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Abstract bi5
\ i6 W

Over the last decade, there has been a large push towards making two dimensional (2D) 

nanomaterials a more realistic component of industrial applications. One of the main 

limiting factors to this point has been the ability to produce these materials in large 

quantities. In 2008, it was demonstrated by Coleman et al that liquid phase exfoliation 

(LPE) could be utilised as a production method of large quantities of 2D nanosheets. 

This method was first performed on graphene and transition metal dichalcogenides, such 

as M0S2 and WS2.

A recent move has been to try to exfoliate new materials such as molybdenum trioxide 

and black phosphorus but the extension to newer materials has been slow. Presented in 

this thesis is the continuation of this via the exfoliation of novel layered materials, such as 

gallium sulphide (GaS) and layered double hydroxides (LDHs). Initially this technique was 

applied to GaS where the production of large quantities of nanosheets by liquid exfoliation 

of layered GaS powder was demonstrated.

The exfoliation was achieved by sonication of the powder in suitable solvents. The 

variation of dispersed concentration witli solvent was consistent with classical solution 

thermodynamics and showed successful solvents to be those with Hildebrand solubility 

parameters close to 21.5 MPa^/^. In this way, nanoshects could be produced at concentra­

tions of up to ~ 0.2 g with lateral sizes and thicknesses of 50 1000 nm and 3 80

layers, respectively. Using controlled centrifugation techniques, it was possible to prepare 

dispersions containing size-selected nanosheets. Spectroscopic measurements showed the 

optical properties of the dispersions to vary strongly with nanosheet size, allowing the 

elucidation of spectroscopic metrics for in situ estimation of nanosheet size and thickness.

.Another layered family that, to this point, had been untapped by LPE are the LDHs. 

Although, LDHs have a different crystal sructure to other layered materials such as the 

TMDS. It is demonstrated that liquid phase exfoliation can be used to convert layered crys­

tals of nickel hydroxide into Ni(OH)2 nanosheets in relatively large quantities and without 

the need for ion intercalation. While other procedures require harsh synthesis conditions 

and multiple reaction steps, this method involves ultrasonication of commercially available 

powders in aqueous surfactant solutions and so is relatively mild and potentially scalable. 

TEM, AEM, XPS and Raman spectroscopy show the exfoliated nanosheets to be relatively



thin (mean 10 monolayers thick) and of good quality. Size selection by liquid cascade cen­

trifugation allowed the production of samples with mean nanosheet lengths ranging from 

55 to 195 nm. Optical measurements on dispersions showed the optical absorption coeffi­

cient spectra to be relatively invariant with nanosheet size while the scattering coefficient 

spectra varied strongly with size. The resultant size-dependence allows the extinction 

spectra to be used to estimate nanosheet size as well as concentration.

Liquid phase exfoliation (LPE) has proven to be a versatile technique to produce un­

charged 2D nanosheets from layered crystals. However, almost all studied starting materi­

als consist of pure powder or crystals purchased from chemical suppliers. To test the true 

versatility of this process, the procedure has been subjected to three starting materials 

with varying degrees of purity and composition. These include talcum powder (principle 

component, the layered compound talc). Fuller’s earth cat litter (known to contain layered 

silicate compounds, most notably palygorskite and bentonite) and beach sand (suspected 

to contain small amounts of layered clays). In all cases, dispersions containing large quan­

tities of nanosheets with almost all non-nanosheet material removed by the centrifugation 

step were produced. Powder x-ray diffraction identified the nanosheets produced to be 

talc, a bentonite/palygorskite mixture and mica for the three starting materials respec­

tively. Particularly interesting is the fact that bentonite, palygorskite and mica sheets are 

charged and are always accompanied by charge balancing counterions.

The optical characterisatin of GaS and the LDHs has highlighted a pressing need for 

further ejuantative analysis of the effect that the scattering background has on optical 

extinction spectra for LPE samples. This was demonstrated through the exfoliation of 

boron nitride and five TMDS where the scattering spectra were plotted as a function of 

flake length. It was found that for flake lengths down to 150 nm it was possible to use 

previously determined analytical methods to quantify the scattering spectra through hlie 

and Rayleigh scattering.
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I see now that the circumstances of one’s birth are irrelevent. It is what you do with life

that determines who you are - IMyutsu 

It is important to draw wisdom from different places. If you take it from only one place

it becomes rigid and stale - General Iroh
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Chapter 1

Motivation & Thesis Outline

Throughout history, materials have been the driving force behind most technological ad­

vances. From the discovery of bronze by combining copper and tin, to use for tools and 

weapons, to the use of silicon in many communication based technologies, materials have 

been a defining feature in human advancement. The control of the properties of the 

material is the determining factor for the range of its application. With the trend of 

technological devices getting smaller and more powerful it is necessary to find a material 

that can have great physical properties but also be able to be reduced to a size in the 

order of nanometers. This led to the discovery of graphene, a one atom thick monolyaer 

of graphite which sparked interest due to its great electrical mobility and strength.

This field has accelerated quickly with many other 2D materials, also showing exciting 

properties, being discovered. These materials hold high promise for applications such as 

gas sensing, hydrogen evolution, and polymer reinforcement. One of the main limitations 

for their use in industrial applications has been the lack of effective production methods. 

This method, needs to be cheap, simple, scalable and most importantly be able to produce 

large quantities of high quality nanosheets. There arc several methods that have been 

used to this point but none have been able to achieve all of these feats. With this in 

mind a liquid phase method was devolped which has been successfully used on a number 

of materials to reduce them to the nanoscale. This methodology offers a simple, low-cost 

production method for 2D nanomatcrials, which, furthermore, is scalable and thus holds 

great promise for future applications.

Expansion of this method to other materials apart from graphene, hBN and TMDs has



been slow. Accordingly, this work aims to help with this problem by exfoliating a number 

of families of materials using liquid phase exfoliation. Initially this will be applied to a 

member of the III-VI metal chalcogenide family and layered double hydroxides in both 

solvent and surfactant respectively. The exfoliation parameters will be optimised and 

compared to previously exfoliated nanomaterials, to investigate the fundamental physics 

of the process. From here the true versatility of the method will be tested by exfoliating 

a number of unconvential materials, talcum powder, beach sand and cat litter. Thus, 

demonstrating that LPE can be used on raw materials as well as synthesised powders. 

Finally, a detailed look will be given to the optical properties of some TMDs with emphasis 

given to the scattering coeflificent of the materials.

Thesis Outline

Chapter 2: Background Theory

An overview of carbon materials, transition metal dichalcogenides, III-\1 metal chalco- 

genides and layered double hydroxides. The history and physical properties of each family 

of materials is discussed in detail as well as available exfoliation methods and applications. 

Some exfoliation techniques are discussed with emphasis given to liquid phase exfoliation. 

The basic concepts of dispersion theory are introduced, mainly focusing on the thermo­

dynamics of stabilisation of particles in suspension and DLVO theory and how they can 

be used to stabilise two dimensional nanosheets in aqueous environments.

Chapter 3: Materials & Methods

The sourcing of materials and all experimental techniques used in this thesis are outlined 

and discussed. The theorv behind all characterisation methods is also described in detail.

Chapter Exfoliation of Gallium sulphide

Possibility of exfoliating gallium sulphide powder into nanosheets in solvents is tested. The 

exfoliation parameters are optimised and an ideal solvent is determined. The nanosheets 

are size selected using a new method and the effect flake length has on the materials ab­

sorption properties are discussed. Four separate size metrics are found for concentration, 

mean length and mean thickness.



Chapter 5: Exfoliation of Layered Double Hydroxide

Possibility of exfoliating nickel hydroxide powder into nanosheets in surfactant is tested. 

Surfactant conentration, as well as other parameters are optimised. The phase of the ma­

terial is measured, confirming that (3 - Ni(OH)2 can be exfoliated without treatment to the 

powder. Size metrics are determined including a concentration metric that can be used 

from just an extinction spectra despite scattering effects. These exfoliation parameters 

are extended to four other layered hydroxides and a comparison of their performance as 

catalysts in evolution reactions arc analysed.

Chapter 6: Testing the Versatility of Liquid Phase Exfoliation

The versatiliy of liquid phase exfoliation is investigated as the method is applied to three 

impure starting materials, talcum powder, clay from a beach and cat litter bought in Aldi. 

The possibility of exfoliating crystals with charged surfaces as well as a method to only 

remove exfoliated material is determined.

Chapter 1: Effects of nanosheet size on the absorption spectra of 2D materials 

Five different semiconducting TMDs and hBN are size selected using the method described 

in chapter 4. The extinction, absorption and scattering are measured for the six materials 

and the effects of this on absoprtion coefficient, excition position and excition intensity 

ratio are analysed. For the first time a full study on the effect of nanosheet length for 2D 

nanosheets on the scattering of light is determined.

Chapter 8: Conclusion and Euture Work

A full conclusion is given for the four results chapters is given as well as a brief overview on 

work that is still ongoing and future work. This includes the expansion of these exfoliation 

methods to new materials as well as comparing chapter 4’s methods on other III-VI metal 

chalcogenides.



Chapter 2

Background Theory

2.1 Introduction

^^lthin this chapter is a discussion on the selected families of materials used in this thesis, 

which include the III-V'I metal chalcogenides, layered double hydroxides and transition 

metal dichalcogenides. As well as a brief consideration of the materials that lead to 

this research topic being of interest. This will include points on both the physical and 

optical properties of nanomaterials as well their use in current and future applications in 

nanotechnology.

Nanotechnology is one of, if not the most defining research areas being conducted 

in modern times, and holds the key to many future applications such as printed and 

transparent electronics. The materials that this industry is based around are known as 

nanomaterials, i.e. having a lateral size of the order of nanometers. Although there is no 

definitive definition for a nanomaterial, it is generally accepted that they arc materials 

with at least one of their dimensions fewer than 100 nms. Of primary interest in this 

work is that of 2D materials, nanoniaterials that are large in the x and y direction but are 

atomically thin in the z direction, with special consideration on the different production 

and exfoliation methods. Finally, there will be a comprehensive review of liquid phase 

exfoliation, a method used to remove 2D nanosheets from bulk crystals in liquid. This 

will lead to a discussion on the concept of dispersion theory, the mechanism that prevents 

reaggregation of nanosheets in the liquid phase.



2.2 Carbon Materials

Carbon is one of the most abundant and important elements in the world. Due to its 

four valence electrons it possesses great versatility in forming chemical bonds, which has 

made it pivotal to all known life on Earth. This allows it to form bonds with other carbon 

atoms and a wide range of other elements as well as existing in many different allotropes 

such as charcoal, soot, graphite, fullerene and diamonds (Figure 2.1). More recently the 

discoveries of carbon nanotubes and graphene have advanced the study of this material 

into the modern age. Despite all these compounds being comprised entirely of the same el­

ement they are all packed differently. For example, diamond is composed of sp^ hybridised 

atoms tetragonally arranged to give a three dimensional crystal stucture, making it a poor 

electrical conductor.

Figure 2.1: Atomic structure of (A) diamond, (D) fullerene, (C) graphite, (D) 1-D carbon nanotubes 
and (E) 2-D graphene sheet.[1]



In contrast, the sp^ hybridised atoms in graphene are arranged in hexagonal rings allowing 

for very high theoretical electrical conductivity (~ 10® S m) when doped|2, 3|.

Carbon nanotubes and graphene are very commonly used in modern research areas 

due to their excellent properties. This is discussed below.

2.2.1 Carbon Nanotubes (CNTs)

Carbon nanotubes were first discovered in 1991 by lijima et al in material produced by 

an arc-discharge experiment|4|. CNTs, as with graphene, are comprised of sp^ hybridised 

atoms in hexagonal rings that have been rolled into a tubular configuration. They can 

exist in the form of single wall (SWNTs) or multi-wall (MWNTs) which comprise of several 

concentric cylinders|5, 6, 7, 8|. The diameters of these CNTs can range from 1 nm to 2 nm 

and 10 nm to 30 nm respectively but the lengths of CNTs can range up to ~20 cm|4, 9|. 

This aspect ratio creates what are known as ID nanomaterials. This creates a quantum 

effect where the electrons within the CNTs experience quantum confinement in two direc­

tions leading to very interesting properties, namely outstanding electrical properties with 

mobilities of 10^ cnr/Vs\l()\.

In addition, CNTs can range from being semiconducting to metallic. This is dictated 

by the chirality of the nanotube which can be described by the translational vector equa­

tion (C — nai ma2). This equation can be used to predict the electrical behaviour 

and type of nanotube; armchair or zigzag, which arc both metallic, or chiral, which is 

semiconducting|4|. As well as impressive electrical properties, CNTs exhibit outstanding 

mechanical properties with their Young’s modulus ranging from 60 GPa to 1 TPa, two 

orders of magnitude higher than steel|ll|.

CNTs have been used for a range of applications such as a transistor or in energy 

storage, while the addition of small amounts of CNTs to metals and plastics can also 

improve the tensile strength. Their high aspect ratio (length to width) and high electrical 

conductivity are ideal for making composite electrodes with another active material, which 

may be electrically or mechanically poor.|12, 13| Incorporation of these elements into a 

matrix leads to the provision of nanotube networks, once the number of nanotubes reaches 

a certain point (known as the percolation threshold) this allows for conductive pathways, 

thereby allowing current to flow in the him or mechanical reinforcement.



2.3 Layered Materials &; Graphene

Where ID materials are exfoliated from fibres in their bulk form, 2D materials are ex­

foliated from layered crystals. These materials consist of weakly bound layers that are 

attracted by Van der Waals interactions out of plane but are strongly bound in plane by 

chemical bonds. The most famous example of these kind of materials is graphite, which 

is comprised of layers of the 2D material graphene stacked on top of each other to make 

a 3D crystal. This is the simple definition of graphene, more specifically graphene is a 

mono-atornically thick sheet of sp^ hybridised carbon atoms, arranged in a honeycomb lat­

tice. As a result of the weak Van der VV^aals bonds, with a binding energy of 10 mJ/ mol, 

the graphene layers can be removed from the graphite crystal by exfoliation|14|. This was 

first demonstrated in 2004 by Geim et al, where they performed micromechanical exfolia­

tion using scotch tape to ’peel’ off the layers|14|. There have been several other methods 

developed over the past decade to produce graphene nanosheets such as micromechanical 

exfoliation as well as liquid based processes|15, 16|. Here, due to the fact the nanosheets 

are atomically thin, the electrons are confined in one dimension but are free to move in the 

other two dimensions within the graphene nanosheet. This leads to interesting behaviours 

not observed in the bulk crystal, with improved properties such as electrical conductivities 

and mechanical strength|14, 17|.

2.3.1 Materials beyond Graphene

Although there has been a lot of time and money put into the research of graphene since 

its isolation in 2004 there are many other layered materials that also deserve attention. In 

recent years, there has been an explosion of research into the synthesis and characterisation 

of other 2D materials such as boron nitride (BN)|18|, transition metal dichalcogenides 

(TMDs)|19, 20, 21|, transition metal oxides (TM()s)|13|, and black phosphorus (BP)|22, 

23, 24|. Boron nitride is a structural analogue of graphite consisting of stacked sp^ bonded 

sheets where, instead of carbon atoms, there are alternating boron and nitrogen atoms 

existing in a honeycomb structurc|25|. Hexagonal boron nitride (hBN) is different to 

graphene as it is an electrical insulator; as a result the applications available are vastly 

different to graphene|25|.



BP has a different structure to BN and graphene, where the phosphorus atoms form 

a puckered orthorhombic structure where each atom is bonded to three others, as shown 

in Figure 2.2. This puckering produces highly anisotropic behaviour in the electronic and 

mechanical properties of BP, where mobilities are an order of magnitude higher in the 

arm chair compared to the zig-zag direction|26|. Of significant interest is the presence of 

a band gap, which scales with the layer number from 0.3 eV" in the bulk to 1.8 eV in the 

monolayer|26, 27]. This tuneable band gap and reported high performance in some elec­

trical applications make BP quite attractive for electronic devices such as Li-ion batteries, 

photodetectors and field-effect transistors]28, 29].
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Figure 2.2: 3D structure of black p/iosp/*or«s]30].

TMDs have received large levels of interest in research. First studied in the 1960s, they 

have recently experienced an academic renaissance and become a largely prominent topic of 

research]31, 32]. This follows on from the experimental isolation of 2D NbSe2 in 2005]33], 

and the resulting demonstration of the material’s electronic, optical, electrochemical and 

mechanical properties.]32, 34, 35] Similarly TMDs also exhibit fascinating and highly 

beneficial changes to their properties once thinned to a monolaycr]18, 36]. Work within 

this thesis includes research on the optical properties of some TMDs and will be discussed 

in the following section. The difference in structures between materials such as graphene, 

BP and TMDs show that there are many applications available depending on what material 

is used.



2.4 Transition Metal Dichalcogenides (TMDs)

TMDs consist, of a family of materials that generally have a stoichiometry of MX2, where 

M is a transition metal (Mo, VV, Ti, V etc) and X is a chalcogen (S, Se and Te). Due to 

the number of transition metals there is a large number of possible TMDs, with up to 60 

possible configurations (Figure 2.3), of which two thirds form graphite-like layered struc­

tures with thickness’ in the range of 6-7 A; in contrast to graphene’s thickness of 3.5 A[31].
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Figure 2.3; Periodic table, highlighting elements in transition metal dichalcogenides. Top and side views 
of generic monolayer TMD with (b) trigonal prismatic and (c) octahedral coordinations[18].

The individual sheets consist of metal atoms being sandwiched between two layers of 

chalcogen atoms in a X-M-X structure. Like with graphene and graphite, these layers 

stack on top of each other to form 3D crystals that are bound by Van der Waals bonds.



Although conversely, different polymorphs can exist depending on the stacking of the 

layers, with the two most common being IT and 2H.

The electronic properties of these materials are diverse and depend on the configuration 

of the d orbitals of the transition metal, resulting in a wide variety of types including 

semiconducting (M0S2, WS2)|32|, semimetals (WTe2, TiSe2)|37, 38| and metallic (NbSe2, 

\'Se2)|33, 39|. Additionally, their chemical stability is different. A phase change can be 

induced via alkali metal intercalation where, for example, 2H polymorphs are transitioned 

to IT by Li-ion intercalation|40). During lithium intercalation, there is an electron transfer 

from the Li to the structure of TMDs and thus the electron density of the d orbital of the 

transition metal increases. The semiconducting 2H phase is then destabilised, favouring 

the phase transition to the metallic IT phase.

The electronic and optical properties depend strongly on the number of layers of the 

TMD, especially when there are fewer than five layers|41]. In the cases of M0S2 and WS2 

the optical bandgap can be varied from 1.2 cV to 1.9 e\' and 1.3 eV" to 2.1 e\' respectively 

when going from the bulk to the monolayer|18|. The bulk crystals of these materials exist 

as indirect band gap semiconductors, whereas they become a direct band gap semiconduc­

tor when thinned down to a monolayer. For IM0S2, this is due to the quantum confinement 

and the resulting change in hybridisation between P2 orbitals on S atoms and d orbitals on 

Mo atoms|36|. This change from indirect to direct bandgap can be clearly observed by the 

photoluminescence quantum yield which increases by four orders of magnitude and in the 

absorption spectra of materials where the A-exciton can shift by up to 30 nm|36, 42, 43|. 

The band structure of both bluk and monolayer M0S2 and WS2 are shown below in Figure 

2.4.
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Figure 2.4: Band structure of both MoS-i and WS2 bulk crystal and monolayer dem.onstrating how they 
change when exfoliatedllS],

2.4.1 Size Dependence of Absorption Spectra in TMDs

Not only does the change in layer number have an effect on the optical properties, specif­

ically the absorption spectra, but the lateral dimensions of the nanosheets also play an 

important role[42, 43, 44j. These effects were shown qualitatively on nanosheets in col­

loidal systems multiple times before being quantified by Backes et al for MoS2[42]. With 

subsequent work done on WS2 and graphene|43, 45|. The length dependence is determined 

by the effect of flake edges on the local electronic structure, density of states and thus the 

local optical absorption coefficient of the nanosheets. The observed absorption spectra 

will then be the sum of edge and core contributions|42|. Thus, the po[)ulation of edge to
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centre atoms increases with decreasing nanosheet size, causing the spectral shape to be 

size dependent (as indicated in Figure 2.5). This can be seen by a changing extinction 

coefficient as well as change in relative intensity of absorption peaks.

Figure 2.5: Representation of the ratio of the absorption coefficient at the edges of a nanosheet ((^e) 
versus in the core (ac) changing as the size of the nanosheet changes.

As mentioned previously, by reducing the nanosheet thickness the band gap increases 

due to confinement effects. This happens as a result of a phenomenon where electrons 

and holes are squeezed into a dimension that approaches a critical quantum measurement, 

called the exciton Bohr radius. This causes a blueshift in the position of the A-exciton for 

2D nanosheets when the number of layers decreases. These changes will be demonstrated 

in chapter 7.
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2.5 III-VI Metal Chalcogenides (MCs)

metal chalcogenides are a family of materials that usually exist in the form MX (M 

Ga, In, X S, Se, Te) but have been observed in the forms M2X3, M3X4, M4X5, M5X6 

and MgXyldd, 46|. These stoichiometries can be dependent on the crystal symmetries, for 

example, /3, 7 and e phases for InSe and q, P, 7, 6, and k phases for In2Se3|47, 48|. Typi­

cally, taking InSe as an example; monolayer hexagonal InSe consists of planar quaternary 

layers, in which close-packed Se In In Se sheets pile up along the c-axis (Figure 2.6). The 

seperate layers are bonded together by Van der Waals interactions, with strong covalent 

bonding within each layer[49]. Studies of MCs began in the 1950s and their anisotropic 

mechanical, optical and electronic characteristics were the subject of investigation in the 

1970s, with key interest being taken on their non-linear optical properties[50, 51, 52j, pho­

tovoltaic applications(53, 54] and terahertz generation capabilitiesf55|.

van der \|)faal^£ap ' A ^ '

In

Figure 2.6: Structure of typical IIl-VI metal chalcogenide with a zoomed in image demonstrating the 
trigonal structuref56j.

Since the discovery of stable 2D crystals, research on MC nanosheets has thus far 

focussed mainly on the metal monochalcogenide (i.e., GaS, GaSe, GaTe and InSe) with 

the exception of In2Se3. In contrast to the intensely studied TMDs group, the III-\T 

semiconducting crystals of InSe, In2Se3 and GaTe are reported to hold a direct band gap in 

bulk and few-layer form, a promising feature for the development of efficient optoelectronic 

miniaturised devices.|57, 58] Many reports state that bulk and few layer GaSe and GaS
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are indirect semiconductors; however, a recent report on exfoliated GaSe on sp^ carbon 

reports GaSe to have a direct band gap with photoluminescence centred around hv ~ 2 

eV|57, 58].

Similar to TMDs, MG are used in a range of applications that have been attracting 

increasing interest recently. MG possess some of the merits of TMDs but also have some 

more advantageous properties, such as higher carrier mobility, direct band gap electronic 

structure in some compounds for all thicknesses, rare p-type electronic behaviours and 

high charge density, to name a few|59|. For example, the room-temperature electron 

mobility of InSe FETs can reach as high as 1055 cm^ s“^|59|, much larger than 

that of M0S2, WSe2, etc. Nanosheet InSe photodetectors were broad spectra responsive 

from UV-visible to near infrared. The photoresponsivity and photodetectivity of InSe 

photodetectors were 104 AW~^ and 1013 Jones respectively, much higher than 1 x 10^^ and 

7.5 X 10“^ AW“^ for graphene and M0S2 respectivelyjOO, 61|. These unique characteristics 

and high performances greatly motivate the use of 2D MC materials for practical device 

applications in electronics, optoelectronics, and optics in the future as well as in some 

electrochemical applications.

2.5.1 Gallium (II) Sulphide

A typical representative example of this family is gallium sulphide (GaS). This material 

is most commonly found as layered crystal but it also exists in a variety of structures 

such as nanobelts and nanotubes|62|. GaS is particularly attractive due to its relatively 

low cost. In its layered form it is comprised of S-Ga-Ga-S repeating units stacked along 

the c-axis in a hexagonal structure wdth a monolayer thickness of 0.75 nm and a van 

der Waal gap of 0.24 nm. GaS first started generating interest in the 1970’s due to its 

interesting optical properties|63, 64|. This was continued through the 1990’s and although 

a number of papers have studied the layered form of GaS, work on its exfoliation to 

give nanosheets is in the very early stages|65|. Exfoliation has, to this point, only been 

achieved by micromechanical cleavage, which suffers from low throughput and can only 

produce material quantities suitable for fundamental studies, and atomic layer deposition, 

which is limited by cost and the need for complicated chemical procedures[66, 67, 68].

Like with other 2D materials it is clear that the properties of exfoliated gallium sulphide
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differ from the bulk form. It is these ehanging properties that have led to increased interest 

in its use for some applicationsl66, 67, 68|. For example, exfoliated nanosheets of GaS 

have been used to fabrieate sensitive photodetectors exhibiting a photoresponsivity of 

19.2 AW“^ under light irradation of 254 nm[66, 67]. In addition, it is likely that GaS will 

be useful in applications beyond optoelectronics. Gallium sulphide produced by atomic 

layer deposition has been combined with carbon nanotubes to produce high performance 

anodes in Li ion batteries|69|. However, for such materials to be competitive in applications 

such as battery electrodes, large quantities would be needed. Applications such as this 

highlight the need to develop a scalable method to produce nanosheets of gallium sulphide 

and related materials. These issues will be addressed in chapter 4.

2.6 Layered Double Hydroxides (LDHs)

Layered double hydroxides (LDHs) are a class of ionic layered compounds that are made 

up of positively charged layers with an interlayer region containing charge compensating 

anions and solvation molecules|70|. They exist in the form

[M^+JI^+{0H)2]^+{AT]"~»H20 (M2+ Mg, Ni, Co etc; Ga, Fe, A1 etc) where

the metal cations occupy the centres of edge sharing octahedra, whose vertexes contain 

hydroxide ions forming a 2D sheet|7()|. These sheets then stack on top of each other to 

create 3D crystals (Figure 2.7). There are also cases where x 0 giving more simplified 

compounds of AH+(()H)2|71|. The chemistry of LDHs is now a large topic of research with 

applications such as fire retardant additives|72|, catalysts in gas evolution reactions|73|, 

supercapicitors|74| and as precursors for preparing CO2 adsorbents|75|.
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Figure 2.7; Schematic representation of the LDH strncture[76j.

