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Abstract

The discovery of graphene, a single layer of graphite, is a game changer that has
revolutionised the field of materials science due to the superior properties it owns; ranging
from high electrical conductivity, high mechanical strength to large surface area. All these
attributes make graphene a promising material for diverse applications in flexible
electronic and photonic devices, as well as concrete additives and renewable energy
technologies. While the prospects of graphene seem boundless, the challenges for
increasing its yield and lowering its production costs persist. These limit its widespread
industrial applications. Furthermore, the synthesis processes of graphene often involve
the use of toxic chemicals, calling for sustainability concerns. Hence, there is a critical
need for the search of a scalable, efficient, and sustainable graphene production method.

Liquid Phase Exfoliation (LPE) synthesis technique emerges as a cost-effective
approach, producing graphene dispersions compatible to electronic device printing
technologies. However, the reliance on toxic solvent like 1-Methyl-2-pyrrolidinone
(NMP) in the LPE processes hampers the progress of LPE. Despite the efforts to replace
NMP with greener alternatives like ethanol and isopropanol, graphene yield remains
significantly lower than that in NMP. The main advantage of using green solvents with
low boiling points and low toxicity, is that they can be easily removed by low temperature
evaporation without degrading the graphene quality. The commonly used methods to
enhance the graphene yields in green solvents often involve functionalisation of graphene
and the use of chemical surfactants/dispersants. These processes degrade graphene quality
and require additional treatment steps to remove the surfactants/dispersants.

The present work focuses on the shear mixing technique, one of the LPE
techniques used in graphene production. The potential of using green solvents to replace
the currently state-of-art NMP is addressed. The main problem associated with low
graphene yields in green solvents has been identified and revealed, for the first time, by
the NMP-redispersion technique. Subsequently, a pioneering yield enhancement method
was developed. This method can achieve a remarkable 90-fold increase in graphene yield,
negating the use of dispersants, surfactants, and functionalisation. The efficacy of this
technique extends beyond graphene, as may be evident from its ability to enhance the
yield of hexagonal Boron Nitride (a layered material sharing the same hexagonal lattice
structure as graphite). Each of the experimental chapters unfolds the new dimensions and
research insights into the scalability, efficiency, and sustainability of graphene production
and of other two-dimensional materials.
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Thesis Chapters Summary

Chapter 1: Introduction

The basic principles and backgrounds involving in the LPE of 2D materials are discussed,
with a particular emphasis on graphene production. These include the theory and
background of the solubility parameters, commonly used in solvent selection in LPE. The
rationales and criteria behind the selection of solvents as the “green solvents™ in this work
are reviewed and discussed. Towards the end of this chapter, attentions are drawn to the
existing gaps and challenges faced for a sustainable production of 2D materials by LPE.
The unresolved research challenges were identified as the main research focus and as my

aspirations for the well-beings of mankind.

Chapter 2: Solvent Exfoliation Efficiency and Graphene Dispersibility

Studies

The design of N-Methyl-2-pyrrolidone (NMP)- redispersion technique to precisely
quantify the amount of graphene produced in green solvents is reported in this chapter.
This technique allows a precise determination of the graphene content in the dispersion
after the exfoliation process (the exfoliation efficiency). The redispersion of NMP-
exfoliated graphene into various green solvent media also serves as direct “evidence” and
a reliable experimental way to assess their dispersibilities in these solvents. The
redispersion technique enables the independent study of two crucial factors that influence
the final graphene yield, namely, exfoliation efficiency and graphene dispersibility of

green solvents.
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The key insight gained from this study is: green solvents, particularly IPA, can achieve
higher exfoliation efficiencies than NMP. The primary reason for low graphene yield in
green solvents was attributed to their low dispersibility. This finding has led to the
introduction of post-exfoliation ultrasonication (PEUS) method with the duration as short
as two minutes, to enhance the graphene dispersibility and improve the yield in green

solvents (Chapter 3).

Chapter 3: Graphene Yield Enhancement by Post-Exfoliation

Ultrasonication (PEUS)

This chapter covers the development of a simple PEUS method, on which a brief two-
minute ultrasonication (2 US) step was imposed at room temperature after shear mixing
exfoliation, aiming to enhance graphene dispersibility in green solvents. This method
negates the need for functionalisation and the use of surfactants or dispersants.
Interestingly, the results obtained show a 90-fold increase in the graphene concentration
without compromising its quality. For this, the microstructures, morphologies and
chemistry of the as-produced graphene and the dispersion stability were studied using a
range of imaging and spectroscopic techniques. This newly introduced shear mixing-
PEUS method resulted in high-quality leaf-like graphene flakes in green solvent with an
average thickness of less than 10 layers. This establishes the potential of the method as a

transformative approach for advancing graphene production and applications.
Chapter 4: Beyond Graphene-Exfoliation of Hexagonal Boron Nitride

Building upon the success of the PEUS yield enhancement method for graphene in green
solvents, this chapter covers the area of hexagonal Boron Nitride (hBN), a 2D layered

material sharing the same hexagonal lattice structure as graphene. Renowned for its
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challenging exfoliation attributed to stronger van der Waals forces between the layers,
hBN becomes the next frontier for the application of PEUS method. The yield of hBN
has a remarkable enhancement of up to 12 times in IPA solvent through the application
of PEUS method. Similar set of physiochemical characterisation techniques used on
graphene was used to assess the properties of the hexagonal Boron Nitride Nanosheets
(BNNSs) produced. The production of BNNS- graphene using the shear mixing

exfoliation technique with PEUS is also discussed.
Chapter 5: Outlook

This chapter provides an overview of the key findings from the present research,
alongside with proposed areas for future exploration. The future work mentioned here are
underpinned by the preliminary experimental evidence from the present work. One of the
proposed future works involve the development of theoretical model for selecting the
optimum solvent for each of the exfoliation and dispersion steps for 2D materials
production. Other potential future works include identifying the crucial solvent
parameters that influence the size and thickness of the 2D materials for bandgap tuning,
designing a solvent recovery and materials recycling system for sustainable LPE process,
and the development of large-scale printing based on 2D materials dispersion in green

solvent for energy and flexible devices.
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Introduction

1.1 Overview

In this chapter, the process, background, and mechanism of LPE technique for graphene
production and other 2D materials such as hexagonal Boron Nitride (hBN), Molybdenum
Disulphide (MoS;) and Tungsten Disulphide (WS2), in the form of dispersion are
discussed. Emphasizing on the background of LPE of graphene, this chapter ends with an
insightful summary on the extension of LPE to cover the production of a broader spectrum

of 2D materials.

The LPE process for graphene and other 2D materials production involves
“peeling off” the graphite layers from a 2D material or exfoliation in a solvent medium
from its bulk counterpart.!* In this case, the solvent serves as both the exfoliating and
stabilising media. Good solvents for LPE are those that could provide high exfoliation
efficiency and dispersibility; the two crucial factors influencing the graphene yield in
LPE.? Exfoliation efficiency refers to the effectiveness or ability of separating individual
graphene layers from bulk graphite during the exfoliation process.** It quantifies the
extent to which multilayered graphene structures are successfully reduced to few-layer or
monolayer graphene sheets. Dispersibility, on the other hand, is the ability of the
exfoliated graphene layers to remain stably suspended and well-separated in a suitable

solvent, preventing re-aggregation and ensuring a uniform dispersion of the nanosheets
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over time.>® Reviews on the graphene production through LPE mainly explores those
factors affecting the graphene yield and conventional theories and challenges guiding
solvent selection in LPE.” In this respect, there is generally lacks a direct and reliable

method to accurately determine the quantity of the exfoliated materials produced.

Centrifugation plays a pivotal role in isolating the exfoliated 2D materials from
other aggregates of bulk materials to yield the final dispersions of 2D materials. The
process of centrifugation also affects the quantity and quality of the graphene
produced.!®!! Despite its importance, literatures often overlook the impacts of
centrifugation conditions and parameters on the graphene’s yield and quality. In this work,
the theory of centrifugation is investigated on the ground that it has an important bearing

on graphene production in LPE.

In a scale-up production of graphene and other 2D materials by LPE, the increase
in yield of the materials produced is often achieved at the expense of its quality, by
adopting commonly used yield-enhancing techniques like functionalisation, solvent-
exchange and the use of surfactants or dispersants. This chapter explores these widely
adopted yield enhancement techniques in more details and concludes by identifying the

research gaps and challenges in the LPE to produce graphene and other 2D materials.
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1.2 Two-Dimensional Materials: Graphene and Hexagonal
Boron Nitride
Two-Dimensional (2D) materials are nanomaterials having a single dimension, their
thickness, in the nanoscale range.'? The thickness of 2D materials is typically at one- or
two- atom thick.!® There are two primary methods for producing 2D materials: bottom-
up and top-down techniques.'*!> The bottom-up approach involves constructing a 2D
material layer from its molecular precursors, often using chemical vapour deposition
(CVD).'*!7 In contrast, the top-down approach involves overcoming the van der Waals
forces between layers to exfoliate or "peel off" sheets of 2D materials from the bulk
material, which can be accomplished through mechanical, electrochemical, or chemical

exfoliation methods.'®2°

Compared to their bulk forms, 2D materials have a higher surface area-to-volume
ratio, offering more surface area for functionalisation, sensing, and chemical reactions.
This characteristic is advantageous for various applications, such as catalysis and
sensors.”!?2 The bottom-up technique allows for precise control over the number of layers,
making it possible to synthesize materials close to a monolayer. Despite of yielding 2D
materials with controlled thickness and near-monolayer uniformity, bottom-up technique
often come at the cost of lower yields and higher production costs. On the other hand,
top-down synthesis is more cost-effective and produces 2D materials at a higher yield,
but controlling the quality of the material can be challenging. The quality of 2D materials
is assessed based on attributes such as lateral size, thickness, defect types, defect density,

and oxidation level, all of which are selected depending on the intended application.? 2

In this thesis, two types of 2D materials are discussed: graphene and hexagonal

Boron Nitride Nanosheets (BNNSs).
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1.2.1 Graphene

Graphene is a 2D material composed of a single layer of carbon atoms arranged in a
hexagonal, honeycomb-like lattice.?¢ Each carbon atom in graphene forms three sp>
hybridised orbitals, creating strong sigma (o) bonds, and a n-bond that is delocalised
across the entire graphene sheet. This unique structure gives graphene its remarkable
properties. However, in practical applications, the top-down production approach often
results in the creation of few-layer graphene (FLG) rather than monolayer or bilayer
graphene.?” FLG consists of stacked graphene layers ranging from two to ten layers, as
defined by ISO/TS 80004-13:2017.® FLG are usually stacked in Bernal (AB) or
Rhombohedral (ABC) stacking orders Figure 1.1a.> While FLG retains many of the
advantageous properties of monolayer graphene, the increase in thickness affects its
overall surface area, which, in turn, influences its chemical and catalytic properties.®*!
Additionally, the transition from monolayer graphene to FLG leads to changes in its
electronic structure, particularly in the bandgap and the mobility of charge carriers, such

as electrons and holes.?>3

Monolayer graphene exhibits a linear dispersion of its electronic band structure
around the Dirac cone, meaning that the energy of the electrons varies linearly with their
momentum.**3¢ This linear relationship results in a very low effective mass for the
electrons, leading to exceptionally high electron mobility. However, as the number of
layers increases in FLG, the band structure begins to bend (Figure 1.1b),*’ causing a
reduction in electron mobility and, consequently, a change in its optical and electronic
properties. Hence, controlling the number of layers is critical for electronic and

optoelectronic applications.
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Figure 1.1: (a) The possible stacking orders of graphene layers. (b) Schematic diagram showing
the bending of the band structure to hyperbolic bands near the Dirac cone as the number of layers
increases beyond a single layer, deviating from linear dispersing band. Adapted from Mak K. F.
et al. (2010) “The evolution of electronic structure in few-layer graphene revealed by optical
spectroscopy.” PNAS, 107 (34), 15002. © 2010 National Academy of Sciences.

The synthesis of graphene varies depending on the specific application
requirements. Electronic and optoelectronic applications typically require graphene that

3840 guch as

is close to a monolayer due to its superior electronic and optical properties,
high electron mobility and transparency. In contrast, for applications like catalysis and
energy storage, FLG is often sufficient.*'*> FLG offers a good balance between

performance and cost, as it retains many of the desirable properties of monolayer

graphene while being less expensive and easier to produce in higher yields.

FLG is commonly synthesized using top-down approaches, which involve
exfoliating graphene layers from bulk graphite materials.*’ These methods are versatile,

allowing for the use of various graphite sources for exfoliation, including carbon-based
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waste materials such as plant waste, food waste, and graphite electrodes from used
batteries.** One popular top-down technique for producing FLG is Liquid Phase
Exfoliation, which enables direct exfoliation of graphene in a solvent medium.* This
process not only produces graphene at a lower cost but also allows the resulting graphene
dispersion, or "graphene ink," to be readily used for coating or printing onto substrates.
This makes it particularly suitable for applications in sensors, energy devices, and other
areas requiring functional coatings. Further details on this synthesis technique will be

discussed in Section 1.3.

1.2.2 Hexagonal Boron Nitride Nanosheets

Hexagonal boron nitride nanosheets (BNNSs) share a similar hexagonal lattice structure
to graphene, which is why they are often referred to as "white graphene."*%*’ The layer
of hexagonal boron nitride (hBN) consists of alternating boron (B) and nitrogen (N) atoms,
bonded by strong sigma (o) bonds formed through the overlap of sp? hybrid orbitals from
both B and N atoms, unlike graphene, which is composed of carbon atoms. Despite this
structural similarity, BNNSs exhibit significantly different electronic properties.
Graphene is a zero-bandgap material and an excellent conductor, in contrast, BNNSs have
a wide bandgap ranging from 5.9 to 6.1 eV,*® making them electrically insulating. This is
due to the uneven electron distribution between B and N atoms in hBN. The more
electronegative nitrogen atoms attract the shared electrons more strongly, resulting in
partial ionic character in the B-N bonds. Consequently, the © electrons in hBN are less
delocalised compared to graphene, leading to its insulating behaviour. In addition to their
insulating properties, BNNSs possess high in-plane thermal conductivity of ~ 550 W m™!

K™'.* Figure 1.2 illustrates the different stacking orders of hBN layers and how the band
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structure evolves with the number of layers. The AA’ stacking order is the most

observed stacking configuration in hBN.
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Figure 1.2: (a) Stacking orders of hBN. Red and blue represent Boron and Nitrogen atoms,
respectively. (b) Evolution of the hBN band structure in AA' stacking as a function of the number
of layers. Adapted with permission from Wickramaratne, D. et al. (2018), "Monolayer to Bulk
Properties of Hexagonal Boron Nitride," The Journal of Physical Chemistry C, 122(44), 25525.
© 2018 American Chemical Society.

The synthesis of BNNSs can be achieved using methods similar to those employed
for graphene. Bottom-up techniques, such as CVD,* allow for the controlled growth of
BNNSs, while top-down approaches, including exfoliation, involve peeling off layers
from bulk hBN.*! Functionalisation can assist in weakening the van der Waals forces
between layers, facilitating exfoliation. However, due to the chemical inertness of BNNSs,
functionalisation is challenging.’>** To aid exfoliation, high temperatures and pressures
are often required.’*>* Besides this, the chemical inertness and electrical insulating
properties of BNNSs make them unsuitable for chemical and electrochemical exfoliation
methods.>® Currently, there is still a lack of cost-effective and high-yield production

methods for BNNSs.



Chapter 1: Introduction

Despite these challenges in synthesis, BNNSs have promising applications due to
their tunable bandgap, high thermal stability, and excellent dielectric properties. These
characteristics make them suitable for use in optoelectronic devices, sensors, fillers for
thermal interface materials, photocatalysis, heterogeneous catalysis and thermal

management systems.>’ °!

As the importance of achieving net-zero emissions and advancing decarbonisation
grows, 2D materials such as graphene and BNNSs are finding applications in energy
storage and conversion devices, including batteries, supercapacitors, and fuel cells, where
they enhance performance. However, the widespread adoption of these materials in large-
scale manufacturing has been limited by high production costs. Consequently, there is a
critical need for sustainable and cost-effective methods to produce high-quality 2D
materials, optimising the balance between performance and production cost. By
improving the efficiency and sustainability of these production techniques, 2D materials

could play a significant role in the global transition to a low-carbon economy.
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1.3 Liquid Phase Exfoliation (LPE)

The common methods for graphene synthesis are LPE, Chemical Vapour Deposition
(CVD) and electrochemical techniques.®>* CVD is a bottom-up synthesis technique
which is well-known for its ability to produce high-quality monolayer graphene on a
catalyst substrate under well-controlled temperature and gas pressure. Frequently used
substrates for CVD synthesis of graphene include polycrystalline nickel and copper.5>%
On-going investigations focus on understanding how substrate type and crystallinity

impact the resulting graphene quality.” ¢

On the contrary, LPE is a mechanical and top-down approach for graphene
synthesis. LPE yields graphene in the form of dispersion and is compatible to the printing
and coating technologies like, roll-to-roll printing. Unlike CVD, where the graphene layer
is grown and supported on a solid substrate, graphene produced by LPE is suspended or
dispersed in liquid phase. This inevitably leads to some restacking of exfoliated graphene
in the solvent medium. Consequently, achieving the synthesis of a few-layer graphene
becomes challenging in LPE. Moreover, the use of toxic and high-boiling-point solvents,
such as NMP and Dimethylformamide (DMF), presents a notable drawback.’® This would
require the search for alternative green solvents and surfactants. It is also necessary to
have an in-depth understanding of the mechanism involved in LPE for graphene
production. Figure 1.3 shows the comparisons of the advantages and limitations of CVD
and LPE techniques in graphene production. There are two main techniques in LPE,
which are ultrasonication and shear mixing. Ultrasonication, while widely employed, is
hindered by the challenges in controlling the quality and morphology of the resultant
graphene.”! Probe sonication, in particular, is associated with elevated defect generation

due to the substantial cavitation bubbles and the shock waves produced, creating localised
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"hot spots."” Addressing these issues is vital for advancing the effectiveness and

scalability of the graphene synthesis.
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Figure 1.3: Comparison between the advantages and limitations of chemical vapour deposition
(CVD) and liquid phase exfoliation (LPE).

Shear mixing technique was investigated as a potential alternative to

ultrasonication within the framework of LPE.**7>7* Shear mixing in LPE is more viable

for large-scale synthesis of graphene based-materials due to the ease of scalability.”® This

claim was supported by comprehensive studies conducted by Paton et al. in 2014,

elucidating the scalability of shear mixing in the synthesis of graphene with minimal

defects. A scaling-up model that relates and estimates the exfoliated graphene

concentrations with processing parameters has been established and experimentally

tested.*> Given its demonstrated efficacy and scalability, this synthesis technique is the

10
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selected technique in this work and will be discussed in more details in the subsequent

sections.

In graphene synthesis using LPE, various experimental factors play a crucial role
in determining its quality and quantity. These factors can be classified into different
categories based on the solvent type, graphite source, and operating conditions employed.
6277 In this section, these factors are discussed, emphasizing on graphene-solvent
interaction by considering the solubility parameters or surface tension for both the solvent
and graphene. The graphene produced is typically evaluated based on the number of
graphene layers, presence of crystal defects and occurrence of oxygen-containing species.
A key guideline for achieving high concentration or yield of graphene in LPE is to select
a solvent with surface tension, as close as possible, to the surface energy of the graphene.”®
7 This choice aims to minimise the enthalpy of mixing, AHmx to reduce and achieve
negative Gibbs free energy of mixing, AGmi for a more feasible dispersion of graphene
in solvent, leading to high graphene yield.?" 8! Gibbs free energy of mixing, AGmiis

given by the following equation formulated by Gibbs, J. W.:%?
Aamix = Aﬁmix —TAgmix 11

Where AGumix, AHmx and Sui are the free energy, enthalpy, entropy and volume of the

mixing, respectively. T is the absolute temperature.

Entropy represents the randomness or disorder of a system.® In the case of
graphene, which is a rigid, flat 2D material with limited configurational freedom, the
entropy contribution is minimal.®* The temperature term indicates the significance of

entropy effect at higher temperature. However, the exfoliation and dispersion processes

are normally carried out at room temperature where entropy, S has negligible impact.

11



Chapter 1: Introduction

Enthalpy of mixing, AH mxwhich plays critical role in achieving efficient dispersion of

graphene is given by the equation below:*’

_mix 1.2
Ao 2 (3, —0,)°0

mix flake

Where V. , 1., and @ are the volume of the mixing, the flake thickness and the volume

fraction of dispersed graphene, respectively. Surface energy of graphene and surface

tension of solution is represented by Ogand J; , respectively.

The equation indicates to minimise AHmi, Jgand O, should be as close matched

as possible. This concept can also be applied to the exfoliation of other 2D materials.

1.3.1 Experimental Approaches for LPE

Shear mixing is a mechanical exfoliation technique that utilises mainly the high shear
forces to “peel off” layers of a 2D material from its bulk counterpart. This method applies
mechanical stress, typically through rotating blades, to overcome the van der Waals forces
holding the layers together.*>* In ultrasonication, the energy needed to separate graphene
layers from graphite and overcome the interlayer van der Waals forces comes from the
collapse of cavitation bubbles and the resulted shock wave that generated in the
solvent.®”#® In the context of LPE for both ultrasonication and shear mixing, the solvent
medium assist in separating the layers or exfoliation and providing a stabilising
environment for the exfoliated material. The efficacy of exfoliation relies on the solvent's
properties, particularly, the viscosity and surface tension. Surface tension of a solvent
determines the enthalpy of mixing and efficiency of graphene production, as can be

evident from Equation 1.2. This holds true regardless of the exfoliation technique

12
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employed, whether it is shear mixing or ultrasonication. However, the impact of viscosity
on exfoliation efficiency depends on the exfoliation technique used and the exfoliation
mechanism involved. In the case of shear mixing, the exfoliation efficiency increases with
solvent viscosity at a fixed shear rate.®® Conversely, for ultrasonication, lower solvent
viscosity impedes the generation and subsequent collapse of cavitation bubbles.
Consequently, this hindrance leads to a reduction in exfoliation efficiency under such

applied conditions.”®

Theoretically, exfoliating graphite with larger lateral sizes would incur a higher
energy cost than that of smaller lateral sizes. °**As a result, the process of "scission" or
breaking up graphite flakes into smaller sizes occurs before exfoliation, and the extent of
size reduction would depend on the intralayer bonding energies of the graphene
layers.”>%* Smaller sizes are achieved with bulk materials exhibiting lower intralayer
bonding energies. Size reduction of the scission process relies upon the intralayer bonding
energies. It is worth noting that there was research finding suggesting a different scenario,
in which the concentration or yield of graphene is independent on the sizes of the graphite
starting materials.”* Close examination reveals that this study involved different type of
graphite (from what has been used in this work), which is the expanded graphite with

weaker interlayer binding energy.
Ultrasonication Technique

Ultrasonication stands out as the predominant technique for 2D materials synthesis. It
involves dispersing, breaking down, agitating, and (in the case of layered materials)
exfoliating the layers of 2D materials through the generation of vacuum bubbles induced

by ultrasonic waves with a frequency exceeding 20 kHz.°>°7 This process creates

13
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alternating high- and low-pressure regions corresponding to contraction and rarefaction,
respectively. Cavitation bubbles form when the hydrodynamic pressure drops below the
vapour pressure of the solvent and subsequently collapse when reaching a saturation level.
The growth and collapse of these cavitation bubbles generate shock waves, releasing
mechanical energy that facilitates the fragmentation and exfoliation of layered materials.
Additionally, the bubbles colliding with the graphite surface also contribute to shear

forces, further aiding in the exfoliation of the layers.”® *®

There are two typical types of ultrasonication exfoliation methods; the probe
sonication and bath sonication.” % Probe sonication operates by the direct insertion of
an ultrasonic probe into the sample dispersion, while bath sonication involves the
propagation of ultrasonic waves through a water medium to the sample dispersion in a
container. Bath sonication offers the advantages of minimising sample contamination and
sample loss, as in the probe sonication. While probe sonication exhibits a higher
efficiency for graphene, it comes at the cost of inducing more defects in the final material
produced. A choice between these two methods would involve a trade-off between

exfoliation efficiency and the quality of the resulting 2D material produced.
Shear Mixing Technique

A standard high shear mixer is composed of a rotor and a stator with holes as illustrated
in Figure 1.4. The gap between the rotor and stator (a stationary ring surrounding the
moving rotor) is small, typically ranging from 0.1 to 3 mm. This minimal gap serves to
induce a velocity gradient, acting as the source of shear force crucial for the exfoliation
process.'?! The high shear region, situated between the rotor and stator, is the focal point

where most of the exfoliation events happen. In order to meet the minimum shear rate,

14
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Vmin, €ssential for graphene production, a high shear rate of 20 000 — 100 000 s is
generated.”® %2 It should be noted that any mixer, including commonplace kitchen
blenders capable of achieving this minimum shear rate can be used for graphene
production.'® The exfoliation mechanisms involved in shear mixing include the
generation of shear force resulting from fluid velocity gradients, jet cavitation occurring
when the fluid is propelled through the stator holes under high pressure differentials,

random collisions between graphite particles, and the collisions of graphite particles at

the edges of stator.!%

High Shear Region

Stator Hole
Stator

Graphene layers

; Shear Force F'
Liquid layers ——

Figure 1.4: Lab-scale high shear mixer and the schematic depicting the rotor-stator compartment.
The shear force arises from the velocity gradient within the space between the rotor and stator.
This shear force causes the "sliding" of liquid layers, which facilitates the peeling-off of graphene
layers from graphite.

The Reynolds number (Re) is used to distinguish between turbulent (Re > 10%)

and laminar flow during shear mixing (Equation 1.3a).!% Shear rate of shear mixing

15
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exfoliation, 7, can be calculated from Equation 1.3b,* using operator parameters of shear

mixer: rotor speed (N ) and rotor diameter ( D). Paton et al. conducted a study using
various combinations of N and D to generate data points for different shear rates and Re
values.*> The effectiveness of graphene exfoliation was evaluated based on these
parameters. The study demonstrated that turbulent flow is not necessary for graphene
production, as long as the minimum shear rate required to initiate exfoliation is achieved.

76, 80

Equation 1.3c displays the minimum shear rate, 7, , which is the shear rate required

to initiate the exfoliation. The shear rate required is low if the graphene surface energy

matches with the solvent surface tension. This concept is shown in Equation 1.2.

pND?
Remixer = T 1.3a
. DN
VTR 1.3b

7}min -

_[\/g_\/af 1.3¢c
nL

Where E s, E; , 77 and L are the graphene surface energy, solvent surface tension,
solvent viscosity and flake length respectively.

The shear rate equation can be rewritten to give the average flake size, which is
the mean of the minimum and maximum flake sizes retained after centrifugation, Lcr of

the graphene produced by shear exfoliation as a function of rotor-stator gap, AR, rotor

speed, N and rotor diameter, D (Equation 1.4).76- 102

zAR[\/Q—\/a]Z+LCF 1.4

L
(L) 2n7ND 2
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The scaling up model for the shear mixing process is as follows (Equation 1.5):

C o CAt'N"DVY 1.5
Series of experiments are carried out by varying the processing parameters, one at a time,

to work out the values of the exponents. The graphene concentration, C can be scaled-up

with the processing parameters. C; is the initial graphite concentration use for exfoliation.

C oc C,t265N 113 D228y 068 1.6

C oc C,tN 05y 016 1.7

While the first model in Equation 1.6 was created based on the shear mixing of exfoliated
graphite flakes in NMP solvent using rotor and stator,’¢ the second model Equation 1.7
was constructed based on the exfoliation of graphite powder in Fairy washing-up liquid
(as surfactant) and water, using a kitchen blender. ' These models in equation 1.6 and
1.7 are specific to particular set-up of the shear mixing system that used to create the
models. Parameter D cannot be varied if a kitchen blender is used. The rotor speed, N,
obeys the power-law only when it is beyond the minimum rotor speed due to the minimum
shear rate requirement. These scaling up models also work quite well for the shear mixing

exfoliation of another 2D material, MoS,.

