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Abstract

This work has suggested two feasible routes for both 2-dimensional (2D) and 3-
dimensional (3D) graphene fabrications on the basis of catalytic graphitisation of solid

carbon sources, with proposed mechanisms.

Graphene growth with ferric chloride (FeCls) and glucose (C¢H1,06) was explored in
aspects of uniform liquid layer formation, appropriate heat treatment methods and
sufficient sample cleaning. The 2D graphene on silicon (Si) wafer, as well as foam-
structured 3D graphene, were both obtained through straightforward heat treatment
of FeCl; and glucose mixture at a low temperature of 750 °C. The graphene produced
was further characterised by its morphological and chemical properties. Crystal
structure and structural information were also obtained with X-ray diffraction (XRD)
and Raman spectroscopy. Graphene synthesised through this route has comparable
defect density with typical graphene oxide (rGO) products. The defect formation
mechanism was studied and proposed with regard to a possible excess of carbon

source in the material.

To avoid forming excessive graphene layers, FeCls was replaced by copper (Cu)
particles in pursuit of self-limited growth. The solid carbon source was changed to
Polyacrylonitrile (PAN) since it can be pre-oxidised to a more rigid form and protect 3D
graphene foam from collapse by enhancing its structural strength and toughness.
Interconnected 3D mesoporous graphene foam consisting of 7-8 graphene layers and
a large specific surface area of 610 m?/g was successfully synthesised. X-ray
photoelectron spectroscopy (XPS) results confirmed the transformation of sp3 C to sp?
C. The defects detected via Raman spectroscopy are believed to be related to the
nano-sized domain observed in between graphene ‘patches’. A correspondent 3D
graphene domain developing mechanism was proposed, which hopefully will give an

insight into graphene growth on 3D ‘Cu-system’ substrates.
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Chapter 1 Introduction

1.1 Research background

The design and fabrication of graphene-based materials have attracted extensive
attention among materials scientists and physicists. Different strategies have been

adopted to achieve high-performance graphene with economic friendly procedures.

According to global graphene market report, a market size of 78.7 million U.S. dollars
was estimated in 2019 [1]. This value is still expected to increase. On the one hand,
researchers are fascinated by graphene’s extraordinary mechanical [2], thermal [3],
electrical [4] and electronic [5] properties. On the other hand, they are often refrained
from fully exploiting this material by its low yield and low scalability. Moreover, the
fabrication of graphene should not be developed at the expense of the environment.
The key challenge is balancing various factors and finding a feasible way to produce

high-quality graphene with relatively low cost and eco-friendly raw materials.

In a roadmap for graphene [6], Chemical vapour deposition (CVD) was rated one of the
cheapest methods to produce graphene of competitive quality. Sun’s group [7] took a
step further and replaced the gaseous reactant involved in CVD with a solid-state
polymer, Poly(methyl methacrylate) (PMMA). With deliberate control of the reaction
conditions, high-quality single-layer graphene was successfully synthesised. That has
opened the door for a whole wide range of polymers. Graphene fabrication methods
based on biomass [8, 9] and waste materials [10, 11] have been increasingly
investigated since then. Apart from the non-polluting carbon sources, by-products of

such reactions are also mostly environment-friendly.

Considering all these factors, graphene fabrication from green solid carbon sources
was chosen to be the main subject of our study. And in this project, two different types

of graphene growth mechanisms utilizing different types of carbon sources and metal
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catalysts were explored.
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1.2 Aim and objectives

The overall aim of this research is to fabricate high-quality graphene in a simple and
inexpensive way with a good combination of appropriate starting materials and
suitable treatment. The mechanisms behind the reactions involved in graphene

growth are also to be studied.

There has been no globally agreed standard for graphene yet. Therefore, graphene

products of various thicknesses and levels of disorders can be found in the market.

In March 2021, the National Physical Laboratory (NPL), in collaboration with the
International Organization of Standardization (I1SO), released ISO/TS 21356-1:2021,
in which the definition and structural properties of graphene are specified [12]. Based
on this standard and the general experimental results published in related researches,
‘high-quality graphene’ in this study will mainly be regarded as 2D material with one
to ten stacked graphene layers and a low level of disorder (Raman peak intensity ratio

Io/lg <1).
Objectives are:
i) Finding suitable starting materials for graphene synthesis

There are plenty of solid carbon sources and metal or metal salt catalysts
available as the starting materials for graphene synthesis. Among these,

materials that are cheap, non-hazardous, and with easy access are preferred.

Solvents may also be involved. Therefore, the solubility, viscosity, as well as
chemical properties of these solvents should all be taken into consideration in

this case.

i) Investigating the factors that may affect the reactions
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i)

The whole process of 2D/3D graphene synthesis involves several stages. And in
each stage, usually, more than one parameter can be altered and adjusted.
Each may affect the reaction and thus affect the quality of the graphene
produced. The factors can be: 1) metal to carbon ratio; 2) temperature and

time for heat treatment; 3) gas flow rate; 4) heating and cooling rate, etc.

Producing 2D/3D graphene from a solid carbon source

After determining factors that affect the reactions and determining proper
parameter values, the next task is to grow a homogeneous, high-quality, low-
vacancy 2D graphene sheet on silicon wafers or on other substrates.
Meanwhile, grow 3D graphene foams with the aid of low-cost pore formers

such as sodium chloride.

Studying the mechanisms of the reactions

The mechanisms that need to be studied are: pyrolysis of carbon sources;
reduction of metal salts with the presence of reducing gas and carbon;
dissolution and precipitation of carbon on the surface of the metal; nucleation

of graphene nano-islands, and the coalescence of graphene domains.

Optimising the process

After the entire graphene fabrication process is fully understood and controlled,
try to improve the efficiency while reducing the cost of fabrication by using

cheaper chemicals, lower reacting temperatures and shorter reacting time.
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1.3 Thesis layout

This thesis begins with a brief introduction to the research background, followed by an

illustrated aim and objectives of the work in Chapter 1.

Chapter 2 is a review of literature which is divided into three parts: 1) Basic knowledge
about graphene’s history, material structure and its extraordinary properties; 2)
popular graphene fabrication techniques demonstrated in detail; and 3) graphene
synthesis approaches, based explicitly on catalytic graphitisation of solid carbon

sources.

Chapter 3 first introduces all the materials used in the experiment, followed by an
illustration of material characterisation methods adopted in terms of their working

principles, applications and how the techniques are utilised in this work.

Chapter 4 introduces the first graphene fabrication route adopted in this study.
Different processes and procedures are followed in 2D graphene synthesis and 3D
graphene synthesis. The fabrication and characterisation routes are demonstrated
step by step. The results and findings are discussed at the end of this chapter. A

conclusion and proposed mechanism are also given at the end.

Chapter 5 begins with an evaluation of the findings and problems raised in the previous
study. Adjustments are made accordingly, followed by another step by step
introduction of the second graphene fabrication route. Results from various materials
characterisations are presented and discussed, followed by a proposed mechanism

and conclusion of this new route.

A conclusion of this whole thesis and work is given in the last chapter. Future work for

this study is also proposed.
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Chapter 2 Literature Review

This review can mainly be divided into two sections: fundamentals of graphene are
introduced in Section 2.1. Synthesis approaches that have been developed to fabricate
2D and 3D graphene are demonstrated in detail and compared in Section 2.2 and

Section 2.3, respectively.

In the first section, the inspiring story of graphene's discovery is told in chronological
order, with an introduction to the famous debate upon graphene's existence. The
unique structure of graphene is then reviewed in answering the question raised in
Section 2.1.1. Unique properties of graphene and graphene’s performance in practical

use are also introduced.

Section 2.2 begins with an overview of the most popular techniques for graphene
production. The principles behind these techniques are explained and compared.
Since most techniques are developed for 2D graphene production, in Section 2.2.2, 3D

graphene fabrication is specifically reviewed.

The last part of this literature review focuses on the understanding of catalytic
graphitisation on the basis of well-established mechanisms in CVD graphene growth.
How the techniques developed for 2D graphene synthesis are adapted for the
fabrication of 3D graphene is also demonstrated, followed by a summary of key factors

to consider when fabricating graphene.
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2.1 Introduction to graphene

2.1.1 History of graphene

Graphene was first successfully isolated by Professor A.K. Geim and K.S. Novoselov
using a technique now known as the 'scotch tape method' at the University of
Manchester in 2004 [1]. However, the first discussion of graphene and predictions of

its properties on a theoretical level can be traced back to the 1930s.

Graphene has already been utilized as the basic unit for graphite and nanotubes when
carrying out theoretical calculations for a long time. In 1934, R.E. Peierls [2] and L.D.
Landau [3] pointed out that 2D crystals should not exist under normal pressure and
temperature due to their thermodynamic instability. Many scientists back then
believed graphene is more of a conceptual structure than a material that exists in the
real world. Nevertheless, it has never hindered physicists' investigation of this

conceptual material.

Twenty years later, Nobel Prize winner L.C. Pauling proposed that single-layer
graphene should be an insulator because of the strong electron-electron interactions
[4]. However, around the same time, P. R. Wallace published his findings in the band
theory of graphite, stating that electrical conductivity parallel to graphite's carbon
plane is about 100 times greater than that across the planes [5]. And Wallace's theory
was based on an opposite assumption to Peirels and Landau’s, where electron-

electron interaction was not taken into account at all.

N.D. Mermin and H.A. Wagner established the Mermin-Wagner theorem in 1966 [6].
Like Peierl and Landau, Mermin also questioned crystals' existence in less than three
dimensions over long ranges by stating that long-wave density fluctuations will grow

logarithmically in 2D systems and destroy the crystalline order over long ranges [7].
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In a word, although graphene was no stranger to theoretical physicists and materials
scientists as its conductivity and existence have been controversial topics widely
discussed in the 20th century, not many of them were pinning their hopes on this

material.

Meanwhile, not liking to be bound by theory, experimental physicists were inching

closer to discovering graphene from various angles.

882681 15.0kV x10.8K 3.8@sm

Figure 2.1. SEM images of graphite plates transferred onto Si(001) substrate. a) A HOPG
island with an original height of 6 um. b) The graphite island was then delaminated into
several thinner flakes in the process of transfer through rubbing [8].

In 1999, X. Lu published a paper on tailoring graphite through oxygen plasma etching
to get thin plates of graphite as building blocks for carbon nanotubes [8]. When they
transferred the graphite islands to other substrates, it was done by rubbing the surface
of highly oriented pyrolytic graphite (HOPG) against the target substrate's surface since
they believed graphite could easily be cleaved along its basal planes (Figure 2.1). The
paper even suggested that with more extensive rubbing of the graphite surface against
other flat surfaces, it might be possible to achieve multiple or single atomic layers of

graphite plates. However, Lu did not carry out further checks for his thought.

Also, in the process of manipulating the geometry of graphite sheets so as to control

their properties, T. W. Ebbesen and H. Hiura managed to visualize a 'few-nm-thick'
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tearing of graphitic sheet on a surface of HOPG through atomic force microscopy (AFM)

[9].

20 um

Figure 2.2. a) Image of a few-layer graphene flake (~3 nm thick) taken by an optical
microscope. b) Image of single-layer graphene (central area) mixed with multi-layer graphene
(upper left corner and lower-left corner) obtained through AFM [1].

Before Geim successfully isolated graphene, he had tried a lot of advanced instruments
and methods, but none of them had been as effective. Unexpectedly, the so-called
"mechanical exfoliation method", which finally realized his dream, is simply to peel the
surface of HOPG off with a widely used Scotch tape repeatedly until single-layer
graphene is achieved [1]. At the time, Scotch tape was the most effective and simplest
tool for cleaning and collecting graphite scraps. Geim and Novoselov applied it to the
body of graphite crystal, and after a few trials, in a mass of graphite fragments they
peeled off, graphene was found [10]. In the video they later uploaded to demonstrate
this method, colourful graphene sheets with different thicknesses can be observed
under an optical microscope after being transferred from the tape to a silicon substrate

(Figure 2.2).

If you rub two pieces of graphite against each other or rub a piece of graphite with any
layer-structured crystal, you might as well find some single-layer graphene among the
scraps [11]. Just as Geim addressed in his review of graphene’s prehistory [12],
'‘graphene has literally been before our eyes and under our noses for many centuries

but was never recognized for what it really is.” And today, graphene has already been
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made visible under a magnifying glass as the mechanical exfoliation method can

currently produce defect-free graphene with a lateral size up to 1 mm [13].

Geim also acknowledged some early work from the 1970s on few-layer graphite at the
Nobel Prize award ceremony in 2010. Even if the discovery of graphene seemed
accidental, the success was not instant. It was an inevitable product of a series of

scientific inquiries.
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2.1.2 Structure of Graphene
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Figure 2.3. Schematic model of a single-layer graphene sheet.

The structure of a 'perfect' graphene sheet entirely made up of hexagonal units is
illustrated in Figure 2.3. In essence, graphene refers to a single-layer graphite sheet

with only one atom thick (~0.335nm [14]).

The sp? hybridized carbon atoms are closely packed in a honeycomb-structured plane.
Each carbon atom is bonded to 3 adjacent carbon atoms via & bonds resulting from
the overlap of sp hybrid orbitals [15]. These strong covalent bonds have a short
interatomic length of 0.142nm, which can effectively reinforce graphene’s hexagon

structure [4].

On the other hand, the weaker 1t bonds perpendicular to the plane are conjugated to
form valence and conduction bands. As is illustrated in Figure 2.4, valence and
conduction bands touch at the first Brillouin zone boundary, where the atoms are
located. Therefore, the 1t electrons are delocalized and free to move from one edge to

the other. That has given rise to some of graphene's peculiar electronic properties [16].
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Figure 2.4. Three-dimensional band structure of graphene [15].

As previously mentioned, many theorems proposed by theoretical physicists seem to
be against the existence of such 2D materials. Then how could we still manage to

isolate graphene sheets?

With regard to Peirels and Mermin's theorems, their arguments about the
logarithmically growing displacements of atoms over long ranges have been proved to
be valid by experiments. But the consequent hypothesis that any 2D crystals would
quickly fall apart did not apply to graphene in practice. In the case of graphene, the
effect of thermal fluctuation can be counterbalanced by minuscule rippling, wrinkling
or crumpling. As the images in Figure 2.5 present, the graphene sheet is not entirely
flat. In fact, the existence of these ripples, wrinkles and crumples can effectively

protect graphene from decomposing and is always observed.
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Figure 2.5. a) AFM image of a wrinkled hexagonal graphene flake grown on Cu surface by
CVD [17]. b) Scanning tunnelling microscope (STM) image of periodic nanoripplesin a
graphene monolayer grown on Cu surface [18]. c) Scanning electron microscope (SEM) image
of crumples formed at the surface of a deformed single-layer graphene flake [19].

Sir A.K. Geim and Sir K.S. Novoselov also proposed that since graphene can be wrapped
into O-dimensional buckyballs, rolled into 1-dimensional nanotubes and stacked into
3-dimensional graphite, graphene can be regarded as a basic unit for building graphitic

materials of all other dimensionalities [20].
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2.1.3 Properties of Graphene

2.1.3.1 Chemical properties

Structural distortions [21] or chemical defects [22] are essential to chemical
modifications of graphene since flat defect-free graphene is inert. Reactions with
various functional groups (most commonly with oxygen and nitrogen [23-25]) will take

place favourably at irregular sites such as the surface near winkles, defects and edges.
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Figure 2.6. Raman spectra of functionalized a) single-layer graphene and b) bi-layer
graphene respectively over time [26]. After being immersed in 4-nitrobenzene-
diazonium-tetrafluoroborate (NBD) for around 5 minutes, diazonium peaks started to
show up in the spectrum of single-layer graphene. Moreover, it took ten times longer
for the peaks to show up in the spectrum of bi-layer graphene. c) AFM image of a
folded graphene sheet after 10 min of hydrogen plasma treatment. The overlapped
(bi-layer) region was relatively intact compared with the uncovered (single-layer) region
[27].

Studies also found that compared with bi-layer or few-layer graphene, single-layer

graphene exhibited a significantly higher reactivity [26-28]. In Figure 2.6, both the
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Raman spectra taken over time and the image of plasma-treated graphene surface
demonstrated that single-layer graphene reacts more rapidly and vigorously towards
chemical modifications than bi-layer graphene. Just as the root of different behaviours
between a piece of paper and a stack of paper, in double-/few-layer graphene, the
formation of wrinkles might have been suppressed, so the plane is more flattened out
than in single-layer graphene. That will reduce the number of irregular sites in bi-layer

graphene and make it more chemically stable than single-layer graphene in practice.

2.1.3.2 Mechanical properties

Graphene is both light and thin, with a density of 2.267 g/cm? and a thickness of
0.34nm. Namely, if we pave 1 gram of graphene sheet on the floor, it will take up an

area of 2,630 m?, and 1 m? of graphene weighs only 0.77 milligrams.

The strong & bonds between atoms grant graphene a high intrinsic tensile strength
(the maximum stress a material can bear before failing when being pulled) of 130
Gigapascal (GPa), making it one of the most robust materials in the world [29].
Graphene also exhibits a high stiffness (the extent of resistance to deformation) with
an estimated Young's modulus of 1.0 Terapascal (TPa) [30] to 2.4 TPa [31] for the same
reason. Even though graphene is highly resistant to deformation, it is the most
stretchable crystal at the same time as it can perform an elastic deformation until

elongated up to 20% of its original dimension [29].

