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Abstract

Producing cost effective graphene remains difficult and is a large barrier to
the material realising its full potential. Current techniques are either very
expensive to scale requiring high temperatures and low pressures, or produce
a product not suitable for many of the big marquee applications in electronics.
This document proposes developments on the chemical vapour deposition
process of producing graphene by using high surface area templating material.
This allows the synthesis of larger quantities of high quality graphene.

The added benefits of the methods proposed here is an increased control in
the morphology of the produced graphene. Studies have shown that changes
in morphology of graphene have a large effect on the properties and allow for
different applications.

In this document, four templating material are used to grow graphene.
Two use a powdered catalyst of cobalt hydroxide hexagons and copper oxide
cubes and both successfully catalyse and template the synthesis of carbon.
On the cobalt hexagons, depending on conditions, curved graphitic materi-
als would arrange into a hexagonal macrostructure or high quality graphene
would be produced with little evidence of hexagonal shape. On the copper
oxide cubes, three clear products could be produced depending on the con-
ditions. Carbon nanofibers would either arrange themselves into cubes or
fibrous ”worm” like structures. Also thin carbon coatings could be produced
on the cube.

The other two method were the templating the graphene on a foam tem-
plate in order to synthesise graphene foams. Graphene foams have numerous
applications including energy storage, gas storage and supports. The first
method describes synthesis of graphene on a metal foam templated from
a hydrogel. Two products were synthesised depending on the conditions -
firstly a high quality graphene/graphite foam was synthesised. Also a foam
macrostructure of closed graphitic structures was produced. The second
method produced graphite foams from poly high internal phase emulsion
template.
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Chapter 1

Introduction

This project aims to synthesis graphene with a controlled morphology due
to the shape dependent properties graphene has displayed. This chapter will
introduce graphene giving a brief overview of its structure, properties and
applications followed by a detailed review of how it is synthesised, focusing
particularly on chemical vapour deposition as that is the main experimental
technique used in this work. Following the introduction will be a section de-
tailing the characterisation techniques used during the research and how they
apply to carbon nanomaterials. Following that chapter are the experimental
chapters. Firstly synthesis of graphene foams on a dextran templated metal
foam. Then synthesis of graphene foams derived from metal doped poly high
internal phase emulsions. Then synthesis of graphene on copper oxide cubes
and lastly synthesis of graphene on cobalt hydroxide hexagons.

1.1 Graphene

Graphene is a 2D monolayer of sp2 hybridised carbon atoms arranged in a
honeycomb lattice. It forms the basis for all other graphitic materials: It is
stacked to form 3D graphite, rolled into 1D carbon nanotubes (CNTs) and
wrapped up into fullerenes. These three allotropes are shown in figure 1.1.
The other crystalline carbon form is diamond which consists of sp3 hybridised
carbon. More disordered forms of carbon also exist, such as diamond-like car-
bon, amorphous carbon, glassy carbon, and others which all have there own
wide ranging academic interest.1–3
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CHAPTER 1. INTRODUCTION

Figure 1.1: The three forms of graphitic carbon. A) Stacked to form graphite,
B) wrapped to form fullerenes and C) rolled to form nanotubes.4

Graphene was first characterised in 2004 by Geim and Novoselov,
this research won them the Nobel prize in Physics in 2010.5 Although graph-
ene’s synthesis was documented as early as 1960 with ≈ 15 layers being
produced,6 Geim and Novoselov were the first to report of free standing,
single-layer graphene. This was previously thought impossible due to the
thermal fluctuations in a 2D material which lead to a large displacement in
atoms, forcing the 2D crystallites to morph into a variety of 3D structures.7

This theory was strongly supported by experimental observations that the
melting point of thin films decreases with decreasing thickness, becoming
unstable at approximately dozens of layers.8 However, carbon - carbon bonds
are strong enough that thermal fluctuations are not sufficient to destabilise
graphene at room temperature.7 Another viewpoint as to why 2D crystals
are stable is due to the crumpling of the sheets in the Z axis. This 3D warping
has been observed experimentally,9 and leads to a gain in elastic energy and
suppresses thermal vibrations.7

Since its discovery in 2004, graphene has attracted a large amount
of interest,10 and in 2017 the number of articles published on the subject
reached over 80 per day. The interest for graphene has stemmed not only
from its remarkable properties but also because graphene represents an ideal
system for studying 2D materials. The study into graphene has paved the way
for research into other 2D materials including hexagonal boron nitride and
silicene.11 Much research into graphene has been divided into the different
morphologies that the graphene can take (platelets, films and 3D foams)
as well as the method of synthesis. Graphene can be synthesised either
through bottom-up processes, whereby the graphene is grown on a substrate,
or top-down methods whereby graphene is derived from processing graphite.

2



CHAPTER 1. INTRODUCTION

This review will comment on the synthesis of the different morphologies of
graphene, focussing primarily on bottom-up methods as it is more relevant
to the work described here in. There will be only a brief mention of top-down
methods.

1.2 Properties of Graphene

It is important to define exactly what is meant by graphene, literature of-
ten has a very broad definition but typically graphite should be considered
graphene at less than 10 layers. This is because the electronic structure of
graphene approaches that of graphite at approximately 10 layers.12 There
are many differences due to layer number in graphene before the 10 layer
threshold is reached. Single-layer graphene (SLG) and bi-layer graphene
(BLG) are both zero-gap semiconductors. However, for 3 or more layers, or
few-layer graphene (FLG), the conduction and valence bands begin to over-
lap.12 Transparency decreases with thickness with each additional layer of
graphene resulting in an approximate decrease in transmittance of 2.3%.13

Thermal conductivity has been shown to be very sensitive to thickness, where
as few as four-layer graphene has a similar thermal conductivity to that of
bulk graphite.14 Hardness and elastic modulus have been observed to de-
crease linearly with increasing layer number up to four layers.15 BLG and
FLG can have different stacking arrangements, often depending on the way
they are synthesised. These include AB (bernal stacking) which is most com-
monley found in natural graphite, ABC (rhombohedral stacking) as well as
turbostratic stacking.16 Turbostratic graphite, regardless of layer number,
shares some properties with graphene as the layers are separated by a dis-
tance slightly larger than that of AB stacked graphite. It experiences the
Dirac-like spectrum of free standing graphene, little doping, and exception-
ally high electronic quality, µ ≈ 250,000 cm2V−1s−1.17 However, because an
external electric field is screened within just a couple of near-surface layers,
turbostratic graphite offers limited potential for electronics.18 For the rest
of this document, graphene will be referring to graphite with less than 10
layers.

It is the incredible properties of graphene which has led to the huge
growth in literature over such a short period of time. Graphene has excep-
tional electronic properties.5 It exhibits ballistic transport, the charge carriers
behave as Dirac fermions meaning they have zero effective mass while prop-

3



CHAPTER 1. INTRODUCTION

agating through the honeycomb lattice, giving charge carrier mobilities up
to 200,000 cm2V−1s−1.19 The charge carriers can also travel for micrometers
without scattering at room temperature. This allows graphene to sustain cur-
rent densities six orders of magnitude higher than that of copper.20 Graphene
also exhibits a room temperature quantum hall effect.7

It’s not just the electronic properties that are exceptional in graph-
ene, but also the mechanical, thermal and optical properties as well. Graph-
ene has a breaking strength of ≈ 40 Nm−1 and a Young’s modulus of ≈ 1.0
TPa.21 Only diamond and SWNTs have recorded higher. Graphene is also
flexible and can be stretched as much as 20 % more than any other crystal
and has a bending radius of 2.3 mm.21 It has a thermal conductivity of≈ 5000
Wm−1K−1,22 better than the next best thermal conductor diamond. SLG
has a surface area value of ≈ 2630 m2g−1 and is almost transparent, absorb-
ing only 2.3 % of white light.13 Unlike most other materials, graphene shrinks
with increasing temperature.23 Graphene is also impermeable to gases, in-
cluding helium.24

It is important to note that these properties have been measured on
near perfect graphene and measurements on bulk synthesised graphene are
unlikely to be as exceptional. Experimental groups are synthesising graphene
through micromechanical cleavage of bulk graphite. The same method which
was used to isolate it for the first time where by scotch tape was repeat-
edly applied to highly ordered pyrolytic graphite (HOPG).5 The technique
has now been fine tuned and can achieve high-quality graphene flakes up to
100 microns. The same principle is applied but a fresh surface of the HOPG
is simply rubbed against a solid substrate.25 The vast majority of material
produced via this method is graphite. What allows the detection of graphene
was the observation that graphene is visible in an optical microscope if the
substrate was silicon with a specific thickness of SiO2 of 300 nm on the sur-
face.5 This method is unfeasable for any large scale synthesis but is preferred
by research groups due to the small amount of defects imparted into the
graphitic lattice. The presence of defects have been shown to have a nega-
tive impact on the properties of graphene and other methods of synthesis are
likely to induce a higher density of defects.26

It is not just the number of layers where there is discrepancy about
what is referred to as graphene. Materials with little in plane crystallinity
which could also be classed as amorphous carbon is also labelled as graphene
if the material is less than 10 layers. Examples of this can be seen with
reduced grahene oxide (rGO), a graphene analogue discussed later in the

4



CHAPTER 1. INTRODUCTION

chapter that has lost much of the sp2 hybridised carbon. Also, many of the
low temperature synthesises of graphene do not have the in plane crystallinity
expected of a graphitic material. These less crystalline materials however,
still have many uses. Often the electrical quality that graphene is known for
is lost with the loss of sp2 carbon, as the extended π conjugated structure
is destroyed. Typical conductivities recorded for rGO are ≈ 0.36 Sm−1,27

much less than the ≈ 19 Sm−1 recorded for pristine graphene flakes.28 These
thin carbonacious materials do however still have properties making them
worthwhile research areas, in particular, the presence of defects does act as
areas which can be functionalised making the material more tunable and
therefore better in composite materials.29

1.3 Applications of Graphene

More detailed reviews of all the potential applications for graphene exist,30

and so they will only be briefly discussed here. The exceptional properties ob-
served for graphene has lead to a host of potential applications being pursued,
many of these are displayed in figure 1.2. Its exceptional electronic proper-
ties have led research groups to theorize that graphene could replace silicon,
allowing for high frequency transistors.7 However, the most limiting aspect
of graphene in this regard is that the material is a zero-gap semi-conductor,
and therefore for most logic applications, a band gap needs to be engineered
into the graphene. This can be done is several ways: A small gap is induced
in BLG.7 For SLG, a gap can be induced by interaction with different sub-
strates.31 Controlling the aspect ratio of the graphene has also been shown
to introduce a band gap, as demonstrated with graphene nanoribbons which
have been successfully used in transistors.32 The lack of band gap is less of
an issue in analogue electronics. Ultrahigh frequency analogue transistors
currently use GaAs - based devices, graphene could extend the operational
range into terahertz frequencies.33

Many of the potential applications take advantage of the fact that
graphene excels in many properties. The combination of its electronic and
optical properties allow for use in optoelectronics,35 graphene coatings could
be a competitor to indium tin oxide (ITO), the transparent conductor used in
such products as solar cells, liquid crystal displays, etc. The problem is that
graphene films exhibit a resistivity of several hundred W for the standard
transparency of ≈ 80 %.36 This is two orders of magnitude higher than

5



CHAPTER 1. INTRODUCTION

Figure 1.2: A pie chart showing the interest in graphene by number of pub-
lications for various applications.34

for ITO. Graphene does have advantages over ITO, it is chemically stable,
flexible and robust, giving it use in bendable displays,18 as well as more
durable touch screens. An advantage graphene has over ITO in solar cells is
that unlike ITO it is transparent to more wavelengths of light (from UV to
NIR) and so should improve efficiency.35,37

The combination of high conductivity and strong mechanical prop-
erties gives graphene significant use in flexible electronics.38 The high thermal
conductivity gives rise to potential uses in heat management. The imperme-
ability to gases gives graphene membranes a potential use as protection for
metals against corrosion from oxygen and water.24 Graphene has a very high
sensitivity to anything adsorbed on its surface, and could allow for its use in
sensors. A change in resistivity has been measured when only one atom was
adsorbed onto a graphene sheet.39 The combination of high surface area and
conductivity is useful for energy storage applications such as capacitors and
batteries.40,41

Graphene’s remarkable properties have provoked wide interest in
placing it into materials to make a composite. In paints it could be used
to make the paint both thermally and electrically conductive, anti-static
and also have gas barrier properties to protect against corrosion. Graphene
could have similar effect when applied to polymers as well as increasing the
polymers operating temperature and strength.42

6



CHAPTER 1. INTRODUCTION

When discussing applications, it is important to relate the nature of
the synthesis and the morphology of the product to the potential applications.
Depending on the synthesis and morphology, there will be large discrepancies
in electronic, optical and surface area properties. Figure 1.3 shows a Venn
diagram highlighting which macrostructure of graphene is best suited for
which application.

Graphene films are best suited to electronic applications requiring
the highest conductivities such as transistors and sensors, as the continuous
film will minimise edge defects and contact resistances which both work to
lower the conductivity of the device.7,39 The greatest transparency will also
be achieved in graphene films as less edges to scatter the light. Graphene
foams, due to the high surface area and conductivity are suitable for energy
storage applications,43 while the high surface area and controllable poros-
ity makes them suitable for catalyst supports,44 and gas storage.45 Many of
these applications overlap with graphene platelets which too have a large sur-
face area and conductivity. Platelets however have diminished conductivity
compared to foams due increased number of edges and the contact resistance
between each platelet. Also, less control of the porosity exists when platelets
are agglomerated together. Instead, due to the relative ease of production,
platelets are best suited for applications which require a lot of material, such
as improving the properties of the material by making a composite.42

1.4 Synthesis of Graphene

Numerous methods exist for the synthesis of graphene each with their own
set of pro’s and con’s. The methods can be broadly characterised into two
groups, top-down and bottom-up synthesis. Top-down synthesis starts from
graphite and then through various physical and chemical processes works to
exfoliate the graphite by breaking apart the weak van der waal forces between
the layers. Although the forces are weak, difficulty arises from damaging the
sheets during exfoliation and preventing re-agglomeration of the graphene
sheets.46 Starting from graphite often means that these processes are more
scalable and cheaper than their bottom-up equivalents. Bottom-up processes
require growing graphene on a substrate using a carbon source other than
graphite, usually a small hydrocarbon. In order to get the pristine sp2 lattice
seen in graphite, high temperatures are typically required making this a
costly process. Also careful control of conditions are required to avoid carbon

7



CHAPTER 1. INTRODUCTION

Figure 1.3: Venn diagram showing how the nature of the produced graphene
relates to applications.

nanotubes. This section will primarily be discussing bottom-up processes as
they were the used techniques in this thesis, with only brief mention of the
various top-down methods.

1.4.1 Bottom-Up

Growth on silicon carbide

When silicon carbide (SiC) is heated to 1000 °C under a hydrogen atmo-
sphere, the silicon sublimes leaving only carbon. The carbon left behind
is graphitic.47 A schematic of this is shown in figure 1.4. Two faces exist
on SiC, SLG and BLG are typically grown on the Si-terminated face and
multi-layer graphene (MLG) is grown on the C-terminated face. The MLG
would be better described as turbostratic graphene as opposed to the Bernal
stacking seen in graphite. The mobility values of graphene produced via
this method are nearly that of graphene synthesised from the chemical va-
por deposition method which will be discussed later. High quality wafer
scale graphene with switching speeds of up to 100 GHz have been achieved
with this technique.48,49 The problem with this method is largely from the

8



CHAPTER 1. INTRODUCTION

Figure 1.4: Schematic showing silicon subliming off the surface of SiC leaving
behind graphene.55

cost of the SiC wafers and the high temperatures required and that typically
there is a lack of continuity and uniformity in the graphene.50 Methods ex-
ist in order to lower the temperature. By depositing a thin film of nickel
on the silicon carbide wafer, temperatures as low as 700 °C can produce
graphene. The nickel reacts with the silicon carbide forming nickel silicide
leaving graphene behind.51 Other methods include exposing the silicon car-
bide surface to chlorine gas, the gas reacts with the silicon forming SiCl4
leaving carbon behind.52 Graphene on SiC particles have been synthesised
this way allowing the synthesis of graphene platelets.53 Also graphene foams
have been synthesised via this method whereby rather than SiC wafers, SiC
foams are used.54

The work on silicon carbide has re-invigorated the field of carbide-
derived carbons where a host of different carbides are treated thermally and
chemically to produce carbon materials, including graphite, carbon nan-
otubes and graphene.56 Some of the different carbides being looked at for
graphene synthesis are Fe3C,57 and TiC.58

9



CHAPTER 1. INTRODUCTION

Figure 1.5: Schematic showing the reaction for the total organic synthesis of
graphene nanoribbons.59

Organic Synthesis of Graphene

The organic synthesis of graphene-like polyacyclic hydrocarbons has been
explored for decades. The advantages of such a method lies in the capability
of simple functionalisation in order to improve the graphene’s solubility. The
difficulty has come in trying to preserve the planar structure. Many methods
exist and are mostly performed by Klaus Müllen but one of the more interest-
ing examples include a surface-assisted coupling of molecular precursors into
linear polyphenylenes and their subsequent cyclodehydrogenation.59 This is
shown in figure 1.5. The monomer is sublimed onto a surface dehalogenating
the monomers, then under heating, the monomers diffuse across the surface
and undergo radical addition reactions to form linear polymer chains. An
additional heating step then causes a surface-assisted cyclodehydrogenation
to create the aromaticity. This produces graphene nanoribbons with very
precise control over dimensions and edges.59

Unzipping Carbon Nanotubes (CNTs)

CNTs can be unzipped in order to produce graphene nanoribbons, as shown
in figure 1.6. Several methods of unzipping exist including plasma etching,60

laser irradiation,61 and oxidative methods.62 The widths of the ribbons can

10



CHAPTER 1. INTRODUCTION

Figure 1.6: Cartoon showing the unzipping of a carbon nanotube.62

be controlled by the diameter of the CNTs. This is important as the graphene
ribbons have different properties depending on their width and edge type.63

The unzipping process occurs via breaking C - C bonds, which is often ini-
tiated at defect sites and can lead to irregular cutting.64 More control has
been offered in a new technique whereby flattened CNTs were unzipped. The
unzipping occurs preferentially at the bent edges allowing for a much more
consistent product.65

Chemical Vapour Deposition (CVD)

CVD is a process often used to grow thin films of material on a substrate. In
the case of graphene synthesis, most typically a metal catalyst is heated to a
high temperature while a carbon containing feed gas, mixed with hydrogen,
is blown over the catalyst. The end result is a layer of graphene on the
metal substrate. A diagram of a typical CVD set-up is shown in figure 1.7.
Many variables have been changed in order to optimise the quality and layer
number of the graphene, including carbon source, temperature, pressure and
flow rates. These have been reviewed in depth elsewhere,66 but will be briefly
discussed here.