Besides the operating parameters of the shear mixer, previous study has shown
that the stator geometry (shape and opening number) can affect the strain rate, shear stress,
drop size and flow characteristic of solvent in a high shear mixer.!®® The drop size
decreases with increasing rotor speed due to the droplet breaking effect under high rotor

speed. This droplet breaking effect is more prominent for the solvent with low viscosity.”
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1.3.2 Graphene Extraction by Centrifugation

Centrifugation is a crucial step after the exfoliation process to separate graphene from the
residual graphite, which may include partially exfoliated graphite or graphene restacked
into graphite agglomerates. This process not only determines the quantity of graphene
obtained but also influences its quality in the final dispersion.!'?” 1% The centrifugation
speed is one of the parameters that determines the characteristics of the graphene collected,
including quantity, size, and thickness. Higher speeds result in the collection of fewer,

smaller, and thinner graphene.!%!%

The commonly adopted minimum centrifugation speed is 500 rpm.’® 3% 110 This
speed was typically chosen for comparing graphene yields in different solvents. The
rationale behind this selection lies in the fact that higher centrifuge speeds lead to very
low graphene concentrations in the green solvents, making the concentration differences
among solvents less apparent for comparison. Two key properties, solvent density and
viscosity, significantly influence the amount of graphene collected during centrifugation,
as described by Stokes' Law.!!! While Stokes' Law applies to spherical particles, its
principles still affect non-spherical graphene flakes. Higher viscosity solvents exert

greater drag on the flakes,!!?

slowing their sedimentation and retaining more material after
centrifugation. As a result, more viscous solvents retain greater quantity of material after
centrifugation.''® This important consideration is often overlooked in literature, leading
to inaccuracies when comparing the quantity of graphene exfoliated in different solvents.
This oversight also contributes to the error in solvent exfoliation efficiency, particularly

when the solvent with poor exfoliation efficiency but high viscosity tends to retain more

materials as the supernatant after centrifugation. Hence, standardising the solvent used in
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centrifugation is crucial for studying the solvent exfoliation efficiency, and this will be

explored in detail in Chapter 2.

1.3.3 Surface Tension and Solubility Parameters

Solubility parameters and surface tension of a solvent are the fundamentals for studying
the interactions between graphite or graphene and the exfoliating solvent medium.’® !4
115 These solubility parameters, based on the like-dissolve-like theory, indicate that if a
solvent shares similar solubility parameters with graphene, it is more likely to effectively
disperse graphene. Various solubility parameters, including Florry-Huggins, Hansen
Solubility Parameters (HSP), and Hildebrand Parameters, have been developed primarily

for investigating polymer-solvent interactions.''® ''” These parameters are used to study

the interactions involving nanomaterials, for instance, graphene and carbon nanotubes.®!

Hildebrand solubility parameter is the basic parameter that measures the cohesive
energy of the molecules.!'® It can be more accurately applied to non-polar materials with
insignificant hydrogen bonding.!' '2° In 2010, Hernandez et al. first used Hildebrand
parameters to select suitable solvent for LPE and found that high graphene yield was
achieved when the solvent had Hildebrand parameters close to that of graphene.”® It had
also been found that the Hansen Solubility Parameters (HSP) was more precise in
explaining the high graphene yield.'?!"1?* HSP takes into consideration of three types of
interactions; dispersive (D), polar (P) and hydrogen (H) interactions. Hansen space is a
three-dimensional (3D) space representing these three forces of interactions. High
graphene yield is achieved when the HSP distance in 3D Hansen space between graphene
and the solvent is minimised, or when graphene and the solvent exhibit similar HSP

(Figure 1.5).!2% 2% Given the significance of surface tension and solubility parameters in
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determining graphene yield, the following section covers the determination of these

parameters for solvents and graphene. The equation for the enthalpy of mixing, AH mix,
has been written to incorporate dispersive (Jp ), polar (Jp ) and hydrogen (J,,) forces
(Equation 1.8),%! where, ¢ is the volume fraction of the solute (e.g.: graphene). A and B

in the subscript of cohesive energy, idenote the cohesive energy of solute and solvent,

respectively.

AH mix = $L= @) (Gp p — 500" +(Onp—Fpe) + (G = Sua)’ | 1.8

op
2 2 2 2
67‘ == 5D + 5p + 61_1
Graphene Dispersive  Polar Hydrogen
HSP Distance Short HSP distance, good
mixing or dispersibility.
Solvent [0) H

Op

Figure 1.5: Hansen space depicting three fundamental forces of interaction: dispersive, polar, and
hydrogen bonding. According to the Hansen Solubility Parameters theory, the total cohesive
energy is deconvoluted into these distinct forces. The Hansen space can use to elucidate the
Hansen Solubility Parameter distance governing the interaction between two components. Figure
modified from Hansen, C. M. (2007). Hansen solubility parameters: A user's handbook (2nd ed.).
CRC Press.

The determination of solubility parameter and surface tension are important for selecting
an appropriate solvent in graphite exfoliation and dispersion of the exfoliated graphene.
The surface tension of s solvent assesses the wetting behaviour of the graphite surface by

the solvent, which correlates to the exfoliation efficiency. The better the wetting of
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graphite surface, the higher is the exfoliation efficiency. Solubility parameters determine
the graphene-solvent compatibility and interactions, aiding the assessment of the

dispersibility for graphene layers in the solvent after exfoliation.'?

Surface tension is a property of liquid, while for solids such as graphite and
graphene, surface energy is used instead. Solvent surface tension can be measured using
pendant drop and capillary methods, by extracting surface tension information from the
capillary action and the shape of a hanging droplet.'?%12® Solubility parameters of liquid
or solvent are deduced from the cohesive energies between the molecules and it is related
to the intermolecular interactions.!? Since solubility parameters are a measure of
cohesive energies, they are obtained by measuring the energy of vaporisation.
Deconvolution of surface tension into polar and non-polar components would require the
measurement of the contact angle between a liquid and a purely non-polar (dispersive)
solid surface (typically Teflon).!*° The polar and dispersive components can then be
determined through Owens, Wendt, Rabel and Kaelble (OWRK) model (Equation 1.9)."3!
Traditionally, the polar component was derived by subtracting the vaporisation energy of
a solvent from that of its non-polar homomorph. Homomorph of a polar molecule is its
non-polar counterpart with the same size and shape (e.g.: homomorph of a straight-chain

polar molecule is paraffin).'*

o, =0,+0, -2/ 0" -2\/c.°c," 1.9

Where 0 is the solid-liquid interfacial surface tension, Oy is the solid surface tension and

0, is the liquid surface tension. The superscripts “d” and “p” represent dispersive and

polar components of surface energy, respectively.
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The data for surface tension or solubility parameters of common solvents used for
LPE are readily accessible. However, it should be noted that the surface energy or
solubility parameters of a solid material, such as graphite or graphene, are specific to its
type. Solvent exfoliation efficiency is determined by the surface energy of graphite and
NOT graphene. It is the surface energy of graphene that influences its dispersibility after

exfoliation.

The surface energy of graphite is the energy per unit area that is required to
overcome the van der Waals force to “peel” two graphite sheets apart.!3® The easiest way
to measure the surface energy or surface wettability of graphite and graphene is by contact
angle measurement. Two types of contact angle measurement methods are commonly
used, i.e. the drop-shape analysis and the Washburn methods.'3*!3¢ Drop-shape analysis
is suitable for macroscopically flat and homogenous surface, such as the CVD-
synthesized graphene films. This technique is used to measure the wettability of graphene
for selecting the suitable solvents for LPE.!3” However, the wettability of the substrate-
supported CVD-grown graphene does not represent that of graphite or graphene in
powder form used in LPE. Attempts to adapt drop-shape analysis for powder materials,

138

like coating them on a substrate or pressing them into pellets, °° are hindered by their

uneven surfaces, thus making this method unviable for powder materials.

The Washburn method serves as an alternative for directly measuring the surface
energies of powder materials in their raw, unaltered states, avoiding the need for coating,
or pressing into pellets. Pellet pressing can introduce surface irregularities which affect
the accuracy of the measurement. The Washburn method determines the surface energy
of powder materials based on the capillary force that flows through the bed of densely

packed powder.'*
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mZ_C',OZ'O'-COSQ 1.10

t n

140

Equation 1.10 is the Washburn equation, ** showing the increase in the mass of tube (m

per unit time, t) caused by the capillary action of the liquid used. p,o, and 7] are the

density, surface tension and viscosity of liquid respectively. A liquid exhibiting total
wetting on the powder (zero-degree contact angle) is chosen as the test liquid to determine
the geometric factor, denoted by 'c', which is a function of the sample dimensions and
packing density. To extract the polar and dispersive surface energy components based on

OWRK model, the contact angle must be measured using at least four different liquids.

Other methods for measuring surface energy include Atomic Force Microscopy
(AFM) and Inverse Gas Chromatography (IGC) methods.!*! 12 IGC was used to
determine surface energy of layered materials such as Graphene Oxide (GO), graphene
and MoS,, in powder form.!* ** IGC operates by assessing the interaction between
specific functional groups on the sample powder and vaporous probe molecules.!* The
retention time of the vaporous probe molecules allows the calculation of surface energy.
Both the non-polar and polar components of surface energy can be determined via the

corresponding non-polar and polar probe molecules in the IGC method.

The Washburn method with OWRK model used in this work is most suitable for
surface energy measurements for powder materials. Washburn method allows direct
measurement of surface energy of the material in its raw powder form. This is suitable
for the case of graphite and graphene powders. Although the IGC method can also be used

on powder samples, it requires the solvent to be in vapour form. Washburn method allows
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direct measurement of surface energy or wettability of a sample surface using a solvent

in liquid form.

Although solubility parameters or surface energies matching between graphene
and solvent is commonly used to select the suitable solvent for Liquid Phase Exfoliation
(LPE), it comes with limitations. Surface energies or solubility parameters can vary
depending on the measurement technique used. Additionally, other physical parameters

like density and viscosity can also influence the yield of graphene.'®’

1.3.4 Quality of the Bulk Starting Materials Used for Exfoliation

Graphite, the starting material for producing graphene via LPE, is evaluated based on
several factors such as its oxidation level, lateral size, thickness, and defect density.!4¢-148
These characteristics are crucial for determining the quality of the resulting graphene
produced, and the quality requirements, in turn, vary according to the intended
applications. For electronic applications, graphene with low number of layers, large
lateral size, low degree of oxidation and low defect density is desired for achieving good
electronic conductivity.'*!>° Since the quality of graphene is strongly influenced by the
properties of its graphite starting material, the selection of the right graphite, besides the
exfoliation method and conditions used, is key to achieving the desired graphene quality.
The properties or quality of graphite not only affect the quality of graphene produced, but
also its yield. It is worth noticing that only the effect of graphite size on graphene yield is

widely investigated in most published works,!>!: 152

although the surface energy of
graphite provides deeper insight into its effects on graphene yield.®* 53 Graphene yield

depends on the difference in the surface energies between graphite or graphene, and the

solvent used.”®' This surface energy varies with the quality of graphite and
gy q y grap
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156,157 including the types of defects present, e.g.: defects on basal plane, point

graphene,
or edge defects. Therefore, we need to consider the types of graphite and graphene
involved while selecting the suitable solvent to exfoliate and disperse them.

Graphene quality is evaluated based on the International Organization for
Standardisation (ISO) specifications [SOURCE:ISO/TS 80004-3:2010]. Although the
ideal requirement for graphene is a single layer, few-layer graphene (FLG) can range from
two to ten layers. Obtaining a significant amount of single-layer graphene through LPE
is challenging due to graphene restacking in the solvent. LPE often produces FLG. Single-
layer graphene is typically synthesized on a substrate using the CVD method.!® It is
important to produce single layer graphene or at least nanosheets with thickness of less
than 10 layers for graphene to maintain its linear or near-linear band structure to give high
electron mobility for its unique electronic properties. (see Introduction, Section 1.2.1).
Beyond ten layers, the electronic properties become similar to bulk graphite. Techniques

such as Raman spectroscopy and Atomic Force Spectroscopy are recognised for analysing

the thickness of 2D materials like graphene.

1.3.5 Green Solvents and Sustainability

Green solvents are environmentally friendly solvents that have minimal environmental
impacts throughout their entire life cycles, from production to usage.'>® These solvents
are chosen for their low inherent risk, energy consumption, waste generation, and
emissions.'®® For LPE of graphene, green solvents with low boiling points (below 82°C)
such as ethanol and isopropanol are preferred. This is because these solvents can be easily

removed by low-temperature evaporation and recycled for reuse (Table 1.1).
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Despite the advantages of green solvents, the yield of graphene produced in these
solvents is approximately ten times lower than that obtained with the commonly used, but
toxic, NMP solvent with a high boiling point of 202°C. ¢! 12 To justify the use of green
solvents, factors such as the amount of solvent required and operational energy cost, in
comparison to that of NMP, need to be considered. Besides this, it is crucial to either
improve the yield of graphene or develop methods to recover and reuse the solvent for
repeated exfoliation processes. The advantages of the low-boiling-point solvents lies in
their easy evaporation, recovery, and reuse, thus minimising emission, and disposal
concerns. In contrast, high-boiling-point solvent like NMP requires more energy for
removal through evaporation. Vacuum filtration is an alternative method for removing
high-boiling-point solvents, but it requires filtration membranes, leading to the problems

of material loss and additional membrane maintenance.

To make the use of green solvents economically and environmentally beneficial,
efforts are needed to enhance the yields of 2D materials like graphene and hexagonal

boron nitride. The optimisation methods for improving yield will be explored in Chapters

3 and 4.
Table 1.1: Solvent classification based on environmental impacts.
Hazardous Between Hazardous and | Recommended
Problematic

Dimethylformamide (DMF) Acetone Water

N-Methyl-2-pyrrolidone (NMP) Methanol Ethanol
Ethyl Acetate
Isopropanol

Data adapted from Byrne, F. P. et al. Tools and techniques for solvent selection: green solvent

selection guides. Sustain. Chem. Process. (2016). doi:10.1186/s40508-016-0051-z
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1.4 Current Research on LPE in Green Solvents

Over the last decade, the effects of solvent solubility parameters on graphene yields are
being actively investigated for LPE to select the suitable solvent that can give high
graphene yield. However, most of these studies focused on the sonication exfoliation
technique.’® '®* Two main approaches were used to enhance the graphene yields in LPE.
First, researchers often examine the interaction between solvent and graphene by
considering their solubility parameters. Second, efforts are being made to enhance the
graphene yield through techniques such as surface modification or functionalisation. The
following sections discuss these two approaches in greater detail. After the graphene yield
has been optimised, tuning of the operational parameters (i.e.: shear mixing exfoliation
speed and time) is carried out to further scale-up the production. Figure 1.6 summarises

the development of the yield enhancement strategies used for LPE over the last decade.

1.4.1 Solvent-Graphene Interaction Study

The interaction between the solvent and graphene is investigated by examining either
surface energy, surface tension or solubility parameters. This interaction plays a crucial
role in influencing two key factors: exfoliation efficiency and dispersibility. These factors
directly impact the yield of graphene. Exfoliation efficiency refers to the solvent's
capacity to efficiently exfoliate or peel-off the graphene layers, essentially determining
the quantity of graphene produced. On the other hand, solvent dispersibility refers to the
solvent's effectiveness in “separating and distributing” the exfoliated graphene, ensuring
it is well-dispersed. Both aspects are integral to the understanding and optimisation of

graphene production.
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It is widely acknowledged that a high yield of graphene is attained when the
solvent's surface tension or solubility parameters closely match those of graphene, aiming
to minimise the enthalpy of mixing (AH,,;,). '® This principle not only guides the
selection of solvents in Liquid Phase Exfoliation (LPE) but is also employed as a method
to deduce the surface energy or solubility parameters of graphene by conducting
exfoliation in various solvent media. The solubility parameters of graphene were taken to
be similar to that of the solvent which gave the highest graphene yield.”® Optimisation of
graphene yield by tuning its solvent mixture composition based on Hansen Solubility
Parameters (HSP) was carried out using low boiling point and low toxicity green
solvents.!%% 19 Commonly used value from literatures for graphene surface energy is 68
mJ/m? (or the HSP of 6p=18 MPa'?, §p=9.3 MPa!”?, §y=7.7 MPa'?). This value is
frequently employed in selecting the effective solvents for LPE.!% 16 NMP stands out as
a well-known and efficient solvent for LPE due to its surface energy of 69 mJ/m?, which

closely aligned with the literature surface energy value of graphene. 7% %

Green solvents, which are less toxic and have lower boiling points than NMP
(such as acetone, water, and ethanol), are generally considered poor solvents for LPE due
to the significant difference between their surface tensions and that of graphene.
According to surface tension or solubility parameters theory, these green solvents are
typically excluded from the list of effective solvents for LPE. To explore the potential of
green solvents in achieving high graphene yield or concentration, various theories,
including modified HSP and potential mean force, are being developed.!%> 167 These
theories formed the basis for the formulation of solvent mixtures using green solvents.
Studies on acetone: water and ethanol: water solvent mixtures had demonstrated

significantly higher graphene yields compared to the case where individual pure solvent
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was used. For instance, there was at least a tenfold increase in graphene concentration for
the ethanol: water solvent mixture with 70% volume ethanol compared to pure ethanol
and pure water.'°¢ Comparable results were observed for water: acetone mixture with 75%
volume acetone.'®® The tuning of acetone: water was based on modified HSP, which
considered the dispersed graphene concentration. Recent molecular dynamics
simulations exploring the surface-solvent interface have indicated that 2-pyrrolidone had
the potential to replace NMP for highly efficient exfoliation.'® This was attributed to the
well-aligned solvent molecules on the graphene surface, contributing to the stabilization

of exfoliated graphene layers and enhanced dispersibility.

Current literature tends to focus on and emphasize the final yield of graphene
when developing theories that relate solvent properties to the yield. However, the yield is
influenced by both the efficiency of the exfoliation process and the dispersibility of the
graphene. There is a lack of investigation into how solvent properties specifically impact
each of these two processes: exfoliation and dispersion. Understanding how the solvent
properties affect each process is crucial and necessary for unravelling the mechanisms
involved and enabling the selection of effective solvent or the formulation of an ideal

solvent mixture to meet the demands of exfoliation and dispersion.

1.4.2 Yield Enhancement Technique for LPE in Green Solvents

Despite extensive research on solvent-2D material interactions and the quest for
sustainable, low-boiling-point, and less toxic green solvents for LPE, the yield of
graphene and other 2D materials in these solvents remains relatively low. To overcome
this challenge, the additions of surfactants, dispersants, or other additives to the solvent

have been studied.!”® 7! 172 These additives introduce steric or electrostatic repulsion
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forces, counteracting the attractive van der Waals forces that cause restacking of graphene
layers. In doing so, they enhance the dispersibility of graphene in the solvent, leading to
higher yield. Other commonly adopted yield enhancement techniques for LPE of 2D

materials are also covered in this section, with a particular focus on graphene.

Solvent Exchange technique: In order to implement the use of sustainable solvents in LPE,
Zhang et al. redispersed graphene which was initially exfoliated in the less sustainable
NMP solvent into ethanol (one of the green solvents). This process yielded graphene of
concentration up to 0.04 mg mL".!”® Although the final storage of graphene was in the
ethanol (green solvent), the use of NMP in the initial exfoliation step was inevitable.
Attempts have been made by the same research group to redisperse NMP-exfoliated
graphene into other solvents like methanol, dichloromethane (DCM), and toluene, but
these solvents resulted in poor dispersibility. Interestingly, direct exfoliation in ethanol
led to an unstable dispersion compared to redispersion of NMP-exfoliated graphene into
ethanol. The underlying mechanism behind this phenomenon is still unclear at this
moment. In the light of the above argument, there is a pressing need for a deeper and
renewed understanding of the exfoliation and dispersion mechanisms. Another similar
solvent exchange approach was investigated by Li et al., who initially exfoliated graphite
in DMF and then redispersed the resulting exfoliated graphene into terpineol solvent.
Terpineol was found to be effective in stabilising graphene, resulting in a final
concentration of 0.39 mg mL'.!'” However, the solvent exchange method has seen
limited use in recent years due to its reliance on toxic solvents for the initial exfoliation
step. This underscores the ongoing challenge of finding solvent systems that are both

effective for exfoliation and environmentally sustainable.
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Intercalant- and Salt- assisted exfoliation: Sodium (Na"), potassium (K"), and lithium
(Li") ions, alongside with anions from acid species, serve as intercalants in the process of
expanding the interlayer spacing of 2D materials. This expansion weakens the van der
Waals forces between layers, facilitating the exfoliation and stabilisation of these
materials.!”>"7 Apart from these cations, intercalants can also be the anions from acid
species.!”® 180 This intercalation method is typically carried out using either
electrochemical or hydrothermal techniques and is not limited to graphene but can be
extended to other layered materials like MoS,.!8! Intercalating NaNOs crystals with strong

sulfuric acid can expand MoS; layers, easing the subsequent exfoliation process.

A cost-effective and sustainable technique known as salt-assisted exfoliation was
also employed as part of the intercalation approach.!'® ¥ This method utilises easily
available and water-soluble salts, such as sodium chloride (NaCl), potassium chloride
(KC1), and sodium carbonate (Na>Co3).!®* 18 Salt and water-assisted exfoliation can
significantly enhance the exfoliation process, resulting in a graphene concentration of up

to 0.71 mg/mL, which is two to three times higher than without salt assistance. '8¢

Using intercalants has its drawbacks, including the generation of defects during
ion intercalation and the necessity for harsh conditions, such as elevated temperatures and
strong oxidative environments, to introduce intercalants into the layers.'®” Despite these
challenges, the concept of intercalation provides an avenue to expand graphite layers, thus
open an opportunity to exfoliate graphene from used batteries where graphite layers are

already expanded.'8® 189

Surfactant or Dispersants: The more commonly used yield enhancement techniques are

by using surfactant or dispersant, and this technique has ever been used since before
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2010.'° Dispersants play a key role in preventing graphene flakes from aggregating by
relying on electrostatic repulsion and adsorption on their surfaces because of the
differences in polarity. Examples of dispersants used include the pyrene species (e.g.:
sodium pyrene sulfonate (Py-SASS), sodium pyrene- butane- 1- sulfonate (Py- Cs-
SASS),1- Pyrenesulfonic acid, Sodium Dodecyl Sulphate (SDS), and Poly (2-
butylaniline)).6> 161 191 192 polymers also serve as dispersants by providing steric

stabilisation through their polymer chains.

Surfactants function by reducing the surface energies of the material. This
reduction weakens the n=n interaction between graphene flakes, improving the
interaction between graphene and the solvent and thereby stabilising graphene in the
solvent. Popular surfactants used for LPE include sodium dodecylbenzene sulfonate
(SDBS), polyvinylpyrrolidone (PVP) and sodium cholate (NaC).’% '3 However, using
surfactants introduces an additional step for their removal, since insulating surfactants
can impact the electronic properties of graphene. In addition, surface modification and
functionalisation methods are also employed to enhance graphene dispersibility in green
solvents.!?* It is important to note that these methods often introduce a high defect density

and sp® defects, which can degrade the electronic properties of graphene.

Operating Parameter Optimisation: In addition to the theoretical study on graphene-
solvent interaction, the effect of each of the equipment operating parameter on the

1.76 This scale-up model has

graphene yield has been well-studied in a scale-up mode
demonstrated the scalability of the shear mixing exfoliation technique, achieving a
notable production rate of 5.3 g h'! and a high graphene concentration up to 0.07 mg mL"
!in a water-surfactant solvent via the operating parameter tuning. The effectiveness of

this model has been verified in a large-scale trial facility with a volume capacity of up to
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300 L. It is important to note that the model can vary depending on the type of solvent
and exfoliation equipment used. Similar scale-up models have also been successfully

applied to exfoliate MoS; in the same solvent.!*

The choice of an appropriate yield enhancement technique depends on the specific
properties desired for the target applications. In the context of optimising yield in green
solvents, there is often a trade-off between achieving higher yield and potentially
compromising the quality of the graphene produced. This underscores the need for a
careful balance and consideration of application requirements when selecting and

optimising these techniques.
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Figure 1.6: Selected highlights of the strategies used to enhance the yield of graphene and other

2D materials produced via LPE over the past decade.
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1.4.3 Beyond Graphene

Following the successful production of graphene through LPE, this method has been
widely adopted for the exfoliation of other 2D materials or layered substances, including
hBN, MoS, and WS,.!?% 1% These materials, extending beyond graphene, find
applications in catalysis, sensors, and energy conversion devices.!””> ' The LPE
production of these diverse 2D materials enables the creation of inks that can be coated
on substrates or membranes, particularly advantageous in flexible electronics.!” The
solvent selection approach in LPE, as reported in the literature, remains consistent for
these 2D materials, relying on factors such as surface energy, surface tension, and
solubility parameters. The guiding principle is to match the surface energy or surface
tension between the 2D materials and the solvent. Dispersants and surfactants such as
polyvinyl pyrrolidone (PVP) and sodium chlorate (NaC) are used to enhance the yields

of these 2D materials, beyond graphene, in green solvents.%% 20!

Among all the 2D materials, hBN stands out due to its structural similarity with
graphene. It often serves as a substrate for graphene, forming heterostructures and finding
applications in optoelectronic devices.?’> 2% Unlike graphene, hBN is electrically
insulating but thermally conductive, making it suitable for applications in nanoelectronic
devices and high-speed machinery that demand for effective heat dissipation.?** hBN,
however, presents challenges in exfoliation due to stronger interlayer forces resulting
from ionic interactions.?® Interestingly, hBN can be well- dispersed in IPA (a green
solvent).!?% 26 Molecular dynamic simulations indicated that IPA could intercalate into
hBN layers, acting as an effective dispersing agent.?’” Solvothermal and hydrothermal
exfoliation methods are used to facilitate the exfoliation process of hBN under elevated

temperature and pressure in IPA, or aqueous medium that consists of IPA, hydrazine
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hydrate (N2H4-H>0) and water.2%® 2% Given LPE's versatile applicability to a range of 2D
materials, using graphene as a well-studied model provides a foundation for the
development of the fundamentals and relevant methodologies that extend beyond

graphene.

1.5 Research Gap and Challenges

NMP has emerged as the preferred solvent for LPE in graphene production owing to its
ability to yield a high graphene output. Consequently, it serves as the reference solvent
for studying factors that govern graphene yield, e.g.: solubility parameters and the surface
tension differential between graphene and the solvent. The efficacy of NMP as a solvent
is attributed to its surface tension that closely matches that of graphene. However, the
practice of predominant reliance on surface tension as a determining factor may
prematurely eliminate various green solvents from consideration, given their substantial
deviation in surface tension from the literature surface energy values of graphene,
typically cited as 40 mN/m. Before dismissing green solvents, it is imperative to address

two often-overlooked points in literatures:
1. Lack of a reliable method for surface energy measurement of graphite powder.

The surface energy of graphite, a precursor to graphene, exhibits notable
variability based on factors such as morphology, size, chemical composition, and
defect density. Consequently, a one-size-fits-all approach, epitomised by
universal application of NMP as the suitable solvent medium in LPE, may
potentially lead to misleading conclusions. A critical need exists for a robust and
standardised method to experimentally evaluate the surface energy of graphite,

particularly in powder form, rather than adopting its value from literatures.
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Knowing the surface energy of graphite starting materials used for exfoliation

would help in selecting and formulating suitable exfoliation solvent medium.

2. Absence of an independent study on the exfoliation efficiency and dispersibility.

The efficiency of a solvent in exfoliating graphite does not inherently correlate
with its ability to disperse graphene, and vice versa. It is essential to recognise the
effectiveness of a solvent in the exfoliation to produce graphene (solvent
exfoliation efficiency) is affected by the surface energy of the precursor material,
graphite, rather than the resultant graphene. The surface energy of graphene
determines the dispersibility of graphene in each solvent after the exfoliation.
Solvent exfoliation efficiency and graphene dispersibility involves two distinct
mechanisms. Therefore, it becomes imperative to investigate these two aspects
independently. The current challenge lies in determining whether the low
graphene yield in green solvents, compared to the state-of-the-art NMP solvent,

is attributed to their poor exfoliation efficiency, or poor dispersibility, or both.

In light of these research gaps and challenges, it is crucial to address the methodological
limitations in surface energy measurement, conduct independent studies on exfoliation
efficiency and dispersibility, and seek innovative approaches to enhance graphene yield
without compromising on its quality. Addressing these overlooked aspects helps in paving
the way for a more comprehensive evaluation of solvent suitability for exfoliating and
dispersing 2D materials in LPE. This would subsequently lead to the formulation of a

suitable green solvent or solvent mixture for each of the exfoliation and dispersion steps
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to optimise the 2D materials production. This is essential not only for advancing graphene

production but also for other 2D materials.
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Solvent Exfoliation Efficiency and
Graphene Dispersibility Studies

2.1 Overview

Green solvents are the low boiling point and low toxicity solvents ideal for exfoliating
layered materials into 2D materials due to their ease of removal from the material surfaces
to give pristine products. However, the believe that green solvents are generally not as
efficient in exfoliating layered materials as the commonly used toxic solvent, NMP,
prevails in the research community of graphene production using LPE. Exfoliation
efficiency is the number of layered materials being “peeled off” in a given time while
dispersibility is the ability of the solvent to isolate and stabilise the exfoliated materials.
This misconception on graphene’s low exfoliation efficiency in green solvents arises due
to the lack of a reliable method to determine the actual amount of graphene produced in
green solvents.