P. Zhang conducted an in-situ tensile test on pre-cracked graphene, believing that it is
the fracture toughness (the ability of a material to resist crack propagation under an
applied force) rather than the intrinsic strength that determines the actual behaviour
of graphene in practical applications [32]. In the test, graphene experienced a rapid
brittle fracture as ceramic materials do at considerably lower stress levels of only a few

GPa. The result suggested that while perfect graphene sheets are strong and highly
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stretchable, defected or cracked graphene sheets may exhibit significantly different
characteristics. One should bear such differences in mind when putting graphene into

practical use.

w

a)

Figure 2.7. Schematic diagram of hydrogen chemisorption and flipping on the
graphene surface. a) Some carbon atoms cut their bonds with other neighbouring
carbon atoms and formed temporary bonds with hydrogen atoms instead. b) The
dangling bonds began to twist. ¢) One of the hydrogen atoms flipped to the other

side of the surface. d) Temporary bonds broke, and the original covalent bonds
between carbon atoms were restored; the flipping of hydrogen was completed [37].
Finally, graphene is highly impermeable, even for helium (He) molecules [33, 34].
However, it was found that defect-free graphene membranes are permeable to
hydrogen (H;) gas molecules even though they are larger than helium molecules [35].
Geim's group proposed that this peculiar phenomenon may be associated with the
ripples in graphene planes [36]. Figure 2.7 depicts a possible mechanism behind it.

Some bonds in H, molecules broke near the surface of a catalytically active graphene

ripple. Individual hydrogen atoms then bonded temporarily with the carbon atoms
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(this step is also called the chemisorption of hydrogen atoms). Following a flip,
hydrogen atoms appeared on the other side of the graphene membrane and bonded
to form H, molecules again. The hypothesis indicated that curved monolayer graphene
surface is more catalytically active. Therefore, instead of single-layer graphene, using
bi-layer graphene may help in hydrogen storage. This finding is also in accordance with

graphene's chemical properties discussed in the previous section.

2.1.3.3 Electrical and electronic properties

Graphene's peculiar band structure leads to a high current density of 0.1~1.0 x108
A/cm? [38, 39] (at least 100 times that of copper [40]) and also ultrahigh carrier
mobility of 200,000 cm?/V-s at room temperature[41] (double that of carbon

nanotubes [42] and 200 times that of crystalline silicon [43]).

The high speed and efficiency in electron conduction make graphene an excellent
conductor. However, materials for transistors must have a band gap so we can switch
the current on by exciting electrons in the non-conductive valence band to conduction
band with a moderate amount of energy input as well as switch the current off by
terminating the energy input. The gap has to be wide enough, so there is a stark
contrast between on and off states. Since graphene has no band gap, it cannot be
directly used to make transistors. Techniques have been developed to overcome this
problem by 1) introducing boron nitride or molybdenum disulfide as the transport
barrier [44-46]; 2) fluorination of graphene [47, 48]; or 3) taking advantage of the

substrates [49-51] in order to open the band gap.

2.1.3.4 Thermal properties

Graphene can isotropically conduct heat at a remarkable rate of 5300 W/m-K. That is

five times higher than the thermal conductivity of diamond. Even though this ideal
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value is yet to be achieved as the actual thermal conductivities reported by researchers
are usually between 600 W/m-K to 2000 W/m-K [52-54] for graphene membranes and
30 W/m-K to 200 W/m-K for graphene composites [55, 56]. Nevertheless, the
improvements are evident, and graphene is still a promising material in the field of

thermal conducting.

2.1.3.5 Optical properties

Graphene has a relatively constant opacity regardless of any variance in its in-plane
dimensions, reported by Geim's group in 2008 [57]. Monolayer graphene in the
vacuum can absorb 2.3% of the incident light, which is a reasonably large fraction for
2D materials but still not large enough to make it visible to naked eyes. With
graphene's exceptional electronic and mechanical properties, graphene has become
an excellent candidate for transparent, stretchable electrodes [58-60], wearable

electronic devices and sensors [61-63].
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2.2 Synthesis of 2D /3D graphene

2.2.1 Overview of graphene production techniques

2.2.1.1 Mechanical exfoliation

Figure 2.8. Steps of mechanical exfoliation and transfer of graphene. a) Place adhesive tape
against the surface of graphite. b) Lift the tape and peel the top carbon layers off. c) Press the
tape against a desired substrate. d) Lift the tape again to leave the bottom mono- or few-
layer graphene on the substrate [64].

As was described in section 2.1.1, mechanical exfoliation was the first method ever
adopted that has successfully isolated graphene from graphite. Figure 2.8 can give us
a picture of how this technique works. To obtain single-layer graphene, the exfoliation
steps are usually repeated several times on tape before the transfer of graphene to

substrate illustrated in Figure 2.8 c) and d) is carried out.

Graphene produced by mechanical exfoliation possesses high qualities. Therefore, it is
still widely used in fundamental studies of graphene up to now [64-66] even though
the yield of this method is meagre, and the products are usually mixtures of graphene

flakes with various numbers of layers.
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2.2.1.2 Liquid-phase exfoliation (LPE)

This method involves exfoliating graphite in a liquid environment. Graphite is first
immersed in suitable solvents such as N-methyl-2-pyrrolidinone (NMP) [67, 68], N,N-
dimethylformamide (DMF) [69] or ortho-dichlorobenzene (ODCB) [70, 71]. These
solvents typically have comparable surface tensions to graphene. Together with the
assistance of graphite-solvent interaction, ultrasonication will help overcome the weak
Van der Waals forces between graphite layers and exfoliate graphite into thinner chips.
The solution will then be left aside for a period of time, which is long enough for thicker
and heavier flakes to settle. Over time, it will separate into layers with fewer-layer

graphene floating at the surface and larger chunks sinking at the bottom.

Graphene produced via LPE is also defect-free and of high quality. The exfoliation
process is affordable, flexible and up-scalable, but the costs of solvents and removal

of solvents can be very high.

2.2.1.3 Chemical reduction of graphene oxide

Mass-production of graphene is mainly realised by reducing graphene oxide (GO) to
rGO at present. Its outstanding vyield, low cost, scalability, and flexibility for

functionalisation have drawn numerous researchers' attention.

Before reduction takes place, GO is usually prepared following the Hummers’ method
in advance [72]. This method was developed by William S. Hummers and Richard E.
Offeman back in 1958. It has stood the test of time and remained an efficient and well-

recognised protocol for GO preparation up to now.

This procedure begins with the addition of graphite and sodium nitrate mixture to
sulfuric acid. In this step, graphite is preliminarily intercalated and oxidised by sulfuric

acid. The mixture is kept in an ice bath since the temperature will rise as the reaction
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progresses. Potassium permanganate is then added to the suspension to form a strong
oxidant with sulfuric acid. The oxidant can further intercalate into graphene layers and
even destroy the covalent bonds in graphene's basal plane while attaching hydroxyl (-
OH), epoxide (C-O-C), carboxylic (-COOH) and carbonyl (C=0) groups to the graphene
surface [73, 74]. The attached groups, primarily hydrophilic, will turn the intrinsically
hydrophobic graphene into graphene oxide and disperse it in water. After the reaction
completes, the mixture is poured into a great amount of water and residue of
potassium permanganate is removed by repeated cleansing and filtering with aqueous

preoxide hydrogen.

The reduction of graphene oxide can be realised through a) chemical reduction with
the aid of reductants such as acetic acid [75], hydrazine [76] and hydroiodic acid [77];
b) thermal treatment at high temperatures to induce decomposition of oxygen-
containing functional groups [78]; c) photothermal reduction via infrared radiations
[80], d) electrochemical reduction [81]; e) hydrothermal dehydration [82]; and
solution deposition [83]. Defects introduced in the oxidation stage can be partly fixed
through reduction. The mechanical, electrical performance exhibited by rGO is usually

intermediate between that of pure graphene and graphene oxide [84, 85].

The benefits and drawbacks of this approach are both distinct. The cost is low while
the yield is incomparably high. Also, multi-step chemical reactions offer possibilities to
modify and control graphene's properties by functionalisation or structure alterations.
However, throughout the manufacturing process, the reactions need either toxic
reagents or high temperatures, which will pose risks to people’s health as well as the
environment. Besides, since the defects induced cannot be fully fixed via reduction,

the quality of the obtained products is relatively poor.
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2.2.1.4 Epitaxial growth of graphene
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Figure 2.9. Schematic diagram of epitaxial growth of graphene on silicon carbide (SiC)
substrate. Silicon sublimates and escapes from the substrate at high temperatures, leaving
surplus carbon exposed at the surface to form graphene [86].

Epitaxy refers to a technique of growing graphene on a substrate of choice directly.
Figure 2.9 illustrates the formation of graphene on top of a flat silicon carbide (SiC)
substrate. SiC sublimation growth usually occurs at high temperatures above 2800 °C
[87]. However, this temperature can be reduced to around 800 °C in an ultra-high
vacuum [88] or 1650 °C in an Ar environment [89]. Silicon near the surface sublimates
at high temperatures, leaving carbon atoms exposed at the surface. These carbon
atoms will then rearrange themselves and form bonds with each other above. Other
than Si, single crystal metals such as Platinum (Pt) [90], Ruthenium (Ru) [91, 92], Cobalt
(Co) [93] and Copper (Cu) [94] also support epitaxial growth of graphene on their

surfaces.

Growing graphene on a substrate has wholly avoided any defect induced during the
transfer process. Thus, researchers can proceed to characterise its properties or
fabricate transistors and electronic devices on the wafer straightaway [95, 96]. On the

other hand, the dimensions of such products are limited by the size of their substrates.
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It also requires significant energy inputs for the high-temperature treatment.
Moreover, high-quality monolayer graphene is only achievable through precise control

over temperature, growth time, environment and substrate quality.

2.2.1.5 Chemical vapour deposition (CVD)

Conventionally, CVD involves exposing a proper substrate to a flow of gaseous carbon
sources in a reactor chamber. Decomposition of the gaseous carbon source and
deposition of carbon onto the substrate will occur at elevated temperatures. The
redundant carbon sources and gaseous by-products will be removed from the

chamber by the gas flow.

Further details will be discussed in the next section of this review.

2.2.1.6 Others

While the above sections have covered some of the most mainstream graphene
production methods, others such as electrochemical exfoliation [97, 98], unzipping
carbon nanotubes [99], flame synthesis [100] and Laser-Induced Graphene (LIG) [101,

102], are also under development.

Aiming to fully exploit graphene’s extraordinary properties and bring this material to
market in the near future, the number and impact of researches on graphene-related
materials have increased dramatically since its discovery [103]. As a result, the list of

graphene fabrication methods is still increasing.

44



2.2.2 Synthesis of 3D graphene

Not to be confused with graphite, 3D graphene here refers to single- or few-layer
graphene built into 3D structures. Such material should exhibit similar properties to
2D graphene and differ from graphite materials with considerably larger surface areas

and higher electron mobility.

The approaches to realise this design are developed on the basis of studies of 2D
graphene growth to a great extent. The most popular techniques in 3D graphene
synthesis are mainly derived from the reduction of GO and graphitisation or

graphenesation of hydrocarbons.

The top-trending graphene 3D fabrication technique should go to 3D printing. Due to
graphene’s poor dispersal ability, the ink synthesised for printing mainly comprises GO
instead of graphene. This technology allows us to build a 3D graphene scaffold of any
complex shape as long as its solid model is provided. After a layer-by-layer ink
deposition on the substrate, the GO framework is thermally [104] or chemically [105]

reduced to rGO before being put to use.

Other techniques based on GO such as hydrothermal reduction of self-assembled GO
[106, 107], freeze-casting of GO aerogels [108, 109] and photocatalytic reduction of

GO [110] are also extensively adopted in 3D graphene synthesis.

The advantages of rGO-related methods are: fast design; moderate cost; and potential
for scale-ups. However, just as in 2D rGO, a significant number of in-plane and cross-
plane defects are often observed in 3D graphene derived from GO. Besides, as
reduction goes on, the excellent dispersal ability of GO is also gradually lost [111]. As
a result, rGO will again tend to agglomerate, sacrificing its thermal and electrical

conductivities.
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Apart from GO, hydrocarbons can also act as suppliers of carbon atoms in 3D graphene
fabrication. Gaseous hydrocarbons are generally decomposed and constructed into
three dimensions via CVD [112, 113] or plasma-enhanced chemical vapour deposition
(PECVD) [114, 115], while the conversion from liquid and solid hydrocarbons are

usually laser-induced [116, 117] or heat-induced [118, 119], similar to CVD.

When it comes to hydrocarbons, a pre-prepared 3D structure made of metal catalysts
or polymerised carbon sources are often involved, through which graphene can be
built into modifiable shapes. Using solid hydrocarbons rather than gaseous
hydrocarbons in the fabrication offered more options as there are plentiful kinds of
amorphous carbon and polymers accessible. In pursuit of high-quality 3D graphene
production, a good deal of factors should be deliberately controlled, such as reaction
temperature, heating and cooling rates, time of graphene growth, selection of carbon

source as well as metal catalyst and condition of substrates, etc.

The technique adopted in this project for 3D graphene fabrication is under the
category of thermally treating hydrocarbons with the aid of metal catalysts. The
principles, representative cases, challenges and progress of this method will be

discussed in the following section.
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2.3 Synthesis of graphene via catalytic graphitisation of

solid carbon sources

2.3.1 2D graphene growth via catalytic graphitisation of

solid carbon sources

Catalytic graphitisation in graphene synthesis greatly resembles CVD in the sense of
their mechanisms. The major difference is the state of the carbon source chosen in
these two techniques. Gaseous volatile precursors are more frequently used in CVD,
while catalytic graphitisation usually involves using amorphous carbon, hydrocarbons
or polymers. Since CVD is more well-established compared with catalytic
graphitisation, this chapter will begin with an introduction to the working principles

behind CVD before we jump to catalytic graphitisation from solid carbon sources.

The mechanisms of CVD graphene growth generally fall into two categories, depending

on the interaction between graphene and the transition metal substrates.
2.3.1.1 CVD on substrates that strongly interact with graphene

Nickel (Ni) is a typical example of transition metals that will strongly interact with
graphene. That reflects on the excellent solubility of carbon in Ni. Ni also has a
matching lattice index with graphene [120]. These features enable carbon atoms to
better align with the ordered nickel surface and diffuse in a nickel substrate during and

after the growth, thus producing neat and ordered graphene sheets [121].
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Figure 2.10. Schematic diagram illustrating the mechanism of CVD graphene growth
on a Ni foil. Methane (CH4) was decomposed to carbon at Ni surface upon heating.
An enormous amount of carbon atoms diffused into Ni substrate due to its good
solubility. Upon cooling, carbon atoms near the surface precipitated and rearranged
to form graphene [122].

As illustrated in Figure 2.10, the CVD growth of graphene on Ni followed these steps:
(1) when the temperature of the reactor chamber is in the range 700 °C to 1300 °C,

the gaseous carbon source, methane (CHa) in this case, decomposed into carbon and

hydrogen at the nickel surface following the chemical reaction:

CHy(g) = C(s) + 2Hy;

(2) on account of the excellent solubility of carbon in Ni, the carbon atoms diffused
deeper into the foil until the point of saturation was reached; (3) upon the cooling
process, carbon atoms precipitated on the metal surface due to the decrease in its

solubility with decreasing temperature.

The great quantity of dissolved carbon and the ease of carbon atoms diffusing freely
in Ni implied that the amount of carbon precipitated onto the surface should also be
significant. As a result, graphene produced with such substrates is inclined to have a

multi-layer structure instead of a monolayer structure.

Other transition metals which interact with carbon in a similar way as Ni, including Ru
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[123], Rhenium (Re) [124] and Rhodium (Rh) [125], are also frequently chosen to be

the substrate for CVD graphene growth.

2.3.1.2 CVD on substrates that weakly interact with graphene

Another system is represented by Cu, whose interaction with graphene is very weak.
Since copper hardly dissolves or interacts with carbon atoms, the growth of graphene
on a copper foil is regarded as a surface reaction. No dissolving-precipitating process

is involved.

a)

Copper

Figure 2.11. Schematic diagram illustrating the mechanism of CVD graphene growth
on copper foil [126]. a) Cu substrate was initially covered with a protective oxide
layer. b) Oxide layer was reduced around 1000 °C in an atmosphere filled with CH4 as
the gaseous carbon source and hydrogen as the reducing agent as well as a carrier
gas. Tiny graphene islands showed up at grain boundaries. c) Graphene islands grew
in size and met each other to form a continuous graphene film on the Cu surface.
As described in Figure 2.11, the growth of graphene on a Cu foil has also taken a few
steps: (1) as a result of annealing at high temperature, the copper oxide layer was
reduced to Cu. In the meanwhile, the Cu foil went through recrystallization. Grains
oriented differently were formed at the surface; (2) at this high temperature (~1000 °C),
the gaseous carbon source decomposed near the active Cu surface while graphene
islands nucleated preferably at the grain boundaries since it consumes less nucleation

energy [126]; (3) along with the decomposition of CHa, graphene islands continued to

grow and eventually merged into one thin film from different directions.