The chemistry of CVD carbon growth is nothing new, in fact, few-
layered graphene materials have been synthesised on transition metal surfaces
for nearly 60 years.67 The first observation was thin films of graphite forming
on nickel surfaces when the metal was exposed to hydrocarbons at high tem-
perature.67 Similar methods were also employed in the synthesis of carbon
nanotubes whereby carbon containing gases are flown over metal particles or
rough metal surfaces.68 The field has been re-invigorated since the discovery
of graphene where many groups are attempting to optimise the process for

11



CHAPTER 1. INTRODUCTION

Figure 1.7: Diagram of a typical CVD set-up.

SLG.

Typically it is transition metals which catalyse the growth of graph-
itic carbon. Iron, nickel and cobalt are traditionally recognised as the best
graphitisation catalysts.69 Indeed, all three metals have been used to catalyse
graphene synthesis,38,70,71 with nickel experiencing the most attention. The
catalytic ability of these transition metals arises from either partially filled
d-orbitals or from the formation of intermediate compounds that adsorb and
activate the reacting substances. The nickel - carbon phase diagram shows
that nickel has a high carbon solubility at high temperatures which decreases
when the temperature is lowered.72 The formation of a metastable nickel car-
bide phase promotes the precipitation of carbon out of the nickel. Iron and
cobalt show a similar phase diagram and so the catalytic behaviour is likely
to be similar.73 Interesting magnetisation studies have been done on nickel
catalysts to confirm this mechanism for graphtic carbon formation. During
the first 12 minutes of nickel exposure to a carbon source at temperature, a
large decrease in magnetisation is observed. This is attributed to the forma-
tion of nonferromagnetic nickel carbide. After 12 minutes, the magnetisation
is restored due to the decomposition of nickel carbide into metallic nickel and
graphitic carbon.74 Continuous few-layer graphene films have been grown on
polycrystalline nickel foils and transferred onto plastic and Si wafers.38,75

These films exhibit carrier mobilities up to 4000 cm2V−1S−1.38

Copper, although not traditionally considered a graphitisation cat-
alyst, has had a lot of success in graphene synthesis producing large graphene
films with high mobilities.76,77 Compared to the other traditionally used cat-
alysts, copper has a much lower affinity for carbon, reflected in the fact that
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it does not form any stable carbide phases and has a much lower carbon sol-
ubility. This is attributed to copper’s full d - electron shell meaning copper
can only form ”soft” bonds with carbon via charge transfer from the π elec-
trons in the sp2 hybridised carbon to the empty 4s states of copper.66 This
means that rather than forming a solid solution with carbon, the carbon is
limited to the surface of the copper. An interesting set of experiments were
conducted by Ruoff et al,78 to show the different mechanisms at work for
nickel and copper. A conventional CVD was carried out using nickel and
copper foils. The carbon source however, was sequential doses of 12CH4 and
13CH4. In the case of the nickel catalyst, the resulting graphene was a ran-
dom mixture of 12C and 13C. This is because the two isotopes of carbon
would be mixed in the solid solution and so upon cooling, when the carbon
precipitates out, a mixture will occur. The resulting graphene on the copper
however, was not a random mixture of 12C and 13C but was entirely made
up of regions of 12C and regions of 13C. This is due to the carbon being
limited to the surface of the copper and growing on the surface as and when
the carbon comes into contact with the surface.78 A schematic of the two
experiments is shown in figure 1.8.78 An experiment was conducted showing
the graphene growth on copper at different times during the CVD,77 it can
be seen from figure 1.9 that after 1 minute there are independent graphene
flakes which grow and eventually coalesce into a continuous layer. It can also
be observed that the graphene domains grow over the grain boundaries of
the copper.77 It is thought that the weak interaction between graphene and
the copper substrate allows the flakes to expand over the grain boundaries.77

As graphene growth on copper operates through a surface mecha-
nism, it has been found to be easier to achieve SLG on copper than on nickel.
Indeed 95% SLG coverage has been achieved on copper with the remaining
5% of the surface being covered with 2 - 3 layer material.79 The deposition
of a continuous graphene layer leads to passivation of the copper surface,
hindering the growth of multi-layered material.66 Growth on nickel on the
other hand has a large tendency to grow MLG and requires careful control
of the conditions to stop the growth at SLG. Typically the resulting material
on nickel is much less homogeneous than on copper.66 Graphene preferen-
tially precipitates out at grain boundaries and so thicker material is present
at these boundaries.80

Many studies have been conducted to deduce why MLG is able to
form on a copper surface. The consensus is that the graphene grows on
the copper, underneath the existing graphene layers.81 Insight into how this
occurs was given by the observation that SLG is favoured at low hydrogen
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Figure 1.8: Diagram showing how the different mechanisms of graphene for-
mation result in a different distribution of carbon isotopes after undergoing a
CVD with a sequential input of different isotopes of carbon. A) Precipitation
mechanism showing random distribution of isotopes. B) Surface mechanism
showing distinct domains with different isotopes.34
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Figure 1.9: SEM images of graphene on copper with varying growth times
of (A) 1 minute, (B) 2.5 minutes, (C) 10 minutes and (D) 60 minutes.77
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concentrations while MLG was favoured at high hydrogen concentrations.
At low hydrogen concentrations, the edge of the graphene tightly binds with
the metal, preventing growth of additional layers. At high hydrogen concen-
trations, the edges of the graphene terminate with H and only loosely bind
to the metal,81 allowing methane to still have contact with the copper sur-
face. Further evidence for this model comes from observations that in BLG,
smaller domain sizes are present in the graphene in contact with the copper
surface.81,82

The full impact of hydrogen on the CVD process is yet to be fully
understood. Typically systems have hydrogen mix with the methane and
then carried through with a carrier gas, usually argon. Hydrogen is thought
to have many roles during the process depending on the metal used, studies
have looked at copper and nickel catalysts. On copper, hydrogen diffuses
into the Cu,83 and then reacts with methane to form active species (CH3)s,
(CH2)s, (CH)s or (C)s through a series of H-abstraction reactions (equation
1.1).84

(CH4)s +Hs <=> (CH3)s +H2 (1.1)

Density functional theory (DFT) calculations have shown that these reactions
are not thermodynamically favourable in the absence of hydrogen.85 The
hydrogen also etches the graphene on the metal surface according to equation
1.2:

(H)s + graphene <=> graphene− C + (CH)s (1.2)

This is an important process in achieving uniform coverage as the graphene
grain density is greater at defects on the copper surface and the hydrogen
etches smaller active carbonacious species allowing for larger graphene grain
size.84,86 On nickel, hydrogen recombines and gases off keeping sites on the
nickel surface free for further dehydrogination of CHx as well as aiding the
dehydrogination of CHx in the same way shown in equation 1.1.83 Despite
all this, studies have shown an improvement in yield and quality of SLG
by excluding hydrogen from the system completely. It is thought that the
hydrogen forms C-H bonds with the graphene, creating out of plane defects.87

A wide variety of hydrogen concentrations have been used in order to firmly
deduce its effect on CVD, from no hydrogen,88 less hydrogen than methane,89

and more hydrogen than methane.90 each with differing results. Some groups
have found that graphene cannot be grown in the absence of hydrogen or at
very low methane concentrations,84 while other groups have found a more
pristine product in the absence of hydrogen.88 Hydrogen has been shown to
be vital during the annealing step in removing any residual oxide layer that
might be present. If removed during the annealing step, a large amount of
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oxide nanoparticles were formed on the surface.91

Some interesting variations have been attempted in order to grow
large area, defect free graphene. Diagrams of these techniques are shown in
figure 1.10. Very large graphene domains have been grown on liquid copper.
By melting the copper, large single crystal domains form reducing the amount
of grain boundaries, reducing the defect density in the graphene.92 Nickel
has been found to work as a promoter for CVD on copper. Improved surface
coverage has resulted by placing nickel foil upstream of the copper foil. It is
believed that the nickel generates carbon radicals that diffuse from the nickel
onto the copper.93 Ideas to reduce graphene nucleation and therefore increase
graphene domain size include placing the copper foil inside a tube within the
furnace tube with the upstream end closed. This increases the velocity of
gas at the copper foil which results in less graphene nucleation.94 Another
method is to suppress copper evaporation during growth which roughens the
surface. This is done by coating the inside of the tube with copper. Any
evaporation of the copper would therefore be re-deposited, smoothing the
surface.95 Surface oxygen has been shown to inhibit graphene nucleation,
larger graphene domain sizes have resulted from using an oxygen rich piece
of copper.96 Most CVDs are done on foils, but thin metal films deposited by
e-beam,97 or thermally evaporated onto a substrate,98 have been used.

Although nickel and copper are by far the two most commonly
used catalysts in CVD, likely because of their low cost and widespread
availability, other metals have been attempted with success, including pal-
ladium,99 ruthenium,100,101 iridium,102 platinum,103 rhodium,104 silver,105

iron,106 cobalt,70,107 and gold.108 Growth on the Ir(111) surface is interesting
as the resulting material has a band gap, a very important characterisitic if
graphene is to be used in transistor applications.109 This was achieved by
patterned adsorption of hydrogen atoms onto the graphene, this results in
graphene-like clusters, presenting a barrier for electron mobility and opening
up a band gap.109 Ruthenium is an interesting case as it has a carbon sol-
ubility between that of nickel and copper, while also not forming a carbide.
Growth of graphene on polycrystalline ruthenium has been achieved and was
shown to have a mechanism similar to that of copper.100

The most common carbon source used for graphene synthesis thro-
ugh CVD is methane. This is a good source as it decomposes cleanly at
high temperatures giving a highly crystalline graphitic product. Containing
only one carbon atom also makes graphitic carbon more likely to form. It is
also cheap and readily available. However, its flammability and high temper-
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Figure 1.10: Diagrams showing variations of the CVD process. (A) Using
nickel as a promoter,93 (B) Coating the tube with copper foil,95 (C) Large
graphene domains on melted copper,92 and (D) putting the foil inside a tube
with in the furnace tube which has the upstream end sealed.94

ature requirements have led groups to research alternative carbon sources.
One such source which has had a lot of use in the synthesis of CNTs is
acetylene.110 It has been sucessfully used to grow graphene on nickel foils
at temperatures as low as 700 °C.111 It is not just gaseous sources that
have been used. Both liquid and solid source have effectively been used to
grow graphene. Liquid sources include benzene,112,113 toluene,114 hexane,115

methanol,116 propanol,116 and ethanol.116 These sources all allow a lower
temperature of CVD than the 1000 °C necessary with methane but does typ-
ically result in a lower quality material unsuitable for most electronic applica-
tions. However, they could facilitate the doping of graphene during synthesis
by using nitrogen or boron containing organic solvents. Solid sources such
as poly(methyl methacrylate) (PMMA),112 polystyrene,112 and camphor,117

have been attempted and do work at low temperature but again at severely
diminished quality. It has also been demonstrated that solid sources such as
cockroach legs or cookies can produce high quality graphene on copper, so
long as the high temperature is maintained.118 This suggests that if the high
temperature is maintained, any source which can decompose at that tem-
perature is a good source for graphene growth on copper. This is because
graphene growth on copper is largely self-limiting. This is not the case with
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Figure 1.11: Schematic of the process of transferring CVD graphene to an
insulating substrate.122

nickel and the other catalysts like nickel where a more careful control of the
amount carbon introduced into the system is required.

Another condition which has proved important in CVD is the pres-
sure of the system. Low pressure systems have typically yielded the best
results with improved uniformity, thickness, surface coverage and better re-
producibility.79,95,119 Low pressure annealing has been shown to improve the
smoothness of the metal surface.88 Low-pressures also allow the reactive gases
to approach the catalyst surface much closer than in an atmospheric pressure
set up.79,95,119

For most electronic applications, it is important that the graphene
is on an insulating substrate. Graphene produced on metal foils therefore
needs to be transferred. This is most typically done by depositing a protective
layer of PMMA onto the graphene film and then etching away the underlying
metal. Once the metal is removed, the polymer coated graphene floats in the
etchant solution and is strong enough to be handled and deposited onto an
insulating substrate, usually silicon or silicon dioxide. The PMMA is then
dissolved in acetone,114,120,121 leaving graphene on the insulating substrate.
This process is shown in figure 1.11. The transfer process often results in
defects being introduced into the graphene. This has led to groups trying to
deposit graphene directly onto insulating substrates. One such method was
the deposition of a very thin layer of copper onto a silicon wafer, a normal
CVD was then performed which causes much of the copper to evaporate and
graphene ends up directly on the silicon wafer.97

The pre-treatment of the metal surface has been shown important
for maximising the domain size of the graphene.76,123 This has proven par-
ticularly true for growth on copper, as one might expect due to the surface
orientated mechanism. The pre-treatment not only removes the native oxide
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layer but it also has been shown that a flat surface morphology is imperative
in gaining high quality SLG.124 Impurities and defects on the metal surface
have a large effect on the graphene, acting as nucleation sites, resulting in
smaller graphene domain sizes.125 Experiments have shown that there is a
much higher graphene domain density at scratches and grain boundaries.126

Surface defects may also result in more amorphous carbon. This is due
to inhibited surface diffusion of the carbon atoms resulting in defected sp3

networks upon termination.124 It has also been shown that rougher surfaces
give rise to MLG as growth rates on the surface become different.88 The com-
monly used pre-treatment methods include extended annealing times, wash-
ing with acetic acid,127 nitric acid,128 mechanical polishing,126 and electro-
polishing.129 The annealing step is very important in increasing grain size
and reducing surface defects of the metal.66

CVD growth is not just limited to graphene films. Graphene plate-
lets and foams have also been synthesised through CVD. Graphene platelets
are grown on small, platelet-like metal catalysts. Such examples from lit-
erature include: graphene nanoribbons on nickel nanobars,130 copper rib-
bons,131 and zinc sulphide ribbons.132 Also graphene sheets have been syn-
thesised from iron bars.106 Difficulties with these processes come from the
meting point depression experienced by small particles resulting in the par-
ticles balling up at the high temperatures required for methane CVD.133

Therefore, ethanol typically needs to be used as the carbon source. CVD
growth on small particles is also in direct competition with the synthesis
of CNTs. Graphene foams have been synthesised through methane CVDs
on nickel foams,134 attempts were made to grow on copper foams but the
graphene collapsed upon removal of the underlying metal. It is believed that
thicker material is required in the graphene foam to support its structure.135

1.4.2 Top-down

Micromechanical Cleavage

This was the method used to isolate graphene in 2004 and uses an adhe-
sive tape repeatedly applied to graphite unitl a single layer of graphene is
achieved. Both SLG and FLG has been produced using this method. The
resulting graphene is then applied to a substrate by gentle press of the tape
to the substrate.5 A heat treatment, such as 200 °C in hydrogen/argon for
1 hour is required once the graphene is on the desired substrate to remove
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any glue residue left on the sample which could possibly limit electron mobil-
ity.136 This method gets high quality graphene but is expensive and labour
intensive so only suitable on a research scale.

Liquid exfoliation of Graphite

This is where graphite is dispersed into a solvent and then exfoliated via
sonication,137 or shear mixing.138 The process rarely results in complete ex-
foliation so the graphene is separated from the graphite via centrifugation.
The process works due to strong interactions between the solvent and the
graphite reduce the energy penalty for exfoliation. The surface tension of the
solvent should also serve to increase the interlayer separation of the graphite
layers making them easier to exfoliate. Suitable solvents are those which
the surface energy matches that of graphene. This has had most success in
N-methyl-pyrrolidone (NMP),137 but has been shown to work in other sol-
vents.137 Water has been used as the solvent with added surfactant. Yields
as high as ≈ 40% of the flakes having less than 5 layers and ≈ 3% of flakes
being SLG have been achieved when the surfactant sodium dodecylbenzene
sulfonate was added and the solution sonicated. The surfactant is neces-
sary as water has much too high of a surface energy to be a good exfoliate.
The surfactant also helps prevent re-agglomeration of the graphene sheets.136

Problems with these methods are that the sonication tends to shorten the
flake size as well as add defects into the graphene lattice. Also, residual
surfactant in the graphene has proved difficult to remove. Shear mixing as
an alternative to sonication has been suggested. It has been shown that
much less defects occur in the graphene lattice. However, the sheet size is
shortened by the process and yields of SLG are poor.138 Functionalisation of
the graphite both covalently,139,140 and non-covalently,141 has ben shown to
aid exfoliation. These methods however introduce structural and electronic
disorder.142,143

Graphite Oxide

Graphite oxide can be used to synthesise a graphene analogue by exfoliating
it to graphene oxide (GO) and then reducing it to reduced graphene oxide
(rGO). Graphite oxide is made by the reaction of graphite with a mixture of
potassium permanganate and concentrated sulphuric acid in the Hummers
method.144 There is much debate about what the structure of graphtie oxide
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might be but the most well-known structure is the Lerf and Klinowski model
shown in figure 1.12.145 The interlayer separation of the graphite oxide is ≈
0.65 - 0.75 nm depending on the amount of intercalated water. The water
intercalates into the layers and stabilises the layered structure due to strong
bonding with the layers. It is the increased interlayer separation due to the
water along with the functional groups which makes exfoliation of graphite
oxide into GO relatively easy. Thermal expansion and sonication are the
two most common methods to exfoliate graphite oxide. Thermal expansion
works by rapidly heating the graphite oxide, the functional groups decompose
forming CO2 which breaks apart the graphene oxide sheets.146 The sonication
method is usually performed in water as the oxygen groups make water a
good solvent for graphite oxide.145

Figure 1.12: The Lerf and Klinowski model for GO.145

The GO is heavily functionalised with oxygen groups and so to give
a good graphene analogue, it needs to be reduced. The reduction process
is not complete and many defects in the sheets exist. It is therefore helpful
to refer to the material not as graphene but instead as reduced graphene
oxide (rGO). rGO does not have the remarkable properties associated with
graphene but its synthesis is scalable and the material has found use in
many applications.147 Many reduction methods have been used including
hydrazine,148 thermal annealing,35 vitamin C,149 and HI.150 It is also pos-
sible to apply thermal shock to exfoliate and reduce the GO at the same
time.146 GO lacks the long range conjugation of graphene and so reduction
methods not only have to remove lattice defects but also restore the long
range conjugation of the graphitic lattice.151 Complete reduction of GO has
proved difficult because the layers become less hydrophilic as they get re-
duced and tend to aggregate and precipitate.152 rGO is not just limited to
the synthesis of graphene platelets. 3D macroporous graphene foams have
been synthesised through the self-assembly of graphene oxide.153–155
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Graphite Intercalation Compounds (GIC)

GICs are compounds consisting of positive or negative layers of graphite
with counter ions intercalated between the layers. The intercalated com-
pounds cause the interlayer separation to increase making it easy to ex-
foliate the layers and achieve graphene.156 One group has found that by
sonicating oleum intercalated graphite in DMF and then centrifuging to sep-
arate out the graphene, a suspension where 90% of the flakes are SLG is
achieved.157 There is a drawback to sonicating in that it will reduce the size
of the graphene flakes, this has led to development of a synthesis using an
alkali GIC which spontaneously exfoliates in NMP to yield graphene sheets
and nanoribbons.158

Electrochemical Exfoliation

Exfoliation of graphite by electrochemical means has had success where the
graphite is used as an electrode and then placed in different electrolytes
and then a current applied. Use of poly(sodium-4-styrenesulphonate) as an
electrolyte has achieved SLG and FLG, it is thought that the π − π interac-
tions between the graphene surface and the aromaticity of eletrolyte is what
allows for exfoliation.159 Another electrochemical method has been to use a
lithium complex as the electrolyte, the current makes one of the graphite elec-
trodes negatively charged at which point the Li complex intercalates causing
the graphite to expand. The graphite can then be exfoliated by sonication.
This method has reported greater than 70% yield of FLG.160 Electrochemical
methods are desirable as processes have a large potential to be scaled up and
made continuous.159

1.5 Synthesis and its Relationship to

Applications

The term graphene has encompassed a wide range of different materials such
that not all of the graphene produced by the different methods are suitable
for each application. Some applications require a large quantity of mate-
rial and electronic quality is less important. For other applications, small
amounts of highly pristine graphene is preferred. Not just quality and yield
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are important, but also the form of the graphene; 3D graphene or graphene
foams are finding there own niche set of applications with which they are
best adapted for, while there has already many potential applications for
graphene platelets. The different synthesis methods above are all best suited
to produce different ”types” of graphene. Table (1.1) outlines some of the
most suitable applications depending on the synthesis method. This topic
has been reviewed elsewhere.152

Method of Synthesis Nature of Product Potential Applications
CVD Films, platelets or

foams
Electronic, optoelec-
tronic, energy storage
and sensors

Epitaxial Growth on
Silicon Carbide

Films and platelets Electronics

Unzipping nanotubes Ribbons Transistors
Organic Synthesis Ribbons Transistors
Micromechanical
Cleavage

Platelets Research

Solvent Exfoliation Platelets Composites and con-
ductive inks

Graphite Oxide Platelets and foams Composites, conduc-
tive inks and energy
storage

Graphite Intercalation
Compounds

Platelets Composites and con-
ductive inks

Electrochemical Exfo-
liation

Platelets Composites and con-
ductive inks

Table 1.1: Table showing the best suited applications of graphene depending
on the synthesis method.