Centrifugation is used to separate the graphene from the un-exfoliated graphite after
the exfoliation process. However, because the green solvents are incapable of stabilising
the exfoliated graphene, restacking of the latter occurs. The restacked graphene eventually
sink to the bottom of the centrifuge tube as sediment after centrifugation and not be
collected as the final graphene dispersion. This causes the amount of graphene collected

in the dispersion to be much lower than the amount of exfoliated graphene produced. This
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makes the solvent dispersibility the “limiting factor” in determining and comparing the
actual amount of graphene exfoliated, especially for the green solvents with low graphene

dispersibilities.

To reveal the true exfoliation efficiency of the green solvents, graphene exfoliated
from the green solvents was redispersed into NMP, which is a solvent with high graphene
dispersibility. This method helps in the determination of the actual amount of graphene
produced, or the exfoliation efficiency. Interestingly, by using this method, it has been
found that green solvents exhibit high exfoliation efficiencies and are capable of
exfoliating graphene as much as that exfoliated in NMP. Among all the green solvents,
IPA exhibits the highest exfoliation efficiency. This redispersing process is the key to
experimentally “deconvolute” the overall graphene yield into the contributions from
exfoliation efficiency and dispersibility, the two factors affecting the final graphene yield.
This enables the understanding of the mechanisms involved in the exfoliation and
dispersion processes, which in turn helps in selecting the right solvent for each of the two

Processes.

2.2 Materials and Methods

2.2.1 Materials
Solvents: 2-propanol (Sigma Aldrich, >99.8 %, GC grade), Acetone (Sigma Aldrich,

>99.5 %, GC grade), Ethanol (Sigma Aldrich, >99.8 %, GC grade), Ethyl Acetate (Sigma
Aldrich, >299.5 %, GC grade), Methanol (Sigma Aldrich, >99.9 %, HPLC grade), 1-

Methyl-2-Pyrrolidinone (Sigma Aldrich, = 99.5 %, anhydrous), 1-Methyl-2-
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Pyrrolidinone (Sigma Aldrich, >=99.0 %, non-anhydrous), and 1-Methyl-2-Pyrrolidinone

(Alfa Aesar, 299.0 %, non-anhydrous).

Graphite: Sigma Aldrich 100-mesh graphite flakes (denoted as G150) and Alfa Aesar
300-mesh graphite powder (denoted as G50). The graphite purchased is used in its raw
form for exfoliation, without any additional treatment. G150 has larger flake size of 150
um and G50 has smaller size of 50 um (Figure 2.1a,b). G50 has expanded structure as
shown in the inset of Figure 2.1b, with seven times higher Brunauer-Emmet—Teller (BET)
surface area than G150 (Figure 2.1f). The peak at 26.50° of the X-Ray Diftraction (XRD)
spectra of both G150 and G50 is the most prominent peak generated by the diffraction of
(002) plane of graphite which corresponds to the graphite interlayer (d-spacing) of 0.34
nm (Figure 2.1c,d). The XRD peaks are indexed according to the reference from the
powder diffraction file database PDF 00-041-1487 C. XRD spectra of G50 shows another
significant peak at lower angle of 11.58° degree, which corresponds to a larger d-spacing
0f 0.76 nm. This can be caused by the expanded structure of G50. In term of crystal defect,
G50 has more defects as can be evident from the higher D peak from Raman spectrum at

around 1350 cm™! (Figure 2.1¢).
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Figure 2.1: SEM images of (a) G150 graphite and (b) G50 graphite. Inset: Enlarged image
showing the expanded structure of G50; (¢) XRD spectrum comparison of G150 and G50 with
the enlarged peaks shown in (d); (¢) Raman spectrum (normalised to the highest peak) comparison
of G150 and G50; (f) BET surface area measurements of G50 and G150. Adapted from Ng et al.,
2022, Ref. [210].
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2.2.2 Methods

2.2.2.1 Shear Mixing Exfoliation
Two different graphite sources, Sigma Aldrich 100 mesh (G150) and Alfa Aesar 300 mesh

(G50) were used as the starting materials for exfoliation. A range of different low toxicity
and low boiling point solvents (D.I., EtOH, MeOH, EA, Ace, IPA) and solvent mixtures
[EtOH:D.I. (1:1 vol. %) and IPA:Ace (1:1 vol. %)] were used as the exfoliation solvent
media. High shear mixer model used is Greaves Model D lab mixer. The dimension of
stator and rotor are shown in Figure 2.2. Graphite samples were exfoliated, with an initial
concentration of the graphite dispersion of 25 mg/mL in 150 mL of solvent, under a shear
mixing speed of 5000 rpm for three hours. To compensate for the lost in the volatile
solvents due to evaporation, the solvents were constantly added throughout the exfoliation
process. After exfoliation, the graphene produced was separated from the graphite
aggregates by centrifuging the dispersions at 500 rpm or 52 rcf for one hour. The
conversion of rpm to rcf is shown in equation 2.1.2!! The speed of 500 rpm was used
unless otherwise specified. The supernatant after centrifugation at 500 rpm (Su_500) was
taken as the final graphene dispersion and was used for UV-Vis spectroscopy
concentration analysis and other characterisations (i.e.: Raman, XPS, AFM) for quality

evaluation.
RCF =1.118><10_5xr><(RPM )2 2.1

Where RCF is the relative centrifugal force, RPM is the revolutions per minute and r is

the rotor radius in cm.
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No. of holes: 12
No. of blades: 4

Figure 2.2: The lab-scale high shear mixer used for liquid phase exfoliation. The dimensions of
the rotor-stator unit are also shown in the figure.

2.2.2.2 NMP- and Green Solvent- Redispersion (NMP-R and GS-R)

For NMP-redispersion (NMP-R), the exfoliation products* produced after the exfoliation
in green solvents (D.1., EtOH, MeOH, EA, Ace, IPA, EtOH:D.I. and IPA:Ace) were dried
at 100 °C in a vacuum oven to evaporate the solvent after exfoliation. NMP (equal volume
as the evaporated amount) was added to maintain the concentration. The samples were
centrifuged at 500 rpm for one hour and the supernatant was taken for concentration
analysis.

For green solvent-redispersion (GS-R), the exfoliation products* produced after
the exfoliation in NMP were washed with ethanol using vacuum filtration with 0.22-
micron PTFE membrane before drying them in a vacuum oven at 100 °C to evaporate the
remaining solvent. Same volume of green solvents was added to disperse the NMP
exfoliation products®*. For both NMP-R and GS-R, a vortex mixer was used to
homogenise the samples after redispersion to eliminate the effects from ultrasonic
cavitation. This is to prevent additional exfoliation from redispersion, ensuring accurate
quantification of the graphene produced by shear mixing. Cavitation bubbles are

generated from the compression and rarefaction cycles when high-frequency ultrasonic
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wave propagates through liquid.?'? The collapse of the cavitation bubbles creates shock
wave to exfoliate the graphene layers.?!® Vortex mixer is the mechanical agitation to stir
the liquid and there are lacks the high-frequency acoustic forces needed for cavitation
bubbles generation.?!* Hence, it does not have the exfoliation effect. After
homogenisation using vortex mixer, the samples were centrifuged at 500 rpm (52 rcf) for

one hour and the supernatant was taken for concentration analysis.

Note: *Exfoliation products are the graphene-containing products with graphite

aggregates obtained after exfoliation and before centrifugation.

2.2.3 Characterisations

2.2.3.1 Raman Spectroscopy

Sample preparation: All the graphene dispersions used for Raman spectroscopy
characterisation were obtained from 500 rpm centrifugation. For low-concentration
graphene dispersions (appearing clear), the dispersion was further centrifuged at 4000
rpm for one hour to concentrate and collect the graphene as sediment, ensuring sufficient
material for a strong Raman signal. The concentrated graphene dispersion was then drop-
cast onto a Si/SiO. wafer. For high-concentration dispersions (appearing greyish), a
dilution of at least five times was performed to enhance the dispersion of graphene flakes
on the wafer and minimise aggregation. This was typically necessary for IPA- and NMP-
exfoliated graphene dispersions. The graphene-coated wafers were left to dry under
ambient conditions for characterisation. In the case of NMP-based dispersions, the drop-
casting was done on Si wafers preheated to 200°C on a hot plate to evaporate and remove

NMP before Raman characterisation. 7
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Raman Spectroscopy was performed using the Horiba Scientific LabRAM
ARAMIS. An objective lens of x50, laser wavelength of 532 nm, diffraction grating
density of 1800 lines/mm (spectra resolution of ~2cm™), and laser power of <2 mW was

used to acquire the Raman spectra.

Data Analysis: The D and G peaks in the Raman spectrum of graphene typically appear
at around 1350 cm™ and 1580-1600 cm’!, respectively.?!’> D’ peak often occurs as the
“shoulder” of the G peak. The Lorentzian peak fitting function is used to fit the D, G and
D’ peaks, including the deconvolution of G and D’ peaks. D’ peak appears as the
overlapped “shoulder” of the G peak.?!2!® Background subtractions and peak fitting
were performed using Origin 2019 graph plotting software. Peak fitting was done with
the reduced x* value of at least 0.99. Reduced 4 indicates the goodness of fit. Value of
Reduced 17 close to one indicates good fitting/ match between the experimental and fitted

data (spectra).

D to D’ peak intensity (In/Ip’) provides the information on the types of defects
present in the graphene samples.?’>> 2° D to G peak intensity ratio (In/Ig) provides
information on defect density. High Ip/Ig implies high degree of defects. The typical range
of In/Ig in non-oxidised graphene is <0.6,2%!" 2 whereas for oxidised graphene, In/Ig
is >1.22% 224 However, care must be taken when using Ip to analyse the defects on graphene
crystal structure because the exposed edges of small graphene flakes give high Ip despites
having almost no defect on the crystal structure. If two graphene samples have the same
defect density, the one with smaller lateral size (more exposed edges) will give higher Ip.
Ipb can be used to compare the defect densities of different graphene samples only if they
have the same lateral size. The Ip/Ig ratio is commonly used in defect density analysis,

with D peak intensity (Ip) varies according to the types and amounts of the edges present

45



Chapter 2: Solvent Exfoliation Efficiency and Graphene Dispersibility Studies

as well as the laser polarisation direction.??> 226 Therefore, there is a possibility that a
perfect graphene with low disorder may exhibit high Ip. In this case, the FWHM of G
peak is a more accurate feature for the analysis of lattice disorders.?!” Disordered
graphene should show a broad G peak FWHM despite its low Ip/Ig ratio. For the Raman
Spectroscopy analysis, at least six measurements were taken at randomly selected spots

on each graphene sample.

The use of a x50 objective lens with a numerical aperture (NA) of 0.55 and a 532
nm laser wavelength produces a laser spot size of approximately 1 pm. Since this spot
size is larger than the exfoliated graphene flakes in my study, which range from 400 to
800 nm, it effectively captures the edges of the flakes, allowing for the detection of edge
defects. However, the drop-casting method used for sample preparation often results in
unavoidable re-aggregation of graphene flakes. In these re-aggregated flakes, it becomes
more challenging to distinguish between edge and basal plane defects compared to well-
dispersed individual flakes. Consequently, defect analysis on re-aggregated graphene
primarily provides information about the dominant defect type present in the sample,
rather than enabling detailed analysis of specific defect types. This approach is still
acceptable for comparing dominant defect types and defect density among different

samples, and for observing broader trends rather than precise, localised defect analysis.

2.2.3.2 UV-Vis Spectroscopy

UV-Vis characterisation was used mainly to calculate the concentration of dispersion
produced and to qualitatively determine the thickness and oxidation level based on the
position and intensity of m — m*peak. The UV-Vis characterisation was conducted using

Cary 5000 UV-Vis-NIR (Agilent) in dual-beam mode, with the scan rate of 100 nm/ min
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in the range of 200 nm to 700 nm or 250 nm to 700 nm (for NMP-dispersed samples due

to the UV cut-off wavelength).

Sample Preparation: After the centrifugation of the exfoliation product dispersion, the
top 1/3 of the dispersion, which is the supernatant, was taken for the UV-Vis analysis,
leaving behind the large graphite aggregates that collected at the bottom of the tube as
sediment. Quartz cuvette of 1cm thickness (or also known as the optical path length) was

used for the UV-Vis measurements.

Data Analysis: The concentration of graphene dispersion produced was calculated based

on the Lambert-Beer Law (Equation 2.2).

A=¢lc 2.2

Where A is the absorbance, € is the absorptivity (in mL mg' m™), lis the optical path
length (inm) and C is the concentration (in mg mL"!) of the attenuating species (graphene).
All the concentrations were determined from the supernatant of graphene dispersions

after centrifugation at 500 rpm for 1 hour, unless stated otherwise.

The absorbance at 660 nm wavelength is taken for the concentration calculation
using (Equation 2.2) This wavelength lies outside the absorption edge of graphene (~250-
270nm), hence, the absorbance depends solely on the quantity of graphene presence and
not its electronic transition which is affected by the dimensions and thicknesses of the
graphene flakes.??” Backes et al. also claimed that the absorbance at this high wavelength

region was independent of the size of the graphene flakes.?*’

The absorptivity value, € in (Equation 2.2) was determined by the gradient/slope
of the calibration curve. This was done by calibrating the measured UV-Vis absorbance

with a series of graphene dispersions with known concentrations (Figure 2.3a,b) The
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absorptivity varies with the solvent medium of the graphene dispersions used for the
calibration curve, as shown in Figure 2.3. Given that the same mass of graphene has been
dispersed in the same volume of different solvents, the measured concentration value

using UV-Vis is different.

(a) (b)
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Figure 2.3: (a) UV-Vis spectroscopy calibration curve of GR150 and GR50 in NMP for
absorptivity determination through graph gradient. (b) Calibration curve of GR150 in D.I. water.
(c) Digital photograph of same mass of graphene dispersed in different solvents, resulted in
different measured concentration. Adapted from Ng et al., 2022, Ref. [210].

The absorptivity value, € used in the literature is obtained from other published
works.®?2822° However, there is a variation in the literature value of €, which range from
2460 to 6600 mL mg'm!861542% The jis due to the incomplete removal of
surfactant/dispersant from the graphene sample being analysed and which also accounted

for the measured mass of graphene.??’ Furthermore, the value of € also depends on the
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dispersing solvent medium used and this fact is often overlooked in the literature.
Therefore, selecting the right dispersing medium for calibration curve is important to

ensure the accuracy in the € value obtained.

The preparation of graphene dispersion for the determination of the absorptivity
from calibration curve should involve dispersing graphene in a solvent with good
graphene dispersibility, such as the NMP. When solvent with poor graphene dispersibility
such as deionised water was used, the graphene was not well-dispersed in the solvent,
causing the absorbance detected to be much lower than the actual absorbance. This
underestimated the absorptivity, as shown in Figure 2.3, which the absorptivity of GR 150
determined by dispersing GR 150 in deionised water was much lower compared to that
dispersed in NMP. When absorptivity is underestimated, the concentration will be
overestimated (based on Equation 2.2). With this consideration, the absorptivity measured
in NMP (solvent with high graphene dispersibility) was adopted. The absorptivity of GR
150 was 1178 mL mg! m™! and that for GR 50 was 1589 mL mg! m-!, as determined

from the gradient of the calibration curves shown in Figure 2.3a.

2.2.3.3 Atomic Force Microscopy (AFM)
An Agilent 5400 AFM was used to evaluate the sample morphology and graphene flakes

thicknesses. The samples were prepared by drop casting graphene solutions onto a Si/SiO>
wafer placed on a hot plate, heated to 80 °C (for green solvents) and to 150 °C (for NMP).
This was to evaporate the solvents and disperse the materials on the substrate. The probe
used was MikroMasch HQ:NSC35/AI BS (silicon tips) with resonance frequencies of
between 150 and 300kHz. The scanning mode used was the tapping mode. Compares to

the contact mode, the tapping mode causes less damage to soft samples like graphene and
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offers higher lateral resolution. Relative to non-contact mode, this operation mode can
achieve higher scanning speed, and is less sensitive to the adsorbed fluid when operates

under ambient atmosphere.

2.2.3.4 Brunauer-Emmett-Teller (BET)

Brunauer Emmet Teller (BET) measurements were performed under nitrogen atmosphere
(nitrogen adsorption-desorption isotherm at 77K)) using a Micromeritics’ Gemini VII. The
powder samples were degassed at 225 °C overnight under nitrogen prior to the

measurements. A sample mass of 0.3228 g was used for all the measurements.

2.2.3.5 Scanning Electron Microscopy (SEM)
The graphite was sparingly sprinkled onto a sticky copper tape for SEM analysis of the

raw materials. SEM micrographs were taken at 5 kV, using JEOL JSM-840F with cold

cathode field emission gun.

2.2.3.6 Contact Angle Measurement for Graphite Powder

Interfacial contact angle measurements at the interfaces between graphite powder and test
solvents (exfoliation solvents used in this work) were performed using KRUSS K100
tensiometer (in collaboration with Henry Royce Institute) based on Washburn method.
The solid sample was packed in a glass tube with a filter base. The liquid drawn up by
the capillary action and capillary force caused an increase in the mass of tube. The
increase in mass of tube over time was detected by a force sensor. The interfacial contact
angle was determined based on the change in mass of tube over time based on Washburn

equation (Equation 2.3).%!3
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2

m> c-p’-o-cosé

" " 23

m [g] mass of the tube and sample; ¢ [s] flow time; ¢ [mm°] capillary constant of the
sample (cGiso = 2.76847335 mm?; cgso = 0.6138338 mm°; p (g/ml) density; ¢ (mN/m)

surface tension; # (mPa-s) viscosity; and € (deg) contact angle of the test liquid.

The capillary constant, c, reflects the physical characteristics of the capillary system, such
as the geometry of the material or the packing tube. It is determined by performing
measurements with hexane, which achieves complete wetting (6 = 0°, cos 6 = 1) on the
material. This allows the determination of ¢ using the known variables in the Washburn

equation. The values for other parameters are provided in Table Al.

2.2.3.7 X-Ray Diffractometry (XRD)
Bruker D8 ADVANCE Eco and Siemens D5000 X-ray diffractometer (XRD). The XRD

was operated at 40 kV, and 40 mA using Cu Ka radiation, with step size of 0.02° and scan
rate of 5s per step. To correct for the instrumental broadening, a value of 0.06° for
instrumental broadening was determined from the Full Width at Half Maximum (FWHM)
of the spectrum obtained in the same measurement range, using Lanthanum Hexaboride

(LaBs) (SRM 660) as the standard.
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2.3 Background

2.3.1 Exfoliation Efficiency and Dispersibility

To date, there is purportedly no experimental method to study the exfoliation efficiency
and dispersibility independently. Dispersibility depends on the solubility parameters of
graphene and solvent (graphene-solvent interaction),®>13423! while the exfoliation process
depends on the solvent equipment operating parameters such as rotating speed, shear
mixing time, mixing head diameter, rotor-stator gap, initial graphite concentration and
liquid volume.*-#%32 More details on the exfoliation efficiency and dispersibility can be
found in Section 1.4.1. Most of the published works only emphasize on determining the
final graphene yield, which is the combined effect of the exfoliation efficiency and
dispersibility, and to find method for achieving highest possible graphene yield.?**2%
Extensive studies have been conducted to understand the effects of graphene surface
energy on its yield.3! 12! However, bearing in mind that for exfoliation efficiency, it is
the surface energy of graphite that should be considered rather than that of graphene. This

is because the exfoliation process starts from graphite. Dispersibility, on the other hand,

depends on the surface energy of graphene.

Designing an experimental method to study the exfoliation efficiency and
dispersibility independently would help to identify the right solvent for each of the
exfoliation and dispersion processes for improved yield (Figure 2.4). Properties of
graphite staring materials such as oxygen content, morphology, size and surface energy
could also affect the yields and qualities of the graphene produced.’*® 'S!' The
“deconvolution” method used in this work can potentially be applied on different types

of graphite starting materials and even other layered materials such as hBN and MoSo.
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Figure 2.4: “Deconvolution” of the overall graphene yield into exfoliation efficiency and
dispersibility unveils the high exfoliation efficiency of green solvents. Each number on the scale
is a quantitative representation of the yield, dispersibility and exfoliation efficiency, according to
the concentration of graphene obtained. Adapted from Ng et al., 2022, Ref. [210].

2.3.2 Conventional vs. NMP-R Technique for Exfoliation
Efficiency Study

The product after shear mixing exfoliation typically contains well-dispersed graphene
(with well-separated layers), and other graphite aggregates such as stacked graphene
flakes and partially exfoliated graphite. Figure 2.5 shows an equal amount of graphene
dispersed in NMP, which has high dispersibility, and IPA, which has low dispersibility. In
IPA, the lower dispersibility causes much of the exfoliated graphene to restack and settle
as sediment after centrifugation, leaving less graphene collected in the supernatant
compared to NMP. This is the main problem associated with the conventional method for
the determination of the total amount of graphene exfoliated in green solvents with low

graphene dispersibilities.
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To reliably quantify and compare the amount of graphene exfoliated in different

solvent media, it is important to use a standardised solvent with good graphene

dispersibility to redisperse the exfoliated graphene for centrifugation. The reasons of

using one standardised solvent with good graphene dispersibility are as follows:

1.

To eliminate the effect of solvent density while comparing the amount of graphene
produced (or the exfoliation efficiency) in different solvents because solvent
density also affects the amount of graphene extracted from the exfoliation
products via centrifugation.”®” Hence, for a fair comparison of amount of graphene
exfoliated in different solvents, it is crucial to use only one standardised solvent
medium for the centrifugation process.

To prevent the restacking of the exfoliated graphene in the green solvents. This is
because the measured graphene concentration is constrained by the amount of
unstacked or well-dispersed graphene flakes in the dispersion, which does not
represent the total amount of graphene produced from the exfoliation process.
Using the same solvent medium environment for dispersing graphene to ensure
the dispersed graphene flakes have identical surface conditions for concentration

analysis.
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r Exfoliation Products ﬁ
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Figure 2.5: The exfoliation products in NMP and IPA solvent media with different graphene
dispersibility after centrifugation. The exfoliation products consist of graphite aggregates and
well-dispersed graphene. Well-dispersed graphene was collected as the supernatant after
centrifugation. Two centrifuge tubes shown contains similar amount of graphene. IPA has low
graphene dispersibility that causes the graphene produced to restack into graphite aggregates
resulted in little amount of graphene being collected as the supernatant after centrifugation, as
compared to that collected in NMP. Adapted from Ng et al., 2022, Ref. [210].

The schematic diagram in Figure 2.6 is the conceptual illustrations on how the
proposed NMP-Redispersion (NMP-R) method could overcome the problem faced by the
conventional method in determining the quantity of graphene exfoliated in a solvent with
low graphene dispersibility. Same volume of solvent A and B containing equal amounts
of graphene, with solvent A having lower graphene dispersibility. It follows naturally that
the concentration of graphene measured using UV-Vis spectroscopy from the supernatant
of solvent A, was lower than that of solvent B (“‘conventional method” in Figure 2.6).
This is because the measured graphene concentration in solvent A was limited by its low
graphene dispersibility. This causes the discrepancy in the measured concentration of the
same amount of graphene in solvent A and B. The measured concentrations using the

conventional method was the combined contribution from both the exfoliation efficiency
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and graphene dispersibility of the solvent. In short, it is impossible to isolate the influence
of dispersibility on the measured graphene concentration for the exfoliation efficiency
analysis across different solvent.

For the exfoliation efficiency study using the proposed NMP-R method, the
solvent medium used to disperse the exfoliated graphene was standardised; whereas for
the dispersibility study through the proposed GS-R method, the solvent medium used to
exfoliate the graphene was standardised. The proposed NMP-R and GS-R methods, allow
the accurate and independent evaluations of the exfoliation efficiency (NMP-R method)

and graphene dispersibility (GS-R method) of the green solvents.

Conventional Method NMP Redispersion (NMP- R)
Supernatant | Supernatant
1
------- o I __ -
J— . _
_-_ - . uv | -- - UV
! I_'_l
A B A B NMP NMP
Graphene Collected « Graphene Produced Graphene Collected ~ Graphene Produced

Figure 2.6: In the conventional method, for the same amount of graphene exfoliated/produced in
both solvent A and B, lower amount of graphene was collected and characterised from solvent A
due to its lower graphene dispersibility than solvent B. The NMP-redispersion (NMP-R) method
exploits the high graphene dispersibility nature of NMP so that the amount of graphene collected
is not limited by the graphene dispersibility of the solvent. This enables fair comparison of amount
of graphene exfoliated in different solvents. Adapted from Ng ef al., 2022, Ref. [210].

2.4 Results and Discussions

2.4.1 NMP-R Technique for Exfoliation Efficiency Study

As discussed in Section 2.3.2, graphene's low dispersibility in green solvents often results

in stacking and re-aggregation, leading to an underestimation of the amount produced
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when using conventional concentration analysis methods. To address this, NMP was used
in this study as a standardised dispersing solvent for graphene exfoliated in various green
solvents. The results of the concentration analysis after redispersion the exfoliated

graphene in NMP are presented Figure 2.7.
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Figure 2.7: Mass of GR150 and GR50 graphene produced per surface area of G150 and G50
graphite respectively, exfoliated in various exfoliation solvent media (x-axis), determined by the
(a) conventional method (without redispersion) and (b) NMP-redispersion (NMP-R). The
solvents on the x-axes of the graphs (a) and (b) are arranged in the order of decreasing solvent
exfoliation efficiency. The data points for NMP-exfoliated graphene in (a) are shown in (b) instead,
to compare with the NMP-R of the NMP-exfoliated graphene. Error bars showed the standard
deviations obtained from at least 3 sets of repeated experiments. Digital images of graphene
dispersion are shown above/below the respective axes and arranged according to the solvent
sequence along the x-axis of the graphs. The NMP-R graphene dispersions shown in (b) is diluted
five times for better contrast. Adapted from Ng et al., 2022, Ref. [210].

By redispersing the graphene in NMP, significantly higher masses were observed, which
is up to 29 times more graphene for [PA-exfoliated GR150 and 48 times more for IPA-
exfoliated GR50, as compared to conventional concentration analysis (Figure 2.7a vs.
Figure 2.7b) This NMP-R concentration analysis approach enables a more accurate

“capture” of the graphene produced in green solvents, as compared to the conventional
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analysis method. This unveils the high exfoliation capability latent in green solvents that
has not been realised before, particularly IPA.

For accurate comparison of exfoliation efficiency across different graphite
samples, the amount of graphene produced is normalised to the surface area of the starting
graphite, as confirmed by BET surface area analysis. GR50 was found to have seven times
the surface area of GR150 at the same mass (Figure 2.1f). Hence, the amount of graphene
produced is reported here as “mass of graphene produced per surface area of graphite
(mg/m?)”, instead of the commonly used “concentration (mg/mL)” unit (Figure 2.7).2%
The results reported in concentration is shown in (Figure A1 and Figure A2). (Please refer
to Section 2.2.3.2 for the concentration calculations). To show that NMP-R technique
used does not further exfoliate the material, but merely helped in dispersing the exfoliated
graphene, the NMP-exfoliated GR150 and GR50 containing exfoliation products were
redispersed back into the NMP. The concentration remained the same after NMP-R (data
marked with red and black arrows in Figure 2.7b) confirming the NMP-R step did not
impose further exfoliation effects.

From the study of exfoliation efficiency using NMP-R technique, IPA shows the
highest exfoliation efficiency among the green solvents being studied for both GR150 and
GR50. The black and red graphs show the data for G150/GR150 and G50/GR50
respectively. Interestingly, the exfoliation efficiencies of both, IPA and EtOH, have
exceeded that of NMP for GR150 (Figure 2.7b), whereas for GR50, the exfoliation
efficiencies of IPA and EA are comparable to that of NMP. This finding has led to the
proposal of a new technique for studying the solvent dispersibility of graphene in this

work.
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2.4.2 GS-R Technique for Dispersibility Study

Graphene dispersibility is one of the main factors affecting the overall graphene yield in
LPE, besides exfoliation efficiency. The evaluation and comparison of graphene
dispersibility of the selected solvents were conducted by the Green Solvent-Redispersion
(GS-R) method (Section 2.2.2.2), in which the G150 and G50 graphite were first shear-
mixed in NMP. NMP was adopted as the standard exfoliation solvent medium. The
graphene-containing exfoliation product was then filtered and washed with EtOH to
remove any NMP residues, dried and redispersed in selected green solvents shown on the
x-axis of Figure 2.8. From the dispersibility study in Figure 2.8, IPA has the best graphene
dispersibility among the selected green solvents for GR150, followed by the EtOH:D.I.,
whereas for GR50, EtOH:D.I. possesses better dispersibility than IPA. The fact that EA
is a good solvent to disperse GR150 but not GR50 implies the dissimilar potentials of a
given solvent towards dispersing different graphene types produced from different
graphite sources. D.I., Ace and MeOH are recognised as poor solvents for exfoliation and
dispersion of both, GR150 and GR50. EtOH:D.I. solvent medium has the highest
dispersibility towards GR50, and this contributes to the high overall graphene
concentrations (Figure 2.8a and Figure Alb). Please refer to Figure A2b for the

dispersibility study reported in “concentration (mg/mL)” unit.
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Figure 2.8: Mass of GR150 and GR50 graphene produced per surface area of G150 and G50
graphite respectively, exfoliated in various exfoliation solvent media (x-axis), determined through
the (a) conventional method (without redispersion) and (b) Green solvent-redispersion (GS-R).
The solvents on the x-axes of the graphs (a) and (b) are arranged in the order of decreasing solvent
graphene dispersibility. Error bars showed the standard deviation obtained through at least 3 sets
of repeated experiments. Digital images of graphene dispersion are shown above/below the
respective axes and arranged according to the solvent sequence in the x-axis of the graphs.
Adapted from Ng et al., 2022, Ref. [210].