Unlike Ni foils, graphene grown on Cu foils is typically limited to be one-atom-thick as
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the layer initially formed on the surface will shield the Cu from redundant carbon
atoms. However, structural defects related to the boundaries formed between
coalescing graphene islands can also impair graphene’s quality and electronic
performance [127]. Other transition metal substrates under this category can be

Iridium (Ir) [128] and gold (Au) [129].
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Figure 2.12. Diagram comparing the applications, qualities and prices of various
graphene production methods [130].
Five typical industrial production methods are compared in Figure 2.12. It is evident
that CVD (Chemical Vapour Deposition) is one of the cheapest methods to produce
high-quality graphene. Besides, it can be adapted to meet the needs of multiple

applications [131-133]. Therefore, the CVD technique was chosen as the main subject

of our study.

Despite CVD's advantages, it is not easy to precisely control the temperature for
growing high-quality monolayer graphene either with Ni system metal catalysts or Cu
system metal catalysts. Also, the reacting temperature is usually above 1000 °C, and

the options for the gaseous carbon sources are limited.
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2.3.1.3 Approach of 2D graphene preparation with solid carbon

sources inspired by CVD

Inspired by the CVD method, Sun’s group first developed the technique for growing
monolayer graphene from solid carbon sources instead of gaseous carbon sources

[134].

2800 °C

——
H,/Ar, 10 min

PMMA/Cu/SiO,/Si
Graphene/Cu/SiO,/Si

Figure 2.13. A schematic diagram of growing monolayer graphene from solid PMMA
film on a Cu foil. Spin-coated PMMA film on Cu and SiO/Si substrate was annealed
above 800 °C in a mixture of H, and Argon (Ar) gases for 10 minutes and converted to
graphene [134].

Asillustrated in Figure 2.13, a thin film (~100 nm) of PMMA was first spin-coated onto
a Cu foil. Then, a uniform graphene sheet was produced on the Cu foil after exposing
the foil to a Ha/Ar atmosphere under low pressure at a temperature as low as 800 °C

for 10 minutes. By controlling the gas flow rate, graphene of different number of layers

was successfully obtained.
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2.3.2 Growth of 3D graphene from solid carbon sources

2.3.2.1 3D graphene prepared with solid carbon source and pure

metal catalyst

Figure 2.14. Schematics diagram of preparing 3D graphene foam with powder-form
sucrose as carbon source and Ni powder as catalytic template [135]. Ni powder and
sucrose were mixed in deionised water with stirring and heating. Ni powder covered
with sucrose was then cold-pressed into pellets. After annealing at 1000 °C in Ha/Ar
atmosphere, sucrose turned into graphene on the Ni template. The removal of Ni
was carried out through etching and cleansing with FeCls and deionised water.

Sha’s group took a step further and adapted this technique of fabricating graphene

from solid carbon sources into growing 3D graphene foams [135].

Figure 2.14 demonstrates the entire process of a templated 3D graphene foam
synthesis. Nickel powder was used as the metal catalyst, template, and pore former,
while sucrose (also known as table sugar) was used as the solid carbon source. The
two kinds of powders were mixed in deionised water under mechanical stirring at
elevated temperatures. In this step, since sucrose is soluble in water, it can be well
dispersed. Meanwhile, as Ni has poor solubility in water, it will stay in its solid form
and may cause agglomeration due to poor dispersion. After the mixing, Ni particles

were all wrapped by tiny sucrose particles. The vacuum dried mixture was then cold-
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pressed into pellets before being sent for heat treatment. During the heat treatment,
the temperature was raised to 1000 °C at a rate of 10 °C /min. The annealing was also
carried out in a Hy/Ar atmosphere. After 30 min, carbon atoms in PMMA were
converted to graphene, which further wrapped the Ni template. Eventually, after
removing Ni particles through etching in FeCls solutions and repeated washing in

deionised water, 3D graphene foam was achieved.

Figure 2.15. a, b) SEM images of the graphene foam prepared by Sha’s group [135].

SEM images of graphene foam’s internal structure are shown in Figure 2.15. Since Ni
powder stayed in its solid state during the mixing process, the ultimate structure was
not entirely uniform as Ni clusters can easily be spotted. Besides, removing Ni particles
was a challenging task. Even though the FeCls aqueous solution was refilled and
changed every day, some Ni particles remained wrapped in thin graphene membranes
after seven days of treatment. It could result from graphene’s impermeability, as water
molecules and ions may not reach Ni through the intact graphene surface. However,
some molecules and ions can still get to Ni particles through pores and cracks in the

graphene plane or gaps between different membrane layers.

By making use of different moulding strategies, free-standing 3D graphene foams of
various structures and shapes can be synthesized through this approach. The method
is easy to deploy and cost-saving given the relatively good yield with extremely cheap

solid carbon source and catalyst. The key challenges here are 1) to reduce clustering
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of fine nickel particles for a more uniform 3D structure and 2) to improve the efficiency

and effectiveness of removing catalyst particles after graphene growth.

2.3.2.1 3D graphene prepared with solid carbon source and ionic

metal catalyst
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Figure 2.16. Schematic diagram of growing graphene onto Lithium iron phosphate
(LFP) particles with glucose and iron (ll) sulfate (FeSO4) [136]. All chemicals were
homogeneously mixed in deionised water. After water evaporated, the mixture was
placed in a quartz boat at the centre of a tube furnace. Graphene was grown on the
LFP surface in an atmosphere filled with Hy/Ar for six hours at 750 °C.

In Zhang’s work illustrated in Figure 2.16, graphene was grown around Lithium Iron

Phosphate (LFP) battery particles to enhance the supercapacitor's electrochemical

property.

Instead of using iron metal particles as the catalyst, iron (Il) sulfate (FeSO4) was used
and mixed with a water-soluble solid carbon source — glucose —in deionised water. The
LFP particles were also added to the solution to be wrapped by the ions. After water
evaporation and drying, the mixture was sent for heat treatment in a tube furnace.
During the heat treatment at 750 °C with Ar/H; gases, FeSO4 was reduced to iron (Fe)
nanoparticles while carbon was produced from pyrolysis of glucose. Fe further acted

as the catalyst to stimulate graphene growth on the LFP surface.
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Aiming to improve the electrochemical properties of LFP cathode in supercapacitors
instead of fabricating pure graphene foam, the LFP and Fe particles were not removed
and left in the final product as they were. Therefore, we can hardly evaluate the
feasibility of metal particle removal in this research. Nevertheless, this article has
provided insight into overcoming the first challenge in graphene synthesis with a solid
carbon source: avoiding clustering of the metal catalysts by using catalysts in their ionic
states at the mixing stage. Unlike pure metals, which intend to be insoluble and settle
at the bottom of containers during the mixing, ionic catalysts can be homogeneously

mixed with the carbon sources in a proper solvent that is soluble for both.
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2.3.3 Factors to consider in catalytic graphitisation of solid

carbon sources

Multiple parameters can be modified in each stage of the 2D/3D graphene fabrication
process. Each parameter may affect the reaction and thus, affect the quality of the
final product. Therefore, it is crucial to find a suitable range of values for each
parameter and a proper combination of multiple parameters. The factors to be

investigated for producing graphene will be discussed in this section.

2.3.3.1 Heat treatment temperature

It was reported that the growth of graphene from PMMA on a copper foil has a lower

temperature limit of 800 °C, below which it is difficult for high-quality graphene to

grow [131].
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Figure 2.17. Raman maps of intensity ratio I,p/lg in different CVD synthesised
graphene flakes on Cu substrates at (a) 1000 °C, (b) 1020 °C, (c) 1040 °C, (d) 1060 °C
[137] and Raman spectra of graphene synthesised with solid-state carbon source
PMMA on Cu substrates at different temperatures (800 °C, 900 °C and 1000 °C) [138].
The effect of heat treatment temperature on the quality of graphene synthesised

either with gaseous carbon sources or solid carbon sources was also studied in

multiple research. Raman maps in Figure 2.17 (a)-(d) compared the ratios of l,p/lc peak

56



intensities detected in CVD grown graphene at temperatures from 1000 °C to 1060 °C
[137]. In simple terms, an l2p/i6 ratio greater than two generally indicates the existence
of good quality monolayer graphene [139]. By increasing heat treatment temperature,
the average number of graphene layers in most synthesised graphene flakes were
decreased. Figure 2.17 (e) displayed the typical Raman spectra obtained from
graphene synthesised with PMMA on Cu substrate at temperatures from 800 °C to
1000 °C [138]. As the temperature increased, the defect-related D peak around 1350
cm™ was weakened while the 2D peak around 2690 cm™ was strengthened, again
indicating more monolayer graphene, rather than multi-layer graphene, in the product.
The reduced Ip/ls ratio with rising temperature also suggested improved graphene

quality with reduced defects [140].

Essentially, better-quality graphene can be obtained at higher reaction temperatures
with either a gaseous or solid carbon source. That might have resulted from the
decomposition of carbon sources to a greater extent as a more considerable amount
of thermal energy input is employed. More bonds between carbon and
hydrogen/oxygen can be broken, thus reducing potential structural and chemical
defects caused by these atoms or groups attached to the carbon surface. However,
higher heat treatment temperature will also lead to increased electrical energy
consumption and a higher cost for graphene synthesis. Therefore, quality and cost

should be balanced in the process of fabrication.

2.3.3.2 Heating rate

In Kwak’s work, they also investigated the influence of heating rate in graphene
synthesis with PMMA on Cu [138]. Rates of 3.3 °C/s, 8.3 °C/s and 33.3 °C/s were
examined, and a conclusion was drawn that rapid heating will contribute to the

formation of single-layer graphene with fewer defects.
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Meanwhile, it was observed that with an increased heating rate, the temperature at
which PMMA starts to decompose into monomer methyl methacrylate (MMA) and
release gases, is also raised. According to the kinetic and thermodynamic model
proposed by C. T. Moynihan, the glass transition temperature is proportional to the
logarithm of heating and cooling rate [141]. The following equation approximated the

dependence:

d(In|q)) Ah *
1., R
d(=
()

In the equation, q is the heating or cooling rate; Tg is the glass transition temperature;
Ah* is the activation enthalpy (the minimal amount of energy that must be supplied

for a reaction to take place), and R is the universal gas constant.

The results in Kwak’s research showed that higher heating rates could help produce
higher-quality graphene. However, Moynihan’s model suggested that by adopting a
higher heating rate, the heat treatment temperature required is also increased, which
will lead to higher energy consumption. Besides, rapid heating can be demanding for
some equipment, while the sudden, violent release of gases may even destroy the
templated structure, leaving holes and cracks inside the 3D scaffold and impairing
graphene’s mechanical and electronic performance. Thus, multiple trade-offs

regarding the energy input and the graphene quality are involved.

2.3.3.3 Ratio of carbon to metal

The ratio of the number of carbon atoms to the number of metal atoms is another

crucial factor to be considered.

If a metal catalyst is chosen from the “Ni system”, then carbon will have good solubility

in such metal. In that case, more attention should be paid to the under-coverage issue
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as well as the over-coverage of carbon. A high carbon/metal ratio will perhaps result
in multi-layer graphene rather than single-layer graphene. In contrast, a low
carbon/metal ratio may cause insufficiency of carbon in the formation of graphene,

leaving vacancy-type defects at the graphene surface [136].

Otherwise, if the metal catalyst is categorised under the “Cu system”, which means
only a surface reaction is involved, theoretically, over-coverage should not occur since
the initially grown graphene monolayer will shield the metal catalyst from excessive
carbon atoms. However, in practice, due to the presence of impurities in such
substrates, bi-/multi-layer graphene can also be formed when carbon atoms take
surfaces of these impurities to be the nucleation sites [142]. On the other hand, it is
also crucial to ensure an abundant carbon supply so the under-coverage issue can be

avoided.

2.3.3.4 Others

Soaking time: soaking time refers to the period of time material is held at the desired
temperature. The time required for growing graphene on different templates can vary
from a few seconds [143] to several hours [136]. Generally, a lower pressure in the
reactor chamber and a higher heat treatment temperature can shorten the time

required to complete the reactions.

Gas flow rate: gas flow rate may affect the concentration of carbon-containing
molecules in the reactor chamber, thus altering the carbon to metal ratio from time to
time. With deliberate control of the gas flow rate, graphene with different number of

layers can be produced [134].

Cooling rate: cooling rate is another crucial factor to control, especially in ‘Ni system’
substrates. It mainly affects the precipitation process in the way that: if the cooling is

too fast, carbon atoms dissolved in metal will not have sufficient time to diffuse to or
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precipitate at the surface, causing carbon shortage in forming a full graphene layer;

and if the cooling is too slow, carbon atoms dissolved can all precipitate and engage in

the graphene growth, causing a formation of multi-layer graphene instead of forming

mono-layer graphene.
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Chapter 3 Materials and methods

3.1 Materials selection

Solid carbon sources chosen in this study are glucose (Sigma-Aldrich, Gillingham, UK)
and polyacrylonitrile (PAN, average molecular weight: 150,000, Sigma-Aldrich,

Gillingham, UK). The key parameters and purity levels are summarised in Table 3.1.

Table 3.1. Solid carbon sources investigated in the preparation of graphene growth.

Name Molecular Formula Key parameters Purity
Decomposes at
D—(+)-Glucose CsH120s6 . 2 99.50%
about 300 °C
- Tg: 85 °C, Melting
Polyacrylonitrile (CsHsN) temperature
ure:
(PAN) 3M3N)n p !
317 °C

Iron-based salts have been chosen to be the metal precursors in the first experiment,
as their salts are usually inexpensive and available in many laboratories. Besides, the
by-products of the reactions are more predictable, and they are easier to remove than
other metals, such as the nickel used in Sha’s group [1]. Furthermore, iron is also metal

in the “nickel system”, as carbon has a high solubility in iron.

Table 3.2. Iron salts as metal catalysts investigated in the preparation of graphene

growth.
Name Molecular Formula Key parameters Purity
Decomposes at
Iron(ll) chloride FeCl; P . 98.00%
about 500 °C
Boiling point:
Iron(lll) chloride FeCls &P 97%
315°C
Iron(ll) sulfate Decomposes at
FeSQO4 - 7H,0 . >99.9%
heptahydrate about 680 °C

Details of the metal catalysts tested in this study, including Iron (ll) chloride, Iron (llI)
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chloride and Iron () sulfate heptahydrate (all bought from Sigma-Aldrich, Gillingham,

UK), are listed in Table 3.2.

Deionised water was the solvent chosen in 2D/3D graphene syntheses with glucose
and FeCls as these two starting materials are both water-soluble. However, when it
comes to PAN, it has negligible solubility in water, and thus an organic solvent is
required to mix PAN with the catalysts. Since PAN usually has better solubility in the
organic solvent than in water, a solubility test was performed in the second study to
find the suitable organic solvent for PAN. In fact, the choice of organic solvents can
provide more options for this graphene fabrication technique since there is a wide
range of polymers that exhibit various characteristics. With appropriate structures and
chemical properties, some of them can be good candidates for the solid carbon
sources in the catalytic graphitisation technique. All solvents that have been tested,
including acetone (Fisher Scientific UK Ltd), chloroform (Sigma-Aldrich, Gillingham, UK),
anisole (Sigma-Aldrich, Gillingham, UK) and DMF (Fisher Scientific UK Ltd), are listed in

Table 3.3.

Table 3.3. Solvents for carbon sources and metal catalysts investigated in the
preparation of graphene growth.

e Molecular Formula Key parameters Purity
Boiling point:
Acetone C3HeO . 99.00%
56.05°C
Boiling point:
Chloroform CHCI3 >99.5%
61.2 °C
) Boiling point:
Anisole C7HsO 99.00%
153.8 °C
Dimethylformamide Boiling point:
v HCON(CHs)» &P 99.00%
(DMF) 153 °C
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3.2 Characterisation and sample preparation methods

This section will review the characterisation methods adopted in this research and
introduce the working principles for each method in detail. Morphological information
of the samples was gathered through microscopy, including Scanning electron
microscope (SEM) and Transmission electron microscope (TEM). Structural and
chemical properties of the products were examined using techniques that mainly
employ the loss or shift of energy in incident beams, such as Energy-dispersive X-ray
spectroscopy (EDS), Fourier-transform infrared spectroscopy (FTIR), Raman
spectroscopy and X-ray photoelectron spectroscopy (XPS). Other than these, X-ray
diffraction (XRD) was used to characterise the crystal structure of the synthesised
graphene, and Brunauer-Emmett-Teller (BET) surface area analysis was also carried out

to measure the surface areas of the porous graphene foams.

Different techniques may have different requirements for their sample preparation,
which will also be discussed in this section. It is also worth noticing that both 2D and
3D graphene were synthesised in our work. That has made more characterisation
methods applicable to our samples. For instance, FTIR and BET analyses are not usually
applicable to thin 2D graphene films grown on silicon wafers since they both require a
sufficient amount of powdered samples, preferably. Nevertheless, 2D graphene is
more suitable for characterisation techniques that prefer flat surfaces like Raman
spectroscopy and SEM. Furthermore, 2D graphene is also a suitable medium through

which the internal structure of 3D graphene can be studied.
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3.2.1 Scanning electron microscopy (SEM)

Electron Beam — Sample Interaction

Primary Electron

Secondary Electrons Beam

Auger Electrons
04-5nm

Backscattered
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Surface
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Volume of
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Figure 3.1. Types of electrons generated from different depths from sample surface
by scanning electron beam [2].
SEM is a useful technique to examine the morphology and chemical composition of
solid samples. It provides high-resolution images of samples by scanning a focused
electron beam across the sample surfaces and collecting signals mainly of the bounced
back secondary electrons and backscattered electrons 5nm - 300nm away from the

sample surfaces, as illustrated in Figure 3.1.