As well as the previously rrieiitioiied applications, there are a wide variety of others 

that have been successfully researched for LDHs across many disciplines such as catalyst 

precursors, anion exchangers, bioactive nanocornposites and electroactive and photoactive 

rnaterials|70|. A limitation to these applications is due to the inaccessibility to the inner 

surfaces of the host layers[77]. A solution to this problem is through exfoliating the 

individual layers of the materials producing nanosheets|71, 78, 79|. To this point LDH 

nanosheets have be^en produced through both bottom up and top down methods[71, 78, 

79]. The bottom up method mainly consists of using synthesis to make the material. 

Here, an aqueous co-precipitation system is introduced into an oil phase with dodecyl 

sulphate (DDS) as surfactant and 1-butanol as co-surfactant. The reverse micelles act 

as nanoreactors, in which LDH single layers can be formed due to limited space and 

reacents|80].

Top down methods are much more frequently used with ’top-down’ synthesis being 

the most common, despite this being difficult due to the charge density of LDHs being
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significant ly higher than that of other layered materials. This method requires modification 

of the LDH inter-layer environment and then selection of an appropriate solvent system, for 

example, ion-exchange intercalation of the LDH with anionic surfactant such as DDS|81|. 

Both these methods give largely monolayer nanosheets in reasonable quantities but suffer 

from the disadvantage that all involve multistep chemical processes and arc quite time 

consuming. These issues will be addressed in chapter 5.

2.6.1 Nickel Hydroxide

Nickel hydroxide (Ni(OH)2) is an example of a LDH where x 0 in the chemical formula 

in section 2.6 and thus exists in the form of M(()H)2[82|. Ni(OH)2 has been a very well 

researched material that has origins in the 1950s and 60s|83, 84|. Originally there was an 

interest in the water/hydroxyl/oxyhydroxy content of thin/bulk nickel oxide films, leading 

to concepts such as bound water, water of composition, structural water and adsorbed 

water, and their importance for corrosion and battery perforniance(85|. This has been 

continued into modern day with more interest on 2D Ni(OH)2 as opposed to its bulk 

form|86|.

There are two main polymorphs of Ni(()H)2, a and where the j3 phase is isostructural 

with brucite, i.e. Mg(OH)2 and occurs naturally as the mineral theophrastite. a- Ni(OH)2 

consists of layers of the beta form orientated parallel to the crystallographic ab-plane, i.e. 

the layers are not parallel, intercalated by water molecules. Both of these forms are layered 

and thus, in theory, can be exfoliated to produce one layer thick nanoshcets|87, 88|.

Similar to other LDHs, Ni(OH)2 has been mainly exfoliated using chemical synthesis 

methods and through ion exchange|77, 89|. A drawback of this is that it only works for 

the alpha phase as it requires intercalated ions within the layers or specially synthesised 

powders|82]. This occurs as the material requires intercalated anions in its interlayer 

space. The intercalated anions can be ion-exchanged with other anions of larger size 

which weaken the attraction between layers. This leads to exfoliation within a polar 

solvent where the solvent replaces the interlayer water molecules and weakens the strong 

hydrogen-bonding network, thus inducing the exfoliation. However, for ^-Ni(()H)2 other 

methods are required as there is no interlayer ion that can be exchanged|90|.



2.6.2 Applications of LDHs

As mentioned previously, research into the applications of LDHs nanosheets is a vibrant 

area of research. In 2007 Wang et al. fabricated the first thin film supercapacitor elec­

trode from LDH nanoshcets consisting of Co-Al hydroxide which had been exfoliated in 

formamide|91|. This led to a high specific capacitance of up to 2000 F/cm^ (667 F/g), 

a good electrochemical stability, and a high-rate capability|91]. This impressive electro­

chemical behaviour was attributed to the special microstructure of the thin-film electrode 

and a more comprehensive investigation proved that the partial isomorphous substitution 

of Co^''" by AH+ is the key factor in the electrochemical behaviour. This implies the need 

for two different metal ions but this application has also shown to be effective for single 

metal LDHs such as Ni(OH)2 with specific capacitances of 1715 F/g|92|. As well as this, 

LDHs have been used in composite electrodes with carbon based materials to improve 

performancel93, 94, 95|. Carbon materials have high power densities and long life cycles 

but the small double layer capacitance limits its application|93|. LDHs have relatively 

higher capacitance and fast redox kinetics while the relatively low mechanical stability 

and cycle life are the major limitations|93|.

LDHs have also shown excellent performance as catalysts for the oxygen evolution re­

action. Currently, the state of the art materials are Ir02 and Ru02 but are limited by high 

cost|96, 97|. Monolayer nanosheets prepared from NiFe and NiCo LDHs have been shown 

to exhibit similarly high catalytic activity(73|. By exfoliating the nanosheets it is also 

possible to access the edge-sharing MOe octahedral layers, the putative active surface in 

metal oxides and hydroxides, detached from the bulk materials|70|. Unlike with electrodes 

for supercapacitors, where the enhancement of activity is due to an electrochemical surface 

area, improvement in oxygen evolution reaction (OER) activity from bulk to nanosheet 

is believed to be due to an increase in the number of edge sites and to higher electronic 

conductivity[73|.

As the starting material for the synthesis of LDHs is cheap and readily availbale LPE 

is a very applicalble exfoliatoin technique for this families use in applications, especially 

for single valence layered hydroxides such as Ni(OH)2 or Co(OH)2 where no synthesis is 

required.
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2.7 Exfoliation of Layered Materials

The production of two dimensional nanosheets is the key component of 2D nanotech 

research|98|. This can be achieved through both ’bottom up’ methods such as chemical 

vapour deposition and atomic layer deposition or ’top down’ such as mechanical exfoliation 

and ion intercalation! 14, 21, 33, 99, 100, lOlj. The ability to be able to control the lateral 

size and thickness, the material shape, the morphology and the quantity whilst keeping 

the production costs cheap has been a major part of research in the field. However, no 

one technique has been able to combine all these points with specific approachs chosen 

based on the application being tested. For example, for detailed intrinsic characteristics 

of a material, material quality is of the utmost importance and so low yield methods such 

as mechanical exfoliation are used|14|. For circuitry or logic applications required for pro­

cessing information, precise growth techniques such as epitaxy or CVD are viable options, 

but for applications where material quality constraints are relaxed but large quantities 

and low cost are important, liquid methods are more popular such as chemical exfoliation, 

ion intercalation and LPE.

2.7.1 Mechanical Exfoliation

Mechanical exfoliation of 2D materials was first used by Frindt in 1963 on M0S2, but most 

famously used by Geim and Novosolov in 2004 to exfoliate graphene from graphite|14, 102|. 

This is a simple method where a piece of scotch tape is adhered onto the surface of the 

graphite powder. A schematic of this is shown in Figure 2.8. It is then pulled away, remov­

ing graphene as the adhesive force of the tape is enough to overcome the Van der Waals 

bonds between the layers. These graphene layers can then be transferred onto a substrate 

such as ITO or Si/Si02. In 2005 this method was extended to M0S2 and NbSe2|33|. The 

nanosheets produced by this method are usually of very high quality, creating monolayers 

with lateral dimensions of 10s of microns. However the drawback of this exfoliation tech­

nique is that it is very slow and tedious with no scope for scale up, thus leading to a very 

poor yield.
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Figure 2.8; Graphic demonstrating the mechanical exfoliation process.

2.7.2 Chemical Vapour Deposition

2D materials, such as graphene and TMDs, are commonly produced by chemical vapour 

deposition (CVD)[99, 100]. Typically, the wafer (substrate) is exposed to one or more 

volatile jtrecursors snch as selenium vapour, which react and/or decompose on the sub­

strate surface to produce the desired deposit. To produce graphene using CVD, a metal 

substrate (typically copper) is heated to an elevated temperature (~ 1000 ^^C), to increase 

the metal domain size. A carbon based gas (methane) is then passed over the substrate, 

where it subsequently decomposes due to the elevated temperature and deposits carbon 

atoms on the surface of the substrate. This method produces high quality graphene that 

is low in defects, while it is also possible to control the dimensions of the nanosheet[103]. 

Subsequently it has also been shown that TMDs can be produced using very similar meth­

ods; however, the process is slightly different, where a vapour-phase reaction occurs, using 

oxide precursors] 104]. This process typically involves heating a precursor metal oxide 

(M0O3 or WO3) to obtain the required atomic metal followed by treatment using the 

desired gaseotis chalcogen species e.g. S or Se (Figure 2.9)]105, 106].
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Figure 2.9: Graphic demonstrating nanomaterial growth through, chemical vapour deposition! 106j.

2.7.3 Ion Intercalation

Ion intercalation is a method that has been used to delaminate nanosheets since the 

1970s|107|. It works on the principle that layered materials can strongly adsorb guest 

molecules into the spacing between layers, creating what are called inclusion complexes. 

This method has been used on many of the layered materials such as graphite, TMDs and 

TMOs(104, 108, 109, 110, 111, 112]. The intercalation process weakens the bonding be­

tween planes by increasing the distance between them, thus reducing the energy required 

to separate the sheets, which is achieved through thermal shock or ultrasonication|77]. A 

schematic of this is shown in Figure 2.10. This can create large monolayers but there are 

limitations resulting from adsorbed ions that are sensitive to ambient conditions as well 

as difficulties in removing the ions from the nanosheets. This method is similar to ion 

exchange where ions that already exist between the layers of a crystal are exchanged with 

l)ulkier ions, thus weakening the interlayer bonds.
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Figure 2.10: Graphic demonstrating exfoliation of nanosheets through ion interc.alation and ion 
exchangefllSj.

2.8 Liquid Phase Exfoliation (LPE)

The methods mentioned above all have advantages and disadvantages with most centred 

around low throughput, difficulty of process and remaining contaminants. A relatively new 

method that addresses these issues, called liquid phase exfoliation, has been developed to 

exfoliate uncharged layered crystals into nanosheets(16|. LPE was first demonstrated in 

2008 by Coleman et al when they exfoliated graphene from graphite through ultrasonica- 

tion. The graphene nanosheets were then prevented from reaggregation through solvent- 

nanosheet thermodynamics (section 2.9) using NMP as a solvent] 1G|. Since this time, the 

methodology has drastically progressed and extended to several layered families such as 

hBN|114|, TMDs|20, 115], TMOsjlS] and black phosphorus|22|. Despite this there is still
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a lot of advancements that can be made, such as extending the families exfoliated as well 

as improving its throughput.

In a perfect scenario a layered crystal is chosen and submerged in a suitably picked sol­

vent and energy is added to the system, either in the form of ultrasonication or shear forces. 

If the energy is enough to overcome the Van der Waals bonds’ cohesive force between the 

layers within the crystal, separation of individual layers will occur. After sufficient energy 

and time has been added to the system, a selection of mono- and multi-layer nanosheets 

ranging from two to twenty layers are stably dispersed in the solvent. However, solvents 

are not the only method of stabilisation, surfactant and polymer agents have also been 

shown to stabilise against reaggregation but for these methods the stabilisation mecha­

nism is different. A schemeatic demonstrating this is shown in Figure 2.11. Unfortunately 

there is more to achieving a successful dispersion, it requires a careful selection of solvent 

or surfactant depending on the Hildebrand solubility parameter of the material, which is 

a measure of the degree of interaction between solute and solvent[13, 20, 44]. Also, to 

achieve the ideal throughput it is important to optimise the exfoliation parameters such 

as starting powder concentration and sonication tinujjlS, 44|.

Figure 2.11; Graphic demonstrating exfoliation of nanosheets through liquid phase exfoliation illustrat­
ing the effects of a good and bad solvent.
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It should be noted that despite ultrasonication assisted LPE providing a relatively high 

throughput it is still unsuitable for industrial applications as increasing the volume of the 

dispersions decreases the exfoliation yield, this is due to the energy density decreasing. A 

solution to this was provided by Patou et al. in 2014 where shear mixing was used instead 

of ultrasonication|116|. Here a shear mixer induces high-shear laminar flow or localised 

turbulence causing the Van der VVaals bonds to be broken which leads to delamination 

of the nanosheets (Figure 2.12). This method demonstrated that the production rate of 

nanosheets using shear exfoliation scales with respect to volume as ~ for solvents and 

for surfactants.

Figure 2.12: Graphic demonstrating exfoliation of nano sheets through shear exfoliation.

Interestingly, this work also showed that all that is needed for exfoliation is a minimum 

shear rate. Thus, any device that can provide this shear rate can exfoliate a layered 

material. This was demonstrated by using a kitchen blender[117].
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One of the main advantages of LPE is that the production of nanosheets occurs in 

licjuid. This is ideal for further processing such as film formation, spraying and ink-jet 

deposition to create supercapacitor electrodes and thin-films|12, 118|. This also makes 

them easily analysable using liquid based characterisation methods, where dimensional 

based metrics can be determined such as with M0S2 using UV-vis spectroscopy[42|.

2.9 Dispersion Theory

Dispersion theory is a key component of liquid phase exfoliation as it describes the physics 

and chemistry of the stabilisation process. Within this, two of the key methodologies of 

exfoliation are considered. Solvent exfoliation, pioneered by the initial work of Coleman et 

al, as well as electrostatic stabilising mechanisms, or surfactant exfoliation. The methods 

of exfoliation between the two are similar; however, the stabilisation mechanism preventing 

reaggregation is different. This thesis implements both methodologies to produce stable 

dispersions of nanosheets in solution.

2.9.1 Solvent Stabilisation

Solubility parameters are based upon a thermodynamic model which accounts for molec­

ular interactions through vapourisation energy. The theory was initially developed by- 

Hildebrand and then improved upon by Hansen, to capture the chemistry of mixing us­

ing a solubility parameter. It has been shown that by matching Hildebrand solubility- 

parameters of a solvent and solute it is possible to stabilise a colloidal dispersion of 

nanomaterials|13, 20, 44|. This can be applied to LPE where it has been shown that 

different solvents can stabilise nanosheets with differing success. In the case of a nano­

material having a vastly diflerent Hildebrand solubility parameter to the solvent that it is 

dispersed in the nanomaterial will rapidly reaggregate causing sedimentation. Conversely 

if the parameters are the same or very close the nanosheets will be suspended and become 

a stable dispersion. The interaction is best understood via the Gibbs free energy, AGi^ux, 

which is the difference in the given free energy between a mixture of two components and 

the two components in their unmixed form and can be written as|119|:
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— ^Hmjx — i AS’MIX ^MIX (2.1)

Where AHa//x is the enthalpy of mixing, ASa//x is the entropy of mixing and T is the 

temperature. For favourable mixing, Eq. 1 needs to be negative, thus ASaijx needs to be 

large or AHa//x needs to be small. For mixtures containing small molecules the entropy 

contribution can be very large but as a result of the nanosheets being big and rigid the 

entropy will be low and therefore it is necessary to minimise AHa//x- To achieve this, it 

is first necessary to be aware of what it is comprised of|120, 121|:

A//a//x ^ xv?(l - ip)kT

^mix ^0
(2.2)

Where cp is the solute volume fraction, is the volume of one molecule and x i® the 

Flory-Higgins parameter and is defined as|6, r22|:

X =
2; (2e,4B — e.4.4 — Ebb)

(2.3)
2 kT

W’here z is the coordination number of both solvent and solute and e represents the strength 

of the inter-molecule pairwise interaction energy. The subscripts A and B represent the 

solute and solvent respectively. X ^ important parameter and provides a method for 

controlling the dissolution of the nanosheets. From equation 2.2 and equation 2.3 it can 

be seen that as well as solvent-solute interactions, both solute-solute and solvent-solvent 

interactions must be accounted for also. Also, it can be seen that if x < b, solute - solvent 

interactions are dominant, while if x > b, the solute molecules (nanosheets) are attracted 

to each other. Thus, the smaller x is, the stronger the attractive interaction between the 

solute and solvent, leading to a smaller AH„„x and more favourable mixing.

Intermolecular pairwise interactions are a difficult parameter to work with and thus it 

is more common work to with the cohesive energy, where AEc can be defined as;

{AEc)a =
-zeaa!^ (2.4)

The Hildebrand solubility parameter (h) can be linked to this equation when it is taken 

into account that (5 = ^J{AEc)lV■ Using this definition of the Hildebrand solubility
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parameter and subbing equation 2.4 into equation 2.3, equation 2.3 becomes:

(2.5)

Despite this being quite a nice result it doesn’t show the whole picture as it only takes 

dispersive contributions into account. In reality there are also contributions from polar and 

hydrogen bonding interactions. Nevertheless, it is clear that matching of the solvent and 

ranosheet solubility parameter minimises the enthalpy of mixing. Applying this theory to 

CNTs or 2D nanosheets has shown good initial results but has mostly been empirical. In 

2012, Hughes et. al derived an equation to describe the enthalpy of mixing for a graphene 

r.anosheet|121, 123j. This derivation was modelled by accounting for the energy required 

to separate all individual nanomaterial layers and solvent molecules and combining this 

with the above theory. This resulted in an equation to describe the energy cost per unit 

volume of mixing|123|.

AHMIX
■(y.\/ 'f' '' 7iaTU)sheet

^mix flake
'^solvcTit^ ^ (2.6)

Where Tjiakc iy the thickness of the nanosheet and 7 = y/E^. is the square root of the 

surface energy, or the energy required to form a unit area of surface at the interface, of a 

given phase ’a’ and (p = Therefore, equations 2.5 and 2.6 show that solvents

having a surface energy or Hildebrand solubility parameter similar to a given nanomaterial 

will have a high probability of solubility. Typical solvents previously studied have been 

amide based, such as NMP and CHP, which have surface energies of 41 mJ m.-2|i24| 

As previously mentioned, equation 2.5 doesn’t take into account the polar or hydrogen 

bonding contributions. The sum of the squares of these three contributions are equal to 

the square of the total Hildebrand solubility parameter {5t) and individually are known 

as Hansen solubility parameters, named after Charles Hansen who originally noted the 

limitations in Hildebrand’s method|125|. Such that:

5r — Sp + Sp (2.7)

\Miere Sd, 8p, 6n are the dispersive, polar, and hydrogen bonding solubility parameters
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respectively. Subbing this into equation 2.5:

X — — ^D.bY + {^P,A — ^P,b)^ + i^H.A “ ^H.b)'^] (2.8)

This equation now gives a way to quantify the stability of the nanosheets versus different 

solvents. Where by matching different Hansen solubility parameters will minimise (h.4 — 

5b)‘^ and ultimately minimise the enthalpy of mixing resulting in a stable dispersion. 

With the knowledge behind this stabilisation method, other materials such as TMDs and 

TMOs have been exfoliated using liquid phase exfoliation|20, 13]. There is still a range 

of materials that can be exfoliated such as III-VT metal chalcogenides. This approach is 

used in chapter 4 to provide a solvent screening process for a layered material.

2.9.2 Surfactant Stabilisation

The second exfoliation method used in this thesis is through surfactant stabilisation. A 

surfactant is a long chain molecule that contains an amphipathic structure where there is 

a polar head group and a non-polar tail group. As surfactant exfoliation is performed in 

water it could also be characterised as having a hydrophilic head group and hydrophobic 

tail group, as shown in Figure 2.13. Thus, in liquid phase exfoliation, the head group is 

attracted to the non-polar material, in this case the nanosheet, and the tail group orien­

tates itself with the polar phasejllS, 126|.
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Figure 2.13: Reconstruction of a standard surfactant chain with hydrophobic tail group and hydrophilic 
head group.

When surfactants are dissolved in water the non-polar tail group disrupts the struc­

ture of the liquid, increasing the free energ\' of the system. The system then responds 

in order to minimise contact between the hydrophobic tail and the water by breaking 

down the hydrogen bonds between the water molecules. As a result of this, some of the 

surfactant molecules accumulate at the interface of the system causing a single layer of 

surfactant molecules along the surface of the water|126]. Due to the hydrophilic group the 

surfactants won’t be completely expelled from the liquid. As the surfactant concentration 

increases the molecules that haven’t been expelled to the surface, to reduce the energy 

in the solution, accumulate together by orienting the head gronps into the centre of a 

surfactant sphere surrounded by tail groups. When these aggregates are fully formed they 

are known as micelles and occur at the critical micelle concentration of a surfactant (CMC).
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Figure 2.14: Demonstration of the orientation of surfactant molecules in water in the examples of 
Csurf < CcMC where the molecule orientate themselves to the surface with some excess surfactant in 
the liquid, C^urf = Ccmc where the molecules orientate themselves to the surface with excess surfactant 
molecules creating micelles and Csurf > Ccmc where the situation is the same as Csurf = Ccmc bwt 
there are also excess molecules.

However, when the concentration of the surfactant is increased beyond the CMC there are 

charge screening effects and depletion interations between the molecules, thus making the 

CMC the ideal concentration[127|. This is shown in Figure 2.14. The surfactant concen­

tration at which the CMC occurs changes for all surfactants as well as being dependent 

on properties such as temperature and pH|126|.

Surfactants are verj' commonly used to stabilise nanosheets against reaggregation. The 

tail bonds to the nanosheet as it is more attracted to the material than it is to the liquid. 

.4s most surfactants used in LPE are ionic such as sodium cholate (SC) or sodium dodecyl 

benzenesulfonate (SDBS) this creates a charge on the nanosheet. This charge is balanced 

by a counter ion of the tail group which is pushed away by Brownian motion but stopped 

from completely separating by the electrostatic attraction, thus creating a charge around 

the nanosheet. If this charge is large enough it will successfully repel the nanosheets from 

each other and prevent reaggregation. This charge distribution around the nanosheet 

produces a potential difference; the electrical double layer (EDL)[126|.

The physics of the double layer was studied by Derjaguin and Landau and indepen-
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dently by Verwey and Overbeek and is known as DLVO theory. They theorised that 

for dispersed spherical particles, assuming a balance between repulsive and attractive po­

tential energies, that the attractive force is due to Van der Waals interactions and the 

repulsive force is due to the EDL. Thus, to disperse the particles the repulsive force must 

be greater than the attractive force|128|. The total potential energy of attraction, V is 

the sum of the the potential energy of attraction, V^ and repulsion, V/?

V = + Vr

in a vacuum for two spheres, radius r, at a distance D apart can be given as

(2.9)

Vb = -
.4r
1^ (2.10)

Where A is the Hamaker constant.

Vff depends on the size and shape of the dispersed particles, the distance between them, 

the Zeta potential, C, the dielectric constant of the dispersing liquid, e,., and the effecitve 

thickness of the electrical double layer known as the Debye screening length, k~^ where|128|

K =
trCokT 1 1/2

(2.11)
2e^nQ

and iio is the number of surfactant molecules per volume. For two small particles of radius 

r when Kr << 1

V'b = -^-e

Substituting equation 2.9 and 2.11 into this equation gives

(2.12)

Ar
(2.13)

D 12D

Therefore, for a stable dispersion the zeta potential must be high in order to prevent 

reaggregation. Typically values of —30m.V < C > 30m V are necessary to prevent reaggre­

gation. The sign just indicates whether the surfactant is anionic or cationic.
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Figure 2.15: A plot, of total potential energy (both attractive and repulsive forces) vs separation.

When V is plotted against the separation D, as ean be seen in Figure 2.15, there is a 

deep potential well for small values of D that decreases in energy for decreasing values of 

zeta potential. If the particles overcome this barrier the attractive force dominates and the 

particles bond together. For ( < 30mV the potential well disappears thus making it far 

easier for reaggregation to occur due to steric hindrance where the surfactant molecules 

become too close together. Although this model is only for spherical particles and not 

planar objects, whose repulsive term will change depending on orientation, it still gives a 

general idea on the physics behind the process. This theory is used in chapter 5 and 6 to 

exfoliate lavered double hvdroxides as well as for three hmeonventionar materials.
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Chapter 3

Materials & Methods

3.1 Introduction

Discussed in this chapter is the sourcing of the materials used in this thesis, as well as the 

methods used to exfoliate and characterise them. The work throughout is mainly on the 

production of 2D nanosheets, which is achieved by exfoliating layered crystals in a liquid 

using sonic energy or shear forces. The resultant nanosheets are then stabilised by an 

appropriate solvent or by surfactant. The solution is highly polydisperse, with nanosheets 

ranging from less than 50 nm to greater than 1 /xm. These nanosheets can either be size 

selected using a controlled centrifugation regime or the non-exfoliated materials can be 

removed using a simple centrifugation process to produce a ’standard’ dispersion. The 

resulting dispersions are then decanted and characterised using a variety of methods, the 

fastest and most used is absorption spectroscopy that can be used to determine con­

centration, thickness, and lateral length. Microscopic techniques can also be used such 

as transmission electron micrsocopy or scanning electron microscopy for statistical and 

qualitative analysis.

3.2 Materials

number of materials were used for this project and were mostly purchased from Sigma 

.\ldrich. Initially, they were bought at the highest available purity but for the latter part 

of the thesis a washing method was developed that obviated the need for very high quality
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powder. All surfactants and solvents were purchased from Sigma Aldrich.

3.3 Production of 2D Nanosheets

2D materials have been shown to exhibit vastly superior properties to their bulk coun­

terparts |129|. For example, graphene has incredible physical characteristics such as high 

strength and electrical conductivity but graphite, which is comprised of stacked layers 

of graphene, only has moderate physical characterisitics[2, 14, 130, 131, 132|. Thus, it 

is necessary to exfoliate layered materials into nanosheets by breaking the weak, out 

of plane van der Waals bonds. In this work, ultrasonication in an aqueous medium is 

used to accomplish this but it can also be achieved through other methods such as mi­

cromechanical exfoliation|14, 102|. During sonication, the sonic energ}’ is transmitted 

through the liquid by ultrasound waves, which as they cross the medium will cause the 

molecules in the liquid to oscillate about their mean position. When the negative pres­

sure caused by an ultrasonic wave crossing a liquid is large enough, the distance between 

the molecules of the liquid exceeds the maximum molecular distance required to hold the 

liquid intact, causing voids or cavitations to be formed (i.e. bubbles). These bubbles 

expand through a few acoustic cycles before violently collapsing on compression, causing 

a high energy cavitation field, as demonstrated in Figure 3.1. Any material in the area 

of this field will be subject to high shear forces which will exfoliate the material, produc­

ing nanosheets. These nanosheets or nanotubes are then stabilised against reaggregation 

via electrostatic or energetically favourable solution interactions (as mentioned in section 

2.7)|6, 15, 16, 19, 104, 121, 125, 130, 131, 133, 134, 135|.

This method has been shown to work on a range of materials both ID and 2D|5, 6, 

13, 16, 20, 22, 44, 90, 115, 136, 137|. In practice, this method is achieved by mixing the 

powder in an appropriate solvent or surfactant and then sonicating for a fixed length of 

time using an ultrasonic tip or bath. Centrifugation is then used to remove the unexfo­

liated nanosheets which sediment much faster. The supernatant, which is usually a deep 

colour, is then decanted and kept for further analysis.
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Figure 3.1: Representation of the cavitation bubbles increasing before implosion.