1.6 Summary

Graphene is an exciting material which has many potential applications de-
pending on the morphology and synthesis method of the graphene. Large
scale production of graphene platelets with poor electronic quality has been
achieved and indeed graphene is already starting to make its way into com-
posite materials and even energy storage devices. The big marque appli-
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cations in electronics are still absent. The challenge remains making large
quantities of very high-quality graphene. Progress is being made and much
literature is published every year, especially on the CVD process.

The aim of this PhD was to synthesise graphene with a control over
the morphology. Controlling the morphology gives influence over the prop-
erties and therefore the potential applications to which the carbon material
can be used for. Films, foams and platelets all have unique applications and
this thesis will focus on the synthesis of foams and platelets.

There are numerous methods of synthesis of graphene but the tech-
nique most appropriate for templating the growth of graphene is CVD. A
large quantity of literature exists in controlling the morphology of metals
or building 3D metal foams and CVD has had much success on growing
graphene on metals. The only other technique which might offer a similar
level of control in morphology is the growth on silicon carbide, but the syn-
thesis is expensive, reliant on defect-free silicon carbide and the literature on
controlling the morphology of silicon carbide is much more sparse. This body
of work will therefore focus on controlling the morphology of metal catalysts
and then growing carbon on the metal catalysts.
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Characterization Methods

This chapter will introduce many of the key characterisation techniques used
to gain insight into the materials produced in this research. A brief introduc-
tion to the technique will be given but the focus will be on how the technique
is useful for the characterisation of carbon nanomaterials.

2.1 Powder X-ray Diffraction

X-ray diffraction (XRD) is used for phase identification of a crystalline ma-
terial and provides information on unit cell dimensions. X-rays fired at a
sample interact with the electron cloud surrounding the atoms of the solid
and constructively interfere when conditions satisfy Bragg’s law (equation
2.1):

nλ = 2d sin θ (2.1)

where λ is the wavelength of the incident X-rays, θ is the scattering
angle and d is the lattice spacing. The diffracted X-rays are then detected
and counted giving a diffraction pattern. From Bragg’s law, the d-spacing
can be obtained and then compared with a database of materials.

For carbon nanomaterials, powder X-ray diffraction (PXRD) is used
where the sample is ground into a fine powder and average bulk composition is
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determined. The first piece of information that can be obtained qualitatively
is how crystalline the material is. A crystalline material has a repeating unit
cell and so sharp peaks occur in the diffraction pattern. When the repeating
structure is only short range, broad peaks occur as the diffracted X-rays are
detected over a wider range of angles. For graphite-like materials, the most
intense peak will come from the interlayer separation, labelled as the (002)
and is usually 3.35 Å. This number is increased for turbostratically stacked
graphite and non-existant for graphene due to none or only a few layers
being present. The 2nd order of the (002), the (004) peak is also commonly
observed. The other commonly observed peaks for graphite, although much
less intense are the (110) and the (100) at 1.23 Å and 2.12 Å respectively
and are planar spacings shown in figure 2.1.

In figure 2.2, commonly observed XRD patterns are shown for
graphite, graphite oxide and graphene. The graphite pattern shows the (002)
as the most prominant, and is often the only peak seen in such patterns. The
graphite oxide pattern only has a (002) down shifted due to the much larger
interlayer separation between graphite oxide and graphite. No (002) peak
can be observed in graphene as there is no long range crystalinity in this
direction due to the few number of layers.

Figure 2.1: Image showing the commonly observed lattice spacings of
graphite.161
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Figure 2.2: Commonly seen XRD patterns for graphite, graphite oxide and
graphene.162

2.2 Electron Diffraction

Electron diffraction (ED) is very similar to X-ray diffraction with the same
information being gathered. Electrons have wavelengths according to the de
Broglie equation:

λ =
h

mv
(2.2)

where λ is the wavelength of the electrons, m is the mass of the
electrons, h is Planks constant and v is the velocity of the electron. Due to
the wave-like nature of the electrons, diffraction occurs when electrons pass
through the crystal lattice of a material.

For carbon nanomaterials, electron diffraction is most commonly
carried out inside a transmission electron microscope (TEM). An ideal ED
pattern for graphene is shown in figure 2.3. The selected area chosen for
diffraction produces a set of diffraction spots, lattice parameters can then be
extracted from the distances of the spots from the centre of the electron beam.
A single set of spots at each spacing show the material is single crystalline and
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Figure 2.3: Electron diffraction pattern of graphene showing the (01̄10) and
(12̄10) indices.163

each additional set of spots shows further crystalline domains been observed.
With polycrystalline materials, so many sets of dots become indistinguishable
and rings appear. Like in XRD, graphene will show no (002) set of diffraction
spots and only the reflections at 0.212 nm and 0.123 nm corresponding to
the (01̄10) and (12̄10) indices respectively will appear.9 These can be seen
in the electron diffraction pattern shown in figure 2.3. Amorphous carbon
structures typically appears as diffuse rings in the diffraction pattern due to
the nano sized crystalline domains. These rings appear at ≈ 1.2�A, 2�A and
3.5�A.164

Relative intensity of different spots has been used to distinguish
between single and multi-layer graphene. Previous studies have shown that
for few-layer graphene and graphite with Bernal (AB) stacking the intensity
ratio of I1100

I2110
is less than 1, whereas monolayer graphene I1100

I2110
is greater than

1.9,137
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2.3 Raman Spectroscopy

When light is shone onto a material, several processes can occur. The mate-
rial can reflect, transmit, absorb or scatter the light. Most of the scattered
light is scattered with no change in energy (elastic scattering) and this is
known as Rayleigh scattering. However, a small proportion of the light will
be Raman scattered where by either a loss in energy (stokes) or a gain in
energy (anti-stokes) occurs. This is demonstrated in figure 2.4.

The change in energy occurs due to the interaction of the light
with molecular vibrations, similar to infra-red spectroscopy. For a vibra-
tional mode to be Raman active, there must be a change in polarisability of
the molecule during the vibration. This is in contrast to IR active modes
which require the vibration to cause a change in dipole moment. Raman
spectroscopy therefore gives information regarding the vibrational modes in
a material by producing a spectra of the stokes (or anti-stokes) shift of the
material. That is the difference between the absorbed photons and the emit-
ted photons. The virtual state describes a very short lived energy state that
exists only when the sample is excited by the laser.

Figure 2.4: Schematic showing the different transtions making up
Rayleigh, Stokes and Anti-stokes scattering. Image taken from:
http://www.renishaw.com/en/raman-spectroscopy-in-more-detail–25806
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Raman spectroscopy has been a very popular tool for carbon based
materials. This is due to the technique being most sensitive to symmetric
covalent bonds with little or no natural dipole moment. The carbon - carbon
bonds that make up carbon nanomaterials fit this criterion. It is particu-
larly good for sp2 hybridised systems due to resonance effects when using a
532 nm laser, increasing the number of Raman scattering events. It is also
very sensitive to molecular morphology of the material as every band in the
Raman spectrum corresponds to a specific vibrational frequency of a bond.
Therefore, the allotropes of carbon all have a different Raman signature.

The Raman spectrum of pristine diamond is composed of a single
peak at approximately 1332 cm−1 representing the tetrahedrally bonded sp3

hybridised carbon. When the diamond starts to become less crystalline, the
peak starts to broaden and a second peak becomes apparent at ≈ 1600 cm−1

representing sp2 hybridised carbon, known as the G peak. With increased
disorder and amorphicity, a D peak might become apparent at 1350 cm−1 -
the breathing mode of sp2 carbon. Due to sp2 hybridised carbon being more
polarisable than sp3 carbon, only a very small amount of sp2 carbon needs
to be present to dominate the spectrum.165

The many different types of fullerene also have there own distinctive
Raman spectrum. C60 has a sharp peak at ≈ 1450 cm−1 due to having only
one type of carbon bond, while C70, which is much less symmetrical than
C60, has many more Raman active bands.166

Graphite has the most prominant peak at ≈ 1600 cm−1 known as
the G band. Graphene has a very prominent peak at ≈ 2700 cm−1 - known
as the 2D band or the G’ band. These peaks can be seen in figure 2.5. The
G band is an in-plane vibrational mode involving sp2 hybridised carbon and
corresponds to the high frequency E2g phonon shown in figure 2.6 A). In
pristine graphene, the shift of the G peak can be used to determine layer
number. As layer number increases, the band shifts to lower energies due
to a softening of the bonds. As with many of the properties of graphene,
the band stops shifting after ≈ 10 layers is reached.167 It is often impractical
to use shift values by themselves as evidence of anything as they are very
sensitive to a great many of factors including temperature, doping and strain
in the material. It is important to note that he G mode arises from the
stretching of any pair of sp2 sites, not just limited to sp2 rings. At ≈ 1350
cm−1, the D band can often be observed. This band is often referred to
as the defect band, represents a ring breathing mode from sp2 hybridised
carbon rings shown in figure 2.6 B). The ring must be next to a graphene
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edge or defect in order to be present. A large D band relative to the G band
is therefore indicative of many defects in the material.168 The 2D band is
the second order of the D band and is the result of a two phonon lattice
vibrational process. It does not need to be activated by the presence of a
defect. The 2D band gives information in regards to number of layers of
graphene, both from its intensity and its shape.75,169,170 This is because the
resonant Raman mechanism that gives rise to it is linked to the electronic
band structure, the band structure changes with the the number of layers
and the layer orientation.171

Figure 2.5: Raman spectra of graphene and graphite.172

For single layer graphene, the 2D band is a single symmetric peak
with a full-width half maximum (FWHM) of ≈ 30 cm-1. Adding successive
layers to the graphene causes the 2D band to split into several overlapping
peaks which interfere to form a broad, asymmetric peak in the Raman spec-
trum. This distinction between the 2D band shape in graphene and graphite
can be seen in figure 2.5. The nature of the stacking influences the asymmetry
of the peak, turbostratic stacked graphite will always have a singular, narrow
2D peak. The IG/I2D ratio is used to determine layer number for graphene
while the ID/IG ratio is indicative of defects.75,169,170 Pristine graphite has
no D peak and a sharp G band, as crystallite size is reduced, the D peak
appears and increases in intensity. ID/IG ratio reaches a maximum for a
nanocrystalline graphite sample while still only containing sp2 hybridised
carbon rings. Further disorder would be to add in sp2 carbon chains and sp3

carbon into the rings, creating amorphous carbon. However, as the amount
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Figure 2.6: Vibrational modes giving rise to A) the G peak and B) the D
peak.171

of carbon rings decrease, so too does the D band and ID/IG starts to decrease,
until one very broad G band remains for amorphous carbon.

Carbon nanotubes have different Raman spectra depending on
whether they are single-walled carbon nanotubes (SWCNTs), double-walled
carbon nanotubes(DWCNTs) or multi-walled carbon nanotubes(MWCNTs).
The Raman for SWCNTs looks very similar to that of graphite with a G band
at ≈ 1600 cm-1, a 2D band at ≈ 2700 cm−1 and a D band at ≈ 1350 cm−1.
Unlike graphite however, the D band will always be present in SWCNTs due
to the disorder induced from the curved structure of the tube, more defective
tubes will however have a more intense D peak. SWCNTs have a unique set
of bands at sub 200 cm−1 known as the Radial Breathing Modes (RBM).
They correspond to the expansion and contraction of the tubes.173 The fre-
quency of these bands can be correlated to the diameter of SWCNTs and also
provide information as to the degree of aggregation. MWCNTs are similar
but the RBMs are not present as the outer tubes restrict them. Typically
the D band increases as the number of layers increase.174

Raman mapping has become a useful tool in studying carbon mate-
rials. By taking successive Raman spectra after movement of the sample by
a small increment. Maps can be generated detailing where chemical features
are located. This is very useful when studying heterogeneous materials so as
the overall nature of the material can be determined.175
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2.4 Microscopy

2.4.1 Scanning Electron Microscopy

In scanning electron microscopy (SEM), a focused beam of electrons are
scanned across the sample. These electrons then interact with the sample
and an image is generated. The nature of the interaction can vary between
forming back scattered electrons (BSE) and secondary electrons (SE). SE are
emitted from the sample due to excitation by the focused electron beam and
are most sensitive to topography. Typically greater resolution is achieved
with SE as the electrons are emitted from very close to the surface of the
sample. BSE are beam electrons elastically scattered by the sample and
emerge from deeper locations from the sample. BSE detection mode is best
used for gaining information about the composition of the sample due to the
sensitivity of BSE on atomic number.

SEM has been used extensively on carbon nanomaterials. The study
of individual nanomaterials is best suited for other techniques such as trans-
mission electron microsocpy (TEM) but for large macrostructures such as
CNT bundles and forests, agglomerated graphene oxide, graphene foams and
expandable graphite, SEM can give information about the macro structure
and overall morphology. SEM can also be used to see individual graphene
grains on a substrate, such as graphene on metals grown through CVD. Some
example SEM images are shown in figure 2.7. Due to the large field of view
available in SEM, an indication can be gained as to the homogeneity of any
produced nanomaterial. BSE detection will give compositional information
about the sample, useful for looking at residual metals which are often present
in the bottom-up synthesis of carbon nanomaterials.

2.4.2 Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDX) is the analysis of the X-rays
emitted from a sample upon excitation by an electron beam. Upon excita-
tion, a core electron can be emmitted and X - ray flourescence occurs when
an electron from an outer shell moves to replace the ejected core electron.
The energy of emitted X-ray is characterisitc of the atomic number of the
atom it came from. EDX has therefore become a useful tool for elemental
analysis identifying impurities in carbon nanomaterials and compositional
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Figure 2.7: SEM images of A) CVD graphene domain on copper,176 B) ex-
pandable graphite,177 C) graphene foam,178 and D) agglomerated graphene
oxide.179
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information for composite materials.

2.4.3 Transionsmission Electron Microscopy

Transmission electron microscopy (TEM) is a technique whereby a thin sec-
tion of material is exposed to a high energy beam of electrons. The electrons
penetrate the sample and are scattered. These scattered electron are then
detected on the other side of the sample giving insight as to the structure of
the material.

A limitation of this technique with carbon nanomaterials has been
the high voltages required for TEM imaging, usually 80 - 200 kV. These high
voltages result in substantial damage to the carbon. Despite this however,
high resolution images of graphene have been obtained. A single sheet of
graphene is shown in figure 2.8 B) while individual graphene layers can be
seen and counted at the edge of a multi-layer graphitic sheet where it curls
upwards(figure 2.8 C). Atomic resolution has also been achieved by using
low-voltage aberration corrected TEM (figure 2.8 A). The technique has also
been very useful for the analysis of multi-walled carbon nanotubes, where

Figure 2.8: A) Atomic resolution TEM image of graphene,,180 B) TEM image
of single graphene sheet,118 and C) TEM image of multi-layer graphene.
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the number of walls can be counted, and the type of tube can be discerned.

2.4.4 Electron Energy Loss Spectroscopy

Electron energy loss spectroscopy (EELS) utilises the electrons scattered in-
elastically by the sample to gain chemical information. Electrons which pass
through the sample causes electronic transitions to occur, therefore electrons
lose the equivalent energy. By measuring the energy lost, the transitions can
be deduced, these transitions are unique to different elements.181 The tech-
nique can also be used to measure the thickness of the sample by relating it
to the energy loss at different beam energies.181

2.5 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is the monitoring of the mass of a sample
while changing the temperature. Mass plots are returned as a function of
temperature or time and give an indication of the thermal stability of the
material. The atmosphere that the sample is heated up in can be changed
to observe the different reactivities of the material.

For carbon nanomaterials, the onset of thermal decomposition in air
gives information as to the crystallinity of the carbon material, since defect
sites are more prone to thermal oxidation.182 The onset of thermal oxidation
has also been shown to decrease upon exfoliation of graphite, due to the
reduced interlayer interactions between exfoliated sheets and the sheets of
graphite.183 The nature of the carbon material can also be deduced from
TGA by the different thermal onsets, for instance amorphous carbon burns
at a much lower temperature than graphite.184 Figure 2.9 shows this with
graphite having the highest onset, graphene having a reduced onset at around
500 °C due to the reduced interlayer interactions and graphite oxide having
a further reduced onset due to both reduced interlayer interactions and in
plane defects. Graphite oxide has two onsets due to the presence of water
between the layers burning off before the carbon burns.

