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OF EXFOLIATED LAYERED NANOMATERIALS

Liquid phase exfoliation (LPE) is a versatile and scalable production technique for
two-dimensional nanomaterials, such as graphene and molybdenum disulfide (MoS2).
Solution processing enables a wide range of applications, many of which are sensitive
to nanosheet microscopic properties, including size, thickness and functionalisation. Yet
these nanosheets remain poorly characterised with the lack of standardisation. A method
to sonochemically edge functionalise MoS2 in acetone is detailed here; a way of producing
stable dispersions over extended periods of time (over one year) at high concentrations.
By using a range of techniques, it is shown that this stabilisation is achieved through a
self-limiting oxidation of MoS2 at the edges. The method results in enhanced catalytic
performance for MoS2 and potentially other sulfur containing layered materials.

In addition, a general method to reconstruct nanosheets size and thickness distributions
based on Raman spectroscopic metrics is demonstrated with graphene and MoS2. This is
essential for any research that relies on quantifying the influences of size and thickness
on applications, such as mechanical reinforcement, electrical conductivity, sensing, and
catalysis. A new metric for characterising layer number of MoS2 nanosheets is developed
using an intensity ratio of resonant Raman modes. Raman spectroscopy is less time
consuming and less dependent on sample preparation when compared to microscopic
characterisation techniques that yield the same information. The method presented here
is more robust than current literature metric as it does not rely on mode positions, which
shift depending on factors inherent to the sample such as strain, doping, and defect
density. The metric was developed for LPE nanosheets but it can also be applied to
mechanically exfoliated sheets. The first proposed metric for LPE nanosheet length was
developed using the main Raman modes of MoS2 for resonant spectra, showing excellent
agreement with microscopic measurements. It is anticipated this combination of mapping
and metric analysis can be extended to other materials, paving the way for a much-needed
standardisation for industry and laboratory research applications of layered nanomaterials.
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Chapter 1

Introduction

Nanotechnology covers both production and applications of physical, chemical, and

biological materials in sub-micron scales [13]. It encompasses the ability to control and

explore their unique properties in novel devices and structures [14]. Graphene is the

most renowned nanomaterial, which has attracted wide research interest because of its

outstanding thermal conductivity [15], mechanical properties [16], high carrier mobility

[17], and molecular barrier characteristics [18, 19], among others.

The nanotechnology field has been growing rapidly in recent years. One indicator

of this growth is the number of publications, as seen in Figure 1.1. Books, articles, and

reviews that contained the word "nano" in their title, abstract or keywords reached 416,000

publications, since 1943. An exponential trend is also seen for research on graphene,

reaching 164,000 publications, since 1985, at time of writing.

The emerging properties of few-layer structures are not limited to the carbon family of

graphene but, in particular, transition metal dichalcogenides (TMD) show a large variety

of enhanced electronic [20, 21, 22], optical [23, 24, 21, 25, 26], chemical [27, 28, 29,

30], thermal [31, 32], and mechanical properties [33]. Depending on their chemical

composition, they may have semiconducting, semi-metallic or metallic behaviour [34].

The varied chemistry of the TMDs presents opportunities for moving beyond graphene,

which is relatively chemically inert, paving the way to novel fundamental and technological

research on nanomaterials [35].

1
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Figure 1.1: Number of publications between 1990 and 2020 containing the words "nano"
(black) and "graphene" (red). Data was collected on 29th June 2020 using Scopus. Results
include the use of the words in title, abstract, and keywords for books, articles, and reviews.

Research motivation

Following the increasing interest on potential world-wide applications of the nano-

materials, the European Union has proposed actions and acknowledged issues arising

from implementing nanotechnology for the benefit of society since 2004 [36, 37, 38, 39].

The trend is not limited to Europe. The Food and Agriculture Organization of the United

Nations and the World Health Organization held an expert meeting in 2009. The result

is a document published in 2013 that highlights the importance of the development of

applications in agriculture, water treatment, preservation, and packaging, which should

bring benefits to farmers and consumers [40]. It was also recognised the need for clear

international definitions and proper assessment of health risks arising from production and

also use of nanomaterials. Since the materials have different properties from their bulk

structure counterpart, the effects on health might also vary. A complete study is necessary

before the uptake of nanomaterials by industry, since many factors influence toxicity of

materials, such as chemical composition, surface area, size, and shape [41].
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In order to harness the novel properties of nanomaterials, different production tech-

niques can be used, each one with its advantages and drawbacks (discussed in subsequent

chapters). This thesis focuses on liquid phase exfoliation, which has the potential to pro-

duce large quantities of high-quality nanosheet dispersions, facilitating the post-processing

necessary for a range of applications [42, 43]. The solvent known to produce high con-

centrations and exfoliation yield for layered materials is N-methyl-2-pyrrolidone (NMP)

[42, 43, 44, 45, 46, 47]. The major drawbacks of NMP are the presence of residues on the

nanosheets and its toxicity [48, 49, 50, 51, 52]. This solvent decomposes upon heating, a

standard procedure used to deposit dispersions on substrates for further characterisation,

producing toxic fumes such as nitrogen oxides and carbon monoxide [53].

Research on alternative solvents has been growing recently. Layered materials are

generally insoluble in water and require amphiphilic surfactants or polymers for successful

exfoliation and stabilisation in this solvent [52, 54]. Forsberg et al. tested a combined

mechanical exfoliation with further liquid processing without any additives [55]. A good

degree of exfoliation was obtained, however stability, determined by the concentration

difference over time, was at least 250 times lower than for an NMP dispersion. Different

organic solvents have been studied [56, 44, 57, 58, 59] and usually achieve exfoliation but

show poor stability over long periods of time. Motivation for the work presented in this

thesis is to investigate solvents considered poor for liquid processing of layered materials

but have desirable properties such as low-toxicity and facilitation of further processing for

applications.

Another motivation is related to a standardised and reliable characterisation of nan-

omaterials. An international definition of terms related to graphene and other layered

materials, including production methods, properties, and characterisation was created in

2017 by the International Organization for Standardization [60]. A specific guide for

graphene was created by the UK National Physical Laboratory (NPL) [61] presenting

a range of techniques to determine accurately substrate coverage, layer number, lateral

dimensions, alignment, and disorder level for different production methods. The guide

also includes sample preparation procedures and sources of uncertainty. One of the main
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characterisation techniques suggested by this guide is Raman spectroscopy, a laser-based

vibrational spectroscopy technique, which is generally non-destructive and yields chemical

information that can be coupled with physical properties following microscopic calibration.

The first Raman spectrum of graphite was reported in 1970 by Tuinstra and Koenig [62].

Following the renewed interest after the isolation of graphene by Geim and Novoselov

in 2004 [17], Ferrari et al. reported on the Raman spectra of graphene in 2006 [63].

Specifically, they studied the modifications to the spectrum as a function of varying layer

number and defects. This understanding lead to the development of phenomenological

metrics for layer number and size of liquid-processed graphene nanosheets [64].

The Raman spectrum of bulk molybdenum disulfide (MoS2), the archetypal TMD,

was first reported around the same time as graphite by Verble and Wieting [65, 7] and

the monolayer spectrum in 2010 [66]. However, the same understanding obtained from

graphene cannot be transferred to MoS2 easily since the equivalent Raman modes are not

always observed [67]. In order to extend understanding of Raman of LPE graphene to

MoS2 and other layered materials, it will be important to investigate the representativeness

of Raman spectra of nanosheet populations where the laser spot contains a large number of

sheets.

Thesis outline

This thesis has two main research questions. One of them is to understand the liquid

processing of MoS2 in non-standard solvents and any effects on the nanosheet chemistry

and morphology during ultrasonication. The use of these solvents facilitates novel film

processing methods. The other aim is to investigate whether a new approach based on

Raman microscopy expands the amount of information obtained while characterising layer

number and length of layered material nanosheets.

The interesting properties of layered materials, focussing on the TMD MoS2, are dis-

cussed in Chapter 2. Also, a general overview of the most common exfoliation techniques

is given. Chapter 3 has a more detailed and applied discussion about the exfoliation

processes and characterisation techniques used in subsequent experimental chapters. In
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Chapter 4, by describing the exfoliation of MoS2 in acetone, the current framework (based

on Hansen parameters) to choose appropriate solvents that give the highest concentrations

and exfoliation yields is analysed. The chapter also describes the influence of such modi-

fications on macroscopic properties and their self-limiting nature. This is achieved by a

spontaneous functionalisation of the nanosheets edges with molybdenum oxides.

Chapter 5 details a mapping approach to reconstruct size and thickness distributions

using Raman microscopy. By creating Raman maps with resolution-limited pixel size

(related to the diffraction limit) and applying spectroscopic metrics to every pixel and

creating histograms of the results, instead of averaging them, it is possible to obtain near-

complete information about the properties of a sample. The approach is demonstrated

using literature graphene metrics. The prospect of extending it to MoS2 is discussed, which

led to the development of calibrated metrics with microscopic verification for layer number

and lateral size using resonant Raman spectroscopy, as described in Chapter 6.

Experiments and analysis in this thesis were devised and conducted by myself, except

where stated otherwise. This thesis offers new insight about modifying the solubility and

electrochemical performance of MoS2 nanosheets during exfoliation in a common solvent.

Also, the characterisation of layer number and size for MoS2, important for both academic

research and industrial applications, uses a general approach that can be extended to other

layered materials.



Chapter 2

Layered nanomaterials

Some materials exhibit emerging properties as they are confined to a nanometric length

scale. In this chapter, examples of these properties are discussed, with a particular em-

phasis on transition metal dichalcogenides. Their different polytypes and electronic band

structures are considered, which explain some of their observed optoelectronic properties.

Exfoliation and synthesis of layered materials are also discussed in terms of their main

advantages and drawbacks.

2.1 Introduction

Nanomaterials are defined as materials with at least one dimension of or under 100 nm

[68]. This is usually interpreted in the sense that the nanostructured material as a result

differs from the bulk form in any of its physical, electronic, or chemical properties. These

differences often originate from the high surface area to volume ratio [68].

Layered materials allow preparation of a special class of nanomaterials with thickness-

dependent properties. They are strongly bonded in-plane but weakly bonded by the van der

Waals force in the perpendicular direction, and as such may in principle be cleaved into

atomically-thin layers. Graphene is the most well-known two-dimensional (2D) nanoma-

terial. In a graphene nanosheet, carbon atoms are organised in a hexagonal configuration

and bonded with sp2 hybridisation [69]. The carbon family is completed by the zero-

dimensional (0D) fullerene [70], the 1D carbon nanotube [71], and 3D graphite. Other

6
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examples of nanomaterials are hexagonal boron nitride (h-BN), graphene oxide, trans-

ition metal dichalcogenides (TMDs), III-VI layered semiconductors (GaS, Bi2Se3), black

phosphorus, silicene, transition metal carbides, metal oxides, layered double hydroxides,

quantum dots, and perovskite nanocrystals [72].

2.2 Transition metal dichalcogenides

Transition metal dichalcogenides are compounds having the chemical formula MX2,

where M is a transition metal (such as Mo, W, Nb, Hf, V) and X is a chalcogen (S, Se,

Te) [72]. The monolayers are formed by the metal atom covalently bonded between

two chalcogen atoms. These layers are held in the bulk form by van der Waals force.

This is analogous to stacking of graphene layers in graphite. Over 60 transition metal

dichalcogenides are known and about 40 of them have a layered crystal structure [20].

TMDs proved to be an interesting route for research since their similar crystal and electronic

structure allows for logical extensions to explain similar properties. And yet, their different

compositions result in a wide range of possible applications for their optoelectronic

properties, e.g. photoluminescence [24, 25, 26], n- or p-type behaviour [28, 29], and

catalytic performance [30, 27]. Molybdenum disulfide (MoS2), the most studied TMD, is a

naturally-occurring and abundant material, which has been known for several centuries [73].

Its dry lubricant properties [74], catalytic activity for hydrodesulfurisation in refineries

[75], and intercalation chemistry [76] have been exploited since the 1970s.

Monolayers of MoS2 were isolated almost 20 years before [77] the Nobel prize winning

work on graphene [17]. However, it was not until the field matured with the renewed

interest led by the work on graphene and the development of exfoliation techniques that

new applications became possible. In 2010, Mak et al. [78] reported a tunable bandgap in

MoS2 nanosheet based on layer number. More specifically, they found a transition from an

indirect bandgap of 1.3 eV in bulk MoS2 to a direct band gap of 1.9 eV in the monolayer

form. The direct band gap results in a higher luminescence quantum efficiency for MoS2

monolayers by a factor of 1000 compared to the bulk form [78]. This leads to applications

in light emitting diodes, solar cells and photodetectors [73]. One year later, a single-layer
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MoS2 transistor was reported, showing high electron mobility and high on/off current ratio

[79].

Figure 2.1: Columns show an example of different crystal phases for MoS2 and WS2: 1T,
2H, and 3R. Rows illustrate the metal coordination, top view of the monolayer, and the
stacking sequence in the bulk structure. Image from Toh et al. [1].

Some TMDs are naturally occurring whilst others are synthesised. For example,

MoS2 can be mined as the mineral molybdenite [7]; the same for WS2 and tungstenite.

Meanwhile, MoSe2 and WSe2 are both synthesised at high temperatures [80, 81]. MoS2

can be found naturally in the form of two different stable polytypes: 2H and 3R. The

notation used here represents the crystal symmetry, where H stands for hexagonal, R,

rhombohedral, and T, tetragonal. The numbers represent the number of layers in the unit

cell. The 2H-polytype is dominant for all bulk TMDs at about 80 at.% [82], following

the same trend of molybdenite natural occurrence [83]. MoS2 has another metastable

polytype: 1T [84]. Figure 2.1 shows each polytype and corresponding metal coordination.

For both naturally occurring polytypes, each molybdenum atom has a trigonal prismatic

coordination and it is covalently bonded to six sulfur atoms, while the metastable phase
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has octahedral configuration [1]. A recent report by Lin et al. [85] found that the 1T-phase

of WS2 is a direct band gap semiconductor and that the 1T’-phase has metallic behaviour.

The notation 1T’ indicates this phase is a distorted 1T polytype which is deformed into

a zig-zag chain structure [85]. This distortion leads to lack of inversion symmetry with

regards to different Mo-S bond lengths, as opposed to the identical bonds in 2H and

3R-MoS2 [2]. The main difference between the crystal phases is the 3D stacking along the

c-axis. The 1T’ phase has one MoS2 layer per unit cell and no overlapping sulfur atoms.

The 2H phase contains two layers in each unit cell and the sulfur atoms are aligned in the

c-axis direction. This configuration leads to the maximum interlayer spacing of 3.087 Å,

resulting in the highest stability of the three polytypes. The 3R phase has three layers per

unit cell with no overlapping sulfur atoms [2].

Figure 2.2: Schematic representations of the Brillouin zone corresponding to 2H-MoS2.

In order to explain the band structure configurations in solids, the free-electron theory

may be modified by including an additional periodic potential resulting from the crystal

lattice, which gives the band theory [68]. Different symmetry points, also known as critical

points, can be identified in the first Brillouin zone. For layered materials like graphene

and 2H-MoS2, the hexagonal lattice gives the following points (shown in Figure 2.2): Γ,

the centre of the Brillouin zone; A, the centre of the hexagonal face; H, a corner point, K,

middle of an edge joining two rectangular faces; L, middle of an edge joining a rectangular

and a hexagonal face, and M, centre of a rectangular face.
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Energy bands are ranges of energies that electrons may have in a solid. For single

atoms, according to quantum theory, electrons can only have discrete levels of energy. In a

crystalline solid, these electrons are influenced by adjacent nuclei, causing their electron

orbitals to overlap and the well-defined levels become bands [86]. The valence band

contains the outermost electrons in a solid. The electrons in this band, when provided with

sufficient energy, reach the conduction band and become free electrons, which results in

conductivity [87].

For conductors, the two bands overlap and low energy electrons can reach the conduc-

tion band easily. For insulators, the two bands are separated by a wide gap. For intrinsic

semiconductors, the forbidden gap is narrow and electrons can move to the conduction

band by thermal excitation [88]. Extrinsic semiconductors have additional bands in this

forbidden gap and different numbers of charge carriers. If there are more electrons than

holes (an empty state that behaves like a positively-charged electron), it is said the semi-

conductor is of n-type. Alternatively, if there are more holes than electrons, they are p-type

[68].

Fermi level is defined as the energy in a solid at which half of the quantum states

are occupied. The probability of a fermion, a particle with half-integer spin (such as an

electron), being at a certain energy ε is given by the Fermi-Dirac distribution:

f (ε) =
1

e(ε−µ)/kBT +1
(2.1)

where kB is the Boltzmann’s constant, T is the absolute temperature, and µ is the chemical

potential. At absolute zero µ is equal to the Fermi level, since in the limit T → 0,

the function varies from one to zero, meaning it varies from filled to empty [89]. For

conductors, it lies in the conduction band, and for insulators and semiconductors, in the gap

between the conduction and valence bands [90]. This concept shows that conductors still

conduct a current at absolute zero, whereas all other materials become perfect insulators.

For band structure calculations, energy levels are represented as a difference to the Fermi

level. This representation is useful because at absolute zero, the band below the Fermi

level is completely filled and above it, completely empty [88].
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Figure 2.3: Calculated band structures of MoS2 nanosheets. First column corresponds
to 1T’ phase, second, 2H, and third, 3R. Each row is the structure for bulk, bilayers, and
monolayers, respectively. Image from Zhao and Liu [2].
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Figure 2.3 illustrates the calculated electronic band structures for different number of

layers and polytypes of MoS2. Comparing the bulk forms, it is clear that both 1T’ and 3R

phases have conducting behaviour, since the energy levels cross the Fermi energy level.

Bulk 2H-MoS2 has semiconducting characteristics. The valence band maximum is located

at the Γ point whilst the conduction band minimum is between the Γ and K points. The

fact that these are different points, shows that bulk 2H-MoS2 has an indirect band gap.