In order to prove the reliability of the exfoliation efficiency and dispersibility
study, graphene exfoliated in EA, which is the solvent identified to have low GRS50
dispersibility but high exfoliation efficiency, was redispersed into the green solvents
identified with high GR50 dispersibility i.e. IPA and EtOH:D.I. The yield was enhanced
by 16 times when redispersed in IPA (from 0.0005 mg/ml to 0.0077 mg/ml), and 60 times
(from 0.0005 mg/ml to 0.0298 mg/ml) when redispersed in EtOH:D.I. (Figure 2.9). The
UV-Vis spectra of EA-exfoliated GR50 in IPA and EtOH:D.I. are shown in Figure 2.9b.
The more intense peak near 250 nm is the peak caused by m—m* transitions of the
conjugated carbon network in graphene,?*® and the second peak at higher wavelength near
280 nm might be caused by either the presence of oxygen-containing functional groups,

or larger and more aggregated sheets.?**2*!' The higher absorbance reflects higher
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concentrations based on Beer-Lambert’s law (refer to Section 2.2.3.2 for more details on

UV-Vis data analysis).
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Figure 2.9: (a) The concentration of GR50 exfoliated in EA and dispersed in the same solvent
(no redispersion), in comparison to the redispersion of EA-exfoliated GR50 in IPA and EtOH:D.I.
(1:1). Inset: Digital images of dispersions correspond to the x-axis arrangement. (b) Normalised
UV-Vis spectra of EA-exfoliated GR50 dispersed in [PA and EtOH:D.I. (1:1). Adapted from Ng
etal., 2022, Ref. [210].

2.4.3 Solubility Parameters and Surface Energy Analysis

The findings from the exfoliation efficiency study ponder the question as what the reason
behind the high exfoliation efficiency of green solvents is, especially IPA. In order to
understand the exfoliation efficiency, the correlation between graphite surface energy and
solvent surface tension was studied. One should bear in mind that exfoliation efficiency
i1s based on graphite-solvent interaction whereas dispersibility is based on graphene-
solvent interaction. Washburn method was employed to evaluate the interfacial contact
angle between G50 and G150 graphite and the selected solvents, without the need of
compressing the graphite powder into pellet or coating the powder on a flat substrate,
which is often required for a conventional drop-cast contact angle measurement approach.

The contact angle was calculated based on Equation 2.3, using parameters listed

in Table A1. Graphite surface energy was calculated through the interfacial contact angle
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obtained, from the gradient and y-intercept of the Owens-Wendt-Rabel & Kaelble
(OWRK) plot (Figure A3). The solvents surface tension components data used for surface
energy calculations are listed in Table A2. It is worth noticing that G50 and G150 graphite
exhibit different surface energies, which are 19.44 and 23.93 mN/m respectively (Figure
A3). Therefore, the solvent ranking for exfoliation efficiency and dispersibility for the
LPE of these two graphite materials are difference. The K100 force tensiometer, with a
resolution of 0.001 mN/m, enables detection of small differences in surface energy
between materials. Measuring the surface energy of graphite helps guide the selection of
solvents with appropriate surface tension for exfoliation. The smallest surface tension
difference among the solvents used in this study is 2 mN/m (Table A1), so the 4.49 mN/m
difference in surface energy between G150 and G50 is considered significant for solvent
selection.

The interfacial contact angles between all tested solvents and graphite is lower
than 90° (Figure 2.10a,b), showing that both graphite are wettable. However, not all
solvents with similar wettability/ interfacial contact angle/ surface tension contribute to
the exfoliation efficiency of graphite materials in the same way. For example, NMP, which
is known as the best solvent for LPE of graphene, has poorer wettability (larger interfacial
contact angles) than the green solvents tested besides water. NMP also has much higher
surface tension than the surface energies of both G150 and G50 graphite. The reason why
IPA wets graphite surface (G50 and G150) better than NMP, can be explained by the low
interfacial contact angle between IPA and graphite surface. This again proves that the
NMP is superior to IPA in producing high yield graphene mainly because of its high
dispersibility rather than the exfoliation efficiency. Green solvents (besides D.I.), have

the magnitude of the surface tension close to the surface energies of both graphite used,
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which is close to 20 mN/m. However, the exfoliation efficiencies of green solvents toward
graphite varies. Polar to dispersive component ratio of surface tension, 6,/04, is another
possible way to explain the trend in exfoliation efficiency.!*3: 242

OWRK model was used to calculate the polar component, a,P, and dispersive
component, g,%, of graphite (Section A.2.2). The difference in 6°/c¢ between graphite and
the solvent (Ac(p/a)) media was used to evaluate the exfoliation efficiency (Figure 2.10c,d).
Aoy for NMP is lower than that for green solvents despite its large surface tension
difference with G150 and G50 graphite. This explains its high exfoliation efficiency.
Similarly, IPA, the solvent having exfoliation efficiency close to that of NMP, shows low

Aoy as well. On the other hand, acetone and D.I. which show high Ac(yq), have low

exfoliation efficiencies.
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Figure 2.10: (a) and (b) The interfacial contact angle between the graphite starting materials
(G150 and G50) and the exfoliation solvent media listed on the x-axis, and its relationship with
the solvent surface tension. The data for G150 and G50 are shown in (a) and (b) respectively. (¢)
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and (d) show the exfoliation efficiencies of (c) G150 and (d) G50 graphite, and its relationship
with the difference in polar to dispersive ratio of surface tension Acq) between solvents and
graphite. Adapted from Ng et al., 2022, Ref. [210].

2.4.4 The “Mystery” of NMP

It should be noted that although NMP is a well-known solvent for graphene dispersion,
certain types of NMPs, such as the non-anhydrous Alfa Aesar (AA) NMP used in this
work, have poor graphene dispersibilities similar to those of the green solvents being
tested. Exfoliation in non-anhydrous AA NMP produced a final graphene dispersion of
concentration 0.006 mg mL™!, which was substantially lower than that produced from
exfoliation in anhydrous Sigma Aldrich (SA) NMP (0.164 mg mL"! (Figure 2.11). The
graphene in non-anhydrous AA NMP also had poor stability. In most of the published
works on LPE, graphene was exfoliated under the anhydrous NMP (99.5%).7% ¥ The
effect of the presence of a trace amount of water in NMP on its graphene dispersibility
has rarely been discussed in the literatures. Gupta et. al found that a trace amount of
water in NMP (0.1 mole fraction) resulted in up to ~0.9 mg ml! concentration
enhancement of MoS».2** High-density of water molecules localised at the Mo-terminated
edges of MoS» sheets helped in stabilising the dispersion. TMU-water mixture was
reported to have a higher performance than NMP in LPE due to the formation of water
aggregates and solvent molecules.’** Nevertheless, the NMP used for comparison in this
case was 99% pure with poor dispersibility that only produce a graphene concentration
0f 0.029 mg/mL. It is ironic that although the type of NMP used has an important bearing
on graphene dispersibility, has rarely been discussed in the literatures.

To investigate whether the presence of water in non-anhydrous AA NMP
influences its graphene dispersibility, water was removed from non-anhydrous AA NMP

using a molecular sieve (mole sieve) prior to exfoliation. There was a 28-fold increase in
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the graphene concentration after the removal of water from the NMP and 4.7 folds more
in concentration after 3 weeks. Interestingly, the dispersion with the mole-sieved AA
NMP stayed more stable and did not settle to a complete sedimentation after three- week
period of stability test (Figure 2.11). Nevertheless, water has been widely used as an
environmental-friendly solvent medium for LPE and also to form mixtures with other
solvents for tuning and optimising solvent HSP or surface tension for better graphene
dispersibility.'%> 245 To further check whether the poor graphene dispersibility of non-
anhydrous AA NMP was caused by the presence of water, 4wt% of water was added into
the SA anhydrous NMP, which was the “good” NMP. Surprisingly, the results from Figure
2.11 shows that the addition of water to anhydrous NMP had negligible effect on its
graphene dispersibility and this did not prevent it from producing a stable dispersion with
high graphene concentration. Same result was recorded with the non-anhydrous SA NMP.
Hence, the poor graphene dispersibility of non-anhydrous AA NMP might be caused by
the presence of other chemical compound (which still remains unknown at this stage) that
might have been removed by the process of molecular sieving, rather than due to the

presence of water.
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Figure 2.11: (a) Concentration of freshly-prepared graphene dispersions and the dispersions after
3 weeks in different types of NMP solvent. (al) Enlarged graph to compare the concentration after
3 weeks of non-anhydrous AA NMP with and without mole-sieved. Digital images shown are the
graphene dispersions in non-anhydrous AA NMP with and without mole-sieved.

2.4.5 Graphene Quality Assessment

Besides graphene yield, graphene quality is also a key factor to consider, and it is usually
characterised using UV-vis spectroscopy, Raman Spectroscopy, XPS and AFM. The UV-
Vis spectra of GR150 and GR50 in different solvents are shown in Figure A4a,b. UV-Vis
spectra of NMP-exfoliated GR150 and GR50 redispersed in different green solvents (GS-
R) are shown in Figure A4c,d The UV-Vis spectra of GR150 and GR50 are different.
GR150 have prominent pristine graphene peak at 270 nm whereas this peak is not
prominent for GR50. This indicates that GR50 has been oxidised more, with peak near
230 nm.>*% 247 The peak at ~230 nm which indicates the presence of oxygen species in
graphene, is absent in GS-R of both GR150 and GR50. For GS-R, all the graphene is
exfoliated in NMP but redispersed in different green solvents. This shows that to a large

extent, the degree of oxidation is mainly affected by the exfoliation step due to the
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presence of cavitation bubbles. The UV-Vis spectra of graphene in NMP (e.g.: NMP-
exfoliated and NMP-R graphene) are not suitable for quality analysis since the UV cut-
off wavelength is at 285 nm,?*® meaning that graphene signature peaks, 270 and 230 nm
for pristine and oxidised graphene respectively, that occur below 285 nm are not detected.
Ace and EA also have the UV cut-off wavelength of 330 nm and 260 nm

248,249

respectively, which are near to the graphene signature peaks (Figure AS).

The ratio Ip/Ip' observed in Raman spectra can be used to identify defect types in
graphene.?? Ip/Ip- value of ~3.5 is characteristic of edge defects with a high density of
exposed boundaries, serving as a fingerprint for liquid-phase exfoliated graphene flakes
with edge defects.?*® To study the variation of Ip/Ip with different defect types, sp* and
vacancy defects were intentionally introduced via plasma treatment and ion
bombardment.?! Corresponding In/Ip- values of ~7 and ~13.5 were observed for vacancy

and sp® defects, respectively.?!%%1232 ]t is

important to note that the intensity ratio and
positions of the defect-activated D and D' peaks vary with excitation energy, which is
dependent on the wavelength of the Raman laser used.?! To ensure reliable comparison

of defects across all graphene samples, a consistent laser wavelength of 532 nm (2.33 eV

excitation energy) was used for characterisation.

The results show that the type of defects with and without the NMP-redispersion
is similar, except for the EA-exfoliated GR150 (Figure 2.12a). G150 graphite exhibits
predominantly vacancy defect whereas G50 graphite exhibits predominantly edge defects,
due to its smaller size and more exposed edges. The graphene exfoliated from G150 and
G50 also exhibit predominantly vacancy and edge defects respectively, in all the selected
solvents. After redispersing the exfoliated graphene from each of the selected solvents

into NMP (refer to the NMP-R results), the type of defects for GR50 shift from edge
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defects to vacancy defect. This shows NMP disperses graphene with larger lateral size
(less exposed edges). This is due to the higher density of NMP as compared to other green

solvents studied.

FWHM of G peak is a more accurate way to determine the lattice disorder as compared
to the commonly used D to G peak intensity ratio (In/Ig).2!*??° This is because D peak
intensity (Ip) does not fully represent lattice disorders, because it is affected by the amount
and types of edges (armchair or zig-zag) in relative to the laser polarisation direction.
GR50 has a higher lattice disorder than the GR150 due to the higher G peak FWHM
(Figure 2.12b). For GR50, the NMP-R GR50 has higher lattice disorder and defect density
than without NMP-R. This is due to the higher density of NMP as compared to other
green solvents, it disperses wider range of graphene which includes highly disordered
graphene. The Raman spectra of GR150 and GR50 with and without NMP-redispersion

is shown in Figure A6.

The quality of the graphene produced is compared to the commercial graphene by
Raman Spectroscopy. The Raman spectra of GR150, which is the graphene with less
disorder and defect is chosen for comparison with the commercial graphene (Figure A7).
GR150 exfoliated in IPA and NMP, which are the solvents with high exfoliation efficiency,
are compared with the commercial graphene. The spectra were normalised to the highest
intensity G peak. There is no obvious difference in both, the defect density (D peak) and
the number of layers (2D peak) between in-house fabricated GR150 and commercial

graphene.
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Figure 2.12: Raman spectroscopy analysis for GR150 and GR50 before and after NMP
redispersion (NMP-R) on (a) the type of defects (D/D’ intensity ratio) and (b) the defect density
(D/G intensity ratio) against disorder (G peak FWHM). Error bars are constructed from the
standard deviation of measurements at a minimum of six randomly selected points on the sample.

Adapted from Ng

et al., 2022, Ref. [210].

The thickness of for GR150 and G50 exfoliated in IPA, which is the best-

performed green solvent, is analysed with AFM. The exfoliated GR150 in IPA shows very
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homogenous leaf-like structure with lateral sizes approaching the micron scale, and with
thickness ranging from five to nine layers (Figure 2.13a). GR50 exfoliated in IPA are
smaller in lateral sizes but thicker than the [PA-exfoliated GR150 (Figure 2.13b). This
shows the structure and morphology of the initial graphite materials influences the quality
and lateral size of the graphene produced, while the solvents affect more on the quantity
or yield of the graphene produced. Since NMP was used as the standard dispersing
medium and tool to investigate the amount of graphene produced, additional AFM data
was also obtained to confirm the presence of graphene for the samples after NMP-R. To
prove the reliability of NMP in NMP-R technique only dispersed graphene and not
graphite, additional AFM characterisations on the I[PA-exfoliated GR150 graphene which
has been redispersed in NMP was carried out. The AFM image (Figure A8) shows GR150
graphene exfoliated from IPA and redispersed in NMP still retaining its original leaf-like
structure (shown in Figure 2.13a) of less than 10 layers thick. The “spots” in the AFM
image are the remaining NMP residue, despite thorough cleaning with ethanol. This also

shows the difficulty in getting rid of NMP completely.

70



Chapter 2: Solvent Exfoliation Efficiency and Graphene Dispersibility Studies

Figure 2.13:Atomic Force Microscopy thickness analysis performed on (aland a2) GR150 and
(b) G50 exfoliated in IPA. Adapted from Ng et al., 2022, Ref. [210].
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2.5 Conclusion

The conventional LPE method is unable to “unfold” the actual amount of graphene

exfoliated in green solvents with low graphene dispersibility because the amount

collected is constrained by the “incomplete” graphene dispersibility of the solvent media.

Therefore, NMP-R and GS-R methods have been established for a reliable and

independent investigation of the exfoliation efficiency and dispersibility of a given

solvent in LPE of graphene. The main outcomes of this chapter are summarised as

follows:

1.

The NMP-R method designed in the present work has enabled the reliable
determination of the actual amount of graphene exfoliated from each solvent, or
the exfoliation efficiency. Besides this, the GS-R method also allows the
determination of the solvent dispersibility.

By independently studying the exfoliation efficiency and dispersibility, it has been
found out that IPA solvent has high exfoliation efficiency, close to the that of the

state-of-art NMP solvent, despite of its low graphene dispersibility.

. By “deconvoluting” the overall graphite yield into exfoliation efficiency and

dispersibility, the right green solvent can be selected for each of the exfoliation
and disperse process. Graphene concentration can be enhanced up to 16 times, by
dispersing the graphene exfoliated in the solvent with high exfoliation efficiency
but low graphene dispersibility, into solvent with high dispersibility.

The surface energy analysis by Washburn method showed that green solvents like
IPA and EtOH have surface tension close to the surface energy of G150 and G50.

This explains the high exfoliation efficiency of green solvents.
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3

Graphene Yield Enhancement by Post-
Exfoliation Ultrasonication (PEUS)

3.1 Overview

Previous chapter focused on the exfoliation efficiency and dispersibility, and how these
could be evaluated independently. This chapter will focus on optimising the final
graphene yield through concentration analysis for the graphene dispersions in green

solvents.

Hansen Solubility Parameters (HSP), which is known as the rule-of-thumb for
selecting a suitable solvent for LPE in order to achieve high graphene yield, based on the
like-dissolve-like principle. To obtain a high graphene yield, the solvent and graphene
need to have the similar HSPs. This theory of solvent-graphene interactions is more
suitable for describing the dispersibility of graphene in solvent, where no external
exfoliation mechanism is involved. Graphite (not graphene)-solvent relationship needs to
be considered in the exfoliation process. Up to date, most of the studies on the solubility
parameters are limited to the ultrasonication exfoliation technique only. This ponders a
question as whether the relationship between solvent HSP and graphene yield varies with
the exfoliation technique or mechanism used? In this case, will the HSP theory still apply
if different exfoliation mechanisms and graphite type is involved? To elucidate this

question, the study on graphene yield vs. solvent HSP for the graphene exfoliation using
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both ultrasonication and shear mixing technique was performed here. Two different

graphite starting materials (Figure 2.1) were used for the exfoliation process.

Besides solvent HSP, the shear force generated by solvent during exfoliation will
also affect the graphene yield. The shear force for graphite exfoliation is the force from
the liquid layers that acts parallel to the graphite surface causing its surface layer to “slide”
over the layer underneath. As such, this shear force has the solvent-dependent properties.
The work on shear force generation in different green solvents, especially, the shear
mixing parameters used in this study were carried out in collaboration with Dr. Qin Lin
from University of Wyoming. This helped in the selection of the right green solvent to
fulfil both the requirements of the shear force and surface tension (discussed in previous

chapter) for achieving high graphene yield.

From the study in previous chapter, IPA, which is one of the green solvents, has
high graphene exfoliation efficiency similar to the state-of-art NMP. This is due to the
high shear forces it generates during the exfoliation process (as will be discussed in this
chapter). The main concern of low graphene yields in green solvents is low graphene
dispersibility. This is a need to search for an improved method to increase the graphene
dispersibility in green solvents for high graphene yield. The new yield optimisation
method introduces in the present work is a quick, simple, and scalable physical approach
for enhanced dispersion of graphene, negating the needs of NMP, surfactant and
functionalisation. This yield optimisation method is denoted as “Post-Exfoliation
Ultrasonication (PEUS)” method. This PEUS method incorporates a quick ultrasonication
step after shear mixing exfoliation and before the centrifugation, to enhance the dispersion
of the exfoliated graphene flakes. The yield increase of up to 90 times was achieved

without degrading the graphene quality. The quality of graphene produced was examined
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and assessed in the aspects of the degree of oxidation, thickness, and crystallinity. This
simple idea on yield optimisation resolves the drawback of green solvents and paves the

way for sustainable production of high quality and high yield graphene in green solvents.

3.2 Materials and Method

3.2.1 Materials
Solvents: 2-propanol (Sigma Aldrich, >99.8 %, GC grade), Acetone (Sigma Aldrich,

>99.5 %, GC grade), Ethanol (Sigma Aldrich, >99.8 %, GC grade), Ethyl Acetate (Sigma
Aldrich, >299.5 %, GC grade), Methanol (Sigma Aldrich, >99.9 %, HPLC grade), 1-

Methyl-2-Pyrrolidinone (Sigma Aldrich, >99.5 %, anhydrous)

Graphite: Two types of graphite detailed in Section 2.2.1 were used.

3.2.2 Method

3.2.2.1 Shear Mixing Exfoliation

The method used to produce graphene is the same as the shear mixing exfoliation method

described in Section 2.2.2.1.

3.2.2.2 Post-Exfoliation Ultrasonication (PEUS) Yield Enhancement

After three-hour shear mixing exfoliation, the graphene-containing exfoliation product*®
was ultrasonicated in a bath sonicator (50-60 kHz and 700 Watts) for two minutes, unless
stated otherwise. This was followed by the centrifugation at 500 rpm (or 52 rcf) for one
hour to obtain the final graphene dispersion. This yield optimisation method is denoted

as the PEUS method, and 2 US is the associated ultrasonication step in PEUS. The
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graphene dispersion produced with this PEUS method by using 2 US was denoted by

GR150 (2 US) or GR50 (2 US).

The controlled experiment was carried out to study the effect of two-minute
ultrasonication in PEUS. This was done by two-min ultrasonication (2 US) directly on
the graphite starting materials (without the shear mixing exfoliation), followed by the
centrifugation to obtain the final dispersion. This dispersion is denoted by C-GR150 (2

US) or C-GR50 (2 US).

Three-hour ultrasonication exfoliation technique was also used as the comparison
with three-hour shear mixing. The temperature of the ultrasonication bath is controlled at
room temperature (22 °C) throughout the entire process. Ultrasonication exfoliation was
carried out by exfoliating 3.75 g of graphite in 150 mL of solvent (25 mg/mL
concentration) in a glass beaker, which is the same as in shear mixing (Section 2.2.2.1).
The beaker was covered using a film and lid to keep the solvent from evaporating away.
The graphene dispersion produced using this method was labelled as US-GR150 or US-
GR50. The abbreviations for each type of graphene dispersion, along with their

corresponding production routes, are illustrated in Figure 3.1.
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Shear Mixing Exfoliation Ultrasonication Centrifugation

/ (PEUS) ) GR150/ GR50

Exfoliation Product l l GR150 (2 US) / GR50 (2 US)

Graphite I : s C-GR150 (2 US)/ C-GRS0 (2 US)
I = mmmmm) US-GR150 / US-GR50

Ultrasonication Exfoliation

‘ Three-hour shear mixing exfoliation procedure to produce graphene.
Incorporation of post-exfoliation ultrasonication (PEUS) of two minutes after shear mixing exfoliation.
_ Two-minute ultrasonication (2 US) directly from graphite (controlled experiment).

mmm) Three-hour ultrasonication exfoliation procedure to produce graphene.

Figure 3.1: Schematic diagram showing the procedures and routes to produce different
graphene-containing dispersions in this work.

*Exfoliation products: the graphene-containing products with graphite aggregates

obtained after exfoliation and before centrifugation.

3.2.3 Characterisations

3.2.3.1 Raman Spectroscopy

The sample preparation method, Raman operating conditions and acquisition parameters
used were the same as those in Section 2.2.3.1. Besides the defect density and the defect
type analysis mentioned in Section 2.2.3.1, in this chapter, Raman Spectroscopy was also

used to estimate the number of layers.

The number of graphene layers was calculated from an empirical formula based
on the analysis of 2D peaks.’® The thickness of few-layer graphene nanosheets were
reflected by the shape of the 2D bands (~2700 cm™). Two variables in this formula are

Wp,Grite» the wavenumber of the graphite 2D band peak; and wg g ite, the wavenumber of
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the graphite 2D band shoulder. Since the peak for wp ite is well defined and can be
identified easily and the shoulder is poorly defined, therefore, wsgite = Wp Grite —
30 cm™! was established. However, the peak-to-shoulder intensity ratio (Ig/epe(®w =
Wy 6'ite) /16" ene (W = Wg grjte)) alone is not an effective metric. It varies according to the

graphite source. Hence, the graphene intensity ratio is normalised to that of graphite. This

gives a metrics, M, in Equation 3.1,”® which varies with flake thickness:

— IG'ene (a) = a)p,G'ite) / IG'ene (a) = a)s,G‘ite)

IG'ite (a) = wp,G'ite) / IG'ite (a) = a)s,G'ite)

3.1

Flake layers, NG can be described empirically by Ng = 10084M+045M* They estimated

the error to be +1.5 layers.’®

All spectra for the graphene were collected under the same acquisition parameters
as the graphite starting materials used. This is because the results are sensitive to any shift
in the 2D band of the graphene spectrum being analysed in relative to the spectrum of the

graphite used.

3.2.3.2 UV-Vis Spectroscopy
The UV-Vis characterisation was conducted using Cary 5000 UV-Vis-NIR (Agilent) in

dual-beam mode, with the scan rate of 100 nm/ min in the range of 200 nm to 700 nm or
250 nm to 700 nm (NMP-dispersed samples due to the UV cut-off wavelength). The

sample preparation steps and data analysis are as detailed in Section 2.2.3.2.

3.2.3.3 X-Ray Photoelectron Spectroscopy (XPS)
The XPS analysis was performed using Thermo Scientific K-Alpha XPS with

microfocused monochromated Al Ka X-ray source at 12 keV with 400 um spot size. The
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analyser operated at a constant analyser energy (CAE) of 200 eV for survey scans and 50
eV for detailed (high resolution) scans. Charge neutralisation was applied using a

combined low energy / ion flood source.

Data acquisition and analysis were performed with Thermo Scientific Avantage
software. Normalised atomic percentages were determined from peak areas of the
elemental main peaks detected using the survey scan following background subtraction

and the application of Thermo sensitivity factors.

3.2.3.4 X-Ray Diffraction (XRD)
Bruker D§ ADVANCE Eco and Siemens D5000 X-ray diffractometer (XRD). The XRD

was operated at 40 kV, and 40 mA using Cu Ka radiation, with step size of 0.02° and scan

rate of 5s per step.

3.2.3.5 Atomic Force Microscopy (AFM)
The procedure for AFM is the same as detailed in section 2.2.3.3. Briefly, an Agilent 5400

AFM was used. The samples were prepared by drop casting graphene solutions on a
Si1/S102 wafer placed on a hot plate, heated to 80 °C (for green solvents). The probe used
was MikroMasch HQ:NSC35/AI BS (silicon tips) with resonance frequencies between

150 and 300kHz and the scanning mode used was the tapping mode.
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3.3 Background

3.3.1 Hansen Solubility Parameters (HSP) Distance

The concept of HSP, which is closely related to surface energy, was introduced and
explained in Section 1.3.3, Chapter 1. HSP distance between graphene and solvent
(Equation 3.2) is normally being used to access the suitability of the solvent for LPE.
However, instead of using the solvent HSP distance with respect to (w.r.t.) graphene to
access the solvent suitability, HSP distance w.r.t. NMP is selected to be used. This is
because different types of graphite exhibit varying surface energies (refer to Section
2.4.3), and same applies to graphene. Graphene's surface energy ranging from 37 mJ/m?
to 180 mJ/m?, depending on the size, defect and measurement technique.?>>*>*As a result,
using HSP or surface energy of graphene as a reference is challenging unless measured
with high accuracy. In contrast, the HSP and surface tension of commonly used solvents
like NMP are well-established.”*®> NMP’s proven ability to disperse a range of 2D
materials with varying surface energies suggests its broad compatibility.?>>?>® Therefore,
NMP can serve as a useful benchmark for evaluating solvent effectiveness for graphene,
despite variations in graphene's surface energy, simplifying the comparison of other

solvents based on their HSP distances to NMP.

The work by Yi et al. involved the tuning of solvent HSP using the acetone and
water solvent mixture in mimicking the HSP of NMP.!%*> The closer the solvent HSP
distance w.r.t. NMP, theoretically, the higher the graphene concentration. The study on
the effect of solvent HSP on graphene yield is usually done using ultrasonication
exfoliation technique. Shear mixing was the selected exfoliation technique used in this

work whereas ultrasonication is the more widely used technique. It is questionable
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whether the HSP distance w.r.t. NMP theory is applicable if different exfoliation
method/mechanism (e.g.: shear mixing) and different graphite starting materials are used.
In this aspect, the HSP study was performed using two different exfoliation methods
(shear mixing and ultrasonication) and two different graphite (G150 and G50) are used in

this study.