38



CHAPTER 2. CHARACTERIZATION METHODS

Figure 2.9: TGA curves of pristine graphite, graphite oxide and graphene
and the initial degradation temperature (Ti) and the maximum mass loss
temperature (Tmax).185
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Chapter 3

Porous Carbon Materials

3.1 Introduction

Porous carbon material is a term used to describe a host of carbonaceous
materials, typically referring to high surface area carbons. This includes ma-
terials such as carbon nanotubes, activated carbon and carbon onions. The
materials all make use of their high surface areas for use in many potential
applications, including gas storage,186 gas separation, as catalyst supports,
supercapacitors and for use in Li-ion batteries.44 Porous carbons are often
produced through several methods. One such method is the carbonisation
of biomass such as wood, shells and sugars at temperatures around 600 °C
and activation usually by KOH.187 Another method is the carbonisation of
polymer resins or carbon aerogels at around 900 °C.188,189 These tend to give
very high surface area carbons with values reaching as high as 3400 m2g−1.190

Energy storage is an application receiving much attention at the mo-
ment. For this application, it is desirable to have both a high surface area and
a high conductivity. Much work has recently been done on graphitic porous
carbon due to its higher conductivity, well-developed crystalline structure,
thermal stability and oxidation resistence at low temperature.40,41 Methods
to induce graphitisation have been to heat the porous carbons to around
3000 °C.191 This is a prohibitively high temperature for many commercial
applications. Also, by inducing graphitisation in this manner, there is a lim-
itation to the carbon source that can be used. Only graphitisable carbons
would be able to be graphtised in this way.69 Recent developments have
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involved catalysing the graphitisation using metal catalysts such as nickel,
iron or cobalt. These are traditionally recognised as the best graphitisation
catalysts due to their partially filled d-orbitals.69 By catalysing the graphi-
tisation, lower temperatures can be used of around 800 - 1200 °C. Also, any
carbon source can be used for the initial carbon template. The most common
method of catalysing the porous carbon growth is making metal-doped car-
bon xerogels through a sol-gel polymerisation carried out in a metal salt so-
lution.192–194 Other methods include pyrolysing carboxyl containing polymer
particles which have undergone an ion exchange with transition metals,40

doping saccharides with metal salts,195 and graphitising thermoset resins
based on metal organic salts.196 Literature also exists on the metal doping
of carbon aerogels to graphitise them.197 Advantages of carbon aerogels are
controlloble pore sizes, high surface areas and high conductivity attributed
to its monolithic structure composed of covalently bonded small carbona-
ceous particles.197,198 It has proven difficult to combine high conductivity
and high surface area with developed mesoporosity.199 The surface areas for
the porous materials after graphitisation tend to be only around 200 - 600
m2g−1.191,197,200

Recent work has looked into making porous macrostructures or
foam like materials. Porous macrostrucutres are materials which have a 3D
framework and have been used in electrodes,201,202 conducting frameworks
for polymer thermosets,135,178 and filtration/pollution control.203,204 These
applications all have the shared requirement for easily accessible pores. In
applications where electrical conductivity is important, such as electrode ma-
terials, the continuous conducting network of a monolith can be more desir-
able than a discontinuous powder electrode.43 Macroporous graphene is most
commonly produced from either the self-assembly of graphene oxide,153–155

or from graphene growth on a ”hard” porous continuous metal template.75,77

The popularity of graphene oxide centres on the cheap and scalable produc-
tion methods. However, the oxidation and exfoliating processes introduce
defects into the graphene structure disrupting the delocalised sp2 network,
adversely affecting its physical and electrical properties and decreasing its
chemical stability. By contrast, the ‘hard’ template approach typically in-
volves chemical vapour deposition (CVD) onto commercially available nickel
foams with an average pore size in excess of 50µm.178,205–207 The templated
CVD graphene produced typically has much higher electrical conductivity
than that of graphene derived from graphite oxide, however, yields are much
lower than those found in graphene oxide self-assembly routes.38 An alter-
native route to graphene foams via the sintering of metal oxide particles
followed by CVD has been reported.208,209 The materials produced, although
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low density and high surface area, have relatively low levels of overall graphi-
tisation. Similarly, the sintering of metal salt crystals can also be used to
produce high density graphene foams.210

Here we propose two methods of porous carbon synthesis. The
first method for carbon foam production is a templated CVD method and
the second method discussed is an attempt to remove a step in the initial
process where a metal - doped dextran hydrogel is carbonised.

3.2 Synthesis of Graphene Foams from Soft

Templated Metal Monoliths

3.2.1 Synthesis of Catalyst

Graphene has been synthsised on metal foils by CVD. If the metal foil is
replaced with a metal foam, graphene can be grown in a foam like structure
to closely follow the macrostructure of the underlying metal. The difficulties
of this process are having the graphene hold its shape once the metal foam is
removed and also ensuring that the metal foam can catalyse graphene growth.
The metal foils typically used for graphene growth are highly polished with
very large domains. This is harder to achieve for metal foams. The metal
foams used here were synthesised by heating metal/dextran hydrogels in air
to form metal oxide foams. This metal oxide foam was then reduced in situ
during the CVD process, allowing the metal to catalyse graphene growth, as
shown in figure 3.1. Unlike graphene growth on hard metal foams, the soft-
templated metal framework procedure described herein requires no cleaning
of the metal substrate prior to use, works at atmospheric pressure and has a
low sensitivity to changes in conditions.

This is the first time that a soft-templated metal framework has
been employed for the CVD synthesis of graphene.

The formation of porous metal frameworks by templating has long
been an area of study for those working in the fields of catalysis, filtra-
tion and electrochemistry.211–216 Such materials can be produced by a va-
riety of routes involving either soft or hard templates.217,218 The use of so-
called soft templates was first developed by Mann et al,212 who demonstrated
that dextran hydrogels could be used as sacrificial templates for production
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Figure 3.1: Scheme showing the process of growing graphene from a
metal/dextran gel.

of copper oxide, silver and gold metal monoliths.211 The principle advan-
tages of soft-templating include the facile, scalable and benign nature of the
chemistry used. In addition, soft-templating can offer a degree of control
over the macrostructure properties including mechanical strength and pore
size.212,219,220

Four different metal foams were synthesised: Copper, nickel, cobalt
and iron. Nickel and copper are very commonly used catalysts for graphene
synthesis but operate by different mechanisms. Copper is typically consid-
ered the best graphene catalyst as it operates via a surface mechanism and
is therefore often self-limiting to monolayer graphene.66 However, this means
it is very sensitive to surface morphology and typically undergoes an exten-
sive polishing prior to CVD,221 it therefore might not be suitable as a foam
template. Nickel, cobalt and iron have all being used for graphene synthe-
sis.70,222 Cobalt and iron less so than nickel, but they all have had extensive
use catalysing other carbon materials such as carbon nanotubes and carbon
nanofibers.223–226 They all operate through a bulk mechanism whereby the
carbon dissolves into the catalyst.73 This makes precise control of layer num-
ber more challenging but it should be less sensitive to surface morphology
and therefore better suited to the synthesis on foams.

The metal/dextran hydrogels were synthesised according to a mod-
ified procedure first outlined by Mann et al.212 They synthesised copper ox-
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ide, silver and gold foams. The method was adapted for the synthesis of
copper oxide, but modified so as to synthesise cobalt, nickel and iron oxide
foams. Briefly, metal salt was dissolved into water followed by addition of
the surfactant Triton X-45. This solution was then combined with a highly
concentrated dextran solution. This mixture was then stirred at 60 °C for 30
minutes. The resulting gel was then allowed to age for 4 days prior to use.
A photo of the metal gels are shown in figure 3.2

Dextran is used as a sacrificial template for the formation of porous
metal oxide structures. Dextran is chosen due to its large water solubility
allowing its dissolution into more concentrated metal solutions and there-
fore resulting in larger metal loadings in the metal hydrogels. Dextran also
contains reductive aldehyde groups which will reduce the metal ions.211 The
amount of metal in each of the gels was determined by ICP-OES and was
shown to be 3.80%, 4.11%, 5.47% and 4.59% for iron, nickel, copper and
cobalt respectively. The hydrogels were then annealed at 600 °C in air in
order to create metal oxide foams. This dehydrates the gel and then subse-
quently burns off the dextran. During this process the metal salt is oxidised
and forms a continuous metal oxide monolith. SEM images of the structures
are shown in figure 3.3.

The SEM images clearly show a porous structure with pore size of
approximately 20µm for the cobalt oxide and copper oxide foams (figure 3.3
top left and right respectively). Although still macroporous, this is an order
of magnitude smaller than those of commercial nickel foams which have pore

Figure 3.2: Photo showing the dextran/metal salt gels.
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Figure 3.3: SEM images of (top left) cobalt oxide, (top right) copper oxide
(bottom left) nickel oxide and (bottom right) iron oxide. Images taken at
10.0 kV, 5.0 kV, 5.0 kV and 5.0 kV respectively using the SE detector.

sizes in excess of 100 µm. It is believed that the pores originate from the
controlled outgassing of CO2 bubbles into the viscous surfactant matrix.212

One of the advantages of this soft templating method to a metal foam is that
there are numerous adaptations to both increase and decrease the pore sizes
in the structure.212 The nickel oxide and iron oxide (figure 3.3 bottom left
and right respectively) show a much more closed structure. It appears that
the synthesis did not work nearly as well for these materials as the foams
were much less monolithic than the cobalt and copper material, appearing
more like a powder than a foam.

In order to prove that the porous structure would be retained upon
reduction of the metal oxide foam. A test run was conducted where no carbon
source was added and the metal oxides were reduced to elemental metal. The
metal oxides were heated to 1000 °C in a hydrogen/argon atmosphere. Images
of the resulting structures are shown in figure 3.4. It appears that the pore
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size decreases upon reduction to the metal for the cobalt metal where pore
size is around 5µm (figure 3.4 (top left)). The pore size remains consistent
for the copper at around 20 µm (figure 3.4 (top right)). The nickel and iron
structures are opened up after the heat treatment and some porosity can be
observed (figure 3.4 (bottom left and right respectively)). Grain boundaries
are clearly visible in the polycrystalline cobalt structure.

Figure 3.4: SEM images of the metal oxide after being heated to 1000 °C in
a reducing atmosphere. (top left) cobalt, (top right) copper, (bottom left)
iron and (bottom right) nickel. Images taken at 8.0 kV, 5.0 kV, 5.0 kV, and
5.0 kV respectively using an SE detector.

3.2.2 Synthesis of Graphene

A conventional atmospheric pressure methane CVD was performed on the
metal oxide foams. The metal oxide foams were placed in an alumina boat
inside a quartz furnace tube inside a furnace. The foams were then heated
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to 1000 °C in an argon/hydrogen atmosphere. At 1000 °C, methane is briefly
introduced into the gas stream. The system is then allowed to cool under
just argon and hydrogen. A schematic of this process is shown in figure 3.5.

Figure 3.5: Scheme showing the CVD set up of growing graphene on the
metal oxide foams. Inside the furnace is an SEM image of cobalt oxide foam.

The CVD process was performed with all the different metal foams
to produce copper graphene foam (CuGF), nickel graphene foam (NiGF),
iron graphene foam (FeGF) and cobalt graphene foam (CoGF) . The mate-
rials taken out of the furnace were small and fragile macroporous foams. In
the case of the metals nickel and iron; carbon from the methane precursor is
thought to dissolve into the metal forming a solid solution and then precipi-
tate upon cooling.78 Graphene has been shown to form this way with nickel,78

and the same mechanism is thought to apply to cobalt due to similar solubil-
ity of carbon in both the nickel and cobalt.70,107 With copper, the mechanism
is thought to be limited to the surface as the methane dissociates into car-
bon and graphene forms on the surface of the copper. This was discussed
in section 1.4.1. SEM images were taken to get an idea of the structure of
these foams (figure 3.6). Two images are displayed for each of the different
metal/graphene foams. Cobalt, (figure 3.6 (A) and (B)) nickel,(figure 3.6
(E) and (F)) iron (figure 3.6 (C) and (D)) and copper (figure 3.6 (G) and
(H)) The size and stability of the foams produced varies across the metals.
Cobalt, (Figure 3.6 (A) and (B)) nickel,(Figure 3.6 (E) and (F)) and copper
(Figure 3.6 (G) and (H)) showed stable and large porous structures, while
iron (Figure 3.6 C and D) was observed to be the least stable, both in han-
dling where it would crumble to a powder and on both visual observation
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Figure 3.6: SEM images of the material produced after CVD on the metal
oxide foam. A) and B) cobalt derived material. C) and D) iron derived
material. E ) and F) nickel derived material. G) and H) copper derived
material. Images taken at 15.0 kV for the CoGF and 10.0 kV for the other
materials using the SE detector.
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and in the SEM. This is in contrast to the other metal/graphene foams in
which large macrostructures a few millimeters in size could be handled with-
out breaking. The CuGF, NiGF and CoGF were open pore structures with
a pore size of approximately 2 microns. The copper had a much lower pore
density than the other metals.

The CoGF, FeGF and NiGF show regions of two distinct contrasts
in the SEM. There are many reasons why varying contrast can occur in an
SEM but a common one is differing elements. An EDX map was taken of
the CoGF to determine the origin of the different contrasts. The map is
shown in figure 3.7. Cobalt was detected through out the sample, so a map
was taken to display carbon intensity. It can be clearly seen that there are
regions of more carbon (red) and regions of less carbon (green) in the sample.
These can be attributed to differing layer numbers of the graphene/graphite
produced in the sample. The high contrasting material in the SEM images
is the cobalt.

Raman was taken determine the quality of carbon produced on each
of the samples. Copper was by far the worst quality of carbon produced. The
Raman spectrum for the CuGF is shown in figure 3.8 The Raman spectrum
contains the characteristic peaks for graphitic material with a G band at
1577 cm-1, a 2D band at 2695 cm-1 and a D band at 1346 cm-1.167 The
G band originates from in-plane vibrations of sp2 hybridised carbon atoms
and the 2D is a second order of the D band and provides information about

Figure 3.7: (A) SEM image of the cobalt graphene foam (CoGF) pre-acid
wash and (B) carbon intensity EDX map showing regions of high carbon
signal (red) and low carbon signal (green). Images taken at 15.0 kV with the
SE detector.
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Figure 3.8: Raman spectrum of the CuGF.

layer number. The D band is often due to defects or nanocrystalline domain
sizes.168 Using the equation:227

La(nm) = (2.4× 10−10)λ4(
ID
IG

)−1 (3.1)

where La is average crystallite size, λ is laser excitation wavelength
and ID/IG the ratio of intensities of the D and G band. The average crys-
tallite size of the graphene on the copper foam was found to be 42.5 nm
(SD = 8.4), averaged over 307 spectra. A histogram of this data is shown
in appendix A figure 8.1. The very small domain size of graphene on the
copper is unsurprising. Graphene growth on copper typically requires the
foil to undergo an intensive pre-treatment, often with a mixture of mechani-
cal and electrochemical polishing.228 The pre-treatment has been proven to
improve the domain size of the synthesised graphene. Copper catalyses the
growth of graphene via a surface mechanism, this makes the growth much
more sensitive to surface roughness and curvature. It is likely that copper
is not suitable for the growth of graphene foams. The formation of highly
defective graphene/graphitic material is likely to be as a consequence of the
surface roughness and poor crystallinity of the underlying 3D copper catalyst
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monoliths.

Raman spectra of the material grown on the Ni, Co and Fe is shown
in figure 3.9. Interestingly no D band was observed with the other metals.
This suggests that the material is much less defective or has larger domain
sizes than that of the material grown on the copper. As the EDX map in
figure 3.7 shows, the carbon was not uniform. Raman maps were therefore
taken of the samples in order to get a clear indication on the homogeneity of
the material.

Figure 3.9: Scatter plots of IG/I2D ratio vs FWHM of the 2D peak for (A)
NiGF, (B) FeGF and (C) CoGF. Adjacent the scatter plots are individual
spectra of the coloured points from the scatter plots. The orange and blue
regions give a rough indication of >3 layer material and 1 - 3 layer material
respectively.
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Figure 3.9 shows scatter plots of IG/I2D vs FWHM of the 2D band
for the NiGF, CoGF and FeGF taken for approximately 300 spectra for each.
Copper is not included as it is a much less crystalline, although more uni-
form so provides a less informative scatter plot when compared to the other
metals. The 2D band is a second-order overtone of the in-plane vibration,
D. It has been shown that for CVD graphene there is a correlation between
the ratio of the intensities of the G and the 2D band (IG/I2D) and graphene
layer number.75,169,170 The maps show that there are a range of values for
the FWHM and the IG/I2D ratio and therefore a range of layer numbers.
A IG/I2D ratio of approximately 0.2 - 1.3 suggest a graphene layer number
of 1 - 3 layers respectively. FWHM of the 2D peak also gives a rough indi-
cation of layer number. FWHM’s of around 40 cm -1 suggest 1 - 2 layers.
The FWHM increases largely for 3 layers to around 70 cm -1. The scatter
plots were divided into two regions, areas of 1 - 3 layers (blue) and area of
greater than 3 layers (orange). Representative spectra of the two regions
are shown on the right hand side. All three metals show a mixture of thick
and thin graphene as agreed by the EDX in figure 3.7. The NiGF had the
widest variety in material and doesn’t show the linear relationship between
IG/I2D and FWHM which would be expected as both correlate to layer num-
ber. The CoGF and the FeGF both show a large proportion of few-layer
graphene (1-3 layers). The heterogeneity of the graphene thickness could be
due to the increased precipitation of carbon at grain boundaries in the metal
foam.229 This has been observed with metals such as nickel on foils. Another
reason for the heterogeneity in the material could be due to growing on a
foam. The irregularity of the foam will mean that different parts of the foam
will experience a different flow profile than other regions of the foam and
therefore a different material would grow. The results suggest that the ma-
terial grown here is of similar crystallinity to other groups growth via CVD
and much more crystalline than the material produced through the other
methods of graphene/graphite production. Other groups have demonstrated
the production of graphtie in addition to graphene on nickel foams,207 but
no other group has mapped their graphene and so it is hard to deduce the
homogeneity of the different materials.

A more clear comparison of the different materials synthesised on
the different metals can be observed in the histogram in figure 3.10 showing
the frequency of different IG/I2D ratios. Copper clearly showed the worse
material with a very small 2D band. Nickel had a very broad distribution
of IG/I2D ratios with still a large proportion of graphite. Cobalt and iron
show a large proportion of very thin material but since cobalt held the foam
like structure much better than the iron, CoGF will be the focus for the rest
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of the analysis. The conditions chosen for this CVD are based on a large
quantity of literature which all come to differing conclusions on the optimum
set of conditions. It is coincidental that the conditions chosen are best suited
for iron and cobalt over nickel. An alternative set of conditions likely exist
in which nickel gives the thinnest, most uniform material.

Figure 3.10: Histogram displaying the frequency of different IG/I2D ratios
for each of the metals.

TGA was also taken of the materials to gain further insight into
how graphitic the structure is (figure 3.11). By looking at the onset of when
the material starts to burn in air, information is gained on the quality of
the carbon. The high onset of the NiGF, CoGF and FeGF materials (700
- 800 °C) is further evidence of their graphitic structure. The low onset of
the CuGF is also in agreement with the Raman in suggesting a less graphitic
material. Generally, owing to their crystallographic order, graphitic carbons
are more stable against air oxidation than amorphous carbons.182 The rises
in mass observed are likely due to the oxidation of metals.
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Figure 3.11: TGA (blue) and first derivative plots (red), recorded in air from
ambient to 1000 °C at 10 °C min-1 of (A) iron graphene foam, (B) copper
graphene foam, (C) nickel graphene foam and (D) cobalt graphene foam
showing onsets at 675 °C, 303 °C, 816 °C and 715 °C respectively.

XRD was also taken of the graphene/graphite grown on the different
metals and is shown in figure 3.12. The XRD for the NiGF, CoGF and FeGF
show the peaks associated with graphite including the peak arising due to
the interlayer spacing, the (002). This is to be expected as despite the large
amount of graphene in the sample, the graphite will dominate giving the
sharp (002) peak. The CuGF material gave no discernible graphite peaks
due to non-crystalline nature of the material.
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Figure 3.12: PXRD patterns of (A) iron graphene foam, (B) copper graphene
foam, (C) nickel graphene foam and (D) cobalt graphene foam; showing the
characteristic peaks for graphitic carbon of (002), (101) and (004). Mo Kα1,2
Xray source, λ = 0.7093 Å.