For an indirect band gap, a photon cannot be emitted because the crystal momentum of

the charge carriers is not the same in both valence and conduction band. It must transfer

momentum to the crystal lattice, due to momentum conservation, whilst in an intermediate

state [78]. Calculated value for the band gap in the figure is 1.441 eV [2] and experimental

value is 1.29 eV [78]. The band gap originates from the crystal potential field, a measure of

the interaction between the atomic core and the valence electrons. The fact that the sulfur

atoms are aligned in the c-axis direction for the 2H-MoS2 structure means that is a strong

repulsive force between them. For the other phases, the sulfur atoms do not align, resulting

in an attractive force and the overlap of wave functions, and ultimately the absence of a

band gap.

With decreasing layer number to 2H-MoS2 monolayer, the valence band maximum

shifts from the Γ point. The valence band energy at K point increases and assumes the same

value. The conduction band minimum shifts towards the K point. This results in a direct

band gap of 2.219 eV [91, 2] for the calculations shown in Figure 2.3. This direct gap also

gives rise to photoluminescence of 2H-MoS2 monolayer [78]. Experimental results show a

value of 1.9 eV [78]. For the other polytypes, the conduction band shift is negligible. It is

interesting to note that at the B-D line, for the 1T’ phase, the monolayer has semiconducting

behaviour, with a 0.683 eV direct band gap at that point [2]. For the bilayer, the valence

and conduction bands overlap just at that point, resulting in a semi-metallic conductivity.

For layer number larger than two, both bands overlap throughout the whole line, showing

a metallic behaviour. According to Figure 2.3, the 3R phase is metallic and has an energy

level shift near the Γ point. Such behaviour was not observed in other calculations, where

semi-conducting properties, similar to that of 2H-MoS2 were found [92, 93, 94]. Zhao
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and Liu [2] also found that this phase has the largest surface and cleaving energy, and

the smallest binding and van der Waals energy out of the three polytypes. The variations

observed in band structure present an interesting route to modulate the electronic properties

for different applications as a function of interlayer separation, in the form of the different

phases, but also with varying layer number [95, 96].

Phonon behaviour is also critical to understand the electronic and optical properties

of the TMDs [97]. Phonons are quanta of crystal lattice vibrations that propagate in the

lattice as a wave and show dispersion, an effect that causes a change in wavelength with

frequency [98]. Limited phonon mobility has been shown to limit optical properties in

monolayer MoS2 [99]. The concept is also useful to understand thermal conductivity in

non-metallic solids, the temperature dependence of electrical conductivity in metals, their

infrared absorptions, and inelastic light scattering [68]. The coupling between electrons

and phonons is responsible for macroscopic quantum phenomena, especially thermal and

electrical transport.

2.3 Exfoliation and synthesis of layered materials

There are several methods to produce nanomaterials. They can be divided into two

main categories: bottom-up and top-down approaches. The first one involves synthesising

the few-layer materials whilst the second, consists of the exfoliation of the bulk material

[100]. Each method produces materials that can have suitability for different applications.

The techniques used in this thesis were mechanical exfoliation and liquid-phase exfoliation,

including high-pressure homogenisation.

2.3.1 Mechanical exfoliation

Nobel Prize winners Geim and Novoselov performed their pioneering work on graphene

in 2004 using micromechanical cleavage as the technique to exfoliate graphite into stable

nanosheets [17]. In the following year, they extended the approach to other materials:

h-BN, MoS2, NbSe2, Bi2Sr2CaCu2Ox [101]. The mechanical exfoliation (ME) process
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works by peeling off thin nanosheets from a bulk crystal using Scotch tape. Those sheets

are then transferred to the desired substrate [102]. An intermediate transfer substrate,

usually a polymer layer, like PDMS (polydimethylsiloxane) or PVA (polyvinyl alcohol) is

used. It is known that ME is an efficient process to produce large (tens of microns in lateral

size) and well-exfoliated nanosheets. However, the main drawbacks associated with the

process are low yield and the poor transfer efficiency, in addition to impurities often being

present in the form of residual tape adhesive. Therefore, a different approach is necessary

to fill the expanding industry demand for nanomaterials, following the growing interest in

graphene and its enhanced mechanical and electrical properties [103, 104].

2.3.2 Liquid-phase exfoliation

Liquid-phase exfoliation (LPE) is usually based on ultrasonication creating cavitation

bubbles that are used to overcome the van der Waals force maintaining the layered materials

stacked together in the bulk form. During sonication in liquids, the propagation of high

amplitude pressure waves generate molecular dissociation, void creation and the formation

of bubbles. The implosion of those bubbles can produce local temperatures of several

thousands Kelvin and pressures of hundreds of atmospheres [105]. These effects result

in exfoliation of the layered materials and, at the same time, tearing them into smaller

nanosheets in lateral size [106], as seen in Figure 2.4.

Liquid processing was used routinely in the 2000s for dispersing graphene oxide (GO),

followed by a reduction step [107, 108]. However, the oxidation process introduces defects

that even annealing at 1100°C does not remove the functional groups completely [109, 110].

Around the same time, carbon nanotubes were successfully debundled in different organic

solvents using ultrasonication [111, 112, 113, 114].

The next logical step was developed independently by different research groups, achiev-

ing direct exfoliation of graphite to graphene nanosheets in high boiling point solvents

[42, 115]. Research was further developed by introducing the use of surfactants [116] or

polymers [117] to stabilize the nanosheets in water-based dispersions.
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Figure 2.4: A diagram of liquid phase exfoliation process. The steps are illustrated, starting
from the mineral molybdenite and resulting in a dispersion of exfoliated nanosheets in the
desired solvent. Diagram shows molybdenum disulfide but the process is similar for other
layered materials.

Coleman et al. [43] introduced a further understanding about LPE by demonstrating the

exfoliation of various layered materials in different organic solvents. The choice of solvent

that yields high quality dispersions uses the Hansen solubility parameter framework, which

effectively describes the interactions between layered materials and solvents [46, 118].

This formalism predicts high exfoliation yields and good dispersion stability if there is

close matching of the solubility parameters of the solvent and the layered material [119].

As such, Hansen solubility parameter analysis makes it possible to develop liquid phase

methods to disperse and process various layered materials in a general and reproducible

way.

The framework was first proposed to understand the solubility of polymers, for which it

has proven effective. Hansen expanded Hildebrand’s formalism for solubility of polymers

in solvents. Both frameworks are based on the Flory-Huggins theory, which introduced a

parameter (χ) in the calculation of Gibbs free energy of mixing considering the interaction

energy between the polymer and the solvent molecules [120].

Hildebrand proposed a solubility parameter defined as the square root of the cohesive

energy density of the solvent [121]:
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δ =

√
E
V
, (2.2)

where E is the energy of vaporization and V is the molar volume.

Charles Hansen extended this solubility formalism by hypothesising that the cohesive

energy density can be resolved into a sum of contributions from three classes of inter-

molecular interactions [122]. The Hildebrand solubility parameter is therefore written

as:

δ
2 = δ

2
D +δ

2
P +δ

2
H , (2.3)

where δD, δP and δH are the dispersive, polar and hydrogen bond components, respectively.

A simple method of visualisation for the framework is treating each component as a

coordinate in a three-dimensional space. A distance defined between two points in this

space describes the likelihood of two materials being miscible. The solubility increases

with the decreasing of distance, as it means a smaller combinatorial free energy change.

The mathematical expression for this distance (RA) is:

RA =

√
4(δ (A)

D −δ
(B)
D )2 +(δ

(A)
P −δ

(B)
P )2 +(δ

(A)
H −δ

(B)
H )2 (2.4)

where (A) and (B) represent the materials in question. The constant multiplying the

term related to the dispersive component allows for spherical plots in the referred space.

The optimisation of parameters for ultrasonic exfoliation is well developed [123, 124,

125], as opposed to detailed studies about the mechanisms [126]. Mainly, a comprehensive

link between the geometry of vials with dispersion yield and quality is still missing. Also,

the exact output power applied to the nanosheets during exfoliation is unknown [127].

High-pressure homogenisation

LPE is a process that can be scaled up to industry levels and fulfil the demand for

nanomaterials, especially in future electronic and manufacturing applications. Ultrasonic-
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ation, high-shear mixing [128, 129] and homogenisation [130, 131, 132] are options for

producing large quantities of high quality nanosheets.

The homogeniser system shown in Figure 2.5 generates pressures up to 3000 atm

using a hydraulic system to move an intensifier pump. The compressed dispersion is

depressurised through a diamond nozzle, which produces a high velocity fluid jet. This jet

strikes the fluid flowing in the reverse direction in the process cell, creating turbulent shear

forces that exfoliate the bulk layered materials. The turbulent flow generates a significant

amount of heat within the system, making it necessary to use an external chiller system to

keep a constant temperature during the process (since temperature is one of the parameters

that affects exfoliation yield) [133].

Figure 2.5: A diagram of the high-pressure homogenisation process. Image from Large et
al. [3].
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2.3.3 Other exfoliation and production techniques

There are other exfoliation and synthesis techniques beyond LPE that have potential

to be scaled-up. Electrochemical exfoliation (ECE) is one example. Resulting sheets are

larger than LPE nanosheets but more defective [134, 135, 136]. Functionalisation can

be achieved easily as part of the exfoliation process. The experimental setup includes a

working electrode that will be exfoliated, a counter electrode, and a reference electrode

immersed in the electrolyte containing ions that intercalate the bulk material [137]. The

exfoliation mechanism depends on the potential applied to the working electrode. An

anodic exfoliation involves the intercalation of anions, whilst a cathodic exfoliation,

involves cations. Both increase the interlayer spacing between the sheets in the bulk form,

facilitating a subsequent exfoliation process [137]. Intercalation of ions in graphite under

bias is known since the 19th century but the process works for other materials as well

[138].

Chemical vapour deposition (CVD) is another technique that can be scaled-up [139,

140, 141]. Layered materials can be synthesised over large areas by exposing the substrate

to volatile materials under vacuum and high temperatures. The process is more expensive

than LPE and requires a transfer step between substrates, creating defects or producing

residues [127]. Also, for monolayer MoS2, it was shown that the strain induced during

growth affects the optical properties of the material [142].

Thermally assisted conversion can also produce materials at industry-scales. TMDs can

be produced by sulfurisation or selenisation of metal layers deposited on quartz substrates.

A thermal treatment is applied to the transition metal layer while the chalcogen powder is

melted in a second area. This method can produce not only the 2H polytype but also the

1T’ [143].



Chapter 3

Processing and characterisation

techniques

The emerging properties of few-layered nanomaterials require a good degree of exfoliation.

This chapter describes the experimental details of the processing techniques used in

this thesis for exfoliation of nanomaterials. Also, an overview of the characterisation

techniques used and the information that can be obtained from each one of them is

provided. This follows the motivation related to standardisation of reliable and reproducible

characterisation of nanomaterials.

3.1 Materials production

3.1.1 Mechanical exfoliation

For Chapter 5 and 6, mechanically-exfoliated MoS2 sheets were produced using a

variation on the Scotch tape method. A natural bulk MoS2 crystal (CrystalAge.com) was

pressed into contact with 3M Scotch Magic tape and peeled. In a second step, clean tape

was pressed into contact with the peeled material and removed to exfoliate the MoS2 layers;

this was repeated up to 6 times, using fresh tape each time. The exfoliated MoS2 was

transferred from the tape to an intermediate PDMS transfer substrate (QSil 216, Farnell)

which was cast against a glass surface and cured at 140 ◦C prior to the transfer. To transfer

19
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the exfoliated MoS2, the cast surface of the PDMS was peeled off from the glass and

pressed into contact with the tape, and heated at 120 ◦C on a hotplate under moderate

pressure for 2-3 min. The tape was removed while heat was applied to maximise transfer

of the exfoliated MoS2, and minimise transfer of tape adhesive residue. The same heating-

pressure-lifting step was used to transfer the exfoliated MoS2 off of the PDMS transfer

substrate onto the final target substrate (Si wafer or Si with a 300-nm layer of the thermal

oxide SiO2). Figure 3.1 shows an optical micrograph of a typical sample where the region

containing a monolayer is highlighted.

Figure 3.1: Mechanically exfoliated MoS2 nanosheets on Si/SiO2 substrate; a monolayer
is highlighted. The layer number was identified by a combination of characterisation
techniques: Raman spectroscopic metric and topography from atomic force micrographs.
Scale bar is 10 µm

3.1.2 Liquid-phase exfoliation

For Chapter 4, the dispersion of MoS2 bulk powder (Aldrich Chemistry) at initial

concentration of 20 gL−1 (80 mL of total volume) was probe sonicated using the Sonics

Vibracell VCX750 and the 1/2-inch (13 mm) tip for 1 h at 60% amplitude. The resulting

dispersion was centrifuged for 30 min at 5000 g. The supernatant was discarded and



21

the sediment was redispersed into 80 mL of acetone (VWR Chemicals) or IPA (Fisher

Chemical), as received. The dispersion was probe sonicated for 5 h at 60% amplitude,

pulsed 6 s on and 2 s off. It was then centrifuged for 5 min at 5000 g. The supernatant was

collected for further characterisation.

For the sonication time study in Chapter 4, a MoS2 dispersion in acetone was prepared

at the same initial concentration of 20 gL−1 but with total volume of 50 mL. It was probe

sonicated using a Sonics Vibracell VCX130 with 1/4-inch (6.3 mm) tip for 1 h at 60%

amplitude and centrifuged for 30 min at 5000 g. The supernatant was discarded and

the sediment redispersed into 50 mL of acetone. The dispersion was sonicated at 60%

amplitude for times ranging between 30 min and 8 h. Samples of 5 mL were collected

every 30 min up until 3 h and then every hour. Fresh solvent was added to keep the total

volume constant during sonication. Every sample was centrifuged for 5 min at 5000 g and

the resulting supernatant was further characterised.

In order to measure the Hansen and Hildebrand solubility parameters (Chapter 4) for

acetone-exfoliated MoS2, a total of 10 samples were prepared by centrifuging 2 mL of the

the dispersion using Beckman Coulter Optima TLX ultracentrifuge at 70,000 rpm (265,070

g) for 20 min. Additional 10 samples were prepared by redispersing the sediment from the

initial centrifugation step during preparation in fresh acetone and centrifuging them in the

ultracentrifuge for 5 minutes at 5,000 rpm (1,350 g). For both sets of centrifuge tubes the

supernatant was discarded and 2 mL of solvent was added to each tube: n-pentane, ethanol,

toluene, tetrahydrofuran, acetone, N-methyl-2-pyrrolidone, methanol (VWR Chemicals),

cyclopentanone, 1-cyclohexyl-2-pyrrolidone (Aldrich Chemistry) and isopropanol (Fisher

Chemical). Each sample was sonicated for 10 seconds at 30% amplitude using Son-

ics Vibracell VCX130 with 1/4-inch (6.3 mm) tip to redisperse the sediment into each

solvent. These samples represent identical dispersions of particles (either exfoliated MoS2

or bulk MoS2) in different solvents of known solubility parameters. The stable concentra-

tions achieved after a period of sedimentation allow the corresponding parameters of the

particulates to be estimated.
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For Chapter 5 and Chapter 6, graphite powder (Zenyatta Ventures Ltd.) at initial

concentration of 25 gL−1 (20 mL total volume) was dispersed in cyclohexanone (Sigma

Aldrich) and probe sonicated using the Sonics Vibracell VCX-130 and the 1/2 inch

(13 mm) tip for 3 h at 60% amplitude. The resulting dispersion was centrifuged for 30 min

at 5000 g. Supernatant was collected for further characterisation.

High-pressure homogenisation

Homogenisation of MoS2 surfactant dispersions was performed using a BEE Inter-

national Mini DeBEE high-pressure homogeniser, with a D5 diamond nozzle (∼200 µm

aperture), in a reverse flow configuration. The system heat exchanger was connected to an

Applied Thermal Control Ltd K4 4.5 kW recirculating chiller, with temperature control

between 5 and 35 ◦C. During processing the thermal set point of the system was maintained

to within 0.5 ◦C. Discussion of this process is given in full by Large et al. [3].

Liquid cascade centrifugation

Liquid phase exfoliation produces nanosheets with a broad distribution of size and

thickness. One method for selecting narrow fractions of these distributions is known as

liquid cascade centrifugation (LCC). It consists in submitting the dispersion to successive

centrifugation steps gradually increasing the product of relative g-force by time, yielding

smaller and thinner nanosheets [106, 47, 45, 144].

For Chapters 5 and 6, the homogenised MoS2 dispersion in aqueous non-ionic sur-

factant (Triton™ X-100, TX-100) was submitted to an initial centrifugation step at 3000

g for 5 min to remove any unexfoliated material. The supernatant was used to start the

cascade. The dispersion was centrifuged at relative g-force of 3000 g for 9 min. The

resulting sediment was redispersed in TX-100 at a concentration of 0.5 gL−1 and the pro-

cedure was repeated using the supernatant to select narrow size distributions for subsequent

12 min, 14 min, 20 min, 40 min, 1 h, 2 h, 4 h, 8 h, and 12 h steps to produce the samples.

The samples are always referred to using the time of centrifugation for the step which

sedimented them, since relative g-force was kept constant.
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3.2 Characterisation techniques

3.2.1 Raman spectroscopy

When electromagnetic radiation interacts with a sample, it might be absorbed by it

if the radiation energy is equal to the separation between two electronic energy levels.

Otherwise, the incident radiation suffers elastic scattering, resulting in no changes to its

wavelength. Lord Rayleigh showed in 1871 that the intensity of this scattered light is

inversely proportional to the fourth power of the wavelength (Is ∼ λ−4), therefore this

radiation is known as Rayleigh scattering [86].

The Raman effect was discovered by Sir Chandrasekhara Venkata Raman (1928) and

independently by Leonid Mandelstam and Grigory Landsberg (1928). It was predicted

theoretically by Adolf Smekal (1923) and by Hendrik Kramers and Werner Heinsenberg

(1925) [68]. Raman won the 1930 Nobel Prize in physics for his discovery. He showed

experimentally that the scattering produced when a monochromatic light interacts with

different liquids and gases consists of a scattered radiation with the same wavelength as

the incident light with fraction of radiation with modified frequency [145]. If the scattered

photon has less energy than the incident radiation, it is called Stokes scattering. If there is

an increase in photon energy, it is anti-Stokes scattering.