Although both bath and tip sonication can be used, tip sonication is a far more effective 

method as it operates at 750 W versus 25 W - 100 W, thus it will take less time to achieve 

the same degree of exfoliation. Also, the power output for a bath varies with position due 

to localised hot spots, thus making the position of the sample in the bath a large impact 

on reproducibility. In this thesis this impact is reduced by applying a rotor system that 

rotates a number of samples around a given axial point thus ensuring that all samples 

achieve the same degree of exfoliation.

3.3.1 Centrifugation Regime

After sonication, the exfoliated nanosheets are comprised of a range of lateral sizes and 

thicknesses. As well as this, the dispersion is quite polydispersed as all the material won’t 

have been exfoliated. These particles will sediment at different rates due to different 

buoyoncy, drag and gravitational forces acting on them|138l. This is goverened by the 

equation

1 sed —

dLr]
2r2 (p„,, - p,,) g (3.1)
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Where, is the time it takes for the particle to sediment, L is the length of the vial, 

r] is the viscosity of the fluid, r is the radius of the particle and p is the density of the 

solvent or the particle (nanosheet). The time for the particle to sediment to the bottom 

of the vial is determined by the density of the particle and the viscosity of the solvent. It 

is important to note here that that this theory is derived for sphereical particles but can 

still be used to separated 2D nanosheets by mass.

There are three distinct phases of nanosheets, consisting of unexfoliated material, par­

tially exfoliated material which consists of large, thick nanosheets, and well exfoliated thin 

nanosheets which won’t sediment. These species will sediment at different rates with the 

unexfoliated material sedimenting quickly, the exfoliated material not sedimenting at all, 

and the partially exfoliated material sedimenting slowly due to their large mass. These 

sedimentation rates can be controlled by being aware of the time constants that govern 

the process and can be modelled as:

.“4 — ■‘^stable T ^^quasi—stable^ T ^^unstable^ (3.2)

Where ri is the time constant belonging to the quasi stable material and will be quite long 

and T2 is the time constant belonging to the unstable material and will be very short. The 

stable material doesn’t have a time constant as it is prevented from sedimentation through 

buoyancy and solvent or surfactant interaction depending on the type of dispersion. Thus, 

to only remove unexfoliated material it is only necessary to wait a short time but to obtain 

a dispersion with well exfoliated nanosheets it requires a much longer time|13|.

Allowing the nanosheets within a dispersion to sediment is a slow process and doesn’t 

allow a lot of control. Centrifugation is a method that overcomes both of these issues. 

Centrifugation involves rotating a liquid sample about a fixed axis, with the centripetal 

force being applied perpendicular to the axis. It is possible to model equation 3.2 to 

centrifugation by undertaking a series of different centrifugation steps at varying speed 

(RPM) and time and subsequently measure the dispersed nanosheet concentration|139|. 

This methodology is used in chapter 4 to obtain a stable dispersion of gallium sulphide.

As RPM is a relative measure to individual centrifuges and is dependent on the rotor 

size it is useful to convert it to relative centrifugal force (RCF) as it can be used across 

rotors of differing radii. During centrifugation a centripetal force is applied where the
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acceleration due to this force is measured in multiples of g, giving a dimensionless quality

RCF =
2oj r

(3.3)

or more simply

f RPM\
V 1000 ) (3.4)RCF = 1.118 X /?x 

Where R is the radius of the rotor and is in mm.

3.4 UV-vis Spectroscopy

3.4.1 Extinction Spectroscopy

Light interacts with matter in a multitude of ways and is one of the fundamental processes 

in physics. Of interest in this work is the interaction of light with suspended nanosheets 

in solution, and most notably the absorption and scattering of light. Both scattering and 

absorption remove energy from a beam of light traversing through a medium|140|. This 

attenuation is known as extinction. When a light beam is passed through a sample, the 

intensity of the beam will be decreased due to absorption or scattering effects|141|. This 

is the basis of UV-vis spectroscopy where a cuvette containing a dispersion is placed into a 

holder within the spectrometer and is exposed to light of different wavelengths. This can 

cause two phenomena within the sample, photon absorption, which occurs at different en­

ergies by exciting an electronic transition within the material or light scattering|14(), 142|. 

The light that passes through the sample is then collected and the difference in irradiance 

is detected and measured as an increase in absorption.
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Light Source UV

Figure 3.2: A schematic, of a standard UV-vis spectrometer.

A schematic of a typical UV-vis spectrophotometer is shown above in Figure 3.2. The 

physics behind the operation of this device is best described by the Beer-Lambert Law(143j, 

where, if the intensity of the light i)assing through a medium is reduced by dl on i)assing 

through a sample length dl (Figure 3.3):

dl = -pICdl (3.5)

Where p is a constant and is dependent on the material and C is the concentration of the 

sample. Integrating over the length of the sample

Cdl (3.6)

ln[j]= -pCl

This can be simplified further by defining p = eZn (10) and rewriting in logio

logio 1 I
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Where e is the extinction coefficient of the material. This can be converted to absorbance 
using A = -logio(T) = Ioqiq j giving the more useful Beer-Lambert equation

A = eCL

'This is a very iisefnl equation as it can be used to determine the concentration of a dis­

persion when the extinction coefficient is known.

c, a
’o

Figure 3.3: Schematic representation of the Beer-Lambert law process where the intensity of the light 
decreases v)ith increasing cuvette path-length.

Extinction spectroscopy is a very useful tool as it can be applied to many different cases. 

As mentioned previously it can be used to determine the concentration of a dispersion but 

can also be nsed to develop metrics to determine the size of the nanosheets[42, 43]. These 

methods are used in all results chapters of this thesis.

3.4.2 Absorption Spectroscopy

.4s mentioned previously extinction spectroscopy acconnts for both absorption of photons 

by the material as well as the photons that have been scattered. In most instances this isn’t
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an issue as a lot of UV-vis spectroscopy is performed on molecules in liquid samples that 

don’t scatter incident light. As a result, the terms extinction and absorption spec:troscopy 

can be used interchangeably but for the case of colloidal dispersions such as nanosheets 

suspended in solution it is important to differentiate between the two. This is achieved 

by using a simple equation

e(A) = Q;(A) + cr(A) (3.7)

Where e(A) is extinction, q(A) is absorption and cr(A) is scattering. This is an important 

distinction as depending on particle size, the spectra for any given nanomaterial can change 

drastically, especially for materials such as BN that don’t absorb any light between 300 

nm and 800 nm but has a very bright white colour due to the photons being scattered[144].

Figure 3.4: Plot of extinction, absorption, scattering spectra for gallium sulphide showing the effect that 
scattering has on the extinction spectra.

As can be seen in Figure 3.4 there is a noticeable difference between extinction and
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absorption, where the peak due to the B excitoii is visable in both but the A exciton has 

i)een completely superimposed by scattering in the extinction spectrum as w'ell as there 

being no absorption between 450 nm and 800 nm. In order to overcome this issue and 

remove the scattering contribution from the extinction spectra it is necessary to use an 

integrating sphere attachment wdth a L V-vis spectrophotometer. The sphere itself is ap­

proximately 150 mm in diameter and the internal walls are covered with a diffuse white 

reflective coating. The coating acts as a way to insure that there is a maximum internal 

reflectance of the beam. A schematic is shown below in Figure 3.5

Figure 3.5: Schematic representation of an integrating sphere with cuvette in centre where the scattered 
light is reflected within the sphere and is detected as transmitted light.

The beam enters through the front port wTere it directly interacts with the sample. 

Here, the beam is split into absorbance from the material, scattering and the transmission 

of the beam (lower intensity). The advantage of the integrating sphere over a standard 

L'\'-vis spectrophotometer is that the UV-vis only measures a change in intensity of the 

beam, thus all scattered light is measured as absorbance as it is lost after leaving the 

sample. In the case of an integrating sphere the scattered light is reflected by the coating 

on the inside of the sphere. The reflectance causes the intensity level to reach a steady state
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(A diffusing baffle is used to stop direct light entering the detector before this happens) 

Therefore, reflectance is uniform inside the sphere. The intensity levels are captured in 

the sphere radiant flux (L). This equation is essentially separated into two quantities; the 

hrst part is approximately equal to the flux of the radiance on a diffuse surface. The 

second part of the equation is a unit less quantity. This quantity is known as the sphere 

multiplier and accounts for the multiple scattering events inside the sphere] 145|.

L =
$

(3.8'
nAj Vl -P(l - /).

Where (L), is dehned in terms of the radiant flux the reflectance (p), the surface area 

of the sphere (A*) and the port fraction (f), which is a term introduced to calculate the area 

of the ports which light can escape. The sphere multiplier (second term) is an important 

quantity as it accounts for the specific geometry of the sphere in use. Accounting for this 

geometry setup, the sphere is able to obtain the real absorbance value unlike a normal 

spectrometer.

By using the integrating sphere it is possible to measure pure absorption as shown in 

Figure 3.4. This can be used for more exotic excitonic measurements and can be used for 

metric based measurements, as well as this it can be used as a more accurate measure of 

concentration as the extinction coefficient is very size dependent for certain materials such 

as the lavered double hvdroxides and can make exact measurements trickv.

3.4.3 Scattering Spectroscopy

The third variable of equation 3.7 is the scattering component. Up to this point, ex­

tinction, and to a lesser degree absorption spectroscopy, have been used successfully to 

characterise 2D nanosheets in solution. The third component, scattering is a far less well 

knowm characteristic for 2D nanosheets and can give a lot of important information about 

the nanosheets|42|. In LPE samples there are two distinctive scattering effects that ctn 

occur, Rayleigh scattering and Mie scattering|42, 44|. Rayleigh scattering is the elastic 

scattering of light particles much smaller than the wavelength of the incident light (<1/10 

wavelength) and scatters light equally in all directions. It was first described by Loid 

R.ayleigh in 1881 and can be given as
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27r — 1
CTx = (3.9)3 V ^2 + 2,

Where a., is the Rayleigh scattering cross section, d is the diameter of the spherical particle, 

n is the refractive index of the material and A is the wavelength of the light. It is clear 

that for (Ts to be high X must be low i.e. short wavelengths scatter more light than long 

wavelengths. A real life example of this is the colour of our sky, where the small particles 

in the atmosphere scatter more blue light (A~350 nrn) which are detected by our eyes 

than red light (A~650 nm).

Mie scattering is dominant for larger particles where the size of the particle is approx­

imately that of or greater than the wavelength of the incident lights. Unlike Rayleigh 

scattering, Mie scattering isn’t largely particle size dependent with the exception that 

larger particles will scatter more light in the forward direction, as shown in Figure 3.6.

Propagation of Light

Rayleigh Scatterlr>g

Mie Scattering Mie Scattering, 
larger particles

Figure 3.6: Scattering effects of particles as dictated by Mie and Rayleigh theory.

In LPE samples there is a contribution from both Rayleigh and Mie scattering depending 

upon the spectral position and the size of the nanosheets. This can be easily seen in the
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scattering spectra of medium sized nanoshcets, 200 nm - 600 nm, for most materials where 

the scattering exponent, which is expected to be 4 for Rayleigh scattering, is between 1-4. 

This range of values make it possible to determine lateral metrics for the nanosheets.

3.5 Raman Spectroscopy

Raman spectroscopy was first developed by Venkata C. Raman in 1928, the physics of 

which was awarded a Nobel prize in 1930. It has since become one of the most important 

characteristic techniques for chemical species|146|. Where Rayleigh scattering is an elastic 

phenomenum, Raman spectroscopy is based on the inelastic scattering of photons, where 

the photon of incident light interacts with a sample producing scattered radiation with 

a different frequency. The resulting change in wavelength yields a variety of information 

about the sample such as; chemical identification, chemical bonding and environmental 

effects such as; stress and strain. In regards to LPE it is also possible to discern the level 

of damage done to the nanosheets during exfoliation as well as the proportion of defects 

within the nanoshcets|13, 16, 22, 44, 147].

This technique involves shining a monochromatic light upon a sample which can be 

either absorbed, reflected or scattered. If the photon is scattered it has been absorbed 

by the material and reemitted and thus has interacted with either the electron cloud or 

a nucleus within the material, potentially causing an energy change. If only electron 

cloud distortion is involved in the scattering process the scattering will be elastic, as with 

Rayleigh scattering, due to the relatively light electrons but if lattice vibrations are in­

duced, energy will be transferred either from the incident photon to the molecule or from 

the molecule to the scattered photon. This is an inelastic process and is Raman scattering. 

The Rayleigh scattered light is filtered and not detected so that the Raman scattered light 

can be detected and analysedjl48].
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Figure 3.7: Light interacting with a sample and exhibiting Raman scjittering.

There are two principle types of Raman scattering, Stokes and Anti-Stokes scattering, 

as shown in Figure 3.7.[148]. The most common of these is Stokes scattering wliich is 

where the molecule is excited from the ground state to a higher energy excited state and 

relaxes to a higher vibration state than the ground state causing a decrease in energy for 

the scattered photon. However, due to thermal energy, some molecules exist in an excited 

state, scattering from these states to the ground state causes an energy transfer to the 

photon giving rise to anti-Stokes scattering[148]. These proce.ss can be observed in the 

Jablonski diagram below (Figtire 3.8).
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Figure 3.8; Jablonski diagram demonstrating Stokes and Anti-Stokes scattering.

3.6 X-ray Photoelectron Spectroscopy (XPS)

Similar to Raman spectroscopy, XPS is a very useful tool to determine the elemental com­

position of a material as well performing stoichiometric analysis on a compound|22, 149|. 

XPS is comnioidy used as a surface science technique where the composition of the surface 

of a material can be found to determine cjuality of the film, i)urity and oxygen content|44|. 

For this thesis it is most commonly used to determine the level of oxidation in the mate­

rial as well as discovering any other impurities and to get quantitative information on the 

stoichiometry of the sample.
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Figure 3.9: Diagram of the photoelectric effect, the basis of XPS.

The principle behind XPS is the photoelectric effect, where if light is shone onto a 

material the energy transfer from the photon to the electron causes the electron to escape 

from the material as a free electron, as shown aove in Figure 3.9. This electron then has 

a kinetic energy depending on the energy of the incident photon, the binding energy and 

the work function of the material as given by:

Ek = hf - (rh + E, (3.10)

Where is the kinetic energy, hf is the photon energy, 4> is the work function and Eb 

is the binding energ^’|150|. As the work function and the binding energy of the electron 

will be dependent on the material, thus by measuring the kinetic energy of the electron 

the material composition can be discovered.

An XPS operates by shining X-rays onto a material in vacuum. When an X-ray pho­

ton hits and transfers this energy to a core-level electron, the electron is emitted from its 

initial state with a kinetic energy dependent on the incident X-ray and binding energy 

of the atomic orbital from which it originated. The energy and intensity of the emitted 

photoelectrons are analysed to identify and determine the concentrations of the elements 

l)resent. These photoelectrons originate from a depth of < 10 urn therefore the informa-
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tion obtained is from within this depth[150].

Figure 3.10: Schematic of an XPS spectrometer.

This penetration deptii depends on electron interaction with matter characterised by the 

energy dependent inelastic mean free path X as given by the equation

/ — /qC

Generally for XPS, 3A is used as a penetration depth as this ensures that 95% of all 

photoelectrons have been scattered before reaching the surface. By correlating A and 

the kinetic energy of the electron this gives very good information of the species being 

irritated[150]. A schematic of an XPS is shown above Figure 3.10.

3.7 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) is a very important tool for LPE samples as it 

gives visual information on the quality of the nanosheets after exfoliation[l3, 16, 20, 22, 

44, 90, 98, 115, 134|. TEM has previously been used to characterise nanosheet dispersions 

for a number of years, where the lateral dimensions and sample quality can be determined
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quite easily. The work in this thesis was done using bright field low resolution imaging 

but there are many other methods available when using TEM.

The resolution of an optical microscope is limited by the wavelength of visible light 

which can only give a resolution of 200 nm - 400 nm which is far too large for most 

nanomaterials. In 1927 De Broglie theorised that electrons exhibited wave like behaviour 

and this was individually confirmed by Davisson and Germer, and Thomson and Reid 

through electron diffraction experiments. This lead to the belief that instead of photons, 

electrons could be used for microscopy as the wavelength of an e“ is given as

A =
1.22

(3.12)

where A is the electron wavelength and E is the electron energy. From equation 3.12 it is 

possible to work out that for a 100 keV' electron, a wavelength of 1.4 pm (0.004 nm) and a 

resolution of 2 pm is possible, which is much smaller than the diameter of an atom. This 

resolution has 3^et to be achieved though, with values of 0.1 nm much more realistic but 

still much superior resolution than optical microscopes.

TEM operates by projecting an electron beam through a column of electromagnetic 

lenses onto a sample. These electrons then interact with the sample and can produce many 

secondary signals such as auger electrons, secondary electrons, backscattered electrons etc. 

More importantly to TEM, the electron can also, either be completely transmitted through 

the sample or transmitted through the sample whilst being scattered, elastically or inelas- 

tically (Figure 3.11). The electrons that are transmitted by the specimen are then detected 

by a CCD camera and converted to an image] 1511.
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Figure 3.11: Possibilities of the outcome of electrons incident on a material.

A TEM microscope uses an electron beam to create an image of the sample. This beam 

is generated at the top of the column via an electron gun. The electron guns are usually 

of two types; field emission (Schottky, Cold FEG) or thermionic (W, LaB6)|151|. For 

high performance TEM, a high spatial resolution and small source size is required. Field 

emission guns out perform their thermionic cousins in this department, where the beam 

size can be up to 1,000 times smaller and 100 times brighter. In this work, all low resolu­

tion TEM was conducted on a Joel 2100 operated at 200 kV using a LaBg filament while 

high resolution TEM (HRTEM) was conducted on a field emission FEI-Titan operating 

at 300kV. The beam is then passed through a condenser lens where it is focused on the 

sample. Here, the beam is scattered and passes through an aperture, where only a certain 

fraction of the electrons are permitted through. Finally, the beam is focused by a projec­

tor lens and focused onto a screen or CCD(151]. A schematic is shown below in Figure 3.12.
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Figure 3.12: Schematic of a tijpical transmission electron microscope.

Depending on the size of the aperture differing amounts of electrons are detected and 

thus give you different levels of information. In the case of 2D nanosheets on a carbon 

substrate, if a small aperture is used only a small number of electrons are detected. This 

creates a large contrast between the nanosheets and the substrate that they are on as the 

substrate is mostly electron transparent. This is useful for very thin nanosheets as they 

would otherwise be difficult to image, conversely, a large aperture leads to most of the 

electrons being detected. This helps for materials with a large atomic number, as this is 

the main contributor to electron scattering, and thicker samples.

3.7.1 Quantitative Analysis

Low resolution TEM isn’t only used for qualitative analysis on the appearance of the 

nanosheets but also for statistical analysis to assess flake dimensions. In this work, similar 

methods are employed which have been previously developed in this group to statistically 

quantify the mean length and width distributions of our samples|20, 42, 44, 134|.

This has become of greater interest since the development of liquid cascade centrifu­

gation where the ability to produce size selected samples has been simplified and thus the 

need to measure the dimensions of the nanosheets increased. To achieve this the sample is
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deposited onto a TEM grid and dried to remove all residual solvent. The choice of TEM 

grid used in the statistical analysis is quite important. The preferred gird is dependent 

upon the size of nanosheets that are thought to be in the dispersion. For example, if a 

low RPM is used to [)roduce the dispersion the majority of the nanosheets are expected 

to be quite large; therefore, the sample can be deposited onto a holey carbon TEM grid. 

An example of this type of grid is given in Figure 3.13 A, which consists of a stretched 

layer of carbon, pulled over a support structure which enables the solvent to wick through 

the holes in the grid and the nanosheets to be deposited on the surface. This type of 

grid is better for imaging large nanosheets as the smaller ones can pass through the holes. 

However, if the sample is predominantly composed of small nanosheets then a continuous 

carbon film is used. This captures all sizes of nanosheets; however, care needs to be taken 

in the deposition process to avoid aggregation or washing away of the nanosheets as well 

as ensuring that all solvent is removed. The different types of grids are shown in Figure 

3.13.

Figure 3.13: Typical TEM images of (A) a holey carbon grid and (B) a continuous carbon film.

Once the sample has been appropriately dropped and prepared it is possible to image 

the naiiosheets and apply statistical analysis to obtain mean length and width measure­

ments of the sample. This is achieved by randomly moving around the grid and imaging 

the nanosheets which are observed. It is important to image a fair representation of both 

small and large flakes. With these type of sample there is a bias to larger flakes due to 

the fact that small flakes can be difficult to see on the surface of the TEM gird. There­

fore, the count of nanosheets is greater for larger flakes than smaller flakes. This can be
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avoided through experience. Once a random selection of rianosheets has been imaged the 

statistical analysis can be performed.

To generate length and width statistics of the sample a line is drawn to encompass the 

longest axis of the nanosheet and denoted ‘length”. Another line is then drawn perpendic­

ular to the length and denoted “width”. An example of this methodology is given in Figure 

3.14 A. This methodology is repeated for a large number of flakes (: T50) to reduce any 

errors occurred in measuring. As a result of large counts being needed it is also important 

to try and obtain as many flakes within an image as possible without causing the flakes 

to reaggregate. An example is showm in Figure 3.14 B.

Figure 3.14; TEM image demonstrating (A) length and width measuring and (D) a typical image for 
flake counting for statistics.

Statistical TEM is used throughout this thesis. It is used to obtain length stats of standard 

dispersions as well as to develop length distributions for different average length dispersions 

to (;reate metrics. In addition, this data can be used to correlate AFM statistics. Such 

analysis of this statistical data will be discussed further in chapters 4, 5, 6 and 7.

3.8 Atomic Force Microscopy (AFM)

For 2D materials it is very important to know the thickness of the nanosheets. This can be 

achieved through a variety of methods but the easiest and most common is atomic force 

microscopy (AFM). This method gives information of the sample geometry and the quality 

of the dispersed nanosheets|42, 43]. Unlike the other microscopes used in this thesis the
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AFM doesn’t operate through the use of scattered electrons but instead uses a cantilever 

with a very sharp tip (atoms thick) that is scanned over a sample surface. This gener­

ates a topographical prohle of the nanomaterial being imaged. Similarly to TEM, an AFM 

can image at sub nanometer resolution. A schematic is shown in below in Figure 3.15(152].

'“"^“electric 
Scanner

Figure 3.15: An animated reconstruction of the schematic for an atomic force microscope.

The typical operation of an AFM consists of directing a laser onto a spring cantilever 

which is reflected to a split photodiode. The cantilever is then moved along a surface where 

a piezoelectric scanner moves the tip relative to the sample in a 3D pattern causing the 

tip to be displaced. The displacement causes the laser beam reflection to change position 

which is detected by the photodiode. This is then converted from raw data into an image 

by the AFM. This technique has three modes of operation. Contact, non-contact and 

tapping niode[152, 153].

All these modes are governed by the Lennard Jones potential which describes the at­

traction and repulsion of objects as they get closer to each other. In contact mode, the 

cantilever is held as close to the sample as possible (2-3 angstroms) and is rastered across 

the surface. When the tij) api)roaches an object the large force required, as governed by 

Pauli repulsion, for the atoms of the tip to come into contact with the sample cause it
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be repulsed and rise over the sample while still remaining within a few angstroms[152, 153].

Figure 3.16: Schematic representation of the 3 modes of AFM measurements and the Lenard Jones 
potential for the interaction of the AFM and sample.

Non-contact mode operates with the tip higher than for contact mode, usually nms 

above the surface. When the tip passes above an object, the attractive Van der Waals 

force causes the tip to move towards the sample, causing the cantilever to bend anrl the 

direction of the beam reflection to change. In Figure 3.16, a graph of force versus tip- 

sample seperation is shown demonstrating this. Both contact and non-contact modes have 

flaws though, as contact mode can cause loosely attached objects to be dislodged and can 

cause the cantilever to break easily due to high frictional forces. For non-contact mode 

these problems are avoided but there is a significant decrease in lateral resolution as well 

as being affected more affected by water on the surface. As a compromise, tapping mode 

is frequently used. In this mode the cantilever oscillates at its resonant frequency and 

slowly profiles the surface. By doing this it eliminates frictional forces by intermittently 

contacting the surface and oscillating with sufficient amplitude to prevent the tip from 

being trapped by adhesive meniscus forces from the contaminant layer, such as solvent or 

water|42, 43, 152, 153|.

.■\FM is used in this thesis to determine the nanosheet thickness for different sets of
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dispersed nanosheets. This involves depositing a small volume of dispersion on to a silicon 

wafer. The wafer is heated using a hot plate to approximately 180 °C, boiling off the 

solvent leaving just the nanosheets on the wafer. In the case of surfactant dispersions 

the wafer is then washed with water to remove any residual surfactant. When measuring 

the sample a suitable region of the substrate surface needs to be investigated, in order to 

avoid aggregation effects. Where a reaggregated area will appear as very large nanosheets 

with no discernible way to asses thickness. Analysis of a region with a density which is 

too high, impedes an accurate determination of the length (L), width (W) and thickness 

(t). A low density area is ideal as reliable statistics of the nanosheets can be obtained. To 

separate the number of layers (N) from t step height analysis is used, where the increase 

in nanosheet thickness with each step is used to determine the thickness of one layer i.e. 

if every increase of thickness is a multiple of 2nm, the thickness of one layer is 2 nm. This 

method is used in chapters 4, 5 and 6.

3.9 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a widely used technique to image the surface of 

nanostructures as well as powders of layered materials|13, 22, 44, 90, 115, 152|. As men­

tioned in section 3.7, when an electron beam is incident on a sample some electrons can be 

back scattered (BSE) or cause the emission of secondary electrons (SE). It is these elec­

trons that are of interest in SEM. Similar to TEM, an electron beam is used to generate 

a signal that is converted to an image, although the accelerating voltage in this instance 

is between 2 and 10 eV as opposed to 100 keV. A schematic of a typical SEM is shown in 

Figure 3.17.
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Figure 3.17; A schematic representation of a scanning electron microscope.

Rastering the beam across the surface generates multiple BSE and SE whi(;h are col­

lected in the BSE or SE detectors. The energy- of SE is typically between 3-5 eV; therefore, 

these electrons have quite a low escape depth, in the order of run. BSE are higher in en­

ergy than SE and come from much deeper within the sample after being either elastically 

or inelastically scattered. The escape depth of BSE are typically in the order of a mi­

cron. Therefore, there are two different escape depths for these, electrons to characterise 

our sample. BSE are highly sensitive to element type as it is a function of the atomic 

number, thus higher atomic number elements have a greater proportion of back scattered 

electrons(151). This makes them more useful for detecting contrast between areas of differ- 

(;nt c:hemical composition. SE are generated closer to the surface thus, are more sensitive 

to surface morphology[152, 154]. Also, characteristic x-rays are emitted when the elec­

tron beam removes core shell electrons from the sample which are filled by an electron 

from a higher shell. These x-rays can be used for generating data on chemical composition.
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Figure 3.18: Teardrop shaped interaction volume for electrons involved in SEM imaging.