The secondary electrons generated right at the sample surfaces exhibit low energy but

high resolution. The intensity depends on the curvature as more electrons will be
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emitted at prominent locations with increased reaction volume. As a result, edges will
appear brighter than the flat surfaces, providing a 3-dimensional presentation of the
sample surface. Therefore, signals of secondary electrons are mainly used in surface

topography imaging.

In the meanwhile, backscattered electrons are mainly used in chemical analysis.
Backscattered electron signals are generated from incident electrons reflected straight
back after elastic scattering reaction with the specimen atoms at a deeper region.
Heavier specimen atoms can reflect more electrons than lighter atoms, thus

contrasting regions with different chemical compositions.

In this project, Zeiss Ultra 55 SEM (Germany) and FEI/Philips XL30 SEM (U.S.A) were
used to characterise the surface structures of metal catalysts, spin-coated reactant
layers, 2D graphene grown on the silicon substrates before and after being washed
with acids, and 3D graphene scaffold fabricated before and after cleansing. The
working distance was set to be around 8-10 mm, with the electron high tension voltage

set to be between 1.5 kV - 3 kV for Ultra 55 and 8 kV - 10 kV for FEI/Philips XL30.

The sample preparation procedures differed a little for 2D graphene and 3D graphene.

2D graphene layers were grown on a flat silicon wafer. Together with the wafer, the
products were fixed to SEM specimen stubs via conductive carbon tapes and sent for
a first-round SEM analysis without further treatment. Residues of metal catalysts were
spotted in the images. Since SEM analysis is non-destructive, the tested samples were
taken off the conductive tapes and cleaned in an ultrasonic cleaner with 20 ml of 20%
hydrochloric acid for an hour. Some thin graphene films had fallen off the silicon wafer
and had dispersed in the solution during the cleaning, exposing a larger surface to the
acid, resulting in a more efficient purification. The acidic solution was then replaced
by deionised water in the process of filtering. A droplet of the graphene-water solution

was deposited onto a new piece of silicon wafer, followed by evaporation of liquid in
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an oven kept at 60 °C. After the removal of metal residues, samples were sent for a

second-round SEM analysis.

In the first-round SEM analysis for 3D graphene, the foams and some scraps falling off
the foams were directly stuck onto the carbon adhesive tapes before metal catalysts
or salts were removed. No coating with gold or platinum was needed as the graphene
foams exhibited excellent conductivity. Unlike graphene films, Ultrasonication cannot
always be performed with 3D graphene foams during the washing step since some of
the 3D structures obtained were pretty fragile and would break when external forces
are applied. So instead, the foams were soaked in acidic solutions (details are to be
presented in the next chapter). After further cleaning with deionised water and drying

in the oven, samples were ready for the second-round SEM analysis.
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3.2.2 Transmission electron microscopy (TEM)

TEM is a powerful analytical tool in which a high energy electron beam transmits
through a thin sample, whose thickness is typically below 100 nm, in order to capture

high-resolution images.

TEM is similar to SEM in the way that they both make use of high energy electrons
instead of light to attain high-resolution images. The main difference between these
two techniques is that TEM collects signals of electrons transmitted through
specimens while SEM creates images by collecting reflected electrons. TEM mainly
supports investigation of material's inner structure and crystallinity while information

on surface topography and composition is generally obtained via SEM.

In this work, morphology and inner structures of 2D/3D graphene were characterised
by Philips CM20 TEM (U.S.A), FEI/ Tecnai F20 TEM (U.S.A) and FEI/ Tecnai F20 TEM
(U.S.A). CM 20 and Tecnai F20 are both installed with 200kV field emission electron
guns, while a 300kV electron gun is installed inside Tecnai F30. A 300 kV high tension
offers better coherence and higher brightness, thus delivering higher resolution.
However, such an intense electron beam may deteriorate the structure in the thin

specimen due to electron irradiation [3].

Metal residues were removed before the TEM sample preparation. For 2D graphene
flakes, after ultrasonicated and washed with deionised water, graphene suspensions
were deposited onto silicon wafers for SEM sample preparations. The suspensions
were also deposited onto lacey carbon films on 400 mesh copper grids, which were

bought from Agar Scientific (UK) for TEM sample preparations at the same time.

In the case of 3D graphene foams, since their dimensions did not meet the
requirement for TEM specimen preparation, scraps that naturally fell off the foams

were collected and washed with acid before being deposited on copper grids.
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All the grids were oven-dried at 60 °C before TEM tests were carried out.
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3.2.3 Energy-dispersive X-ray spectroscopy (EDS)

EDS is an elemental analysis technique widely used to identify a material's chemical
composition in a scanned area. The principle is illustrated in Figure 3.2. The focused
electron beam scanning across the area may hit an electron in the inner shell of an
atom, knocking the electron off from its shell, leaving a hole behind. Electrons in an
outer shell will tend to fill the hole in the inner shell to achieve a lower-energy state,
releasing an X-ray which will then be collected and measured by the EDS detector. Such
X-ray reflects the energy difference between the two shells and has a unique value for
each element. By calculation, EDS can also provide users with the weight and atomic

percentages of each element detected in the scanned region. [4]

primary e- beam

characterissic X-rays

Figure 3.2. Principle of EDS spectroscopy [5]. The primary electron beam ejects the
low-energy state electron 1 in the inner shell of an atom. The high-energy state
electron 2 fills the hole left by electron 1 and releases characteristic rays.

The EDS system used in our work is integrated into the Zeiss Ultra 55 SEM instrument.
Thus, the EDS analysis can be conducted along with the SEM analysis, and it needs no
further sample preparation. The sensitive X-ray detector is mounted in the SEM sample

chamber with continuous liquid nitrogen cooling.
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It is worth noticing that EDS is also regarded as a non-destructive analytical technique
since it only affects a small number of atoms compared to the bulk. Therefore, the
same sample can be analysed repeatedly and used for further treatments or other

tests after EDS analysis.
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3.2.4 Fourier-transform infrared spectroscopy (FTIR)

FTIR is a technique used to detect the chemical functional groups in materials by
recording an infrared spectrum of radiation absorbed or emitted by materials in any

state.

Chemical bonds in materials will extend, contract or vibrate when the infrared light
interacts with the samples. In addition, different bonds will absorb infrared radiation
at different wavenumber ranges. As a result, this technique can be used to identify the

chemical bonds in samples [6].

The equipment used for FTIR characterisation in this work is Thermo Fisher Scientific

Nicolet 5700 spectrophotometer (UK).

Since the samples are all black, infrared light can hardly penetrate them. Therefore,
almost no signal can be detected when the powdered samples are directly measured.
Therefore, the potassium bromide (KBr) pellet method was adopted. Around 0.1mg of
graphene powder sample was well mixed with 300mg of dried KBr. The powder
mixture was then finely pulverised and cold-pressed into a pellet under a force of
approximately 7 tons for around 5 minutes. The pellet was then placed in the centre
of the infrared chamber and scanned over a range from 400 to 4000 cm™. A spectral
resolution of 4 cm™ was achieved by averaging 64 scans. However, KBr tends to absorb
water from the atmosphere promptly. Hence, it would give rise to a broad band for O-

H, which will interfere with the peaks of interest.
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3.2.5 Raman Spectroscopy

Raman spectroscopy is another powerful non-destructive analytical technique that is
widely utilised in the characterisation of graphene-related materials. The laser beam
used as the light source in Raman spectroscopy is intense and exhibits
monochromatism, so it can strongly interact with specimen molecules. The incident
laser beam will interact with lattice phonons and molecular vibrations in a material,
causing a shift of laser photon energy to the left or to the right in spectra. The shifts
are characteristic and can provide various kinds of information about graphene in
terms of structures [7, 8], defects [9, 10], crystallographic disorders [11, 12] and states

of oxidation [13, 14], etc.

1,500 2,000 2,500 3,000

Raman shift (cm )

Figure 3.3. Typical Raman spectra of observed defect-free single-layer graphene (top)

and defected graphene (bottom) [15].

Spectra in Figure 3.3 displayed the typical bands generally observed in pristine and

defected single-layer graphene. From left to right:

D band around 1350 cm™ corresponds to the breathing mode of sp? aromatic
rings. It only appears with the presence of defects (e.g. vacancies or impurity
atoms) or edges (e.g. grain boundaries or the edges of graphene flakes) [16]. The

D band in graphene oxide, for instance, rises from its oxidative functional groups,
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while the presence of the D band in reduced graphene oxide is primarily due to
vacancies left in the plane after the removal of oxidative functional groups. The
intensities of the D band and the intensity ratio Ip/lc are extensively used to
measure graphene quality. In pristine graphene, the ideal value for Ip should be

0. The ratio Ip/lg increases when the defect density in graphene increases.

G band around 1580 cm™ is related to in-plane vibrations of sp? carbons. The G
peak corresponds with a high-frequency E;; mode, where carbon atoms move

within the graphene plane.

D’ band around 1620 cm™ appears when intra-valley double resonance occurs.
The peak is relatively weak and will merge with the G band when defect density

is high.

2D band around 2700 cm™ is a D peak overtone. This peak is generated in two-
phonon processes where two phonons of opposite wave vectors are involved in
conserving the total momentum in an isolated system [17]. Usually, a sharp 2D
peak can be used to identify the stacking order in graphitic materials [18] and the
number of layers in graphene [17]. Figure 3.4 compared the Raman spectra
obtained from graphene of different number of layers produced via CVD on
Si0»/Si substrates and micro-cleaving of HOPG. As the number of layers increased,
G peaks became more prominent than the G’ (2D) peaks. Broadening and up-
shifts of 2D peaks can also be observed as the graphene thickness increases. The

ideal Ig/l2p ratio for monolayer graphene is 0.5.
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Figure 3.4. Raman spectra of mono-, bi- and tri-layer graphene obtained via (a) CVD

on Si0,/Si substrates and (b) mechanical exfoliation of HOPG [19].

In this work, the structural and electronic characterisations of 2D/3D graphene were
carried out on Renishaw 1000 Raman Microscope (UK) equipped with a 514 nm Cobalt
diode laser source. Raman spectroscopy tests can be conducted on the same samples
prior to or after the SEM tests. Therefore, no further treatment or coating is needed

for both tests. At least ten different locations on each graphene sample were examined.
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3.2.6 X-ray diffraction (XRD)

XRD enables a quick crystal structure determination [20, 21] and materials' phase

identification [22]. The technique works based on Bragg’s law described in Figure 3.5.

crystal

Bragg’s Law: nA = d sin®

Figure 3.5. X-ray diffraction at Bragg angle 6 upon crystal lattice.

Two parallel beams of X-rays reflected by crystal lattice will add up constructively in
certain directions to form a diffraction pattern. The direction is associated with the

lattice spacing in Bragg's equation:

nA = d sing;

where n is a whole number; A is the wavelength of incident X-ray; d is the lattice
spacing of the tested crystal, and 0O is the angle between the crystal plane and the

incident X-ray.

Lattice spacing varies from crystal to crystal, thus making the diffraction pattern
characteristic. Consequently, by recording the intensities of reflected rays and the

corresponding scattering angles, types of crystals can be quickly identified.

The crystal structures of produced 2D/3D graphene were characterised by a Bruker 8

Discover powder diffractometer (U.S.A) with Cu-Kq1 radiation. Diffraction profiles were
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recorded from 5° to 90° with a step size of 0.02°.

Since this technique requires a traceable amount of powder form samples, only 3D
graphene foams were submitted for XRD analysis. 3D graphene foams were
intentionally pulverised into fine powders and then attached to the substrates with a

smear of Vaseline prior to the analysis.
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3.2.7 X-ray photoelectron spectroscopy (XPS)

XPS is a surface-sensitive technique that can be utilised in chemical composition

analyses of graphene-related materials [23-25].

The source for non-monochromatic X-rays is usually Aluminium (Al). Similar to EDS,
the working principle of XPS also involves ejections of electrons, in this case, from the
K shell, followed by an occupation of holes in the K shell by electrons in higher-energy
shells. Excessive energy is released as kinetic energies of photoelectrons and can be
detected and recorded by an electron energy analyser. The chemical-state-dependent
binding energy (BE) of a photoelectron is related to the incident X-ray as well as the

measured photoelectron kinetic energy (KE) by a simple equation:
BE = hv —KE — ¢

where BE stands for the binding energy of the electron; h is Planck's constant; v is the
frequency of photons; hv stands for the energy of the incident X-ray photons; KE stands
for the kinetic energy of electrons detected by the spectrometer, and ¢ stands for the

work function of the instrument which can be adjusted as a correction factor.

In our work, Kratos Axis Ultra DLD X-ray photoelectron spectrometer (UK) was used to
determine the chemical bonds in the fabricated graphene. In this spectrometer,
monochromated Al Ka acted as the X-ray source. The corresponding X-ray photon
energy (hv) was 1486.6 eV. The filament current, which decides the number of
bombarding electrons, was set to 10 mA, while the voltage applied was set to 15 kV.
Besides, the ultrahigh vacuum chamber was kept under a base pressure below 5x108
millibar (mbar). Samples prepared by suspension deposition on silicon wafers were

directly submitted for XPS analysis.
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3.2.8 Brunauer-Emmett-Teller (BET) surface area analysis

BET is a powerful tool in determining the surface areas and pore structures of solids.

The specific area of a powder form sample can be determined at an atomic level by
calculating the volume of unreactive gas, usually being nitrogen, physically absorbed

on the solid surfaces relative to the mass of the sample [26].

In our project, the BET isotherm model was adopted rather than the Langmuir
isotherm model. The key difference is that Langmuir isotherm describes the
monolayer formation of gas molecules on top of the absorbent surface, whereas BET
isotherm describes a multilayer molecule adsorption behaviour. As a result, the former
model will tend to exaggerate the measured solid's surface area when multilayers are

formed.

During the test, pressure in the sample loaded tube is increased with an increasing
amount of gas absorbed on the surface. The relationship between the number of gas
molecules absorbed on accessible surfaces and the relative pressure is described by

the BET equation:

1 c-1 P, 1

P V,,C
Va(fo_ 1) m

where V, is the volume of gas absorbed under standard conditions; P/Pg is the relative
pressure of the adsorbate gas; Vm stands for the volume of gas needed to form a

monolayer of gas on all solid surfaces, and C is a dimensionless constant.

The density functional theory (DFT) was used to analyse the pore size distribution in
graphene flakes. The model is based upon the entire molecule absorption process,
which involves the adsorbate-adsorbent interaction, pore-filling and film formation of

the absorbed gas. Therefore, it provides a more accurate approximation to the actual
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pore size distribution than the Barrett-Joyner-Halenda (BJH) method, which relates the
radius of curvatures in a sample to the pressure. The BJH method works fine for large
mesopores when approximating their sizes according to the curvature information, but

the error will become very significant for smaller mesopores and micropores.

BET tests were performed on Quantachrome Autosorb Gas Sorption Analyser (U.S.A).
The powder samples were prepared by pulverising the 3D graphene foams. In order to
remove as many impurities from the powders as possible, powders were further
washed in acidic solution and deionised water with ultrasonication prior to the BET
measurement. The remaining weight of each washed powder sample is around 0.5
grams. Empty test tubes were first rinsed with ethanol and dried before being weighed
using an analytical balance. Then, using a long spatula, powdered samples were
delivered to the bottom of the tilted test tubes without contacting the tube surfaces.
The weights of loaded powders can be calculated from the differences in test tube
weights before and after the samples were loaded. Samples in tubes were then placed
in degasser and treated with a cold flow of nitrogen overnight. After degassing,
samples were transferred to the BET test chamber and supplied with sufficient liquid

nitrogen prior to the absorption-desorption test.
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Chapter 4 Growing graphene with ferric

chloride (FeCl3) and glucose

4.1 Introduction

As was mentioned in Chapter 2, there are plenty of solid carbon sources and
metal/metal salts available to choose from as the starting materials for graphene
synthesis. Among these, materials that are cheap, non-hazardous, and with easy

access are preferred.

The graphene growth mechanism with the assist of metal catalysts often involves
carbon-metal interactions at the surfaces of contact. Therefore, solid carbon sources
were usually dissolved in various solvents and mixed with solid metal particles by stir-
mixing to achieve a larger carbon-metal contact area. However, agglomerations of
metal particles were still frequently observed, causing inhomogeneity in the quality of
graphene grown at different locations, impairing the overall electrical and thermal

conducting performance of produced graphene.

Compared with pure metal catalysts, metal salts can dissolve more easily in various
organic or inorganic solvents, which have provided a promising catalyst option for the
syntheses of graphene via catalytic graphitisation with solid carbon sources. Therefore,
in the first attempt of our study, glucose was chosen as the solid carbon source, while
FeCls was chosen as the metal salt catalyst. Diagram of chemical compositions of

glucose and FeCls are shown in Figure 4.1.
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Figure 4.1. Chemical compositions of a) glucose and b) FeCls.