Figure 3.2 shows a diagram of the different types of scattering. The elastic scattering

is much more intense than the inelastic Raman scattering, approximately by a factor

of 108 [146], therefore good detectors and filters to remove the Rayleigh scattering are

necessary for this characterisation technique. The anti-Stokes scattering is less intense

than Stokes due to the differences in states population defined by a Maxwell-Boltzmann

distribution, which is temperature dependent, with more anti-Stokes scattering at higher

temperatures [146]. Also, the Raman effect is observed more easily if the light source is

highly monochromatic, which can be achieved with special filters or more commonly by

using lasers.

Polarisability, α , is the physical quantity that relates to the response to incident radiation

in the form of scattering. It is a measure of the electrons displacement in relation to the
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Figure 3.2: Diagram of Rayleigh and Raman scattering in terms of initial and final
energy states. Rayleigh is an elastic scattering, meaning the incident light has no energy
modification after interacting with the material. Stokes Raman scattering results in an
energy transfer to the material, whilst the opposite effect is the anti-Stokes scattering.

nuclei and in general, it is an anisotropic property, depending on the molecule symmetry.

A visual representation is an ellipsoid drawn using α
−1/2
x,y or z, the x-, y-, and z-components of

the polarisability as the axis length in the respective direction. This ellipsoid has elliptical

cross-sections in each plane. Each one of this components is an element of a matrix, since

polarisability transforms as a tensor. This matrix is represented as:

α =


αxx αxy αxz

αyx αyy αyz

αzx αzy αzz

 (3.1)

However, by the cross-section definition, αyx = αxy, αzx = αxz, and αyz = αzy. There-

fore, there are only six components of the polarisability tensor: αxx, αyy, αzz (the values

along the axes), αxy, αxz, and αyz.
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When monochromatic radiation interacts with the sample and it is not absorbed by it, the

electric field (~E) induces an electric dipole (~µ) correlated numerically using polarisabilty

[86]:

~µ = α~E (3.2)

For classical systems, the difference between the incident and scattered radiation

frequency can assume any value, however in quantum mechanical systems, those values

are discretised, resulting in selection rules for allowed transitions.

Raman spectroscopy can be purely rotational, pure vibrational or combination of both.

For rotational spectroscopy, the polarisability of the molecule should change as it rotates in

an electric field. For diatomic molecules, the selection rule for angular momentum is given

by ∆J = 0,±2. The ∆J = 0 corresponds to Rayleigh line, whilst ∆J = 2 corresponds to

the Stokes line and the ∆J =−2 corresponds to the anti-Stokes line. For the active modes

in vibrational Raman spectroscopy, the polarisability of the molecule should change as

it vibrates. The selection rule is for the wavenumber difference is ∆ν = ±1, where the

∆ν = 1 corresponds to Stokes lines and the ∆ν = −1 corresponds to anti-Stokes lines.

Overtone transitions are also allowed ∆ν =±2,±3, ... but are usually weaker. In addition

to this, combination modes, involving transitions to vibrationally excited states are possible

[86]. A complementary characterisation technique is infrared spectroscopy, which requires

a change of dipole moment in the molecule when light is absorbed. The rule of mutual

exclusion states that no normal modes can be both infrared and Raman active in a molecule

that possesses a centre of symmetry, but there are exceptions to this rule [147].

For linear molecules, there are 3N−5 normal vibrations, whilst there are 3N−6 for a

non-linear molecule, where N is the number of atoms in the molecule. These rules can be

used to calculate the number of modes observed for each symmetry species of the point

group that the molecules belongs. For crystalline solids with an unit cell containing N

atoms, there are 3N degrees of freedom; three are acoustic and 3N−3 are optical phonons

[98]. Figure 3.3 compares the phonon dispersion curves for monolayer and bulk MoS2

(image from Molina-Sanchéz and Wirtz [4]). For MoS2 with even numbers of layers (or
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Figure 3.3: Phonon dispersion curves and density of states for monolayer and bulk MoS2.
Image from Molina-Sanchéz and Wirtz [4].

bulk) have a symmetry similar to the D6h point group, and systems with odd numbers

of layers (monolayer) have D3h space group symmetry [148]. Point group is the group

composed of every symmetry operation applied to a pattern keeping at least one fixed

point, including rotational and also translational operations for crystals. There is a total of

32 crystallographic point groups [68]. The point group Dnh means there is a Cn axis and n

C2 axes perpendicular to the first one and at equal angles to each other and a σh symmetry

plane and n other σ planes [86].

Bulk 2H-MoS2 has four first-order Raman active modes and two IR-active modes (A2u

and E1u) [22]. The Raman modes are represented according to the notation for the D6h

group: A1g, E1g, E1
2g, and E2

2g. The first three correspond to the A′1, E′, E′′ modes of the
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monolayer, respectively. The E2
2g mode is not observed for monolayers as it is the vibration

of adjacent rigid layers with respect to each other. The A′1 mode is one out-of-plane

vibration where the metal atom is stationary and the chalcogen atoms of the upper layer

vibrate in-phase and opposite direction to the lower layer. Both E′ and E′′ modes are

in-plane vibrations. For the first one, the metal and chalcogen atoms vibrate in-phase

and opposite direction. For the E′′ mode, the non-zero elements of the Raman tensor are

quadratic functions of xz and yz. This mode is not observed experimentally because of the

relative orientation detectors, sample, and incident laser are arranged (laser perpendicular

to xy-plane) [67]. Even for monolayer spectra, the modes are usually referred to using the

notation for bulk MoS2.

Figure 3.3 also shows the phonon density of states (DOS) for monolayer and bulk

MoS2 [4]. This quantity measures the number of states within a determine energy level

[149, 68]. The measured Raman intensity increases for frequencies with a higher phonon

DOS, as the likehood of Raman scattering is given by how many phonons and photons

there are for that specific energy. Spectroscopic techniques, in principle, can only quantify

optical phonons close to the Brillouin zone centre (wavevector q ∼ 0). This selection

rule is a consequence of the infinite periodicity of the crystal. This rule is relaxed due to

confinement effects related to size, as observed for nanomaterials [150].

In non-resonant Raman spectroscopy, the intensities are proportional to the intensity

of the incident light, proportional to the fourth power of the frequency of the light, and

proportional to the square of the polarisability tensor. However, when the incident laser

radiation has similar energy to a permitted electronic transition, the resonant Raman signal

is increased by about five orders of magnitude [151, 146]. For resonance involving a

transition from the ground state to the first excitated state, combination modes, overtones

of the active modes and modes from different points (other than Γ point) are enhanced

[152].

Experimental details for Raman spectroscopy measurements are discussed in the

relevant Chapters (5 and 6). Laser damage study was performed on mechanically-exfoliated

MoS2 using a 660 nm laser. Power applied to the sample was 22 mW for 1 s through a
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100x objective. Exposure to high power induces heating, leading to higher surface atom

mobility and therefore enhances defect mobility and oxidation rates at edges and defect

sites [153, 154, 155]. Also, an experiment of electrochemical oxidation of ME sheets was

performed. Applying a potential beyond the stability window for the electrolyte causes

electrolysis, with the radicals produced being able to etch the edges of the sheets [156].

The ME sheets were exfoliated using the Scotch tape method and transferred to a gold

substrate, covered in ionic liquid (lithium perchlorate dissolved in ethylene glycol) and a

voltage of 3.0 V was applied to the sample.

3.2.2 UV-visible spectroscopy

UV-visible spectroscopy (UV-vis) is the measurement of the optical extinction or

transmission as a function of wavelength in the visible and ultra-violet range. Extinction

is a sum of the sample’s absorption and scattering [157]. Typically, spectra are measured

between 200 and 800 nm, even though UV-vis-NIR spectrophotometers have a much larger

range, reaching about 3200 nm, such as the Shimadzu UV-3600 Plus spectrophotometer

used for Chapters 4 and 6. Spectra of the dispersions were measured in quartz cuvettes

(Starna Scientific).

A broadband monochromated light source path is split between two paths: a sample

and a reference paths [158]. The intensity of both paths is measured and the ratio can be

related to transmittance (T ) and the extinction (Ext) as follows:

Ext =− logT =− log
(

I
I0

)
(3.3)

where I is the sample intensity and I0 is the reference. Absorbance, in the absence of

scattering, or extinction can be used to calculated the concentration, according to Beer-

Lambert law.

Ext = εCl (3.4)

where ε is the extinction coefficient and l is the path length through the cuvette.
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UV-vis spectroscopy also provides information about electronic transitions in the

samples in the form of exciton peaks. The electrical neutral exciton is defined as a bound

state of an electron and a hole which are attracted to each other by the electrostatic Coulomb

force [68]. In particular, for semiconductors, the position and intensities of the excitons

absorptions can be developed into metrics for both layer number and nanosheet size, when

properly calibrated with microscopic techniques [64, 6, 159, 160].

3.2.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a chemical characterisation technique based

on the photoelectric effect. The phenomenon consists of the ejection of an electron by a

material when exposed to electromagnetic radiation [68]. The binding energy (EB) of a

core-level electron emitted from the material is determined by conservation of energy as

follows:

EB = hν−EK−φ (3.5)

where hν is the energy of the X-ray photons, EK is the kinetic energy of the ejected

photoelectrons, measured by the spectrometer of total work function φ [161]. Work

function is the difference in potential energy of an electron between the vacuum level and

the Fermi level, therefore, the amount of energy required by an electron to escape the

surface of the material [89]. This work function has contributions from the sample and

also from the spectrometer [162].

If a X-ray photon interacts with a material with energy higher than the binding energy

of a core level electron, it ejects it from the sample. The spectrometer measures the kinetic

energy of these ejected photoelectrons. The energy is characteristic of the orbital from

which the photoelectron originated. A sample can be easily identified by survey scans,

a low resolution scan over a broad binding energy range. High resolution spectra over

specific regions associated with peak fitting provide more detailed information regarding

oxidation states and atomic percentages. Advanced modes such as angle-resolved or

imaging XPS can determine the atomic distribution with spatial resolution [161]. For
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example, for MoS2, analysis of atomic percentages of molybdenum, sulfur, and oxygen

atoms can provide information about defects and also different functionalisations of the

nanosheets [163, 164].

XPS was used in Chapter 4 and analysis was carried out using an ESCALAB 250

Xi system (Thermo Scientific) at the University of Brighton by Dr Santanu Ray. The

spectrometer is equipped with a monochromated Al Kα X-ray source. Uniform charge

neutralization was provided by multi-mode electrostatic flood source. The standard analysis

spot of ca. 900 µm by 900 µm was defined by the microfocused X-ray source. Full survey

scans (step size 1 eV, pass energy 150 eV, dwell time 50 ms and 5 scans) and narrow

scans (step size 0.1 eV, pass energy 20 eV, dwell time 100 ms and 15 scans) of the Mo3d

(binding energy, BE∼229 eV), S2p (binding energy, BE∼162 eV), C1s (BE∼285 eV) and

O1s (BE∼531 eV) were acquired from four separate regions on each sample. Data were

analysed using Thermo Avantage Software (Version 5.952) using a smart background.

3.2.4 Atomic force microscopy

Atomic force microscopy (AFM) is part of the scanning probe microscopy group. Its

main advantage is giving a 3D topographical surface information with high resolution

[165]. As shown in Figure 3.4, a sharp tip, with a radius of a few nanometres, is at the

extremity of a cantilever. When the tip is in close proximity to the sample, they interact

and the resulting attractive or repulsive force causes deflections of the cantilever [166].

The magnitude of these deflections are estimated by the reflection of a laser source on a

spatially-resolved photodiode. In association with a calibrated piezoelectric sensor in the

cantilever, precise measurements of height are possible.

Contact AFM might not be appropriate for some samples, especially soft materials,

due to damage caused by the measurement. Tapping mode is the alternative. In this

mode, the cantilever oscillates at its resonant frequency and the phase shift caused by

the interaction with the sample is the quantity measured. The precalibrated PeakForce

QNM® (Quantitative Nanomechanical Mapping) mode used in the Bruker Dimension

Icon instrument provides additional properties about the sample from the force-distance
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Figure 3.4: A diagram of a typical AFM setup, showing the laser path from the source to
the photo diode after reflecting on the cantilever attached to the tip interacting with the
sample.

curve, such as adhesion, Young’s modulus, dissipation and deformation (shown in Figure

3.5), while simultaneously imaging the sample topography. This method is based on an

off-resonance oscillation of the cantilever, in contrast to typical tapping mode.

For AFM characterisation on Chapters 4, 5, and 6, the Dimension Icon system from

Bruker operating in the QNM mode was used. The probe used was a ScanAsyst Air tip

whose spring constant is 0.4 Nm−1. The sample was prepared drop casting the dispersions

on silicon wafer. The wafer was heated above the boiling point of water to remove any

residual solvent in the analysed sample, and to prevent re-aggregation of the nanosheets

during drying.

AFM thicknesses were converted to nanosheet layer number by following an established

methodology [6, 125]. Each flake height was measured and plotted with all measurements

arranged in ascending order. The first plateau in the data indicates the thickness of the

monolayer. The difference between subsequent plateaux positions indicate the interlayer

spacing.
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Figure 3.5: A: Typical force-distance curve. The tip approaches the surface, until contact
is made. Pressing the sample increases the force and deflects the cantilever. Once force
reaches the trigger force set, the tip is withdrawn until it detaches from the sample and
returns to initial position. B: Deformation caused by the tip to the sample is calculated
from the approach curve. C: Adhesion force can be calculated from the retract curve. The
region of positive force is fitted using the Derjaguin, Muller and Toporov model (DMT)
to determine the Young’s modulus. D: The area difference between the approach and
retraction curves are used to calculate the energy dissipation. Image adapted from Medalsy
et al. [5].

3.2.5 Electron microscopy

Optical microscopes work by detecting electromagnetic waves of a determined wavelength

scattered by the sample and focussed by glass lenses. Electron microscopes use a similar

principle in the sense that electrons are scattered and focussed by electrostatic or magnetic

lenses. An advantage of using electrons is that tuning their energy to smaller wavelengths,

the resolution can be increased. The interaction between the electrons and the sample can

result in back scattering, production of Auger electrons, secondary electrons, and X-rays

[158].

There are two main types of electron microscopes: scanning electron microscope

(SEM) and transmission electron microscope (TEM). The first one, uses primary and

secondary backscattered electrons for imaging, whilst the other uses electrons transmitted

through the sample. As a consequence from these definitions, SEM can only image the
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surface of thick samples and TEM needs thin samples. Both are less time-consuming when

compared to scanning probe microscopy. However, obtaining information about thickness

can be challenging and only possible for specific samples. Also, electron microscopes work

under vacuum which is not appropriate for more fragile samples, especially biological

specimens. Another disadvantage of SEM is that insulating samples accumulate charges

during analysis, resulting in blurred images. One solution is coating them with a thin metal

film, like gold or platinum.

In addition to micrographs, electron microscopes can be used to determine the compos-

ition of samples by analysing energies and intensities of characteristic X-rays produced

when high energy electrons strike the sample. TEM operates at higher energy than SEM

so it can achieve a resolution of less than one nanometer. TEM can also obtain diffraction

patterns from the sample, enabling an analysis of the crystal structure.

Micrographs (Chapter 4) were taken by Dr Aleksey Shmeliov at Trinity College Dublin

using FEI Titan 80 – 300 scanning transmission electron microscope (STEM) operating at

300 kV. The samples were deposited onto ultrathin carbon grid (standard lacey with 2 nm

film on the top). Fast Fourier transform pattern was created using the ImageJ software.

Electron energy loss spectroscopy

Electron energy loss spectrometry (EELS) analyses the energy distribution of electrons

with known kinetic energy that interacted with the sample. Some electrons suffer inelastic

collisions and lose energy. By evaluating the energy loss, it is possible to determine

chemistry and electronic structure.

A spectrum is split into two different regions: a low-loss and a high-loss region, where

the arbitrary value of ∼50 eV divides them. The first region contains information about the

weakly bound conduction and valence-band electrons, whilst the second is about the tightly

bound core-shell electrons, bonds and atomic distributions. EELS can quantify every

element in the periodic table but especially light elements. Additionally, it has good spatial

resolution, allowing for atomic maps to be made. The disadvantages of this technique are
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that very thin samples are necessary, as the electrons are analysed after going through the

material, and a correct analysis is challenging [167].

The scanning transmission electron microscopy (STEM) imaging studies were per-

formed at University of Zaragoza by Dr Raul Arenal on probe-corrected FEI Titan Low-

Base 60-300 microscope operating at 200 kV (fitted with a X-FEG® gun, a Cs-probe

corrector, CESCOR from CEOS GmbH). EEL spectra were recorded using the spectrum-

imaging (SPIM in 2D or spectrum-line (SPLI) in 1D) mode in a Gatan GIF Tridiem ESR

865 spectrometer. The convergent semi-angle was of 25 mrad, the collection semi-angle

was of 80 mrad and the energy resolution ∼ 1.0 eV. The EEL spectra were denoised with

the open-source program Hyperspy by using principal component analysis routines.

3.2.6 Dynamic light scattering and zeta potential

Dynamic light scattering (DLS) measures the intensity distribution of light scattered by

the sample undergoing Brownian motion in a liquid as a function of time [168]. Through

specific algorithms, the software converts between the scattering events and the relative

intensity of light scattered by particles of a given size. The output measurement is the

hydrodynamic radius, a static fluid layer surrounding the particle [169]. Lotya et al. [170]

studied the empirical conversion between this hydrodynamic radius (aDLS, defined for

spherical particles) and the average length of a nanosheet:

〈L〉= 0.07a1.5
DLS (3.6)

The equation agrees well with experimental data, with large uncertainties for fitting

parameters (0.07 ± 0.03 and 1.50 ± 0.15), and follows the expected scaling obtained by

treating the nanosheets as discs, even though it assumes different materials will produce

the same light scattering, only dependent on the nanosheet length. Also, the dimensions

were measured using TEM micrographs, therefore any influence thickness might have

on the measurement is neglected. The relationship is a good indication for preliminary

measurements of nanosheet length. Particle size (Chapters 4 and 6) was determined using

the Anton Paar Litesizer 500 with a 658 nm laser (40 mW).
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Zeta potential was measured in the same AntonPaar Litesizer 500 particle analyser, for

Chapter 4. In a colloidal dispersion or ionic solution, a phenomenon known as electrical

double layer appears. The first layer is called the Stern layer. It consists of ions which are

strongly bound to the surface of the particle. The second layer is made of ions attracted to

the first layer by Couloumb force. Zeta potential is an electrostatic potential defined at the

interface of this double layer as the difference between the stationary fluid surrounding the

particle and the bulk fluid [171].