The calculation for each of the of dispersive, polar and hydrogen bond components of the

solvent that represented by 5D, Op and Oy respectively, is shown as followed:

S :M 3.22
a+

Sonn: :M 3.2b
a+

Senr _ (ady, +bdy,) 3.2¢
a+b

The subscript 'M' refers to the HSP components of the mixture, while subscripts '1' and

'2' denote the HSP components of the two solvents used to form the mixture. The values
for Oy, 0p and Oy of the solvents are shown in Table 3.1. aand b are the volume

fractions of Solvents 1 and 2 (indicated by subscripts 1 and 2) respectively.

The HSP distance, R, between the solvents or solvent mixtures used in this work

with that of NMP solvent was calculated from Equation 3.3:

Ra = \/(4(50 _5D(NMP))2 + (5P _5P(NMP))2 + (5H _5H(NMP))2 3.3

Op, Opand 0y are the HSP components of the solvents, or the solvent mixtures calculated

from Equation 3.2a,b,c.
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Table 3.1: Solvents HSP and calculated HSP distance w.r.t. NMP, !34257:258

) oD oP oH Distance to NMP
Solvent/ Solvent Mixture
[MPa¥?]  [MPaY?]  [MPa'?] [MPa'?]

NMP 18 12.3 7.2 0
Acetone 155 104 7 5.35
IPA: Acetone (1:1) 15.65 8.25 11.7 7.66
Ethyl Acetate 15.8 5.3 7.2 8.27
2-propanol (IPA) 15.8 6.1 16.4 11.93
Ethanol 15.8 8.8 19.4 13.43
Methanol 15.1 12.3 22.3 16.18
Ethanol: Deionised Water (1:1) 15.7 124 30.85 24.09
Water 15.6 16 42.3 35.62

3.3.2 Shear Force Simulation

Shear force is also one of the factors that affects the exfoliation efficiency, besides the
interfacial surface tension between graphite and solvent (as discussed in Section 2.4.3
Chapter 2). The shear force is calculated as followed:

T:'UE 34

7 1s the shear stress, d_}t/ is the rate of strain and / is the dynamic viscosity. According

to Equation 3.4, high viscosity gives more effective shearing (or exfoliation) of
graphene layers. The organic solvents used in this research are Newtonian fluids, which

means the viscosity remains unchanged with the strain rate.’®® For the shear mixing
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exfoliation technique that was used in this research, the strain/shear rate was determined
by the speed of shear mixer rotor, which was fixed in this work. For Newtonian fluid with
higher viscosity, the shear stress was higher at a given strain rate. The shear force was
simulated by Dr Ling Qin, using “Ansys Fluent 14”, specific to the dimensions of the
rotor and stator used for the shear mixing exfoliation in this work. Solvent properties used
in the simulation include density, viscosity, saturated vapor pressure, surface tension, heat
capacity and sound speed. Schneer and Sauer (2001) cavitation model was used to check

the formation of the cavitation bubbles,*®!

and there were no significant cavitation
bubbles generated at the mixing speed used in this work, which is 5000 rpm. Hence, the

main exfoliation mechanism is still by the shear force instead of the shock wave generated

by the cavitation.

3.4 Results and Discussions

3.4.1 Shear Force Study

Shear force generated by the solvent during shear mixing exfoliation process is one of the
factors that determines the exfoliation efficiency, besides the difference in polar and
dispersive components of surface energy (c/c%) between graphite and solvent (Section
2.4.3). Despite of its high HSP distance w.r.t. NMP, the shear force produced from the
exfoliation in water is sufficient for the exfoliation of graphene layers from graphite. The
main problem of the low graphene concentration in green solvents is due to their
inabilities to stabilise or disperse the exfoliated graphene. This fact is evident and
discussed in Chapter 2. From the shear force simulation results in Figure 3.2 (al and a2),

although D.I. water can generate high shear force compatible to that of NMP, its
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exfoliation efficiency is low. This is a consequent of the significant difference in cP/c¢
between graphite and D.I. solvent. Being able to generate large shear force comparable
to that of D.I., IPA has the advantage in exfoliation efficiency due to the small difference
between its 6P/c¢ to that of graphite. Since, MeOH and Ace solvents possess low shear
force and large difference in 6”/c% compared to graphite, they have low exfoliation
efficiency (Figure 3.2b). Results from shear force simulation show that the exfoliation
efficiency is governed by the interplay between the shear force and the difference in 6°/c¢,
between graphite and solvent. Shear force can be increased by increasing the rotor speed
of the shear mixer. This results from simulation of shear forces at different rotor speeds
also presented in Figure 3.2(a2). The differences in the magnitudes of the shear forces
produced from different solvents shows increased significance at high rotor speeds of

between 8000 to 12000 rpm.

*Note: Black and red graphs shown in the results and discussion section represent the

data for G150/GR150 and G50/GRS50, respectively.
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Figure 3.2: (al) Maximum shear forces of different solvents at speed of SK rpm and (a2)
Comparison of maximum shear forces generated at different shear mixing rotor speeds. (b) The
correlation between solvent exfoliation efficiency and shear force in the productions of GR150
and GR50. Error bars showed the standard deviation obtained through at least three sets of
repeated experiments.

3.4.2 Solvent HSP Distance w.r.t. NMP

Figure 3.3 show the correlations between solvents’ HSP distance w.r.t. NMP and graphene
concentrations obtained with different exfoliation mechanisms (shear mixing and
ultrasonication) on G150 and G50 graphite. The UV-Vis spectra from graphene
dispersions in selected solvents, with UV cut-off beyond the main absorption peak at 270
nm are shown in Figure B1. The synthesis procedures for all the graphene samples can
be found in Figure 3.1. The data points for GR150 and GR50 are generated based on the

average of three repeated experiments. Data points for US-GR150 and US-GR50 are
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based on a single experiment, as all exfoliation containers, containing G150 and G50
graphite dispersed in different solvents, were processed simultaneously in the same
sonicator. This standardised setup gives reliable comparison of US-GR150 and US-GR50
concentrations across different solvent media.

Solvents on the x-axis of the graphs are arranged in an increasing order of the HSP
distance w.r.t. NMP. Theoretically, high graphene concentration is achieved when the
solvent has close HSP distance w.r.t. that of NMP. This implies that concentration should
decrease across the x-axis. However, this trend is not generally observed in Figure 3.3.
Ace, the solvent with closest HSP distance w.r.t. NMP has the lowest concentrations of
GR150 and GR50 from the shear mixing exfoliation of G150 and GR50 graphite. But, it
yields the highest concentration of ultrasonication exfoliation of G150 graphite (US-
GR150). This shows that the trend in solvent HSP vs. graphene yield varies with both the
graphene/graphite types and the exfoliation method used (mechanisms involved). For
graphene produced by shear mixing (GR150 and GRS50), the trend in graphene
concentration vs. solvent HSP is similar for both GR150 and GR50. However, for
graphene produced via ultrasonication (US-GR150 and US-GR50), the trend varies with
graphene type. The solvent requirement for the exfoliation of larger size G150 graphite
depends greatly on the exfoliation technique used (shear mixing or ultrasonication). Shear
mixing exfoliation “peels-off” the graphene layer from graphite surface while
ultrasonication involves fragmentation as the first step to create active edges before
peeling-off the layers through the intercalation of cavitation bubbles.?6% 2> The smaller
size G50 graphene reduces the fragmentation event during ultrasonication. Therefore, the

solvent requirement for shear mixing and ultrasonication exfoliation for G50 are the same.
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Figure 3.3: (a) The concentration of graphene obtained using different exfoliation technique
(shear mixing and ultrasonication). Graphene obtained through shear mixing is labelled as GR150
and GR50; graphene obtained through ultrasonication is labelled as US-GR150 and US-GR50.
(b) Enlarged graph to show the green solvents region (excluding NMP). The solvents in x-axis
are arranged in the increasing order of solvent HSP distance w.r.t. NMP.

Since, solvent selection for high graphene yield/concentration is specific to the
exfoliation technique used and graphene type, the effective solvents for GR150
exfoliation using ultrasonication are the acetone-containing solvents (Ace and IPA:Ace*)
whereas for GR50, it is the EtOH:D.I.* solvent mixture. IPA is the effective solvent for
shear mixing exfoliation of both GR150 and GR50, but not for the ultrasonication
exfoliation. By analysing the graphene concentration produced from different graphite
sources using shear mixing and ultrasonication exfoliation techniques, we can select the
right solvent specific to the graphite type and the exfoliation technique used.

*IPA:Ace and EtOH:D.1I. are the solvent mixtures with 1:1 volume ratio.
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3.4.3 PEUS Method for Yield Enhancement

3.4.3.1 Graphene Concentration Analysis with PUES (2 US)

Graphene yields in green solvents are usually low (only about half of the concentration
produced in NMP under same operating condition).”® 1* Methods to improve graphene
yields in green solvents include surface functionalisation, use of surfactant or increase the
exfoliation time and temperature.77, 152, 153 All these methods inevitably impose defects
on graphene and increase its oxidation level. To date, the production of high yield and
high-quality pristine graphene in green solvents remains as a formidable challenge.
Ultrasonication technique is the most fundamental and common technique used in LPE.
However, its major drawbacks include long ultrasonication time of more than 2 hours,
which is necessary for exfoliation. This causes the heating of the solvent medium, leading
to the generation of defect and oxygen-containing species on graphene.?*® Defects and
oxidation of graphene lower its electrical conductivity.?” On top of this, there is also a
lack of consistency in the qualities of the graphene produced via ultrasonication. This
hinders its scalability. Shear mixing is an alternative method to ultrasonication for

graphene exfoliation and its scalability has been proven.’®

Although ultrasonication is not a preferred exfoliation technique used in this work,
it is effective for dispersing the exfoliated graphene-containing products. In search of a
way to improve graphene dispersibility in green solvents, two-minute ultrasonication (2
US) was imposed on the graphene-containing product obtained right after shear mixing
exfoliation and before the centrifugation have been found to increase the graphene
concentrations in all the solvents tested. This post-exfoliation ultrasonication (PEUS)

method helped to disperse the exfoliated graphene, enabling more well-dispersed
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exfoliated graphene to be collected as the supernatant after centrifugation. This
combination of shear mixing (exfoliation)-ultrasonication (dispersion) approach has been
demonstrated for the first time, to be the key to the production of high-yield pristine
graphene with minimum defects and oxidation levels. The schematic diagram of the
experimental procedures involved in the graphene productions and the details on the

abbreviations used for the graphene products are shown in Figure 3.1.

Figure 3.4b shows the enhancement in graphene concentration after PEUS-2 US
to disperse the exfoliated graphene. In general, the introduction of the 2 US step in the
PEUS method causes an increase in graphene concentration, regardless of the solvent and
graphite types. This shows that the 2 US step is effective in dispersing the exfoliated
graphene. Nevertheless, the amount increased depends on the solvent and graphene type.
The UV-Vis spectra of the graphene dispersions produced in the respective solvents with
and without 2 US step are shown in Figure B2. In the light of the above arguments,
solvents less effective in shear mixing exfoliation of graphene could otherwise be
effective for dispersing the exfoliated graphene through ultrasonication (2 US). Shear
mixing exfoliation and dispersion of graphene via ultrasonication are two distinct
mechanisms with different characteristics of solvent requirements. In this respect, shear
mixing exfoliation requires high viscosity to generate shear force to exfoliate the
graphene layers,’® while the process of ultrasonication requires low viscosity to generate
cavitation bubbles to disperse the exfoliated graphene.”” For example, IPA:Ace and EA
both lead to significant increase in the concentration of the exfoliated GR50 (up to 90
times in EA) after the 2 US step, despite being a less effective solvent for shear mixing
and ultrasonication exfoliation compared to EtOH:D.I. and IPA. In the case of GR150,

EtOH shows the highest increase in graphene concentration after the 2 US treatment,
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followed by IPA:Ace. IPA:Ace can disperse both GR50 and GR150 well upon

ultrasonication.

The enhancement in graphene concentration after the introduction of 2 US step in
PEUS depends on (i) the shear mixing exfoliation efficiency and, (ii) the effectiveness of
solvent to disperse the exfoliated graphene by ultrasonication. The effectiveness of
solvent to disperse the exfoliated graphene by 2 US step is reflected in the concentrations
of US-GR150 and US-GR50 exfoliated from three-hour ultrasonication. IPA:Ace and Ace
both show a high concentration of US-GR150, despite of its lower shear mixing
exfoliation efficiency than EtOH (Figure 3.3b). This suggests that Ace and IPA:Ace are
effective in generating cavitation bubbles upon ultrasonication to disperse the exfoliated
GR150 graphene because of its low viscosity. Despite of the good ability in dispersing
GR150 through 2 US, the overall concentration of GR150 (2 US) in [PA:Ace and Ace are
still lower than IPA because of its low shear mixing exfoliation efficiency (low amount
of graphene produced after shear mixing exfoliation), as shown in (Figure 2.7, Chapter
2). EtOH gives the highest concentration increase for GR150 and high concentration for
GR150 (2 US) mainly due to its high shear mixing exfoliation efficiency. For GR50, EA
has high exfoliation efficiency towards GRS50, and its low viscosity facilitates the
ultrasonication dispersion. Therefore, it gives one of the highest concentrations increase

upon 2 US step to produce GR50 (2 US).

The degree of materials dispersibility through ultrasonication is depending on
physical properties of solvents such as viscosity and vapour pressure, rather than the
solubility parameters. This is based on the study of ultrasonication dispersion process on
Single-Walled Carbon Nanotubes (SWCNT).2% This also explains why there is no clear

trend between graphene concentration and solvent HSP distance w.r.t. NMP as observed
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in Figure 3.3. Study elsewhere showed that the sonochemical effect of 120-minute
sonication on NMP has caused the polymerisation of NMP, giving steric stabilisation
effect to disperse the SWCNTs.?®” However, for the case of the green solvents in the
present study, the reasons behind the improved graphene dispersibility after applying a
short post-exfoliation ultrasonication remain unclear at this moment. This might be

merely due to the physical process for ultrasonication to disperse the exfoliated graphene.
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Figure 3.4: (a) The concentration of graphene produced from three-hour shear mixing (GR150
and GR50) and three-hour shear mixing followed by PEUS (2 US) (GR150 (2 US) and GR50 (2
US)). (b) The enhancement in graphene concentration after two-minute ultrasonication (2 US)
step from PEUS. The error bars are constructed based on at least three repeated experiment data
points. (c1& c2) Digital image of GR150 and (d1& d2) GR50 dispersion before and after applying
PEUS (2 US) process. The solvents in the vials are arranged corresponding to the solvent sequence
on the x-axis for (a) and (b).
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The effect of the durations of post-exfoliation ultrasonication on graphene
concentration are reported here (Figure 3.5). For both GR150 and GR50, graphene
concentration increases with the increase in the duration of PEUS from two to ten minutes,
before it starts to plateau off at a PEUS duration beyond ten minutes. Please note that the
two-minute duration (2 US) of PEUS that used in this work is just a standardised duration
used to investigate the effect of PEUS on different solvents. The intention is to ensure
consistency and comparability in the assessment of PEUS effects across different solvents

by employing a uniform and well-defined time of two minutes.

0.60

1 cr1s0

2 mins 10 mins 30 mins 60 mins

Figure 3.5: The concentration of GR150 and GR50 graphene obtained with different post-
exfoliation ultrasonication (PEUS) times.

3.4.3.2 Ability of PEUS in Dispersing Graphene
In order to verify that the role of 2 US step from PEUS is solely to facilitate the dispersion

of the exfoliated graphene but not the exfoliation process itself, two-minute
ultrasonication was performed directly on the graphite starting materials (C-GR150 or C-
GR50) as a control experiment. This is to check if there is any exfoliated graphene

produced (Figure 3.6 and Figure B3). The difference in graphene concentration before
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and after introducing 2 US step (GR150 (2 US)- GR150 or GR50 (2 US)- GR50) in Figure
3.6 indicates the amount of graphene disperse through 2 US. For GR150 graphene, the
graphene concentration produced from the control (C-GR150 (2 US)) is insignificant as
compared to the concentration of graphene dispersed through 2 US step in PEUS. This
implies that the 2 US mainly helped in enhancing the dispersion of GR150 graphene but
not exfoliating the graphite. However, this is not the case for GR50 graphene in Ace,
EtOH:D.I. and D.I. solvent media. The concentration of the C-GR50 (2 US) dispersion in
these solvent media collected from two-minute ultrasonication on G50 graphite starting
material is higher than the concentration increase resulted from the 2 US. Interestingly,
the concentration of C-GR50 (2 US) in EtOH:D.I. is also higher than the US-GR50 and
GR50 graphene produced in EtOH:D.I., through three-hour ultrasonication and three-
hour shear mixing, respectively. This finding led to another question: Is EtOH:D.I. more

effective in dispersing graphite than graphene?

To answer this, a two-minute vortex mixing (to exclude any exfoliation effect)
was used to homogenise the G50 graphite powder in EtOH:D.I.. This sample is denoted
as C-GR50 (2 Vortex). This is to ensure that C-GR50 (2 Vortex) in EtOH:D.I. contains
only graphite and not exfoliate into graphene. Surprisingly, C-GR50 (2 Vortex) in
EtOH:D.I. solvent showed higher concentration (higher UV-Vis absorbance in Figure B2)
than the GR50 graphene produced from three-hour shear mixing in the same solvent. This
implies EtOH:D.I. shows preferentially dispersion of graphite. A reason for this is the
expanded layered structure of G50 graphite allows the effective trapping of cavitation
bubbles produced in EtOH:D.I. (1:1). The trapping of cavitation bubbles between graphite
layers is possible.?’’ This lowers the density of the graphite, which causes larger amount

of these bubble-trapped layered-graphite collected after centrifugation. Contact angle
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measurement using Washburn method showed that EtOH:D.I. solvent mixture has high
affinity (low contact angle) towards G50 graphite (Figure 2.10, Chapter 2). The UV-Vis
analysis of C-GR50 (2 Vortex) showed a prominent peak at 270 nm, which is typically
known as the of m — m*absorption peak of graphene (Figure B2). However, this does not
mean that C-GR50 (2 Vortex) is graphene. It should be noted that G50 graphite powder
used is the expanded graphite (Figure 2.1b), which causes it to have the graphene
characteristics (e.g.: symmetry Raman 2D peak as in Figure 2.1e). The UV-Vis peak at
270 nm was also observed for the pristine graphite (not graphene) dispersed in EtOH in

a study done by Wang et al. and Fauzi et al..!%>%"!

A study by Morton et al. on the acoustic pressure produced in water, EtOH and
EtOH:D.I. (50:50 vol%) over a fixed time of 40 ms and the formation of cavitation
bubbles was captured by high-speed camera. Their study showed that EtOH:D.I. solvent
mixture with volume of 150 ml at 50:50 v/v composition (same as the volume and
composition used in the present study), showed high stability up to at least 6 months with
~78% of graphene retained.?’*> On the other hand, through the controlled experiments, the
present study has shown that EtOH:D.I. can disperse graphite better than graphene.
Nonomura et al. found the acetone:water mixture is effective for dispersing graphite, not
graphene, as no centrifugation step was used to separate graphene from graphite
aggregates after the dispersion step, and electron microscopy confirms the material is
graphite.?”> However, this acetone:water mixture has used by another research group to
produce high concentration of graphene.!®® Hence, it is crucial to verify the selectivity of

a solvent towards graphene dispersion.

The results of G50 graphite and GR50 graphene dispersed in EtOH:D.I. shows

that control experiments, either by applying two-minute ultrasonication or two-minute
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vortex mixing, directly on graphite starting material are important in checking the
selectivity of the solvent towards graphene. Unlike EtOH:D.I., in IPA, two-minute
ultrasonication or vortex mixing directly on both G150 and G50 graphite (C-GR150 and
C-GR50) yields much lower concentration (or UV-Vis absorbance) than that of GR150
and GR50 graphene, produced with three-hour shear mixing (Figure B2). This shows that

IPA has high selectivity towards dispersing graphene instead of graphite.
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Figure 3.6: The comparison of (a) GR150 and (b) GR50 graphene concentration increase caused
by two-minute post-exfoliation ultrasonication (PEUS), with the concentration obtained through
direct two-minute ultrasonication from their respective graphite starting materials (C-GR150 (2
US) or C-GR50 (2 US)).

3.4.3.3 The Effect of PEUS Temperature on Graphene Concentration

Temperature is a crucial factor affecting the cavitation bubbles generation in
ultrasonication besides the properties of the solvent medium used. While two-minute
ultrasonication (2 US) step in PEUS is effective in dispersing exfoliated graphene to
enhance its concentration/yield, such a short ultrasonication at 70°C significantly lower
the concentration of the dispersed graphene in solvents (Figure B4). This finding is
contradicted to the study by Kim et al. that showed the yields of graphene exfoliated in

water increased with increasing temperature of the bath sonicator from 30°C to 60°C.2"
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This is because the sonic pressure in water increases upon heating, and this favours the
formation of cavitation bubbles. Morton et al. did the study on acoustic pressure and
shock wave generated in water at temperature range from 10°C to 70°C for graphite
exfoliation by sonotrode (probe sonicator). According to their finding, low temperature
favours the dispersion of graphene because bubble implosion decreases with increasing
temperature.?’> This finding is contradict to Kim et al. who proved high temperature
favours the graphene exfoliation in water. Kim et al. used bath sonication instead of probe
sonication technique that used by Morton et al. It is worth noticing that Kim et al.
measured the graphene concentration produced whereas Morton et al. measured the
acoustic pressure generation during exfoliation under different temperatures. We must be
aware that measurement of graphene concentration combined the effect of exfoliation
temperature on both exfoliation and stabilisation of graphene, while measurement of
acoustic pressure during exfoliation indicates the effect of temperature on just the
exfoliation efficiency. Combining the study by Kim et al. and Morton et al., it can be
deduced that high temperature favours graphene stabilisation and low temperature
favours the exfoliation. There is a study by Lund et al. showed the graphene concentration
increases with decreasing temperature using shear exfoliation technique in water-
surfactant solvent system. The explanation of this is the high temperature does not favour
the physisorption of sodium cholate (NaC) surfactant on graphene. This affects the

stabilisation of graphene by the surfactant.?’s

The contradictory results reported from the above-mentioned literatures regarding
how sonication temperature affects the yield of graphene could be attributed to the
temperature at which the graphene dispersion is maintained during the centrifugation

process. Centrifugation is the method used to separate the exfoliated graphene after the
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initial exfoliation process. Results from the present study shows that apart from the heated
sonication, centrifugation at a slightly heated temperature of 30°C after exfoliation
lowering the graphene concentration (Figure B4). This implies that the decrease in
graphene yield upon heated sonication might be due to the centrifugation of the warm
dispersion after sonication, rather than the sonication process itself. This observation has
never been discussed in the literatures. This is because the increase in temperature causes

the decrease in solvent density and hence, the increase in the sedimentation rate.

In order to eliminate the influence of centrifugation conditions and gain a clearer
insight into how sonication temperature impacts the graphene yield, the dispersion
obtained after PEUS (2 US) at 70°C was left to cool down to the room temperature before
centrifugation. In this case, the graphene yield obtained through PEUS (2 US) at 70°C is
higher than that obtained at room temperature (Figure B4). As 2 US step in PEUS is used
just to disperse the exfoliated graphene, this shows that 2 US under heat enhances
graphene dispersibility, which is well-agreed with the finding by Kim et al.. Besides the
concentration, the effect of heated 2 US at 70°C on the graphene defect is also assessed
by the Raman spectroscopy. Figure BS shows examples of peak fitting from the Raman
spectra of GR150 and GRS50 graphene. Lorentzian-based peak fitting was used to analyse
defects by evaluating the intensities and FWHM of the fitted peaks. See also section
2.2.3.1 for peak fitting description. 2 US short ultrasonication under heat at 70°C
introduced insignificant defect and disorder on the graphene despite of having significant
effect on the graphene yield. There is also insignificant variation in the type of defect

from 2 US at room temperature to 2 US at 70°C (Figure B6).
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3.4.4 Quality Assessment of the Graphene Dispersions

3.4.4.1 Oxidation Analysis by XPS and UV-Vis Spectroscopy

The oxidation level of graphene affects its electronic properties (e.g.: the presence of
oxygen species on graphene lowers its electrical conductivity).?’’?’® Long ultrasonication
duration can also lead to the oxidation of graphene besides introducing crystal defects. A
short ultrasonication duration of two minutes (2 US) in PEUS was introduced here to
facilitate the dispersion of exfoliated graphene to avoid the oxidation caused by long
ultrasonication. XPS analysis in Figure 3.7 was carried out to investigate the oxidation
level after shear mixing exfoliation (sample GR150 and GR50), and after introducing 2
US (sample GR150 (2 US) and GR50 (2 US)). The XPS peak fitting (shown in Figure
B7) done by CasaXPS with reference to established literatures.>’* %! The oxygen species
of C=0, C-O and O-C=0 occur in the graphite starting materials G150 and G50, from
which the graphene has been exfoliated. C=0 is the dominant oxygen species. The oxygen
content of GR50 and GR50 (2 US) are similar, meaning that the effect from oxidation
caused by PEUS (2 US) is negligible. Interestingly, the oxygen content of GR150 (2 US)
is around 10%, lesser than that of GR150 (14%). This indicates that 2 US step stripped
off the oxygen species. Ultrasonication duration as short as two minutes is sufficient to
generate the shock waves required to strip off the oxygen functional groups. It has been
proven that longer ultrasonication duration could reduce the oxygen content of the
exfoliated graphene at the expense of increasing the defective sp* carbon atoms.?®? Given
that only one XPS measurement was taken per sample, the observed decrease in oxygen
content may be due to measurement variability. However, the key point is to demonstrate
that no additional oxidation occurred during the short sonication period. The sp> did not

increase after 2 US step for GR150, instead, sp’ content decreases. For GR50 (2 US), sp*
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increases with slight increase in the oxygen content (from 8% to 10%) after applying

PEUS (2 US). Increasing in the disorders and sp> content also had been observed upon

ultrasonication of graphene oxide from 2 to 11 mins.?*
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Figure 3.7: The comparison of the XPS-analysed composition of oxygen groups and
defects from the graphite starting materials (G150 and G50), the exfoliated graphene
(GR150 and GR50), and the exfoliated graphene with post exfoliation ultrasonication
(PEUS) of two minutes (2 US).

While the absorbance at the featureless region of UV-Vis spectra towards 700 nm
is used to calculate the concentration of graphene (Equation 2.1), the absorption peak shift
(at 270 nm for pristine unoxidised graphene) of UV-Vis spectrum after applying PEUS (2
US) is used to evaluate the degrees of oxidation in graphene.?®* Peak shifts in IPA and
EtOH:D.I. solvents are analysed because they are promising exfoliation solvent for the
production of GR50 (2 US) and GR150 (2 US). Although IPA:Ace gives the highest

concentration of GR150 (2US), the absorption peak is obscured by the UV-Vis cut off
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wavelength of Ace at 330 nm. EtOH:D.I. works the best in exfoliating GR50 using both
shear mixing and sonication technique (Figure 3.3). There is no significant peak shift after
PEUS (2 US) in IPA for both GR150 and GR50 (Figure B1). This showed that 2 US step
from PEUS does not lead to the oxidation of the graphene, which is in good agreement of

the XPS results (Table B1 and Figure B7).

3.4.4.2 Graphene Quality Obtained at Different Centrifugation Speed

Centrifugation is mandatory for the extraction of graphene from the dispersion after
exfoliation. If PEUS (2 US) really help in dispersing more graphene, the concentration of
graphene dispersion produced with PEUS (2 US) obtained at high centrifugation speeds
should be higher than that without PEUS (2 US). This is because well-dispersed graphene
should be able to overcome the gravitational force exerted by the effect of centrifugation
and remained dispersed, especially at high centrifugation speeds. IPA is a promising
solvent for yielding high graphene concentration for both GR150 and GR50 after PEUS
(2 US). Therefore, GR50 and GR150 produced in IPA are selected for centrifugation at
different speeds (Figure 3.8a,b) Besides IPA, concentration of GR50 in EtOH:D.I. at
different centrifugation speeds has also been investigated (Figure 3.8c) following the
effectiveness of EtOH:D.I. in exfoliating GR50 through three-hour shear mixing. The
results show that the concentration of graphene obtained after PEUS (2 US) is higher than
that obtained without the 2 US treatment even at higher centrifugation speeds. This

demonstrates the effectiveness of PEUS (2 US) in dispersing more graphene in the solvent.
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Figure 3.8: Concentration of (a) GR150 in IPA, (b) GR50 in IPA and (c) GR50 in EtOH:D.I. (1:1)
obtained from different centrifugation speeds.