The image resolution of a SEM is typically limited to a few nm due to the electron spot and 

the interaction volume of the beam and the sample. The interaction volume is teardrop 

shaped and large in relation to the beam spot size, the size of which depends on the atomic; 

number of the sample as well as its density and the electron acceleration energy[152, 154]. 

A representaion of this is shown in Figure 3.18.

3.10 Zeta Potential

As mentioned in section 2.7.2 surfactant dispersions are colloidal systems consisting of 

nanosheets carrying a charge suspended in a liquid dispersion. This stabilises the nanosheets 

in the solution which in turn, imparts a surface charge and local diffuse charge in the vicin­

ity of these nariosheets. One of the main governing variables in this stabilisation process 

is the zeta potential existing in the electrical double layer around the nanosheets. For a 

stable dispersion -30 meV< C > 30 meV is necessary, if the nanosheets have a potential 

outside of this limit, the repulsive electrostatic forces are usually sufficient to prevent reag­

gregation. The most common measurement method involves applying an electric field to 

a solution containing nanosheets with a surfactant coating, which causes movement of the 

charged ions in oppositely charged directions, and measuring the how fast the nanosheets 

’move’. This movement is known as electrophoresis and is shown in Figure 3.19[155, 156|.
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Figure 3.19: Schematic showing the movement of ions due to electrophoresis.

Not all counter ions move against the nanoslieets, those within very close proximity will 

in fact move with the nanosheets. This limit is known as the slip surface and it is this 

potential that is measured to determine the Zeta potential.

This electrophoretic mobility is most commonly measured using laser Doppler velocirne- 

tiy where two beams are j)assed through the solution under applied bias. One beam uses 

a reference beam, which can be passed through the cell without being scattered while the 

incident beam is passed through the solution. Small frequency shifts then arise owing to 

the movement of particles in an applied electric field. The frequency shift Af is equal 

to[157]

A/ =
2vsin (I)

A
(3.13)

where v is the particle velocity, A is the laser wavelength and 9 is the scattering angle. 

The measured electrophoretic mobility {Ue) is converted into zeta potential ((^) through 

Henry’s equation

Ue^
2e(F{Ka)

‘Srj
(3.14)

where e is the dielectric constant of the dispersant, F(Ka) is the Henry function and r] is 

the viscosity. These two equations are related via v —UpjE. A typical Zeta potential cell 

is shown in Figure 3.20.
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Figure 3.20: Schematic representation of a cell where the Zeta potential is measured through elec­
trophoretic mobility of the particles in an applied electric field.
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Chapter 4

Exfoliation of Gallium sulphide

4.1 Introduction

2D matei'ials play a hugely important role in many applications such as technology and 

energy storage. While materials such as graphene, BN and TMDs have been successfully 

used in devices, there remain other layered materials for example transition metal ox­

ides (TMOs), black phosphorus and III-Vl metal chalcogenides|13, 22, 44, 66, 77, 114|. 

By expanding the method of LPE to other materials, it broadens the options for cer­

tain applications. For example, III-VI metal chalcogenidcs exhibit great properties as 

photodetectors and photodiodes but until now all research has been done through mi­

cromechanical exfoliation or atomic layer deposition but these methods are limited by 

scalability and complicated procedures, thus it would be beneficial to attempt exfoliation 

through LPE methods|49, 66, 67|.

In this chapter, a procedure to exfoliate a III VI metal chalcogcnide, gallium sulphide, 

in solvents by bath sonication is demonstrated. The nanosheets produced are subjected to 

a selection of characterisation techniques, such as TEM, AFM, and Raman spectroscopy, 

to assess the quality of material. In addition, the spectroscopic properties are tested versus 

flake length, thickness and dispersion concentration. This facilitates the production of dis­

persions with well-defined nanosheet sizes and specific properties. Finally, the suitability 

of these nanosheets for use as a catalyst in the hydrogen evolution reaction is tested.
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4.2 Experimental Procedure

4.2.1 Materials

Gallium sulphide powder (99.999 % GaS-05-P) was purchased from American Elements. 

All solvents were purchased from Sigma-Aldrich at the highest available purity, with all 

being : 99 %.

4.2.2 Sample Preparation

Gallium sulphide powder was sonicated in a solvent using an ultrasonic bath (P30 H 

Ultrasonic from Fischer scientific). The sonication was performed with an amplitude of 

100 % and a frequency of 37 kHz in 50 mL plastic centrifuge tubes. The water in the 

sonic bath was cooled by a water cooling system to 20 30 °C (depending on length of 

sonication) enabled by cold water being pumped through piping that was wrapped around 

the interior of the bath. Once sonicated, the dispersion was centrifuged in a Hettich Mikro 

220R, centrifuge with a fixed angle rotor 1060 (NB: For this centrifuge, rpm are related to 

g force via RCF 106.4P , where f is the rotation rate in krpm). The top 60 % of the 

supernatant was then taken from the centrifuged dispersion for analysis and the sediment 

was discarded.

Centrifugation parameters were optimised using the above sonication parameters in the 

solvent N-cyclohexyl-2-pyrrilidone (CHP). Aliquots of 10 ml were centrifuged for varying 

time periods (5 min to 240 min) and for varying rotation rates (500 RPM-10000 RPM, 28 

g-1086 g). The supernatant was decanted and the extinction was measured in a 0.4 cm 

path length cuvette using a PerkinElmer Lambda 650 spectrometer (details section 4.3) 

at 420 nm as a measure of the concentration.

For the solvent screening, 1 g/L of GaS was sonicated in 20 mL of each solvent for 6 

h and centrifuged for 180 min at 2.5 krpm. The following solvents were used: isopropanol 

(^7’ - 23.6 MPa^/^), N-methyl-2-pyrrolidone (A/- — 23 MPa^/^), methanol (Sr 29.6 

MPa^/^), chloroform ((^7’ — 19 MPa^/^), N-cyclohexyl-2-pyrrolidone ((f'/- 20.5 MPa^/^),

dimethylformamide (Sj- 24.9 MPa^^^), cyclopentane (St = 16.5 MPa^^^), heptane (Sr 

— 15.3 MPa^/^), hexane (Sr — 14.9 MPa^/^), pentane ((^7’ — 14.4 MPa^^^), acetone (Sr 

19.9 MPa^/^), acetonitrile (Sr 24.3 MPa^/^), 1,3-dioxolane (Sr ~ 21.4 MPa^^^), ben-
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zonitrile {Sr 22.5 MPa^^^), isopropoxyethanol {Sr ^ 21.4 MPa^^^). The final, optimised 

exfoliation was performed as follows: 45 g/L of GaS was sonicated for 6 h in isopropanol 

(IPA) in 20 mL vials and then centrifuged for 180 min at 2.5 krpm. The sonication time 

study experiments began with an initial concentration of 45 g/L. During the experiment, 

5 niL aliquots were removed at given time intervals and immediately centrifuged at 2.5 

krpm (~ 240 g) for 180 min. The supernatant was again decanted and analysed using 

extinction spectroscopy.

To size select the nanosheets, a controlled centrifugation regime was carried out. Ini­

tially, 10 mg/ml GaS in 90 mis of IPA was sonicated for 6 hours. This dispersion was 

then centrifuged at 0.5 kRPM for 60 mins with the supernatant being retained and the 

sediment being discarded. This supernatant was centrifuged again at 1 kRPM for 60 mins 

and the sediment redispersed in fresh IPA producing the size, which will be referred to as 

XL. The sample centrifuged at 1 kRPM was decanted and the supernatant was centrifuged 

at 1.5 kRPM for 60 mins. Again the sediment was redisjiersed in fresh IPA, producing 

the L size. These steps were repeated in increments of 0.5 kRPM up to 3 kR.PM, thus 

producing 5 sizes.

4.2.3 Sample Characterisation

Low-re.solution bright field transmission electron microscopy imaging was performed using 

a JEOL 2100, operated at 200 keV. Holey carbon grids (400 mesh) were purchased from 

.\gar Scientihe and prepared by diluting a dispersion to a low concentration and drop 

casting onto a grid placed on a hlter membrane to wick away excess solvent. Statisti­

cal analysis was performed of the flake dimensions by measuring the longest axis of the 

nanosheet and assigning it as “length", L. .4tomic force microscopy (AFM) was carried out 

on a Veeco Nanoscope-IIIa (Digital Instruments) system equipped with a E-head (13 pm 

scanner) in tapping mode after depositing a drop of the dispersion (10 pL) on a preheated 

(120 °C) Si/ Si02 wafer with an oxide layer of 300 nm. Typical image sizes were 3 10 pm 

taken at scan rates of 0.4 0.6 Hz. The high concentration dispersion was diluted with IPA 

immediately prior to deposition to yield a pale colloidal dispersion. After deposition, the 

wafer was rinsed with 5 mL of water and 5 mL of isopropanol. Typical image sizes were 

2x2 mm^ at scan rates of 0.8 - 1.0 Hz with 512 lines per image. The apparent thickness
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was converted to number of layers using previously developed step-height analysis.|42]

Raman spectroscopy was performed using a WITec alpha 300 with 532 nm excitation 

laser in air under ambient conditions. The Raman emission was collected by an Olympus 

lOOx objective (N.A. 0.8) and dispersed by 600 lines mm“^ gratings. The laser energy

was kept below 0.2 mW. The mean of 20 spectra is displayed.

X-ray Photoelectron Spectroscopy was performed under ultrahigh vacuum conditions 

(<5 X 10 10 mbar) using monochromated A1 X-rays from an Omicron XMIOOO Mkll 

X-ray source and an Omicron EA125 energy analyser. The analyser pass energy was set to 

100 eV for survey and 20 eV for core-level spectra, yielding a maximum energy resolution 

of 0.65 eV. An electron flood gun was used for charge compensation and the binding energy 

scale was referenced to the adventitious carbon Is core-level at 284.8 eV. .4fter subtraction 

of a Shirley background, the core-level spectra were fitted with Gaussian Lorentzian line 

shapes. Samples were prepared by vacuum-filtering the dispersions using porous cellulose 

filter membranes (MF-Millipore membrane, mixed cellulose esters, hydrophilic, 0.025 pm, 

47 mm) to give thin films.

4.3 Optimisation of Exfoliation Parameters

Gallium sulphide crystals consist of monolayers of gallium atoms in a hexagonal arrange­

ment surrounded by sulfur atoms in a S-Ga-Ga-S stack. These layers are stacked on top 

of each other, held together by weak Van der Waals forces, making it a suitable candidate 

for liquid phase exfoliation|63|.

Before any proper analysis can be made, it is necessary to ensure that the prepared 

dispersions are stable. This can be achieved by tailoring the centrifuge regime to remove 

any nanosheets that will sediment over time|13]. To achieve this, 10 g/L of GaS pow­

der was sonicated in 3 x 30 ml of cyclohexyl-2-pyrrilidone (CHP) for 6 hours using an 

ultrasonic bath. These were then centrifuged for one hour at a range of different RPMs 

with the supernatant being retained. The concentration of these dispersions was measured 

using optical extinction spectroscopy [T = 10“®®^) via the Beer-Lambert law, where the 

absorbance of a material sample is proportional to the concentration of the material in 

a liquid sample] 115, 116]. This is then repeated with a constant RPM (2.5 kRPM) for a
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range of times. The concentrations are plotted against RPM and time with the UV-vis 

spectra inset as shown below.

Figure 4.1; A) Cone, vs RPM with extinction spectrum on a log-log plot inset. D) Plot of Cone, vs 
centrifugation time with absorption spectrum on a log-log plot inset.

As can be seen in Figure' 4.1 A and B the concentration goes as a double exponential 

which can be fitted as:

A/I = A/lo + A/he~n + A/l2e~-2 (4.1)

Where A/1 is the absorbance normalised to the path length of the cuvette, A/Iq is the 

stable state absorbance A/li and A/I2 are the absorbances after ri and T2, which are the 

decay constants. A single exponential can not be fitted due to there being two separate 

unstable phases; a fast-sedimenting phase and a slow-sedimenting phase[13, 139]. The 

fast-sedimenting phase is associated with large, unexfoliated powder in the dispersion and 

the slow-sedimenting phase is due to larger quasi-exfoliated sheets that are not completely 

stable[19]. The time constants were found to be 2.6 mins ± 0.7 mins and 60.6 mins ± 

3.8 mins for the time study, and 733.63 RPM ± 50 RPM and 4204 RPM ± 900 RPM for 

the RPM study. Once these time constants are known it is then possible to determine an
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appropriate time and RPM for centrifugation. As tcf 3ti(i.e. the time taken for 95 % of 

the unstable material to sediment), for future studies tfj and f were chosen to be 180 mins 

and 2500 RPM respectively. The solvent choice is important, as a very viscous liquid is 

required. The correct selection here ensures that if complete stability has been achieved 

from these centrifugation steps using a high viscous solvent then complete stability will 

be achieved for all solvents, with a lower viscosity, in future studies. This is because the 

flakes will take a longer length of time to sediment in a high viscosity solvent than a low 

viscosity solvent. Thus CHP, with rj 11.5 Pas, was selected.

From the UV-vis spectra (Figure 4.1 inset), it can be seen that there are significant 

contributions from scattering as the spectra show a near monotonic increase with decreas­

ing wavelength with no features of note, except a small peak at 315 nm corresponding 

to the A exciton. This is due to the.se dispersions acting as colloidal systems where the 

nanosheets scatter light according to Mie and Rayleigh theory. Thus, the UV'-vis is mea­

suring extinction and not simply pure absorption. This has been shown for many other 

2D materials in the same system and thus extinction and absorption must be treated 

separately where ext (A) abs(A) sea (A). This has led to the use of extinction spec­

tra to estimate dispersed concentration being complicated by the recent realisation that 

both absorbance and scattering coefficients are generally dependent on nanosheet size|42|. 

The wavelength used has to be chosen with care and requires an understanding of the 

size-dependent extinction coefficients as discussed below in section 4.5.1. In the case of 

GaS, it was found that the extinction coefficient at 365 nm is relatively nanosheet-size- 

independent (for nanosheet sizes of <300 nm) with a value of e ^ 3654 Lg^^mr^ (shown 

in section 4.5.1). This allows the estimation of the dispersed nanosheet concentration, C. 

using Extse^nm = (C is concentration and 1 is the cell length)|44|.

4.3.1 Solvent Screening

For liquid-phase exfoliation, it has been shown that the solvent plays a major role in the 

production of nanosheets, where, depending on the Hildebrand solubility parameter, it is 

possible to produce concentrations that differ by orders of magnitude|13, 16, 19, 44]. To 

test this, GaS was exfoliated in a range of different solvents, each with differing Hildebrand 

solubility parameters (C^ — 1 mg/ml, tsonic ^ 6 hours, RPM 2.5 kRPM, tc/ - 180
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iTiiiis). Figure 4.2 A is a graph of coiic vs. Hildebrand solubility parameter {6t), where 

6-j- is defined as the s(}uare of the eohesive energy, which shows the values of A/1 ranging 

over 3 orders of magnitude. A simple model according to classical thermodynamics shows 

that:

Cone a - ^Ns)f (4.2)

where is the Hildebrand parameter of the solute and \>ns is the molecular volume of 

the solute. Equation 4.2 was fitted to Figure 4.2 A (dashed line) and shows a very good 

fit confirming the validity of the use of thermodynamics for these systems. It was found 

that the best solvents were ones with 6t— 21.5 MPa^^^ close to values of 23, ~ 22.5, 22, 21 

MPa^/^ as reported recently for graphene, BN, ]MoS2, and MoOsfld, 121, 158, 159]. Good 

solvents include CHP, XMP, and IPA. IPA was chosen for further studies due to its low 

toxicity, low boiling point, and ease of use for device fabrication.

Figure 4.2: A) Cone, vs Hildebrand solubility parameter for 15 solvents, D) TEM images of standard 
sample nanosheets, showing well exfoliated flakes, C) GaS standard sample dispersion.

To ensure that exfoliation is occurring, transmission Electron Microscopy (TEM) was 

performed on the IPA dispersion by dropping a few droprs (ideally O.lmg) onto carbon 

holey TEM grids with images shown in Figure 4.2 B. These measurements showed all
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dispersions tested to contain large quantities of electron-transparent 2D nanosheets vit li 

well defined edges. Figure 4.2 C shows a yellow licjuid, which is a dispersion of gallium 

sulphide in IPA.

4.3.2 Optimisation of Sonication Time and Initial Concentration

Once the centrifugation parameters and solvent choice have been optimised it is poss.ble 

to achieve the highest throughput of exfoliated GaS nanosheets by controlling both the 

sonication time as well as the initial concentration of GaS powder (C;)- This was achieved 

by firstly determining the best sonication time by sonicating GaS powder, at a fixed ini­

tial concentration (Cj) for a range of times in IPA and centrifuging using the previously 

mentioned centrifugation parameters. To achieve the optimal initial concentration, GaS 

was sonicated for a fix time (tso„jc — 6 hrs) for a range of initial concentations. As before, 

the concentration was found using UV-vis and plotted against time and C;.
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Figure 4.3: A) Cone, vs sonication time on log-log plot. B) Cone, vs initial gallium sulphide concen­
tration.

.4s can be seen in Figure 4.3 A, nanosheet concentration scales as This is consistent

with other materials exfoliated with this method such as Graphene, M0S2 and Mo03[13, 

160, 161]. When varying the initial concentration of powder, the concentration of exfoliated
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lanosheets increases, and then begins to plateau at approximately 45 g/L (Figure 4.3 B). 

"his is due to the energy provided by the ultrasonication not being able to access all the 

[owder beyond 45 g/L|160|. Thus, to achieve an optimum concentration of GaS and a 

completely stable dispersion, requires parameters of initial GaS concentration C, — 45 g/L 

(due to higher yield than 75 g/L), sonication time t,,o„j(. = 6 hrs, centrifugation rate f — 2.5 

Irpm (equivalent to 665 g), centrifugation time t^F — 180 min. This protocol, produces 

cispersions with concentrations of C — 0.22 g/L of GaS nanosheets.

4.4 Nanosheet Characterisation

L is necessary to provide appropriate confirmation that the material has been successfully 

exfoliated with no defects during the sonication process, as w'ell as checking for oxidation 

in the GaS starting powder using Raman spectroscopy. X-ray photoelectron spectroscopy 

(KPS), and scanning electron microscopy (SEM). GaS dispersions were filtered onto ni­

trocellulose membranes and the films were analysed using both Raman spectroscopy and 

XPS.

A Raman spectrum for GaS is shown (Figure 4.4 A) and displays typical features for 

GaS with Raman modes at 195.2 cm“^, 300.7 cm“\ and 367.9 cm~L These match the 

values for GaS powder as well as mechanically exfoliated GaS nanosheets|66, 162, 163|. 

Interestingly, there was also a peak at 243.2 cm“^ which was also seen for the GaS powder, 

which is attributed as the vi(Ai) mode of the GaS4 molecular unit as typically found in 

Ga2S3|164|. In Figure 4.4 B is a standard SEM image for a GaS dispersion showing clearly 

exfoliated nanosheets, stacked on top of each other as is common for vacuum filtration.
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Raman Shift (cm'^)

Binding Energy (eV)

Figaro 4.4: A) Raman spectrum of the filtered standard dispersion showing the characteristic resonant 
modes. B) SEM image of thin film of GaS. C, D) Fitted XPS GaSd and S2p cx>re level .spectra of a filtered 
dispersion confirming the chemical nature of the nanosheets.

XPS mcasuremonts of the Ga 3d, Ga 3s and S 2s core levels (Figure 4.4 C and D) shows 

that there is small amount of oxidation with 17% Ga203. The expected components of the 

powder are also roughly in the correct stoichiometry with the ratio 1:1.25. The oxidation 

was also found in the raw powder showing that it is not due to the exfoliation procedure. 

In addition, all XPS peaks in the starting powder are significantly broadened in terms 

of full width at half maximum of the fit components suggesting a lower degree of order 

and/or purity in the starting powder compared to the exfoliated material. This show’s that 

the sonication and centrifugation partially purifies the material. This can be understood 

in terms of the presence of significant amounts of Ga2S3 in the starting pow’der. Since 

Ga2S3 is not layered, it is not exfoliated in the sonication step and therefore removed 

during centrifugation.
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4.5 Size Selection of GaS Nanosheets

A significant advantage of liquid-phase exfoliation is that nanosheets can be size-selected 

using well established techniques by controlled centrifugation. In this section, a procedure 

to produce size selected nanosheets is discussed as well as a quantifiable method to de­

termine length, thickness, and concentration from the absorption spectra of the material. 

This is necessary as the average nanosheet length produced by the optimised parameters 

was 90 nni[13, 22, 42, 43].

Although small nanosheets are good for certain applications, eg as catalysts, it is ad­

vantageous to produce flakes over a wider range of sizes[165|. To achieve this, a method 

known as licjuid cascade centrifugation was employed where the supernatant is subjected 

to successive centrifugation. To begin, the dispersion is centrifuged at 0.5 krprn (26.6 g) for 

1 h and the supernatant is decanted while the sediment is discarded. In this case the sedi­

ment is removed, as it is composed primarily of unexfoliated nanosheets. The supernatant 

is subjected to another centrifugation at 1 krpm (106.4 g) for 1 h. Again, the supernatant 

is decanted and moved to the next centrifugation step at higher rpm. The sediment is 

redispersed in fresh solvent by mild agitation. The process of decanting the supernatant 

and redispersing the sediment in fresh solvent through multiple steps to achieves a variety 

of size distributions of nanosheets in the respective dispersions. Repeating this procedure 

yields multiple dispersions, where the lateral dimensions of the nanosheets decrease with 

increasing centrifugation speed. This is shown in the schematic below in Figure 4.5.

1
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Sample Sample
"1.5-2 krpm" “2-3 krpm”

10 krpm Discard

ei AV' im
Sample Sample

“4-7.S krpm" "7.5-10 krpm"

Figure 4.5; Schematic of liquid cascade centrifugation.

Size-selection was performed via this controlled centrifugation (see methods for specific
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RPMs). By this procedure, five different sizes were produced and subjected to detailed 

characterisation. Henceforth, the sizes will be referred to as XL, L, M, S, and XS going 

from largest to smallest. To confirm the success of the size selection method, both TEM 

and AFM were performed on the nanosheets.

OOnm

Figure 4.6: A-D) Representative TEM image for the four largest sizes. E) <L> vs central RPM.

TEM was performed on the five dispersions using the same method as before and the 

average length of each was found by measuring the longest dimension of 100 nanosheets 

from the dispersions using Imaged software. Shown in Figure 4.6 A-D are representative 

images of four of the nanosheet sizes. <L> was found to be 561 nm, 405 nm, 260 nm, 

154 nm, and 137 nm for the five sizes. A graph of <L> against central RPM was plotted 

(Figure 4.6 E), showing a clear trend where the material follows a trend of L decreasing
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as rpm^^ as predicted bj' theory.

In all instances, the TEM images showed that the nanosheets were well exfoliated 

and electron transparent. TEM is a good tool for measuring the lateral dimensions of 

these nanosheets but is only useful for a qualitative analysis of thickness, especially for 

thicker samples where methods such as layer counting are impractical. For (juantifiable 

measurements, an atomic force microscope (AFM) was used on the five samples. This was 

achieved by depositing several drops of dispersion onto a Si()2 substrate.

Similar to the TEM images, the AFM images showed well exfoliated nanosheets with 

very similar lateral dimensions as well as matching <L> measurements (Figure 4.7 A) 

but unfortunately, no isolated monolayers were found. As a result of the lack of monolay­

ers, converting thickness from nanometers to number of layers becomes challenging. To 

resolve this, the fact that incompletely exfoliated nanosheets often display terraces sep- 

arat{!d by steps associated with flake edges was taken advantage of (Figure 4.7 C)|42, 116|.

250 nm

20 30
Counts Area (fimq

Figure 4.7: AJ Representative AFM image of a nanosheet from the medium size. D) Histogram, of 
number of layers of medium size. C) Number of layers vs nanosheet area showing obvious trend. D) Step 
height analysis of medium size.
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By analysing the apparent AFM height on a large number of steps over many flakes and 

plotting the step height in aseending order, it is clear that the step height is always a 

multiple of 1.5 nm.

A trend was also observed that showed a direct relationship between the surface area 

of the flake and the thickness of the flake with t a A^/^ (Figure 4.7 D)|13|. As mentioned 

previously, no isolated monolayers were found with <N> being 18 and 10 for M and XS 

respectively with the thinnest flake being 3 layers (Figure 4.7 B). From the previous result, 

this would imply that smaller flakes are needed to produce monolayers which would be 

possible to do but in that case the flake would be a nanodot as opposed to a nanosheet.

It has been previously reported that optical extinction changes as a function of size, 

thus the five separate dispersions were measured using a UV-vis spectrometer with an 

integrating sphere extension (Figure 4.8 A)|42|. As in section 4.3, it can be seen clearly 

that the spectra are largely influenced by scattering effects.



Figure 4.8: A, B, C) Normalised A/I vs wavelength of the extinction, absorbance, and scattering spectra 
of five sizes ranging from 15()nm-600nm showing a clear size dependence on the spectra. D) Extinction, 
absorbance, and scattering of the m size showing the effect of scattering on the spectra.

Thus, it is necessary to use an integrating sphere which measures pure absorbance by 

removing scattering from an extinction spectra[42]. To avoid confusion, extinction and 

absorbance henceforth will be referred to as ext and abs respectively.

The abs and ext spectra were normalised to the loc:al minima at 290 nni as this point 

doesn’t red or blue shift with size. It can be clearly seen in Figure 4.8 .4 and B that the 

size of the nanosheets has a direct inii)act on the shape and features of the ext and abs 

spectra. Of note is the abs spectra, GaS is known to display excitonic transitions at ~ 

410 nm (A-exciton, direct transition at the F-point) and ~ 315 nm (B-exciton, transition 

at the M-point). This isn’t noticeable in the ext spectra but it can now be seen in the 

abs spectra (Figure 4.8 A) that there is a peak at 410 nm that was previously hidden by 

light scattering in the ext spectra as well as the b exciton at 310 nm. The A exciton is 

shown in Figure 4.8 B inset showing how the intensity increases with increasing length. 