The instrument measures the electrophoretic mobility (µ) by determining drift velocity

(v) in an applied electric field (E):

v = µE (3.7)

Zeta potential can be calculated using Henry’s equation:

µ =
2εζ F(κa)

3η
(3.8)

where ζ is the zeta potential, ε is the solvent dielectric permittivity, η is the solvent

viscosity, and F(κa) is Henry’s function, which varies between 1 and 3/2 according to the

ratio of the particle size (a) to the Debye length (1/κ).

Henry’s function is a constant for a given system. For small values of κa, the function

is equal to 1, which is known as the Hückel approximation for non-polar systems. For

large values of κa, the Smoluchowski approximation gives a function equal to 3/2, for

ionic media [172]. Smoluchowski approximation for plate-like particle gives:

ζ =
ηµ

ε
(3.9)

This expression applies to plates with uniform surface charge large enough for the edge

contributions to be neglected and radii much larger than the electrical double layer thick-

ness. This quantity has been estimated around 20 nm for surfactant-exfoliated graphene

nanosheets [173].
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Measuring zeta potential is a direct indication of dispersion stability, since the elec-

trostatic repulsion between the nanosheets prevents flocculation and precipitation in ionic

dispersions for long periods of time [52].

Zeta potential was measured (Chapter 4) by diluting 10 µL of MoS2/acetone dispersion

in 350 mL of deionized water. A Thermo Scientific Barnstead MicroPure purification

system was used to prepare ultrapure water (18.2 MΩ resistivity). A potential difference of

200 mV was applied to an Omega cuvette containing the sample during the measurement.

3.2.7 Electrochemical characterisation

An electrochemical cell can be used to either induce chemical reactions by an applied

potential or to generate energy from those reactions. Possible applications of such phe-

nomena are electrophoresis, electroplating of metals, sensors, batteries, and fuel cells.

The most common configuration for this characterisation is a three-electrode system: a

working, a reference, and a counter electrode. The sample is in contact with the working

electrode exchanging electrons under an applied voltage. Chemically inert and conducting

materials are usually used as the counter electrode (including noble metals such as gold

and platinum). It balances the reaction and allows the measurement without compromising

the reference electrode’s stability. The reference electrode does not participate in the

reaction but has a known reduction potential, allowing for a quantitative analysis [174].

Nanomaterials are particularly interesting for electrochemical characterisation since their

physical and chemical properties differ from their respective bulk forms, especially due to

the large surface area per mass, affecting its reactivity [175].

For Chapter 4, measurements were performed in a three-electrode configuration with a

Gamry potentiostat. Glassy carbon electrodes were used as the working electrode (3 mm

diameter, BASi), while platinum wire and Ag/AgCl (3M KCl) were used as the counter and

the reference electrode, respectively. A total mass of 13.4 µg of MoS2 exfoliated in acetone

was deposited onto the glassy carbon electrode with an areal loading of 0.2 mgcm−2. For

comparison, the same mass of MoS2 exfoliated in IPA was deposited in the same way.

Linear sweep voltammetry experiments were performed with a scan rate of 5 mVs−1 from
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0 V to −1 V (vs RHE, the reversible hydrogen electrode) in 0.5M H2SO4 to investigate the

hydrogen evolution performance. The measured potential was converted to the RHE scale

by adding 0.210 V, measured with respect to a Gaskatel Hydroflex H2 reference electrode.



Chapter 4

Sonochemical edge functionalisation of

molybdenum disulfide

Liquid-phase exfoliation (LPE) has been shown to be capable of producing large quantities

of high-quality dispersions suitable for processing into subsequent applications. LPE typic-

ally requires surfactants for aqueous dispersions or organic solvents with high boiling point.

However, they have major drawbacks such as toxicity, aggregation during solvent evapora-

tion or the presence of residues. Here, dispersions of MoS2 in acetone are prepared and

show much higher concentration and stability than predicted by Hansen parameter analysis.

Aiming to understand those enhanced properties, the nanosheets were characterised using

UV-vis, zeta potential measurements, AFM, Raman spectroscopy, TEM, XPS and STEM

combined with spatially-resolved EELS. Also, the performance of the MoS2 nanosheets

exfoliated in acetone was compared to those exfoliated in isopropanol as a catalyst for

the hydrogen evolution reaction. The conclusion from the chemical characterisation was

that MoS2 nanosheets exfoliated in acetone have an oxygen edge functionalisation, in

the form of molybdenum oxides, changing its interaction with solvents and explaining

the observed high-quality and stability of the resulting dispersion in a low boiling point

solvent. Exfoliation in acetone could potentially be applied as a pretreatment to modify

the solubility of MoS2 by edge functionalisation.

38
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4.1 Introduction

The most common organic solvents for LPE have a high boiling point, based on the

correlation between surface tension and solubility parameters through the cohesive energy

density, as discussed in Chapter 2. However, high boiling point solvents produce an

undesirable aggregation during deposition of thin films due to the slow evaporation [176].

Similarly, for fabrication of polymer composites, heat treatments above the boiling point

of the solvent are usually required to remove them, which is impractical for several high

boiling point solvents and incompatible with some polymers. Alternatively, surfactants

in aqueous dispersions are used to achieve high concentrations and stable dispersions

[45, 116]. While aqueous dispersions provide a lower boiling point alternative, it is difficult

to remove any residual surfactant which may influence film or composite properties [56].

Other approaches such as washing with lower boiling point solvents are wasteful and may

impact the properties of the produced structures [177]. A solvent exchange method has

been used as a way of incorporating the advantages of low boiling point dispersions of

layered materials with more effective exfoliating solvents [178]. While this provides a

solution, it would be desirable to prepare dispersions in low boiling point solvents by direct

exfoliation as a mean of reducing process complexity [56, 55].

4.2 Results and discussion

Acetone is an example of a desirable low boiling point solvent for LPE as it is readily

available, has low toxicity and is widely used. As such, dispersions of molybdenum

disulfide (MoS2 ) in acetone were prepared and found to have concentration and stability

much higher than expected, according to the standard Hansen parameter framework. Table

4.1 compares Hansen parameters of acetone and other conventionally used organic solvents

[43] for LPE of MoS2 (N-methyl-pyrrolidone and cyclopentanone), as well as Hansen

interaction radius of those solvents with the nanomaterial. While the interaction radius

for acetone is only ∼ 50 % greater than NMP and CPO, the attainable concentration

exponentially decays with the square of the interaction radius [46]. Isopropanol (IPA) is
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another low boiling point solvent that has been used before to exfoliate layered materials

[43, 179, 180], despite it being poorly Hansen matched, as seen in Table 4.1. There is also

a high mismatch between the surface tension of acetone (23.4 mNm−1) and the value for

solvents which produced maximum concentration dispersions of layered materials (around

40 mNm−1) [43].

Material Dispersive
component
(MPa1/2)

Polar compon-
ent (MPa1/2)

Hydrogen
bond compon-
ent (MPa1/2)

Interaction ra-
dius to MoS2
(MPa1/2)

MoS2 18.0 8.5 7.0 0
NMP 18.0 12.3 7.2 3.8
CPO 17.9 11.9 5.2 3.8
Acetone 15.5 10.4 7.0 5.4
IPA 15.8 6.1 16.4 10.7

Table 4.1: Hansen parameters for MoS2 [44, 43] and different organic solvents: N-methyl-
pyrrolidone (NMP), cyclopentanone (CPO), acetone and isopropanol (IPA) [122]. The last
column contains the respective calculated interaction radius to the layered material.

Using metrics based on the extinction efficiency and confinement effects [6], it is

possible to analyse the quality of the dispersion by estimating the concentration and the

average layer number 〈N〉.

Figure 4.1: A: Representative extinction spectrum versus wavelength. The inset table
contains the values for concentration (in mgmL−1) and layer number over time. B: Zeta
potential data shows that the dispersion is stable (ζ > 30 mV) for more than one year. A
photograph of the high-quality dispersion is shown.

Figure 4.1A shows a typical extinction spectrum with the position of both A and B

exciton absorptions of MoS2 indicated. The A peak is related to a ground state exciton and
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the B peak corresponds to a higher spin-orbit split transition between the valence band and

the conduction band [181]. An inset table contains values of both estimated dispersion

properties over one year. Concentration was found to be higher than 0.1 mgmL−1 and the

average layer number was estimated as approximately four. Both values are unexpected

results for a low boiling point solvent with such a mismatch in the Hansen solubility

parameters. Analysing the concentration and average layer number over a long time

scale, it is inferred that the dispersion remains stable and the aggregation is minimal.

Zeta potential measurements, shown in Figure 4.1B, corroborate the observed stability

[116, 52, 173]. It is noted that the magnitude decreased by only 6% over more than a year.

In order to understand the enhanced properties of the acetone-exfoliated MoS2, further

characterisation was performed to identify any structural modification to the exfoliated

nanosheets. Atomic force micrographs show that the nanosheets have a different morpho-

logy (Figure 4.2A when comparing with MoS2 exfoliated in isopropanol (IPA) using the

same exfoliation parameters (Figure 4.2D). IPA is chosen as another low boiling point

solvent and a molecular structural analogue for acetone. Line sections indicated on the

micrographs of the height and adhesion channels (Figures 4.2A, 4.2B, 4.2C, 4.2D) are

plotted separately in Figures 4.2E and 4.2F. The values for nanomechanical adhesion

were offset to the average value for the substrate for both samples. There is a “halo”, a

region of higher adhesion surrounding the nanosheets exfoliated in acetone representing a

higher interaction between the tip and nanosheets than tip and substrate. The feature is not

observed in the height channel, as seen in Figure 4.2A. Also, the magnitude of adhesion

forces is lower for the acetone-exfoliated nanosheets, which differs from the IPA sample,

where adhesion for the flakes is the same as for the substrate.

LPE inherently produces a dispersion with a broad size distribution. This is particularly

true since a single centrifugation step was used for size selection. The relationship

between physical thickness and layer number for LPE MoS2 has been studied previously

[6, 47, 128], with a monolayer thickness of 1.9 nm. In this case, thicknesses between

approximately 2 nm and 20 nm correspond to 1-10 layer (i.e. ‘few-layer’) nanosheets,

consistent with the average layer numbers measured using UV-vis metrics which are only
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Figure 4.2: AFM data for acetone-exfoliated (A, C, E) and IPA-exfoliated (B, D, F)
nanosheets. A and B Topography. C and D Nanomechanical adhesion. E and F Graph
comparing the topological and adhesion information for the line section marked. The
nanosheets are highlighted.

calibrated to measure the average layer number. Additionally, the significant effect of

the measurement parameters in the resulting thickness has been studied previously [182].

Equally, significantly thicker particles (� 10 nm) are likely to be aggregates introduced
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during deposition of the dispersion for characterisation, due to the stochastic nature of the

process.

Figure 4.3: Raman spectra mapping. A: Peak separation map for resonant excitation.
B: Histogram of the peak separation and the corresponding average layer number. C:
Histogram of FWHM of out-of plane (A1g) mode for MoS2 exfoliated in acetone (black)
and IPA (blue).

Resonant Raman mapping was performed to statistically evaluate the degree of exfoli-

ation over a large area. The separation of the two main MoS2 peaks, the in-plane (E1
2g) and

the out-of-plane (A1g) modes [183], for each pixel is plotted as a colour map overlaying

the white light micrograph of the same area (Figure 4.3A). The associated histogram of

the peak separation, which is correlated with layer number distribution [9], is shown in

Figure 4.3B. The histogram features a narrow asymmetric distribution with average peak

separation of 24.2 cm−1 (standard deviation of 0.63 cm−1). Indicative values of the mode

separation based on measurements of mechanically exfoliated MoS2 from the literature
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suggest that the mean layer number in the sample is 〈N〉 ≈ 4, which is consistent with

UV-vis measurements made previously. This supports the demonstration of high-quality

exfoliation in a low-boiling point solvent.

Raman mapping of acetone-exfoliated nanosheets shows a broader full width at half

maximum for the out-of-plane mode when compared to the IPA-exfoliated material (Figure

4.3C). Literature about mechanically cleaved MoS2 [10] suggests the broadening may be

associated with a higher defect density.

Figure 4.4: A: Typical Raman spectrum from the map is shown. Inset corresponds to
mapping image. Colour scheme: green represents the MoS2 peak; grey, silicon and red,
molybdenum trioxide. B: Zoomed region from panel A showing additional peaks observed
for acetone-exfoliated (black) in contrast with IPA-exfoliated nanosheets (blue).

A representative spectrum from a non-resonant Raman mapping (Figure 4.4A shows

the expected MoS2 modes: E1
2g at 378 cm−1 and A1g at 405 cm−1. The peak at 521 cm−1

is the silicon wafer substrate and the peak at 447 cm−1 is silicon oxide. The remaining

modes are not present in dispersions of MoS2 in IPA produced with the same exfoliation

parameters (Figure 4.4B). Peaks at 590 and 776 cm−1 are vibrational modes of acetone.

The samples have been treated above the boiling point of acetone before performing

the characterisation to remove any residual solvent. The presence of those modes even

after the heat treatment suggest a strong interaction between the nanosheets and solvent.

The peaks at 283 and 815 cm−1 correspond to known modes of MoO3, while the peak at

627 cm−1 is associated with hydrates of MoO3 [8, 184]. The peaks at 565 and 744 cm−1

are associated with MoO2 [185]. Mapping of the modes associated with the oxides and
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disulfide are shown in the inset of Figure 4.4A (in red and green, respectively). For the

agglomerate mapped, the presence of the oxide peak is relatively uniform throughout the

disulfide-containing areas, but the two are fundamentally co-localised. This suggests that

particles of the oxides do not form in isolation from the disulfide nanosheets.

Figure 4.5: A: Representative TEM micrograph of MoS2 exfoliated in isopropanol. B:
Zoomed in TEM micrograph of the same dispersion with an inset showing the FFT as a
regular hexagonal structure. C: Representative TEM micrograph of MoS2 flake casted
from the dispersion in acetone. D: Edge of an acetone-exfoliated MoS2 flake. Inset shows a
different pattern in the highlighted area corresponding to few-layered molydenum trioxide.

Following this indication of the presence of other molybdenum compounds in the

samples, transmission electron microscopy was performed to evaluate the morphology

of these additional components. Figure 4.5 shows transmission electron micrographs
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comparing MoS2 nanosheets exfoliated in IPA (A and B) and acetone (C and D) using

the same exfoliation process. Experiments were conducted by Dr Aleksey Shmeliov at

Trinity College Dublin. Analysing various regions of multiple nanosheets with fast Fourier

transform (FFT) it is possible to identify different crystallographic structures. The usual

hexagonal structure expected for this nanomaterial is observed for the flakes exfoliated

in both solvents, as seen in the inset of figure 4.5B. However, the edges of the acetone-

exfoliated nanosheets have an orthorhombic pattern associated with few-layer molybdenum

trioxide [186, 187] (Figure 4.5D).

Figure 4.6: A: XPS spectrum in the range of sulfur binding energy for acetone-exfoliated
nanosheets. B: XPS measurement of acetone-exfoliated nanosheets in the range of binding
energy for molybdenum show the expected MoS2 structure with additional molybdenum
oxide peaks. C: XPS data for IPA-exfoliated nanosheets in the same range. D: Ball-
and-stick model of MoS2 and MoO3, molybdenum atoms are represented in teal, sulfur,
yellow, and oxygen, red. At the bottom, schematic representations of the Brillouin zones
corresponding to the crystal systems of 2H-MoS2 and α-MoO3
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In order to confirm that the structural modification at the nanosheet edges corresponds

to the chemical modification observed in the Raman spectroscopy, X-ray photoelectron

spectroscopy (XPS) was employed by Dr Santanu Ray at the University of Brighton to

characterise its composition. The binding energy measurement in the range associated

with molybdenum compounds for the MoS2 nanosheets exfoliated in acetone and IPA are

shown in Figure 4.6 (in panels A and B, respectively). Figure 4.6C shows the sulfur range

for the nanosheets exfoliated in acetone and the expected presence of MoS2. The acetone-

exfoliated sample was found to have 11.2 at% molybdenum, 18.2 at% sulfur and 16.0 at%

oxygen. Even though the equipment used does not allow for spatial resolution, this excess

of molybdenum atoms when compared to sulfur atoms (the ratio is greater than 1 : 2)

and the significant oxygen presence confirms the formation of other molybdenum-based

compounds including MoO2 and MoO3. The atomic percentages when analysing just the

compounds containing molybdenum atoms are 70.6 % for MoS2, 22.3 % for MoO3 and

7.1 % for MoO2. For IPA-exfoliated nanosheets, the atomic percentages for molybdenum

atoms are assigned to each compound as follows: 87.7 % for MoS2, 7.91 % for MoO3

and 4.39 % for MoO2. Even though some oxidation was observed for this sample, oxide

content is significantly higher for acetone-exfoliated nanosheets. Figure 4.6D shows the

Brillouin zones representation associated with the different compounds; hexagonal for

MoS2 and orthorhombic structures for MoO3.