Thinner graphene flakes can be collected at the higher centrifugation speed
(Equation 1.8). However, the chemistry aspect which is not included in the equation also
needs to be considered. Since graphene with higher oxidation level disperse better in polar
solvent, hence, high speed centrifugation for polar solvent might yield the graphene with
higher oxidation level as compared to the centrifugation at lower speed. Will higher
centrifugation speed yield thinner but more oxidised graphene? To answer this, the
oxidation level of GR150 in IPA produced from different centrifugation speeds is assessed
using UV-Vis spectroscopy and XPS. GR150 in IPA is selected because GR150 has lesser

defect as compared to GR50, and IPA is the most effective solvent for exfoliating and
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dispersing GR150. Besides this, the expanded structure of GR50 makes the analysis of
oxidation level based on m — m*absorption peak position from UV-Vis spectrum difficult
because the peak also shifts away from the 270 nm position of pristine/ un-oxidised
graphene due to the interlayer expansion. Expanded graphite, intercalated graphite and
oxidised graphene have the UV absorption peak lesser than 250 nm. !5 Hence, the peak
shifting due to the oxidation is hard to judge from GR50. The UV-Vis spectra of GR150
in IPA obtained at different centrifuge speeds are shown in Figure 3.9. A shift of the m —
7 *absorption peak from 270 nm to the lower wavelength at higher centrifuge speed (>
500 rpm) implies the expansion of interlayer caused by the oxygen species. The peak
around 230 nm, which is caused by the oxygen species, is also more prominent at higher
centrifuge speed. Hence, in general, graphene collected at higher centrifugation speed

contain more oxygen species, which is also proven by the XPS analysis in Figure 3.10.
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Figure 3.9: (a)The absorption peaks for GR150 (2 US) in IPA collected at different centrifuge
speeds. (b)The enlarged of (a) showing the wavelength of each absorption peak. The shift in
absorption peak positions indicates the difference in quality of graphene (in the aspect of oxidation
level and layer number) collected at different centrifuge speeds. 500-1500 rpm and 500-2500 rpm
are the GR150 (2 US) collected from 1500 rpm and 2500 rpm centrifugation, respectively, after
the centrifugation at 500 rpm.
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The XPS analysis on the GR150 (2 US) in IPA obtained from different
centrifugation speeds showed the percentage of oxygen species (C-O=C, C-O and C=0)
increases with the increasing centrifugation speeds. Therefore, higher centrifugation
speeds not only yield thinner and smaller graphene, but also the more oxidised graphene.
This is because oxidised graphene can disperse better in polar solvent such as IPA and

will not sediment even at the high centrifugation speeds.
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Figure 3.10: XPS analysis showing the percentage of oxygen groups and disorder carbon
(dis C) on GR150 (2 US) in IPA produced from different centrifugation speed.

It has been reported that the intensity ratio of m — m*absorption peak at short
wavelength (~270nm) to the long wavelength plateau (~550-800 nm) can be used to
determine the graphene thickness.?®> However, will the concentration of dispersion also
affect this ratio? In order to investigate if the concentration of the dispersion is affecting
the ratio, the dispersions have been diluted (Figure BS8). Slight decrease in the ratio after

dilution is observed. Backes et al. claimed the decrease in the ratio indicates thinner
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graphene.??” However, thinner graphene was obtained using higher centrifuge speed that
gives lower graphene dispersion concentration. Apart from the graphene thickness. the
decrease in graphene concentration can also contribute to the decrease in the ratio. Hence,
the metric can only be used for thickness comparison among the graphene dispersion with
same concentration, which is not suitable to be used to compare the graphene thickness

produced at different centrifugation speeds.

3.4.4.3 Defect and Disorder Analysis by Raman Spectroscopy

Raman spectroscopy is used to study the defect density, defect types and disorder of
graphite and graphene. G peak FWHM gives the information on the lattice disorder
(unaffected by the edges) whereas D to G peak intensity ratio (Ip/lg) provides the
information on defect densities which is affected by the edges.??* High Ip/Ig with low G
peak FWHM indicates the defect density is mainly from the edges (caused by the
discontinuity of crystal structure) rather than the lattice disorder of the graphene. The
Raman laser spot size of 1um used is sufficient to capture the edges for both GR150 and
GR50 produced (see Section 2.2.3.1). Disordered graphene should show a large G peak
FWHM despite of its low In/Ic. Hence, the Ip/Ig against G peak FWHM is plotted to give

the information on whether the defect is from the edges.

Figure 3.11 showed the comparison of defect density (Ip/lg), crystal disorder (G
peak FWHM) and type of defect (In/Ip') of GR50 and GR150 graphene produced through
three-hour shear mixing. All the graphene produced exhibit low defect density, as
evidenced by low Ip/Ig, which is below 0.4 (Figure 3.11a). Ip/Ig of reduced graphene

8,286

oxide with high defect density is ~O0. or even > 1.%%7 For graphene generated from

pre-treated partially-oxidised graphite, the value is 0.22- 0.55.2%¢ The Ip/IG value reported
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for the exfoliation in NMP using shear mixing of the graphite type similar to G150 that
we used, was 0.18,7® which is in close agreement with the In/Ig value of GR150 obtained
in the present work. The disorder and type of defect in graphene is dependent on the
properties of the graphite starting materials used. From Figure 3.11a, G50 graphite shows
higher disorders with larger G peak FWHMs and Ip/IG ratio than that of G150 graphite.
Similarly, GR150 graphene that exfoliated from G150 (black data points) also show larger
G peak FWHM than that of GR50 graphene (red data points). Given the Raman spectral
resolution of 2-3 cm™, a difference in G peak FWHM is expected between GR50 and
GR150. However, no significant variation is likely within samples of the same type of

graphene.

The defect of exfoliated graphene is affected by the graphite starting materials. D
to D’ peak intensity ratio (Ip/Ip’) analysis in Figure 3.11b showed G150 and GR150
exhibit predominantly vacancy defect, whereas G50 and GR50 exhibit predominantly
edge defect. The exfoliation in NMP and EtOH:D.I. for G50 showed high Ip/Ic and G
peak FWHM, which means high in both defect density and disorder, as compared to most
of the green solvents used. For G150, the exfoliation in NMP showed quite low defect
density and disorder. NMP and EtOH:D.I. are more effective LPE solvent for G50 than
for the G150, as can be evidenced by the higher G50 concentration produced. However,
the high disorder of NMP- and EtOH:D.I.- exfoliated G50 showed that the high
exfoliation efficiency and dispersibility were achieved at the expense of creating the

disorder on the graphene.
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Figure 3.11: (a) The average D to G intensity ratio (average from at least six Raman spectra) and
G peak FWHM analysis from Raman spectra, which gives the information on the defect density
and crystal disorder respectively, for GR150 and GR50 graphene. (b) The D to D’ intensity ratio
analysis from Raman spectra that gives the information on the type of graphene defect. Error bars
are constructed from the standard deviation of measurements at a minimum of six randomly
selected points on the sample. Peak fitting examples are shown in Figure BS, while the original
spectra are in Figure A6 and Figure B9.

It is important to ensure the PEUS (2 US) yield enhancement technique used here
does not give significant defects on the graphene. Figure 3.12 shows the comparison of

the defects of graphene before and after PEUS (2 US) for the selected solvents (see Figure
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B6 and Figure B9). Since PEUS (2 US) with short ultrasonication time was used as the
yield enhancement technique, the defect of US-GR 150 and US-GR50 graphene produced

by purely three-ultrasonication method is also analysed.

IPA is one of the selected solvents because it gives high yield for both GR50 and
GR150. For GR50 in IPA, the disorders (broadening of G peak FWHM) and defect
density (In/Ig) increase after PEUS (2 US). Further increase in graphene yield was
achieved when PEUS (2 US) is done at 70°C (Figure B6). The same trend is observed for
GR150 in TPA with less significant defect density and disorder created by PEUS (2 US).
For GR150 in TPA:Ace solvent mixture, there is no significant increase in disorder (G
peak FWHM) has been observed as the error bar of its G peak FWHM without PEUS (2
US) covers the range of G peak FWHM with PEUS (2 US). In general, defect and disorder
imposed by such short ultrasonication time of two minutes on graphene is still

insignificant.

The defect analysis of graphene produced from three-hour ultrasonication (US-
GR150 and US-GR50) is compared to that of GR150 and GR50, which produced from
three-hour shear mixing (without ultrasonication). For GR150 in IPA and IPA:Ace, Ip/Ig
increases from GR150 to GR150 (2 US) to US-GR150. This shows that Ip/Ig increases
with the ultrasonication time. Ultrasonication introduces mainly edge defect (caused by
the reduction in flake size) as the increase in G peak FWHM, which represents the crystal
disorder, is not significant. For GR50, the defect trend is out of expectation, especially
for the case of EtOH:D.I. (Figure 3.12b). The G peak FWHM and Ip/Ig reduced upon
ultrasonication (2 US). For IPA, both GR50 (2 US) and US-GR50 with ultrasonication
increased Ip/lc and FWHM, as compared to GR50 produced from pure shear mixing

without ultrasonication.
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Figure 3.12: The comparison of defect density (In/Ig) and crystal disorder (G peak FWHM) of
Raman Spectra between (a) the graphene produced with only shear mixing (GR150 and GR50),
shear mixing with PEUS (GR150 (2 US) and GR50 (2 US)), and only ultrasonication (US-GR150
and US-GR50) in the selected solvents; (b) between the GR50 and GR50 (2 US) graphene in
EtOH:D.I. (1:1) solvent produced, in comparison to the controlled experiment, which is the 2-
minute ultrasonication directly from the G50 graphite (C-GR50 (2 US)). Error bars are
constructed from the standard deviation of measurements at a minimum of six randomly selected
points on the sample. Peak fitting examples are shown in Figure BS, while the original spectra are
in Figure B9 and B12.

Thinner and smaller graphene can be collected at higher centrifuge speed.?®

However, the analysis on the oxygen content through UV-Vis and XPS in Section 3.4.4.2
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show that more oxidised graphene is also collected at higher centrifuge speed. Defect
analysis on the graphene collected for GR150 (2 US) in IPA at different centrifuge speeds
is also performed. From Figure 3.13a, the defect density Ip/lg increases with the
centrifugation speed. This might be due to the smaller size of GR150 (2 US) is collected
at increasing centrifugation speed that increases D peak intensity due to edge defect,
which agree with Ip/Ip' analysis (Figure 3.13¢). The Raman spectra used for Figure 3.13

are shown in Figure B10 and Figure B11.

PEUS has proven to increase the concentration of graphene significantly and the
concentration increases with the increasing PEUS time and eventually plateauing (Figure
3.5). It is crucial to understand whether the increase in PEUS time increases the defect as
well and to what extent the defect being introduced. From Raman spectroscopy defect
analysis in Figure 3.13b the PEUS time affect more on GR50 than GR150, especially on
the In/Ig. For GRS50, Ip/lg increases slightly with the increase in PEUS time beyond two
minutes. The increase in defect density is due to the formation of new edges as not much
change observed in G peak FWHM, which represents the crystal disorder. For GR150,
the increasing ultrasonication time does not affect much on the defect density and disorder,
but the type of defect is shifting towards the edge defect based on Ip/Ip- analysis (Figure
3.13d) indicating that the flakes size has turned smaller with more edges formed under
longer ultrasonication. The decrease in lateral size with ultrasonication time is also proven

by the literature.?”°
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Figure 3.13: The comparison of defect density (In/Ig) and crystal disorder (G peak FWHM) of
Raman Spectra between (a) GR150 (2 US) collected at different centrifugation speeds, with the
type of disorder Ip/Ip> shown in (c); and (b) GR150 and GR50, synthesized using different PEUS
time, with Ip/Ip: shown in (d). Error bars are constructed from the standard deviation of
measurements at a minimum of six randomly selected points on the sample. Peak fitting examples
are shown in Figure B5, while the original spectra are in Figure B10 and B11.

3.4.4.4 Number of Layers Analysis by Raman Spectroscopy and AFM

Although number of graphene layers can be evaluated from the information obtained from
the 2D peak of Raman spectrum, deconvolution of this peak might impose significant
error in calculations. The number of layers more than 10 cannot be evaluated from the 2D
peak.?®! It also varies with the type of graphene produced.’® Instead of deconvoluting of
2D peak, the number of graphene layers can be estimated by using the empirical formula
mentioned in Section 3.2.3.1, which is based on the peak-to-shoulder intensity ratios of
graphene and its graphite starting material.”® 2°> Raman spectroscopy has the advantage

over AFM in the number of layers analysis because it can provide information on the bulk
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scale. The thickness of graphene obtained in this way is much higher than that of AFM
because more samples are used to obtain good Raman signal at bulk scale, and therefore,

restacking of graphene flakes occurs.

The average number of layers of GR150 and GR50 as calculated from Raman
spectroscopy analysis do not vary significantly with solvent HSP distance w.r.t. NMP or
type of solvent (Figure 3.14). This aligned well with the finding of Backes et al..?3 For
GRS50, the error bars increase with higher solvent HSP distance w.r.t. NMP. This would
imply a larger deviation in graphene thickness. Besides HSP, the layer numbers for
GR150 and GR50 produced in selected solvents using different exfoliation techniques
(shear mixing vs. ultrasonication) are compared in Figure 3.14. Generally, GR150
exhibits lower layer number than GRS50. It is evident that ultrasonication yields thinner
graphene than shear mixing besides US-GRS50 in IPA. The variation in graphene thickness
is also smaller for ultrasonication exfoliation (as indicated by the smaller error bars).
IPA:Ace is the best solvent to disperse GR50 via PEUS (2 US) to give the highest
concentration of GR50 (2 US), while maintaining the similar number of layers as that
obtained without PEUS (2 US), which is GR50. GR50 (2 US) in IPA exhibits the lowest
number of layers as compared to that produced in I[PA:Ace and EtOH:D.I.. The
concentration of GR50 in EtOH:D.I. after two-minute vortex of mixing (without
exfoliation) and two-minute ultrasonication from graphite (C-GR50) is even higher than
that obtained from three-hour shear mixing exfoliation (GR50) (Figure B2). This leads to
the possibility of EtOH:D.I. is better in dispersing graphite than the exfoliated graphene,
as discussed in Section 3.4.3.2. Figure 3.14 shows the range of number of layer of C-

GR50 in EtOH:D.I. is from at least 22 layers, which further proved this argument. Besides
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the exceptional case for GR50 in EtOH:D.I., generally, graphene produced with PEUS

(2 US) exhibit lesser number of layers as compared to without.

IPA is the best solvent for exfoliating and dispersing GR150, and the number of
layers for the GR150 (2 US) with optimised yield are less than 10 layers. This confirms
that GR150 (2 US) in IPA can yield few-layer graphene (FLG) in bulk scale because
Raman spectroscopy analysis is a bulk-scale analysis as compared to AFM. Besides IPA,
IPA:Ace can also yield FLG for GR150. The Raman spectra used in Figure 3.14 are shown

in Figure B12.

AFM provides direct evidence on the number of graphene layers produced and
their morphologies. GR150 (2 US) in IPA has the highest concentration among all the
green solvents and with low defect and number of layers. The AFM image of GR150 (2
US) in IPA in Figure 3.14 shows that the leaf-like structure (Figure 2.13, Chapter 2) is
lost after applying PEUS (2 US) but its layer thickness is still maintained at around 2 nm.
This thickness corresponds to five layers of graphene (taking the theoretical thickness of
a monolayer graphene to be 0.34 nm). However, the thickness of monolayer graphene
could be larger than the theoretical value, which can be up to 0.7 nm or more due to the
presence of surface adsorbates (e.g.: adsorption of water molecules in humid air),

substrate-graphene and probe-graphene interactions.?%* 2%
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Figure 3.14: (a) The number of layers of GR150 and GR50 exfoliated and dispersed in the
solvents listed on the x-axis, arranged in the increasing HSP distance w.r.t NMP. (b) The
comparison of the number of layers of GR150 and GR50 in selected solvents, with and without
PEUS (2 US). The results for graphene produced from ultrasonication (US-GR150 or US-GR50)
and controlled experiment of two-minute ultrasonication from graphite (C-GR150 and C-GR50)
are also shown as the comparison. Error bars are constructed from the standard deviation of
measurements at a minimum of six randomly selected points on the sample. Peak fitting examples
are shown in Figure B5, while the original spectra are in Figure B12. (¢) The AFM image of
GR150 (2 US) with line profile showing the graphene flakes thickness.

3.4.4.5 Stability Test

Graphene stability test was carried out by leaving the dispersion for three weeks and
collect the supernatant (around top 80% of the dispersion) for analysis (Figure 3.15). The
selected dispersing solvents for the stability test were solvents that could either give high
concentration of graphene (e.g.: IPA, IPA:Ace, EtOH) or high increase in concentration
(e.g.: TPA:Ace, EA), after applying PEUS (2 US) yield optimisation step. EA and IPA:Ace

gave high concentration increase after 2 US and good stabilisation for GR50. In general,
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GRS50 in the selected solvents are more stable than GR150. EA is the best solvent in
stabilising GR50. IPA can give high concentration of GR150 and GR50, but it is poor in
stabilising graphene. From the UV-Vis spectra in Figure 3.15b, the absorption peaks of
GR50 and GR150 in IPA remain unchanged (no peak shift) after three weeks. This shows
that the chemical composition, thickness, and lateral size of graphene that suspended in

IPA after three weeks is similar as the bulk.
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Figure 3.15: (a) The three-week stability test for GR150 (black) and GR50 (red) in selected
solvents. The percentage of graphene left at the supernatant of the dispersion after three weeks is
indicated on the bar chart. The inset shows the dispersion after three weeks with the sequence of
arrangement corresponding to the solvents indicated on the x-axis. (b) UV-Vis spectra of freshly-
prepared dispersions of GR150 and GR50 in IPA (solvent that gives high GR150 and GR50
concentration), in comparison to the dispersions after three weeks.

3.5 Conclusions

This chapter covered the study of the shear force generated by different solvents in shear
mixing process, besides investigating the correlation between the solvent HSP distance
w.r.t. NMP and the graphene yield/concentration. It also included the post-exfoliation
ultrasonication (PEUS) method to enhance the graphene yield without functionalisation
and the use of surfactants. Graphene quality assessment has been done to evaluate the
oxidation and defect generation. The conclusions that can be drawn from the present study

in this chapter are:
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1.

Shear Force Impact on Exfoliation Efficiency: Shear force emerged as one of the
factors influencing the exfoliation efficiency of solvents. IPA exhibited high
exfoliation efficiency partly due to its high shear force (similar to NMP).
Limitation of HSP w.r.t. NMP as a Universal Theory: The solvent HSP distance
relative to NMP cannot serve as a universal theory for solvent selection. Its
applicability varies based on the specific type of graphite or graphene and the
exfoliation mechanism involved.

PEUS Method for Enhanced Graphene Yield: PEUS method with short
ultrasonication time of two minutes demonstrated the potential to boost graphene
yield or concentration up to 90 times, without generating significant defect and
oxidation.

Effective Solvent for PEUS: IPA:Ace (1:1 vol.%) and EtOH are effective solvents
for dispersing GR50 and GR150 graphene, respectively, through PEUS method.
Solvent Selectivity for Graphene Dispersion: EtOH:D.I. (1:1 vol.%) solvent
mixture exhibited low graphene selectivity and disperses expanded graphite better
than the exfoliated graphene. In contrast, IPA displayed high selectivity towards

graphene.
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4

Beyond Graphene- Hexagonal Boron
Nitride

4.1 Overview

Formed by layers of hexagonal planar structure of Boron (B) and Nitrogen (N), hexagonal
Boron Nitride (hBN) exhibits the layered and hexagonal structures analogous to
graphene. Therefore, hBN is also known as the “white graphene” (See Section 1.2.2 for
more details on hBN structures and properties). The exfoliation of hBN yields BNNSs.
Besides having exceptional dielectric properties, BNNSs can be integrated with graphene
due to their structural similarity, making them suitable for use in modern electronic
devices.??® BNNSs can stack on top of or below graphene, creating the heterostructure.
This heterostructure is typically synthesized using bottom-up techniques under controlled
conditions.?®”?% While LPE is a more cost-effective method for producing BNNS-
graphene, it often yields composites or blends rather than true heterostructures.?%®
Although studies show that LPE can produce heterostructures as h-BN and graphene tend

to stack alternately,3®

the BNNS-graphene produced by LPE in this work is referred to
as a "composite" to avoid confusion. BNNS-graphene composite is useful for the
application in optoelectronic devices and as photocatalyst.’*! %2 The production of

BNNS-graphene in a cost-effective way using LPE is presented and discussed in this

chapter. BNNS, is also widely used in the applications that require good thermal stability,
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mechanical strength, and chemical inertness, especially in the form of BNNS-polymer

nanocomposites for biomaterials.>%

As in the case of graphene production, LPE method is a cost-effective method for
producing BNNSs. However, the ionic interaction also occurs between hBN layers, apart
from the van der Waals force. This gives rise to a stronger interlayer interaction of hBN
compared to that of graphene, with six times higher interlayer shear.**Since the
exfoliation process for BNNSs involves the application of external force to overcome the
interlayer van der Waals force, hBN is more difficult to be exfoliated than graphene.3%*
3% The strong electrostatic force between the BNNSs also causing them to agglomerate
in the solvent. Although hBN is harder to be exfoliated than graphene, it can disperse
quite well in IPA solvent,>*” one of the green solvents with low boiling point and low

toxicity.

Conventional strategies involving functionalisation have been used to facilitate
exfoliation process by expanding the interlayers through the intercalation of functional
groups, thus also known as chemical exfoliation.?®® Since most of the solvents with low
toxicities and low boiling points are polar solvents, functionalisation of hBN with polar
functional groups enable them to be dispersed better in polar solvents such as water,
isopropanol and ethanol. However, due to its inert nature, functionalisation with polar
functional groups is difficult for hBN. Here, the newly introduced PEUS method has been
demonstrated, for the first time, to provide an optimum yield of hBN in IPA of up to 12
times, compared to that obtained through the normal way, hence avoiding the need for

functionalisation.
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4.2 Materials and Method

4.2.1 Materials
Solvents: 2-propanol (Sigma Aldrich, >99.8 %, GC grade), Acetone (Sigma Aldrich,

>99.5 %, GC grade), Ethanol (Sigma Aldrich, >99.8 %, GC grade), Ethyl Acetate
(Sigma Aldrich, >99.5 %, GC grade), Methanol (Sigma Aldrich, >99.9 %, HPLC grade),

1-Methyl-2-Pyrrolidinone (Sigma Aldrich, >99.5 %, anhydrous).

Hexagonal Boron Nitride Powder: BN25 and BN10 from 3M with the particle size

distribution d(90) of 25 um and 10 um based on the specifications provided.

*Note: Hexagonal Boron Nitride Nanosheets (BNNSs) exfoliated from hBN bulk

materials, BN25 and BN10, are labelled as BNNS25 and BNNS10, respectively.

4.2.2 Methods

4.2.2.1 Synthesis of BNNS and BNNS-Graphene

The shear mixing exfoliation procedures used for the synthesis of Boron Nitride
Nanosheets (BNNSs) were the same as those for the exfoliation of graphite (Section
3.2.2.1). Briefly, hBN powders (BN25 or BN10) were exfoliated, with an initial
concentration of the hBN dispersion of 25 mg/mL in 150 mL of solvent, under a shear
mixing speed of 5000 rpm for 3 hours. To compensate for the lost in the highly volatile
solvents due to evaporation, the solvents were constantly added throughout the course of
the exfoliation process. After exfoliation, the BNNSs produced were separated from large
hBN aggregates by centrifuging the dispersions at 500 rpm (52 RCF) for 1 hour. The

speed of 500 rpm was used unless otherwise specified. The supernatant after

118



Chapter 4: Beyond Graphene- Hexagonal Boron Nitride

centrifugation at 500 rpm (denoted Su_500) was taken for concentration analysis by UV-
Vis spectroscopy, and for other characterisations (e.g.: Raman spectroscopy, XPS and

AFM).

The shear mixing exfoliation synthesis method for BNNS-graphene was the same
as BNNSs. The starting material used is a mixture of G150 graphite and BN25 powder
with the weight ratio of 1:1. The concentration of the starting material in the solvent was
maintained at 25 mg/mL in 150 mL of solvent, same as that used earlier for pure hBN

powder exfoliation.

4.2.2.2 PEUS Method for Yield Enhancement

In this Post-Exfoliation Ultrasonication (PEUS) method, the dispersion collected
following the normal shear mixing exfoliation route, was sonicated in a bath
ultrasonicator under a temperature of 25°C (room temperature) for two minutes before
centrifugation. This extra brief ultrasonication step under PEUS was named 2 US. The
dispersion after 2 US was subsequently centrifuged at 500 rpm (52 RCF) for one hour
before the supernatant was collected as the final BNNS dispersion. The BNNS dispersions
produced with PEUS (2 US) are labelled as either BNNS25 (2 US) or BNNS10 (2 US),

depending on which starting material used.

4.2.3 Characterisations

Sample preparation and characterisation procedures for Raman spectroscopy, XRD,
AFM, XPS and UV-Vis spectroscopy were detailed in Section 2.2.3. The calibration curve
used for UV-Vis concentration analysis based on Equation 2.1 is shown in Figure 4.1. The

absorptivity, a at 300 nm wavelength is selected for the concentration calculation of hBN
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and BNNSs.!?% 3% Black and red graph represents BN25/BNNS25 and BN10/BNNS10,

respectively.
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Figure 4.1: UV-Vis calibration curves for (a) BNNS25 and (b) BNNS10 in NMP. The absorptivity,
a at the wavelength of 300nm as calculated from the gradient of the calibration curve is indicated
in the figures.

*Note: Black and red graphs or data points shown in the results and discussion section

represent the data for BN25/BNNS25 and BN10/BNNS10, respectively.

4.3 Results and Discussions

4.3.1 Shear Mixing Exfoliation of hBN and Yield Optimisation

4.3.1.1 Properties of Bulk hBN for Exfoliation

From the work on graphite exfoliation for graphene production, we have gained
considerable understanding on how the inherent properties of starting materials affect the
quantity and quality of the 2D materials produced. These have significant qualitative and
quantitative impacts on the 2D materials produced. For hexagonal boron nitride (hBN)

exfoliation, two distinct types of hBN bulk materials were used, namely, BN25 and BN10.
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Figure 4.2 shows the evaluations of the hBN bulk materials from the aspect of
crystallinity, BET surface area and the defect based on XRD, BET and Raman

characterisations, respectively.

The XRD (002) diffraction peak from hBN is the most prominent peak indicating
the preferred orientation to c-axis. It provides information on the orientation and stacking
of the aromatic rings along c-axis (Figure 4.2a). This peak is commonly selected for
FWHM and crystallite size analysis of hBN. The XRD peaks are indexed according to
the reference from the powder diffraction file database PDF 00-034-0421. From the curve
fitted to (002) diffraction peak (Figure C1), the crystallite sizes of BN25 and BN10 as
calculated from the FWHM values of the peaks were found to be comparable, measuring
0.26° and 0.22°, respectively. Using the Scherrer equation with a constant (K) value of
1.3,319 the calculated crystallite size is 31.42 nm and 37.13 nm for BN25 and BN10,
respectively. The position of (002) peak is used to evaluate the d-spacing or the interlayer
spacing based on Bragg’s law. The interlayer spacing of BN25 is 0.33 nm, which is the
same as that of BN10. A larger d-spacing implies reduced van der Waals forces within the

layers. This requires less energy for exfoliation.

Both of BN25 and BN10 exhibit lower BET surface areas than G150 and G50
graphite (Figure 2.1f). This is attributed to the presence of larger electrostatic force
between the layers which renders them more prone to agglomeration. Subsequent BET
surface area analysis reveals that BN25 possesses three times the surface area of BN10
(Figure 4.2b). This implies more agglomeration for BN10. Since the weights of the bulk
materials used for exfoliation remain constant, the effect of surface area on exfoliation
becomes important in determining the amount of 2D materials produced. The surface area

of the bulk materials holds implications for the surface area accessible by solvents during
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both the exfoliation and dispersion processes, thereby influencing the concentration of
the resulting boron nitride nanosheets (BNNSs) in the dispersion. The surface area factor
represents a non-chemical and non-thermodynamic influence on concentration, distinct
from other factors like material polarity and surface energy. Starting materials with a
larger surface areas and interlayer spacings should be able to facilitate the exfoliation
process for improved yield regardless of the solvent used. In the present work, BN25

emerges as the more suitable starting material for exfoliation compared to BN10.

Other than concentration, the quality of the initial starting material (including the
presence of defects and disorder), plays a crucial role in determining the quality of the
final yield of the exfoliated BNNSs. Unlike graphene, the Raman spectra obtained from
BN25 and BN10 only show a single intense and sharp Exg peak (Figure 4.2¢). The FWHM
of which carries information on the crystal disorder. Since the FWHM of Ezg peak of
BN10 is 0.036 smaller than that for BN25, this difference is insignificant as it is smaller
than the spectra resolution of the Raman spectrum, which is 0.53cm™. This suggests that

both starting materials possess a comparable degree of disorder.

