the
Langmuir-Schaefer horizontal deposition technique. Film morphology and sample
thickness was characterised by AFM (Bruker Dimension Icon with Scan-Asyst Air
probes). Films were further characterised by SEM using a Zeiss SIGMA field emission
gun scanning electron microscope with Zeiss in-lens secondary electron detector. The
working conditions used were 1.0 kV accelerating voltage, 20 pm aperture, and 2.8

mm working distance.
Spectroscopy

Samples for spectroscopic studies were prepared by liquid cascade centrifugation
at 5000 g with sediments collected and supernatants subjected to the subsequent
step at the following times: 2, 4, 8, 16 and 32 mins. Dispersions were diluted to

suitable concentrations and characterised by UV-visible extinction spectroscopy using
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a Shimadzu UV3600Plus spectrometer in quartz cuvettes with CPO reference sample.
Dispersions were deposited as Langmuir films as described above with the deposited
volume varied to give high area coverage to allow characterisation by UV-visible
spectroscopy, as shown in Figure 7.7.

Electrical characterisation

Langmuir films were prepared as described above and deposited onto PET sub-
strates with 30 nm sputtered gold bar electrodes (1/w ~ 5) with part of the electrode
area masked with Scotch tape to allow direct contact for electrical measurements.
[-V characteristics were measured with a Keithley 2600 sourcemeter with poten-
tial difference -20 to 20 V. Photoconductivity measurements were performed under
broadband illumination as a function of intensity with a Newport 92193H-1000 solar
simulator. Samples for non-Langmuir deposition techniques were prepared using the
same procedure as for the CPO exfoliation but instead using NMP or aqueous Triton
X-100 solution (0.25 g/L) as the dispersant. NMP-exfoliated MoS, was deposited by
vacuum filtration and surfactant-exfoliated MoS, was deposited by spray deposition.
Sheet resistance and film thickness were measured to determine conductivity, shown
in Figure 7.11. For the size-dependent conductivity experiment, liquid cascade
centrifugation was performed on surfactant-exfoliated MoS, dispersions at 5000 g
with sediments collected and supernatants subjected to the subsequent step at the
following times: 2, 5, 10, 30 and 90 mins. The average nanosheet length (L) was
measured using the spectroscopic metric and samples were spray coated to thicknesses

>500 nm to allow measurement by focus-encoded optical microscopy.
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