In order to get more detailed chemical and structural information of the effects of the

dispersion of MoS2 in different solvents at the local scale, aberration-corrected scanning

transmission electron microscopy (STEM) was performed at the University of Zaragoza by

Dr Raul Arenal. High-angle annular dark field (HAADF) STEM combined with spatially-

resolved electron energy loss spectroscopy (SR-EELS) is a powerful technique for getting

this information [188, 189]. Figures 4.7A and 4.7C show two HAADF-STEM images of

two of these MoS2 nanosheets exfoliated in IPA and acetone, respectively. Different EELS

spectrum-lines (SPLI, 1D)/-images (SPIM, 2D) were recorded on these flakes. Figures

4.7A and 4.7C display the areas where an EELS SPLI and a SPIM have been collected
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Figure 4.7: Micrographs of two MoS2 nanosheets exfoliated in A IPA and C acetone. In the
IPA-exfoliated MoS2 nanosheet an EELS spectrum-line was collected following the green
marked line. B: Two EELS spectra corresponding to the sum of 12 spectra collected in
each of the two highlighted areas (red (i) and blue (ii)). Sulfur and molybdenum (associated
to the MoS2 ) as well as some carbon are detected in these spectra. D: Two EEL spectra
corresponding to the addition of 21 spectra recorded in each of the 2 regions highlighted
in red (iii) and blue (iv) in the green marked area of C. The inset of this figure shows the
O map obtained from this EELS spectrum-image. Oxygen, which is likely associated to
molybdenum oxide, is present at the edge of the flake, as clearly observed in this elemental
map.

(green highlighted areas). Two different EEL spectra, corresponding to the addition of 12

spectra in the regions marked in Figure 4.7A, are displayed in Figure 4.7B.

The analysis of these EELS data indicates that the flakes from the IPA dispersion are

composed of MoS2 and that their composition is homogeneous and uniform. The C-K

feature visible in these spectra probably arises from a small carbon contamination. This

situation is different in the case of the MoS2 in the acetone dispersion sample, as seen in
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Figure 4.7C and 4.7D. The edges present an amorphous layer of less than 1 nm. This layer

contains some carbon and oxygen (see the O-map, inset of Figure 4.7D). The presence of

oxygen at the edges indicates the clear oxidation of these MoS2 nanosheets in this region

agreeing with the other characterisation results performed on these samples.

Thermodynamically, the surface of MoS2 tends to be oxidised when in contact with

oxygen by adsorption or substitution. As seen in the literature, [190, 191, 192] the chemical

reaction for oxidation of MoS2 in presence of oxygen gas is:

2MoS2 +7O2 −−→ 2MoO3 +4SO2 (4.1)

MoS2 +6MoO3 −−→ 7MoO2 +2SO2 (4.2)

2MoO2 +O2 −−→ 2MoO3 (4.3)

Density functional theory calculations show that the kinetic energy barrier for oxidation

is lowered when sulfur vacancies, which have a high prevalence at edge sites, are produced

during exfoliation [193]. These equations suggest the formation of sulfur dioxide, which

would outgas and prevent observation by the characterisation techniques employed here.

However, a pungent, sulfur-like odour, different from acetone, was noticed in the as-

produced samples. Sulfur dioxide gas is very soluble (reaching several hundred v/v) in

several organic solvents, including acetone [194]. This adds some weight, albeit qualitative,

to the series of reactions shown above. It suggests that the observed chemical modification

to the nanosheets occurs through interaction with atmospheric oxygen rather than with

the solvent as acetone has greater propensity to contain or produce dissolved oxygen or

oxygen radicals during sonication [195].

In order to study the timescales involved for the spontaneous functionalisation of

MoS2 during exfoliation in acetone, an experiment was performed where the sonication

time during exfoliation was varied. Lateral size and concentration values were obtained

from recognised metrics [6] using UV-vis spectra. Average nanosheets length decays

exponentially while concentration increases until a saturation point is reached (Figure
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Figure 4.8: A: Length, concentration from metrics [6] and B: zeta potential plotted for
different sonication times.

4.8A). Zeta potential measurements (Figure 4.8B) show that the exfoliated nanosheets are

stable in dispersion even after short sonication times.

It is noted that the high stability and concentration originates from a self-limiting

process since each measured property of the dispersions has the tendency to plateau after

approximately 3 hours of sonication. The electronegativity of oxygen atoms is higher

than sulfur, which will result in a stronger Mo-X bond polarisation with the delta-negative

charge residing on the chalcogen atoms, producing a negative charge on the particle

surface. As the proportion of MoOn components in the nanosheets increases, one would

expect an increase in the magnitude of the negative charge on the particles, as we observe.

Also MoO3 is shown to be readily exfoliable in solvents, which are too polar and/or low

surface energy for exfoliation of MoS2 (i.e. IPA, compared to NMP) [186]. Importantly,

adding MoO3 edge functionality to MoS2 nanosheets presents the possibility of tuning the

solubility across this range of solvents, perhaps improving dispersibility in solvents such

as acetone, which are otherwise poor for MoS2.

Continuing quantifying how microscopic modification of the nanosheets by spon-

taneous edge functionalisation influence macroscopic properties such as the interaction

with the solvent, Hansen and Hildebrand solubility parameters were measured for both

supernatant and sediment of the final centrifugation step after the sonication. Acetone-

functionalised nanosheets were redispersed in new solvents to test their chemistry. Figures

4.9A and B show the Hildebrand plot for dispersions of MoS2 nanosheets. Hansen para-
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Figure 4.9: Hildebrand solubility parameters for A exfoliated nanosheets and B bulk MoS2.

meters for both exfoliated and unexfoliated materials are shown in Figure 4.10. Comparing

the results with accepted values, as seen in Table 4.2, show a significant change in the

polar component between these two fractions. Hansen solubility parameters for MoO3

were estimated by analysing data in literature [186].

NMP has the highest concentration which could be explained by its high susceptibility

to ambient and sonochemical degradation [48, 51]. The solvent degradation complicates

the production of an identical reference sample to the solvent in dispersion for extinction

spectroscopy, and may also interfere with the exfoliation and stabilisation processes [50].

Although it is known that good solvents for nanomaterials cannot solely be identified based

on Hildebrand parameters [44], it is therefore interesting to note that this exfoliation in

acetone produces materials whose solubility is well described by this model, which is

inferred by comparing the width of the Gaussian fitting with literature values [44, 43].

The observed modification in Hansen and Hildebrand solubility parameters reported is

a direct result of the edge functionalisation of MoS2 with MoO3. The Hildebrand parameter

for the nanosheets is 20.8 ± 0.6 MPa 1/2. The accepted value of the solubility parameter

for MoO3 is 20.7 MPa 1/2 [186] and MoS2 is 21.1 MPa 1/2 [44]. The oxidation processes

shift the values of the parameters for the MoS2 nanosheets closer to the value for acetone

(19.9 MPa 1/2). This functionalisation is responsible for the improved dispersability in

acetone and appears to make MoS2 more selective to well Hildebrand matched solvents,

as is the case for MoO3 [186].



52

Figure 4.10: Hansen solubility parameters for A,C,E nanosheets and B, D, F bulk MoS2.

Material Dispersive
component
(MPa1/2)

Polar compon-
ent (MPa1/2)

Hydrogen
bond compon-
ent (MPa1/2)

Hildebrand
parameter
(MPa1/2)

MoS2 [44] 18.0 8.5 7.0 21.1
MoO3 [186] 18.0 7.1 6.4 20.7
Exfoliated
MoS2

17.91 7.87 ± 0.36 7.10 ± 0.38 20.81 ± 0.63

Bulk MoS2 18.37 8.77 ± 0.23 6.70 ± 0.29 21.43 ± 0.55
Acetone [122] 15.5 10.4 7.0 19.9

Table 4.2: Comparison between measured Hansen and Hildebrand parameters for exfoliated
MoS2 and bulk with literature values for MoS2, MoO3 and the solvent.
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Hansen parameters for 2-butanone [122], a linear ketone containing one extra carbon

than acetone, are 16.0, 9.0 and 5.1 MPa1/2, for dispersive, polar and hydrogen bonding

components, respectively. Highly concentrated dispersions of TMDs in 2-butanone using

bath sonication was obtained by Lobo et al. [59]. In this study, a similar degree of

exfoliation was obtained, as indicated by peak separation of the in-plane and out-of-plane

Raman modes for MoS2 (24.2 cm−1 for acetone and 24.9 cm−1 for 2-butanone). However

the sedimentation life-time is significantly lower for 2-butanone, despite it having a better

Hansen matching (smaller interaction radius) and higher viscosity [196].

Figure 4.11: A: Representative Raman spectrum from a dispersion of MoS2 exfoliated in
2-butanone map (inset). B: Second derivative plot of Raman spectra for MoS2 exfoliated
in acetone (black) and 2-butanone (red) in the range of observed oxide modes. Highlighted
areas are correlated to peak assignment done in Figure 4.4.

Chemical characterisation (XPS) and microscopy (HRTEM and AFM micrographs) in

that work [59] do not indicate the presence of molybdenum oxides. It is observed that the

zeta potential for nanosheets exfoliated in acetone is significantly higher than for those

reported in 2-butanone. It is inferred that this is due to edge functionalisation present in

the acetone-exfoliated nanosheets, and that this is in turn responsible for the extended

sedimentation time. Exfoliation in 2-butanone using the same parameters for acetone was

performed and the nanosheets characterised using Raman spectroscopy (4.11A).

Oxides peaks were not observed for the sample, as clearly demonstrated by the second

derivative of the Raman spectra in Figure 4.11B. The second derivative clearly shows the

position of local minima and maxima points, which can be correlated to Raman modes
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positions. The oxide modes identified in Figure 4.4 are highlighted. The high quality

and stability observed in acetone-exfoliated MoS2 nanosheets due to spontaneous edge

functionalisation seems to be unique to acetone because of a combination of factors such

as dissolved oxygen content, low viscosity and high vapour pressure, independently of

surface energy and Hansen parameters matching.

Figure 4.12: A: Polarization curves for MoS2 exfoliated in acetone (red) and IPA (blue).
Reference substrate glassy carbon electrode is shown in black. B: Corresponding Tafel
plots.

Exfoliated MoS2 has been proposed as an efficient catalyst for the hydrogen evolution

reaction (HER). Hydrogen is an environmentally-friendly alternative energy source to

fossil fuel, and catalysts are necessary to increase the reaction efficiency to reach mass

production levels. Platinum is known to be the best catalyst [197], however its high cost

and unavailability in large quantities limit its use [198], prompting searches for alternative

materials. Recent work has indicated that the edge sites and active site density on the edges

of nanosheets are responsible for this catalytic activity [27, 199]. In order to investigate

the effect of edge oxidation on the performance of MoS2 nanosheets as HER catalysts,

MoS2 exfoliated in acetone was compared against the same mass of MoS2 prepared in

IPA. The measurement was made by supporting the MoS2 catalyst on a conductive and

inert substrate (glassy carbon). Linear sweep voltammetry was used to measure the current

against potential. For the HER, it is useful to offset the potential scale to the reversible

hydrogen electrode (RHE), while the current is normalised to the electrode area [200],
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as seen in Figure 4.12A. A superficial analysis of Figure 4.12 shows that the acetone-

exfoliated nanosheets have a higher current density across the entire potential range which

indicates its superiority.

Tafel slope
(mV/decade)

Onset potential
(V vs. RHE)

J @ −0.4 V
(mAcm−2)

Size (from UV-
vis metrics)
(nm)

MoS2 /IPA 193 -0.38 0.50 172
MoS2 /acetone 150 -0.27 2.51 212

Table 4.3: Hydrogen evolution characteristics of MoS2 exfoliated in IPA and acetone

Deeper analysis shows an onset potential, the potential value for which catalyst current

is first observed, for hydrogen evolution at −0.27 V vs. RHE and a current density of

2.51 mAcm−2 at −0.4 V for the sample prepared in acetone, shown in Table 4.3. The IPA

sample shows a higher onset potential, the potential required to reach 1 mAcm−2, and

a lower current density both of which result in an inferior hydrogen evolution catalyst.

Figure 4.12B shows the Tafel curves of the J-V data displayed in Figure 4.12A. From

the linear region of this curve we can extract the Tafel slope which is representative of

the effectiveness of a material as a HER catalyst (lower is better) and the mechanism by

which the H3O+ ions are reduced. It measures the potential increase necessary to improve

the current density by one order of magnitude [201]. The Tafel slope recorded is in the

range attributed to MoS2 in literature [197, 198]. The same parameter has been reported as

low as 40 mV/decade for chemically-exfoliated 1T-MoS2 nanosheets [202]. In the same

work, the 2H-polytype showed an increase in Tafel slope to about 80 mV/decade, which

could be improved by adding single-wall carbon nanotubes to dope the MoS2 nanosheets,

increasing the conductivity of the network. Chia et al. compiled a comprehensive table of

electrochemical characterisation of different TMDs [203]. The values obtained for Tafel

slope in this present work are comparable to those for commercially available nanosheets

[204].

Of primary importance is that across all metrics, shown in Table 4.3, MoS2 exfoliated

in acetone exceeds the performance of that prepared in IPA in terms of hydrogen evolu-

tion efficiency. It is also interesting that the MoS2 nanosheets exfoliated in acetone are
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significantly bigger than those prepared in IPA. The turnover frequency of MoS2 hydrogen

evolution has been shown to be inversely proportional to the length and directly to the

active site density [201]. This suggests that, while MoS2 prepared in acetone is larger, it

has much more active sites that participate in hydrogen evolution. This could be due to

oxide groups having preferential energetics to hydrogen ion adsorption, electron transfer

or lower steric hindrance. Also, the MoO3 hydrophilic edges allow for better contact with

electrolyte [205].

4.3 Conclusions

The high concentration and stability of MoS2 nanosheets dispersed in acetone is not

fully explained by the Hansen solubility parameter model. Edge functionalisation occurs

spontaneously during ultrasonic exfoliation and produces molybdenum oxide, which

fundamentally changes the main interaction of the nanosheets with the solvent. It is also

observed that the edge functionalisation significantly modifies macroscopic properties

resulting in an improved performance of acetone-exfoliated MoS2 as a hydrogen evolution

reaction catalyst, in comparison with material prepared in the same way using a structural

analogue solvent (IPA). Evidence of functionalisation are observed with modification of

solubility parameters and HER activity, which are known to be edge sensitive. Microscopic

characterisation confirms the presence of oxygen-containing regions at the edges of the

nanosheets. The exfoliation in acetone could be generally applied as a pretreatment to

modify the solubility of layered materials by edge functionalisation. In particular it is of

interest to investigate whether the same chemistry is observed, under exfoliation conditions,

for the other transition metal dichalcogenides, possibly bringing out useful properties.



Chapter 5

Metricised Raman mapping analysis of

nanosheet size distributions

The growing research interest and uptake of layered nanomaterials for real-world applic-

ations require efficient, reliable, high-quality characterisation methods. Liquid phase

exfoliation can achieve high production rates and quality despite the small nanosheet size.

Liquid-exfoliated graphene has Raman spectroscopic metrics for mean lateral size and

layer number. Here it is presented a methodology to create Raman maps in order to recon-

struct distributions of the nanosheet properties, by applying the metrics for each pixel, not

just averaging the obtained spectra. The method is successfully demonstrated for graphene,

so an extention of the approach to MoS2, the archetypal TMD, was attempted. The only

available metric from the literature which describes layer number relies on peak separation

between the two main modes: E1
2g and A1g. However, as demonstrated here, both modes

shift with increasing defect density, strain, and doping. This metric is useful, however

these effects are often neglected, misleading the interpretation of measurements obtained

by Raman spectroscopy, especially for LPE MoS2. The use of metricised Raman mapping

analysis, here demonstrated for graphene, facilitates the standardisation of characterisation,

allowing the correlation of size- and thickness-sensitive applications’ performance with

materials properties. The extension to MoS2 proved to be more challenging as applying
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the literature layer number metric can lead to incorrect results and a length metric is still

missing in the literature.

5.1 Introduction

As layered nanomaterials become more widespread there has been growing concern

over the quality of the materials supply. In particular, there has been increasing demand

for standardisation of methods and metrics to ensure reproducibility of materials and

results, as well as appropriate definitions of materials [206, 207, 125, 208, 61]. The

International Organization for Standardization published a list of vocabulary terms to

accelerate the uptake of graphene materials in industry [60]. To date, many efforts to

standardise approaches and characterisation have focused on graphene. It is the most

widely-recognised archetypal layered material, and has the greatest prospects for short-

term acceptance in applications. However, it is clear that other layered nanomaterials, such

as hexagonal boron nitride and transition metal dichalcogenides, will eventually suffer the

same concerns regarding material quality and reproducibility.

Liquid phase exfoliation of layered materials has been shown to achieve high production

rates [42, 128] and high material quality [116, 45, 46], albeit for small lateral particle

sizes [43]. Additionally, LPE processes necessarily produce a distribution of particle

sizes and thicknesses. Although centrifugation-based size selection can separate particles

approximately by layer number [144], robust methods are necessary to characterise the

relevant nanosheet properties such as layer number, length and distribution parameters.

In particular, the average layer number (and layer number range) are important since

accessible surface area is a dominant performance indicator in many applications, such as

reinforcement in composites, catalytic activity, and electrochemical energy storage devices,

regardless of the specific material properties.
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5.2 Metrics for graphene layer number and length

Figure 5.1: Raman spectrum averaged over a large area of an LPE graphene film prepared
by drop casting the dispersion on a hot substrate. Graphene Raman modes are labelled.

Graphene has well-established Raman metrics for mean layer number and lateral

size for LPE nanosheets. Figure 5.1 shows a typical Raman spectrum of LPE graphene.

The main modes of interest are the G (C-C bonding), D (a defect-activated mode indicating

presence of grain boundaries, edges, or basal plane defects), and 2D peaks (an overtone

of the D peak containing information on inter-layer coupling) [209, 210, 63]. In order

to demonstrate how Raman can be used to achieve a more thorough analysis of particle

size distributions the Raman metrics of Backes et al. [64] were adopted. They relate the

average layer number of a graphene nanosheet sample 〈N〉 to the intensity ratio of the 2D

and G peaks:

〈N〉= 1.04
I2D

IG

−2.32
, (5.1)

as well as the average lateral size 〈L〉 to the ratio of D- and G-peaks:
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〈L〉= 0.094
(ID/IG)graphene− (ID/IG)graphite

(5.2)

where (ID/IG)graphite is the D/G intensity ratio for the unexfoliated graphite. These metrics

were developed by averaging the spectra from a map of filtered dispersions, meaning

the nanosheets are distributed randomly over hundreds of nanometers depth and that at

each measurement position many nanosheets are present within the volume of the laser

spot. Such approach works well for dispersions with narrow distributions of layer number.