Also of note is that \b blueshifts with decreasing size. By measuring both abs and ext
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it is possible to get the scattering spectra, which can give information about the flakes 

(Figure 4.8 C). This is achieved by subtracting the abs spectrum from the ext spectrum 

i.e. cr (A) = e (A) — q (A), where e, a, and a are the extinction, absorption, and scattering 

coefficient respectively. It can be seen that the slope of each scattering spectra (log-log 

plot) changes dramatically depending on size, i.e. for the size L the spectra is far more 

shallow than for the size S which is far steeper. This is because the scattering for these 

dispersions goes as a power law i.e. abs = A^", where n is the scattering exponent which 

is heavily size dependent|115|.

Finally, in Figure 4.8 D, is a plot of ext, abs and sea for the size L. This shows clearly 

how much scattering affects the extinction spectra as there is zero absorbance until ~ 

450nm as well as the A exciton being suppressed. The peaks at 420 nm and 310 nm have 

been labelled as the A and B exciton respectively.

4.6 Length, Concentration and Thickness Metrics

4.6.1 Scattering Exponent

It has been shown previously that the scattering of light by nanosheets follows a power 

law « where n is the scattering exponent(115). As can be seen in Figure 4.8 C, this 

scattering exponent clearly depends on the size of the nanosheets. The scattering exponent 

was found for each of the five sizes by fitting a linear function between 550 nm and 750 nm 

for a log - log plot of the scatting spectra, as demonstrated in Figure 4.9 A. This region 

was selected as it is the range of the spectra with zero absorption. Also, as this is a zero 

absorption region, it is assumed that all contributions in extinction are due to scattering 

and thus, n was found from the extinction spectra as well. This value, n, ranged from 0.78 

(L 588 nm) to 3.8 (L 140 nm) and when plotted against L (Figure 4.9 B) there is a 

clear linear trend yielding a fit of:

L(pm) = 0.67 — 0.14n (4.3)
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Figure 4.9: A) Log-Log plot of a scattering spectra demonstrating how the scattering exponent, n is 
obtained. B) <L> vs n for both extinction and scattering.

The range of values here riiake a lot of sense as this process is limited by Rayleigh scattering 

and thus should have a maximum value of 4. Desi)ite this result, there are still some 

misgivings in the hudings as when a linear fit is plotted the trendline crosses the y-axis 

at 661 nm implying that the largest flakes either don’t scatter light or the largest flakes 

that can be {)roduced are that length. Neither of these statements are true, what is the 

most likely scenario is that as the flakes get very large, > 650nm, the graph becomes 

asymptotic.

4.6.2 Ratio of Absorption Peaks:

.4s previously shown with M0S2 and WS2, the intensity ratio of the absorption peaks is 

dependent on nanosheet size[42, 43]. For GaS, when the absorption spectrum is normalised 

to the local minimum at 290 nni, it is clear that the intensity of the .4 exciton peak 

is affected by the <L> of the nanosheets. This change in peak ratio comes from the 

absorption coefficient, a, having a different value at the edges than for the bulk[42, 43].
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Figure 4.10: Ratio of absorbance at 420 nm to that at 290 nm, Abs420nm/Abs290nm plotted versus <L>.

When t,he flakes get, smaller, edge effects begin to play a major role due to the decreasing 

ratio of Qc„,.e / a^dgc- A graph of A42o„m/A290nm vs L was plotted (Figure 4.10) on a log-log 

plot and htted to the equation:

0.44L([im.) — 0.93(A420nmA4290mn) (4.4)

This is a useful result but it is noted that obtaining length from the scattering exponent 

is much easier.

4.6.3 Ext Coefficients to Determine Dispersion Concentration:

While the determination of <L> is useful, it is critical to control concentration/mass of the 

nanosheets, for most applications. An accurate determination of the extinction/absorbance 

coefficient is therefore required. As mentioned previously, the absorption coefficient (and 

thus extinction and scattering) changes with size, as observed for MoS2|42|. Therefore, 

extinction e, absorbance a and scattering a coefficient spectra were also analysed for the 

determined sizes. The GaS nanosheet concentration in each case was determined bv fil-
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tratioii and weighing. The coefficient was then found using the Beer Lambert law, where 

the extinction, absorption and scattering spectra were measured at a range of different 

dilutions. Depending on the wavelength, the coefficients vary more or less strongly as a 

function of nanosheet size (Figure 4.11 A).

Wavelength (nm) <L> (^m)

Figure 4.11: A) Extinction coefficient spectra plotted vs wavelength. B) Extinction, absorbance, and 
scattering coefficients as a function of L.

Empirically, it was observed that there is an invariance of extinction and absorbance 

coefficients at 365 rirri over a wide range of size from 100 nm - 350 nm (Figure 4.11 B) 

making this an ideal wavelength for a rough determination of the concentration from the 

extinction spectra. In case a more accurate determination of the concentration is required, 

the equation below can be used (where <L> can be determined by ecpiation 2 or 3):

= 3464 - (4.5)

4.6.4 <N> from

In addition to the determination of length and concentration from the optical spectra, it 

would also be useful to have a metric to assess the mean number of layers. In the case 

of \I0S2, the energy/'wavelength of the A-exciton i)rovided such a metric due to (juanturn 

confinement effects[42]. The same effects are seen for GaS, thus N was plotted as a func-
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tion of the peak position of the B-exciton from the absorbance spectra, (Figure 4.12).

0)
to
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Figure 4.12: Number of monolayers per nanosheet, N (determined from AFM) plotted versus position of 
the B-exciton, A*' (measured from the absorbance spectra). The relation can be used as metric to determine 
N.

To find N, step height analysis was used with the previously described method in section 

4.5. The B-exciton was used rather than the A-exciton in this case, as the intensity of the 

.4-exciton is comparatively weak for all GaS sizes. It is necessary to note that, in the case 

of GaS it was found that the peak positions in absorbance spectra give a more reliable 

measure than extinction spectra, as artificial peak shifts are introduced in the extinction 

due to the scattering background. <X> of GaS nanosheets can be determined from the 

peak position of the B-exciton in the absorbance spectra:

]\j   jQ—25.65+0.0867A/i(nm) (4.6)

The presented quantitative in situ spectroscopic metrics to determine <L>, <N> and 

concentration of liquid exfoliated GaS underline the strength of LPE, as these will be 

extremely usefnl to prepare dispersions with known dimensions and concentrations to test
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in applications.

4.7 Conclusion

In conclusion, it was demonstrated that layered III-VI semiconductors such as GaS can 

be exfoliated in appropriate solvents by sonication. Dispersibility can be well described in 

the framework of solution thermodynamics. Although a number of solvents can be used 

to exfoliate GaS, isopropanol was focused on due to its low toxicity and boiling point. 

Sonication and centrifugation parameters were optimised to yield stable dispersions with 

typical concentrations of 0.2 g/L. Raman, XPS, and TEM imaging show the exfoliated 

nanosheets to be widely structurally perfect and free of defects except for some oxygen 

content.

The advantage of liquid exfoliation techniques was utilised to perform size-selection by 

controlled centrifugation. This allowed the production of liquid-exfoliated GaS nanosheet 

dispersions with mean lateral dimensions ranging from ~100 nm to > 600 nm and mean 

number of layers from 10 to 40 as quantified by statistical TEM and AEM analysis. 

Importantly, it was found that optical extinction, absorbance, and scattering spectra to 

vary strongly as a function of size and thickness. This enabled the establishment of 

quantitative spectroscopic metrics to accurately determine mean length, thickness, and 

concentration of the dispersion.

These results are general and thus, it should be possible to transfer these procedures 

almost exactly for the exfoliation of other III-VI metal chalcogenides such as InS and 

GaSc. This will open up this whole family of 2D materials for exploitation. In addition, 

it is important to note that this paper describes using LPE to exfoliate a member (GaS) 

of yet another family of layered compounds (III-VI metal chalcogenides). This underlines 

the generality and versatility of this method, which should lead to many as yet untested 

layered materials will be exfoliated using such procedures.
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Chapter 5

Exfoliation of Layered Double 

Hydroxides

5.1 Introduction

The variety of layered materials is an advantage that hasn’t been fully profited from. It 

will be important to continually increase the number of families of layered compounds that 

can be exfoliated. By doing this it opens up a number of new applications such as oxygen 

evolution or sensing|70, 82). A promising class of materials is the family known as the 

layered double hydroxides. The LDHs are a family of layered compounds with monolayers 

having the general chemical formula:

•//20 (5.1)

where represent charge balancing anions which can reside between the layers and 

jl/^+and A/^+are divalent and trivalent metal ions (M^+ Mg^'*', Fe^+, Ca^+, Co^+j Ni^+

etc. and - AF+ Fe^+, Co^"'' etc)) 70). Each layer is comprised of a central layer of metal 

ions sandwiched between layers of OH- groups. These materials tend to differ from the 

more well known families of layered materials as the monolayers are commonly charged 

and accompanied by charge balancing anions|70]. These crystals have been exfoliated 

using ion exchange where the charge balancing ion is replaced by a bulkier ion such as
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dodecyl sulphate, this increases the space between the layers and thus reduces the van 

der Waal interaction making delamination easier|77|. These swelled crystals are then 

exfoliated in solvents such as formamide but these methods can be quite time consuming 

and cumbersome due to the need for multistep chemical processes]70).

Fortunately a subset of this family are considerably less complicated and exist in the 

form M{0H)2, where x — 0 from equation 5.1, with Ni(OH)2, Co(OH)2 and Mg(OH)2 

being common examples|82, 166|. To date, these materials have only been exfoliated using 

ion intercalation]77, 89]. However, it would be advanteagous to investigate the ability of 

LPE to produce dispersions of these materials as it would facilitate many applications 

which use spray deposition and inkjet printing]! 18]. As well as this, these materials can 

exhibit interesting optical properties despite all containing wide band gaps making it 

possible to devise statistical metrics, such as in chapter 4. This is due to d-d transitions 

within the metal ion of each LDH]90].

In this chapter a method for exfoliating a layered double hydroxide, Ni(OH)2, will 

be demonstrated as well as a comprehensive size selection process whereas nanosheets of 

controlled lengths can be used for application such as catalysis. The dependence of the 

optical properties of the dispersions on nanosheet size are characterised, leading to metrics 

which allow the estimation of not only nanosheet concentration but also lateral size from 

extinction spectra. These methods will then be expanded to other members of the LDH 

family, Co(OH)2, .Mg(OH)2, Cu(()H)2 and Zn(OH)2.

5.2 Experimental Procedure

5.2.1 Materials

Nickel (>95 % item no. 283662), Cobalt (>95 % item no. 342440), Magnesium (>99 % 

item no. 63081), Zinc (:>95 %) and Copper hydroxide ( >95 % item no. 289787) powder 

and sodium cholate (SC, item no. C1254) were purchased from Sigma Aldrich. De-ionized 

water was prepared in house and all solvents used were purchased with the highest available 

purity.
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5.2.2 Sample Preparation

To remove potential impurities that may arise due to low cost, the hydroxide powder was 

pre-treated by sonication using a sonic tip in de-ionized water for 2 h. The dispersion 

was then centrifuged at 4.5 krpm (2150 g) for 1 h and the supernatant decanted with 

the sediment being retained and dried at 60 °C. Pre-treated Ni(OH)2 was sonicated in 

surfactant and de-ionized water solution using a sonic tip. The sonication was performed 

using a solid flat head tip (Sonics \'X-750) at 60 % amplitude with a 6 s on 2 s off pulse rate 

in an 80 mL metal cup. Mostly ice cooling was used except for the sonication time study, 

in this instance water cooling was used where a chiller pumps water around the metal cup 

maintaining a temperature of 15 C. Once sonicated, the dispersion was centrifuged in a 

Hettich Mikro 220R centrifuge with a fixed-angle rotor 1060 (N.B.: for this centrifuge, 

rpm are related to g-force via R.CF 106.4P, where f is the rotation rate in krpm). The 

top 60% was then taken from the centrifuged (supernatant) for analysis and the sediment 

was discarded.

The surfactant concentration study entailed sonicating 10 gL~^ Ni(OH)2 powder in 50 

rnL in increments of 1 gL~^ - 12 gL~^ of SC and de-ionized water for 1 h and centrifuging 

for 120 min at 1.5 krpm (240g) with the supernatant being decanted and analysed. The 

initial Ni(OH)2 concentration experiments comprised of sonicating increments of 0.1 gL~^ 

to 75 gL~^ Ni(OH)2 powder in 9 gL~^ of surfactant solution for 1 h and centrifuging for 

120 min at 1.5 krpm (240g) with the supernatant being decanted. The sonication time 

study was carried out using water cooling, as overnight sonicating was required. 20 gL~^ 

of Ni(()H)2 powder was sonicated in 9 gL~^ SC surfactant solution for 24 h with 4 s 

on 4 s off and 60% amplitude and centrifuging for 120 min at 1.5 krpm (240g) with the 

supernatant being decanted. In all cases, the supernatant was decanted and the absorption 

and extinction were measured in a 4 mm path length cuvette using a PerkinElmer Lambda 

650 spectrometer (see below). The hnal optimized conditions were performed as follows: 

20 gL~^ of X(0H)2 were sonicated for 4 h in 9 gL~^ of SC and then centrifuged for 120 

min at 1.5 krpm (240g).

Liquid cascade centrifugation was used with subsequently increasing rotation speeds 

as previously reported. 20 gL~^ Ni(OH)2 in 80 mL of 9 gL~^ SC was sonicated for 4 h 

with a 6 s on 2 s off pulse rate. The 80 mL of sonicated dispersion was centrifuged at 0.5
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krpm (27g) for 60 min. The sediment was discarded and the supernatant was centrifuged 

at 1 krpm (lOOg) for 60 min. The sediment after this centrifugation step was redispersed 

in fresh surfactant solution {Csc ~ 25 mL) by 5 min bath sonication producing

the largest size. The supernatant after the 1 krpm centrifugation step was centrifuged at 

1.5 krpm (240g) for 60 min, producing the second largest size in the redispersed sediment. 

These steps were repeated in further increments of 2 krpm (425 g), 2.5 krpm (66 5g), and 

3 krpm (950 g). In total five sizes were produced.

5.2.3 Characterisation Methods

Low-resolution bright field transmission electron microscopy imaging was performed us­

ing a JEOL 2100, operated at 200 kV. Holey carbon grids (400 mesh) were purchased 

from Agar Scientific and prepcired by by dropcasting a dispersion, of low concentration 

dispersion, onto a holey carbon teni grid which was placed ontop of a filter membrane 

to wick away excess solvent. The grid was plaeed at an elevated temp under vacuum to 

remove any residual solvent. Statistical analysis was performed of the flake dimensions by 

measuring the longest axis of the nanosheet and assigning it as “length", L.

Atomic force microscopy (.\FM) was carried out on a Veeco Nanoscope-ffla (Digital 

Instruments) system equipped with a E-head (13 pm scanner) in tapping mode after 

depositing a drop of the dispersion (10 pL) on a preheated (120 °C) Si/ Si()2 wafer with 

an oxide layer of 300 nm. Typical image sizes were 3 10 pm at scan rates of 0.4 0.6 Hz. 

The high concentration dispersion was diluted with IPA immediately prior to deposition 

to yield a pale colloidal dispersion. After deposition, the wafer was rinsed with 5 mL of 

water and 5 mL of isopropanol. Typical image sizes were 2x2 mm^ at scan rates of 0.8 

- 1.0 Hz with 512 lines per image. The apparent thickness was converted to number of 

layers using previously developed step-height analysis|42|.

Raman spectroscopy was performed using a WITec alpha 300 with 532 nm excitation 

laser in air under ambient conditions. The Raman emission was collected by an Olympus 

100 X objective (N.A. — 0.8) and dispersed by 600 lines mm 1 gratings. The laser energy 

was kept below 0.2 mW to reduce damage to the sample. 20 spectra were measured over 

a 4um line scan and averaged to obtain a rep spectra of the material.

X-ray Photoelectron Spectroscopy (XPS) was performed under ultrahigh vacuum con-
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ditions (<5 x 10 10 mbar) using monochromated A1 Ka X-rays from an Omicron XMIOOO 

Mkll X-ray source and an Omicron EA125 energy analyser. The analyser pass energy was 

set to 100 eV for survey and 20 e\' for core-level spectra, yielding a maximum energy 

resolution of 0.65 eV. An electron flood gun was used for charge compensation and the 

binding energy scale was referenced to the adventitious carbon Is core-level at 284.8 eV. 

After subtraction of a Shirley background, the core-level spectra were fitted with Gaus­

sian Lorentzian line shapes. Samples were prepared by vacuum-filtering the dispersions 

using porous cellulose filter membranes (MF-Millipore membrane, mixed cellulose esters, 

hydrophilic, 0.025 pm, 47 mm) to give thin films.

5.3 Analysis of Ni(OH)2 Powder

The layered form of Ni(OH)2 was purchased as a powder from Sigma Aldrich (cost 27 

c/g). The crystal structure is shown in Figure 5.1 A,B. When purchased at low cost it 

is possible that such powders contain non-negligible quantities of impurity material, the 

presence of which can negatively affect the exfoliation procedure|130|. In an attempt to 

remove some of these impurities, a pre-treatment procedure was employed which involved 

sonicating 3 g of powder for 2 hours in 80 ml water followed by a centrifugation step (1 

h at 4500 rpm) to separate the solubilised and unstable components. Here the sediment 

contained the treated Ni(OH)2 crystallites while the supernatant contained the impurity 

material. The sediment was then dried under vaccum at a low temperature to give a 

pre-treated powder. It is noted that, in addition to removing water-soluble impurities, 

such a procedure generally improves the yield of any subsequent exfoliation process as the 

crystal gets broken up into nanosheets which then reaggregate during this step|130|. To 

determine if any morphological changes had occurred scanning electron microscopy was 

performed on both the starting powder and the water treated powder (Figure 5.1 C,D).

86



B i i ifl t i

til
M'f'ffff'fft'f'ff'ft'f

Figure 5.1: A,B) Top and side view of the structure of Ni(0H)-2. Blue, Ni; yellow, O; silver, H. SEM 
mage of the hulk powder (C) and the pretreated powder (D).

As can be seen there are few physical differences that can be observed from the SEM 

between the starting powder and the jrretreated powder in relation to morphology although 

there is a clear difference in the orientation of the material. In Figure 5.1 C the crystal 

comprises of tightly packed nanosheets where as in Figure 5.1 D the nanosheets have 

sedimented and are loosely packed which is easier to re-exfoliate back into nanosheets, 

thus producing larger concentrations[130].

Both starting material and pretreated powder were analysed by XR,D to determine their 

structure (Figure 5.2). The XRD patterns of both bulk and pre-treated Ni(OH)2 were con­

sistent with single phase p-Ni(OH)2 with the expected crystalline hexagonal structure (a 

0.3126 urn, c 0.4605 nni), although there were two extra weak peaks in the bulk 

sample that are most likely due to removed impurities|82]. As no peaks from other phases 

are found, this suggests the layered material to consist of only one phase and contain only 

single valence Ni^+(82]. This is important as the absence of the -balancing counter ions 

which are often found in LDHs will make LPE much more straightforward.
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Figure 5.2: XRD spectra of bulk and pretreated Ni(0H)2 powder.

5.4 Exfoliation of Ni(OH)2

Contrarily to GaS, surfactant exfoliation was used to produce Ni(0H)2 nanosheets, rather 

than solvent exfoliation as it has been shown to produce smaller, thinner nanosheets(42]. 

For some applications it is advantageous to use larger nanosheets but for certain applica­

tions, such as catalysts in the HER or as a supercapeitor electrode, it is necessary to use 

smaller nanosheets|73, 165]. To demonstrate this 20 mg/rril of pre-treated Ni(OH)2 was 

sonicated in 9 mg/rnl sodium cholate and water solution. The resultant dispersion was 

then centrifuged at 1.5 kRPM (240 g) and the supernatant decanted and retained resulting 

in a milky green liquid (Figure 5.3 A) and is reffered to as the standard sample. To assess 

the quality of the exfoliation as well as to analyse the contents of the nanosheets, low-res 

TEM was performed on the dispersion. Large quantities of exfoliated 2D nanosheets that 

were electron transparent with well defined edges were found (Figure 5.3 B). Statistical 

analysis showed that the nanosheets had a mean length of 126 nm —/- 4 nm (Figure 5.3 C).
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Figure 5.3: AJ Photograph of typical Ni(OH)2 dispersion in surfactant solution. B) Representative low 
resolution TEA! image of Ni(OH)2 nanosheets. C) Histogram of nano sheet length, <L>, as measured by 
TEM.

To fully optimise the exfoliation process it is necessary to assess the mass produced 

within an individual disjiersion by determining the concentration of nanosheets within 

the liquid. This is usually achieved by measuring the extinction of a dispersion through 

optical spectroscopy. Unfortunately for materials such as Ni(()H)2 this is not obvious, as 

the measured optical extinction, ext, is not just dictated by the absorption of light but 

also contains contributions from scattering effects. The scattering component varies with 

size which make concentration measurements unreliable[44, 90]. To address this, the ext, 

abs and sea spectra were converted to their respective coefficient spectra for the standard 

sample (using Ext — eCl, where C and 1 are concentration and cell length respectively), as 

shown in Figure 5.4. This was performed following careful measurements of the dispersed 

naiiosheet concentration, where the concentration is obtained by mass weighing through
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vacuum filtration. The ext, abs, sea spectra were obtained using an UV - vis spectromete: 

with an integrating sphere attachment to seperate abs from ext. From these spectra it is 

clear that the extinction is dominated by scattering effects with a very weak contributior. 

from the absorption. The absorption coefficient spectrum displays a band edge at ~ 30') 

nrn (~ 4.1 eV) as well as absorption peaks associated with the Xi^"'' ions at 386 rirn and 

654 nm. This will be discussed further in section 5.6.

Figure 5.4: Optical extinction, absorption, and scattering spectra of Ni(OH)2. Inset: magnified mew 
showing absorption spectrum.

As can be seen in the inset of Figure 5.4 the absorption coefficient at 386 nm is 

~ 10 . This can be used to determine the nanosheet concentration from t:ie

absorbance (abs) via Abs^genm = assenmCl. How’ever, as an integrating sphere is not a 

standard piece of equipment and not readily available for most researchers, it is also useful 

to use the extinction coefficient to obtain the concentration. As well as this, the valre 

obtained is very low relative to the extinction and thus is liable to have high error. This
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can be achieved by using careful analysis of the extinction spectra and will be discussed 

in section 5.6.

5.4.1 Optimisation of Exfoliation Parameters

Similar to GaS, it is nece.ssary to optimise the exfoliation conditions as to achieve the 

highest concentration, high quality dispersion within a reasonable time frame. The first 

parameter that is necessary to optimise is the surfactant concentration.
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Figure 5.5: (A) Final Ni(OH)2 nanosheet concentration plotted against surfactant concentration showing 
a peak at 9 g/L of sodium cholate. (D) Zeta potential plotted against surfactant concentration of dispersions 
from IF. (C) Final concentration of Ni(OH)2 plotted against sonication time indicating a square root 
dependence (dashed line). (D) Final concentration of Ni(OH)2 nano sheets plotteA vs. initial hulk Ni(OH)2 
concentration.
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To achieve this 10 mg/ml of Ni(()H)2 powder was sonicated with varying amounts 

of surfactant concentration and centrifuged as described in section 5.2. The Ni(()H)2 

concentration of these dispersions were then measured using the coefficients found in the 

previous section and plotted against surfactant concentration, as shown in Figure 5.5 A.

.A.S can be seen there is a distinctive peak at ~ 9 mg/ml which is reasonably close to the 

critical micelle concentration (CMC) of sodium cholate|167j, although this could show that 

there are small amounts of charge balancing ions on the surface of the nanosheets. In Fig­

ure 5.5 B, the absolute value of the zeta potential showed a steady increase with surfactant 

concentration which correlates to increasing nanosheet coverage and thus stability|115|. 

Secondly, the concentration of both material and surfactant were kept constant and the 

sonication time was varied (Figure 5.5 C). This lead to a square root dependence for hnal 

concentration versus sonication time, as has been shown for other 2D materials! 13, 160, 

161|. Finally, the initial pow’der concentration was varied while keeping the surfactant con­

centration consistent (Figure 5.5 D). Initial cone was then plotted against final concentra­

tion where there is a clear linear trend as expected, with a plateau at about 20 gl~^\l3, 44|. 

Combining these optimised conditions produces parameters of C, 20 mg/ml, 9

mg/ml, t,,„„i,; 4 hrs. These parameters combined with centrifuge conditions of cimwi =

1.5 kRPM and ctumc 2 hrs yields a hnal concentration of 3 mg/ml which compares to 

the 2 mg/ml and 1 mg/ml found for graphene and M0S2 respcctively|160, 161|.

5.5 Characterisation of Ni(OH)2 Nanosheets

Once the Ni(()H)2 nanosheets have been dispersed in the liquid phase, it is possible 

to perform more detailed characterisation techniques. To achieve this the dispersions 

were hltcred onto nitrocellulose membranes using vacuum hltration, creating thin hlms of 

nanosheets stacked on top of each other. Scanning electron microscopy was performed on 

these hlms, as shown in Figure 5.6A inset, showing exfoliated nanoshects existing in dis­

ordered arrays, appearing structurally similar to hlms of other nanosheets types produced 

by LPE, such as GaS, as demonstrated in chapter 4.

To conhrm that the him comprised of Ni(OH)2 nanosheets and to show that the exfoli­

ation method didn’t induce defects, Raman spectroscopy (A = 532nm) was performed on
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the film and the pre-treated powder (Figure 5.6). Both spectra show three distinct peaks 

at 324 cm“^, 458 cm^ ^ and at 3583 cm^F The peak at 3583 corresponds to the internal 

stretching of the 0-H bond, whereas 324 and 458 corresponds to the Eg and Aig lattice 

modes respectively [82].
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Figure 5.6; Bximan spectnnn (excitation wavelength - 532 nni, mean of 20 spectra) of standard film 
and pre-treMed powder showing characteristic phonons of the Ni(OH)2 with Representative SEM image of 
a film made with the filteied standard dispersion inset.

As demonstrated with GaS, XPS is a very powerful and useful tool to characterise 

2D nanosheets through monitoring of the surface chemistry and chemical compositions. 