XPS analysis in Figure 4.2d on peak fitting via CasaXPS, indicates a low degree
of oxidation for both starting materials. However, both materials contain approximately
5-6% carbon contaminations (Table C1), originated from the synthesis process and
atmospheric carbon exposure during XPS sample preparations.>'"3!2 The Boron (B) atom
tends to form strong and stable B-C bond with carbon (C) contaminant.®!3 As shown in
the element atomic percentage analysis, the percentage of B is 59.59% for BN25 and
59.44% for BN10, which are higher than the percentage of N. However, not all the B are
bonded with nitrogen (N) to form B-N. By deconvoluting the B1s peak, around 74% and

72% of B from BN25 and BN10 respectively, are found to be bonded with N to form B-
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N. The rest of Bs are bonded with oxygen (O) and C. Both BN25 and BN10 starting
materials have similar elemental composition of B, N, O and C, suggesting comparable
surface chemistries for these two types of BN bulk materials. The survey spectra are
shown in Figure C2 and the evaluations of N1s peak of BN25 and BN10 are shown in

Figure C3.
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Figure 4.2: (a) The XRD spectra of BN25 and BN10 with the inset shows the enlarged region
with small peaks beyond 40 deg. (b) BET measurement spectra and (¢) Raman spectra of BN25
and BN10. XPS peak fitting/ deconvolution of Bls peak for (d) BN25 and (e) BNI10. (f)
Percentage of each component analysed through the fitting of Bls peak. Note: black and red
represent BN25 and BN10, respectively.

4.3.1.2 Yield Enhancements via PEUS
From the XPS and Raman analyses of BN25 and BN10 (Figure 4.2), defect density and

surface chemistry are similar for both types of BN starting materials. The primary
distinguishing factor between BN25 and BN10 lies in their exposed surface areas, with
BN10 demonstrating a surface area three times lower than that of BN25. This means that

BN10 has three times lesser exposed surface area than BN25, available for exfoliation
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and dispersion of the materials in solvent. This is clearly reflected by the lower in
concentration of BNNS10 as compared to BNNS25 (Figure 4.3a,b). The sequence for the
solvent arrangement on the x-axis is based on the increasing order of Hansen Solubility
Parameters (HSP) distance w.r.t. NMP. From the thermodynamic viewpoint, the enthalpy
of mixing and exfoliation energy cost are minimised when the solvent HSP or surface
tension is close to that of the material. NMP has the surface tension of 40 mJ/m? and HSP
of 8, =18MPa'?, 6, =12 MPa!? and &, =7 MPa'”?, which is close to that of hBN.!??
Therefore, NMP is the best solvent for the exfoliation and dispersion of BNNSs.

Therefore, it has been taken as the reference/ benchmark against other green solvents.

From Figure 4.3, no correlation can be observed between the concentration of
BNNS dispersions and HSP distance of the solvents w.r.t NMP, for both BNNS25 and
BNNS10. This implies the concentration of BNNSs is not necessarily low when the
solvent HSP distance is further away from that of NMP. This shows that he efficacy of
NMP as the optimal solvent for dispersing all types of BNNSs cannot be universally
justified. This observation aligns well with the insights gained from Chapter 3: Section
3.4.2, where for graphene, the different types of graphene materials have different HSPs
or surface energies. Therefore, the suitability of a solvent for exfoliating and dispersing a
material varies with the type of the starting material used. This may be evident from the
variation in trend of concentration vs. solvent HSP, with the types of BNNSs (BNNS25
in Figure 4.3a vs BNNS10 in Figure 4.3b). Beyond material-specific considerations, the
determination of “best” solvent also depends on the exfoliation mechanism involved.
Unfortunately, this crucial facet is overlooked in the literatures. Ironically, claims of the

optimal solvent for exfoliating and dispersing 2D materials are made without due
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considerations to the exfoliation method employed and thus the associated mechanisms

involved.

The BNNSs produced with the extra two-minute ultrasonication step introduced
subsequent to shear mixing exfoliation is named as the PEUS method (Section 4.2.2.2).
Accordingly, it associated two-minute ultrasonication step is denoted by “2 US”.
Following the normal route in BNNSs production, NMP emerges as the superior solvent
for the exfoliation and dispersion of both BNNS25 and BNNS10. Nevertheless, with the
introduction of the PEUS (2 US) method, IPA and EtOH:D.I. outperform NMP for the
production of BNNS25 (Figure 4.3). The solvent mixtures which are denoted as
EtOH:D.I. and IPA:Ace, are with the 1:1 volume ratio. In the case of BNNSI10, its
concentration in EtOH:D.I. is comparable to that of NMP after PEUS (2 US) treatment.
The ability of EtOH:D.I. solvent mixture to exfoliate and disperse graphene under
ultrasonication has been previously established.”® High-speed imaging with acoustic
measurements has shown that in EtOH:D.I. under ultrasonication, high intensity pressure
peaks (as generated from the collapse of cavitation bubbles) were formed as compared to
using pure EtOH solvent.’!* The concentration of BNNS25 produced in IPA after shear
mixing (without PEUS) is slightly lower than NMP but is the highest among all the green
solvents. The introduction of the 2 US step in PEUS helped in dispersing the exfoliated
BNNS25 after shear mixing in IPA better than the NMP. This resulted in BNNS25 (2 US)
concentration in IPA higher than that in NMP. IPA has also been proven by simulations to
be able to intercalate into the hBN interlayers to facilitate the exfoliation and dispersions

of the layers (excellent dispersing agent).2%’
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Figure 4.3: The concentration of (a) BNNS25 (with and without 2 US) and (b) BNNS10 (with
and without 2 US) produced in the solvent media shown in x-axis. Error bars showed the standard
deviation obtained through at least three sets of repeated experiments. (al-a2) Digital images of
the boron nitride nanosheets dispersions presented in (a-b), respectively, and arranged according
to the solvent sequence shown in the x-axis of graphs (a) and (b).

The introduction of the 2 US step in PEUS after shear mixing has been
demonstrated to enhance the concentration of BNNS in various solvents. This simple
ultrasonication step after exfoliation facilitates the dispersion of the exfoliated graphene
produced by shear mixing. Figure 4.4 shows the enhancement in BNNS concentration
after applying the PEUS method on BNNS25 and BNNS10. The highest concentration
increase for BNNS was 12 times, which was achieved by BNNS25 in IPA:Ace mixture.
For graphene, the increase could be up to 90 times with the PEUS (2 US) as may be seen
in Figure 3.4b. IPA:Ace mixture, IPA and EtOH are also the good solvents for dispersing
graphene using PEUS method (Figure 3.4). Furthermore, stability test conducted on
BNNS25 (2 US) dispersion in IPA (identified as the optimal solvent yielding the highest

BNNS25 concentration) has shown a sustainable stability over a 5-months duration. Thus,
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the introduction of a short duration ultrasonication after shear mixing not only helps in

improving the concentration of the dispersion but also enhances its long-term stability.
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Figure 4.4: The number of times of concentration increase after imposing 2 US yield
improvement step for BNNS25 and BNNS10. The error bars are constructed based on at least
three repeated experiments. The digital image on the right shows the 5-month stability comparison
between BNNS25 dispersions with and without 2 US.

4.3.2 Quality Assessment of BNNS Dispersions

4.3.2.1 UV-Vis Spectroscopy
Figure 4.5 are the UV-Vis spectra of BNNS25 and BNNS10 in green solvents. Dashed

lines represent the UV-Vis spectra recorded from BNNS25 (2 US) and BNNS10 (2 US).
The distinctive peak below 210 nm, specifically within the range of 203 to 206 nm, is a
commonly observed feature in the UV-Vis spectra of hBN sheets, as reported in previous
studies.®!> 316 Notably, for BNNS25, the appearance of a peak beyond 210 nm is exclusive

to the scenarios involving exfoliation in EtOH and IPA solvents with ultrasonication. This
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is irrespective of whether it has been achieved through a three-hour ultrasonication or
three-hour shear mixing followed by two-minute ultrasonication (2 US) under PEUS
method, as shown in Figure C5 and Figure C6. This peak also persists in the diluted
dispersion of BNNS25 in EtOH and IPA (Figure C7). This proves that the occurrence of
this peak is independent of the concentration of BNNS25 in these solvents. The peak
position shifted to lower wavelengths (but still beyond 210 nm) with the decrease in the
concentration of BNNS25. The peak around 215 nm aligns well with that observed from
high-pressure thermal-synthesized hBN flakes, while that around 220 nm can be observed
from hBN film grown via metal-organic chemical vapour deposition (MOCVD) with
high-temperature post-synthesis annealing.’!” '8 The presence of these peaks may be
attributed to the structural changes induced by thermal effects during ultrasonication, as
it generates heat or hot spots during the ultrasonication process.>!*> ¥ BNNS25 subjected
to PEUS (2 US) in IPA and EtOH:D.I. demonstrates the presence of the peak at 270 nm,
indicative of the preservation of the sp® structure.**! This observation holds true for

BNNS10 in [PA and EtOH as well (Figure C5).
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Figure 4.5: The UV-Vis spectra of (a) BNNS25 and (b) BNNS10. The dashed lines show the
spectra of the dispersions with 2 US. Major absorption peaks are labelled.

4.3.2.2 Raman Spectroscopy

In contrast to the distinctive Raman fingerprint observed in graphene, the Raman
spectrum of hexagonal boron nitride nanosheets (BNNSs) manifests itself solely as the
peak at 1364-1365 cm™!,32%32 attributed to the Ez vibration mode of B-N. Notably, there
is also an absence of the D peak and 2D peak—In comparison to graphene, the Raman
effect in hBN i1s notably weak owing to the far off-resonance excitation. Consequently,
this hinders the extraction of information regarding thickness, strain, doping, and size

from Raman spectra of hBN and poses considerable challenges. 324

In the case of graphene, the FWHM in Raman spectroscopy provides valuable
insights into the crystallite sizes and defects. However, the analysis of the size and defects
from FWHM in hexagonal boron nitride (hBN) remains a challenging endeavour. The
presented data in Figure 4.6a reveals that the FWHM remains constant with the
exfoliation of the same type of BNNS. Considering the Raman spectra resolution of 0.53
cm’! with the 1800 lines/mm grating employed, the variation of less than 0.2 cm™ in

FWHM is not significant. Nevertheless, discernible distinctions in FWHMs are observed
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between two distinct types of BNNS (BNNS25 and BNNSI10), attributed to the
differences in crystallite size as elucidated by X-ray Diffraction (XRD) analysis in Section

4.3.1.1.

Unlike graphene, where the Esg peak position provides information on the
thickness of the material, this is not the case for hBN. Generally, there is no correlation
between the Eog peak frequency or position and the BNNSs thickness, as indicated from
the literature.>? This observation is substantiated by the results Figure 4.6b, where almost
similar E, peak positions are observed across a range of exfoliation conditions and
thicknesses of BNNSs, including bulk materials (BN25 and BN10) and shear mixing
exfoliated BNNS, with and without using 2 US in PEUS method. Furthermore, the
absence of a significant shift in the Ex¢ peak positions between supernatant and sediment
of the BNNS25 (2 US) dispersion, which have been left for one month, further
emphasizes the lack of thickness dependence of the peak position. The raw Raman spectra

are shown in Figure C8 and Figure C9.

A separate study elsewhere has shown a significant variation in Eog peak FWHM
with BNNS thickness.*?¢ However, the findings from the present study suggest that Eae
peak FWHM primarily varies with the type or size of BNNS rather than its thickness
alone. The discrepancy in this finding compared to the literature may be attributed to the
literature method in sorting thickness using various centrifugation speeds. At higher
centrifugation speed, not only thinner but also smaller nanosheets are obtained. Hence,

apart from thickness, size also influences the observed variation in FWHM in their study.

Despite the limitations associated with utilising the Raman peak for hBN property

analysis, it has been reported that the E», peak position is close to 1367 cm™! and FWHM

130



Chapter 4: Beyond Graphene- Hexagonal Boron Nitride

of around 9.1 cm™ for a high-quality single crystal hBN. Higher frequency of E,, peak
(~1381 cm™) indicates the presence of strain in the materials.*?’ The increase in the Eag
peak position upon exfoliation (Figure 4.6b) may be attributed to the strain induced by
shear force and cavitation bubbles during exfoliation process.>?® Based on the qualitative
Raman spectroscopy analysis on hBN and exfoliated BNNS, the FWHM and position of
Exg peak for the exfoliated BNNS follows that of its starting bulk material. It is therefore
noteworthy to mention that the characteristics of the starting bulk materials not only

influence the concentration of the BNNS dispersion produced but also impact the quality
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Figure 4.6: Raman spectroscopy analysis on the (a) FWHM and (b) peak position of E, peak for
BNNS25 and BNNS10, with and without 2 US. BN25 and BN10 are the bulk starting material
for exfoliation to produce BNNS25 and BNNS10 respectively. Su. and Sed. are the supernatant
and sediment of the dispersion left for one month. All the dispersion shown in the x-axis of peak
position analysis graph in (b) are in IPA. Error bars are constructed from the standard deviation
of measurements at a minimum of six randomly selected points on the sample.

4.3.2.3 X-Ray Photoelectron Spectroscopy (XPS)
The XPS analysis in Figure 4.7 elucidates the surface chemistry for BNNS25 in IPA upon

PEUS (2 US), through the analysis on the B-N, B-O and B-C species. The analysis was
done by the fitting of B1s spectrum of Boron using CasaXPS software with the reference

to the established literature sources.’?> 33 BNNS25 in IPA was selected for this study
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owing to its highest concentration dispersion obtained using PEUS (2 US) (Figure 4.3).
Chemical analysis using XPS provides information on whether the improve in
concentration after 2 US is due to the surface chemical modification upon ultrasonication
or physical process associated with the disperse of BNNSs through ultrasonication.
Carbon presence in the unexfoliated BN powder (BN25 and BN15) was attributed to the
source from atmospheric carbon contamination as explained in section 4.3.1.1, while
carbon in BNNS25 (in IPA) after shear mixing exfoliation was due to unavoidable
contamination from carbon impurities in the shear mixer used for graphite exfoliation.
While every precaution has been taken to avoid carbon contamination including cleaning
of the equipment after each exfoliation process, complete elimination of carbon

contaminant was a formidable challenge in present case.

The chemical composition of BNNS25 remains mostly consistent after the
introduction of the 2 US step from PEUS except for the small increase in B-N content
(from 70% to 73%). This was due to the reduction in B-C and B-O species after 2 US,
which could be a consequence of the removal of surface carbon and oxygen species
through ultrasonication. This means that 2 US after the shear mixing exfoliation helps in
dispersing the exfoliated BNNSs to increase the concentration without substantially
altering their surface chemical composition. The peak fitting on the N1s spectrum of
Nitrogen for the composition of N-B, N-C and N-O is shown in Figure C4 as the

complimentary analysis to Bls spectrum.
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Figure 4.7: XPS peak fitting/ deconvolution of B1s peak for (a) BNNS25 and (b) BNNS10. (¢)
Percentage of each component analysed through the fitting of B1s peak. The data of BN25 and
BN10 starting materials are included here for comparison.

4.3.2.4 Atomic Force Microscopy
Figure 4.8 presents the AFM images of BNNS25 (2 US) in IPA (the dispersion with

highest concentration) and BNNS10 (2 US) in IPA. More AFM images of BNNS25 (2

US) are shown in Figure C10.

BNNS25 (2 US) exhibits larger and thinner characteristics relative to BNNS10 (2
US). The lateral dimensions of BNNS25 (2 US), measured from its longest side, are

approximate two microns, whereas the lateral dimensions of BNNS10 (2 US) are less
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than two microns. The thickness of BNNS25 (2 US) ranges from 3 to 6 nm, while
BNNS10 (2 US) can attain a thickness of up to 10 nm. Apart from the solvent and

substrate effects,®?!' %

it is important to note that the measured thickness is greater than
the actual thickness due to flake stacking during the deposition on substrate, which is
particularly notable for BNNS10 (Figure 4.8b). The measured thickness of monolayer
BNNS may range from the theoretical value of 0.33 nm to 0.4 nm depending on the type

of substrate and the surface water layer absorption.>* 33

BNNS25 are exfoliated from its bulk material (BN25) with three times more
exposed surface than BN10. This implies that the former has undergone a more efficient
exfoliation to yield thinner BNNSs. From the AFM images, BNNS25 sheets are in a more
spherical morphology compared to the hexagonal morphology observed in BNNS10. The
BNNS10 are more densely packed and stacked as those are exfoliated from the lower
surface area BN10. The exfoliation from BNI10 is less efficient as compared to BN25.
This is also the reason behind the lower yield of BNNS10. Selecting the starting material

with high total exposed surface area would yield higher concentration of thinner BNNSs.
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Figure 4.8:The AFM images of (a) BNNS25 (2 US) and (b) BNNS10 (2 US) produced in IPA,
which the thickness profile shown on the right of the corresponding images. The exfoliation to
produce BNNS10 (2 US) is less successful as compared to the case of BNNS25 (2 US).

4.3.3 BNNS-Graphene Composite

Owing to its unique electrical and optical properties, hBN-graphene composite
demonstrates extensive applications like the metal-free electrocatalysts for oxygen
reduction reaction of fuel cells,®*® transistors,>*’ and supercapacitors.’*® Successful
production of high yield graphene and BNNSs via LPE involves careful formulation of
the exfoliation and dispersion solvent media and the use of PEUS method to further

enhance the concentration. This drives the interest to use the state-of-art NMP solvent,
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together with the high performed green solvent, IPA to synthesize the BNNS-graphene

composite.

Previous study elsewhere explored the liquid phase exfoliation method for hBN-
graphene synthesis.>*® A multi-step procedure involves separating the exfoliation of h-BN
and graphite powder in a urea/ glycerol solvent mixture with mechanical stirring. This is
followed by subsequent redispersion of the exfoliated hBN and graphene into
dimethylformamide (DMF) solvent. The dispersion is homogenised and purified via
ultrasonication, followed by centrifugation to obtain the final hBN-graphene
heterostructure flakes. Alternatively, a combination of ball milling, saturated acid mixing,
high-temperature (950°C) synthesis, and ultrasonication in DMF has been employed.>*
The LPE synthesis of BNNS-graphene often involves multiple steps in harsh synthesis
environment, presenting an opportunity to explore the feasibility of using the PEUS

method to produce BNNS-graphene.

Figure 4.9a are the Raman spectra recorded from BNNS-graphene composite
produced in various solvents. The BNNSs and graphene in BNNS-graphene are denoted
as BNNS25 and GR150, respectively (Section 4.2.2.1). Efficient dispersion of both
BNNS and graphene in the solvent is crucial for achieving a high yield of the BNNS-
graphene in the final dispersion. The presence of the graphene is identified through major
peaks which are D, G, and 2D peaks, while the presence of BNNS by the Eo; peak. In
solvents such as EtOH, no significant graphene peaks are observed, indicating
predominant BNNSs production. The graphene peaks were observed with BNNS peak
when NMP solvent is used. This implies that NMP is good in dispersing graphene. The
solvent mixture consists of IPA and NMP in 1:1 volume ratio (denoted as IPA:NMP), is

also tested for its ability to disperse both BNNS and graphene. IPA is selected to form
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mixture with NMP because it is the best green solvent to disperse both BNNS and
graphene. Despite the prominent observation of graphene peaks, the BNNS peak remains
predominant in [PA:NMP. The 2 US step in PEUS clearly helps in improving the
dispersibility of graphene in IPA:NMP, as can be evident from the higher graphene G and
2D peaks in relative to without the 2 US step. The broadening of the FWHM of Esg peak
with the 2 US process is due to the signal contribution from the D peak of graphene as a
result of peak overlapping. The G peak of graphene is overlapped with Eog peak of BN
for the BNNS-graphene in NMP. These two overlapped peaks are deconvoluted based on

the Lorentzian function (Figure C11a).

The 2 US in PEUS after shear mixing exfoliation has been proven to be effective
in improving the yield of pure BNNS and pure graphene in IPA, EtOH and NMP.
However, this increase in concentration, which corresponds to the increase in absorbance
of UV-Vis (Figure 4.9b), is not significant for BNNS-graphene. The 270 nm peak, the
to w* absorption peak of BNNS and graphene, is observed for the BNNS-graphene
produced in EtOH, which becomes prominent after the 2 US process. Observation of the
peak at 230 nm in Figure 4.9c¢ is also reported in the literature for oxidised graphene,**°
or graphite layers with intercalated components.'® This can be used to explain the case
of graphene intercalated-BNNS layers. The UV-Vis spectra of the dispersions with NMP
are not shown here because the UV cut-off of NMP is at 285 nm, so the major absorption

peaks before this cut-off wavelength cannot be observed.

It is worth emphasizing the role of 2 US in improving the yield of BNNS-
graphene. [PA:NMP is good at exfoliating both BNNS and graphene but not as good in
dispersing the exfoliated flakes as the pure NMP solvent. Hence, the 2 US helps in

facilitating the dispersion of the flakes. Although 2 US helps in improving the
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concentration of BNNS or graphene in EtOH and IPA, this method does not work for
BNNS-graphene in these solvents. The possible reason for this is the 2 US in EtOH and
IPA is insufficient to overcome the strong stacking van der Waals forces between BNNS
and graphene to disperse the BNNS-graphene. Additionally, the density of EtOH and IPA
is inadequate to support the stabilised BNNS-graphene. Consequently, the materials sink
as the sediment after the centrifugation and are not collected as the final product (only
supernatant is collected as the final BNNS-graphene dispersion).
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Figure 4.9: (a) Raman spectra of BNNS-graphene produced in different solvents and solvent
mixture. E peak belongs to BNNS while D, G and 2D peaks are the peaks from graphene. The
spectra are normalised to the highest peak. Inset: Digital images of BNNS-graphene dispersions.
(b) The UV-Vis spectra of BNNS-graphene in IPA and EtOH, showing the BNNS and graphene
absorption peaks. Inset: Digital images of BNNS-graphene dispersions in IPA and EtOH. For each
set of dispersion in the same solvent, the one on the left is without 2 US. Note: All the BNNS-
graphene are produced with 2 US unless otherwise specified.
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4.4 Conclusions

Other than graphene, the PEUS method with brief 2-minutes ultrasonication (2 US) step
after shear mixing exfoliation has successfully served as a simple, cost-effective, and
scalable method facilitating the dispersion of BNNSs. This has led to up to 12-fold yield
enhancement in [PA (compared to the yield obtained following the normal routes in shear
mixing exfoliation). The thickness of the exfoliated BNNSs in IPA produced using PEUS
with 2 US treatment can be down to seven layers. The quality and yield of BNNSs
produced in each solvent medium is highly dependent on the type of starting material (the
bulk hexagonal boron nitride) used for exfoliation. IPA and Ethanol: Deionised Water
(EtOH:D.1.) solvent mixtures are the green solvents that demonstrate promising yields for
both types of starting materials. Generally speaking, starting materials with higher
exposed surface areas and smaller crystallite sizes tend to produce higher yields of thinner

BNNS:s.

Extending the efficacy of the PEUS method with 2 US to BNNS-graphene
composite synthesis in [PA:NMP solvent mixture is noteworthy. The PEUS method not
only enhances overall yield of the BNNS-graphene dispersion but also facilitating the
dispersion of additional graphene. This breakthrough opens avenues for tailoring the

IPA:NMP ratio-
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d

Thesis Conclusion and Future Work

5.1 Thesis Conclusion

At the initial stages of this research, three major challenges were identified as mentioned
in Chapter 1, Section 1.5. Firstly, there was lack of a reliable method to experimentally
determine the surface energies of the starting materials. Secondly, there was also no
reliable method to independently study the exfoliation efficiency and dispersibility of 2D
materials in green solvents. Lastly, there was no direct method to enhance the yields of
2D materials in green solvents without the use of surfactants, functionalisation, or

dispersants.

These challenges were solved as the research progressed. Firstly, by the
introduction of the NMP and green solvents for the redispersion of the exfoliated
graphene. This redispersion technique allows the “deconvolution” of the combined
contribution from exfoliation efficiency and dispersibility to the overall graphene yield.
The key finding from this deconvolution process has led to the crucial insight into the
exfoliation efficiency of green solvents. These green solvents, particularly IPA, have been
found to have high exfoliation efficiencies and are capable of producing graphene at
concentrations as high as or even higher than that of the widely recognised NMP solvent.
The graphite surface energy analysis and shear force simulation results have unravelled

the reason behind the high exfoliation efficiency of IPA. The main hindrance to achieving
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high graphene yield by using green solvents has been attributed to low graphene
dispersibility. To overcome this issue, a simple yet effective yield optimisation method
has been devised for yield enhancement negating the need for surfactants/ dispersants or
functionalisation. This method involves the imposition of a brief ultrasonication step as
short as two minutes after exfoliation, or the so-called Post Exfoliation Ultrasonication
(PEUS) method. This results in a remarkable increase in graphene yield of up to 90 times,
specifically in IPA solvent, with minimal defects generation. Interestingly, when applied
to the exfoliation of hexagonal boron nitride, a 12-fold increase in the yield of the

exfoliated boron nitride nanosheets was achieved in IPA solvent.

Since the choice of an effective solvent for exfoliation depends on the graphite
surface energy, in this research, the surface energy of graphite used for the exfoliation
was determined and evaluated using Washburn method, considering both the polar and
non-polar components of the surface energy. This information is of paramount importance
for the selection of a suitable solvent with the desired surface tension for exfoliating

specific graphite types and other layered materials.

The efforts spent in this work have led to several areas of future research. One key
area is the development of a universal solvent selection theory to provide a guidance on
solvent selection for the production of different 2D materials or production of graphene
from different graphite materials by shear mixing exfoliation. Additionally, when
considering the low toxicity and low boiling point of green solvents, there is potential for
designing solvent recovery and reuse systems to facilitate the scale-up and continuous
production of 2D materials. Lastly, the solvent study and evaluation techniques developed
for graphene and hexagonal boron nitride nanosheets could be extended to the sustainable

production and property tuning of other 2D materials, such as molybdenum disulphide
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(MoS:) and tungsten disulphide (WSz). These future works would potentially lead to a
low cost, large scale, and sustainable production of 2D material dispersions or 2D material

inks for substrate printing technology in the fabrications of sensors and energy devices.

5.2 Future Work

5.2.1 Enhancing Result Validation and Improving

Characterisation Technique

Despite extensive studies aimed at understanding the solvent parameters and factors
influencing graphene yield and quality, further research is needed to validate the findings

and address remaining gaps.

In this work, the surface energy of graphite was measured to investigate solvent
parameters affecting the graphite-solvent interaction during exfoliation. However, the
surface energy of graphene has not yet been measured. Since dispersibility is governed
by the graphene-solvent interaction, measuring graphene's surface energy would provide

valuable insights into the solvent parameters that dictate graphene dispersibility.

Regarding graphene quality characterisation, additional AFM images should be collected
to enable statistical analysis of the thickness and lateral dimensions of graphene produced
from different solvents or exfoliation techniques. Moreover, conducting Raman
measurements on well-dispersed individual flakes on a substrate, rather than aggregated
graphene, will yield more accurate data in identifying the types of defects present.
Transmission electron microscopy (TEM) can also serve as a complementary technique

to further investigate defects and determine graphene thickness.
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5.2.2 Theoretical Model for Solvent Selection

My future research aspiration is to create a model for the design of green solvents with
low boiling points and low toxicity for exfoliating and storing of graphene and other 2D
materials. The existing models in literature focus on the selection of solvents by matching
their surface tensions with the surface energy of graphene. These models neglect other
key factors like the types of starting material used for exfoliation and other properties of
solvent media, for example, viscosity. Additionally, the present models for solvent
selection mainly concern the overall yield of graphene, without addressing the
effectiveness of the solvent in exfoliation (exfoliation efficiency) and the ability of the
solvent to disperse the exfoliated material (dispersibility). There is, therefore, a need for
a new model which includes the contributions from these two factors to the overall yield

of graphene in the final dispersion.

In this research, a technique to experimentally study the exfoliation efficiency and
dispersibility of graphene in a series of solvents and solvent mixtures was developed. This
lays the groundwork for a more robust theoretical models incorporating the criteria for
selecting solvents based on experimentally determined exfoliation efficiencies and
dispersibilities. These models should prove useful in identifying the suitable green
solvents for each step of the exfoliation and dispersion processes in LPE. To enhance the
current database of solvent properties which are related to exfoliation efficiency and
dispersibility, a broader range of solvents and types of graphite or graphene materials
should be included in the future. The initial findings from the present work suggest that
the ratio of polar to dispersive components of the solvent plays a critical role in
determining the exfoliation efficiency (Section 2.4.3). However, more detailed work and

experimental data are necessary to establish this claim.