However, for a broad distribution, the most common result for LPE dispersions, the

measurement is skewed towards thicker sheets, as optical transmittance is layer number

dependent [211].

5.3 Resolution-limited Raman mapping

Raman mapping is known to be non-destructive technique with high chemical spe-

cificity. As opposed to single-point spectra, which provide discrete information at distinct

positions within the sample, mapping provides the same information but coupled with

spatial resolution [212]. The measurement process described here is to map the Raman

spectra of a sample area using high magnification (100x objective, NA 0.85) and pixel size

determined by the calculated lateral resolution limit of the objective. Samples were pre-

pared by drop casting dispersions onto silicon wafer heated above the boiling point of water

to remove any residual solvent in the analysed sample, and to minimise re-aggregation

of the nanosheets during drying. As much as possible, the mass per unit area of material

deposited for analysis was kept constant.

In order to determine the uniformity of the samples and the effects on resulting layer

number and length distributions, a 20 µm by 20 µm map was divided into four quadrants,

as shown in Figure 5.2A. The distributions resulting from the each quadrant were plotted

alongside with the total map area in Figure 5.2B-C for layer number and characteristic

length, respectively. The histograms are barely distinguishable so the averages obtained

from them were plotted with the corresponding standard deviations in Figure 5.2D. This
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Figure 5.2: A: Raman map colour coded according to layer number for the 2h LCC sample.
Scale bar is 5 µm. The distributions obtained from the four different areas are shown with
the total area for both layer number (panel B) and characteristic length (C). D: Average of
the distributions and respective standard deviations are shown.

plot shows great agreement between the different areas, highlighting the uniformity of the

samples produced by drop casting on Si wafers. Also, it corroborates the fact that maps of

10 µm by 10 µm give enough statistical data to reconstruct the distributions.

The influence of magnification on the layer number distribution extracted from Raman

maps of the same area of a graphene sample using two different objectives was studied

and the results are illustrated in Figure 5.3. Figure 5.3A shows the Raman mapping

colour-coded according to layer number for the 20x, NA 0.4 objective in comparison to the

same plot for the 100x, NA 0.85 objective (Figure 5.3B). Figure 5.3C shows the histogram

of layer number for both maps, normalised to the bin with the highest number of counts.

High magnification shows a lower average (4.76) when compared to a lower magnification

(5.73). Higher magnification means less nanosheets per laser spot. It is clear from the
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Figure 5.3: Raman map of a graphene sample done on the same area with different
objectives: A: 20x and B: 100x. The scale bar is 10 µm for both plots. C: Plot of relative
probability for the layer number distributions from the maps.

measurement shown in Figure 5.3 that the distribution is skewed towards thicker sheets

when there are more nanosheets per focal spot.

The pixel size for the maps was determined following the procedure below. The size of

the focus spot may be calculated using the following equation:

Spot size =
1.22λEX

NA
(5.3)

where λEX is the excitation wavelength and NA is the numerical aperture of the objective.

However, for a confocal Raman system, the lateral resolution is defined as the minimum

distance between two points for them to be resolved as two different objects. The equation

for lateral resolution is [213]:

Lateral resolution =
1√

1+β 2

0.61nλEX

NA
(5.4)

where n is the refractive index of the medium and β = λEX/λDT, is the ratio between the

excitation and detection wavelengths. The silicon mode of the substrate corresponding to

the optical branch at the centre of the Brillouin zone at 520 cm−1 [214] was used as the

reference, corresponding to the lowest resolution, around 300 nm for both lasers (660 nm

and 532 nm, wavelength) used in this thesis.
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The area being analysed was set to a minimum of 100 µm2, in order to achieve high

statistical power. Laser power and acquisition time varied between graphene and resonant

and non-resonant MoS2 maps to reflect the changes in number of counts for the different

materials and excitation energy. Laser power and acquisition time were kept constant for

every series of maps; of the order of 1 mW and hundreds of milliseconds, respectively.

Maps were baseline corrected and cosmic rays removed using the WiRE™ software

before being analysed using a MATLAB script. Reading the WiRE™ files in MATLAB

was possible using an open source code developed by Alex Henderson [215]. For the

baseline, the software uses an “intelligent fitting”, which automatically excludes regions

with peaks and fits the rest of the spectrum using a polynomial approximation. Smoothing

was done in two steps, using 3-point median filter first, then a 5-point Gaussian smoothing.

This approach to achieving higher statistical power from a Raman measurement is not

unusual, however rather than summing pixels, the individual spectra are processed using

the literature metrics. This produces a set of maps representing pixel-wise analysis of

layer number and lateral size, from which histograms are plotted. Importantly, this method

reconstructs particle size distributions that are close to the population distribution rather

than simply measuring averages.

Figure 5.4: A: Optical micrograph and associated Raman map of G-peak intensity over a
20 µm x 20 µm area of the sample. The scale bar is 5 µm. B: Histogram of the 2D/G peak
intensity ratio (evaluated pixel-wise from the inset 2D/G ratio map).
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Figure 5.4A shows an optical micrograph of a typical LPE graphene sample with

an overlaid Raman map (showing the G peak intensity). This 20 µm by 20 µm area

contains 6561 spectra, which have been thresholded based on their G peak intensity using

a MATLAB script to eliminate ‘empty’ pixels. The resulting sample contains 2742 Raman

spectra. Figure 5.4B shows a histogram of 2D/G peak ratio derived from the data illustrated

in Figure 5.4A. Inset is a map of the 2D/G ratio, showing that higher values (related to

lower layer numbers, with a ratio > 1 indicating a monolayer particle) are concentrated at

the edges of larger aggregates of particles.

Figure 5.5: Individual pixel spectra for a larger multilayer and a monolayer nanosheet. The
monolayer spectrum has been normalised relative to the G peak, and offset, for clarity.

In order to understand this phenomenon, individual pixel spectra are investigated in

Figure 5.5. The two spectra shown are one with a 2D/G value greater than 1 (indicative

of a monolayer) and one with a value close to the average of the distribution in Figure

5.1. When a monolayer and a multilayer particle are both present in the focal spot, the

‘summed’ spectrum representing both particles is heavily skewed towards the multilayer,

based on the larger particle volume and optical absorption of the multilayer. This effect

means that a low-magnification spectrum of a given sample, with a broad layer number

distribution, will over-represent thicker multilayers and under-represent any few-layer
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content; an effect that is mitigated by mapping analysis. Comparison of the spectrum in

Figure 5.5 with the multilayer spectrum in Figure 5.1, and the difference observed in the

distributions using different objectives (Figure 5.3) illustrate this volume-weighting effect.

Figure 5.6: A: Optical micrograph of the sample region mapped. Overlaid image is the
thresholded image used to calculate the area fraction occupied by the nanosheets (blue hue).
Scale bar is 5 µm. B: Plot of number of pixels containing information used for creating the
histogram versus peak threshold set for data extraction.

The peak threshold set for extracting the values corresponding to the necessary Raman

modes for graphene influences the resulting distributions. If the threshold is set too low,

noise values will be included in the calculations. If the threshold it too high, only multilayer

nanosheets will be accounted for and skew the measurements towards higher averages

(as discussed in Figure 5.5). The optimal threshold is set based on matching the area

fraction of pixels included in the distribution analysis to the area fraction measured from a

thresholded version of the optical micrograph for the sample (as seen in Figure 5.6A). The

image was thresholded using the software ImageJ 1.51q. Figure 5.6B shows a plot of the

number of pixels used for the calculations for each peak threshold. Dashed lines represent

the optical image and the ideal thresholds. The optimum value is set lower to the actual

optical image threshold as monolayers are often difficult to image due to the low optical

contrast on the substrate used (Si wafer).
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Figure 5.7: Comparison of A Raman-derived layer number distribution from the map
(Figure 5.4) with B pixel height histogram based on AFM data.

Applying appropriate metrics to the data in a pixel-wise fashion, binning the resulting

layer numbers and lateral sizes produces distributions representing the population of

nanosheets. These are shown in Figure 5.7A and 5.8, and are distributions by particle area

rather than number or volume, due to the measurement approach. Figure 5.7 compares the

Raman-derived layer number distribution (panel A) to the AFM pixel height distribution

(panel B), which suggests that the apparent interlayer spacing is in the range 0.7 to 0.8 nm;

agreeing well with previous measurements for LPE graphene [128, 116].

The interlayer spacing measured on this sample differs from the expected value of

0.335 nm for interlayer carbon atom distance in graphite crystals [216]. The conversion

between measured height and layer number is known to be both sample and measurement

dependent. For example, a layer of surfactant or trapped solvent contribute to the apparent

height in nanosheets [128]. An additional factor is the choice in parameters for the AFM

measurements. Increasing the peak force set point, which increases the pressure applied by

the tip, has been shown to improve accuracy in the measurements for monolayers but the

effect is unknown for multilayer nanosheets and additional characterisation is necessary

[182, 217].

The average of the layer number distribution in Figure 5.7A is 〈N〉 = 6.9, however

applying the metric to the averaged spectrum for the whole map (shown in Figure 5.1)
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Figure 5.8: Metric-derived nanosheet lateral size distribution based on analogous analysis
of the D/G peak intensity ratio (inset) AFM of a 2x2 µm area of the same sample. The
scale bar is 500 nm.

the average is 〈N〉= 8.7. This large over-estimation reflects the idea that, in samples with

broad distributions of layer number, the thicker multilayers contribute more significantly to

the overall sample signal, thereby skewing results towards greater 〈N〉. Figure 5.8 shows

the distribution of lateral size obtained from the present Raman metric. The inset shows

AFM data of the film, where the scale bar is equal to the average lateral size estimated from

the Raman-derived distribution (500 nm). Applying the mapping approach described here

in association with the metrics calibrated against AFM measurements improves reliability

and also extract more information regarding the approximate distributions of length and

thickness. Reconstruction of population distributions would require one nanosheet per

pixel. The present method obtains the greatest amount of information possible when

practical considerations are made, particularly the time required to achieve high enough

statistical power and the challenges of producing sparse enough samples for high-quality

measurements to be obtained.
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5.4 Extension to MoS2

The same mapping methodology can be applied to MoS2, the well-studied archetypal

TMD [7, 65, 6]. MoS2 is a layered semiconducting nanomaterial, with an indirect bandgap

of 1.2 eV in the bulk that shifts to a direct gap of 1.95 eV in the monolayer [218]. Non-

resonant Raman spectroscopy reveals two main vibrational modes: E1
2g, corresponding to

in-plane lattice vibrations and A1g, the out-of-plane vibrations (notation used is according

to representations of the D6H group used for bulk-like MoS2 [67]). Additional information

can be gained through the use of resonant Raman spectroscopy, where resonance of

the excitation with an electronic transition amplifies signal intensity and relaxes the

selection rules for Raman scattering, allowing multi-phonon processes [219]. Second-

order Raman scattering processes are enhanced by the coupling of phonon modes to

optically-excited electronic states [220]. In the case of MoS2, the presence of an exciton

absorption near 670 nm [6] (1.86 eV, very weakly dependent on layer number) facilitates

resonant excitation using a 660 nm (1.88 eV) laser. Resonant and non-resonant (532 nm,

or 2.33 eV, excitation) spectra of a film prepared from an LPE dispersion are shown in

Figure 5.9.

Raman shifts and respective mode assignments are in the Table 5.1. For the non-

resonant spectrum, the two expected modes are visible in addition to modes associated

with the silicon substrate. The resonant spectrum is more complex; in addition to the main

modes, an intense peak usually assigned to the second-order longitudinal acoustic mode

at the M point, 2LA(M) (around 460 cm−1), is observed. Other additional vibrations at

higher Raman shift are associated with combination modes involving the LA(M) mode

[218].

It is known that the E1
2g mode softens for increasing number of layers while the A1g

mode stiffens, although only in the few-layer limit (N <∼ 10). The resulting increase in

peak separation between the main modes with increasing number of layers may be used

for characterising MoS2 nanosheets. Figure 5.10A shows replotted data for mechanically-

exfoliated (ME) nanosheets from Lee et al. [9] for two different excitation energies. The

peak separation saturates quickly hindering the distinction between number of layers
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Figure 5.9: Raman spectra of a film of MoS2 prepared by deposition of a LPE dispersion.
Both resonant (red curve) and non-resonant (green) conditions are shown. Peaks were
labelled with the associated symmetry group [7, 8]. The peaks attributed to the silicon
substrate are indicated with an asterisk (*).

Raman shift (cm−1) (±0.5) Mode assignment [8, 7, 65]
178.0 A1g−LA(M)
302.2 Substrate
383.2 E1

2g
406.9 A1g
464.7 2LA(M)
520.2 Substrate
599.2 E1

2g +LA(M)

642.2 A1g +LA(M)

Table 5.1: Mode assignment for Raman shift peaks in resonant spectra of MoS2.

bigger than six. The constants of the fitted functions are laser dependent but the form is

the same for both cases: ∆ν = ∆νbulk−Ae−N/b. Since the fitting relies on characterising

the bulk form, Figure 5.10B shows resonant Raman spectra of bulk powder (red) used for

LPE experiments and a bulk crystal (black) used for ME. It is noted that the spectra are

non-identical even though they are both “bulk” forms of MoS2. The main difference is that

the intensity of the E1
2g mode for the crystal approaches the spectrum baseline. Figures

5.10C and D are optical micrographs, for the crystal and powder, respectively, under the

same magnification, highlighting the differences in morphology.
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Figure 5.10: A: Modification of the A1g and E1
2g modes separation with varying layer

number for mechanically-exfoliated MoS2 (data replotted from Lee et al. [9]). Fitted curves
are of the form ∆ν = ∆νbulk−Ae−N/b. Inset includes a 3D plot of an AFM micrograph
showing distinct plateaux corresponding to different layers in a mechanically-exfoliated
sample. B: Raman spectra of bulk MoS2: crystal used for ME (black) and powder used for
LPE (in red). C: Optical micrographs of the MoS2 crystal D: and the powder at the same
magnification. Scale bar is 20 µm.

Another influence affecting the main mode positions is the defect density. A plot of A1g

and E1
2g mode separation for a monolayer with varying inter-defect distance is shown in

Figure 5.11A; data replotted from Mignuzzi et al. [10]. The region coloured red represents

where the literature metric assigns the monolayer as a bulk-like sheet. The orange region

is from 1.5 layers up to bulk, representing an inaccurate assignment of layer number for

few-layered sheets. Figure 5.11B shows the increase in FWHM for both main MoS2

modes with increasing inter-defect distance. Mignuzzi et al. showed that the peak can no

longer be fitted with just one feature but the crystallographic assignment of these modes is

unclear. The effect of defects in the Raman spectrum is usually neglected, unless defects
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Figure 5.11: A: Measure modification to the mode separation in monolayer MoS2, as a
function of inter-defect distance LD, based on spectra from Mignuzzi et al. [10]. High-
lighted areas show where the mode separation metric showed in Figure 5.10 becomes
inaccurate and invalid. B Measurements of the full width at half maximum (FWHM) for
the A1g and E1

2g Raman modes with LD based on the same data.

are the focus of the study. Defects, mainly in the form of single sulfur vacancies, where

studied in as-exfoliated ME sheets using Scanning Tunneling Microscopy by Vancsó et al.

[221]. They found an intrinsic defect concentration in the order of 1013 cm−2, resulting

in an inter-defect distance of about 2 nm (Appendix A) for samples usually considered

defect-free and perfectly stacked crystals. Due to the nature of the ultrasonication process

that balances peeling and tearing during exfoliation, it is expected that LPE nanosheets

will have an even lower intrinsic inter-defect distance.

Figure 5.12A illustrates the shifts observed as a function of applied uniaxial strain

(data replotted from Rice et al. [11]). The A1g remains almost unchanged whilst a shift

is observed for the E1
2g mode. The E1

2g mode is double degenerate in-plane vibration in

the xy-plane. Splitting of this mode under unaxial strain is expected since this effect was

observed in the equivalent mode in graphene [67]. However, this splitting is yet to be

observed experimentally. Understanding the shifts due to strain can be used to determine

the stress transfer to the nanosheets in polymer composites [222], an important factor when

incorporating nanomaterials into devices.



72

Figure 5.12B shows the shifts mainly for the A1g mode with doping (data replotted

from Chakraborty et al. [12]). They used a top gated single layer MoS2 transistor on a

doped p-type silicon substrate and a solid polymer electrolyte comprised of a mixture of

LiClO4 and polyethylene oxide. Doping layered nanomaterials is a useful way to tune their

optoelectronic and chemical properties by varying dopants, increasing their applications.

Even though the metric using the A1g and E1
2g mode separation is useful, some effects

that cause shifts to the peak positions are often neglected, and can significantly complicate

the interpretation of measurements, as Figures 5.11 and 5.12 demonstrate.

Figure 5.12: The main modes separation is plotted as a function of A applied unaxial strain
(replotted data from Rice et al. [11]) and B doping (replotted data from Chakraborty et al.
[12]).

5.5 Conclusions

Raman spectroscopy is a powerful, non-destructive characterisation technique. Apply-

ing microscopic calibrated metrics as a map yields information in the form of histograms

that reconstructs distributions of size and thickness, not only averages, as demonstrated

for LPE graphene. By decreasing the number of nanosheets under the laser focal spot

with resolution-limited pixel size, the resulting spectra are close to the true representations

of the sample and not skewed towards thicker multilayer sheets. Therefore, the method
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works better even for a broad distribution of sizes. The logical extension of the same

pixel-wise analysis to MoS2 proves to be challenging due to a lack of appropriately robust

Raman metrics by which materials can be characterised. Current literature metric for layer

number relies on the peak separation between the main modes and those positions shift

as a consequence of effects modifying the crystal structure such as defects, strain, and

doping. Therefore, a more robust metric is necessary to decouple external stimuli and

intrinsic properties of the material. Also, a length metric for LPE MoS2 is not present in

the literature, hindering the direct mapping analysis.