The CoGF was washed in 6 M HCl for 4 days to remove the cobalt
metal. SEM images were then taken of the post washed material and are
shown in figure 3.13. Figure 3.13 (A) shows that the macrostructure was
preserved upon removal of the cobalt. Figure 3.13 (A) and (B) show that the
pore structure was retained with pore sizes of 1 - 2 microns. Figure 3.13 (B),
(C) and (D) show numerous graphene sheets on top of each other and that
the graphene material is very sheet like while (B) and (D) shows that the
sheets are wrinkled. Wrinkles are thought to be present due to the difference
in thermal expansion coefficients of the cobalt and the graphene.230 The high
level of transparency observed for the graphene material in the SEM images
suggests that the sheets are very thin. BET surface area measurements of
the 3D graphene foam grown on cobalt gave values between 60 and 120 m2

g−1. EDX spectra was taken over the entirety of figure 3.13 A and showed no
cobalt present (appendix A figure 8.2) although TGA for the CoGF showed
some residual mass most likely due to cobalt oxide (figure 3.11).

To gain further information on the graphene sheets making up the
macroporous structure, the CoGF was bath sonicated in N-methylpyrolidone
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Figure 3.13: (A)–(D) SEM (SE) images of the cobalt graphene foam (CoGF)
after HCl wash

(NMP) to break up the monolitihic structure and then dropped onto lacey
carbon TEM grids. These images are shown in figure 3.14. The material was
shown to be thin and entirely graphene like, with no other carbon based struc-
tures present. In agreement with the Raman and SEM data, the graphene
sheets were observed to be single (figure 3.14 (B)) and multi-layerd (figure
3.14 (C). Figure 3.14 (D) shows a frequency histogram of the distribution
of single- few- and multi-layer sheets observed in the TEM. The normal-
incidence selected area electron diffraction (SAED) pattern (figure 3.14 (F)
taken from the marked region in figure 3.14 (E) shows the typical six-fold
symmetry for graphene with reflections, at 0.212, 0.123 nm which correspond
to the (01̄10) and (12̄10) indices respectively.9 The multiple hexagonal pat-
terns present suggest a number of graphene sheets are lying on top of each
other. Three sets of spots are clearly visible in the diffraction pattern indi-
cating that three sheets are stacked on top of each other, the offset of the
spots relative to the most intense shows that the second and third sheet are
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Figure 3.14: (A) Low magnification TEM image of graphene sheets from the
cobalt graphene foam (CoGF). (B) HRTEM image of a single graphene sheet.
(C) HRTEM image of a multi-layer graphitic sheet. (D) Histogram of the
number of layers observed for the graphene in the TEM across 107 images.
(E) TEM image of graphene and the region where the SAED pattern was
taken. (F) SAED from region shown in (E) and intensity profile inset.
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rotated approximately 5° and 7° respectively. The intensity of the dominant
reflections can be used to provide information on any stacking that may
be present. Previous studies have shown that for few-layer graphene and
graphite with Bernal (AB) stacking the intensity ratio of I1100

I2110
is less than 1,

whereas monolayer graphene I1100
I2110

is greater than 1.9,137 The intensity profile

(figure 3.14 (F) inset) shows that the intensity of the (01̄10) and (1̄010) are
significantly greater than (12̄10) and (2̄110), indicating monolayer graphene.
Sheet resistance of filter cakes of the CoGF were measured across 3 different
films using the four-point-probe method and were found to be between 500
- 600 Ω sq −1 across several samples for an approximately 120µm thick films
and is comparable to other synthetic graphene materials.231 SEM images
proving sample thickness is shown in appendix A figure 8.3.

3.3 One-step Synthesis of Graphitic Foams

In order to try and make the synthesis of graphitic foams more efficient, a
step was removed from the process described above. Once the dextran/metal
gel had been synthesised, rather than anneal it in air to produce the metal
oxide foam, the dextran/metal gel was heated in a reducing atmosphere.
The idea was that the reducing atmosphere might generate a metal foam
which can catalyse graphitic carbon growth while dextran can act as the
carbon source. Dextran should be an effective carbon source as many sugar
materials have been used to grow graphitic carbon.195,232 The graphitic foams
were then washed in HCl to remove the metal catalyst. This is most similar
to the work carbonising metal - doped xerogels.192–194 All four metal-dextran
hydrogels were carbonized in addition to a dextran hydrogel with no metal
present. This was done in order to ascertain the effect of metal in catalysing
the formation of graphitic carbon.

After the heat treatment, black foam like structures were pulled
from the furnace and then analysed by SEM. The material with no metal
present is shown in figure 3.15 in a photo and SEM image. The photo shows
a glossy and brittle glassy carbon monolith while the SEM image shows very
large macro pores. The copper, iron and nickel based carbon materials are
shown in figure 3.16 rows 1 - 3 respectively. Figure 3.16 is split into three
columns. Column 1 shows SEM images of the unwashed foam structure
pulled straight from the furnace for the three different metals. Column 2
shows the results of mixing the BSE and SE signals on unwashed material
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Figure 3.15: (A) Photo and (B) SEM image of carbonized hydrogel with no
metal present. Image taken at 10.0 kV with the SE detector.

Figure 3.16: SEM images of the post carbonized material. Lines 1 - 3 showing
the copper, iron, and nickel material respectively. Column 2 is the a mixture
of SE (red) and BSE (green) signals and column 3 shows the material having
undergone an acid wash. Images in columns 1 and 3 were taken with the SE
detector while images in column 2 was taken using both the SE and BSE
detector. Images taken at a range of accelerating voltages from 5.0 kV to
15.0 kV.

60



CHAPTER 3. POROUS CARBON MATERIALS

with metal (high BSE signal) shown in green and carbon (high SE signal)
shown in red. The images clearly show the metal intermixed with the carbon
sheets, this is in agreement with column 3 displaying the post acid washed
material. The removal of the metal results in pores and voids appearing in
the carbon sheets. After acid washing all the macrostrucutre of the foams
was lost and the material collapsed into a powder.

The cobalt based material (figure 3.17), still retained some large
foam monoliths after the acid wash. These foam monoliths were very frag-
ile and break under pressure. It is clear that the metal particles are vital
in holding the structure together. The cobalt derived material showed the

Figure 3.17: SEM images of the post carbonized cobalt/dextran hydrogel
(A) and (B) before an acid wash, (C) before and acid wash but mixing the
SE and BSE signals, green showing high BSE intensity and red showing high
SE intensity, and (D) after an acid wash. Image (A), (B) and (D) were taken
at 10.0 kV, 10.0 kV and 15.0 kV respectively using the SE detector. Image
(C) was taken at 10.0 kV using both the SE and BSE detector.
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most interesting structure and so further images are shown in figure 3.17.
The Co/graphitic carbon material in figure 3.17 (A) and (B) show a very
interesting porous macrostructre and like the other metals cobalt is located
within the carbon sheets. Unlike the other metals, the material still shows a
porous macrostructure upon removal of the cobalt with an acid wash (figure
3.17). EDX was taken across the entirety of the region shown in figure 3.17
(D) and shows no cobalt peaks (appendix A figure 8.4 ). In order to deduce
the amount of metal in post washed material, the samples were heated to 500
°C in a water atmosphere for four hours to burn away all the carbon. The
residue was then washed with 6M HCl and ICP-OES was performed and the
% of metal remaining in the post washed samples were 0.83% and 0.26% for
the cobalt and nickel respectively. Data could not be included for the iron
and copper as the treatment did not remove the entirety of the carbon for
those metals.

An EDX map was also taken of some of the pre-wash cobalt material
(figure 3.18), this confirms the presence of cobalt particles located within the
carbon sheets. It is therefore perhaps not surprising that the stability of the
macrostructure is reliant on the metal particles.

Figure 3.18: EDX map showing the presence of cobalt (blue) in the carbon
sheet. Image taken at 10.0 kV using the SE detector.

Characteristic raman spectra for the different metal/carbon foams
is shown in figure 3.19. There are three apparent peaks in the spectra, all
typical of graphitic carbon. The D peak at ≈ 1300 cm-1, the G peak at
≈ 1600 cm-1 and the 2D peak at ≈ 2700 cm-1. These have been discussed
before but briefly: The D peak is considered to be due to disorder and is a
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Figure 3.19: Raman spectra of the resulting carbon material for the four
metals and the blank run.

Raman inactive mode that becomes active when defects in the system are
present.168 The G band is present in all sp2 hybridised carbon and arises
from the E2g vibrational mode. The 2D peak is a second harmonic of the
D peak and arises due to long range order in the graphitic structure. The
difference in Raman for the different experiments is very interesting. Cobalt
and iron produced very good results with an intense G and 2D which would
be expected when using such well known graphitisation catalysts. What is
surprising is how much worse the nickel based material is. The overlapping
D and G and smaller 2D suggest a much less crystalline structure. Nickel
is also a very well used graphitisation catalyst and has had better results
with similar materials.233 The sample which contained no metal, labelled
blank, appears to be fairly amorphous with the broad, overlapping D and G
bands and small 2D band. What is also very interesting, is that the copper
based material, not a common but certainly not unknown graphitisation
catalyst,234 has less long range order than the blank material. Looking at
the structure of the material produced in the blank, it looks very similar
to glassy carbon, both in the Raman,235 and in physical appearance (glossy
and brittle) as shown in figure 3.15. The copper material is not glossy but
looks more similar to the other metal based materials in being a matt black
powder.
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The ID/IG ratio gives information on the defect density in the ma-
terial. The average ID/IG for the metals used and the blank are 0.77, 0.91,
1.00, 0.93 and 0.66 for the cobalt, copper, nickel, blank and iron respectively.
Raman maps were taken over approximately 1000 spectra for each of the
samples and the data plotted as a histogram showing the frequency of differ-
ent ID/IG ratios appearing for each of the metals and the blank (figure 3.20).
Also shown are colour maps of the intensity of the ID/IG ratio. Red showing
high ID/IG ratios and blue showing lower ID/IG ratios. The iron has low ID/IG
ratios but quite a diverse range suggesting a less defective material but also
a heterogeneous material. The other materials also show a more defective
structure than the iron but are far more uniform. It is important to note
that the high D peak in the copper compared to the nickel means slightly
different things. The well defined 2D peak in the nickel suggests that the
carbon is sp2 hybridised and so the large D originates from nanocrystalline
domains. With the copper, the absence of the 2D suggests that the carbon is
amorphous, with a mixture of sp2 and sp3 carbon.2 It is unsurprising in this
case that the D band might be smaller relative to the G band with amor-

Figure 3.20: Histogram showing the frequency of different ID/IG ratios for
each of the different metals. Also intensity maps (top: iron and cobalt left
to right, right hand side: copper, blank, nickel top to bottom) of the ID/IG
for each of the metals where red corresponds to large ID/IG ratios and blue
corresponds to small ID/IG ratios.
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phous carbon. The D band originates from defects in sp2 rings, as a smaller
proportion of amorphous carbon is rings, the D band will decrease. The G
band originates from pairs of sp2 carbon and so remains unchanged.168

In plane crystal length can also be calculated from this ratio using
equation 3.1,194,236 and are calculated to be 14.79, 17.51, 19.22, 18.04 and
12.68 nm for the cobalt, copper, nickel, blank and iron respectively. Due to
the absence of a D band for the cobalt, iron and nickel material created in
section 3.2.2, no comparison can be made. Crystal size was calculated for
the CuGF to be 42.5 nm, significantly larger than the crystallite sizes of the
one pot material, as to be expected from the differing synthesis methods.

A histogram was also produced displaying the frequency of different
IG/I2D ratios accompanied by corresponding image maps (figure 3.21). Red
shows large values of IG/I2D while Blue shows small values. The copper de-
rived material was not included in the histogram as there was no discernible
2D band. Cobalt shows the highest IG/I2D ratio consistently, followed by
iron, nickel and then the blank. Looking at the previous data, it’s not sur-
prising that the nickel is worse than the iron. The iron’s IG/I2D ratio is
inhomogeneous much like its IG/ID ratio. 2D typically gives information in
regards to number of layers and 3D crystallinity with lower IG/I2D ratios
indicating thinner material.75 The average IG/I2D values are 1.40, 4.28, 3.15
and 4.54 for the cobalt, nickel, iron and blank respectively.
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Figure 3.21: Histogram showing the frequency of different IG/I2D ratios.
Also maps (top: cobalt and iron left to right, right hand side: nickel,
blank, copper top to bottom) showing the intensity of the IG/I2D ratio with
red being a high IG/I2D ratio and blue being a low IG/I2D ratio.

Information can be gathered by looking at the burn profile of the
different carbon materials (figure 3.22). The blank, cobalt and nickel materi-
als have the characteristic burn onset for glassy carbon and graphitic carbon
(700 °C).237 The iron shows a wide onset from 500 - 700 °C. This was to be
expected when looking at Raman spectra as the material is very heteroge-
neous. The copper shows a very early burn profile at approximately 300 °C.
This is typical of amorphous carbon. It is interesting to have such a clear
onset for the cobalt and nickel materials at ≈ 600 °C. The work done on
carbonising xerogels often find that their material is a mixture of amorphous
and graphitised carbon. This is due to the carbon close to the metal graphi-
tising while the material further away from the metal is not experiencing any
catalysing effect.238 The iron based material shows features more similar to
this as the burn profile is over a large range of temperatures.
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Figure 3.22: Thermogravimetric analysis of the different products heated in
air to 1000 °C at 20 °C/min.

An in situ TGA was done of the cobalt dextran gel and the blank
gel (figure 3.23). This was where the gels were heated to 1000 °C inside a
TGA in an argon/hydrogen atmosphere. At around 100 °C the water comes
off and 40 % mass loss is observed. The water comes off at lower temperature
with the blank, this could be due to the boiling point elevation of water when
adding salt to the solution as in the cobalt gel. The next significant mass loss
comes at approximately 200 °C and is due to the decomposition of dextran
into different products. The mass then stabilises at about 12 % for the cobalt
gel and 8 % for the blank gel. It is to be expected that the cobalt gel will
have a larger residual mass as residual cobalt will remain in the pan.
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Figure 3.23: TGA’s were taken of the cobalt and blank gels heated at 20
°C/minute to 1000 °C in an argon/H2 atmosphere.

TEM images were taken of each of the metal derived carbons post
acid wash after sonicating the material in ethanol and dropping them onto
a TEM grid. Figure 3.24 shows TEM images of the copper ((A) and (B)),
iron ((C) and (D)) and nickel ((E) and (F)). Representative TEM could not
be obtained for the blank material as the material was too brittle to get
into a smaller enough form for deposition. The cobalt material is shown in
more depth in figure 3.25. The copper material also shows mostly amorphous
material, although some graphitic regions could be found. An ED is shown
in appendix A figure 8.5 The iron and nickel materials show porous graphitic
sheets and is confirmed by the ED (appendix A figure 8.6 and 8.7). On closer
inspection of these sheets, it can be seen that the sheets are made up of curved
graphitic structures. This too is seen in the cobalt material in figure 3.25.
Figure 3.25 (A) shows the material before an acid wash. The cobalt particles
can be clearly seen in the graphitic sheet. The material after an acid wash
can be seen in figure 3.25 (B) where pores are visible in which the cobalt
had previously occupied. Higher resolution images of the material show the
curved graphitic sheets visible in the iron and nickel based material. It is also
shown that the heavily curved material is not the only carbonaceous material
present in the sample but a more sheet like graphite material is also apparent.
High resolution images and electron diffraction (inset) of this material also
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Figure 3.24: TEM images of the material after an acid wash taken at 80 kV.
(A) and (B) copper based material, (C) and (D) iron based material and (E)
and (F) nickel based material. Images taken at 80.0 kV.
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Figure 3.25: TEM images of the cobalt based material (A) pre acid wash
and (B), (C) and (D) post acid wash. Inset (B) is an electron diffactogram
of the region in (B). Inset (D) is a line profile of the region shown in (D).
Images taken at 80 kV.

show that it is graphitic with distinct rings with lattice spacings appropriate
for graphitic material. The two different structures of carbon could be due to
proximity of the metal catalyst during the graphitisation step. Line profiles
of the number layers of the curved material was taken for the nickel, iron and
cobalt samples and were found to be between 4 and 6, with no significant
difference between the number of layers for each of the different materials.
An example of this is shown inset in figure 3.25 (D). Electron diffraction was
taken of the material and is shown inset in figure 3.25 (B) and shows the
(002), (100) and (110) lattice spacings giving d spacings of 0.34, 0.21 and
0.12 nm respectively. Mesopores(2 to 50 nm) and nanopores (100 nm) can
both be clearly seen in the images. It is believed that the nanoporosity is
due to the metal particles contained within the carbon sheets, evidence for
this comes from figure 3.25 (A) where metal particles can be clearly seen
within the sheets. The mesoporosity appears to come from the voids created
from the curvature of the graphitic material which can be clearly seen in
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figure 3.25 (C) and (D). BET surface area measurements were taken of the
cobalt material after an acid wash and were found to be 140 m2g−1. This is
comparable with other graphitised porous carbons.191,197,200

3.4 Conclusions and Future Work

Two synthetic methods were shown as novel ways of growing porous graphitic
materials. The first method was a traditional CVD synthesis growing graphene
onto a porous metal foam. Four different metals were attempted with graphene
material being produced on the nickel, iron and cobalt metals while cop-
per seemed to produce a more defective and less crystalline material. The
graphene foams were able to hold their shape reasonably well after the re-
moval of the metal. It is believed that this is due to the large amount of
graphite present in the foam supporting the structure. The process is not
optimised and in the future we could look into trying to improve the propor-
tion of material that is single-layer graphene by changing parameters such as
carbon loading in the gel, temperature, flow rates and cooling rates. Much
literature exists looking at the effect of these different conditions on the qual-
ity of material produced, mostly for nickel and copper catalysts. Doing the
experiment under low pressure conditions may also improve quality. It is
important to note that any increased proportion of few-layer graphene com-
pared to graphite is likely to hamper the structural stability of the foam.
Other groups have got round this by coating in PMMA before etching the
metal away, leaving a graphene/PMMA foam composite.207

Trying to get results from the copper catalyst could be worthwhile.
Growth on copper foils tend to require intensive pretreatment of the cop-
per in order to maximise surface smoothness and grain boundary size.239

Such methods that could be employed for this synthesis is longer annealing
times or perhaps synthesising the copper foam then electropolishing it before
performing the CVD. It might be the case that copper just isn’t feasable for
growth of macroporous graphene’s. Chen et al,178 attempted CVD on copper
foams but due to the growth on copper being self-limiting to single layer, any
attempt to etch the underlying copper foam away resulted in the graphene
foam collapsing.

One of the advantages of doing a soft templated route to the metal
foams is that a greater control of pore size can be achieved. Mann et al,212

have demonstrated this in the synthesis of metal foams and so future work
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might involve the synthesis of macroporous graphene with different pore sizes.
The control of pore size is important in supercapacitor applications. Demon-
stration of an application for the macroporous graphenes should also be per-
formed in future work. The graphene foam could be used as a 3D electrode
and the capacitance then measured.