Glucose and FeCls are both common lab chemicals, very low in price, non-hazardous
and soluble in water, which means homogeneous mixing of these two chemicals is easy
to achieve. Besides, the main by-products of the reactions are predicted to be iron or
iron oxides. Iron is a very reactive metal and tends to react with dilute hydrochloric

acid following the chemical equations below:
Fe(s) + 2HCl(aq) — FeCl,(aq) + H,(g);
Fe;04(s) + 8HCl(aq) = 4H,0(l) + FeCl,(aq) + 2FeCl3(aq);
FeO(s) + 2HCl(aq) — H,0(l) + FeCl,(aq).

These reactions can turn all the solid iron by-products into an aqueous form, making

the removal of solid iron residues feasible with dilute Hydrogen chloride (HCI).

Iron is also metal in the “Ni system” as carbon has a high solubility in it. Therefore,
both under-coverage and over-coverage issues should be taken into consideration

when adjusting the experimental parameters, especially the Fe/C ratio.
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Figure 4.2. Process flow diagram of 2D and 3D graphene synthesis methods used in
this chapter. For 2D graphene growth on silicon wafers, a) FeCls and glucose were
mixed in deionised water. b) Solution was then dispensed onto silicon wafer via spin-
coating. c) After being heat-treated in a tube furnace with continuous Ar/H; flow,
iron residues were removed with dilute hydrochloric acid. 3D graphene was prepared
by e) pelleting dried mixture of a) FeCls, NaCl and glucose followed by a f) heat
treatment. g) NaCl and iron residues were also removed with dilute hydrochloric
acid.

Figure 4.2 summarised the steps to take in syntheses of 2D graphene on silicon wafers
(Figure 4.2 a)-d)) and free-standing 3D graphene foams (Figure 4.2 a)& e)-g)). Sodium
chloride (NaCl) was only added when preparing solutions for 3D foam growths as it
acted as a poreforming agent and a template in a graphene 3D scaffold. Water was
evaporated to achieve a homogeneous solid mixture of NaCl, FeCls and glucose before

the mixture was palletised.
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4.2 2D graphene synthesis with ferric chloride (FeCl3)

and glucose

4.2.1 Preparation of solutions

One gram (g) of glucose powder was first weighed by an analytical balance and
transferred into a beaker. 10 ml of deionised water was then measured by a graduated
cylinder and poured into the same beaker. The atomic Fe/C ratio is controlled by

adding different amounts of FeCls to the glucose solution, as is listed in Table 4.1.

Table 4.1. Masses of the metal catalyst and carbon source for each group and the
corresponding Fe/C ratios.

Sample Group No. FeCls(g) CcH1,0¢(g) Fe/Cratio
1 1.08 +0.01 1.00+0.01 1.5
2 0.77 £0.01 1.00+0.01 1:7
3 0.68 £0.01 1.00+£0.01 1:8
4 0.27 £0.01 1.00+0.01 1:20

The beaker was then placed onto a heated magnetic stirrer followed by a continuous
stirring with a polytetrafluoroethylene (PTFE) stir bar at 50 °C for 10 minutes. FeCls and
glucose both dissolved rapidly in water at an elevated temperature. The light brown

solution was left to cool before being deposited onto silicon wafers.

4.2.2 Dropping/ spin-coating solutions onto silicon wafers

The samples were first prepared by direct deposition of droplets onto silicon wafers

using pipettes.

After access was made available to a spin coater (Laurell WS-650 spin coater), another
batch of samples were prepared by spin coating. The spinning accelerated at a rate of

300 revolutions per minute (rpm) from 0 to 300 rpm and was kept at 300 rpm for 5 s,
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during which time solutions were deposited onto the silicon wafers with pipettes. The
speed then increased to 3,000 rpm at a rate of 1,500 rpm/s and was kept for 15 s. After
the samples were oven-dried for 30 min, a uniform thin film formed on the silicon

wafer.

4.2.3 Heat Treatment

Silicon wafers deposited with carbon/metal solutions were placed in a ceramic boat.
The boat was then pushed to the middle of a tube furnace. All the heat treatments
were performed in a Vecstar 5 tube furnace supplied by Vecstar Ltd. A mixed gas flow
of 95% Ar and 5% H> was introduced into the chamber 10 to 20 min before the heating
began in order to sufficiently evacuate the air remaining in the chamber. The gas flow
rate was set at 250 standard cubic centimetres per minute (sccm) when evacuating the

chamber and 200 sccm throughout the heat treatments.

Programme 1
800 750°C = =Programme 2
== = = |=_: Programme 3
G 700 - \ \
< 600- 600°C/ \ \
o : \ \
S 500- / : \
© I- \
8_ 400 - ’\ \
\
£ 3004 ! ' .
= oo°d \
2001 J—"- \ \
. \
100 - \ \

Time (h)

Figure 4.3. Three heating programmes were set up. The temperature was increased

from room temperature to 750 °C at a rate of 5.83 °C/min and maintained for 2 h in

programme 1 (black) and 6 h in programme 2 (red, dashed). Based on programme 1,

in programme 3 (blue, dashed), the increase of temperature was temporarily halted
at 200 °C and 600 °C, and resumed after 1 h, respectively.
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Three heat-treatment programmes have been set up to investigate the effects of
different metal/carbon ratios, soaking time and heating rates in this stage. A

schematic diagram of the heat treatment process is provided in Figure 4.3.

Programme 1: The temperature first increased at the rate of 5.83 °C per minute from
room temperature to 750 °C and was maintained at 750 °C for 2 h before the furnace

was cooled down to room temperature.

Programme 2: It had the same heating and cooling conditions as programme one,

except that the temperature was maintained at 750 °C for 6 h instead of 2 h.

Programme 3: The temperature first increased at the rate of 5.83 °C per minute from
room temperature to 200 °C and was maintained at 200 °C for 1 h. Then, the
temperature was further raised from 200 °C to 600 °C at the same rate and maintained
at 600 °C for 1 h. The temperature was again raised at the rate of 5.83 °C per minute
from 600 °C to 750 °C and was maintained for 1 h before power was removed. The

furnace was then allowed to cool down to room temperature.

As no cooling system was installed with the furnace, all the samples were gradually

cooled down to room temperature in a continuous gas flow atmosphere.

4.2.4 Initial material characterisation

After the furnace was cooled to room temperature, the ceramic boat was taken out by

a tong. Annealed samples were then characterised without further treatment.
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4.2.4.1 Uniformity of the graphene film grown

Two different methods of dispensing the solutions onto silicon wafer were explored:
(1) simply releasing a single droplet onto the surface by pipette and (2) depositing a

thin film of the solution onto silicon wafer via spin coating.

Figure 4.4. Medium magnification (5,000x) SEM images showing the surfaces of 2D

graphene grown on Si substrates with ferric chloride and glucose (Fe/C atomic ratio =
1: 7). The Fe/C solution was deposited a) directly with a pipette or b) using a spin-
coater.

Synthesised with the same solution (Fe/C atomic ratio = 1: 7) and heat treatment
programme (programme 1), the surface of the sample prepared from the droplet
(Figure 4.4 a)) appears to be less uniform than that prepared by spin-coating (Figure
4.4 b)) in the images captured by SEM. The former surface shows a typical pattern of
“coffee ring”, which usually appears during the liquid evaporation process. This is
because the edge of a droplet on a surface evaporates faster than its centre. As a result,
a flow is induced from centre to edge, constantly bringing the solutes to the edge,
resulting in a thicker edge and a thinner centre [1]. That can explain the appearance
of particles of different sizes and shapes in Figure 4.4 a). On the other hand, the
sample surface prepared by spin-coating is relatively smooth. Only small particles of

comparable sizes are observed under the same magnification.
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To conclude, spin-coating can effectively reduce particle agglomeration and avoid the
“coffee ring effect” that occurs as the liquid drops evaporate. Surfaces of spin-coated
samples are more uniform and more controllable. When agglomeration is present, it
will raise the bar for sample characterisation as the sample’s properties or
characteristics may vary by location. Therefore, all the sample preparations that

involve solution deposition onto a flat surface will be carried out on spin coaters.

4.2.4.2 Effects of different heat treatment programmes

Figure 4.5. SEM images showing the surfaces of 2D graphene grown with spin-coated
ferric chloride and glucose (Fe/C atomic ratio = 1: 5) on silicon wafers. The samples
were treated with a a) & b) single-step heating programme1l and a c) & d) multi-step
heating programme 3, respectively.

The samples in Figure 4.5 a) & b) and Figure 4.5 c) & d) were prepared by spin-coating

from the same solution with a Fe/C ratio of 1:5. The only difference is that the sample
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in Figure 4.5 a) & b) went through heat treatment programme 1, which involves a
single-step heating cycle and the second group of samples went through heating

programme 3, which involves multiple steps.

The single-step heat treatment resulted in a smoother surface but with random holes
which are assumed to be formed when the gas bubbles burst. In the meanwhile, multi-
step heat treatment resulted in a less uniform surface with the appearance of particles
of different sizes. However, the surface was fully covered, and no visible hole was

observed.

4.2.4.3 Burst blister marks observed on samples surfaces

Figure 4.6. Low magnification a) 500x, b) 1000x SEM images showing the surfaces of
2D graphene grown with spin-coated ferric chloride and glucose (Fe/C atomic ratio =
1: 20) on silicon wafers. The samples were heat-treated with a single-step heating
programme 1.

Marks that appeared to be left by burst blisters were observed on the surface of
samples prepared with a low Fe/C ratio (1: 20) in Figure 4.6. Chemical equations that

describe the reactions taking place during the heat treatment are listed below:

6FeCl;(s) + CoH204(s) = 6FeCl,(s) + C4HgOq(s) + 6HCL(g)
(reduction of glucose by FeCls);
2 FeCl3(s) + Hy(g) » 2HCl(g) + 2FeCl,(s)
(reduction of FeCl; by hydrogen).
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Gaseous HCl was produced in both reductions of FeClz and glucose. The gas is highly
caustic, so it seems possible that when the HCI gas molecules trapped underneath the
graphene film try to escape, they will crack the film and leave a mark of burst blister

behind.

Another assumption is made that when the Fe/C ratio is high, glucose will tend to react
with the Fe in its vicinity. In contrast, when the Fe/C ratio is low, one Fe atom will
interact with several glucose molecules. Excessive glucose molecules will turn to
hydrogen molecules in the gas flow instead and directly release gas molecules such as
H20. In this case, the number of blisters can be decreased by increasing the Fe/C ratio
or slowing down the reactions by reducing the heating rate or adopting multi-step heat

treatment.

4.2.4.4 Chemical composition of bright particles on sample

surfaces

The bright particles observed in SEM results were further analysed by EDS and Raman.
Contrary to expectation, the surface topography of samples prepared with different
Fe/Cratios (1:7 in Figure 4.4, 1:5 in Figure 4.5 and 1:8 in Figure 4.7) did not significantly

differ in SEM images.

In Figure 4.7 a), a typical SEM image of an unwashed sample is displayed. And Figure
4.7 b) is the EDS spectrum obtained after two scans over the selected area were

averaged.
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Figure 4.7. a) SEM image of the unwashed sample (Fe/C atomic ratio = 1:8) on the
silicon substrate and b) EDS spectrum of the highlighted area.

The Si peak is the most prominent in the spectrum, with relatively weak Fe and O peaks.
There was no carbon peak identified. This might be associated with the large reaction
volume involved in EDS analysis. The incident X-ray used in this technique has a high
accelerating voltage, so it can reach deeper regions below the surface and interact
with all the atoms along its way. It is likely that EDS X-ray has penetrated through the
carbon layer easily because 1) carbon layer is thin, 2) carbon atoms are light and not
sufficient to ‘stop’ the X-ray by absorbing all its energy. A large proportion of the X-ray
energy was absorbed by the heavier silicon atoms below the surface, causing a
significant amount of silicon-related signals to be released and detected. From this
point of view, EDS integrated into Ultra 55 SEM is not an ideal tool to identify or

guantitatively analyse the chemical composition of graphene grown on silicon wafers.

Table 4.2. Chemical composition of the bright particles highlighted in Figure 4.7 a) by
energy-dispersive X-ray spectroscopy (EDS) analysis
Element Weight% Atomic %

0] 14.60 26.10
Si 59.56 60.66
Fe 25.84 13.24

Totals 100.00
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However, EDS still provided us with some helpful information on iron particles.
According to the spectrum in Figure 4.7 b) and the chemical composition of the
scanned area listed in Table 4.2, the atomic percentages for Fe and O are 13.24% and
26.10%, respectively. The atomic ratio of Fe/O is 1:2. Thus an empirical formula of FeO,
(iron dioxide) can be deduced. Nevertheless, this oxide form of iron can only be
stabilised under ultra-high pressure and temperature and does not exist under normal
conditions [2]. A plausible interpretation of the results is that the oxygen atoms
detected did not entirely originate from oxides of iron. Native silicon dioxide (SiO2) will
naturally form at the silicon wafer surface when the wafer is exposed to oxygen in the
air. However, it is unfeasible to estimate the exact amount of oxygen contained in the
protective SiO; layer as the thickness of that layer is unknown. Other than the silicon
dioxide, the oxygen may also belong to the functional groups attached to the graphene
surface during growth, indicating the formation of defective graphene instead of

pristine graphene.
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Figure 4.8. Raman Spectra of a) unwashed sample (Fe/C atomic ratio = 1:8) prepared
with heat treatment programme 1 on the silicon substrate and (b) Fe>Os in reference

[3].
The same sample was further characterised by Raman spectroscopy after being
analysed by EDS. Its spectrum in Figure 4.8 a) shows a sharp peak around 1410 cm™.
A comparison was made with the Raman spectrum of iron oxide (lll) (Fe203) presented

in Glasscock’s work (Figure 4.8 b)) [3]. The position overlap of the characteristic peak
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indicates that the big, bright particles observed on the sample surface might be Fe;03

instead of FeO,.

The peak at 1410 cm™ in Figure 4.8 a) is so intense that other peaks are dwarfed. As a
result, only a weak peak at 2620 cm™ can be observed, corresponding with the 2D

peak resulting from structural stacking in graphene-related materials.

Overall, both EDS analysis and Raman spectroscopy confirmed that the large particles
on the surface are iron oxide instead of FeCls, which implied a successful reduction of
FeCls during the annealing at high temperature with the presence of reducing gas H,.
The reduced particles of iron could then act as irregular-shape substrates for graphene

growth.

4.2.5 Sample cleaning

Since it was verified by the results of SEM and Raman analyses that iron oxides were
produced after the annealing. Compared with carbon atoms, Fe atoms are
considerably heavier and intend to interact with other chemicals as well as the incident
beams used in several characterisation techniques more strongly [4]. That usually
leads to high background in the data achieved in such techniques though the graphene
covered under these particles is the actual material of interest. Hence, it is crucial to
remove these iron oxide particles to get a clean carbon surface. As was discussed in
Chapter 4.1, iron and its oxides can all react with dilute hydrochloric acid, forming

gases, water and aqueous iron salts. A rinse with water can further remove the salts.

Samples, together with their silicon substrates, were soaked in 20ml of 20%
hydrochloric acid. The 20% acid was prepared by slowly and carefully adding 540 ml of
37% HCI to 460 ml of distilled water with constant swirling to ensure the acid was

evenly mixed.
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The acidic solution was refilled and changed every day to provide the sample with
sufficient HCI to react with until no evident impurity particles could be seen at the
graphene surface in the SEM images. This acid washing process mostly lasted one to

two weeks.

No external stimulus or force was applied at first. However, it was noticed that some
graphene flakes would naturally fall off the silicon wafers after some time of acid
washing. It can be a consequence of the iron depletion between the graphene layer
and the silicon surface. A detailed mechanism is illustrated in Figure 4.9. With an
increased amount of iron residues dissolved in dilute hydrochloric acid, gaps and holes
were left in between graphene/graphene and graphene/silicon surfaces, which may

result in a separation of graphene layers as well as the graphene falling off the silicon

substrate.
Graphene film
a) b) \ Iron residuese)
- siwafer | | |
c) f)

——J

d) g

e —— | A=

Figure 4.9. Schematic diagram of the iron residues dissolution and graphene film
falling off processes. a) Sample was placed in a hydrochloric acid solution for iron
oxide particles removal. b) A close-up image of the graphene film grown on top of
the silicon wafer with residues distributed in between graphene layers and the
surface between Si and graphene. c) & d) Residues gradually dissolved in HCI
solution. e) & f) Holes were left in between graphene/graphene and graphene/Si
surfaces, causing the thin graphene layer to detach from the Si substrate. g)
Graphene film fully detached from the substrate and separated into thinner layers.
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Since graphene flakes were now dispersed in the acidic solution after falling off the
substrate, ultrasonication was applied to accelerate the removal of residues and
further open the gaps between graphene layers to obtain graphene with improved

purity and decreased thickness.

Dilute hydrochloric acid was changed and refilled through pump filtration followed by
a rinse with deionised water. This process was repeated several times before the
washed graphene was finally dispersed in deionised water and deposited onto silicon

wafers for further characterisation.

4.2.6 Characterisation of further cleaned samples

4.2.6.1 Effects of sample cleaning with hydrochloric acid

Figure 4.10. a) & b)SEM images of samples (Fe/C atomic ratio = 1:8) prepared with
heat treatment programme 1 after being washed in dilute hydrochloric acid with

ultrasonication.