Shown in Figure 5.7 are Ni 2p and O Is XPS core level spectra measured on both the pro 

treated powder and the exfoliated Ni(OH)2. The complex metal core level spectra of the Ni 

2p core-level w’ere fitted using the parameters established by Biesinger et a/[168|. Fitting 

revealed both the pre-treated sample and exfoliated samples to consist almost exclusively 

of Xi(()H)2[168]. Although this data does not allow accurate differentiation between q, j3
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and 7 Ni(0H)2, it can be concluded that the samples contain virtually no NiO or NiOOH 

and <1% Ni metal|82|. The corresponding O Is core-level spectra mainly show the ex­

pected Xi(OH)2 contribution at ~ 531 eV (red). There is also as a broad component on 

the high binding energy shoulder (blue), which contributes ~ 30 % for the pre-treated 

sample and ~ 23 % for the nanosheets. This is attributed to organic impurities remaining 

in the pre-treated sample and sodium cholate in the exfoliated sample, as well as residual 

nitrate from the synthesis. It is noted that sonication during the exfoliation process did 

not result in an increased NiOj, content as shown by the Ki 2p and O Is core level spectra 

of the pre-treated and processed Ni(OH)2 (Figure 5.7).
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Figure 5.7: A,B) Fitted XPS core level spectra of pre-treated powder and a film of reaggregated, exfoliated 
nanosheets. (A) Ni 2P-i/2 core level spectra. (D) O Is core level .spectra.

5.6 Size selection and Optical Characterisation of Ni(OH)2 

Nanosheets

.\s mentioned previously, LPE has a significant advantage over other exfoliation proce­

dures as it is possible to readily size select the nanosheets[l3, 42]. This can be achieved
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through a number of methods but in this section it was accomplished using liquid cascade 

centrifugation (LCC), where a number of sequential size selection steps are used to isolate 

nanosheets in different size ranges[43]. Using this method, five sizes were obtained XL, L, 

M, S and XS. Before the optical characterisation was performed it was necessary to ensure 

that the size selection procedure had worked, thus TEM was utilised. Both the statistical 

analysis showed a clear reduction in size from XL to XS with the mean length reducing 

from 195 iim to 87 nm (Figure 5.8).
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Figure 5.8; A-E) Histogram of nanosheet length, <L> for XL, L, M, S, XS respectively. F-K) Repre­
sentative TEM images for XL, L, M, S, XS respectively.

The nanosheet length of a colloidal dispersion has a range of distinct effects on the
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optical properties[42, 43]. As a result, the extinction, absorption and scattering coefficient 

spectra were measured for each (as shown in Figure 5.9). It is clear from this data that 

the extinction coefficient is very sensitive to nanosheet size with s increasingly strongly 

with <L> for all wavelengths. Also, the extinction spectra and scattering spectra look 

almost identical cine to a very small contribution from light absor{)tion.

Figure 5.9: A-C) Extinction (A), absorption (D) and scattering (C) coefficient spectra for all five sizes. 
(D) Extinction coefficients (\ — 387 nrn) as a function of <L>. (E) Absorption coefficients (X = 387 
nm) as a function of <L>. (F) Long wavelength scattering exponent, n, measured from .scattering (or 
extinction) spectra, plotted versus TEM <L>.
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As shown in Figure 5.9 B, the absorption spectra doesn’t change much with size. The 

slight difference for XL most likely being due to slight error in removing the absorption 

from the extinction spectra by the device. The peaks at 386 nm and 654 nm don’t shift 

with nanosheet size due to the fact that they are caused by absorption within the Ni^ *" 

ions which arc much smaller than the size of the nanosheets[90|. The peaks at 700 nm and 

400 nm are due to the ^A2 -> ^Ti(3f) and ^A2 -> ^Ti(3P) transitions respectively. These 

transitions are all associated with Ni^'*' in an octahedral symmetry and are assigned on 

the basis of the d® system with the local crystal field altering the free ion levels(169|.

The scattering spectra are characterised by a power law decay, craA“", which holds 

for A > 300 nm. This value, n, is known as the scattering exponent and is size dependent 

as can be seen in Figure 5.9 F. The extinction and absorption coefficient at 386 nm are 

plotted against <L> in Figure 5.9 D. The extinction coefficient at 386 nm, easenm, is very 

similar to the scattering coefficient, with the values being almost the same for the same 

Hake lenght. This is due to the contribution from absorption being very low as a-iseum 

14 In Figure 5.9 E it appears that assenm increase with <L>, this is most likely

due to scatter in the data that has arisen from the use of an integrating sphere to extract a 

value of Q so small. It is expected that a^senm is independent of <L> and is controlled by 

the number of Ni^"'' ions per volume. This is not the case for the extinction coefficient as it 

increases strongly with nanosheet length in a manner which can be described empirically 

bv

^386nm ^ ^386nm 0.03o T ^ (5.2)

Where <L> is in nm. This ecpiation is valid for materials where a » a and the behaviour 

is essentially a manifestation of the length dependence of the scattering coefficient and 

can be described by Mic theory, in principlejldl]. Although, this can become incredibly 

complex as there are no theoretical studies which predict the size dependence of the 

scattering coefficient of ensembles of nanoscale discs which would allow validation of eq. 

5.2.

.As mentioned previously the scattering coefficient scales with the wavelength as A“". 

This has been demonstrated for other 2D materials such as M0S2, BN and GaS and is
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consistent with Mie scattcring|42, 44, 98]. From the scattering spectra the scattering 

exponent, n, has been taken by measuring the slope of the curve and has been plotted 

against <L>. This graph shows an increase in n from 2 to almost 4. This isn’t an 

unexpected result because for the very small particles with L << A, it is expected that 

the light would be scattered via Rayleigh scattering which is characterised by a scattering 

exponent of n — 4[141]. For larger nanosheets Mie scattering becomes dominant as the 

light is scattered across all wavelengths. Using an empirical relationship to fit this data

(5.3)

Where <L> is in nm. This equation can also be expressed in terms of < L>

< L >= 257[- - 1] 
n

0.4 (5.4)

As discussed in section 5.4 it is useful to be able to obtain the concentration of a dispersion 

by using extinction spectrsocopy instead of absorption spectroscopy due to the availability 

of the equipnientl42|. It is possible to obtain the concentration of a dispersion using a but 

this isn’t ideal as it requires the use of an integrating sphere, thus it is more feasible to 

use e. A downside to this is that <L> changes so drastically with e, thus it is necessary to 

obtain a size dependent metric for e. By combining equation 5.2 and 5.4 this is attainable.

^386nm — 2312]---- 1]n
0.8 (5.5)

Where cssermi is in By obtaining n from the extinction coefficient spectrum

equation 5.5 can be used to obtain the extinction coefficient at 386 nm. This can be used 

to obtain the concentration using the Beer Lambert Law

2312/ ' (5.6)
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Where 1 is the path length of the cuvette and C is the concentration in gL~^. This 

equation allows for the concentration of a given dispersion to be obtained using a simple 

ext spectroscopy measurement and avoids the need for expensive and time consuming 

statistical TEM.

5.7 Expansion to other Layered Double Hydroxides

Ki(OH)2 is only one of many layered double hydroxides. Four more examples of this family- 

are Co(OH)2, Cu(OH)2, Mg(OH)2 and Zn(OH)2, none of which to this point have been 

exfoliated using liquid phase exfoliation. All five layered double hydroxides studied in this 

work have identical structures (Figure 5.1 A) which mimic that of the IT polytype of MoS 2- 

All contain only single valence metal ions (AP+) meaning the monolayers are nominally 

uncharged while in all cases the surfaces consist of OH“ groups implying that each material 

should display similar surface chemistry|9()|. Because liquid exfoliation relies on stabilisers 

(i.e. solvent, surfactant or polymer molecules) binding to the nanosheet surface, this 

similarity in surface chemistry suggests that any exfoliation route that works for one of 

the materials should work for all five|115|.

5.7.1 Initial Exfoliation

.411 five materials were exfoliated using the optimised conditions obtained from section 5.4 

with the same sonication and centrifugation parameters, resulting in four deeply coloured 

dispersions with nickel, copper and cobalt hydroxide being green, blue and pink respec­

tively and both magnesium and zinc hydroxide being white as expected based off the 

colours of the powders (Figure 5.10 A).
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Figure 5.10: A) Photograph of dispersions of LDHs produced by a “standard” exfoliation procedure. D-F) 
Representative TEM images of few-layer LDH nanosheets of each type.

To ensure successful exfoliation, transmission electron microscopy was performed on 

all five standard samples typical images shown in Figure 5.10 B-F. In all cases except 

Cu(OH)2, the exfoliated product consisted of 2-climensional nanosheets. As is usually 

found in the case of LPE, these nanosheets are not exclusively monolayers but generally 

consist of few-layer nanosheets with a broad thickness distribution|42, 116, 117]. For ex­

ample, Ni(OH)2 nanosheets exfoliated by LPE displayed thicknesses varying from 1-25 

monolayers with a mean thickness of 10 monolayers]901. While such thickness polydis- 

persity is clearly a disadvantage over ion-exchange based methods of LDFl e.xfoliation, it 

is believed for this to be an acceptable downside when compared to the speed and ease 

associated with LPE. While most of the materials studied here conform to the normal 

shape usually observed for nanosheets produced by LPE[13, 42, 116, 170], the exfoliation
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product for the Cu(OH)2 sample was clearly different (Figure 5.10 F), displaying a more 

belt-like structure. While the length/width aspect ratio for the other four materials was 

close to 1.5, the Cu(OH)2 nanosheets displayed < 3.83/1 >. Although the nature of this 

difference is not clear, it is noted that Mo03 nanosheets exfoliated by LPE displayed 

<length/width>=2.6, which is higher than is normally found] 13|. While in that case the 

unusual aspect ratio was related to atomic structure of M0O3, this is unlikely to be the 

case here.

Figure 5.11: Optical extinction spectra of dispersions of LDH nanosheets produced by the “standard” 
procedure.

To further characterise the materials the extinction coefficient spectra were obtained for 

each hydroxide. This was achieved using previously described methods used throughout 

this thesis with the dispersion concentration measured by filtration and weighing. As can 

be seen from Figure 5.11 all the spectra are effectively featureless due to large contributions 

by light scattering and thus give little material information. Despite three of the materials 

having distinctive colours this is to be expected as all four materials are insulators with
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baridgaps larger than 3 eV with only small absorption contributions from the metal ion, as 

descried in section 5.6. The absorption features of each material are explained in greater 

detail in section 5.9.

5,8 Characterisation of LDHs

Once the nanosheets were dispersed in the licpiid phase it is possible to perform more 

detailed characterisation. To achieve this, thin films are prepared through vacuum filtra­

tion. Raman spectroscopy (A = 532 nrn) was used to examine the dispersed nanosheets 

for each hydroxide (Figure 5.12). In four cases (Ni, Co, Cu and Mg(OH)2) the Raman 

spectroscopy is as expected.

Figure .5.12: Raman spectra, measured on films prepared by filtration of dispersions of LDH nanosheets 
produced by the “standard” procedure.

For Ni(OH)2, as previously reported, there are distinct peaks at 324 and 458 cm“^ cor­

responding to the Eg and Aig Raman-active transitions characteristic for /3-Ni(OH)2|82|.
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This is very similar to magnesium and copper hydroxide whose equivalent modes corre­

spond to 281 cm“^ and 445 cm“^ and 288 cm ^ and 491 cm“^ respectively!!?!, 172|. For 

Co(OH)2 the modes are shifted as they correspond to 479 cm“^ and 686 cm“^ for the Eg 

and Aig|173, 174], This is likely due to the Co(OH)2 being more tightly packed within 

the lattice and thus will have higher vibrational frequencies. For Zn(OH)2 no measurable 

spectra has been appropriately achieved although the most Raman active spectra has been 

attached. In the cases of Co(OH)2 and Cu(OH)2 there are also additional features at 515 

cm“^ and 450 cm“^ respectively which correspond to the A„ modes. For the four materials 

described this matches with previously reported Raman spectra|82, 171, 172, 173, 174|.

5.9 Optical characterisation of Size Selected LDHs

Similar to previous work, the dispersions produced by LPE have a broad distribution 

of nanosheet length and thicknesses, this means that they can be readily size selected. 

.\gain, this work uses the method referred to as liquid cascade centrifugation (LCC), a 

method that involves a number of sequential centrifugation steps, to isolate nanosheets in 

different size ranges (see Methods). Here five size-selected dispersions are produced for 

each of the five materials. They were labelled in order of decreasing size as XL, L, M, S, XS.
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Figure 5.13: Size selection of LDHs. A-E) TEM images of nanosheets separated into the extra-large 
(XL, left) and small (S, right) fractions for each of the five nanosheet types.

For each material, TEM was performed on each size and analysed as described pre­

viously. Shown in Figure 5.13 A-E are representative images of the XL and S sizes. 

Statistical analysis was performed on each of the nanosheet lengths. In all instances the 

nanosheets and nanobelts were well exfoliated for all sizes and there was an obvious de­

crease in average size going from XL to XS. With changes in size ranging from 223 urn to 

65.67 nrn, 194 nm to 39nm, 470 nrn to 205 nm, 234 nrn to 77 nrn for Ni(OH)2, Co(OH)2,

104



Mg(()H)2, Zn(0H)2 and Cu(0H)2 respectively.

Ill Figure 5.14 A is a [ilot of the mean length <L> against Central RPM where the 

materials follow a trend of L decreasing as rpm“^ as predicted by theory with Cu(OH)2 

having the longest nanosheets ranging from 946 nrn to 267 rini and Co(OH) 2 having the 

shortest. For Cn(OH)2 this makes sense, as the nanosheets are nanobelts they will have 

much larger <L> while having a similar surface area. For Co(OH) 2 the nanosheets are sim­

ilar in length to Xi(OH)2 and Zn(OH)2 but all three are much smaller than Mg(OH)2. The 

chosen centrifugation method separates the material by mass as smaller lighter nanosheets 

need a higher centripetal force to cause them to sediment. Thus, for these materials, the 

length at a given rprn scales roughly inversely with density in the order: Mg(OH)2 > 

Zn(OH)2 > Ni(OH)2 > Co(OH)2.

Central RPM (kRPM) Central RPM (kRPM)

Figure 5.14: A-B) Mean nanosheet lerujth (A) and mass of nanosheets collected (B) for each fraction, 
plotted as a function of the central centrifugation speed used to collect each fraction.

As well as being able to control the lengths of the nanosheets using LCC it is also 

possible to produce and control large masses of each given size. To demonstrate this the 

concentration of each dispersion was found using previous methodologies. As the volume 

i.s known during the redispersion step it is possible to convert concnetration into mass 

produced. This is shown in Figure 5.14 B where mass collected is plotte.d against central

105



RPM. This graph shows a very obvious trend with a lot of mass for the large sizes that 

decreases with decreasing nanosheet size due to the small nanosheets being collected at 

most steps. Thus, the amount will decrease with increasing R.PM as well as this, all the 

larger nanosheets are collected in earlier steps. For Mg(OH)2 the drop in mass is most 

dramatic. This is most likely due to there being fewer small particles in the starting 

powder.

As previously reported, as well as being shown in this thesis, the optical properties of 

nanosheets change drastically with size|42, 43|. This was demonstrated by measuring the 

extinction, scattering and absorption spectra for all sizes of all five hydroxides. Shown 

in Figure 5.15 are the respective spectra of Zn(OH)2, Co(OH)2 and Cu(()H)2, chosen as 

three materials with distinctive colours and thus, spectra. The spectra of Ni(OH)2 has 

been shown previously and Mg(OH)2 is shown in the appendix. As can be seen, the ex­

tinction and scattering spectra arc very similar due to the absorption spectra being mainly 

featureless and most of the contribution to extinction being due to scattering effects.
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Figure 5.15: A-C) Optical extinction (A-C), absorption (D-F) and scattering (G-1) coefficient spectra 
measured for five different fractions (different sizes) of Zn(OH)2, Co(OH)2 and Cu(OH)2 nanosheets 
respectively.

It can be seen clearly that the absorption spectra for size selected Zn(OH)2 are mainly 

featureless as it is a white material that absorbs close to zero light until approximately 

400 nm with a bandedge at approximately 280 nm. For both Co(OH)2 and Cu(OH)2 the 

spectra doesn’t appear to be largely size dependent but the intensity does increase slightly 

with increasing length. The absorption spectra for both cobalt and copper hydroxide (as 

well as nickel hydroxide) are cpiite interesting as uidike many layered materials such as 

the TMD’s the absorption isn’t due to the entire compound but just due to the metal ion 

within the hydroxide. To demonstrate this, the absorption spectra of the five materials of 

approximately the same length were plotted together. This is shown below in Figure 5.16.
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Wavelength (nm)

Figure 5.16; Norm,alined absorption spectra for each material (250nm). The data shown represent the 
XL fractions for Ni(0H)2, Co(()H)2 and Zn(0H)2 samples bid the XS fractions for the Mg(OH)2 and 
Cu(0H)2 samples. These fractions were chosen to ensure a similar .size range (<L> ~ 200-250 nm) for 
each material. Inset: semi-log plot.

For the example of Ni(OH)2 the peaks at 700 nm and 400 nm are due to the ^A2 > 

^Ti (3F) and ^A2 ;■ ^Ti (3P) transitions respectively (there is also a peak at 1100 nm 

which is due to the ^A2 / ^T2 (3F) transition) as described in section 5.6|175|. For both 

Mg(OH)2 and Zn(OH)2 there are no features of interest before 300 nm w^here they both 

have a bandedge at < 220 nm and 250 nm corresponding to > 5.6 eV and 5 eV. The 

absorption in Co(OH)2 and Cu(OH)2 is due to d-d transitions w’ithin the band gap. For 

Co(()H)2, in the absence of spin-orbit coupling, only the ‘^A2('*F) > transition

is allowed in the visible spectum, accounting for the peak at 600 nm. In Cu(OH)2the 

observed absorption band at 700 nm is due to the overlap of ^Bi^, > ^Ai, and > 

2Big[176, 177, 178).
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Figure 5.17: Extinction and scattering (A), absorption (B) coefficients measured close to the bandedge 
for each material plotted versus mean nanosheet length. The wavelengths where the coefficients were taken 
at 300 nm for Ni(OH)2, Mg(OH)2, Zn(OH)2 and fOO nm for Co(OH)2, Cu(OH)2.

To determine the effects that length have on the ext, sea, and abs coefficients the 

nanosheet <L> wiis plotted against the three parameters for a specific wavelength just 

below the material bandedge (Figure 5.17 A,B). As expected e and o increase with in­

creasing <L>, also, all four materials show a very similar trend with the excciption of 

M(()H)2 which increases at a greater rate, a also increases with <L> although with dif­

ferent absolute values for the different materials, e and a are plotted together as they are 

very similar.

It has been shown that the scattering exponent of a material can be used to obtain 

<L for 2D nanosheets. The scattering exponent, n, can be extracted from the scattering 

spectra by measuring the slope of the spectra in a region with zero absorption. This value 

n is plotted against <L > for the hve materials in Figure 5.18. The graph shows n to be 

very close to 4 for very small nanosheets and to increase to approximately 1 - 2 for larger 

nanosheets. This is dne to the contributions from Rayleigh scattering which is predicted 

for L << A and is characterised by a scattering exponent of n 4(44, 141]. For larger 

nanosheets, Mie scattering becomes prc'dominant, resulting in a reduction of n.
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Figure 5.18: Scattering exponents plotted versus mean nanosheet length for each material. The lines 
are fits to equation.

All five curves were fitted using an empirical function that is described in detail in chapter 

7 that has previously been published for Ni(OH)2 with differing variables1901. These fits 

can then be used to obtain <L> from n and prevent the need for statistical TEM. The 

specific fits are given in the appendix. Four of the five materials exhibit similar trends with 

the exception of copper hydroxide, this is most likely due to the nanobelt geometry of the 

Cu(OH)2 nanoshcets as scattering effects are due to the complete size of the nanosheets 

and not a simple length effect.

5.10 Conclusions

In conclusion, it was demonstrated that liquid phase exfoliation can be used to exfoliate 

layered Ni(OH)2 crystals from commercially available powder to give liquid dispersions of 

few layer Ni(OH)2 nanosheets with the identity of the dispersed material being charac­

terised by SEM, Raman and XPS. This process yields nanosheets in a broad size range at
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reasonably high concentrations and with production rates which compare well to graphene 

production by LPE. This process allows the nanosheets to be size-selected in a simple an 

efficient manner. It was found that the optical extinction of the dispersions to vary strongly 

with nanosheet size. Detailed studies showed the nanosheet absorbance to be roughly size 

invariant but the optical scattering spectra to depend strongly on nanosheet length.

LPE results in nanosheet dispersions which are solution- processable and can be easily 

formed into structures such as films. This makes it easy to characterise the material using 

such methods as SEM, XPS and Raman spectroscopy wffiich showed no damage had been 

done to the nanosheets during exfoliation. As well as this the resulting nanosheets were 

mostly free of contaminants and had approximately the correct stoichiometry.

This work has extended LPE to a new class of materials, the layered hydroxides, and 

further demonstrates the versatility of this method. It is possible to view Ni(OH)2 as a 

model system which has been used to demonstrate LPE. This was shown for four other 

hydroxide materials, Co(OH)2, Mg(()H)2, Zn(OH)2 and Cu(OH)2, where these methods 

produced high quality nanomaterials in all instances. As well as this, the four other 

materials were size selected and their size dependent optical properties were demonstrated.
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Chapter 6

Testing the Versatility of Liquid 

P hase-Exfoliat ion

6.1 Introduction

As mentioned previously LPE has been used for a variety of families of layered materials 

from graphene, BN, black phosphorus to TMDs and TMOs|13, 16, 20, 22, 115|. Within 

this thesis, this method has been successfully expanded to III-VI metal chalcogenides and 

layered double hydroxides but in all these instances the materials are synthesised in a lab 

and are purchased at high purity. This doesn’t fully demonstrate the versatility of this 

method. Here it is shown that materials such as layered silicates found in nature can also 

be exfoliated by this method, showing that LPE isn’t just suitable for the purest materials 

but that any layered material, regardless of purity, can be exfoliated and isolated from 

their non-layercd impurities.

Three examples of these natural or ’unconventional’ materials are talcum powder which 

is made up mostly of the layered material talc|179|, clay dug up from a beach, which from 

its texture was suspected to be a layered compound and cat litter, a mined clay known 

as Fuller’s earth which primarily consists of layered hydrous aluminium silicates such as 

bentonite and kaolinite|180, 181, 182j. In all cases, the materials contain a high number 

of non-layered materials such as magnesium carbonate and zinc oxide in the case of the 

talc and calcite and quartz for the cat litter(180|. For the beach clay, it is unknown what 

the contaminants are but the clav was surrounded bv sand.
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In this chapter, the versatility of liquid-phase exfoliation is demonstrated where these 

three materials are exfoliated to yield nanosheet dispersions. It is demonstrated that 

by using appropriate cleaning techniques that the nanosheets within the materials can be 

isolated and used for future characterisation. In line with previous results, it is anticipated 

that the ultrasound would remove few-layer nanosheets from the laj-ered materials present. 

However, it was not clear whether the resultant nanosheets would be stable in water or 

require the presence of a surfactant to stabilise them against aggregation. This would be 

ascertained by centrifugation to remove any nanosheets which were not stably dispersed, 

as well as any non-nanosheet material. This shall be discussed in greater detail below.

6.2 Experimental Method

6.2.1 Materials

Talcum powder and cat litter were both purchased from Tesco and Lidl respectively. The 

clay was extracted from a beach in Parknasilla, Co. Kerry. Sodium cholate (SC, item 

no. C1254) and all solvents were purchased from Sigma Aldrich and the highest available 

purity.

6.2.2 Preparation of Nanosheets

.\s these materials have mixed composition and contain many impurities, it is necessary to 

introduce a treatment step to purify the powders. The materials were initially sonicated in 

chloroform for one hour, then centrifuged for one hour at 4.5 kRPM with the supernatant 

being decanted and discarded with the sediment being retained. This was then repeated 

with acetone, then with deionised water. The powders were then dried at 60 °C in a 

vacuum oven. The pre-treated powders were sonicated in surfactant and water solution 

using a solid flat head sonic tip (Sonics VX-750) at 60% amplitude (6s on/ 2s off) for 4 hrs. 

To prevent the sonic tip from overheating and potentially damaging the samples or boiling 

off the solvent, ice cooling was used. After sonication, the dispersions were centrifuged in 

a Hettich Mikro 220R centrifuge with a fixed-angle rotor 1060). Finally, the top 75% of 

the dispersions were taken and kept for further analysis and characterisation.
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6.2.3 Characterisation and Equipment

Optical extinction and absorbance were measured on a PerkinElmer 650 spectrometer in 

0.4 cm path length quartz cuvettes. To differentiate between contributions from scattering 

and absorbance to the extinction spectra, dispersions were measured in an integrating 

sphere using a home-built sample holder to place the cuvette in the centre of the sphere 

(N.B. cuvettes need to be transparent to all sides and correct/reproducible positioning 

is important). The absorbance spectrum is obtained from the measurement inside the 

sphere. A second measurement on each dispersion was performed outside the sphere in 

the standard configuration to obtain the extinction spectrum. This allows calculation 

of the scattering spectrum (extinction minus absorbance). Low-Resolution bright field 

transmission electron microscopy imaging was performed using a JEOL 2100, operated at 

200kV. Holey carbon grids (400mesh) were purchased from .4gar Scientific and prepared 

by diluting a dispersion to a low concentration and drop casting onto a grid placed on 

a filter membrane to wick away excess solvent. Statistical analysis was performed of the 

flake dimensions by measuring the longest axis of the hake dimensions by measuring the 

longest axis of the nanosheet and assigning it as ‘length’, L. Scanning electron microscopy 

was performed with a Carl Zeiss Ultra SEM operating at 2kV. Images were acquired using 

the secondary electron detector. X-ray diffraction patterns were measured using a Bruker 

D8 Advance diffractometer using a copper X-ray source (40 kV, 1.5406 A), with a step 

size (20) of 0.04° and a dwell time of 6 s. X’Pert HighScore software (v.2.0, PANalytical 

B\', Netherlands) was used to match the powder patterns to known materials from the 

ICDD database.

6.3 Exfoliation of Materials

6.3.1 Pretreatment Method

Talcum powder was purchased from Tesco while a Puller’s earth-based cat litter was pur­

chased from Lidl. A sandy clay was collected from a beach at Parknasilla, near Siieem in 

Co. Kerry, Ireland. SEM analysis (Eigure 6.1 A-C) showed the talcum powder contain 

large quantities of platelet-like materials, presumably layered crystallites. The morphol-
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ogy of the cat litter sample was less clear showing particulates of a range of sizes which 

may or may not have been layered. SEM images of the clay showed large numbers of small 

platelet-like structures that appeared to sit on large continuous structures. It is likely that 

these represent a mixture of layered clay particles mixed with small stones or sand.

Figure 6.1: A-C) SEM images of the microstructure of the starting materials: A) talcum powder, B) 
clay and C) cat litter.

To remove molecular impurities, a washing step that had not been used in the previous 

chapters and described in the methods section was introduced resulting in three dried 

powders.