The second method discussed in this chapter was a synthesis of
porous graphitic material where a metal doped dextran hydrogel was car-
bonized at 1000 °C in an inert atmosphere. Free-standing foams were pro-
duced that would collapse into powder upon washing of the metal. This
leaves curved graphitic material with large holes in the sheets from where
the metal particles had been washed away. This was done for four different
metals: cobalt, iron, nickel and copper. This process was also not optimised
and work could be done to improve the crystalinity and uniformity of the
material such as changing flow rates and temperature. A lower temperature
of 800 °C was tried on the cobalt hydrogel and gave a much inferior result in
regards to Raman spectroscopy (Appendix A figure 8.8).

Testing the material in different applications could be worthwhile.
The material is high surface area and graphitic and so should be suitable in
energy storage applications such as supercapacitors and some powder elec-
trodes should be produced and capicitance measured. Porous carbon sheets
might also make a suitable filtration material. The defective nature of the
sheets and the high surface area should make for good interaction with a
polymer matrix and might improve the mechanical properties of a composite
material.

Being synthesised from a gel gives potential to mould the material
into desirable shapes. This is particularly encouraging for use as free-standing
electrodes in supercapacitor applications. Attempts were made to mould the
material but it is believed that the water comes off the gel too violently
when heating up for the shape to be maintained. This could be controlled by
altering the heating rate of carbonisation. Another method was to freezedry
the gels prior to carbonization inside a cylindrical crucible. A picture is
shown in figure 3.26 of a post carbonised freeze dried gel. Other methods of
trying to mould the material could be to use a much slower heating rate. The
material would collapse upon removal of the metal. The presence of the metal
might improve the capacitance properties due to acting as a pseudocapacitor,
this material should therefore be tested as free-standing electrode. Methods
could be employed to try and get the carbon structure to hold its shape
better after the removal of the cobalt such as sulfonation, adding sodium
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chloride or adding silica nanoparticles.240

Figure 3.26: Photo of a carbonized freezedried cobalt hydrogel on a dande-
lion.
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Chapter 4

PolyHIPE’s as Templates for
Carbon Growth

4.1 Introduction

As stated in the previous chapter, 3D graphene has attracted much interest
in applications such as electrodes,201,202 conducting frameworks for polymer
thermosets,135,178 and filtration/pollution control.203,204 3D graphene is well
suited to these applications due to its high surface area and its high ther-
mal and electrical conductivities.40,41 Important features required of the 3D
graphene in order to maximise its ability to perform these applications are
physical stability, control of pore size, high surface area and good quality
graphitic material to allow for the high electrical and thermal conductivity.

In this chapter an alternative method to 3D graphene is proposed.
The last chapter referred to methods of either carbonizing hydrogels or CVD
on porous metal catalysts. Limitations of those methods are a lack of stabil-
ity in the carbon foam where the foam would collapse upon the addition of
a small amount of force, and that the resultant material had a non-uniform
macropore structure. The method put forward in this chapter is the car-
bonization of polyHIPE’s (poly high internal phase emulsions), a well known
stable porous material with a very regular pore structure.

High internal phase emulsions (HIPEs) have been known for many
years and have seen applications in food preparation, cosmetics, fuels and oil
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recovery.241 Their characterizing feature is that at least 74 % of the volume
of the emulsion is comprised of droplets (volume ratio (Φ) = 0.74).241 This
number represents the maximum efficiency packing of non-deformed spheres.
Greater percentage volume of droplets can be achieved but droplets are of
non-uniform size or deformed.241 HIPEs have been used as templates for
highly porous structures. Such materials are formed by curing the continuous
phase of the the emulsion to form polyHIPEs, where the continuous phase is
solidified and the droplets are embedded into the resulting material.241 The
internal phase and surfactant are then removed giving the porous structure.
A scheme of the synthesis of carboHIPEs is shown in figure 4.1, whereby
the aqueous phase is added to the organic phase forming an emulsion, the
mixture is then polymerised with the aqueous droplets embedded into the
material. The droplets are then removed with heating, leaving behind pores.
The resulting polyHIPE can then be carbonized to form a carboHIPE.

PolyHIPEs are typically synthesised by the addition of monomer
to crosslinker and surfactant while slowly adding the droplet phase. The
resulting mixture is then cured. Advantages of using polyHIPEs as porous
materials is having a well documented control over the morphology and the
ability to tune pore size.242 The macromorphology can be varied by simply

Figure 4.1: Scheme showing the synthesis of a carboHIPE.
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changing the vessel within which the polyHIPE is cured in, while pore size can
be changed by adjusting the volume of the emulsion comprised by droplets.241

The carbonization of polyHIPEs has received attention for use as
supercapacitors,243 batteries244,245 and as reinforcements for composites.246

The carbonized polyHIPEs are known as carboHIPEs. CarboHIPEs are pro-
duced by first synthesising a polyHIPE, and then treating with sulfuric acid
to sulfonate the polyHIPE. The sulfonated polyHIPE is then heated to 500
°C - 900 °C.243,244,247–249 Sulfonation has been proven a necessary step in the
production of carboHIPEs prior to carbonization in order to provide sta-
bilisation for the polyHIPE against depolymerisation during heating. This
is due to the strongly interacting sulfate moieties stabilizing the polymer
through the initial stages of carbonization.249 The results of missing out that
step can be seen in figure 4.3 B where no macrostructure is retained post
carbonization. Silica nanoparticles have also been used to stabilisie the carb-
HIPEs during carbonization. The silica is believed to act like a scaffold,
and the shape of the polyHIPE is maintained after removal of the silica.250

CarboHIPEs have been synthesised from polyHIPEs of DVB/styrene and
resorcinol/formaldehyde,242,249,251–253 with most research been done on the
resorcinol/formaldehyde carboHIPE.253 Advantages of using carboHIPEs for
these applications come from the large surface area increases upon carboniza-
tion. Such increases as 9 m2g−1 to 445 m2g−1 have been observed.249 This
suggests that carbonization introduces nanoporosity into the sample. Surface
areas as high as >1400 m2g−1 have been achieved by activating the polyHIPE
with KOH during the carbonization step.247 CarboHIPEs produced thus far
have very little graphitic character as shown by Raman spectra of the pro-
duced materials.240,243,247 In this chapter, a method of producing carboHIPEs
with a graphitic character is described. The increased proportion of sp2 hy-
bridised carbon in the 3D foams should increase the conductivity, making
the material better suited for applications in energy storage.

4.2 Synthesis of Graphitic CarboHIPEs

4.2.1 Synthesis of PolyHIPE’s

PolyHIPE’s with a continuous phase consisting of styrene and divinyleben-
zene (DVB) were chosen for this work due to the large amount of literature
available on such polyHIPEs.254 Briefly, the polyHIPE’s were prepared by
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mixing azobisobutyronitrile (AIBN) as the initiator and SPAN 80 as the sur-
factant to a styrene/DVB solution. The AIBN acted as a free radical initiator
to polymerise the continuous phase. To make metal doped polyHIPEs, metal
salt was dissolved into the aqueous phase. Cobalt and nickel salts were chosen
with most focus on cobalt due to the lessons learnt in the previous chapter.
This aqueous phase was then added dropwise to the continuous phase. The
mixture was cured in an oven overnight. Three different porosities of poly-
HIPE were synthesised by varying the ratio of the continuous phase to the
overall volume. Continuous phase to volume ratios of 80%, 85% and 90%
were chosen. SEM images of the polyHIPE’s with and without metal dop-
ing are shown in figure 4.2. It can be seen that the doping of metals has
little effect on the structure of the polyHIPE’s. PolyHIPEs typically have a
hierarchical pore structure present, large voids which are present due to the
removal of the droplets in the emulsion, interconnecting windows between the
voids and lastly, the pores within the polymer walls and struts that comprise
the solid phase of the material.241 A rough estimate of the pore sizes from
the images in figure 4.2 give average sizes of 3µm, 3 µm, 4 µm, 5 µm, 10 µm
and 6µm for figure 4.2 A) -F) respectively. Measurements were made across
20 pores for each image, note that due to exceeding the 74% threshold for
sphere packing the pores were of irregular shapes.

4.2.2 Carbon Growth Templated from PolyHIPE’s

The six different polyHIPE’s were carbonized by heating to 1000 °C and
holding for two hours. 1000 °C was chosen as it is a commonly used tem-
perature for CVD growth of graphene. The polyHIPEs were heated in an
argon/hydrogen atmosphere in order to reduce the metal salt to metal so
it can catalyse the graphitisation. Photos of the pre and post carbonized
polyHIPEs are shown in figure 4.3. Figure 4.3 A and B show that the blank
polyHIPEs lose all macrostructure and a large amount of volume upon car-
bonization. This is in direct contrast to the metal doped polyHIPEs (figure
4.3 C) and D)) whereby the macrostructure is retained and only a small loss
of volume is observed. No differences can be observed between the different
porosities.
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Figure 4.2: SEM images of A) and B) 80% polyHIPE with and without
cobalt, C) and D) 85% polyHIPE with and without cobalt and E) and F)
90% cobalt with and without cobalt.
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Figure 4.3: Photographs of A) blank polyHIPE’s, B) blank carboHIPE’s, C)
Co doped polyHIPE’s and D) Co doped carboHIPE’s. 80%, 85% and 90%
poly/carboHIPE’s shown left to right.
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SEM images of the undoped carboHIPE’s (figure 4.4) and doped
carboHIPE’s (figure 4.5) agree with figure 4.3 whereby the blank carboHIPEs
in figure 4.4 have lost all porosity when compared with the metal doped
carboHIPEs in figure 4.5. The doping of the metal is clearly necessary for the
stabilisation of the polyHIPE macrostructure, this could be due to the metal
forming a scaffold during the carbonization adding to the stability, much like
the observations of Woodward et al when using silica nanoparticles prior to
carbonization.240

Figure 4.4: SEM images of A) 80%, B) 85% and C) 90% undoped carboHIPE
and D) Raman spectra of the three carboHIPE’s.

The SEM images in figure 4.4 clearly show that the macrostructure
of the carbonized blank polyHIPE has collapsed due to the heat treatment
and all porosity has been lost. Raman spectra shown in figure 4.4 D is typ-
ical of what would be seen from amorphous carbon with an overlapping D
and G band (≈ 1300 cm−1 and 1600 cm−1 respectively) with an approximate
ID/IG of 1. The absence of a 2D band (≈ 2700 cm−1) also suggests no crys-
tallinity in the sample. The formation of amorphous carbon is to be expected
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Figure 4.5: SEM images of the Co doped carboHIPE’s. A) and B) - 80%
carboHIPE. C) and D) 85% carboHIPE and E) and F) 90% carboHIPE.
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when carbonization occurs at such a low temperature of 1000 °C without the
presence of a graphitisation catalyst. This is typical of the Raman spectra
commonly observed in the carboHIPE literature whereby amorphous carbon
structures are produced.247 There is no discernible evidence that the poros-
ity of the polyHIPEs have an effect on the the Raman spectrum with similar
IG/I2D and IG/ID ratios observed for all three carbonized polyHIPEs.

On comparison of the blank carboHIPEs in figure 4.4 with the SEM
images of the Co doped carboHIPEs shown in figure 4.5, the difference in
structure can clearly be observed. The metal allows the macrostructure to be
retained and a 3D carbon/metal monolith to be obtained. On further com-
parison with the metal-doped polyHIPEs shown in figure 4.2, it can be seen
that porosity does remain but its nature is different to that of the starting
material with the voids much less apparent. This can be attributed to the
carbon dissolving into the metal at high temperature and then precipitat-
ing out. Such is the mechanism for the catalytic graphitic carbon formation
from cobalt.69 It can be seen in the higher magnification images in figure 4.5
that the carbon produced is rough and that metal particles are embedded
throughout the material. The presence of the metal is confirmed in the EDX
shown in figure 4.6 where a very prominent carbon peak can be observed
along with a small cobalt peak. The difference in the porosities starts to
become apparent in the SEM images in figure 4.5. Semblance of the starting
materials seen in figure 4.2 can be seen in the 80 % and 85 % porosity but
much less so in the 90 % porosity which appears to have lost much of the
characteristic polyHIPE structure. This is unsurprising as it was deduced
earlier that the metal is vital in maintaining the structure of the carboHIPE.
The 90 % porosity polyHIPE has the least metal present.
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Figure 4.6: SEM image (left) of Co doped 80% carboHIPE and EDX spectra
(right) of the region shown.

In order to remove the metal and obtain a standalone carbon mono-
lith, the carboHIPE’s were washed in 6 M HCl for 24 hours. SEM images and
EDX was then taken of the carboHIPE’s to determine if any loss of structure
occurred and if the metal particles have been successfully removed. The re-
sultant data is shown in figure 4.7. It can be seen from the SEM images in
figure 4.7 that the macrostructure was retained after the acid wash. This is
however, most likely due to the ineffectiveness of the acid wash in removing
the cobalt. The EDX in figure 4.7 D, and the observation of the charged par-
ticles in the SEM images, show that the cobalt still remained in the sample.
It appears that the carbon has coated the metal particles, making it very
difficult for the acid to access it and etch it. Even with agitation, it proved
impossible to remove all of the metal.
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Figure 4.7: A), B) and C) SEM images of the Co doped 80% carboHIPE
after an acid wash and D) EDX spectra of the region shown in C).

In order to prove that the synthesis could be adapted to other met-
als, a nickel carboHIPE (figure 4.8) was also synthesised at 90% porosity
and can be seen to be very similar to the cobalt carboHIPEs. In fact, the
nickel carboHIPE maintained it’s structure much better that the 90% cobalt
carboHIPE. Figure 4.9 shows that the Raman and XRD is similar for both
the nickel and cobalt carboHIPEs, with similar IG/I2D and IG/ID observed
with both metals.

Representative Raman spectra of all the porosities of carboHIPE
and the nickel derived carboHIPE are shown in figure 4.9 B. They show the
typical peaks associated with graphitic carbon of a D, G and a 2D band. The
high D band is indicative of defects in the sheets while the 2D band being
only approximately half that of the G band suggests graphite. The sharp
and distinct G and D band is also indicative of crystalline material. These
carboHIPEs are much more graphitic than those produced without metal-
doping. Raman spectra taken of carboHIPEs from the literature,240,243,244,247
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Figure 4.8: SEM images of Ni doped 90% carboHIPE

Figure 4.9: XRD (left) and Raman spectra (right) of metal doped carbo-
HIPE’s with different porosity.

are much less crystalline as shown by the absence of a 2D peak and by the
heavily overlapped D and G band.

The XRD pattern in figure 4.9 shows the most prominant peak
associated with graphitic carbon - the (002) spacing at ≈ 26.6 °. All other
peaks in the diffractogram are associated with residual metal or the silicon
used as a support.

Raman maps were taken of the different metal doped carboHIPE’s,
mapping 504 points. In order to determine the overall quality of the ma-
terial, ratios of the G to 2D band intensity and ratios of the D to G band
intensity were compared. Blank carboHIPE data was included for the 85 %
porosity for comparison but due to the absence of a 2D peak for the blank
carboHIPE, it was not included in that histogram. The results are shown in
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histograms in figure 4.10. As described in previous chapters, ID/IG ratio is
indicative of defect density or the relative proportions of amorphous carbon
to sp2 hybridised carbon. Figure 4.10 B clearly shows that the 90% porous
material is the most defective material with the highest ID/IG value. The
80% and 85% have similar ID/IG ratios, lower than that of the 90% porosity
material. This trend is continued when looking at the IG/I2D ratios. IG/I2D
ratio is again indicative of graphitisation and is correlated to Z axis crystill-
inity. On observation of figure 4.10 A the 90% porosity is again significantly
less graphitic than the other two porosities, as shown by the higher IG/I2D
ratio. This is likely due to the 90% porosity containing less metal than the
other two porosities resulting in less catalytic activity and so therefore less
graphitisation.

Figure 4.10: Histogram showing frequency of different IG/I2D (left) and
ID/IG (right) ratios of Co doped carboHIPE’s with different porosity.

The TGA in figure 4.11 shows the blank carboHIPEs have an onset
of 500 °C - 600 °C while the metal-doped carboHIPEs have an onset of 550
°C - 610 °C. This was to be expected as graphitic carbon is more stable than
amorphous carbon. There does appear to be some residual material left in
the pan for the blank carboHIPEs. This could be alumina from the boat
that was used as the vessel to carbonize the polyHIPEs. The material was
etched onto the boat and had to be scraped off in order to remove it for
analysis, some alumina may well have been taken with it. The residual in
the metal-doped polyHIPEs is likely to be metal. They follow the expected
trend of the 90% porosity having the least metal and therefore least metal
residual followed by the 85% and then the 80%.
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Figure 4.11: Thermogravimetric analysis of blank carboHIPEs (left) and
cobalt doped carboHIPEs (right) heated in air to 1000 °C at 20 °C/min.

TEM images were taken of each of the different porosity of carbo-
HIPEs and are shown in Figure 4.12. Material was prepared for TEM by
sonicating in ethanol and then dropping onto a holey carbon TEM grid. Im-
ages A and B show the 80% porosity carboHIPE before an acid wash while
the remaining images show the 80% (C and D), 85% (E and F) and 90% (G
and H) porosity cobalt carboHIPEs after an acid wash.

Figure 4.12 A and B clearly show the presence of large metal parti-
cles within the carbon sheet and when compared with the TEM images from
the acid washed material, it is clear that the acid washing does remove the
majority of the metal. Figure 4.12 C - H show very little difference between
the porosities while the HRTEM on the right hand column show that for
each porosity graphitisation has occurred and the layers could be counted.
It is clear that the thickness of the material is consistently greater than 20
layers. The nature of the graphitic material appears to be curved, onion like
structure which likely occured as the carbon grew around the metal particles
which were embedded in the lattice prior to the acid wash.

These onion like structures can be seen more clearly in figure 4.13
which shows further TEM images of the 85% polyHIPE after the acid wash.
The pore sizes were measured across 20 images and were shown to range
between 15 - 30 nm. Figure 4.13 also shows amorphous carbon was present
in the sample. This is likely to be due to some polymer not being in contact
with the surface of the cobalt and so not experiencing any catalytic effect.
Electron diffraction (figure 4.13 D) was also taken of the area shown in figure
4.13 C. The rings can be indexed giving the characterisitic lattice spacings
of graphite: (002), (100) and (110) giving a d spacing of 0.34, 0.22 and 0.13
nm respectively.

88



CHAPTER 4. POLYHIPE’S AS TEMPLATES FOR CARBON
GROWTH

Figure 4.12: TEM images of A) and B) Pre acid wash Co doped 80% carbo-
HIPE, C) and D) post acid wash 80% carboHIPE and E) and F) post acid
washed 85% carboHIPE and G) and H) post acid washed 90% carboHIPE.
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Figure 4.13: A) - C) TEM images of metal doped 85% carboHIPE and D)
electron diffraction of region shown in C).

For comparison, figure 4.14 shows the 80% blank carboHIPE. It
can be cleary seen that the carbon has no graphitic character and that the
structure was largely destroyed in the carbonization process.
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Figure 4.14: TEM images of 80% blank carboHIPE.