After ultrasonication facilitated washing in hydrochloric acid, a substantial amount of
the iron oxides have been dissolved and removed, leaving some pits on the surface, as
shown in Figure 4.10 a). It seems unfeasible to remove all the iron oxide particles

remaining in the film for the following reasons:
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i) Some of the particles may be stuck in between the wrinkles observed in Figure

4.10 b). Graphene is impermeable and has made it difficult for the residue

particles and the aqueous HCl to reach each other.

ii) Graphene might have been functionalised by Fe [5, 6], which implies that

graphene and Fe can be conjugated rather than just physically attached.

iii) In common with the first reason, due to the complex morphology of the

graphene surface, even if the iron oxides were fully dissolved, the derived

FeCl,/FeCls salts could still be trapped in the structure and transformed into

white solids after water solvent evaporated
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Figure 4.11. Raman spectra of samples (Fe/C atomic ratio = 1:8) prepared with heat
treatment programme 1 a) before and b) after being washed in dilute hydrochloric
acid with ultrasonication. The D peak (red), G peak (blue) and 2D peak (pink) in the
second spectrum were fitted with Lorentzian function.

Raman spectra of the same sample showed a significant difference before (Figure 4.11

a)) and after (Figure 4.11 b)) the sample was washed in dilute hydrochloric acid.

The spectrum of the unwashed sample was dominated by a sharp peak around 1410

cm?, which is associated with the presence of Fe;0s.

The characteristic graphene-related peaks were observed after the sample was
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washed. The first peak at around 1370 cm™ is a D band that reflects the density of
defects (can be vacancy type defects, impurity atoms, grain boundaries, flake edges,
or functional groups). The high intensity of the D band indicates the presence of a large

number of defects in the plane.

The second peak at 1577 cm™ is the G band which indicates the presence of sp? bonds

and is related to in-plane vibrations of sp? carbons.

The 2D peak at 2670 cm™is a D peak overtone and indicates the stacking order in

graphitic materials, while the peak at 2870 is another defect-related D+D’ peak.

Table 4.3. Key parameters of D, G, 2D and D+D’ peaks in the fitted Raman spectrum
curve (Figure 4.10 b)) obtained from the sample (Fe/C atomic ratio = 1:8) prepared
with heat treatment programme 1 after being washed by dilute hydrochloric acid
with ultrasonication.

Curve name Centre Width Height % Gaussian Type Area ChiSq
Curve 1 1372.12 205.036 2000.09 0 Lorentzian 644170 1.01E-08
Curve 2 1577.61 99.1496 2147.43 0 Lorentzian 334449
Curve 3 2670.8 249.875 336.45 0 Lorentzian 132058
Curve 4 2872.54 198.816 350.491 0 Lorentzian 109458

The intensity ratios Ip/lc and le/l2p of the washed sample can be calculated with the

parameters regarding D, G and 2D peaks provided in Table 4.3:

In/lc =2000.09/2147.43 = 0.93;

|G/|2D = 2147.43/336.45 = 6.38

The ratio Ip/lg reflects the quality of graphene, and it increases as defect density in
graphene increases. A ratio of 0.93 is not comparable to that in pristine graphene
obtained via mechanical exfoliation [7, 8] or liquid phase exfoliation [9]. But it is still

superior to that obtained via GO reductions [10, 11], which is generally greater than 1.

The high le/l2p ratio suggests that the number of layers in synthesised graphene is
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relatively large, which is in accordance with the observations in SEM images.
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4.3 3D graphene synthesis with ferric chloride (FeCl3)

and glucose

4.3.1 Pellets preparation

The 3D structure in graphene foams was fabricated by using pellets of carbon/metal
mixture instead of films on silicon in the case of 2D graphene growth. In most literature
reviewed in Chapter 2, metal or metal salt particles were directly made the body of 3D
foams. Namely, in order to make a ten cubic decimetre (dm3) graphene foam,
approximately ten dm? of metal catalyst will be used in the fabrication. However, that

does not seem to be adaptable when shapes of large dimensions are desired.

In our work, sodium chloride (NaCl) was added to the carbon/metal mixture and acted
as a template as well as a pore former in the process of 3D foam fabrication. Just as
glucose and FeCls, NaCl is inexpensive, non-hazardous and accessible to almost every

lab. It is also easy to remove with water after the foam synthesis is completed.

Table 4.4. Masses of NaCl, metal catalyst and carbon source for each group and the
corresponding Fe/C ratios.

Sample Group No. NaCl(g) FeCls(g) C¢H1206(g) Fe/Cratio
1 1.00+0.01 5.42+0.01 1.00x0.01 1:1
2 1.00+0.01 1.08+0.01 1.00x0.01 1:5
3 1.00+£0.01 0.54+0.01 1.00+0.01 1:10
4 1.00+0.01 0.27+0.01 1.00x0.01 1:20
5 1.00+0.01 0.11+0.01 1.00x0.01 1:50

1 g of NaCl powder and 1g of glucose were weighed and dissolved in 10 ml of deionised
water. The atomic Fe: C ratio (ranging from 1:1 to 1: 50) was still controlled by adding
various amounts of FeCls to the solution, as listed in Table 4.4. The solvent was

evaporated before the mixture was cold-pressed into a spherical pellet of 1cm in
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diameter, around 0.7 to 1 cm in height, for samples in groups 2 to 4 and around 3cm

for samples in group 1.

4.3.2 Heat Treatment

The annealing of 3D samples was carried out at the same heating conditions as for 2D

samples. In addition, programmes were set up for single- and multi-step annealing.

4.3.2.1 Effect of single-step and multi-step heat treatment

b.
S6 S7 S8 S9 5§10

e —

S1 S2 S35

Figure 4.12. Photo images of pellets prepared with different Fe/C atomic ratios (from
left to right in each boat: 1:1; 1:5; 1:10; 1:20; 1:50) after heat-treated under
programme 1 (S1-S5) and programme 3 (S6-510).

Pellets that annealed under programme 1 (Figure 4.12 a)) turned into powders during
this process. Sample 5 was the only one that still maintained its pellet shape, but it
also turned into powder when a lab spoon was used to pick it up. The powder scraps

of different samples were mixed at surfaces of contact and could not be separated.

The powderisation has resulted from the single-step, rapid heating in programme 1.
As discussed in Chapter 4.2.4.3, during the heating, samples will release gases
including H,0 from pyrolysis of glucose and dehydration of FeCls -6H,0, and HCI from

the reduction of FeCls.
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When the temperature was raised up to 750 °C directly, all the reactions took place
within a short time with a vast amount of gases escaping from the pellets all at once.

Thus, the template was broken even before graphene was formed.

On the contrary, programme 3 has given each reaction at different temperatures
sufficient time, so the gases were released gradually. In Figure 4.12 b), the edges of
some samples were still powdered, but the samples all maintained the pellet shape,

and they can easily be picked up by hand without being crushed.

Samples obtained through heat treatment programme 3 were further processed and

characterised.

4.3.2 Initial material characterisation

4.3.2.1 Chemical compositions of powders obtained straight after

heat treatment

Spectrum 1
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Figure 4.13. a) SEM image of Fe/C atomic ratio = 1: 10 sample surface after multi-
step heat treatment. b) EDS spectrum of the selected area marked in a).

In Figure 4.13 a), a few large cubic crystals surrounded by smaller particles can be
observed. Judging from the shapes of the crystals, the cubic particles are believed to

be NaCl crystals while, in accordance with previous findings, the smaller bright
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particles surrounding NaCl should be oxides of iron. The EDS spectrum further
confirmed this in Figure 4.13. Without the strong background peaks originated from

Si/SiO, wafers, a clear, prominent peak from carbon could be detected.

Detailed element composition information is provided in Table 4.5. It should be
noticed that, since the sample was mounted to the SEM test stub by an adhesive
carbon tape, the content of the carbon detected was not solely resulted from the

graphene synthesised.

Table 4.5. Chemical composition of the area highlighted in Figure 4.13 a) by energy-
dispersive X-ray spectroscopy (EDS) analysis

Element Weight (%) Atomic (%)

C 60.37 74.95
o 12.44 11.59
Na 10.79 7.00
Cl 13.54 5.69
Fe 2.87 0.77
Totals 100.00

The ratio of atomic percentages of Na to Cl was approximately 5:4, indicating the
composition of NaCl. Furthermore, the high concentration of O (atomic % = 11.59),
compared with that of Fe (0.77%), indicated that except for iron oxides formed as
particles in the body of graphene foam, the graphene might also have been doped

with oxygen.

4.3.3 Pellets washed with hydrochloric acid

The pellets were directly put into 100 ml of 20% hydrochloric acid to remove sodium

chloride, iron and iron oxides. The pellets soon collapsed into tiny pieces in the acid.
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The samples were then left dispersed in acid and stirred in a magnetic stirrer for 24 h
to facilitate the dissolution of iron products and NaCl. After 24 h, the solutions were
pump filtered, followed by a deposition of solution onto silicon wafers as well as TEM
copper grids in preparation of samples for various characterisations. The rest of the

samples were oven-dried at 60 °C.

4.3.3.1 Morphology and chemical composition analyses of

samples washed in hydrochloric acid.

Figure 4.14. SEM images of the collapsed pellet (Fe/C atomic ratio = 1:20, multi-step
heat-treated) washed in hydrochloric acid. a) showed a foam structure of the 3D
graphene and b) highlighted residues covered under or inside a thin graphene
membrane.

Although the pellets (Fe/C atomic ratio = 1:20, multi-step heat-treated) soon
collapsed into tiny pieces during the acid washing process, the pieces still maintained
a porous 3D structure as demonstrated in Figure 4.14 a). The thin membrane is highly
transparent to the electron beam, and through the thin membrane, some cubic

particles can be spotted wrapped inside.

Figure 4.14 b) showed an ultra-thin edge of a flake under SEM. Again, bright particles

were observed lying beneath the thin membrane.

112



The composition of the bright particles trapped in synthesised 3D graphene foam was
confirmed to be NaCl by EDS spectra in Figure 4.15. However, there was no evidence
which indicated the presence of iron oxides. Therefore, hydrochloric acid is highly

effective for removing iron by-products.
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Figure 4.15. SEM images and corresponding selected area EDS spectra of the pellets
(Fe/C atomic ratio = 1:20, multi-step heat-treated) washed in acid.

4.3.5 Further sample cleaning with deionised water followed by
sample characterisation

Since a traceable amount of NaCl was still observed and detected after the cleaning
with hydrochloric acid, samples were given a further cleaning in 100 ml of deionised

water repeatedly. Same stirring, pump filtering and refilling procedures were adopted.

EDS, combined with SEM analysis, was employed to monitor the progress of sample
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cleaning. These procedures were repeated until most NaCl and iron residues were

removed.

4.3.5.1 Morphology and chemical composition analyses of

samples washed with hydrochloric acid and deionised water

3um ! Electron Image 1
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Figure 4.16. SEM images with the corresponding a) selected area EDS spectrum and
b) EDS map of the 3D foam (Fe/C atomic ratio = 1:20, multi-step heat-treated)
washed in hydrochloric acid and deionised water.

According to the data presented via the selected area EDS spectrum and EDS map in

Figure 4.16, after repeated washing in deionised water, only carbon could be detected

on the silicon wafer, which indicated that a substantial amount of sodium chloride
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residue had been removed.

Figure 4.17. High-resolution TEM images of the 3D foam (Fe/C atomic ratio = 1:50,
multi-step heat-treated) washed in hydrochloric acid and deionised water.

The TEM images in Figure 4.17 a) confirmed the interconnected porous structure of
3D graphene foam obtained after the annealing and washing. In addition, the
membrane was thin and highly transparent, indicating a low number of layers in the

fabricated graphene. Besides, no evident residue of NaCl or iron oxides was spotted.

4.3.5.2 Crystal structure determination of samples washed with

hydrochloric acid and deionised water

The crystal structure of the powdered 3D foam was analysed by XRD. Figure 4.18 b)
depicts different shapes of the XRD patterns recorded for graphite (black), GO (red)

and graphene (blue) materials [12].

The sharp, intense peak at 26 = 26.4° in graphite has resulted from the diffraction of
its (002) planes. The corresponding lattice spacing is calculated to be 0.34 nm
according to Bragg’s Law. XRD pattern for GO usually shows a lower intensity

characteristic peak around 20 = 11° from diffractions in (001) planes with an expanded
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lattice spacing of 0.8 nm. The 20 = 26.4° peak is related to the diffraction of X-ray by
lattice perpendicular to the carbon basal plane. Therefore, single-layer graphene gives

little to no signal in its XRD pattern.

(002) :
2 Graphit
= raphite
2
Q
2 [
1= \jL GO
= __-ﬂ-fh""-\—-—.-
10 20 30 40 50 60 0 10 20 30 40 50
26 (degree) 2 0

Figure 4.18. a) XRD pattern obtained from powdered 3D foam (Fe/C atomic ratio =
1:10, multi-step heat-treated) washed in hydrochloric acid and deionised water. b)
XRD patterns of graphite (black), GO (red), and graphene (blue) compared in Johra’s
paper [12].

The 26 peak recorded for the washed powdered 3D foam was around 24.5° (Figure
4.18 a)), indicating an average interlayer spacing of 0.36 nm, which is slightly larger
than the lattice spacing in graphite. The increased spacing may result from the out-of-
plane defects on graphene sheets due to doping with oxygen, which agrees with the
findings in EDS analysis (see Chapter 4.3.2.1). In addition, the evident shape and
intensity of the peak revealed a stacking structure in the synthesised 3D graphene,

which is consistent with the result of Raman analysis (see Chapter 4.2.6.1).

Samples prepared with different Fe/C ratios were all analysed by XRD. The average 26
positions and corresponding lattice spacing were calculated and summarised in Table

4.6. Plots of the crystal information against the Fe/C ratios were made (Figure 4.19).
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Table 4.6. Table of average lattice spacing for samples prepared with various Fe/C
atomic ratios calculated from the average 26 positions recorded in XRD patterns.

. . average lattice
Fe/C atomic ratio average 26 (degree) i
spacing(nm)

1:1 25.7 0.355
1:5 24.8 0.367
1:10 24.5 0.371
1:20 22.6 0.401
1:50 21.5 0.420

; ; . . . 0.43

26 —a—average 20 (degree)

-0.42

—a—average lattice spacing(nm)
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Figure 4.19. Plots of average lattice spacing and average 206 positions against Fe/C
atomic ratios derived from Table 4.6.

As the concentration of carbon increased, the 26 position was shifted to a lower angle,
leading to an increase in graphene’s lattice spacing. Namely, as more carbon was
added to the starting material, the interlayer distance was enlarged, the more

expanded the graphene became.

4.3.5.3 Structural information about samples washed with

hydrochloric acid and deionised water

Raman spectra were acquired for the samples treated under a multi-step heating
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programme. After baseline subtraction and curve fitting with the Lorentzian function
(as illustrated in Figure 4.11 b)) were done, information of the characteristic D, G, 2D
peaks was recorded for each spectrum. Multiple spectra were acquired for each
sample at 30 randomly chosen locations at least. After taking averages of the data, the

curves were normalised and stack-plotted in Figure 4.20.
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Figure 4.20. Average normalised Raman spectra of samples prepared with various
Fe/C atomic ratios.

The intensity ratios for samples prepared with different Fe/C contents were

summarised in Table 4.7 and plotted against the Fe/C ratio in Figure 4.21.

The Ip/lg ratios obtained in 3D graphene samples are slightly lower than the ratio
previously obtained in 2D graphene, indicating a lowered defect density achieved in
3D graphene. In addition, the Is/l2p ratio is also decreased from ~6 (for 2D graphene)

to ~3 (for 3D graphene), indicating a decreased number of graphene layers.
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Table 4.7. Table of average Ip/lsc and lg/l2p ratios for samples prepared with various
Fe/C atomic ratios.

Fe/C atomic ratio average I/l average lo/lsp
1:1 0.869 2.431
1:5 0.895 3.201
1:10 0.913 3.162
1:20 0.949 3.019
1:50 0.936 2.583
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Figure 4.21. Plot of Ip/lg and lg/l2p ratios against Fe/C atomic ratios derived from
Table 4.7.
As the concentration of carbon in the starting material increased, the intensity ratio
In/lg also increased, indicating that more defects were appearing in the graphene plane.
In the meanwhile, the intensity ratio ls/l2p first increased when the ratio of Fe to C
changed from 1:1 to 1:5 but continued to go down when more carbon was added.
Namely, the number of layers in the produced graphene was first increased and then

decreased.

In summary, when the ratio of Fe/C varied from 1: 5 to 1: 50, as the carbon
concentration increased, thinner graphene with more defects was produced. And

when the Fe/C ratio changed from 1:1 to 1:5, graphene produced became thicker and
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more defective.

4.4 Discussion of the results

In this chapter, the routes of fabricating 2D/3D graphene via catalytic graphitisation of

glucose with FeCls were introduced and explored in detail.

2D graphene film and 3D graphene foam were successfully synthesised with glucose
as the solid carbon source and ferric FeCls as the metal salt catalyst. NaCl was also
introduced in 3D graphene fabrication, acting as a template for the porous foam

structure.