6.3.2 Exfoliation into Nanosheets

To test if these materials could be exfoliated using LPE, the treated powders (1.6 g) were 

sonicated as described in the methods section. The surfactant-stabilised dispersions were 

completely stable as shown in Figure 6.2. To determine the stability of the dispersions, 

the zeta potential of the sample was measured immediately after centrifugation and was 

found to be C = —34 mV, ^ = —23 mV, C = —29 mV for talc, cat litter and clay respec­

tively. Although, these values are not particularly high, they were high enough to impart 

stability on the dispersed nanosheets.
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Figure 6.2: A-C) Photographs of dispersions (after centrifugation) of - A) talcum powder, B) clay and 
C) cat litter, all in water and stabilised by the surfactant sodium cholate (Csurf—6 mg/ml).

While the talc dispersion was a milky white in colour, the cat litter and clay dispersions 

were much darker in colour and thus of interest for UV-vis measurements. The optical ex­

tinction coefficient (e) spectra of the three nanosheet dispersions were measured, as shown 

in Figure 6.3 A (concentration was measured by filtration and weighing). These spectra 

are broad and featureless, as is usually found for nanostructured insulators due to the pres­

ence of light scattering|42, 44|. To account for this, the absorption coefficient (a) spectra 

(Figure 6.3 B) was also measured using an integrating sphere. For talc and cat-litter, these 

spectra are mainly featureless and show bandedges at 3 - 3.5 eV (350-400 nm), consistent 

with insulating behaviour but perhaps somewhat lower than expected than the values of 

~ 3.5 eV for talc and : ■ 5 eV normally found for layered silicates(183, 184]. However, for 

clay the absorption coefficient never reached zero, even at high wavelengtli, implying the 

presence of metallic impurities. As mentioned previously, subtracting the absorption from 

the extinction spectra gives the scattering coefficient (a) spectra as shown in Figure 6.3B 

yielding power-law behaviour in the high wavelength regime as expected (Figure 6.3 C).
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Figure 6.3; A-C) Optical spectra for exfoliated dispersions of talc, clay and cat litter showing A) 
e^inction, B) absorption and C) scattering coefficient spectra.

In order to estimate the mass of nariosheets exfoliated, a known volume of the disper­

sions were filtered onto alumina membranes using vacuum filtration. .4s the nanosheets 

were coated with sodium cholate the films were washed with 250 ml of water to remove 

most of the surfactant. The films were then dried in a vacnnm oven, removing any residual 

sodium cholate and weighed. This led to the estimation of dispersed concentrations of ~ 

0.1 rng/rnl, ~ 8 mg, ml and ~ 1.2 mg/rnl for talc, cat litter and clay respectively. For both 

the cat litter and the clay, these values compare very well with other 2D materials snch as 

graphene, MoS2[161| and Ni(OH)2[90l with values of 2 nig/ml, >1 mg/ml and 2-3 rng/ml 

respectively. The concentration of the talc is quite low but c.ompares to values found for 

BN in IP.4 of 0.06 mg/ml[98].

To observe the quality of the nanosheets, images were taken using TEM where a few 

drops of each dispersion were pipetted onto separate holey carbon grids. TEM images 

(inset of Figure 6.4.4-C) showed the presence of large quantities of 2D nanosheets in each 

case, with very little to no evidence of larger 3D objects. This is a particularly interesting 

result in the case of both the cat litter and the clay as it shows that LPE is capable of 

extracting only the nanosheets from an inhomogeneous starting material while rejecting 

the larger, 3D objects. This 3D/2D separation is most likely due to simple mass separation 

where the 2D nanosheets are smaller and lighter than their 3D counterparts. However 2D
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objects moving in a fluid feel a resistance force which increases with aspect ratio[185|. The 

length of the imaged nanosheets were measured (defined as the longest dimension) with 

histograms shown in Figure 6.4 A-C. As is generally found for LPE, roughly lognormal 

length distributions were observed, with means of 600 inn, 370 inn and 315 nni for talc, 

clay and cat litter respectively.

o

Length (nm) Length (nm) Length (nm)

Figure 6.4: A-C) Histograms showing nanosheet length (i.e. the longest dimension) distribution for A) 
talc, B) clay and C) cat litter. Inset are representative TEM images.

ft was of interest whether water could act as a stabiliser by itself or if it would require 

surfactant as the nanosheets may have charged surfaces. To test this, multiple wash­

ing steps were introduced after which the Zeta potential and an extinction spectra were 

measured. The washing step comprised of centrifuging the dispersion at 5 kRPM for 2 

hours to sediment all the nanosheets, decanting all of the supernatant and redispersing the 

sediment with water. This was performed four times to ensure that all of the surfactant 

had been removed. Shown in Figure 6.5 are graphs of normalised scattering exponent 

and Zeta potential vs number of washes. In all instances, the Zeta potential decreased to 

approximately -15 mV, a value far too low to stabilise the nanosheets, and sedimentation 

of all dispersed nanosheets. Although it suggests the presence of a double layer of charged 

nanosheets and charge balancing counter ions(186].
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Figure 6.5: AJ Scattering exponent normalised to largest value obtained from extinction spectra for talc, 
cat litter and clay vs number of washes. B) Zeta potential vs number of washes of each of three standard 
samples.

As mentioned previously, the scattering exponent measures the degree of light being 

scattered with a large number implying small nanosheets and a small number implying 

large nanosheets. Up to this point in this thesis, it has been used as a measure of length 

but more realistically it is a measure of the area of the nanosheets[141]. This is due to 

photons being scattered by all dimensions of the nanosheets or a cluster of reaggregated 

particles. Thus, if the scattering exponent for a dispersion decreases, it implies that the 

nanosheets are reaggregating and forming particulates. This shown in Figure 6.5 B, where 

for both clay and talc the scattering exponent decreases. This is due to the surfactant 

being removed from the nanoshcets which is causing the nanosheets to reaggregate(187]. 

As both the scattering exponent and zeta potential are decreasing as the surfactant is being 

removed, it shows that the nanosheets are not effectively stabilised b\' charge balancing 

ions.
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6.4 Material Characterisation

6.4.1 X-Ray Diffraction

It is of interest to unambiguously identify the nanosheets extracted from the three starting 

materials. X-ray diffraction was employed with the aim of achieving this goal and fully 

characterising the 2D materials produced by LPE. Powder X-ray diffraction (pXRD) was 

performed on both starting and exfoliated materials for talcum powder, clay and cat litter, 

with the aim of deducing any crystalline phases present (Figure 6.6). The nanosheets were 

extracted from liquid by evapourating all solvent using a vacuum oven.

The pre-treated talcum powder sample (Figure 6.6 A) gave intense reflections at 20 ~ 

19° and 29° with smaller peaks at a number of other angles. The pattern could be fully in­

dexed to talc-2M (magnesium silicate hydroxide, ICDD ^ 00-019-0770, Mg3Si40io(OH)2). 

There was no apparent change in this diffraction pattern in the post-exfoliation samples, 

suggesting the exfoliated material to be of the same crystalline phase as the bulk (i.e. talc 

nanosheets).

The pXRD results for the clay before and after exfoliation (Figure 6.6 B) are extremely 

interesting. The pXRD pattern of the pre-exfoliation, bulk material (Figure 6.6 B) was 

indexed to hexagonal quartz (ICDD # 01-087-2096), which is typical for clay samples. 

This implies that the starting material was dominated by sand with only small amounts 

of other materials. However, post-exfoliation, the picture is very different; The pXRD 

pattern of the material (Figure 6.6 B) can be indexed to muscovite-2M (ICDD # 00-046- 

1311, KAl2(AlSi30io)(F,()H)2,) also known as mica, a well-known layered material|188|. 

This result is significant as it means that the exfoliation procedure employed also selects 

between crystalline layered structures and non-layered structures.
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Figure 6.6: A): pXRD patterns of talcum powder and exfoliated talc nanosheet. D): pXRD patterns 
of clay from Parknasilla, near Sneem in Kerry, Ireland. C): pXRD patterns of: Coshida cat litter and 
exfoliated nanosheets extracted from Coshida cat litter.

A similarly striking purification effect was noted with the cat litter sample (Figure 

5=6.6 C). The pXRD data of the starting material shows virtually no Bragg reflections in 

the pattern, suggesting it is mainly amorphous. However, whenthe material post exfolia­

tion was examined, a number of reflections were observed with well-defined pair of peaks 

at 29 ~ 20° and 21° and an intense peak at 26 = 27°. The pair are assigned to the (040) 

and (121) planes of bentonite (ICDD ff 00-003-0019), a layered clay which consists mainly 

of bentonite [(Na,Ca)o.33(Al,Mg)2(Si40io)(OH)2«nH20] and is commonly found in cat lit­

ter. The latter intense peak can be assigned to the (231) plane of palygorskite (ICDD 

# 00-031-0783), again a common component of cat litter [(Mg,Al)2Si40io(OH)4(H20)]. 

These results are imi)ortant as they show that LPE can extract exfoliated nanrrsheets
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from a mixed system, while rejecting any unexfoliated layered compounds and amorphous 

material.

It is clear from the pXRD results that this procedure employed ‘selects’ and purihes 

crystalline nanosheets from layered bulk materials. I hypothesise that it is possible to 

use this exfoliation procedure on rather impure, even amorphous, ores to produce few- 

layer crystalline nanosheets from the layered materials within these ‘ores’. This would 

be consistent with recent work showing that M0S2 nanosheets can be extracted from 

molybdenite ore by LPE|189]. It is elear that a wide range of naturally occurring materials 

and minerals could be targets for further exploration and thus exploitation.

6.4.2 X-ray Photoelectron Spectroscopy

As these samples aren’t synthesised and are found in nature, it is important to be aware 

of what eontaminants could be in the nanosheets post exfoliation. To determine this, 

XPS was performed on the nanosheets that had been dried into a powder consisting of 

reaggregated exfoliated material. A survey scan was performed on each of the materials 

and the elemental compositions were extracted and plotted as histograms (as shown in 

Figure 6.7).

For all three samples carbon and sodium are detected. This is from the sodium cholate 

that remains as residual surfactant. The XPS data for the talcum powder shows that there 

are high levels of oxygen, magnesium and silicon. This is to be expected as the layered 

material within talcum powder is talc whose chemical structure is Mg^Si^OiQ {OH)^ or 

MgiSiiOi2i as the XPS doesn’t detect hydrogen, which is very comparable to our com­

position of Mg3.iSi3.20i3,3. There was also detected iron and aluminium but both were 

less than 1% of the total mass. Similarly for clay, the XPS data showed very little con­

tamination from metal ions with sodium, iron and magnesium being detected but again 

with values fewer than 2% of the total mass. From the XRD of the clay, the exfoliated 

nanosheets were shown to mainly comprise of the material known as mica. From the XPS 

data the material was found to be mainly made of potassium, aluminium, silicon and 

oxygen with Mica’s chemical structure being KAl2{AlSi30io){F,OH)2. Again these data 

sets work verv well with each other.
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Figure 6.7: A) XPS survey of talc, cat litter and talc. B-D) Histograms containing elemental composi­
tions for D) talc, C) clay and D) cat litter. E) Nominal experimental composition (exchiding sodium and 
carbon) from XPS vs nominal theoretical composition.

Finally, the cat litter was a slightly more complicated story as it was found to be com­

prised of two materials, bentonite and palygorskite but the XPS showed that sodium, 

aluminium, magnesium, silicon and oxygen, which are the components of both these lay­

ered compounds. There were also very low contributions from potassium and iron.

It is interesting to see if the experimental compositions match with the theoretical 

compositions of the materials detected using XRD. This is shown in Figure 6.7 E, where 

the X axis represents the amount of each element detected by XPS divided by the total 

amount of other atoms from structural forrmda (i.e. ignore impurities and Na and C). The 

y X behaviour shows the proportions observed by XPS are consistent with XRD.
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6.5 Conclusion

It is clear that liquid-phase exfoliation is an extremely versatile technique to produce 

nanosheets from layered precursors. Here, it has been shown that it is possible to process 

naturally occurring materials such as talc, Fuller’s earth cat litter and a clay/sand mix 

using LPE and obtain purihed nanosheets while rejecting any unwanted non-2D material. 

Using a simple pretreatment method, the materials were cleaned of inorganic and organic 

impurities that may have been on the nanosheets. The materials were then exfoliated into 

nanosheets, the quality of which were identified with TEM, finding that <L> of 600 /- 42

nm, 315 - /- 29 nm and 370 - /- 21nm for talcum powder, clay and cat litter respectively. 

Zeta potential measurements were also used to confirm if the nanosheets consisted of 

charged layers and it was found that they exhibited potentials with an absolute value of 

14 - 15 mV confirming this to be true but the values are not high enough to stabilise the 

nanosheets.

To investigate the materials that had been exfoliated, XR.D and XPS were both used. 

XRD confirmed that only layered materials were remaining in the hnal dispersions with 

talcum powder remaining mainly unchanged, clay being exfoliated from sand and mica to 

just mica, and the cat litter dispersion to just be comprised of bentonite and palygorskite, 

two layered materials. XPS showed that there are very few elemental impurities remaining 

in the dispersions.

The work conducted in this chapter shows the true ability of liquid-phase exfoliation 

to only remove the layered material from a compound and exfoliate them into nanosheets. 

Where after centrifugation the supernatant consisted of mostly 2D nanosheets and the 

sediment consisted of 3D materials that had been ’rejected’ during the exfoliatoin process. 

It is particularly surprising that the bentonite and palygorskite layered crystals contained 

in the cat litter as well as the mica in the beach sand could be exfoliated by LPE, despite 

consisting of charged layers with charge-balancing counter ions.
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Chapter 7

Size Dependent Optical Response of 2D 

TMDs

7.1 Introduction

The work presented in the previous chapters investigates the exfoliation of layered crys­

tals to 2D nanoshcets as well as basic characterisation of these nanosheets. Being more 

focused on refining the exfoliation and centrifugation properties of these materials such 

as determining the Hildebrand solubility parameter and discovering the time decay con­

stants during the sedimentation process. In both chapter four and chapter five some work 

was done on characterising the scattering spectra of GaS and LDH nanosheets as well as 

determining the optical response to changing nanosheet size but not in great detail.

Previous work pioneered by Backes et al investigated the optical properties of 2D 

TMD’s where the extinction spectra were correlated directly to the laterial dimensions of 

the 2D nanosheets|42, 43|. This allowed the optimization and refinement of the exfoliaiton 

process to selectively produce close to monodispersed nanosheets. The work presented in 

this chapter will build on the work of Backes et al and extend these methods to other 

TMDs. Also there will be an investigaton on the light scattering caused by 2D nanoma­

terials to attempt to determine length based metrics similar to what has been done for 

nanoparticles|42, 19()|.

In this chapter, the size dependence on the optical spectra of five TMDs and BN are 

investigated. By analysing the optical response, metrics were derived to determine the
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concentration and mean length of a dispersion for all six materials from their extinction 

spectra, continuing on the work of Backes et al in 2014 and 2015. Finally, the scattering 

spectra are analysed and investigated for potential length based metrics.

7.2 Experimental methods

7.2.1 Materials.

BN powder, M0S2 powder, MoSe2 powder, MoTe2, WS2, WSe2, sodium cholate and D2O 

were purchased from Sigma Aldrich. De-ionized water was prepared in house and all 

solvents used were purchased with the highest available purity^.

7.2.2 Production of 2D Nanosheets

For each material, 1.6g of powder was pre-treated by sonication using a sonic tip in de­

ionized water for 1 hr. The dispersion was then centrifuged at 4.5kRP]\I {2150g) for 1 hr 

and decanted with the sediment being retained and dried. The pro-treated material was 

then sonicated in 2 mg/ml of sodium cholate and de-ionized water solution using a flat 

head tip (Sonics VX-750) with 60% amplitude and 4s on/ 4s off for 6 hours. To prevent 

solvent evaportation, temperature control was performed using ice cooling. Once sonicated 

the dispersion was centrifuged in a Hettich Mikro 220R. centrifuge with a fixed-angle rotor 

1016) at 0.5 kRPM for 2 hours (NB: For this centrifuge, rpm are related to g-force via 

R.CF 106.4f, where f is the rotation rate in krpm). The top 60% was then taken from 

the centrifuged sample for analysis and the sediment was discarded. The absorption and 

extinction were measured in a 4mm path length cuvette using a PerkinElmer Lambda 650 

spectrometer (details below).

7.2.3 Size Selection

Liquid cascade centrifugation was used with subsequently increasing rotation speeds as 

previously reported. The dispersion was centrifuged at 1 krpm for 120mins. The sediment 

was retained and the supernatant was centrifuged at 2 krpm for 120 mins. The sediment 

after both these centrifugation steps were redispersed in fresh surfactant solution (1 hr
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bath sonication) producing the two largest sizes. The supernatant after the 1 krpin cen­

trifugation step was centrifuged at 2 krpm for 120 mins, producing the third largest size 

in the redispersed sediment. These steps were repeated in further increments of 3 krpm, 

4 krpm, 5 krpm and 10 krpm thus producing six sizes. These dispersions are named using 

the same nomenclature as in previous chapters.

7.2.4 Characterization and Equipment

Optical extinction and absorbance was measured on a PerkinElmer 650 spectrometer in 

quartz cuvettes with a path length of 0.4 cm. To distinguish between contributions from 

scattering and absorbance to the extinction spectra, dispersions were measured in an inte­

grating sphere using a home-built sample holder to place the cuvette in the center of the 

sphere. If a photon is scattered multiple times in the sample, it may eventually get reab­

sorbed before exiting the cuvette. This in turn would lead to a slightly reduced scattering 

intensity, while at the same time, increasing the absorbance intensity. Thus, the cuvettes 

need to be transparent on all sides and correct positioning is important. The absorbance 

spectrum is obtained from the measurement inside the sphere. A second measurement 

on each dispersion was performed outside the sphere in the standard conhguration to 

obtain the extinction spectrum. This allows calculation of the scattering spectrum (ex­

tinction minus absorbance). Low-resolution bright field transmission electron microscopy 

imaging was performed using a JEOL 2100, operated at 200 kV. Holey carbon grids (400 

mesh) were purchased from Agar Scientific and prepared by diluting a dispersion to a 

low concentration and drop casting onto a grid placed on a filter membrane to wick away 

excess solvent. Statistical analysis was performed of the flake dimensions by measuring 

the longest axis of the nanosheet and assigning it as “length”, L.

7.3 Exfoliation and Size Selection of Nanosheets

7.3.1 Determination of Appropriate Exfoliation Media

As the ultimate goal of this chapter requires the measurement of £, amost importantly o 

spectra of a range of materials, it is necessary to measure the spectra hundreds of nanome-
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ters before the band edge. This is to remove any effects tiiat absorption could play on 

the scattering spectra. Of the six materials chosen all but BN require the measured wave­

length range to go beyond 800 nm, with MoTe2 being the most extreme example of this 

as the A-exciton is at approximately at 1150 nm[36, 191, 192, 193, 194]. Unfortunately 

most solvents, especially water, strongly absorb at wavelengths in the nIR|195|. Thus, 

the solvent choice is of particular importance. To test for the best solvent, the absorption 

spectra were measured for a range of solvents.

Wavelength (nm)

Figure 7.1; Absorption spectra for a range of solvents between 220nTn and ISOOnrn. with a zoom in of 
lOOOnm to IGOOnm inset.

As can be seen in Figure 7.1, there is very little absorpiton, for all solvents, between 

300 nm and 800 nm but beyond 1000 nm in the nIR regime there is a lot more. The 

highest absorbing solvent is water where the peak at 1400 nm saturates the detector, this 

instantly rules it out as a possible solvent as it will be imjjossible to get accurate spectra 

for any material at those wavelengths. IPA, DMF, NMP and CHP are all better but it has 

been shown that it has much harder to obtain smaller nanosheets using these solvents[42|. 

Also, DMF, CHP and NMP absorb too strongly beyond 300 nm, affecting the analysis of 

materials such as WS2 with important absorbance features at high energy[43]. By far the
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best choice is D2O with little absorbance across the entire spectral region of interest and 

which is compatible with surfactant exfoliation giving access to small nanosheets. Thus, 

D2() and a surfactant (SC) are used as the solvent for exfoliation for the project.

7,3.2 Size Selection of 2D Nanosheets

To produce length based metrics from UV - vis spectroscopy, dispersions with various size 

distributions are required. To acheive this, 20 mg/ml of powder was sonicated in water 

for one hour and centrifuged at 4.5 kRPM for one hour. This removed most impurities 

from the powder. This pre-treated powder was then sonicated in 2 mg/ml D2O/SC sur­

factant solution for 6 hours, and centrifuged using LCC, as described before, with slightly 

varied centrifugation parameters to the previous chapters (specific RPMs in section 7.2.3).
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Figure 7.2: Representative TEM images of the XL and S size for (A-B) BN, (C-D) M0S2, (E-F) WS2, 
(G-H) MoSe2, (I-J) WSe2 and (K-L) MoTe2.

Two of the six materials, M0S2 and WS2, have length and thickness metrics in the liter­

ature. However, to obtain <L> for the others it is necessary to use statistical TEM|42, 43]. 

At the same time, TEM confirms the quality of the exfoliation and the successful size se­

lection by the centrifugation method. Thus, following exfoliation, the dispersions were 

subjected to TEM. Here, a few drops of dispersion were pipetted onto holey carbon TEM 

grids, images were taken and the length of 100 nanosheets measured. Similar to chapter 4
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and chapter 5 the LCC method has clearly worked and has produced nanosheets of varying 

length, as shown in Figure 7.2 and 7.3. For the five TMDs the nanosheets look as expected 

with most of the flakes being rectangular and triangular in shape. The BN, however, is 

circular or disc shape, in agreement with previous reports on LPE BN uanosheets[115]. 

From the length distribution histograms of each size of the six materials, the mean lateral 

size was determined.

Figure 7.3: Log-log plot of the mean length <L> plotted vs central RPM from each trapping step with 
a RPM~^ fit for the 6 materials.

It is important that the nanosheets produced are of similar lengths, thus making them 

more comparable when plotted against certain variables, such as scattering exponent. To 

show that this was the case, <L> was plotted vs central RPM for all materials. As can 

be seen from Figure 7.3 there is a wide distribution of sizes for each material with all the 

materials having similar flake lengths for the same RPMs, with ranges of ~ 400 rirn to 50 

nm. The exception to this is BN, where the nanosheets range from 650 nm to 180 nm. 

This is due to the BN flakes being thinner for a given length as well as being a lighter 

material than the TMDs. Thus, as centrifugation seperates by mass, it will have larger 

nanosheets for any given centrifugation parameters. Figure 7.3 also shows that the mean
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length <L> when plotted against Central RPM follows a trend of L decreasing as rprn ^ 

as predicted by theory.

7.3.3 Determination of Optical Coefficients and <L> Metrics

Due to the issues of solvent absorbance in the nIR region as discussed above, materials 

with absorbance features at high energy are more convenient to work with. For this rea­

son, initially the work was started with BN, M0S2 WS2.
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Figure 7.4: Optical extinction and absorption coefficient spectra measured for five different fractions 
(different sizes) of BN (A-B), M0S2 (C-D) and WS2 (E-F) nanosheets.
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To extract the scattering exponent, first the extinction and absorption spectra of each dis­

persion are measured. The scattering spectrum is obtained by subtracting the absorption 

from the extinction spectra|42|.

To achieve this each dispersion was diluted with fresh solvent to avoid detector satura­

tion and measured using a UV-vis spectrometer with an integrating sphere accessory. The 

concentration of each dispersion was also determined using vacuum filtration and mass 

weighing and the spectra were then converted to coefficient spectra (Figure 7.4).

From Figure 7.4 B it is possible to see that for BN, an insulator, there is no absorbance 

for wavelengths above ~ 300 nm, with the extinction spectra being dominated by scattering 

effects|196|. In addition, a clear dependence of the extinction spectra on the nansoheet 

size can be observed for all wavelengths. This is to be expected for BN, as the optical 

properties are dominated by scattering effects|197|. For M0S2 and WS2, two materials 

that are not dominated by scattering effects, the spectra are rich in excitonic features thus 

making the scattering spectra more complicated. .4n important feature in the absorbance 

spectra is the lowest energy transition referred to as A-exciton which is associated with 

the transition from valence band to conduction band edge at the K point. The A-exciton 

appears at 650 nm - 700 nm for MoS2 and 600 nm - 647 nm for WS2 but both blue shift 

with decreasing size. For wavelengths larger than these it can clearly be seen that the 

absorbance drops to zcro|42, 43|. Also, even though the extinction coefficients at a given 

spectral position for these two materials does change with size there are points in each 

that are size invariant. This can be seen for AI0S2 at 345 nm and 235 nm for WS2. This 

makes it possible to obtain the concentration for these two materials for a range of sizes 

through the Beer - Lambert law using UV-vis spectroscopy.

Due to well defined changes in the extinction spectra with size it is possible to deter­

mine metrics. For BN, there are no absorption peaks from which to derive metrics, with 

the exception of a peak at ~ 300 nm which is in a region where there are large contri­

butions from the solvent thus making the values unreliable, it is still possible to obtain a 

concentration metric by plotting the extinction coefficient at a particular wavelength vs 

<L>.
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Figure 7.5: Extinction coefficient at 500 nrn vs <L> for BN.

This is shown in Figure 7.5 where there is a clear trend with tlie extinction coefficient at 

500 nm increasing as the average nanosheet length increases. When this data is fitted it 

yields an equation of :

csoonm — 1.36a:10 ® (< L >) (7.1)

Where <L> is in nm. When <L> is related to the scattering exponent, n in section 7.4 

it will be possible to obtain a relation similar to the one obtained in chapter 5 where the 

extinction is related to n.

For M0S2 and WS2 these relationships have already been obtained and published by 

Backes et al in 2014 and 2016 respectively and have metrics for <L> and concentration 

|42, 43|:

0.14
< L (/xm) >=

3.5 )
yjbxt345n7n J

11.5- (iTT^)y tyXt‘S45n7n J
(7.2)
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1^' 1^345nm = mi mg "‘m (7.3)

for M0S2 where Ext/j/Ext345„„j is the ratio of extinction intensity at the B exciton versus 

at the extinction intensity at 345 nm. For WS2 they are:

< L [jim) >=
2.3 (Ext235

nrn j
Ext^^Omn J

0.02 (
\ ^^^29071771

)- 0.0185

^235 = 4770 ml mg ^ m ^

(7.4)

(7.5)

These changes in extinction can be viewed as two different principles between BN and 

the two TMDs. For BN, the change in extinction coefficient is just a different way to 

express the change in scattering coefficient. This is determined by the size dependent 

scattering exponent. This has been shown in chapters 4 and 5 in this thesis for GaS and 

the LDHs. For TMDs, peak intensity ratios are chosen in the resonant regime where the 

extinction spectra are dominated by absorbance. In this case, the change in extinction 

coefficient is due to intrinsic material properties where the extinction coefficient is different 

in the basal plane compared to the edges as a result of the increasing roll of edge effects 

for smaller nanosheets|42, 43|. Therefore, as mentioned above, the extinction coefficient 

at a certain wavelength is dependent on <L> and this governs that peak intensity ratios 

in the resonant regime can be used to determine <L>.