143



Chapter 5: Thesis Conclusion and Future Works

An experimental analysis of the impacts of viscosity and surface tension on
exfoliation efficiency and dispersibility, based on shear mixing exfoliation for two distinct
graphite types is presented in Figure 5.1. Besides the commonly mentioned surface
tension and solubility parameters, viscosity emerges as an important factor affecting the
shear forces in LPE. This is the key determinant of the exfoliation efficiency in shear

mixing.

The shaded regions in the Figure 5.1 represent the "preferential" regions for
solvent selection. It can be noticed from the figure that higher solvent viscosity within
these shaded regions favour both exfoliation and dispersion of both graphene types.
However, the construction of a reliable theoretical model should include more
experimental data, especially within these shaded regions. Similarly, for surface tension,
a greater number of data points within the shaded regions are required for the selection of
suitable solvents with the correct surface tension for efficient exfoliation and dispersion

of graphene.

Figure 5.1c1&d1 provide the magnified views of the regions between surface
tensions of 21.5 to 24 mN/m. This range corresponds to the surface tension of most of the
low boiling point green solvents such as isopropanol, ethanol, acetone, ethyl acetate, etc.
For additional data points, one needs to include more solvents or solvent mixtures to tune

the viscosity and surface tension values to cover the range of interest.

This proposed solvent selection method could be extended to accommodate other
types of 2D materials. Additionally, this model serves as a valuable tool for identifying
optimal solvents for exfoliating and dispersing graphene derived from various waste

graphite sources, such as waste batteries, as well as animal and plant-derived waste.** By
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improving solvent selection, this approach can help lower the production costs of

graphene while enhancing the sustainability of its production life cycle.
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Figure 5.1: (a) Exfoliation efficiency and (b) graphene dispersibility of solvents with different
viscosities. (¢) Exfoliation efficiency and (d) graphene dispersibility of solvents with different
surface tension. (cl and d1) are the enlarged of (c and d) respectively, focusing on the low surface
tension region. The data are obtained from two different types of graphene, GR150 and GR50,
exfoliated from different types of graphite. Shaded regions are the regions with recommended

solvent viscosity or surface tension range for achieving high exfoliation efficiency and
dispersibility.
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5.2.3 Solvent and Material Recovery System

Using green solvents with low boiling points and low toxicities has several advantages;
these solvents can be easily evaporated, recovered, and reused for subsequent graphene
exfoliation processes. Additionally, the graphite aggregates that remain unexfoliated or
partially exfoliated can be removed as sediment by centrifugation after the exfoliation,
and can be reused in subsequent exfoliations, thus contributing to an increase in graphene

yield.

This material recovery and reuse protocol was tested at the lab-scale for three
continuous exfoliations using IPA as solvent (Figure 5.2a). 90% of the solvent from first
exfoliation was successfully recovered using rotary evaporator. This recovered solvent
was then used for at least two more exfoliations. By recycling the graphite aggregates left
over from past exfoliation processes, a yield increase of up to 0.5% per exfoliation run
was achieved. The post-exfoliation ultrasonication technique as reported in Section
3.2.2.2, was employed to enhance the yield. Notably, this material recovery and reuse
system outperformed the yield increase by other methods reported elsewhere in the
literature, using the same graphite starting material and water-surfactant as the solvent. ’®

As mentioned earlier, a higher yield increase of 0.5% per exfoliation run was achieved

compared to only 0.15% reported in the literature.

Exfoliating graphene from recycled graphite aggregates is more efficient
compared to from fresh graphite because these aggregates have already partially
exfoliated and smaller in sizes. This leads to an increase in the yield for each subsequent
exfoliation run to be greater than the one before, as evident from Figure 5.2a. Besides
yield, the quality of the graphene produced from recycled graphite is a key concern in

graphene production. Raman spectroscopy analysis has shed some lights on the crystal
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defects and lattice disorders of the graphene. Generally, graphene produced from
subsequent recycling shows a wider distribution in size and quality (broader error bars in
Figure 5.2b&c). The FWHM of the G peak in the Raman spectrum reflects graphene
crystal disorder, with the greater disorder reflected by larger G Peak FWHM. The
graphene produced after second recycling exhibits higher disorder than the graphene
produced from the fresh graphite and from the first recycling (or second exfoliation)
(Figure 5.2b). The Ip/Ip’ intensity ratio decreases from the first recycling process signifies
a reduction in size. A low Ip/Ip> ratio around 3.5 indicates edge defects, commonly seen
in small-sized graphite with a high density of exposed edges.??® Raman spectroscopy
analysis reveals more defective graphene is produced from recycled graphite aggregates.
While this is undesirable for certain applications, it can be advantageous to applications

requiring slightly defective properties, such as for catalysis.

This lab-scale methodology has the potential of scaling up to industrial level. It
offers a continuous solvent recovery and materials recycling route for the sustainable
graphene and 2D materials production while minimising waste at the same time. All of
these benefits demand for an efficient and innovative design of high-yield industrial

graphene production infrastructure.
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Figure 5.2: (a) Schematic of a lab-scale system for solvent and material recovery during graphene
production, with indicated graphene mass produced and total yield achieved after each exfoliation
stage. (b,c) Raman spectroscopy analysis comparing defect and lattice disorder in graphene
produced from fresh graphite (first batch) to that produced from recycled graphite aggregates,
including second and third recycling stages. Error bars represent standard deviation from Raman
spectra data at six randomly selected points.

5.2.4 Sustainable Production of Other Two-Dimensional Material

Dispersions with Bandgap Tuning

LPE is a versatile and cost-effective method for producing 2D materials. In the present
research, the shear mixing, which is one of the techniques from LPE, has been used to
produce graphene and hexagonal boron nitride nanosheets (BNNSs). To improve the
dispersibility of these exfoliated materials in green solvents, a brief PEUS method was
introduced right after the exfoliation. This shear mixing-PEUS method has proven to be
effective in enhancing the dispersion of exfoliated graphene and BNNSs in green solvents.
This approach has the potential extending its applications to other 2D materials like MoS>

and WS,. The resulting dispersions obtained are compatible with the printing
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technologies on substrates, thus suitable for electronic and other energy device

applications.

MoS; and WS, are notable materials with applications in optoelectronic devices
such as transistors and photodetectors.®*"> 3*2 MoS,, in particular, exhibits excellent
properties for photocatalysis.>** Acetone and IPA have been identified as the effective
green solvents for LPE of M0S.3* Here, MoS: exfoliation using various green solvents,
including acetone and IPA, have been investigated as a preliminary study of the proposed
future work. Unexpectedly, the as-produced MoS; dispersions using the shear mixing-
PEUS exfoliation method exhibits different colours in different solvent media (Figure
5.3a). This phenomenon is interesting as the MoS» nanosheets dispersions produced via
LPE from the previous works were typically reported as black dispersions in NMP,'?? and
clear or dark-green colour in IPA.>* The observed difference in colour is attributed to the
variations in the bandgaps of the MoS> nanosheets due to the variations in their size and
thickness. UV-Vis absorption analysis performed on the MoS, nanosheets show
absorption peaks of below 260 nm for MoS; nanosheets produced in IPA, EtOH and D.I.
(Figure 5.3b,b1). These absorption peaks occur at much lower wavelengths than typically
reported in the literatures, which is beyond 400 nm.**® 3*7 Another interesting finding
involves the colour change of MoS» nanosheets in NMP dispersion, transitioning from
dark green to light yellow when stored in a dark environment (Figure 5.3a). The colour
reverts from light yellow back to dark green when the dispersion was reintroduced to light.
To the best of my knowledge, this phenomenon has not been reported elsewhere to date.
This unique property of the MoS; nanosheets in NMP might find its way into applications

in advanced photonic devices.
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Instead of just focusing on the solvent properties that influence the yield of 2D
materials, as is commonly done for graphene, the initial results on MoS, and WS>
exfoliation suggest an exciting prospect for investigating how solvent properties
specifically might impact the thickness and size of nanosheets produced via LPE. This is
particularly relevant for the case of MoS> nanosheets. Understanding the solvent's role in
determining nanosheet thickness and size becomes a powerful tool for tuning the
fundamental properties of materials like MoS: for specific applications. This approach
allows for the fine-tuning of bandgap and other optical and electronic properties of the
materials, thus presenting an efficient means of customising material behaviour simply
by selecting the appropriate solvent for LPE. Moreover, the dispersions of MoS; or WS>
nanosheets can be integrated with other 2D materials, such as graphene. This opens the
whole possibility of creating composite dispersions that combine the unique properties of

different materials for specific applications.
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Figure 5.3: (a) Digital images of WS, and MoS; dispersions in different solvents. The MoS,
dispersion that stored in the dark are labelled as NMP (dark). (b) The UV-Vis spectra of MoS»
produced in different green solvents, highlighting the detailed absorption peaks region in (b1).

5.2.5 Substrate Printing of the Green Solvent-Based 2D Materials
Ink for Device Applications

In my research, I have developed a sustainable, scalable and simple method for the
surfactant-free, high-yield production of graphene in green solvents, particularly IPA. The
achievement is advantageous in facilitating easy printing of graphene or 2D materials on

substrates for applications in electronic and energy conversion devices.

The primary advantage of using green solvents as a replacement for toxic solvents
in printing processes is their non-toxicity, which allows for safer handling during large-
scale printing operations. Moreover, the use of green solvents significantly reduces the

environmental impact, from their usage through to disposal. For battery devices, the
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utilisation of green solvents with low boiling points is impactful in terms of energy saving
during the printing process. The solvent, having a low boiling point, can be easily
evaporated at lower temperatures, leading to significant energy savings. The reported
study shows that using solvents with lower boiling points, such as dimethylformamide
(DMF) over NMP, can result in up to four times less energy consumption for drying the
electrodes of Li-ion batteries.>*® Another advantage of using the green solvent-based 2D
materials ink for substrate printing is its concentration can be adjusted by simply
evaporating the solvent at low temperatures. This is particularly beneficial for sensors

requiring high material concentration for improved substrate contact.’*’

The low surface tension of green solvents like IPA and ethanol contributes to
enhanced wettability during substrate printing. This property is advantageous as it
promotes uniform spreading of the ink, ensuring precision in the printing process. Notably,
avoiding the use of surfactants in 2D material ink is essential in applications where high
electrical conductivity is a critical property, as surfactants are non-conductive. Therefore,
the surfactant-free synthesis route of high-yield graphene in IPA has the potential in its
applications as conductive catalyst support on the catalyst coated membrane in polymer
electrolyte membrane fuel cells (PEMFCs). In fuel cell technology, high electrical
conductivity and surface area of the catalyst support are key properties for effective

electrocatalysis.
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Considering the economic aspect, the primary concern in using graphene and
other 2D materials for electronic and energy devices is the performance-to-cost ratio. The
high yield 2D materials ink, produced through a cost-effective route, plays a crucial role
in reducing production costs and thereby promoting the potential widespread adoption of

these materials in electronic, photonic and energy devices.
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A.1 Concentration Analysis by UV-Vis Spectroscopy

A.1.1 Graphene Concentration without Redispersion

Appendix A

Supporting Information for Chapter 2
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Figure Al: (a) and (b) Concentrations of as produced GR150 and GR50 in different solvents.
(b)*Close-up’ of the concentration of GR150 and GR50 in green solvents shown in the highlighted

region in (a).
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A.1.2 Graphene Concentration After NMP and Green Solvent
Redispersion (NMP-R and GS-R)
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Figure A2: Concentration of GR150 and GR50 after redispersion in (a) NMP (NMP-R) and (b)
green solvents (GS-R). The solvents shown in x-axis are arranged in decreasing order of (a)
concentration/exfoliation efficiency and (b) concentration/dispersibility.

A.2 Interfacial Contact Angle Measurement and Surface

Energy Analysis

A.2.1 Interfacial Contact Angle

The viscosity, surface tension, and density used for the contact angle calculation in
Equation 2.2 were obtained from KRUSS instrument database apart from the solvent
mixtures of EtOH:D.I (1:1) and IPA:Ace (1:1) which were taken from the literature as

referenced:
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Table Al: Surface tension viscosity and density values for used test liquids.

Surface Tension

Solvents (Test Liquid) [mN/m] Density [g/mL] Viscosity [mPa-s]
IPA 23.0 0.7860 1.960
EtOH:D.I. (1:1) 22,3 0.7895 (2 1.341 3
EtOH 22.3 0.7858 1.100

Ace 25.2 0.7910 0.295

NMP 40.4 1.0280 1.661
IPA:Ace (1:1) 20.3 M 0.7808 B 0.308 (6!

D.l. 72.3 0.9970 0.900

References:

1. Ethanol-Water Mixture Surface Tension, Datasheet from "Dortmund Data Bank (DDB)
— Thermophysical Properties Edition 2014" in SpringerMaterials
(https://materials.springer.com/thermophysical/docs/msft c11c174), J. Gmehling, Editor.,
Springer-Verlag Berlin Heidelberg & DDBST GmbH, Oldenburg, Germany.

2. Ethanol-Water Density, Datasheet from "Dortmund Data Bank (DDB) — Thermophysical

Properties Edition 2014" in SpringerMaterials

(https://materials.springer.com/thermophysical/docs/vel c11c174), J. Gmehling, Editor.,
Springer-Verlag Berlin Heidelberg & DDBST GmbH, Oldenburg, Germany.

3. Ethanol-Water Mixture Viscosity, Datasheet from "Dortmund Data Bank (DDB) —
Thermophysical Properties Edition 2014" in SpringerMaterials
(https://materials.springer.com/thermophysical/docs/vism _c11c174), J. Gmehling, Editor.,
Springer-Verlag Berlin Heidelberg & DDBST GmbH, Oldenburg, Germany.

4. Binary Mixtures, Wohlfarth, C. and B. Wohlfarth, Datasheet from Landolt-Bornstein -
Group IV Physical Chemistry - Volume 16: "Surface Tension of Pure Liquids and Binary
Liquid Mixtures" in SpringerMaterials (https://doi.org/10.1007/10560191 4), M.D.
Lechner, Editor., Springer-Verlag Berlin Heidelberg.

5. Acetone-2-Propanol Density: Datasheet from "Dortmund Data Bank (DDB) —
Thermophysical Properties Edition 2014" in SpringerMaterials
(https://materials.springer.com/thermophysical/docs/vel c4¢95), J. Gmehling, Editor.,
Springer-Verlag Berlin Heidelberg & DDBST GmbH, Oldenburg, Germany.

6. Acetone-2-Propanol Mixture Viscosity: Datasheet from "Dortmund Data Bank (DDB) —
Thermophysical Properties Edition 2014" in SpringerMaterials
(https://materials.springer.com/thermophysical/docs/vism_c4¢95), J. Gmehling, Editor.,
Springer-Verlag Berlin Heidelberg & DDBST GmbH, Oldenburg, Germany.
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A.2.2 Graphite Surface Energy: OWRK model

The surface energies of G150 and G50 graphite were calculated using Owens-Wendt-

Rabel & Kaelble model (OWRK) equation:

o,(cosf+1) r
GO ¢ ) (Eq. A1)
"o Jo! e +o!

o1 [mN/m] is the overall surface tension of liquid/solvent; o is the dispersive component
of the graphite surface energy; o/ is the surface tension of liquid/solvent; o/ is the polar
component of graphite surface energy; o/ is the liquid surface tension; € (deg) is the

interfacial contact angle between graphite and liquid.

By plotting the linear graph of

o,(cos 0 +1) Jor

against
2(\/ O-|d ) o |d

as shown in Figure A3, the overall surface energy of graphite, o, can be estimated from

the slope and y-intercept of the graph, which gives the value for \/o—ip and 1/of ,

respectively.

The equation used for calculating the surface energy is:

o, =0’ +0o? (Eq. A2)

The overall surface energy of both G150 and G50 graphite (ocis0o and ogso) were

calculated as follows:

2
_ D d _ / p / d
06150 = Ogys0 T OGg1s50 = < 06150) +< GG150>

2
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=(2.969)> + (3.260)* = 19.441 mN/m

2
_p d _ / p ’ d
0G50 = Ogsg T Ogso = < %50> +< 0050>

= (3.079)* + (3.802)% = 23.930 mN/m

2

The values used for polar and dispersive components of solvent surface tension for

graphite surface energy calculation are listed as follows:

Table A2: Estimated polar and dispersive surface tension component of the test liquids.

Solvents Polar Surface Tension Dispersive Surface Tension
EtOH 4.4 19.3
D.l. 51 21.8
Ace 16.5 6.8
NMP 11.58 29.21
IPA 3.5 19.5
G150
10
= G150
G50 !
0 " Ve
e | 19 mN/m
5 i o.F =8 mN/m
A 2 o’ =11 mN/m
)
[%]
3 6
&
5 G50
© 59 7 Co1so: 3.260
i ! Caso- 3-802
47 T EtOH Mgys0: 2-969
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sqrt (oPlof)

o,F =10 mN/m
o’ =14 mN/m

Figure A3: Graph plotting for surface energy calculation based on OWRK equation. The digital
pictures of G150 and G50 graphite are shown, along with the calculated surface energies. o,”and
oD are the polar and dispersive components of the graphite surface energy, respectively.
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A.3 UV-Vis Spectra of GR150 and GR50

A.3.1 UV-Vis Spectra Before and After Green Solvent
Redispersion (GS-R)
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Figure A4: UV- Vis spectra of (a) GR150, (b) GR50, (c¢) GR150 (GS-R) and (d) GR50 (GS-R).
The n-n* absorption peak position at 270 nm is indicated by the vertical lines in the graphs, which
is the typical absorption wavelength for pristine graphene and is depending on the dispersing
solvent medium used.
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A.3.2 UV-Vis Cut-Off Wavelength
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Figure AS: UV- Vis spectra of GR50 in (a) ethyl acetate and (b) acetone. The UV-vis cut-off
wavelength for ethyl acetate and acetone is 260 nm and 330 nm respectively. The graphene
signature absorption peaks at the wavelength between 230 and 270 nm are not clearly seen if the
measurement is taken in these solvents with the UV-vis cut-off wavelength beyond the wavelength

of these absorption peaks.
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A.4 Raman spectroscopy of graphene with and without

NMP-Redispersion (NMP-R)
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Figure A6: Comparison of GR150 and GR50 Raman spectra without NMP-R (GR150 black,
GR50 red), with the spectra acquired with NMP-R (purple). The Raman spectra were normalised
against the G peak. The 2D peaks are shown in the inset of each graph; a) GR150 exfoliated in
IPA, b) GR50 exfoliated in IPA, ¢) GR150 exfoliated in ethyl acetate, d) GR50 exfoliated in ethyl
acetate, ) GR150 exfoliated in [PA:acetone (1:1). f) GR50 exfoliated in IPA:acetone, g) GR150
exfoliated in ethanol and h) GR50 exfoliated in ethanol.

A.5 Raman Spectroscopy of IPA-Exfoliated and NMP-
Exfoliated GR150 vs. Commercial Graphene
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Figure A7: Raman spectra of GR150 exfoliated in IPA and NMP, and that of commercial
graphene. The spectra were normalised to the highest intensity G peak. The enlarged region of D
peak and 2D peak are also shown to qualitatively compare the graphene defect and thickness
based on D and 2D peak, respectively.
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A.6 Atomic Force Microscopy of IPA-Exfoliated GR150
Redispersed in NMP (NMP-R)

[T 34.9nm
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Figure A8: Atomic Force Microscopy (AFM) image and the thickness profile of IPA-exfoliated
GR150, redispersed in NMP (NMP-R). The “spots” on the AFM image are the residual NMP
solvent. GR150 graphene retained its leaf-like structure morphology with the thickness less than
10 layers after redispersion in NMP proved the ability of NMP to disperse graphene while
retaining its original thickness and morphology after exfoliation.
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B.1 UV-Vis Spectra of the Dispersions Produced by Shear

Mixing and Ultrasonication Exfoliations
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Figure B1: The comparison of UV-Vis spectra of GR150 and GR50 produced with 3-hour shear
mixing and 3-hour ultrasonication (indicated by “US-*). The solvent media used to exfoliate and
disperse the materials are indicated in the graphs. m-n* absorption peak position at 270 nm
(indicated by the vertical lines drawn in the graphs) is the typical absorption wavelength for
pristine graphene. The shifting of the absorption peak position from 270 nm is used to indicate

the oxidation of graphene.
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B.2 UV-Vis Spectra of the Dispersions Produced with and
without PEUS (2 US)
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Figure B2: The comparison of UV-Vis spectra of GR150 and GR50 produced with and without
PEUS (2 US). The spectra obtained through 2-min ultrasonication directly from the graphite
starting materials without shear mixing exfoliation (C-GR150 or C-GR50) are also shown as the
controlled reference. The solvent media used to exfoliate and disperse the materials are indicated
in the graphs. m-n* absorption peak position at 270 nm (indicated by the vertical lines drawn in
the graphs) is the typical absorption wavelength for pristine graphene. The shifting of the
absorption peak position from 270 nm is used to indicate the oxidation of graphene.
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B.3 UV-Vis Spectra of the Dispersions Produced from
Shear Mixing with PEUS (2 US) and 2 US directly from

Graphite (the Contro

1 Experiment)
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Figure B3: The comparison of UV-Vis spectra of GR150 and GR50 produced from three-hour
shear mixing followed by two-minute ultrasonication PEUS (2 US), with the concentration
obtained through two-minute ultrasonication directly from the graphite starting materials (C-
GR150 or C-GR50) in (a) EtOH:D.I. (1:1), (b) D.L. and (c) IPA solvents. n-n* absorption peak
position at 270 nm (indicated by the vertical lines in the graphs) is the typical absorption

wavelength for pristine graphene.
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B.4 The Effect of the Temperatures of PEUS and

Centrifugation
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Figure B4: The UV-Vis spectra of (a) GR50 and (b) GR150 exfoliated and dispersed in IPA. The
absorbance (concentration) changes significantly with the sonication (PEUS) and centrifugation

temperature.

B.5 Raman Defect Analysis under Different Post-

Exfoliation Ultrasonication (PEUS) Temperature
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Figure BS: Representative peak fitting on the Raman spectra of (a) GR150 and (b) GR50. Peak
fitting was performed using a Lorentzian function for the D, G, and D' peaks. The intensities and
FWHM of these fitted peaks were used to analyse graphene defects.
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Figure B6: (a) The defect density (In/Ig) and crystal disorder (G peak FWHM), and (b) the type
of defect (In/Ip’) analysis through Raman Spectroscopy on GR150 and GR50 obtained at different

PEUS (2 US) temperatures.

B.6 XPS Analysis on Graphite and Graphene

Table B1: The XPS analysis on the atomic percentage of sp?, sp®, n-n* and oxygen groups in
selected graphite/graphene.

sp? sp3 C=0 C-0 0-C=0 n-n*
G150 82.28 771 3.03 115 092 488
GR150 IPA 66.22 20.24  5.00 2.88 1.68 3.98
GR150 (2 US) IPA 73.24 17.19 4.14 1.36 0.50 3.58
G50 72.64 15.38 3.17 0 1.28 4.49
GR50 IPA 77.21 12.63  5.37 0.97 0.76 3.07
GR50(2 US) IPA 73.58 17.74 6.34 0.77 0.21 1.36
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Figure B7: XPS peak fitting/ deconvolution of carbon Cls peaks for graphite starting materials

(G150 and G50), and graphene (GR150 and GR50) in IPA.
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B.7 The Effect of the Concentration on the UV-Vis
Absorption Peaks
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Figure B8: The UV-Vis spectra of GR150 exfoliated and dispersed in IPA obtained from (a) 500

rpm centrifugation speed and (b) 2500 rpm centrifugation speed. The ratio between the adsorption
peak (marked with the line) and the plateau region beyond 600 nm changes with concentration.

B.8 The Raman Spectra
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Figure B9: The stacked Raman spectra for GR150 obtained in [PA:Ace (1:1) and from the
exfoliation process specified in the graph. These spectra are background-subtracted and
normalised against the highest peak. These are the raw spectra used for part of the process-data
in fig. 3.11.
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Figure B10: The stacked Raman spectra for GR150 and GR50 obtained in IPA solvent and from
the centrifugation speed specified in the graph. 500-1500 rpm is the graphene obtained at 1500
rpm centrifugation, following the 500 rpm centrifugation. These spectra are background-
subtracted and normalised against the highest peak. These are the raw spectra used for the process-
data in fig. 3.13a and 3.13c.
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Figure B11: The stacked Raman spectra for GR150 and GR50 obtained in IPA solvent, with
different post-exfoliation ultrasonication time specified in the graph. These spectra are
background-subtracted and normalised against the highest peak. These are the raw spectra used
for the process-data in fig. 3.13b and 3.13d.
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Figure B12: The stacked Raman spectra for GR150 and GR50 obtained in the solvent and from
the exfoliation process specified in the graph. These spectra are background-subtracted and
normalised against the highest peak. These are the raw spectra used for the process-data in fig.

3.14.
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Appendix C

Supporting Information for Chapter 4

C.1 X-Ray Diffraction Peak Analysis
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Figure C1: The fitting of XRD (002) peak of (a) BN25 and (b) BN10. The fitting is done using
the model that gives the R-square value closest to 1, which is the Pseudo Voigt function. The
Full Width at Half Maximum (FWHM) and peak position of (002) peak are used to calculate the

crystallite size and d-spacing (interlayer spacing) respectively.
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C.2 X-Ray Photoelectron Spectroscopy

Table C1: The atomic percent of each element analysed from the XPS spectra of each sample.

Samples B1s (atomic %) | N1s (atomic %) | Cls (atomic %) | Ols (atomic %)
BN25 50.59 42.08 5.1 2.23
BN10 50.44 41.76 5.96 1.84
BNNS25 45.38 36.33 16.54 1.74
BNNS25 (2 US) 47.71 38.31 12.25 1.72
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Figure C2: XPS survey spectra of (a) BN25, (b) BN10, (c) BNNS25 and (d) BNNS25 (2 US).
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Figure C3: XPS peak fitting/ deconvolution of N1s peak for (a) BN25 and (b) BN10. (¢)
Percentage of each components analysed through the fitting of N1s peak.
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Figure C4: XPS peak fitting/ deconvolution of N1s peak for (a) BNNS25 and (b) BNNS25 (2
US). (c) Percentage of each components analysed through the fitting of N1s peak. The data for
raw bulk hBN materials used for exfoliation (BN25 and BN10) are also shown for comparison.
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C.3 UV-Vis Spectrometry
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Figure C5: UV-Vis spectra of (a& al) BNNS25 and (b& bl) BNNS10 produced in different
solvents focusing on the shorter wavelength region that showed the main BNNS absorption peaks.
Spectra with dashed lines are spectra obtained from dispersions with 2 US. The BNNS absorption
peaks beyond 210 nm mainly occur only for the BNNS25 with 2 US (a), besides for BNNS25 in
EtOH (al). BNNS10 in EtOH (without 2 US) and in IPA (both with and without 2 US) showed
the -n* absorption peak around 270 nm.
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Figure C6: The UV-Vis spectra of (a) BNNS25 and (b) BNNS10 produced by 3-hour

ultrasonication exfoliation. Both BNNS25 and BNNS10 produced in EtOH and IPA show
absorption peak around 220 nm, besides BNNS produced in D.I..
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Figure C7: (a) The UV-Vis spectra of diluted BNNS25 and BNNS10 dispersion produced by 3-
hour ultrasonication exfoliation. The absorption peak beyond 210 nm occurs for both BNNS25
and BNNS10 produced in EtOH and IPA (besides BNNS10 in EtOH), despite of the dilution. This
shows that the occurrence of this absorption peak is not concentration dependent, but it shifted to
the shorter wavelength upon dilution. Fig. C6 shows the spectra without the dilution.
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C.4 Raman Spectroscopy of Hexagonal Boron Nitride
Nanosheets (BNNS)
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Figure C8: (a-¢) The Raman spectra of BNNS25, with and without 2-min ultrasonication (2
US) in IPA and EtOH.

178

3000



Appendix C
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Figure C9: (a-d) The Raman spectra of BNNS10, with and without 2-min ultrasonication (2 US)
in [PA and EtOH.
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C.5 Atomic Force Microscopy (AFM)
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Figure C10: The additional AFM images and thickness profiles of BNNS25 (2 US) in [PA.
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C.6 Raman Spectroscopy of BNNS-Graphene
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Figure C11: (a) The fitting and deconvolution of the overlapped BNNS (BNNS25) and graphene
(GR150) peaks in BNNS-graphene sample (produced in NMP) using Lorentzian function. (b) The
comparison of BNNS-graphene produced in IPA:NMP (1:1) with and without 2 US. The spectra
are normalised to the highest E»; peak of BNNS. The BNNS-graphene produced with 2 US shows
higher graphene peaks.
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