The samples were further cleaned and characterised with various techniques,

including SEM, EDS, TEM, Raman and XRD.

In 2D graphene synthesis, spin-coating was a practical approach to reduce
agglomerations of precursors on flat surfaces, leading to more consistent growth of 2D

graphene.

Single-step heat treatment resulted in a smoother surface with random holes, while

multi-step heat treatment resulted in a less uniform but fully covered surface.

With closer observation, burst blister marks were found at the surface of samples
which were annealed with a single-step heat treatment programme. The marks were
believed to be left by gas molecules produced during the reaction when they escaped.
These cracks impaired the structural integrity of graphene, which led to a significant
drop in graphene’s fracture toughness. It was later verified in the process of 3D
graphene fabrication, as the samples annealed under a single-step heating programme
all collapsed during the heat treatment. In contrast, the samples annealed under a

multi-step heating programme all maintained their shapes throughout the annealing.

The generation of iron oxides was confirmed by EDS and Raman analyses. This implied
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a successful reduction of FeCls during the annealing. The reduced particles of iron
could act as catalysts as well as irregular-shaped substrates for graphene growth. After
a sample cleaning with dilute hydrochloric acid, most iron oxide particles were
effectively removed, but some residues were still observed and detected trapped in

graphene wrinkles or enclosed by graphene.

The products showed features that are characteristic of graphene in terms of their
molecular vibrational mode. However, there was also evidence for the presence of
defects in produced graphene, which might be associated with the oxygen detected.
The content of defects in the synthesised products is comparable to but still lower than
the content of defects measured in reduced graphene oxide. 2D graphene layers
produced this way were thick, which is reflected by the EM images as well as the high

values of Ig/l2p ratios in Raman spectra.

In the process of 3D graphene fabrication, all the samples that were heat-treated with
the single-step programme collapsed after the treatment, while all the samples that
went through the multi-step programme survived the heat treatment and maintained

the pellet shape.

Sample cleaning in dilute hydrochloric acid was followed by a second-round cleaning

in deionised water to remove both iron oxide and NacCl.

The porous structure of the fabricated 3D graphene was confirmed by microscopy. The
interconnected graphene membrane was thin, highly transparent, indicating a

relatively low number of stacked layers.

A lower lg/l2p ratio achieved in Raman analysis also demonstrated that graphene
synthesised in 3D foams was generally thinner than the 2D graphene grown on silicon
wafers. Besides, no residue of NaCl or Fe was spotted or detected.

The graphitic structure of 3D foams was confirmed by XRD, with a broad (002) peak
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present around 20 = 21.5° to 26=25.7°. The lattice spacing was increased when carbon

concentration in starting material was increased.

Raman data showed us that, generally, when more carbon was added to the starting
material, more defects were introduced, and the graphitic stacking structure was
gradually lost with one exception when the ls/l2p increased with the increase in C/Fe
ratio from 1:1 to 5:1, which indicated that the number of graphene layers was

increased or the stacking structure was enhanced.

Taking all the evidence presented into consideration, here, we propose a possible

mechanism of graphene growth with glucose and ferric chloride via graphitisation.

At high temperatures, with the assistance of reducing gas Hz in the reaction chamber,

FeCls can be reduced to Fe and act as a ‘Ni system’ catalyst for glucose.

Carbon atoms in glucose near the surface of Fe particles will give up their original
bonds with H or O and be absorbed by Fe. However, Fe can only absorb a certain
amount of carbon. Therefore, when the carbon concentration reaches the maximum,

to the excessive carbon, the catalytic effect of Fe is lost.

Carbon atoms that diffused into Fe will precipitate onto the Fe surface and form a
membrane around Fe particles, upon cooling. Since the particles are cold-pressed into
pellets, surfaces of Fe particles may touch, leading the carbon atoms to form an
interconnected structure inside the pellet. When the amount of Fe is sufficient and no
excessive glucose is present, high-quality graphene with low defect density can be

obtained.
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Figure 4.22. Schematic of glucose hydrogenation [13].

As carbon concentration increases, even though H; can also help reduce the glucose,
it can only convert the aldehyde group (-CHO) in glucose to a primary hydroxymethyl

(-CH20H) group, -OH will stay attached to carbon [13].

A schematic diagram of graphene growth at Fe surface with excessive glucose is shown
in Figure 4.23. Upon cooling, excessive glucose may take up the sites where the
absorbed carbon tends to precipitate, blocking some ‘paths’ for carbon to diffuse, thus
leaving ‘holes’ in the graphene grown. Thus, as the number of graphene layers
increases, the number of vacancy-type defects detected will also increase since such
vacancies will appear in each graphene layer as the growth continues. However,
graphene may override the glucose and form a layer over it when the graphene is
thicker than the dimensions of these glucose molecules. From then on, since the
maximum number of vacancy-type defects is reached, the detected defect density will

be decreased.
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Figure 4.23. Schematic diagram of graphene growth at Fe surface with the presence
of excessive glucose. Excessive glucose (red) at Fe surface has blocked the path for
some carbon atoms to precipitate. Therefore, graphene (grey) will only grow within
the uncovered regions. With the increase of precipitated carbon atoms, a) single-
layer graphene (light grey) turns into b) multi-layer graphene (slightly darker grey). c)
As the graphene layer gets thicker (dark grey), it may override the glucose and form a
layer over glucose (muddy red).

Moreover, the excessive molecules and groups at metal surfaces may further interact
with the precipitated carbon, especially when the number of precipitated layers is still

low.

As reviewed in Chapter 2.1.3, single-layer graphene exhibits high activity at irregular
sites such as its edges, defective sites, and wrinkles. In our case, the iron surface can

be regarded as a bent substrate. Depending on each iron particle's size and surface
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morphology, the extent of bending may vary, but that will always cause distortions in

synthesised graphene, which can also make the surface of graphene more active.

This proposed interpretation can explain the shifts in XRD peaks and changes in

intensity ratios of Raman peaks.

As the carbon concentration increases, there will be more excessive glucose hindering
the growth of graphene on iron surfaces. More molecules or groups will interact
with the synthesised graphene, forming an increased number of defects on the
graphene membrane and opening up the interlayer spacing of graphene by
intercalating or doping. As a result, the (002) related lattice spacing measured in XRD
increased as more carbon was added. In addition, the stacking structure was also
gradually lost as intercalation went on, causing a decrease in lg/lop ratio. These
interactions will all increase the defect density in graphene; hence, an increased Ip/ls
was also measured. The exception in the downward trend of ls/l2p ratio may occur
when the carbon concentration was insufficient at the beginning, where the growth

may suffer an under-coverage issue at some locations and result in a low lg/l2p.
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Chapter 5 Growing graphene with
polyacrylonitrile (PAN) and copper (Cu)

5.1 Introduction

In our previous study of growing graphene with ferric chloride (FeCls) and glucose,
both 2D and 3D graphene were successfully synthesised with a simple and
straightforward procedure. However, though the quality of as-synthesised graphene is
comparable to that of typical rGO products, it is believed some adjustments can still
be made to achieve higher quality 2D/3D graphene via catalytic graphitisation of solid

carbon sources.
The limitations of our previous study are demonstrated below:

i) Iron salt was used as the metal catalyst. It is a “Ni system” catalyst in which
carbon has high solubility. This implies that the quality, more specifically, the
number of layers of graphene obtained through the heat treatment, primarily
depends on the cooling rate. However, the cooling rate is not to be controlled
with our Vecstar 5 tube furnace, as there is no cooling system installed with
this equipment. That might have been the direct cause of the multi-layer
graphene structure, which was confirmed through characterisations. To tackle
this problem, we decided to exploit the mechanism under the other category
of catalytic graphene growth, by using Cu as the catalyst instead of Fe because
graphene grown on flat 2D copper substrates is usually self-limited to be one-
atom thick. It can be a test for the feasibility of adapting this method to 3D
graphene fabrication. Cu with different particle sizes (420 um, 180 um and 1

um) were used in the following experiment.

i) The graphene foams fabricated in the previous study had low toughness, which
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has led to an easy fracture. It is believed that the gas molecules produced
during the heat treatment will break the structure when they try to escape.
This time, we attempt to solve the problem by substituting the carbon source
in the starting material. PAN, being the most common precursor used in the
carbon fibre industry for its superior stability and strength, was chosen to be
the solid carbon source for our following study. According to Manocha’s work,
published in 1996, after being thermally pre-oxidised at low temperatures
(usually 180 °C ~270 °C), PAN will exhibit high yield and superior mechanical
properties [1]. Pre-oxidised PAN may enable the pellets to maintain their
shapes during the heat treatment. That can also benefit the graphitisation
process, as it will make the carbon source and the metal catalyst to be in better
contact. Also, since PAN degrades before melting, it can be treated at rather

high temperatures.
5.2 Reselecting materials for graphene growth

As described in the last section, PAN and Cu have been selected as the solid carbon
source and metal catalyst for catalytic graphene growth. Still trying to take advantage
of the material’s liquid form in pursuit of better dispersion, a simple solubility test was
performed in order to find a suitable organic solvent for PAN. In the test, 0.5 g of PAN
was added to 10 ml of acetone, chloroform, DMF, and anisole, respectively. The
solutions were heated to 50 °C and stirred in a magnetic stirrer for several hours.
Observations were made afterwards, and DMF was the only solvent that dissolved PAN
within 2 hours. As a result, DMF was chosen to be the solvent for PAN in the next step

of sample preparation.
5.3 Adjusted fabrication routes

Since the starting materials were changed, the mechanism behind the graphene
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growth was also altered. The procedures should be tailored to support the graphene

synthesis with PAN and Cu specifically.

5.3.1 Mixing and pelletising of materials

Half a gram of PAN was first dissolved in 10 ml of DMF. The solution was then mixed
with 1 g of NaCl and 1 g of Cu of various particle sizes (420 um, 180 um and 1 um). The
particles of Cu and NaCl were all wrapped by the PAN/DMF solution and formed a gel-
like mixture. Without removing the solvent, the particles, covered with viscous carbon
precursor, were directly cold-pressed into a pellet under a pressure of 10 megapascals
(MPa) for 10 minutes. DMF was then removed by drying in the oven at 60 °C for several

hours until the samples were thoroughly dried.

5.3.2 Pre-oxidation of PAN

Pellets were thermally oxidised in air at 270 °C for 2 h. The heating rate was 5 °C per
minute. The pre-oxidation was carried out in High-Temperature Laboratory Oven — LHT

(Carbolite Gero Ltd., UK).

5.3.3 Removal of sodium chloride

NaCl has a melting point of 801 °C, which is lower than the intended heat treatment
temperatures for the graphitisation of PAN at the next step of this experiment.

Therefore, NaCl was opted to be removed before the high-temperature treatment.

NaCl was removed by dissolving the pellets in deionized water. The deionized water
was refilled frequently for two days. The pellets were then dried in an oven again at
60 °C for several hours. By this stage, pre-oxidation of the interconnected PAN in
pellets should have already stabilised the pellet structure. Therefore, even if the pore-

forming template NaCl was removed, the pellets still maintained their shapes.
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5.3.4 Heat treatment

All the heat treatments were performed in a Vecstar 5 tube furnace with a mixed gas
flow of 95% Ar and 5% H,. The gas flow rate was set at 200 sccm throughout the heat
treatment. Samples were gradually cooled down to room temperature with a

continuous flow of Ar/H; to avoid the occurrence of oxidation in this stage.

The variables introduced were: 1) graphitisation temperature (900 °C and 1000 °C); 2)
graphitisation time (1 h and 2 h); and 3) heating programmes (single-step and multi-

step). Details of the heating programmes are given below:

Programme 1: the temperature was increased at a rate of 5 °C per minute from room
temperature to 900 °C or 1000 °C and was maintained for 1-2 h for graphene growth

before the furnace was cooled down to room temperature.

Programme 2: The temperature was first increased at a rate of 5 °C per minute from
room temperature to 200 °C and was kept at this temperature for 1 h. The temperature
was then raised from 200 °C to 600 °C at the same rate and was maintained for another
hour before being brought to 900 °C or 1000 °C again, at the rate of 5 °C per minute.
After a1 hor 2 h growth of graphene, the power supply for the furnace was shut down,

and samples were cooled to room temperature.

5.3.5 Copper removal

Copper residues in the pellets were removed by first immersing the pellets in 500 ml
of 1 mol FeCls/ 10% HCI water solution for 2 days and then in 10 % HCI solutions for
another two days in order to remove the Fe produced in the previous step. The 10 %
HCl was prepared by slowly and carefully adding 270 ml of 37% HCI to about 500 ml of
distilled water in a volumetric flask with constant swirling to ensure the acid was

evenly mixed. Then more distilled water was added until the level just reached the
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one-litre mark on the flask. Finally, 162.204 grams of anhydrous FeClz was dissolved in

the diluted acid.

420um 180um

--Q
S @ @

Figure 5.1. Photo images of washed samples prepared with 420 um (left), 180 um
(middle) and 1 um (right) Cu particles. All three samples were produced after single-
step heat treatment at 1000 °C for 2 h.

Unlike the 3D products synthesised with glucose and FeCls, the structure of most
graphene foams produced with PAN and Cu did not collapse throughout the washing
(Figure 5.1). Therefore, ultrasonication was not involved in this step, so unnecessary
damage to the synthesised products was avoided. However, that has also made the
removal of residues more challenging than before. This is because reactions between
metal particles and ions only occur when they are in contact, which requires the ions
in solution to travel or permeate through the micro-porous and macro-porous
structures in graphene foam to reach the wrapped metal particles. Therefore, the

washing process in this synthesis took far more time than in the previous study.
The reactions involved can be described by the following chemical equations:
3 Cu(s) + FeClz(aq) = Fe(s) + 3 CuCl(aq);

Fe(s) + 2HCl (aq) — FeCl,(aq) + H, (9).
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The process was repeated 3-5 times until the majority of the copper residues were
removed. Pellets were then dried in an oven at 60 °C. After this process, samples were

ready for characterisation.

Photo images in Figure 5.1 also provided surface morphological information about the
synthesised graphene foams. After being thoroughly cleaned with iron chloride and
hydrochloric acid, the samples maintained substantially the same shape. From left to
right, samples were prepared with smaller and smaller Cu particles. And the foam
showed an increased ability to resist structural damage during the washing when Cu

particle size decreased.

Three samples collapsed during the washing. They were prepared with: 1) 420 um
copper, single-step heat treatment at 1000 °C; 2) 180 um copper, single-step heat

treatment at 1000 °C; and 3) 420 um copper, multi-step heat treatment at 1000 °C.

Proposed explanations were made upon the evidence above:

i) Different chemical reactions usually take place when different conditions are
met. In terms of temperature-sensitive reactions, when the temperature is
gradually increased, they should occur in succession, split by the different
temperature ranges preferred by each individual reaction. However, when the
heating is rapid and no pause is made, it allows several reactions to initiate
within a short time. As observed and studied in our previous work on the
synthesis of graphene with glucose and ferric chloride, the gases released
during the heat treatment played an important role in deciding the sample’s
structural and mechanical properties. If reactions that involve the release of
gases all occur at once, a large number of gas molecules will be produced
within a short time. The porous structured foam can be viewed as a container
or cage for the gas molecules. With the increased gas concentration, gas

molecules will hit the ‘walls’ around them more frequently and violently. As a
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result, the gas molecules will crack some surfaces, and, as was reviewed in
Chapter 2.1.3, cracked graphene will experience a rapid brittle fracture at
significantly lower stress. In another way, when multi-step heat treatment is
employed, fewer reactions will occur at the same time, which allows gas
molecules to find more mild ways to escape, the structures of samples can be

efficiently preserved.

ii) When the Cu particles used are too large, Cu particles will interconnect with
each other and become the framework of the foam structure. Therefore, when
Cu is removed during the washing step, the essential supporting structure is

also removed, the foam will collapse rapidly.

The interpretation above implies that the risk of sample collapsing may be reduced by

using smaller Cu particles and running the heat treatment with multi-step programmes.
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5.4 Results

5.4.1 Morphological and chemical analyses

5.4.1.1 Influence of heat treatment temperature

Figure 5.2. SEM images of sample surfaces. Samples were prepared with 180 um Cu,
multi-step heat treatment at a) 900 °C and b) 1000 °C for 2 h.

Figure 5.2 shows the surfaces of two samples imaged under SEM. Both samples were
prepared with 180 um Cu and heat treatment programme 2 for 2 h. The heat
treatment temperature was 900 °C for the sample in Figure 5.2 a) and 1000 °C for the

sample in Figure 5.2 b).

Higher heat treatment temperature has resulted in a smoother sample surface. Grains
with diameters around 100 nm can be observed on the surface of the sample, which
was heat-treated at a lower temperature. Point scans were performed on SEM-EDS to

identify the elemental composition of the particles.
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Figure 5.3. EDS point scan images and chemical composition tables of bright particles
on the surface of the sample in Figure 5.2a).

According to the point scan results displayed in Figure 5.3, the dominant element
detected was carbon. It suggests that most of the impurities, such as NaCl crystals and
Cu particles have been sufficiently removed, and the rough surface in Figure 5.3 a) is
more likely to be a result of patched graphene domains rather than residues. With
further heating, the domains will grow and finally merge with other domains in the
vicinity to form a more extensive, patched domain. This graphene formation
mechanism is in agreement with the mechanism of CVD graphene growth on Cu
substrates [2]. It can be interpreted that, at 1000 °C, more energy was provided to the
system than at 900 °C, which effectively accelerated the reactions as well as domain
growths on copper surfaces. As a result, larger domains were formed at higher

temperatures, and a smoother surface was obtained.