These relations make it possible to obtain the mean length and concentration of a 

nanosheet dispersion by just using the UV-vis spectrum of a material. It would be advan­

tageous to be able to derive these relations for the other TMDs in this study that, to this 

point, do not have published metrics from the extinction spectra. These metrics are ob­

tained by plotting the extinction coefficient at a specific wavelength or ratio of extinction 

peaks vs. <L> for a range of nanosheet sizes and fitting an empirical function. Thus, 

the extinction and absorption spectra of each size of the MoSe2, WSe2 and MoTe2 were 

measured (Figure 7.6).
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Figure 7.6; Optical extinction and absorption coefficient spectra measured for five different fractions 
(different sizes) of MoSe-z (A-B), WSe-z (C-D) and MoTe-z (E-F) nanosheets respectively.

Similar to M0S2 and WS2, it can be seen that the spectral profile of the optical extinction 

and absorption spectra of these three materials strongly depend on the nanosheet dimen­

sions due to edge and conhnement effects. For MoSe2, WSe2 and MoTe2 the A excition 

was found to occur at 800 - 826 nm, 758 nm - 765 nm and 115f urn - 1180 nm respectivley 

and bine shifts for decreasing nanosheet size. This can make it difficult to measure the 

regions of zero absorption but as shown in Figure 7.6 B, D, F these regions are still obvious 

due to the use of D2O.

To test if it is possible to obtain concentration and length metrics, it is advantageous
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to determine positions where the extinction coefficient is most invariant with length. For 

MoSe2, WSe2 and MoTe2, these points are 650 nm, 486 nm and 750 nm res})ectively. The 

extinction coefficient of these positions were then plotted against <L> for each. In addi­

tion, the extinction coefficient at 300 nm is plotted as function of <L> for each material 

which shows a strong size-dejrendence.
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Figure 7.7: A-CJ Extinction coefficient at 300 nm and most invariant wavelength versus <L> for (A) 
MoSe-i, (B) WSe-i and (C) MoTe^. (D-F) Ratio of extinction intensities versus <L> for (E) MoSe-i, (F) 
WSe2 and (G) MoTe^-
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In Figure 7.7 A-C it can be seen that there is a clear change in extinction coefficient with 

changing nanosheet size. For MoSe2 at 550 nm this can be seen as a plateau value of 2600 

ml mg“^m“^ for <L> greater than 150 nm, then a decrease to ~1200 ml mg“bn“^ for 

values of <L> smaller than 50 nm. A similar effect is also seen with WSe2 and MoTe2 

with widely invariant values of 3100 mg“bn“^ at 486 nm and 1400 mg“bn*^ at 750 nm 

for a range of sizes. This makes it very simple to obtain the nanosheet concentration 

through an extinction measurment. Alternatively, the strongly size dependent extinction 

at 300 nm can be used to determine a metric to extract the extinction coefficient and hence 

nanosheet concentration. This follows an exponential decrease in the extinction coefficient 

with increasing <L>. This is beneficial for a material such as MoSe2 where the extinction 

coefficient isn’t invariant for all Lv- and thus will need to be calculated in the future. To 

obtain the length dependent e it is necessary to use the empirically found equations that 

are shown below:

MoSe2:

^SOOnm — 2140 + 6
/ <L>(nm) \

6201.02e 1 I'la-ss ) 1.6)

WSes;

^zoontn — 2172 + 7416.42e
_/<r>(nm)', 

V J00.6 ) 7.7)

MoTe2:

eaoonm = 1287.61 + 17657.04e
_ / <L>(nm) \ 

\ 48.03 ) (7.8)

While it is beneficial to look for the positions with minimal changes of the extinction 

coefficient with nanosheet size for the determination of the concentration, a robust length 

metric is obtained where spectral changes with nanoshcet size are maximised, which are 

shown in Figure 7.7 D-F against <L>|42j. The changing ratio of peak intensities caused 

by the changing ratio of core and edge absorption coefficient can be clearly seen for all 

three materials (Figure 7.7 D-F). There is a clear change between 50 nm and 200 nm, after 

which a saturation point appears, where either bulk properties or edge effects dominate.
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In the instance of MoSe2, where there is a clear change, this can be fitted and thus yield 

a metric relating <L> and intensity ratio. With WSe2 and MoTe2 these relations can be 

fitted as exponentials. For the three materials these equations are;

MoSe2

-6.37

WSe,:

< L>= 230.93 ( ^
\ Extseenm J

/ / Exti-.a mn -0.93'

< L - 59 ( Ln I ---------

(7.9)

MoTe2:

0.85

(/ Exl2Wn,n _ X.()2'
Ln -^5*^622------L_

V 2.52 ^

(7.10)

(7.11)

Where <L> is in nm for all equations.

7.4 Scattering Exponent as a Function of Nanosheet 

Size

In addition to length metrics obtained from extinction peak intensity ratios in the reso­

nant regime, it is expected that the scattering in the nonresonant regime of the extinction 

spectra is also size dependent. It is possible to obtain the scattering coefficient spectra 

from the scattering spectra which arc obtained by subtracting the absorption spectra from 

the extinction spectra. This was performed for each material and the scattering coefficient 

spectra (cr) are plotted for each size (Figure 7.8).
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Figure 7.8: Scattering coefficient spectra for (A) BN, (B) M0S2, (C) WS2, (D) MoSe2, (E) WSe2 and 
(F) MoTe2.

As expected for BX, due to their being no absorption contributing to the extinction 

spectra, the scattering spectra are entirely featureless with a clear change in shape of the 

spectra depending on nanosheets size. For the other five materials the spectra have nu­

merous features caused by resonant scattering, all of which occur for wavelengths shorter 

than the position of the A-exciton. In the zero to low absorbance area at high wavelengths 

it is possible to obtain the scattering exponent, n for all of these materials, as w^ell as for
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BN. It has been suggested that the scattering exponent is size dependent and can be used 

for metrics to determine the average length of a nanosheet dispersion|42, i98|. Thus, n 

was plotted against <L> for all sizes of the six materials and is shown in Figure 7.9.

Figure 7.9; <L> vs n for BN, M0S2, WS2, MoSe2, WSe2 and MoTe2.

As the length decreases from 700 nm down to 150nm, the scattering exponent increases 

from ~2 - ~ 4 which has been previously reported for other layered 2D nanosheets|22,

44, 90). W’hat is very surprising is that the value for n doesn’t saturate at 4 but continues 

to decreases to a value of ~ 1 for smaller nanosheets. This behaviour isn’t consistent 

with Rayleigh scattering, as for very small particles, the value of n should saturate at 

4(141). Interstingly, the point where the saturation occurs appears to be similar for all 

the materials. This indicates that 2D nanomaterials have an intrinsic characteristic that 

when their length is reduced beyond a critical point the scattering exponent decreases. 

This mechanism is not straightforward and could be due to a number of reasons such as 

the refractive index of the materials changing dramatically beyond a critical length.

Despite the scattering exponent decreasing for very small nanoslieets, it is still possi­

ble to achieve metrics for sizes larger than ~150 nm in length which can still be useful.
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In chapter 5 an equation was determined for fitting the scattering exponent of differing 

materials as a function of length. This was repeated for these materials (Figure 7.10).

Figure 7.10: Scattering exponents plotted versus mean nanosheet length for each material. The lines 
are fits to equation 7.12.

Similar to the fnnlroxides in chapter 5 this equation 7.12 can be fitted well for nanoshec'ts 

greater than 150 nm. By rearranging the equation it is possible to obtain <L> as a 

function of n as shown below:

< L >= Lo{---- 1
n

(7.12)

Where Lq and c are two constants that are material dependent with a table of each value 

for each material shown below.
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2D Material Lo c
BN 577.89 1.92

M0S2 394.57 7.23
WS2 599.58 1.59

MoSe2 671.04 2.83
WSe2 513.24 6.48
MoTe2 289.95 6.35

Figure 7.11: Table showing Lo and c for each of the six materials.

By substituting these values into equation 7.12, this equation can be used to determine 

values for <L> by obtaining the scattering exponent as with GaS and Ni(OH)2.

As mentioned previously, when the scattering coefficient is plotted against A, it fol­

lows a power law q A“" at high wavelengths or in regions with no contributions due to 

absorption|115]. When this is fitted, the complete relationship can be given as:

a = KX-^‘ (7.13)

Where a is the scattering coefficient, A is the wavelength of light, n is the scattering ex­

ponent and K is a size dependent variable, for a given nanosheet length and is related to 

the refractive index of the material! 198|. This value can also be obtained when obtaining 

the scattering exponent and thus is plotted against <L>.
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<L> (nm)

Figure 7.12: K plotteA versus mean nanosheet length for each material.

As can bo soon in Figaro 7.12 the longth depondonoo of tho variable K is very similar 

to that of the scattering exponent n, with an increase up to a value of ~ 1x10^^ for values 

of <L> up to about 200 nm, then a decrease to ~ 5000 for the smallest nanosheets. As 

expected this shows that larger nanosheets scatter more light but the fact that there is a 

turnover point is still not fully understood. As K is dependent on the refractive index of 

the material, this turnover could show a change in refractive index and thus, this could 

be the reason for the decrease in both K and the scattering exponent for decreasing <L> 

but requires further studies.

7.5 Conclusion

The work presented in this chapter has demonstrated the success of liquid cascade cen­

trifugation to reliably produce nanosheet dispersions with different size and thickness 

distributions for a range of materials. This has led to a range of sizes of 650 nm to 30 

nm for BN, M0S2, WS2, MoSe2, WSe2 and MoTe2. The optical response (extinction,
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absorbance, scattering) of these dispersions was analysed. It is important to choose the 

appropiate solvent to investigate the optical properties of 2D materials. Thus, D2O was 

chosen, as it is possible to measure optical responses for materials, such as MoTe2 in liquid 

that otherwise cannot be measured at high or small wavelenghts, respectively. It was then 

possible to quantify the extinction coefficient for a range of materials as well as determin­

ing dimensional metrics by identifying length variant and invariant ranges of the spectra 

in the resonant regime. This facilitated the development of optical metrics which can be 

used to determine the <L>, with this being achieved for the first time for four of these 

materials.

For the first time, the effect that lateral dimensions of a nanosheet dispersion produced 

by liquid phase exfoliation was investigated for a range of materials across a wide length 

range also covering the non-resonant regime where spectra are dominated by scattering. 

This initially lead to the expected result that the scattering exponent, n increases to a value 

of approximately 4 for decreasing nanosheet length. However, for small nanoshects, an 

unusual result was obtained, as n then began to decrease for continuously decreasing <L>. 

This can not be explained by Mie or Rayleigh theory and could be due to the refractive 

index of the materials changing for smaller nanosheets compared to larger nanosheets. 

Finally the scattering spectra were used to determine metrics to yield <L> for nanosheet 

dispersions of six different material for <L> > 150 nm..

This work is of great importance for the emerging field of liquid exfoliation, as the 

obtained metrics and insights into the optical properties can be used to improve sample 

processing and provide an in depth understanding of the optical response. Moreover, 

extinction and scattering spectra have been implemented to directly determine the lateral 

dimension and concentrations of dispersions produced by LPE.
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Chapter 8

Conclusions & Future Work

The aim of this thesis was to expand liquid phase exfoliation to new families of layered 

materials and to characterise the exfoliated materials using optical methods. These meth­

ods have already successfully been used on graphene, BN, TMDs and TMOs but there is 

still a lot more scope for further expansion.

LPE was initially used on the material gallium sulphide (GaS), a member of the 

metal chalcogenide family, using solvent exfoliation techniques. It was demonstrated that 

layered III-VI semiconductors such as GaS can be exfoliated in appropriate solvents, such 

as CHP and NMP by sonication. Dispersibility can be well described in the framework 

of solution thermodynamics. Although a number of solvents can be used to exfoliate 

GaS, isopropanol was focused on due to its low toxicity and boiling point. Sonication and 

centrifugation parameters were optimised to yield stable dispersions with typical concen­

trations of 0.2 g/L. Raman, XPS, and TEM imaging show the exfoliated nanosheets to be 

widely structurally perfect and free of defects except for some oxygen content.

The advantage of liquid exfoliation techniques was utilised to perform size-selection 

by controlled centrifugation. This allowed the produce liquid-exfoliated GaS nanosheet 

dispersions with mean lateral dimensions ranging from ~100 nm to >400 nm and mean 

number of layers from 10 to 40 as quantified by statistical TEM and AEM analysis. 

Importantly, it was found that optical extinction, absorbance, and scattering spectra to 

vary strongly as a function of size and thickness. This enabled the establishment of 

quantitative spectroscopic metrics to accurately determine mean length, thickness, and 

concentration of the dispersion.
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These results are general and thus, it should be possible to transfer these procedures 

almost exactly for the exfoliation of other III-\T metal chalcogenides such as InS and 

GaSe. This will open up this whole family of 2D materials for exploitation. In addition, 

it is important to note that this paper describes using LPE to exfoliate a member (GaS) 

of yet another family of layered compounds (III-\T metal chalcogenides). This underlines 

the generality and versatility of this method, which should lead to many as yet untested 

layered materials will be exfoliated using such procedures.

Similar methodologies that were used on GaS were applied to the layered double hy­

droxide family with particular interest being placed on Ni(OH)2, with the exception that 

surfactant stabilisation was used rather than solvent exfoliation. It was demonstrated that 

liquid phase exfoliation can be used to exfoliate layered Ni(OH)2 crystals from commer­

cially available powder to give liquid dispersions of few layer Ni(OH)2 nanosheets with 

the identity of the dispersed material being characterised by SEM, Raman and XPS. This 

process yields nanosheets in a broad size range at reasonably high concentrations and with 

production rates which compare well to graphene production by LPE. This process allows 

the nanosheets to be size-selected in a simple and efficient manner. It was found that the 

optical extinction of the dispersions to vary strongly with nanosheet size. Detailed studies 

showed the nanosheet absorbance to be roughly size invariant but the optical scattering 

spectra to depend strongly on nanosheet length.

LPE results in nanosheet dispersions which are solution - processable and can be easily- 

formed into structures such as films. This makes it easy to characterise the material using 

such methods as SEM, XPS and Raman spectroscopy which showed no damage had been 

done to the nanosheets during exfoliation. As well as this the resulting nanosheets were 

mostly free of contaminants and had approximately the correct stoichiometry.

This work has extended LPE to a new class of materials, the layered hydroxides, and 

further demonstrates the versatility of this method. It is possible to view Ni(OH)2 as a 

model system which has been used to demonstrate LPE. This was shown for four other 

hydroxide materials, Co(OH)2, Mg(OH)2, Zn(OH)2 and Cu(OII)2, where these methods 

produced high quality nanomaterials in all instances. As well as this, the four other 

materials were size selected and their size dependent optical properties were demonstrated.

It is clear that LPE is an extremely versatile technique to produce nanosheets from
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layered precursors. Here, it has been shown that it is possible to process naturally occur­

ring materials such as talc, Fuller’s earth cat litter and a clay/sand mix using LPE and 

obtain purihed nanosheets while rejecting any unwanted non-2D material. Using a simple 

pretreatments method the materials were cleaned of inorganic and organic impurities that 

may have been on the nanosheets. The materials were then exfoliated into nanosheets, 

the quality of which were identified with TEM, finding that <L> of 600 /- 42 nm, 315

/- 29 nm and 370 - /- 21 nm for talcum powder, clay and cat litter respectively. Zeta 

potential measurements were also used to confirm if the nanosheets consisted of charged 

layers and it was found that they exhibited potentials of 14 - 15 mV confirming this to be 

true but the values not high enough to stabilise the nanosheets.

To investigate the materials that had been exfoliated XRD and XPS were both used. 

XRD confirmed that oidy layered materials were remaining in the final dispersions with 

talcum powder remaining mainly unchanged, clay being exfoliated from sand and mica to 

just mica, and the cat litter dispersion to just be comprised of bentonite and palygorskite, 

two layered materials. The XPS showed that there very few elemental impurities remaining 

in the dispersions.

The work conducted in this chapter shows the true ability of liquid phase exfoliation 

to only remove the layered material from a compound and exfoliate them into nanosheets. 

Also it is particularly surprising is that the bentonite and palygorskite layered crystals 

contained in the cat litter as well as the mica in the beach sand should both consist of 

charged layers with charge-balancing counter ions, yet could still be exfoliated by LPE.

The work presented in this chapter has demonstrated the success of liquid cascade 

centrifugation by selectively screening differing average nanosheet length in a dispersion for 

a range of materials. This has led to a range of sizes of 650 nm to 30 nm for BN, M0S2, WS2, 

MoSe-i, WSe2 and MoTe2- It is possible to measure optical responses for materials, such 

as MoTe2 hi liquid that otherwuse can’t be measured at certain wavelengths by selective 

choosing of an appropriate solvent. By achieving this it is then possible to quantify the 

extinction coefficient for a range of materials as well as determining dimensional metrics 

for the same materials by determining length invariant ranges of the spectra. This lead to 

length metrics for all six materials, with this being achieved for the first time for four of 

these materials.
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For the first time, the effect that lateral dimensions of a nanosheet dispersion produced 

by liquid phase exfoliation was investigated for a range of materials across a wide length 

range. This initially lead to the expected result that scattering exponent, n increases to 

a value of approximately 4 for decreasing nanosheet length but then to an unusual result 

where n then began to decrease for continuously decreasing <L>. This isn’t explained by 

Afie or Rayleigh theory and could be due to the refractive index of the materials changing 

for smaller nanosheets compared to larger nanosheets. Finally the scattering spectra were 

used to determine metrics to yield < L ■ for nanosheet dispersions.

This work enhances the field of LPE, with improvement to the processing and optical 

characterisation. Aforeover, extinction and scattering spectra have been implemented to 

directly determine the lateral dimension and concentrations of dispersions produced by 

LPE.

8.1 Ongoing and Future Work

This section demonstrates the research that is still on going that has stemmed from this 

thesis. This mainly includes expanding these methods to more materials within the same 

families. In chapter 4 LPE was used on GaS, a metal chalcogenidc but there are

other materials in this family that can still be exfoliated using the same conditions, similar 

to the methods shown in chapter 5. Also, work on another family of materials, known as 

the metal diborides, has begun using liquid phase exfoliation to isolate nanosheets.

8.1.1 Comparison of III-VI Metal Chalcogenides

It was shown to optimise the exfoliation parameters of GaS it is necessary to use condi­

tions of C, 45 gL^^, tsonic 6 hours, solvent IPA, cf(„„e; 180 mins and cf,.p„i = 2.5

kRPAI but as just one member of this family persumably it is possible to exfoliate others 

with the same conditions. Thus, these parameters were used to exfoliate GaSc, GaTe and 

InSe. This resulted in three browm liquids of different shades (Figure 8.1A). To confirm 

exfoliation TEAI was used on the four standard dispersions.
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Figure 8.1; A) Photos of the dispersions of GaSe, GaTe and InSe (left to right). Representative TEM 
images of the ’standard’ dispersion for (B) GaSe, (C) GaTe and (D) InSe.

As can be seen in Figure 8.1B-D this method has produced similar nanosheets to that of 

GaS. As well as this they are well exfoliated showing electron transparency and distinctive 

('dges with similar dimensions.

The UY-vis spectra of gallium sulphide is quite interesting depending on whether you 

measure the extinction or absorption spectra. This is due to a scattering background 

snpressing some of the featiires of the absorjition spectra. Thus, it is of interesting to 

compare this to the other three materials. To achieve this measurements of the ext, sea 

and abs were made on the standard dispersions, as shown in Figure 8.2. It can be clearly 

seen that as with GaS there are clear scattering effex'ts, as for all the materials there are 

zero absorbance regimes in the abs spectra but not the extinction spectra. Also of note 

are the exciton positions specihcally the b exciton as there are clear shifts in i)osition for 

each material.
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Figure 8.2: Normalised extinction, absorption and scattering spectra for (A) GaS, (D) GaSe, (C) GaTe 
and (D) InSe.

This isn’t suri)rising as these materials have a wide distribution in terms of band gaps, 

ranging from 3.05 cA' to 1.26 eV. Unfortunately the A-exciton isn’t largely obvious in any 

of the spectra but this is due to the nanosheets being quite small. This leads to the 

intensity being quite low as shown in section 4.5 where the intensity ratio between peaks 

rapidly decreases as <L> decreases.

It was shown that GaS exhibits changing optical properties depending on the size of 

the nanosheets and thus, it would be interesting if similar effects happen with these ma­

terials. Thus GaSe, GaTe and InSe dispersions were all size selected using LCC with the 

same parameters that were used on GaS. Ext, abs, and sea spectra were then performed 

on all the materials (Figure 8.3).
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Figure 8.3: Normalised extinction, absorption and scattering spectra for size selected (A-C) GaS, (D-F) 
GaSe, (G-I) GaTe, (J-L) InSe.

As with GaS, the extinction spectra for GaSe, GaTe and InSe are heavily affected 

by scattering with a power law background seen for all sizes. Although despite this the 

B exciton is still observable at approximately nm, nm, and nm respectively. Of more 

interest is the absorption spectra where it is now possible to view the A exciton for all 

the materials. Like with GaS the ratio of the peaks is dependent on size, as well as this 

it appears that the A-exciton blue or red shifts. In regards to the scattering spectra, the 

scattering exponent, n also is determined by nanosheet size. These three properties could 

be of note to investigate farther in future studies to determine optical based metrics for 

the three other materials similar to GaS.

8.1.2 Exfoliation of Metal Diborides in Aqueous Media

As mentioned throughout this thesis there are still many families of materials that can 

be exfoliated. This includes the metal diboride family, specifically TiB2 and ZrB2. Pre­

liminary exfoliation work has been started on these materials, including exfoliation with 

PVA being used as a binder in water instead of using surfactants. This is due to the fact
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that one of these materials most promising applications is to be used to reinforce certain 

polymers, smdi as poly vinyl alcohol (PVA). This is aided if the nanosheets are already 

coated in the same polymer whilst in suspension.

»<»
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500nm lOOnm
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Figure 8.4: TEM images of the ’standard’ sample of (A-D) TiD2 and (C-D) ZrDz-

This exfoliation technique was demonstrated by sonicating 20 mg/ml of the respective 

material in 20 mg/rnl of PVA/water solution for 4 hrs. These dispersions were then 

subjected to one step of LCC between 500 RPM and 1000 RPM with the sediment being 

retained and redispcrscd in water. This resulted in two dispersions that were deeply 

black/grey in colour.

To ensure the existance of nanosheets TEM was perfornu'd with the images being shown 

below in Figure 8.4, where it can be seen that there are large numbers of well exfoliated 

nanosheets with <L> = 795.42 nm and 406.27 nm for TiB2 and ZrB2 respectively. There 

is a large difference in the average length but this could be simply due to a larger number
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of quite small flakes existing in the ZrB2 dispersion reducing the average length.

As these nanosheets are mainly going to be used for future applications, as opposed 

to in depth characterisation studies, it is important to obtain the optical coefficients of 

the material for easy concentration calculations. This was performed using the previously 

described methods (chapter 4-7) by measuring the ext, abs and sea spectra and obtaining 

the concentration of the dispersions through mass weighing, which were found to be 1.41 

rug/ml and 0.34 rng/rnl for TiB2 and ZrB2 respectively. In Figure 8.5 are the spectra for 

both materials.

Figure 8.5: Extinction (e), absorption (a) and scattering (a) coefficient spectra for {AJ TiD-z and (D) 
ZrBz.

Although, these are featureless spectra they’re different to all the previously measured 

materials as they are semi-rnetals as opposed to semiconductors or insulators. This leads 

to light being absorbed across all wavelengths and has also h^d to smaller contributions 

from light scattering making it much easier to assess dispersion concentration from both 

the extinction and absorption spectra.

This exfoliation work is only in its infancy but is of interest primarily expanding the 

available nanomaterials but also due to it being a rare case of a non semiconductor material 

being exfoliated also as it has been exfoliated in polymer as opposed to solvent or surfac­

tant. Also due to the material being a semi-metal it could be useful for some electrical 

based applications where semiconductors are limited by their electrical conductivity.
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Chapter 9

Appendix

9.1 Extinction, Absorption and Scattering of Mg(OH)2

Figure 9.1: Extinction (A), absorption (B) and scattering (C) coefficient spectra for all 
five sizes of Mg(O///2

9.2 AFM for Talc, Clay and Cat Litter

AFM was performed on the three materials from chapter 6 using the same methods as in 

chapter 4.
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Figure 9.2: AFM histograms for exfoliated (A) talcAim powder, (D) clay and (C) cat litter.

9.3 Scattering Exponent Fits for LDHs

As shown in chapter 7. It is possible to obtain <L> as a function of scattering exponent, 

n as shown below:

< I >= Ln-----1

Where Lq and c are two constants that are material dependent with a table of each value 

for each material shown below.

2D Material Lo c
Ni(OH)2 257 2.5
Co(OH)2 185 1.12
Mg(OH)2 425 2.13
Zn(OH)2 231 1.47
Cu(OH)2 1689 0.88

Figure 9.3: Table showing Lo and c for each of the five LDHs.
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9.4 Scattering Exponent vs <L> for all materials
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Figure 9.4: Scattering Exponent vs <L> for all materials

9.5 Scattering exponent vs <L>, <A>, <V>

As shown in chapter 7, when the scattering exponent is plotted against <L> there is 

general trend where n increses to a value of 4 for <L> of 600 rini to 150 nrn then decreases. 

There is some scatter in this data though, which could be due to only one dimension of the 

nanosheets being taken into account. To address this, the mean nanosheet area (<A>)
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and mean nanosheet volume (<V>) were also found. To discover which parameter is 

best suited to be plotted against n, the log of the scattering exponent was plotted against 

the log of each parameter. These plots were then fitted with a parabola ht (as each 

describe parabola like behaviour) and the values found. As can be seen in Figure 9.4 

Ln(n) vs Ln(<A>) yields the best fit. This is as a result of the light scattering off the 

entire nanosheet and not just one plane with potential differences of lOOs of nm between 

different sides of the nanosheet. The volume of the nanosheet doesn’t affect this as the 

thickness, due to being 2D materials, are much smaller than the length or the width of 

the nanosheets.

Ln(<L>) Ln{<A>) Ln(<V>)

Figure 9.5: Fitted curves of n vs <L>, <A>, <V>
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