Chapter 6

Development of novel Raman metrics

for layer number and size of MoS2

nanosheets

Accurate size and layer number measurements are crucial for nanomaterials research, espe-

cially for applications in which varying those parameters results in different performance.

Microscopy characterisation provides information about the distributions of both quantities,

however it is time-consuming and dependent on specific sample preparation. Spectroscopic

techniques, such as Raman spectroscopy, can be calibrated in association with microscopic

measurements. Here, using the mapping analysis developed in the previous chapter, a

metric for layer number of both LPE and ME MoS2 sheets was developed using a ratio of

two resonant modes. The influence of focal depth and objective chosen for the maps is

evaluated for the present metric. The same mapping approach with microscopic calibration

was used to develop a length metric for LPE nanosheets, using a ratio of two Raman modes.

The equations can easily reconstruct layer number and size distributions but also be applied

to single point spectra. Average scaling was compared to other characterisation techniques

for samples of an LCC series. Both metrics were used to re-evaluate the acetone-exfoliated

MoS2 nanosheets studied in a previous chapter. The same approach was applied for a

74
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layered double-hydroxide, CuOH2, which yielded a length metric as well, showing that

the analysis is not specific to MoS2 but it can be extended to other layered materials.

6.1 Introduction

Microscopy-based characterisation provides complete information regarding layer

number and length distributions. AFM requires sparse films and isolated nanosheets,

which can be achieved by hot plate deposition of diluted dispersions. For proper statistics,

at least 100 nanosheets should be measured, and even more for samples known to have a

broad distribution of sizes [125]. This approach is laborious as every nanosheet has to be

measured individually for length, width, and thickness. TEM is quicker for micrograph

acquisition but can only yield thickness measurements for specifically placed few-layered

nanosheets [125]. Even though spectroscopy techniques provide volume averages, and

not number-averages, more representative analysis can be developed in association with

microscopic verification, as has been done for graphene [136, 64, 223] and MoS2 (using

UV-vis spectroscopy) [6]. Raman spectroscopy is a powerful non-destructive characterisa-

tion tool with high-throughput and yet Raman-based metrics for various layered materials

and different exfoliation techniques are underdeveloped. In this chapter, both metrics and

a methodology for understanding nanosheet size and thickness distributions are developed.

6.2 Layer number metric

In order to investigate alternative approaches to current literature metrics, ME MoS2

was studied. This process is known for producing large and well-exfoliated nanosheets.

By investigating this system initially, edge and length effects on the Raman spectra are

dismissed and the primary influence comes from the layer number. Figure 6.1 shows

resonant spectra of various sheets normalised to the A1g mode for different numbers of

layers, measured by AFM. The main variation is associated with the 2LA(M) feature,

which is actually comprised of two different modes: one centred at 453 cm−1 and the other

at 465 cm−1, where their relative intensity appears to be determined by the layer number.
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Figure 6.1: Normalised Raman spectra for ME nanosheets of varying layer number. Dashed
lines indicate the positions of Raman features at 453 and 465 cm−1.

The first peak is usually associated with the 2LA(M) mode and the second one does not

have a formally-agreed assignment in the literature. It might be associated with an infrared

active mode (A2u) [218, 224] or a mode involving an acoustic vibration [220, 225]).

Figure 6.2: A: Histograms of the intensity ratio I465/I453 plotted from different maps of
ME samples with varying number of layers. B: Graph of layer number against the centre
of the histograms in B. The fitted function is of the same form as peak separation metric,
with the inverted equation shown.
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Histograms of the intensity ratio I465/I453 for maps of several ME sheets with known

layer number are shown in Figure 6.2A. The maps were done following the procedure

described in Chapter 5. The resulting histograms have a narrow distribution with non-

overlapping centres.

Plotting the mean I465/I453 ratio of each distribution against the layer number for the

corresponding sample allows a metric equation fitting of the same form as the A1g and

E1
2g mode separation (∆ν = ∆νbulk−Ae−N/b) but with the advantage of avoiding effects

that influence peak positions by using an intensity ratio; this is shown in 6.2B. Having

measured the ratio I465/I453, the following equation returns the layer number:

N = 8.2ln
(

2.3
2.6− I465/I453

)
(6.1)

This equation was developed using a mapping analysis and it can reconstruct the

approximate distribution this way, however it can determine layer number accurately

for single-point spectra as well. The fitting parameters and respective uncertainties are:

(8.2±1.1); (2.30±0.13); (2.60±0.16).

Figure 6.3: Histogram of the I465/I453 ratio for an LCC step of LPE nanosheets with a
broad distribution of layer number. Second derivative curve (blue) of smoothed histogram
(black) is shown. Dashed lines indicate peak positions, in agreement with data for ME
sheets.
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Histograms of the I465/I453 ratio were plotted for every sample in a liquid cascade

centrifugation (LCC) experiment using LPE MoS2 and the mapping methodology described

in Chapter 5. LCC selects different fractions from the broad distribution of sizes and

thicknesses produced by LPE using sequential centrifugation steps (from 9 min to 12 h, at

3000 g) [47], as described in Chapter 3. The histograms were smoothed using a weighted

average of adjacent points (kernel smooth technique). The second derivative of the resulting

curve indicates, from the local minima, the position of underlying peaks in the data, even

if they are not resolved. Figure 6.3 shows the raw histogram, kernel-smoothed curve, and

second derivative for one LPE sample with a broad distribution of I465/I453 ratios.

Layer number Metric value Second derivative
measurement

1 0.54 0.61
2 0.84 0.88
3 1.02 1.05
4 1.16 1.16
5 1.35 1.33
6 1.51 1.54
7 1.63 -
8 1.73 -
9 1.81 1.84
10 1.95 -
11 2.00 2.01
12 2.07 -
13 2.13 -
14 2.18 2.20

Table 6.1: Table for Figure 6.3 (20 min LCC step) sample.

Table 6.1 shows the peak positions identified in the histogram analysis. There is

exceptional agreement between the ratios for both LPE and ME techniques, as seen in

Figure 6.4. The LCC series of a LPE MoS2 dispersion produced ten different histograms

of the intensity ratio I465/I453 with varying distributions. The histograms were smoothed

(kernel-smooth technique using Origin, OriginLab) and then the second derivative was

plotted to determine every underlying feature in the distributions. The centre of every

maximum found for the LCC series is plotted, in ascending order, in Figure 6.4. The points

representing LPE features are clustered around the ME features (solid lines) forming a

step-like plot analogous to those seen when analysing inter-layer spacing by AFM.
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Figure 6.4: Plot of the peak positions for the intensity ratio I465/I453 in a LCC series of
LPE samples. Lines represent the position for the peaks in ME nanosheets.

The agreement between ME and LPE samples highlights that even though the exfo-

liation processes are different, the same variation in the Raman spectra is observed with

layer number. Also, it indicates the robustness of the metric in comparison to the literature

approach because ME sheets will have varying degrees and orientation of strain, which

should be different for solution-processed nanosheets.

Figure 6.5A shows a large data set which comprises many isolated ME nanosheets.

Sample has a broad distribution of size and layer number (Figure 6.5B). Figure 6.5C shows

an analysis of the feature positions within the 2LA(M) band. There are two clear features

normally-distributed about the centre positions ∼ 465 and ∼ 453 cm−1. ME sheets should

have different degrees and orientations of strain due to the process by which they are

transferred to the substrate. The fact that the feature positions are approximately the same

as those observed for LPE nanosheets highlights the robustness of the present metric.

This allows the I465/I453 intensity ratio to be used as a metric to analyse layer number

distributions for both LPE and ME nanosheets. The fitting constant multiplying the

independent variable in the exponential form y = y0−Ae−(x−x0)/b indicates the applicable

range for our metric. This constant is 8.2 for our fitting, allowing measurement up to ∼ 16
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Figure 6.5: A: Raman map colour coded according to layer number for a large area of a
ME sample. Scale bar is 10 µm. B: Histogram of layer number using present metric and
C: position of maximum around the 2LA(M) feature.

layers before the exponential scaling makes layer numbers indistinguishable. The same

constant for the literature metrics presented in Chapter 5 is 2.2, so that limit is closer to 5.

Figure 6.6: The intensity ratio I465/I453 plotted as a function of focus position for A:
baseline-subtracted spectra and B: additional smoothing. Y-axis scale is the same for both
plots.
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It is interesting to note that the relative intensities of these modes is fully independent

of laser focus, as seen in the Figure 6.6. The Raman spectra were always baselined and

smoothed before the MATLAB analysis, as explained in Chapter 5. The baseline was

removed using the software provided by the manufacturer with the spectrometer and it

is useful to compare only the differences in the modes, removing any ratio shifts caused

by different baselines. Figure 6.6A shows the intensity ratio I465/I453 used for the layer

number metric as a function of focus position in the z-direction for spectra that had

the baseline subtracted. Figure 6.6B is the same data set but with further smoothing to

remove any discrepancies caused by noise in the measurement. For the non-smoothed

plot, the average intensity ratio is 1.35±0.14, whilst the average for the smoothed plot is

1.388±0.077. For both plots, there is a larger spread in the data for negative positions in

the z-direction, which means the focus was below the sample. Since the spectrometer is

confocal, the depth of focus, excluding any sample specific effects, can be calculated using

the following equation [226]:

Depth of focus =
4λ

NA2 (6.2)

For the laser and objective combination used in this experiment, the depth of focus is

3.65 µm, explaining the noise for those negative positions. It is interesting to note that the

layer number associated with the intensity ratio I465/I453 is 5 layers for both plots, showing

that the smoothing approach used does not compromise the accuracy of the layer number

interpretations based on this metric quantity.

Figure 6.7A shows an optical micrograph and overlaid Raman map colour coded

according to the number of layers. The Raman layer number distribution is compared with

AFM measurements for the same sample in Figure 6.7B and the agreement is very good.

Figure 6.8 is a plot of average layer number for Raman (from present metric) and AFM

statistics. Both techniques show good agreement for few-layered nanosheets. The average

for AFM measurements is higher than 10 layers for the first three steps in the LCC series.

One factor to consider is the metric limit. Since it was determined that it can measure up to
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Figure 6.7: A: Optical micrograph overlaid with corresponding Raman map of a 20 µm by
20 µm area of an LPE sample. Raman map is colour coded according to the layer number
metric in D. Scale bar is 5 µm. B: Plots of layer number distribution from AFM (red) and
the present Raman metric (blue) for the same LPE sample shown in panel A.

16 layers, for broad distributions, which tend to be approximately symmetrical, the average

will be around 8 layers, as the figure shows.

Figure 6.8: Plot of average layer number for Raman and AFM. Solid line is the y = x
curve.
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The same magnification study performed in Chapter 5 for graphene was repeated with

the newly developed MoS2 metric. The same area of a 12 min LCC MoS2 sample was

mapped and the results are shown in Figure 6.9. Figure 6.9A is the Raman mapping for the

20x, NA 0.4 objective and Figure 6.9B is the 100x, NA 0.85 objective. The loss in mapping

resolution is obvious, as features easily resolvable using a high magnification are not clear

for the other. Figure 6.9C shows the histogram of layer number for both maps. They were

normalised to the bin with highest number of counts to highlight the observed difference.

Both histograms have the same general trend for layer number near the histogram average;

however, high magnification has higher counts for thin nanosheets. The highest resolution

possible ensures the correct estimation of layer number. Incorrect measurements may

influence the judgement on performance for thickness-sensitive applications and any

dominated by available surface area.

Figure 6.9: Raman mapping of the same area of a MoS2 sample using different objectives:
A: 20x, NA 0.4 and B: 100x, NA 0.85. The scale bar is 5 µm for both panels. C:
Comparison between the layer number distributions obtained from those maps.

6.3 Length metric

A length metric for MoS2 may be developed based on an analogous analysis to that

employed for graphene [64]. For graphene, the intensity ratio of the G and D modes is

used. The G mode written as an irreducible representation is of the form E2g, which may

be compared to the E1
2g mode in TMDs since they both involve in-plane vibrations [67].
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The D band in graphene is a disorder-induced vibration and a similar feature in TMDs is

the LA(M) mode, around 225 cm−1. However, this vibration is absent in our measurements

of pristine MoS2. This mode is observed in the literature when there are defects with

dangling bonds [227].

Figure 6.10: A: Raman spectra before (black) and after (red) inducing defects on a ME
nanosheets with a laser. The relative increase in intensity of the E1

2g mode is correlated
with an increasing number of defects. B: Resulting spectrum when subtracting the before
from the after spectrum. C: Before and after spectra normalised to the A1g mode.

In order to find an alternative defect-enhanced mode, a study based on laser damage was

performed on ME nanosheets and the results shown in Figure 6.10A. Spectra were taken

before and after the laser was left on for 1 s at high power, an approach seen in literature to

study laser-induced damage [153, 154, 155]. There is a significant change in the relative

intensity of the A1g and E1
2g modes, with the E1

2g intensity increasing significantly as the

laser induces basal plane damage. In order to investigate any other changes to the spectrum,

the normalised to the A1g mode black spectrum was subtracted from the red, resulting in

the blue curve shown in Figure 6.10B.

The most prominent change is the obvious variation in the E1
2g mode intensity. The A1g

mode shifts whilst the Si mode at 520 cm−1 becomes more intense after the laser treatment.

It is also clear that both modes near the 2LA(M) peak change in intensity. The normalised

spectra are shown in Figure 6.10C. Evaluating the peak shifts of the main modes, it is noted
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that they peak difference varies from 26.6 to 23.6 cm−1. Applying the newly-developed

metric using the intensity ratio I465/I453, it is possible to see a change in layer number from

5.2 to 4.6. The Si peak intensity variation can be correlated with thickness of the MoS2

nanosheet through the absorption coefficient [228]. The calculation is shown in Appendix

B but the result is a difference comparable to one interlayer spacing in MoS2. However,

the laser ablation does not explain the difference in E1
2g mode intensity. Therefore, defects

must have been induced to the nanosheet as well.

Figure 6.11: Raman spectra after electrochemical oxidation at different regions of an ME
sheet: basal plane and edges. An increase in the E1

2g mode intensity is clear.

An experiment of electrochemical oxidation of ME sheets was performed, following a

similar approach seen in literature [82, 203]. The ME sheets exfoliated using the Scotch

tape method and were transferred to a gold substrate, covered in ionic liquid (lithium

perchlorate dissolved in ethylene glycol) and a voltage of 3.0 V was applied to the sample.

Figure 6.11 shows the difference between spectra taken at the edges and on the basal

plane of the sheet after bias was applied. The two obvious differences on the raw data

shown there, are the changes in the E1
2g mode and the 2LA(M). The first one corroborates

the result observed with the laser damage study, an increase in the mode intensity with
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increasing defects. Applying the metric for layer number on those two spectra shows a

change of 9.4 to 7.3 layers. Therefore, sheets are exfoliated at the edges with this treatment,

as this was not observed pre-treatment. The same increase in E1
2g intensity at the edges of

untreated ME sheets is not observed, however the relative increase for an electrochemical

oxidation experiment potentially allude to differences in spectral behaviour with defect

type.

Figure 6.12: Raman spectra of samples with different sizes are shown. The smallest length
shown here is represented by the blue curve, followed by the green one. They are both
steps in a LCC. LPE bulk powder is in red and ME bulk, black. Decreasing nanosheet size
shows increase in relative intensity of the E1

2g mode.

Figure 6.12 illustrates the A1g and E1
2g mode intensity variation for different nanosheet

lengths. The average length according to AFM measurements is 85 nm for the smallest

fraction in the LCC series, and 171 nm for an intermediate step. Bulk powder used for the

LPE experiment is ∼340 nm, while the bulk crystal used for ME is at least two orders of

magnitude larger. The intensity of the E1
2g mode increases monotonically with decreasing

nanosheet length, corroborating measurements by Huang et al. [227] at the edges and
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basal planes of mono and bilayer MoS2. Considering the nanosheet edges to have a higher

defect density than the basal plane, it is clear that defect-related modes would be more

prominent for smaller sheets, where the ratio of perimeter to basal plane area is greater

[64]. The resulting enhancement of the in-plane vibration, in principle, should allow the

use of the A1g and E1
2g mode intensities as an analogous sheet length metric to that for

graphene.

Figure 6.13: Plot of characteristic length defined as the square root of the averages versus
the average of the square root.

For nanosheets, neither length nor width are representative of the actual size, since they

tend to have an aspect ratio that deviates from unity. Therefore, a better representation of

the nanosheets is a characteristic length defined as 〈
√

LW 〉, where L is the nanosheet length

and W is the width [106]. Both dimensions are correlated through an average lateral aspect

ratio [144]. Since both quantities are not independent, it was tested defining the average

characteristic length by doing the square root before or after averaging the particle-wise

product LW . The results are shown in Figure 6.13. The data show that, although L and W

are known to share an average relationship 〈L〉 ∼ α〈W 〉, the two are still to a large extent

statistically independent.
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Figure 6.14: Plot of the main modes intensity ratio (IE/IA) against the inverse of the
characteristic length.

A plot of the relative intensity ratio between the main modes (IE/IA) against the

characteristic length, obtained from AFM micrographs, is shown in Figure 6.14. The fitted

equation is:

〈
√

LW 〉= 1

2.6+20
√

IE
IA
−0.208

(6.3)

In a similar manner to the layer number metric described, this length metric can be

used to reconstruct approximate size distributions in association with the mapping analysis

described previously but also determine the dimensions for single-point spectrum of LPE

MoS2. The fitting parameters and respective uncertainties are: (2.6±1.3) µm−1; (20.0±

4.0) µm−1; (0.208±0.011). This metric cannot measure nanosheets with characteristic

length larger than approximately 385 nm (intensity ratio of 0.208), which is equivalent to

the bulk powder used for exfoliation, as seen in Figure 6.15.
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Figure 6.15: Intensity ratio (IE/IA) of MoS2 bulk powder.