Figure 5.4 compares the D peaks and G peaks of the Raman spectra acquired for these
two samples. As the heat treatment temperature increases, an increase of G peak

relative to the D peak occurs.
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Figure 5.4. Raman spectra of samples prepared with 180 um Cu, multi-step heat
treatment at 900 °C (black) and 1000 °C (red) for 2 h.

Table 5.1. Summary of the key fabrication parameters and Raman spectra Ip/lg ratios
of samples in Figure 5.2.

Copper size (um) Programme Temperature (°C) Time (h) In/lc
180 2 900 2 0.969
180 2 1000 2 0.872

Table 5.1 lists the key parameters for samples in Figure 5.2 and the correspondent Ip/lg
ratios calculated from the Raman spectral data of these samples. As the temperature
increased, Ip/lc decreased, indicating a higher graphitisation level and lower defect
density. The Ip/lg ratio is also related to domain size in graphene. When domain size
decreases, more ‘edges’ will appear within the area of a Raman scan, resulting in a

higher defect density and larger Ip/lg ratio.
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5.4.1.2 Influence of heat treatment programme

Figure 5.5. SEM images of sample surfaces. Samples were prepared with 1 um Cu, a)
single-step heat treatment or 2) multi-step heat treatment at 1000 °C for 1 h.

Figure 5.5 compared the samples obtained with single-step heat treatment (Figure 5.5
a)) and multi-step heat treatment (Figure 5.5 b)). The two samples were both made
with 1 um copper particles and synthesised at 1000 °C for 2 h. Single-step heat
treatment has resulted in a rough surface with clearer and smaller graphene domains.
In the meanwhile, the dwells in multi-step heat treatment may have granted the

domains more time to absorb energy from the system and grow in size.

Table 5.2. Summary of the key fabrication parameters and Raman spectra Ip/ls ratios
of samples in Figure Figure 5.5

Copper size (um) Programme Temperature (°C) Time (h) Io/ls
1 1 1000 1 0.874
1 2 1000 1 0.979

The Ip/lg ratio summarised in Table 5.2 showed that, when multi-step heat treatment
was performed, the defect density of the produced graphene was increased. However,
the SEM images of multi-step heat-treated samples showed a smoother surface.
Therefore, other factors that influenced the defect density level in the latter sample,

except for its domain size, need to be further investigated.
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5.4.1.3 Influence of copper particle size

Figure 5.6. SEM images of samples prepared with a) 420 um, b) 180 um and c¢) 1 um
copper particles. The samples were all heat treated with programme 2 at 1000 °C for
2 h.

Figure 5.6 compared the sample surfaces prepared with different sized Cu particles.
The samples were all heat treated under programme 2 at 1000 °C for 2 h. The first two
samples were prepared with 420 um (Figure 5.6a)) and 180 um (Figure 5.6 b)) Cu
particles had similar smooth surface structures. However, as the Cu size decreased to

1 um (Figure 5.6 c)), a rough surface covered by nano-sized domains was achieved.

The Raman parameters in Table 5.3 indicated that the defect density was the lowest
in the 180 um copper sample. Thus, the Raman data, together with SEM images,
implied that 180 um was the best catalyst size among the three for achieving less-

defected larger-domain graphene.
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Table 5.3. Summary of the key fabrication parameters and Raman spectra Ip/ls ratios
of samples in Figure 5.6

Copper size (um) Programme Temperature (°C) Time (h) In/lG
420 2 1000 2 0.913

180 2 1000 2 0.872

1 2 1000 2 0.905

5.4.1.4 Influence of soaking time

Samples in Figure 5.7 were all treated with programme 2 at 1000 °C. Samples in Figure
5.7 a) and Figure 5.7 b) were prepared with 180 um Cu particles, while samples in
Figure 5.7 c) and Figure 5.7 d) were made up with 1 um Cu particles. Samples on the

left were heat-treated for 1 h, while samples on the right were treated for 2 h.

For the 180 um Cu samples, longer heat treatment time granted the sample larger
graphene domains and a smoother surface, which is in accordance with the
assumption we made about the connection between the energy input and domain
growth. However, when the sample with smaller copper catalysts was heat-treated for
a longer time, the domain sizes in graphene was decreased, which is the opposite of
our assumption. In Schwarz’s work [3], a reappearance of graphene domains was
observed upon cooling. They have attributed this phenomenon to the presence of

internal energy.
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Figure 5.7. SEM images of sample surfaces. Key parameters for each sample are: a)
180 pum Cu, 1000 °C, programme 2, 1 h; b) 180 um Cu, 1000 °C, programme 2, 2 h; c)
1 um Cu, 1000 °C, programme 2, 1 h; and d) 1 um Cu, 1000 °C, programme 2, 2 h.

The values of Ip/Is ratio summarised in Table 5.4 indicated that longer heat treatment
would result in less-defected structure in graphene for both 180 um copper samples
and 1 um copper samples.

Table 5.4. Summary of the key fabrication parameters and Raman spectra Ip/lg ratios
of samples in Figure 5.7

Copper size (um) Programme Temperature (°C) Time (h) Io/ls
180 2 1000 1 0.953

180 2 1000 2 0.872

1 2 1000 1 0.979

1 2 1000 2 0.905
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5.4.2 Internal structural information

Element

Figure 5.8. a) TEM and b) dark-field images of the sample prepared with 180 um Cu
at 1000 °C for 1 h with programme 2. c¢) EDS spectrum with the elemental
composition analysis of the bright region in b).

Figure 5.8 a) confirmed the porous structure of a cleaned sample. The sample was

prepared with 180 um copper at 1000 °C for 1 h heat treatment under programme 2.

The dark-field image in Figure 5.8 b) highlighted some bright particles that remained
in the structure. The EDS spectrum in Figure 5.8 c) further confirmed that the residues

are NaCl nanoparticles wrapped in carbon shells. Although the samples have been
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washed several times by deionised water, it was still not feasible to completely remove

the salt and copper residues.

Figure 5.9. High magnification TEM image of the sample prepared with 180 pum
copper at 1000 °C for 1 h with programme 2. The image in the top-left corner is an
enlargement of the framed region below it.

When turning the magnification to as high as 960 K times, the lattice fringe pattern of
graphene can be seen clearly, surrounding a pore structure (Figure 5.9). The fringe of
a graphene flake resembles the fore-edge of a book. When there are several books
randomly stacked in 3 dimension, the fore-edges of some books next to each other
may merge and make them look like one thicker book. As is marked in the enlarged
image, even though the fringes are all closely packed, the subtle differences in the
shapes and directions of curvatures can still distinguish the flakes from each other.

Therefore, when trying to determine the number of layers of one graphene flake
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through high-resolution TEM images, the principle is to search for a set of closely
aligned parallel curves. We found the fringes of at least two flakes and marked them
with white lines through this method. The thicknesses were found to be around 7-8

graphene layers.

The fringes were further analysed by a line profile (Figure 5.10). From 0 to 1.8 nm in
the line profile, there are five fringes in total. So each layer is about 0.36 nm thick,

which corresponds to the spacing in bi-layer and tri-layer graphene.
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Figure 5.10. a) Enlarged TEM image of Figure 5.9 and b) line profile of the blue line in
a).
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5.4.3 Chemical information
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Figure 5.11. FTIR spectrum of graphene foam synthesised with 180 um Cu at 1000 °C
for 1 h with programme 1.

Figure 5.11 is a plot of the FTIR spectrum of a collapsed graphene foam. The most
significant band at 3458 cm™ is due to the O-H stretching vibration resulting from the
water absorption [4]. 2921 c¢cm™ and 2850 cm™ bands corresponded to =CH,
asymmetric and symmetric stretching, respectively [5]. A tiny peak at 2363 cm™ is
caused by the absorption of CO; from the atmosphere [6]. The second significant peak
at 1636 cm™ corresponds to the sp? C=C bond expected from graphene [7]. Oxygen-
containing functional groups can be revealed by the C=0 and C-O bands around 1727

cm?, 1383 cm™* and 1100 cm™ [6].

In conclusion, the O-H group and CO; have mainly resulted from the moisture and CO;
in the atmosphere; C=C bonds which should be attributed to the hybridized sp? bonds
in the planes of graphene, are also detected, and C-O is the main functional group
attached to the graphene, while there are also small traces of =CH; and C=0 groups in

the sample.
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Figure 5.12. C1s XPS spectrum of graphene foam synthesised with 180 um Cu at
1000 °C for 1 h with programme 2.
A C1s XPS spectrum of synthesised graphene foam was displayed in Figure 5.12. The
sp? C peak dominated the spectrum with a high concentration of 58.7%, indicating a
successful formation of in-plane covalent bonds among carbon. The sp3 C had a

concentration of 35.7%, followed by a 5.6% C-O group.

The concentration ratio of sp? C/ sp3 Cis 1.64, indicating that the majority of the carbon
in synthesised foam was bonded to other carbon by a hybridised sp? bond, which is
characteristic of graphene. The tiny trace of C-O may have been introduced during the

liquid washing process, and its presence is in accordance with the FTIR result.

5.4.4 Surface area and pore distribution

Figure 5.13 is the N, sorption isotherm of the graphene foam. The curve shows type
IV isotherm characteristics, which indicate that the material is mesoporous with pore
diameters between 2-50 nm [8]. A hysteresis loop appears within the relative pressure
range of 0.4 to 1.0. The calculated specific surface area is as large as 610 m?/g, which

is 2-3 times that of typical rGO materials.
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Figure 5.13. Nitrogen (N) sorption isotherm of graphene foam synthesised with 180
pum Cu at 1000 °C for 1 h with programme 1.

The collapsed graphene foam prepared with 180 pum Cu particles and heat treatment
programme 2 for 2 h at 1000°C was sent for BET surface area and pore distribution

analyses.

The pore size distribution curve in Figure 5.14 demonstrated that most pores in the
material are 12 nm in diameter with some smaller pores of 6 — 10 nm. That is in

accordance with the TEM results in Chapter 5.4.2.
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Figure 5.14. The pore distribution curve of graphene foam synthesised with 180 um
Cu at 1000 °C for 1 h with programme 1.
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5.5 Discussion of the results

3D porous graphene foam has been fabricated with a successful catalytic
graphitisation of PAN at 900-1000 °C under atmospheric pressure. The catalysts were
Cu particles of few to hundreds of microns. Changes in heat treatment temperature,
soaking time and programme all affected the surface morphology of synthesised

graphene.

Generally, higher heat treatment temperature and longer soaking time are expected
to provide more energy to the system in order to accelerate graphene growth.
However, for the samples prepared with 1 um Cu particles, a reappearance of domains

was observed when the soaking time was increased from 1 h to 2 h.

In terms of the effect of the Cu particle size, it was found that among the samples
prepared with 1 um, 180 um and 400 um Cu particles, the ones synthesised with 180
um Cu particles displayed a smooth surface structure while exhibited the least defect
density. 400 um Cu particles sometimes would lead to a sample collapse when the

interconnected Cu framework was removed during the acid washing.

Functional groups attached to the synthesised graphene were mainly C-O, =CH; and

C=0, which was confirmed by both FTIR and XPS analyses.

The synthesized graphene foam has a large specific surface area of 610 m?/g, and the

pores inside the material are mostly 12 nm in diameter.

Attention was drawn to the domain structure observed on sample surfaces, as the
domain size is usually regarded as a key indicator of graphene quality in copper-

assisted graphene growth.

In Figure 5.8, the interconnected structure of graphene foam was confirmed. It can

also be found that the particle-like graphene is mainly 50 nm in size, with holes and
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gaps of comparable sizes surrounding the graphene ’particles’.

Figure 5.15. Same TEM image as in Figure 5.9 with in-plane ‘hole’ structure marked.

The graphene membrane in Figure 5.15 has two irregular-shaped holes in its plane,
whose sizes are both around 20 nm. These holes cannot be the ‘capsules’ for Cu or
NaCl particles. By ‘capsule’, it means there was a membrane that enclosed a particle
inside and popped open when the particle was removed. Since NaCl and Cu particles
are all of micron sizes, the holes in Figure 5.15 are too tiny for these particles. Instead,
the holes are more likely to be non-nucleated domains on a vast copper particle

surface, as is illustrated in Figure 5.16.

Unlike Ni substrates, where the growth of graphene was carried out layer by layer, the
growth of graphene on Cu substrate was done by filling patches. Therefore, as more
graphene nucleates on Cu particle surfaces, more edges and vacancies will be
introduced to the structure. Even though the growth has successfully transformed
amorphous sp? carbon into covalent sp? carbon, which was confirmed by XPS analysis,
the appearance of a strong D peak in Raman spectra can still occur. Therefore, the

defects exhibited by D peaks in Raman spectra are rather structural than chemical.
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Figure 5.16. Schematic diagram of a) a micron-sized Cu particle covered with nano-
sized domains and b) ‘holes’ (red lines) enclosed by graphene (dark grey) grown from
its neighbouring domains.

It is also found that the reaction might be suffering a carbon under-coverage issue

since:

i) The examined graphene membrane surfaces are not intact, with holes and

graphene domains both of nano-scale observed.

ii) If the catalytic copper surface is fully covered, additional heating should not
further change the sample’s morphology or chemistry since the growth should

be self-limited.
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Chapter 6 Conclusion and future work

6.1 Conclusion

In this study, 2D/3D graphene fabrication has been explored on the basis of catalytic

graphitisation of solid carbon sources.

In the first part of the study, glucose and FeCl; were selected to be the solid carbon
source and metal salt catalyst, respectively, for graphene synthesis. Moreover, in the
fabrication of 3D graphene foam, NaCl was introduced as a template for 3D porous

structures.

Spin-coating was verified to be an efficient way of uniformly dispensing Fe/C solutions

onto Si substrates for homogeneous 2D graphene growth.

By controlling the heat treatment parameters such as time, temperature and

programme, samples of various properties and characteristics were obtained.

The results of multiple characterisations such as SEM and TEM images, EDS, Raman
and XRD spectra, were then analysed to understand the effects of different parameters

on the products.

A successful reduction of FeCls during the annealing was suggested by the Raman and
EDS results. Besides, the products showed characteristics of graphene-related

materials but with a presence of defects.

Focusing on the variance in chemical structures of synthesised graphene, a mechanism
of graphene growth from glucose, onto the iron salt template, was proposed in

Chapter 4.4.

The second part of this study investigated a polymer/metal-based graphene synthesis.

Adjustments were made in the fabrication route so it can be adapted to growing
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graphene with PAN and Cu particles. The solvent was changed to DMF, allowing PAN

to be dissolved and dispersed between Cu and NaCl particles.

A pre-oxidation of PAN was carried out at 270 °Cin order to strengthen the mechanical
structure of the 3D foams. Most samples prepared this way have maintained their

shapes and did not collapse throughout all the treatments.

Again, heat treatment conditions were kept under control during the graphene

synthesis.

The 3D graphene foam fabricated showed a graphitised multi-layer structure under
TEM imaging. The number of graphene layers observed was typically 7~8, with an

average lattice spacing of 0.36 nm.

XPS spectra demonstrated that the majority of carbon atoms in the product are

covalently bonded to other carbon atoms, with a high sp? C concentration of 58.7%.

The 3D graphene foam synthesised in this study possesses a large specific surface area

of 610 m?/g and a mesoporous structure with considerable 12 nm pores.

After the samples were treated under different conditions, the variance in graphene
domain size aroused our interest, and extensive analysis was conducted focusing on
the factors that may influence the formation and growth of graphene domains. A
model of graphene growth on a 3D Cu substrate with nano-scale domains was
designed to better understand the mechanism behind this domain guiding 3D

graphene growth.
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6.2 Future work

In our study of growing graphene with FeCls and glucose, we suspected that the high
defect density is resulted from an excess of carbon, compared with the metal catalyst,
in samples. Hence, if we intend to continue this study and test our assumptions,
samples should be prepared at lower carbon concentrations, and the results are to be

compared with the previous findings.

In the second study, it was also brought up that the defects detected and measured by
the D peak in Raman spectra may be resulted from the presence of large quantities of
nano-sized domains. It was also inferred that the reaction may have suffered an under-
coverage of carbon. To solve the under-coverage issue, more carbon can be added in
the preparation step by increasing the concentration of the PAN solution. It may also
be possible to alter the nano-sized domain structure by improving the surface
conditions of Cu. For example, a chemical washing or a pre-heat of the copper particles

may result in cleaner particle surfaces with larger-sized domains.

Also, there was no conclusion made upon the influence of different heat treatment
conditions on the products’ properties or qualities because the evidence was not
sufficient. Therefore, an extended temperature range should be investigated to see its
effect on graphene growth. That may also help us to better understand the growing

mechanism behind it.

Besides, graphene synthesised with Cu has exhibited a well-ordered structure,
indicating that Cu is a good candidate for the role of the metal catalyst in 3D graphene
fabrication. The salts of copper should also be investigated. Just as the FeClz used in
our first study, if the copper salt can be sufficiently reduced to copper during the

reaction, it may also be a good catalyst candidate.
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