4.3 Metal PolyHYPE Annealed in Air to

Generate Metal Foam followed by CVD

A similar methodology to that used in section 3.2 was used to produce
graphene from a cobalt polyHIPE. First, a cobalt polyHIPE was synthe-
sised as done previously in this chapter. This cobalt polyHIPE was then
annealed in air at 600 °C for 4 hours. This produced a cobalt scaffold shown
in figure 4.15 A and B. A methane CVD was then conducted on the cobalt
scaffold (figure 4.15 C) and the carbon produced was characterised by Ra-
man spectroscopy (figure 4.15 D). Cobalt was the only metal used for these
experiments as that is the metal which had most success in chapter 3.

Figure 4.15 A and B show that a cobalt scaffold was created with
a regular macrostructure. The SEM images also show that the surface of
the cobalt foam is very rough and therefore likely to inhibit the growth
of graphitic carbon. Figure 4.15 C shows that even after the cobalt foam
undergoes the high temperature of the CVD process, the surface remains
rough. The Raman spectra in figure 4.15 D is more indicative of graphite as
shown by the IG/I2D ratio of approximately 1.9 and a FWHM of 80 cm-1.75

The absence of the D peak, which is indicative of defects, sugests that the
graphite is pristine and it is likely with careful control of conditions, graphene
could be synthesised.
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Figure 4.15: SEM images of A) and B) polyHIPE derived Co foam, C)
polyHIPE derived Co foam after CVD and D) Raman spectra after CVD on
polyHIPE derived Co foam.

4.4 Conclusions and Future Work

Porous graphitic foams were produced through a novel method of doping
polyHIPEs with metal particles. Three different porosities of polyHIPE were
prepared by varying the amount of continuous phase relative to droplet phase
and the effect on the structure was apparent. This change in structure was
translated into the carboHIPEs. The effect of the metal was twofold, it can
be clearly seen that the metal particles are imperative in maintaining the
structure of the foam while also graphitising the carbon. Figure 4.10 shows
that the degree of graphitisation is increased in the lower porosity materials,
owing most likely to having a greater proportion of metal present in the
sample. Methods in the literature have managed to produce carboHIPEs
which were not graphitic through primarily the use of sulfonation prior to
carbonization, in order to maintain the stability of the foam.
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The excitement surrounding carbonizing polyHIPEs is largely due
to the control over pore size and porosity available in the polyHIPEs. Only
one method of controlling the pore size was utilised in this chapter. Alterna-
tive methods for controlling the porosity of the starting polyHIPE includes
using different organic porogenic solvents. It was found that by changing from
toluene to 2-chloroethylbenzene produced an increase in BET surface area
from 350 m2g−1 to 550 m2g−1.241 By changing the solubility parameter of the
solvent closer to that of the polymer, phase separation occurs later during the
polymerisation, producing smaller microgel particles with smaller pores be-
tween them.255The void diameter can be increased by adding water-miscible
organic species to the HIPE aqueous phase, promoting Ostwald ripening.255

In the case of styrene/DVB HIPE, increasing the ratio of DVB causes the void
diameter to decrease. This was attributed to the droplet diameter decreas-
ing because of the increased hydrophobicity of DVB compared to styrene.
Changing surfactant has also shown to have a large effect on porosity for
similar reasons. Increasing surfactant concentration stabilises the emulsion
allowing smaller droplets to exist, decreasing void diameter size.241

The use of polyHIPEs to template the growth of metal scaffold,
which could then undergo a traditional CVD was only briefly looked into.
This is much like the use of a metal doped hydrogel to produce a metal scaf-
fold described in chapter 3. Very high quality graphene was produced in that
section and by optimisation of the CVD conditions and metal catalyst, sim-
ilar results could be achieved with a polyHIPE derived metal scaffold with
the advantage of increased control over porosity as described above. The
SEM images in figure 4.15 suggest that the biggest prohibiter for the growth
of pristine graphene from these metal scaffolds is the surface roughness. Sur-
face roughness has been shown to promote multi-layer growth.88 Parameters
could be optimised to smoothen the surface such as pretreatment of the
metal scaffold, increased annealing times and changing hydrogen concentra-
tion.66,127 All of these have been shown to affect the surface roughness of
metal foils.

Parameters in the above synthesis could be optimised. Using cobalt
catalysts mean that it is unlikely to require temperatures as high as 1000 °C
and similar degrees of graphitisation with such a catalyst has been acheived
at temperatures as low as 700 °C.256 The choice of metal could be varied,
cobalt was chosen as that had most success in chapter 3, however, the few
experiments conducted on nickel derived carboHIPEs looked promising and
so iron may well show equal promise. It is unlikely that copper would be
an effective catalyst for the same reasons concluded in chapter 3. The role
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of hydrogen in formation of graphitic carbon is not conclusive and it may
well be possible that more graphitic material is produced in the absence of
hydrogen.

Testing the material in electrochemical applications would be worth-
while. The material in its current form is not strong enough to form a free
standing electrode but it could be coated onto a current collector and elec-
trochemical data collected through that method. Efforts could be made to
make it strong enough to act as a free standing electrode including sulfona-
tion.243,244,247–249 Initial experiments to sulfonate metal-doped polyHIPEs
however were not successful in achieving the desired graphitisation seen with-
out the sulfonation step, as shown by Raman spectroscopy.
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Chapter 5

Templated Carbon Growth on
Copper Oxide Polyhedra

5.1 Introduction

Templated carbon growth is the synthesis of materials where the structure of
the synthesised carbon copies that of the template material, usually a cata-
lyst. Templating the growth of graphene should allow a greater control over
its properties. It has been shown that the shape of the graphene effects elec-
tronic structure with graphene nanoribbons having a band gap.257 Differing
sizes of graphene sheets have also been found to have different composite
reinforcing effects.258 Another advantage is being able to grow graphene on
a powder, this should provide a larger surface area and therefore a greater
yield of material. So far, bottom-up synthesis of graphene has been per-
formed on metal foils and so a very small amount of graphene has been
produced. Synthesis on a powder might allow for the bulk production of
bottom-up graphene.

Numerous examples of templated growth exist in the literature,
particularly for the synthesis of graphene. These include graphene nanorib-
bons on nickel nanobars,130 and on copper ribbons,131 mesoporous graphene
nanoballs from polystyrene beads,259 graphene nanoballs from nickel nanopar-
ticles,260 graphene nanotubes on nickel and copper nanotubes,261 graphene
sheets from iron bars,106 and the formation of few-layer graphene nanorib-
bons by growth on zinc sulphide ribbons. These were grown through a con-
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ventional methane CVD and the resulting graphene ribbons mirror the zinc
sulphide catalyst near perfectly and can be isolated from the catalyst.132 Al-
though, not a common catalyst for carbon growth, zinc has been used in the
growth of carbon nanotubes.132,262

These methods have substantial drawbacks and difficulties. The
quality of the graphene produced from polystyrene beads and copper rib-
bons was of poor quality.131,259 This could be due to not being able to achieve
the high temperatures required for graphitisation. A common problem with
small particles is that they experience a large melting point depression, and
often deform at the high temperatures required for graphitisation.263 This
effect was observed in the synthesis on copper nanotubes, where the copper
nanotubes would collapse,261 or become deformed, passing on these defects
to the synthesised graphene. Poor quality also results when growing on
small particles as only small graphitic domains will result, the material pro-
duced will therefore have more domain boundaries and a greater proportion
of edges. Another problem, which was observed during the synthesis on iron
bars, is the production of CNTs. Small particles, particularly of nickel and
iron, have always favoured the synthesis of CNTs.

Alternative methods to grow templated graphene exist. One such
method is patterning the metal foil into the desired shapes and then perform-
ing a conventional CVD. Areas of the foil are removed and so no graphene
grows in these regions.38,101 Another method of producing graphene nanorib-
bons has been to deposit nickel onto a silicon wafer and then carry out
a standard CVD. The nickel can then be etched away leaving a ribbon of
graphene.264 These methods both suffer from being very low yielding and
hard to scale. Another solution to the problem of templated growth is us-
ing a carburisation step at low temperature. Graphene nanoballs have been
synthesized by the carburisation of nickel nanoparticles in ethylene glycol
followed by a high temperature anneal to graphitise the carbon.265 Since the
carburisation occurs at a low temperature of 250 °C, the morphology of the
nickel particles is protected. This however adds an extra step, it also appears
that the graphitisation step requires a higher temperature than that used for
normal CVD.

The first step in designing a new system for templated graphene
growth is finding a suitable templating catalyst. A wide range of literature
exists in controlling the morphology of metal particles due to their appli-
cations in catalysis. The criteria required was a catalytically active metal
(iron, nickel, cobalt or copper) with a large flat face in which graphene could
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grow. The catalyst would ideally be microns in dimensions as nanoparticles
could make the synthesis of CNTs more likely. Metal oxides are acceptable as
the graphene synthesis occurs in a reducing atmosphere, however, it is likely
that this process will result in a change in morphology. Here we propose to
grow graphene on a copper catalyst, which should provide the highest quality
graphene, in the shape of square platelets. This is outlined in figure 5.1. We
synthesised copper oxide cubes which then underwent a CVD process that
would reduce them to copper metal, hopefully retaining the cube shape for
subsequent graphene growth. Copper is an ideal choice of catalyst material
as the graphene growth is self limiting to the monolayer due to the surface
based mechanism.266

Figure 5.1: Scheme showing the synthesis of graphene from a copper cube
catalyst. First, the copper cube undergoes CVD, where graphene grew on
each of the faces of the cube. The underlying copper cube is then etched
away, leaving graphene.

5.2 Synthesis of Templated Carbon from

Copper Oxide Polyhedra

5.2.1 Synthesis of Cu2O Polyhedra

Cu2O microcubes were synthesised according to a process described by Liu et
al .267 Briefly, an aqueous solution of copper acetate was refluxed with sodium
hydroxide before glucose is added and the solution is allowed to cool. The
resulting solid was then separated by centrifugation and dried in a vacuum
oven at 60 °C. SEM images and pXRD of the resulting material is shown in
figure 5.2.

The SEM image in figure 5.2 shows that truncated edge cubes were
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Figure 5.2: A) SEM image of Cu2O microcube and B) XRD pattern of Cu2O
microcubes.

produced with approximately three micron sized square faces which should
be suitable to grow graphene on. The faces are of the orientation {100} which
has been shown to be suitable in the growth of graphene before.268 The Cu2O
cube also contains six pairs of {110} facets and four pairs of {111} facets.
The diffraction peaks are indexed according to the standard cubic structure
of Cu2O (space group: Pn3m). No impurities such as copper or copper
(II) oxide were detected in the sample. The synthesis of the truncated-
edge polyhedra required very precise control of the conditions. Very small
changes in temperature or reagent concentrations resulted in very different
morphologies of product.267

The following reactions are believed to take place in the Cu2O syn-
thesis:

Cu2+ + 2 OH2- −−→ Cu(OH)2
Cu(OH)2 + 2 OH2- −−→ [Cu(OH)4]

2-

2 [Cu(OH)4]
2- + C6H12O6 −−→ Cu2O + C6H12O7 + 4 OH- + 2 H2O

NaOH is used as a coordinating agent and the concentration of OH-

affects reaction rate and therefore the morphology of the resulting product.
The glucose acts as a mild reductant. The use of acetate as the copper
salt is important as it is believed that the CH3COO- plays a role in both
adsorbing onto different faces of the Cu2O seeds inhibiting growth in that
direction, and also etching some specific sites in the {100} facets, leading
to the appearance of {110} facets at higher temperature.267 The CH3COO-

preferentially adsorbs onto different sites due to the sites differing proper-
ties. For instance the {100} facet is polar surface while the {111} facet is a

100



CHAPTER 5. TEMPLATED CARBON GROWTH ON COPPER
OXIDE POLYHEDRA

non-polar surface.267It is thought that the CH3COO– ions selectively adsorb
onto the {111} facets due to there lower surface energy and stabalise them,
confining growth in that direction.267 By varying the ratio of growth rate in
the {111} and {100} directions, a variety of shapes can be made. When the
{100} direction is growing faster than the {111} direction, octahedrons are
produced. While if the growth in {111} direction is faster, cubes result.267

It is also thought that the CH3COO– oxidatively etches specific sites on the
{100} facet resulting in the appearence of some {110} facets.

Although the CVD reactions will be performed well below the melt-
ing point of the copper. It is known that smaller particles have depressed
melting points,133 and are likely to deform and agglomerate at lower temper-
atures due to the higher surface energy of the the nanoparticles.263 To test
the morphological resistance of the Cu2O template to heat, experiments were
performed heating the catalyst up to various temperatures with no carbon
source and observing how their shape changed. Another comparison to make
is the effect of hydrogen on the polyhedra. Hydrogen would be necessary to
reduce the copper oxide polyhedra to copper metal, an active catalyst for
carbon growth. The hydrogen for the carbon growth is generated in situ
from the decomposition of ethanol.269 Indeed, copper oxide has been shown
to be reduced with a flow of argon/ethanol.270 In order to test if there is any
morphological change upon the reduction, blank runs were carried out with
and without hydrogen. Figure 5.3 clearly shows that there are no major mor-
phological differences between the two temperatures and that the cube shape
is maintained reasonably well, especially when no hydrogen is introduced into
the gas stream. This suggests that any difference in products between the
two temperatures will likely be due to either the difference in the break down
of ethanol at these temperatures or the interaction between the copper ox-
ide and ethanol at the different temperatures. Control runs were also tried
at 1000 °C and the Cu2O catalyst disintegrated into very small fragments
(appendix B figure 8.9). This ruled out using a higher temperature.

5.2.2 Ethanol CVD on the Cu2O Polyhedra

Carbon was grown onto the catalyst particles using CVD. This process is
described in detail in the section 1.4.1, but briefly, it is where a carbon
containing feedstock is blown over the catalyst at high temperature. The
catalyst then facilitates the decomposition of the feedstock into elemental
carbon which then graphitises.
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Figure 5.3: Top: SEM images of Cu2O catalyst heated to 750 °C under a
flow of left) argon and right) argon and hydrogen. Bottom) SEM images of
Cu2O catalyst heated to 820 °under a flow of left) argon and right) argon
and hydrogen.

The Cu2O catalyst was spin-coated onto a silicon wafer in order to
maximise separation between particles and to minimize agglomeration of the
catalyst particles. Ethanol was used as the carbon source by blowing the
carrier gas (argon) through absolute ethanol over the catalyst. The catalyst
on the silicon wafer was placed in the centre of a quartz furnace tube inside
a furnace and then treated at different temperatures. A schematic of the
set up is shown in figure 5.4. Ethanol was chosen as the carbon source as it
has been used previously to grow carbon nanomaterials on copper, including
graphene,116,271,272 carbon nanotubes,270 and carbon nanofibers.273 It is also
the most widely used carbon source for CVD outside of methane but has
some advantages over methane. It is less explosive, while also decomposing
at a lower temperature than methane which is important as the catalyst is
destroyed at high temperature. Ethanol CVD has been performed at tem-
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peratures as low as 650 °C.116 Much work on the decomposition of ethanol
has been done in relation to the cracking of it in order to make hydrogen.
The predicted decomposition products for ethanol at high temperatures and
when catalysed by copper are:269,274,275

C2H5OH −−→ C2H4 + H2O
C2H5OH + H2O −−→ CO + CO2 + 5 H2

C2H5OH −−→ CO + CH4 + H2

C2H5OH −−→ C2H4O + H2

CO + H2O −−→ CO2 + H2

2 C2H5OH −−→ (C2H5)2O + H2O

Figure 5.4: Scheme of the ethanol CVD setup used to grow carbon on the
Cu2O polyhedra.

After performing the ethanol CVD on the catalyst particles and
analysing the results, two distinct products were observed depending on tem-
perature the CVD was carried out. When the CVD was performed At 750
°C, carbon cube structures were primarily synthesised, while at 820 °C the
major product were these fibrous like structures which will be referred to as
carbon rings. At temperatures between 750 °C and 820 °C a mixture of both
products were formed.

5.2.3 Carbon Cubes

By undergoing the ethanol CVD described above at 750 °C and dwelling
there for 60 minutes, carbon cubes were synthesised as shown in the SEM
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images in figure 5.5.

Figure 5.5 shows clearly that carbon cubes were produced from the
copper catalyst while the copper catalyst deforms into a more rounded shape.
By mixing signals from the BSE and SE detector, images can be collected
which give an insight to the elemental composition of each structure. This
is shown in figure 5.5 (B). This shows the heavier elements which dominate
the SE detector as red (copper and the silicon substrate) while the lighter
elements (carbon) appear green. This can also be observed with the EDX
map in figure 5.5 (C, D and E) where the cube like structure is predominantly
carbon (blue) while the higher contrast material is shown to be copper (red).
It is interesting to note that while the carbon is cube like in shape, much
like the starting Cu2O catalyst, the copper has consistently deformed into
a smoother more spherical structure. The EDX point spectra did not de-
tect any oxygen (0.5 KeV) over the cube, suggesting that the copper oxide
has been fully reduced to copper metal. These carbon structures are unlike
anything which has been reported previously.

The Raman spectra shown in figure 5.6 (B) shows the typical bands
for carbon with a D, G and a broad 2D band. The high D peak indicates the
defective nature of the carbon, which may originate from distorted hexagonal
sp2 carbon,167 strain induced effects,276 and small particle sizes.227 This will
be exacerbated by the small size of the laser spot. The spot size of the laser
beam is approximately 1µm, not much smaller than the catalyst particles. It
is therefore likely that the signal would be dominated by edges and contribute
to the large D band. The very small and broad 2D band can be explained by
a nonplanar structure of the carbon material.277 The broad region is likely
composed of multiple peaks, including the 2D and D + G bands at 2694
and 2901 cm-1 respectively. The D + G originates from the strained struc-
ture.278,279 The presence of amorphous carbon or highly defective graphitic
material is not surprising as the temperature used is far too low to encourage
graphitisation on a copper catalyst. X-ray diffraction (XRD) was taken of
the sample on the silicon wafer and the diffractogram can be seen in figure
5.6 A). The silicon peaks and copper metal peaks are highlighted. No copper
oxide peaks were observed suggesting that all the catalyst is reduced to cop-
per metal. No carbon could be detected in the XRD. This was expected as
only a small amount was present on the silicon wafer and the carbonacious
material was not particularly crystalline, as confirmed by the Raman.

TEM grids were prepared by sonicating the silicon wafers in ethanol
for 15 minutes and then dropping the solution onto holey carbon TEM
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Figure 5.5: A) SEM image of carbon cubes and copper catalyst and B) SEM
image of carbon cubes and copper catalyst after mixing the SE and BSE
signals. Copper shown in red, carbon in green. D) and E) EDX maps taken
of the image in C) where D) shows the copper and E) shows the carbon. F)
Image of the copper catalysts and carbon cubes and G) EDX spectra of the
region indicated in F)
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Figure 5.6: A) XRD pattern and B) Raman spectra taken of the carbon
cubes produced at 750 °C on a a silicon wafer substrate.

girds. The TEM images (5.7) show what looks to be carbon nanofibers
(CNFs).280,281 As far as we are aware, the arrangement of CNFs into such
a macrostructure as observed in figure 5.5 has never been reported before.
Carbon nanofibers have been grown on copper catalysts before,282 283 typi-
cally however, it has been iron or nickel catalysts used for the synthesis of
carbon nanofibers.74 This is because many of the theorised mechanisms for
CNF synthesis require the carbon to dissolve into the metal catalyst. Copper
has a much lower carbon solubility than nickel and iron.