A Raman map (20 µm by 20 µm) of a deposited film of LPE MoS2 is shown in Figure

6.16A with a corresponding optical micrograph. The colour scale indicates the character-

istic length determined using equation (6.3). Figure 6.16B shows the length distributions

measured by AFM and Raman of the same sample. Appendix C compares the histo-

grams for both characteristic length and layer number using Raman metrics and AFM

measurements for every LCC step.

Figure 6.16: A: Optical micrograph overlaid with corresponding Raman map of a 20 µm
by 20 µm area of a LPE sample. Scale bar is 5 µm. B: Histogram of length distribution
from AFM (red) and Raman metrics (blue) for the same sample in A.
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A correlation plot of the averages measured by both techniques for the different

fractions is shown in Figure 6.17A, where the error bars are the standard deviations of

the measured distributions. These data points indicate strong agreement between the two

techniques (R2 = 0.71, excluding the outlier point). Figure 6.17B shows the correlation

between distribution standard deviation measurements done using our Raman metric

and AFM. The standard deviation of both techniques fall closely around the line y = x,

except for the first step in the LCC series. Since it has the broadest distribution of the

series, the standard deviation is also higher, especially for the AFM measurements, where

the presence of aggregates might skew the measurements. These results indicate that

the mapping analysis approach is able to correctly capture aspects of the particle size

distribution beyond the average value (as is the case with other metric approaches present

in the literature to-date) [64, 6, 170].

Figure 6.17: A: Plot of nanosheets length measured from AFM micrographs and Ra-
man maps showing good correlation between the techniques. B: Standard deviation of
characteristic length measured by Raman metric and AFM statistics.

The indicative scaling of average layer number and nanosheet volume with increased

centrifugation times is shown in Figure 6.18 measured by several different techniques.

Both plots show good agreement between spectroscopic and microscopic measurements

for few-layered nanosheets, even considering the limitations of the comparison. UV-vis

metric is not calibrated above the 10-layer limit [6] and the presence of aggregates skew the
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Figure 6.18: A: Plot of average layer number and B: nanosheet volume as a function of
centrifugation parameter using different techniques.

AFM results. In addition to this fact, it is difficult to define a nanosheet volume precisely,

based on average length, width, and thickness obtained from layer number.

Figure 6.19: Scaling of average nanosheet area with average layer number.

The scaling of average nanosheet area with average layer number using different

techniques (Figure 6.19) follows the expected dependence related to the equipartition of

energy between tearing and peeling during liquid-phase exfoliation [106].
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6.4 Analysis of acetone-exfoliated nanosheets using new

metrics

Figure 6.20: A. Comparison of layer number distributions obtained using different Raman
metrics for the same sample area of acetone-exfoliated nanosheets. B. Characteristic length
distribution for the same sample, using metric developed in this Chapter.

Figure 6.20 shows the re-evaluation of the acetone-exfoliated MoS2 nanosheets

studied in Chapter 4 using the newly developed Raman metrics. Histograms for layer

number are shown in Figure 6.20A using two different Raman metrics. Data in green was

obtained using the metric developed by Lee et al. [66]. The average layer number for the

literature metric is 6.5±1.4, whilst the present metric is 5.8±1.8. For comparison, the UV-

vis metric [6] for the same dispersion gives an average of 5.94±0.59. The average values

agree within error, however the literature metric fails to detect a substantial proportion of

the few-layered nanosheets (two to four layers) and has a higher contribution from bulk-like

sheets. This could be explained by the interaction between MoS2 and the molybdenum

oxides. A p-doping on MoS2 was observed for a MoS2/MoO3 heterostructure [229], for

laser-oxidised MoS2 monolayer [230], and for few-layer MoS2 obtained directly from

MoO3 crystals [231]. This type of doping shifts the A1g mode to a higher Raman shift,

increasing the peak separation measured.
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The characteristic length distribution plot is shown in Figure 6.20B. The average

characteristic length 〈LW 〉 is 127 nm, and with a measured L-W aspect ratio of 0.66,

the average length 〈L〉 is estimated to be 156 nm. This value should be comparable to

that produced by the UV-vis metric, although the value measured here is 221 nm. Such

discrepancy could be explained by the highly-defective oxidised edges of the nanosheets.

For this sample, due to the edge-functionalisation, the pure MoS2 domain is actually

smaller than the physical size of the nanosheet. Another effect is that doping affects the

FWHM of the A1g mode. The FWHM increases with increasing doping which results in a

decrease in mode intensity [12]. Such effect changes the intensity ratio IE/IA used for the

length calculation, shifting the characteristic length to a smaller value.

Figure 6.21: A. Comparison of average layer number and B. characteristic length obtained
using the present Raman metrics and AFM characterisation for nanosheets exfoliated in
TX-100, acetone, and IPA.

The IPA-exfoliated nanosheets were also re-evaluated the same way. Both Raman and

UV-vis metrics length averages were compared to size statistics from AFM micrographs.

The obtained characteristic length 〈
√

LW 〉 was 131, or 〈L〉 of 161 nm. The resulting

average layer number and characteristic length for both solvents were added to the plots

mentioned previously containing nanosheets exfoliated in TX-100, as seen in Figure 6.21.

The average values follow the y = x curve regardless of the chosen solvent. The only data
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point that does not seem to follow the trend is the first step of the LCC of the nanosheets

exfoliated in TX-100. This sample has the broadest distribution of sizes and thickness,

which is symmetrical around the centre of the metrics range. IPA has a higher average but

also a narrower distribution, which can be seen by comparing the standard deviation of the

points.

It is worth noting that the acetone-exfoliated nanosheets do not behave the same way

as the usual LPE dispersions, due to the edge oxidation. However, the layer number and

length estimation obtained from present metrics can yield not only the expected average but

a better description of the distribution, as shown for the surfactant-exfoliated nanosheets

(see Appendix C). Future work includes exfoliating MoS2 in other solvents, surfactants,

and polymer solutions to test the limits of the developed metrics.

6.5 Extension of Raman analysis to other layered mater-

ials

Figure 6.22: A: Normalised summed spectra for different nanocuboid samples. Inset
highlights the change in the peak around 290 cm−1 with size. B: Plot of the characteristic
length versus the intensity ratio I288/I301.

Glucose concentration sensing is used for diagnosis and monitoring of a various

medical conditions, particularly diabetes [232]. While enzymatic glucose sensors are



95

capable of operating in physiological conditions, they suffer from being relatively expensive

and also, with stability issues [232, 233]. This has led to research on non-enzymatic

detectors [233], which are mainly comprised of metal oxides and associated compounds.

A promising material is copper hydroxide as studied by Lynch et al. [234].

The same mapping analysis explained in Chapter 5 was performed on nanocuboid

copper hydroxide. Figure 6.22A shows the normalised summed spectra of different

fractions of an LCC series. Review of the literature reveals little analysis on Cu(OH)2 and,

due to the corrugated structure and different symmetry to other layered double-hydroxides,

it is challenge to draw comparisons [235, 236]. However, they compare favourably to

reference spectra from geological samples and the Raman of both bulk CuO and Cu2O

have modes at lower wavenumbers near the 290 cm−1 peak, with the layered structure

likely responsible for stiffening of the peak. Nanoparticulate copper oxides also experience

a similar shift [237]. Further work is required to ascertain the surface functionality of

the material. Close analysis of the peak (inset) shows that as the size fraction sample

reduces, an additional mode becomes clear. This, in conjunction with AFM data, leads to

a spectroscopic metric for Cu(OH)2, as shown in figure 6.22B. The size characterisation

developed here, is important since it was observed that as the size of the nanocuboids

decreases, the electrochemical sensitivity of the material increases.

6.6 Conclusions

Robust spectroscopic metrics were developed for the layer number and length of MoS2

nanosheets, which to this point have been absent in the literature. A new metric for MoS2

layer number was developed based on an intensity ratio (I465/I453) of resonant Raman

modes, avoiding any mischaracterisation caused by mode shifts resulting from external

physical effects such as strain and doping. This metric can be applied to both LPE and ME

nanosheets since the correlation between the intensity ratio and layer number is the same

in both cases. A metric for LPE nanosheet length using the resonant laser was developed

based on the intensity ratio between the two main Raman modes of MoS2. The Raman

mapping analysis combined with both metrics allows a quick and reliable characterisation
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approximate of size and thickness distributions, paving the way for standardisation of

novel nanomaterials and their diverse applications at different scales. This approach to

the development of these metrics can be extended to the other TMDs, by virtue of their

analogous crystal structures, and even to other layered materials such as the double-layered

hydroxides, as demonstrated for copper hydroxide.



Chapter 7

Conclusions and future work

This research aimed to understand the liquid exfoliation of MoS2 in a non-standard

solvent. Common solvents used for exfoliation of layered nanomaterials yield highly-

concentrated and well-exfoliated dispersions but have major drawbacks such as toxicity and

high boiling point, which hinders further processing for some applications. The presence

of residues, especially for NMP [48] and surfactant-exfoliated nanosheets, also affects

characterisation. For example, it modifies thickness as measured by AFM [128, 116] and it

affects photoluminescence spectrocopic measurements [50]. The main disadvantage, how-

ever, is related to applications such as for conductive networks where a further processing

optimisation is needed [3].

The significantly increase in predicted concentration and stability of acetone-exfoliated

MoS2 nanosheets cannot be explained by applying the Hansen solubility parameter frame-

work directly. This model predicts accurately the solvents that yield the best dispersions

based on the interaction between the nanomaterial and the solvent. However, during

ultrasonic exfoliation in acetone, a spontaneous edge functionalisation in the form of

molybdenum oxides occurs and modifies this interaction. As a result of this change, the

macroscopic properties are also improved, as shown by using MoS2 as a catalyst for the

hydrogen evolution reaction and comparing its performance with nanosheets exfoliated

in an analogous solvent, IPA. Further spectroscopic characterisation confirmed the edges

contained oxides. Therefore, the effects of the ultrasonication processing on the nanosheets

was evaluated by a range of different characterisation techniques.

97
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This specific system yields better spontaneous functionalisation when compared to

the most common solvents reported in the literature. However, the same enhancement

in macroscopic properties is likely to be general to other solvents used for exfoliation of

TMDs. Since the functionalisation occurs at the edges of the nanosheets, smaller sheets

should have a more prominent change, as seen in the literature previously [201]. Further

study coupled with a LCC series to produce narrow size distributions could confirm this

fact. Also, it is of interest to investigate if the same spontaneous edge-oxidation occurs

under the same conditions for other similarly structured TMDs. Specifically, testing WS2

and MoSe2, for example, could give the insight whether the observed chemistry is general

to all TMDs, or limited to materials containing either sulfur or molybdenum. Liu et al.

[238] studied the oxidation of various TMD monolayers. They modelled different energy

barriers for the formation of sulfur vacancies and also compared the changes to the band

structure for pristine, defective and oxidised sheets. Even though the edge functionalisation

studied in Chapter 4 is a different process, their work highlights the variation between

TMDs, which leads to varied potential applications. For example, MoTe2 and WTe2 suffer

the least oxidation under ambient conditions, making them more robust to influences in

their electronic properties due to oxidation in devices.

The second aim was related to Raman spectroscopy, a non-destructive technique that

yields detailed information about sample composition and functionalisation. It has the

potential to provide macroscopic information due to phonon confinement effects and

spectral changes due to intrinsic properties, in association with microscopic calibration.

Motivated by the need for standardised and reliable characterisation of the nanosheets,

a new appproach based on Raman microscopic mapping was investigated to determine

whether it expands the amount of information obtained while characterising layer number

and length.

Backes et al. [64] developed metrics for length and layer number of LPE graphene

by examining spectral changes in comparison to quantitative microscopic analysis of

nanosheets. In Chapter 5, these metrics were applied using a mapping approach in

an attempt to evaluate the distributions of nanosheet size and thickness. The literature
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metrics were developed by measuring single-point spectra at various points of a thick film.

Hundreds of randomly-oriented nanosheets are analysed within the laser spot. The mapping

process described here (Chapter 5) relies on decreasing the number of nanosheets per laser

focal spot and, instead of averaging the results, applying the metrics on a resolution-limited

pixel-wise fashion and binning the values. This was shown to reconstruct approximate

distributions of size and thickness that differ from the true distribution but still yield enough

information when considering practical factors. Importantly, distribution parameters such

as the mean and standard deviation are accurately recovered, which has not been possible

previously. The method works well even for broad distributions, as the results are not

skewed towards thicker multilayer sheets, which is observed when there are several

nanosheets under the laser spot due to varying contributions to the total Raman signal with

layer number.

Applying the same mapping approach to MoS2 proved to be challenging. The only

existing current literature metric for layer number of MoS2 relies on the peak separation

between the main Raman modes, which are known to shift due to defects, strain, and

doping. Also, a length metric was absent in the literature, motivating the development

of more robust metrics. They were developed for both length and layer number, based

on intensity ratios of Raman modes under resonant excitation. The use of intensity ratios

of known modes avoids any mischaracterisation due to mode shifts. The layer number

metric can be applied to LPE and also ME sheets. Even though the two techniques produce

different nanosheets, the same correlation between layer number and intensity ratio was

observed. The length metric for LPE nanosheets uses the main MoS2 Raman modes.

Combining the mapping approach with the newly-developed metrics allows a quick and

reliable characterisation of the approximate macroscopic distributions. Due to its general

nature, the extension of the framework to other layered materials is possible, as shown for

copper hydroxide in Chapter 6. This work paves the way to a much-needed standardisation

in characterisation of nanomaterials for both laboratory-based research and industrial-scale

applications.
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Re-evaluating the acetone-exfoliated nanosheets using the present metrics raised the

question about their robustness against choice of solvent. Preliminary results show excellent

agreement between solvent-exfoliated and the surfactant-exfoliated nanosheets used to

calibrate the metrics and are presented in Chapter 6. Future work will compare the values

obtained using the metrics with microscopic verification for exfoliation of MoS2 using

different types of surfactant, organic solvents, and polymer solutions to determine the extent

to which these process modifications influence the metric analysis. Also, the influence

of strain and doping on the 2LA(M) mode and the quantification of those effects on LPE

samples is unclear. A comprehensive study of these extrinsic effects would be beneficial to

fully characterise the samples and evaluate the limitations of both metrics more clearly.

In addition to that, an extension to the metrics for LPE WS2, still absent in the literature,

should be possible due to the similar crystal structure to MoS2 and the common availability

of a resonant laser [239].
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Appendix A

Inter-defect distance calculation from

defect density

Starting with the assumption that basal plane defects are distributed uniformly (that

is, according to a Poisson Point Process with intensity measure λ ), it is known that the

inter-defect distances de are distributed according to the Nearest Neighbour distribution:

P(de) = 1− e−λπd2
e (A.1)

The probability density function is then:

p(de) = 2λπdee−λπd2
e (A.2)

The average value of de for a large area of the basal plane whose length L→ ∞:

〈de〉=
∫

∞

0
de p(de)dde

= 2λπ

∫
∞

0
d2

e e−λπd2
e dde

= 2λπ
1

4πλ 1/2

〈de〉=
1

2
√

λ
(A.3)
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Vancsó et al. [221] estimated the defect density per unit area λ to be between

5×1012 cm−2 and 5×1013 cm−2. Using λ equal to 1×1013 cm−2 yields an inter-defect

distance of ∼ 2 nm.



Appendix B

Absorption coefficient estimation using

Raman spectroscopy

Kwak [228] studied a simple method to estimate the absorption coefficient of MoS2

using Raman spectroscopy, AFM measurements and a light attenuation model. If the

nanosheet is thin, silicon modes from the substrate will also be observed in the resulting

Raman spectrum. The expression that describes the phenomenon is:

I = I0e−2αt (B.1)

where I is the silicon Raman peak intensity from the nanosheet, I0 is the reference silicon

Raman peak intensity taken at the substrate under the same measurement conditions, t is

the thickness of the MoS2 nanosheet, and α is the MoS2 absorption coefficient (cm−1).

Applying the expression to spectra measured at the same spot before and after laser

oxidation, as discussed in Chapter 6, gives:

IA = I0e−2αAtA and IB = I0e−2αBtB

where the subscripts A and B refer to after and before laser treatment, respectively.

Assuming αA = αB = α for MoS2 and calculating the intensity ratio as follows:

IB

IA
=

I0e−2αtA

I0e−2αtB
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The absorption coefficient was estimated as 2.79×106 cm−1 for monolayer MoS2

[228]. However, the value for bulk is between 0.1 and 0.6×106 cm−1 [240, 241]. Using

0.3×106 cm−1, a value consistent with previous measurements for the samples studied in

this thesis, and the intensity ratio difference (IB/IA = 0.963) yield:

tB− tA = 6.3×10−8 cm = 0.63 nm (B.2)

A value consistent with previous measurements of interlayer spacing in MoS2[7].



Appendix C

Size and thickness analysis using

metrics from Chapter 6 for every LCC

step

Spectroscopic metrics require microscopic calibration. Two Raman metrics were

developed in Chapter 6, one for layer number and other for nanosheet length. Here, the

comparison of the distributions obtained from both characterisation techniques are shown

for every LCC step of an LPE MoS2 dispersion. The first column has representative

AFM micrographs, whilst the second one has Raman maps colour-coded for layer number

determined by the present metric. Both measurements are done on the same sample but

not the same area. Columns three and four represent the histograms for characteristic

length and layer number, respectively. Distributions in red were obtained from the newly-

developed Raman metric and in blue from AFM measurements. Rows A to J are, in order,

the samples labelled according to different centrifugation times, since relative g-force was

kept constant (3,000 g): 9 min, 12 min, 14 min, 20 min, 40 min, 1 h, 2 h, 4 h, 8 h, and 12 h.
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Figure C.1: (1) Representative AFM micrograph, (2) Raman map colour-coded according
to layer number, (3) histogram for characteristic length using both Raman and AFM, and
(4) histograms of layer number using the same techniques for every LCC series sample:
A: 9 min, B: 12 min, C: 14 min, D: 20 min, E: 40 min, F: 1 h, G: 2 h, H: 4 h, I: 8 h, and
J: 12 h. Same scale was used for each column to highlight the differences for each sample.
For the AFM micrographs, scale bar is 1 µm, whilst the scale bar for the Raman maps is
5 µm.
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