The mechanism for CNF and CNT growth has been widely dis-
cussed. Traditionally the vapor-liquid-solid mechanism,284,285 has been ap-
plied whereby the carbon containing feedstock gas dissociates and the carbon
dissolves into the liquid catalyst. The carbon then migrates through the bulk
of the catalyst and precipitates out on the other side. It has even been applied

Figure 5.7: A and B) TEM images of the carbon cubes taken at 80 kV.
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to the synthesis of CNTs from copper, despite coppers very low carbon sol-
ubility.270 This mechanism has been challenged when CNTs and CNFs were
grown on catalysts well below their melting point, however the mechanism
is still possible due to the melting point depression experienced by nanopar-
ticles.133 The observation of CNFs from our catalyst particles however, put
the VLS mechanism in further doubt as micron sized particles are unlikely to
experience the same melting point depression experienced by nanoparticles.

An alternative mechanism is one where the catalyst particle remains
solid and the carbon feedstock dissociates on the surface of the particle,
and then migrates, either on the surface or through the bulk to the other
end of the catalyst, where it then precipitates out.286 The process is usually
terminated when the exposed face of the metal catalyst is coated in carbon,287

deactivating it. It is a concentration gradient which drives the migration and
it is a temperature gradient, arising from the decompostion of feedstock gas
being exothermic, which results in the carbon precipitating at the other end
of the catalyst.288,289

The HRTEM image in figure 5.7 B) shows some degree of graphitic
character and is in agreement with the Raman. The lines which can be
observed arise due to graphitic planes folding upwards in the TEM. By mea-
suring the distance between those lines the interlayer separation between the
graphitic planes can be deduced. The value is 0.36 nm, slightly more than
the 0.34 nm expected for graphite. CNFs have been reported to be more dis-
ordered than graphite and have an extended interlayer separation.286 This
agrees with the Raman spectra in figure 5.6.

To try and get an insight into the structure and perhaps the mech-
anism for the formation of these carbon cubes, the sample was cut in halve
using a focused ion beam (FIB) so the cross section could be imaged. In col-
lecting these images, the material is coated in platinum in order to protect
it while manoeuvring the ion beam. The ion beam then mills through the
sample and then the cross section is imaged. Figure 5.8 A) shows this cross
section, on the left is the carbon cube and it can be seen that it has a porous
structure with some copper still remaining in the carbon structure. As far as
we are aware, this is the first instance that CNFs have arranged themselves in
such a porous macrostructure, the only similar material we have come across
is a dense network of CNFs.290 The dense network is due to numerous strands
of fibres growing off every facet of their nickel catalyst, it is described as an
octopus-growth mode and occurs for the growth on larger nickel particles.290

107



CHAPTER 5. TEMPLATED CARBON GROWTH ON COPPER
OXIDE POLYHEDRA

Figure 5.8: A) SEM image of a cross section of the carbon cube and catalyst.
B) Reconstruction of the carbon appearing in image A) built up from 200
cross sections of the region using AMIRA software. C and D) SEM image and
EDX map of the a cross section of the carbon cube and catalyst. Platinum
in pink, carbon in red and copper in green.
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The copper can be clearly distinguished from the platinum and
carbon due to the appearance of the grain boundaries. The presence of copper
inside the carbon cube might give evidence that the carbon is dissolving into
the copper. However, according to the Cu-C phase diagram, carbon does
not dissolve into copper in significant quantities until the temperature is in
excess of 1100 °C. However, the continuous observation of copper catalysing
the growth of carbon nanotubes,270,291 has led to the belief that carbon can
dissolve into copper nanoparticles at these temperatures. It is known that
smaller particles, due to the high surface to volume ratio, have increased
solid solubility.133 In our case however, it is micron, not nanoparticles that
are in use.

By milling 108 different slices of the material and then taking an
image after each slice, a 3D structure of the carbon cube can be built up.
This is shown in figure 5.8 B). This 3D reconstruction of the carbon cube
clearly shows the porous structure of the carbon cube. An EDX map of the
image in figure 5.8 C) is shown in figure 5.8 D) showing the platinum in pink,
the carbon in red and the copper in green.

Figure 5.9 shows a potential timeline for the formation of the carbon
cubes. All images were taken from the same sample. Line 2 shows BSE
images of the sample with copper appearing with a high contrast and carbon
a much lower contrast. line 4 displays cross sections produced with the FIB
of the images in line 3. Line 2 and 3 in stage 1 both show primarily what is
a copper cube. The cross-section in line 4 agrees with this showing mostly
a copper cube with some carbon apparent, primarily at the edge. At stage
2, all three lines show the copper begin to separate, lines 2 and 3 show
the carbon cube begin to form with the much smaller and smoother copper
slightly protruding out of the cube. Line 4 clearly shows large copper domains
beginning to form at the other end to where the carbon cube is beginning
to take shape. Stage 3 shows further separation between the copper and
carbon cube in all three lines. Line 4 shows us that some residual copper
still remains inside the carbon cube. Line 1 is a schematic of the process.
The idea of the metal particle being squeezed out of a carbon structure is not
a novel one. For CNFs synthesised from nickel catalysts during a methane
CVD, it is believed that nickel carbide is formed, this carbide phase then
decomposes into metallic nickel and graphite that encapsulates the nickel
particle. Pressure then builds up due to the formation of graphite layers
at the internal surface of the nickel and graphite, forcing the nickel catalyst
out. This nickel catalyst then continues to catalyse more CNF formation.286

This is not what is happening here, as the newly exposed copper metal
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stage 1 stage 2 stage 3

Figure 5.9: Theorized mechanism for the synthesis of carbon cubes, line 2
- 4 showing SEM images of three stages, stage 1, mixing of the carbon and
copper. Stage 2, segregation of the carbon and copper then stage 3, extrusion
of the copper leaving the carbon cube. Line 2 is BSE images. Line 4 is SEM
images of the cross sections of the images in line 3. Line 1 is a schematic of
the three stages.
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is not catalysing any more carbon growth. This suggest that it is upon
cooling, when no more ethanol is reacting, that the cubes form and the
copper becomes exposed.

5.2.4 Solitaire Rings

By increasing the temperature at which the CVD was carried out from 750
°C to 820 °C, but maintaining the dwell time at 60 minutes, a very different
product could be observed. SEM images in figure 5.10 shows a helical ring like
structure. The EDX map in figure 5.10 C,D and E shows carbon growing out
from the catalyst particle on both sides. BSE images of the product (figure
5.10 G) also show this with the red showing material with high BSE signal
(copper and silicon) while green shows material with much less of a BSE
signal (carbon). A close up the carbon material (figure 5.10 F) shows that is
a very fibrous like structure. A small amount of carbon nanotubes can also
be observed, these are formed from very small copper fragments produced
during the high temperature treatment.

An extensive literature search has deduced that the material pro-
duced is most similar to helical carbon nanofibers or carbon belts.292 Carbon
nanofibers commonly form microcoils as defects in the graphene layers bend
the fiber round.86 It is believed that fibres grow from each of the facets of the
metal particle and entangle, giving the rope like appearance.292 Microcoils
have been synthesised via a range of techniques including aerosol chemical
vapour deposition from a benzene/ferrocene solution,293 growth on copper
nanoparticles,294–298 growth on nickel nanoparticles,86,299,300 and growth on
iron catalysts.293,301

Numerous studies have suggested that changing temperature of the
CVD,293,302 or morphology of the catalyst,86,293,294,299,303 has a large effect on
the product. The decomposition products of ethanol will be slightly different
at the different temperatures, it is likely that more hydrogen would be pro-
duced at the higher temperature.274 Hydrogen reduces the amount of carbon
atoms formed and can therefore prevent encapsulation and deactivation of
the catalyst.86 This allows the catalyst to be active for longer and may be
responsible for the vast increase in carbon seen at 820 °C.86 If the C-atoms
are formed too quickly on the surface, faster than they can diffuse through
the catalyst, the surface will become coated and no clean metal surface is
available to dissociate the feed gas and the catalyst becomes deactivated.86
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Figure 5.10: A and B) SEM images of carbon rings D and E) EDX maps
showing where the copper (green) and carbon (red) are loacted in image C),
F) SEM image showing the fibrous carbon structure and G) SEM image after
mixing the SE and BSE signals. Copper shown in red, carbon in green.
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Another observation made is that more spherical particles are more
able to break down feed gases. This is due to more active surfaces being
present in the particle.86 It is likely that the higher temperature causes the
copper catalyst to deform more allowing it to break down more of the ethanol,
producing more hydrogen.

Figure 5.11 shows a cross section of the ring like macrostructure.
This was performed in the same way as in figure 5.8 (A) with the focused-
ion beam. It appears that there is a stream of copper dissecting the carbon
structure through the middle. The porous carbon structure looks very similar
to that observed with the carbon cubes. This suggests the same material is
being produced but just a different macrostructure is observed.

Figure 5.11: SEM image of a cross section of the carbon rings after being cut
with a FIB.

For TEM, the samples were prepared the same way as those for the
carbon cubes. The slicon wafer containing the carbon rings was sonicated in
ethanol for 10 minutes. Drops of this solution was then placed on a holey
TEM grid. The results are shown in figure 5.12. The sonication clearly broke
up the large ring like macrostructure into the constituent CNFs,280,281 which,
just like the carbon cube material, look like a mostly amorphous carbon with
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Figure 5.12: A and B) TEM and HRTEM images of the carbon ring structure.

some more graphitic domains present. No intact macrostructure was found
in the TEM suggesting that the structure is very weakly bound. HRTEM
shown in figure 5.12 (B) suggest that a slightly less graphitic structure than
what was observed for the carbon cubes in figure 5.7. This agrees with the
Raman spectra in figure 5.13 (B) where unlike for the carbon cubes in figure
5.6, no 2D band is observed suggesting no Z axis order in the structure. It is
surprising that this sample is less graphitic than the carbon cubes. Typically,
higher temperatures are associated with more graphitisation.

Figure 5.13: A) XRD and B) Raman of the carbon rings taken on a silicon
wafer.

The Raman in figure 5.13 B) shows a D and a G band typical of
carbon. The D band is again very high, indicative of a highly defective struc-
ture. Raman spectra such as this is unsurprising due to the low temperature
used. Raman and XRD analysis from literature show that CNFs have a pre-
dominantly disordered graphitic structure. The graphite layers however, are
short ordered with an inter-layer spacing greater than 0.34 nm.286 Typically
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the crystallites are less than 2 nm.304 The XRD in figure 5.13 shows that the
copper is completely reduced with no sign of oxide impurities.

5.2.5 Carbon Rings vs Carbon Cubes

To gain more information about the potential mechanism for the synthesis
of these carbon structures, an experiment was performed at 800 °C for 60
minutes as it is between 750 °C and 820 °C. SEM images from this experiment
are shown below:

Figure 5.14: SEM images of the material prodiced after an ethanol CVD
taken at 800 °C showing the formation of partial solitaire rings.

It can be seen from figure 5.14 that partial rings or smaller solitaire
rings are produced, these conditions also yielded complete rings and a small
quantity of carbon cubes. It is likely that temperature control is vital for the
synthesis of the carbon rings, possibly due to increased carbon solubility in
the copper catalyst or a change in morphology of the copper catalyst at the
higher temperature.

Temperature is not the only condition this product is sensitive to.
All materials produced so far have been produced by adding ethanol to the
gas flow stream during the heating phase. If this is replaced with just argon,
or an argon/hydrogen mixture, and ethanol only added during the dwell step,
the carbon cubes are not formed, no matter how long the dwell with ethanol
would last. The same cannot be said for the ring structure, as the material
could be reproduced after a 60 minute dwell but not after a 30 minute dwell.
This is shown in figure 5.15.
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Figure 5.15: SEM images of ethanol CVD where ethanol was only added at
various temperatures for different lengths of time. A) 820 °C for 30 minutes.
B) 820 °C for 60 minutes. C) 750 °C for 60 minutes and D) 750 °C for 120
minutes.

Figure 5.15 shows experiments where the samples were heated up
in just an argon atmosphere. Once the furnace reached temperature, ethanol
was introduced into the stream. It can be clearly seen that the morphology of
the polyhedra is lost to a much greater extent than when ethanol is included
during heating. Similar observations have been made before,277 and can be
attributed to a carbon shell forming at lower temperatures and protecting
the original morphology of the copper. As can be seen, no visible carbon
is produced at 750 °C while by dwelling for 60 minutes, the solitaire ring
structure can be reproduced. One possible explanation for the synthesis of
the carbon cubes is that during heating, the copper and the carbon form a
solid solution. The carbon/copper cube product is saturated at 750 °C, but
also deactivated due to a carbon shell across the surface. Upon cooling, the
carbon begins to precipitate out, forcing the copper to extrude out of the
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carbon cube shell. At 820 °C, increases in carbon solubility reactivate the
copper catalyst as the surface encapsulation dissolves, and solitaire rings can
form from a more traditional mechanism of carbon forming at the surface,
migrating through either bulk or surface diffusion, and then depositing at
another face of the catalyst.

5.2.6 Templated Sheets

A consequence of not flowing ethanol during the active heating phase is that
a reducing environment is no longer present. To test the importance of the
reducing atmosphere a run was conducted using hydrogen and argon gas The
cubes were heated up in an argon/hydrogen atmosphere, and then at 750 °C,
hydrogen stopped and the argon directed through ethanol for 120 minutes.

Figure 5.16: A) SEM image of copper catalyst having undergone an ethanol
CVD, heated in the presence of hydrogen. B, C and D) SEM images of the
carbon material left after the copper was etched away in FeCl3 solution.
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Figure 5.16 (A) shows that the product appears very similar to fig-
ure 5.15 and that therefore hydrogen while heating has little effect on the
product. Figure 5.16 (B), (C) and (D) show the results after the catalyst
was etched away with an FeCl3 solution. The catalyst particles are clearly
observable in figure 5.16 (A), with only a slight loss in the cube like mor-
phology. Upon etching, figure 5.16 (B), (C) and (D) show that carbon shells
remain. These carbon shells look to be hollow and to mimic the shape of
the underlying copper catalyst structure. This is similar to what was origi-
nally intended with the catalyst particles as shown in figure 5.1 where a thin
layer of graphene would cover the surface of the catalyst which could then be
etched away leaving just graphene. It appears that rather than just growing
on the faces, giving graphene sheets, the carbon has encompassed the entire
catalyst. This could be due to the loss of sharp edges in the catalyst particle
upon heating. It can be observed from figure 5.16 that the catalysts have
become more spherical. Similar structures have been observed on spherical
copper nanoparticles whereby the copper was coated with a thin layer of
carbon.277

Figure 5.17: A - C) TEM images of carbon after the copper catalyst had
undergone an ethanol CVD, heated in the presence of hydrogen and then
etched with FeCl3 solution. D) Raman spectra of the carbon material.
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The TEM image shown in figure 5.17 (A) shows what was clearly
a cube and how the sheets have folded back on themselves. Figure 5.17 (B)
show how sheet like the materials is and how thin it is. Figure 5.17 (C) shows
what must have been the carbon shell over a particle which became more
spherical upon heating. The Raman in figure 5.17 (D) gives an indication
of the graphitisation, the large D and small 2D show that the sample is
not particularly graphitised. This is to be expected when using such a low
temperature. The small size of the sheets will also increase the D band and
reduce the 2D band.

5.3 Conclusions and Future Work

Novel CNF based structures were synthesised on a copper oxide cube cata-
lyst. At 750 °C CNFs would arrange themselves into porous carbon cubes
while at 820 °C the CNFs would arrange themselves into rope like struc-
tures. Experimental conditions were varied in order to deduce a possible
mechanism for the synthesis of the different products. For the carbon cubes,
firstly the ethanol would dissolve into the copper cubes until saturation. The
cube would then be encapsulated by carbon, this carbon would take on the
cube shape while also deactivating the catalyst to further reactions with the
carbon. Upon cooling, the carbon would precipitate out of the cube, forc-
ing the copper to extrude out. What would be left is a carbon shell with
a porous interior. The porosity is due to voids left behind from the copper
extruding out. For the carbon rings, a similar mechanism must occur as both
carbons produced share the same porous interior structure as shown in figure
5.11 and figure 5.8. At the higher temperature, the catalyst elongates while
the carbon is still dissolving into it. The continuous elongation and contrac-
tion of the catalyst keeps reactivating the catalyst allowing more carbon to
form.305 The porous carbon is a result of the copper again extruding out of
the carbon as the carbon precipitates out. The templated sheets are a result
of the carbon encapsulation occurring before any carbon dissolves into the
catalyst. More experiments could be performed to get a better idea of the
mechanism, such as doing a wider variety of dwell times and temperatures.
Schemes of the mechanisms are displayed in figures 5.18, 5.19 and 5.20.

CNFs have many uses such as additives in polymers,306 gas stor-
age,307 catalyst support materials,308,309 and as catalysts.310,311 Since the
materials synthesised are so novel it would be worth measuring their proper-
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Figure 5.18: Scheme showing the synthesis of carbon cubes.

Figure 5.19: Scheme showing the synthesis of carbon rings.

ties, both mechanical and electrical. The porous nature of the macrostruc-
ture might give potential uses in energy storage due to a high surface area.
This will also contribute to its interaction with a polymer matrix and might
improve the mechanical properties of any polymer composite.

A set of conditions were found in order to match the initial aims
where the catalyst was heated to 750 °C in a hydrogen/argon atmosphere be-
fore adding ethanol. Graphene like sheets were produced matching the shape
of the initial catalyst. The sheets however, were not particular graphitic
and work could be done trying to improve this such as by increasing the
temperature or perhaps performing a pre-carburisation of the catalyst and
then graphitisation. It would also be worth measuring the properties of the
graphene platelets for electrical conductivity and whether they improve the
mechanical properties in polymer composites.

All these experiments were performed on a silicon wafer, severely
limiting the amount of material which could be produced. There are several
methods in order to scale the synthesis. The catalyst particles could be
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Figure 5.20: Scheme showing the synthesis of templated sheets.

embedded into a three dimensional support such as MgO. This would allow
a large amount of powder to be added to the CVD chamber. The best
method would be to use a fluidised bed reactor. This is where the gas flow
agitates the particles so they behave as a fluid and remain in motion during
the CVD. This allows all surfaces of the catalyst to be exposed and should
prevent agglomeration of the catalyst giving a more uniform product.
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Chapter 6

Templated Carbon Growth on
Cobalt Hydroxide Catalyst

6.1 Introduction

The desire to produce templated graphene sheets has been discussed in the
previous chapter, but will briefly be reiterated here. The production of tem-
plated graphene sheets has attracted much interest due to the unique prop-
erties different morphologies can impart on the produced graphene. For
example graphene nanoribbons have been shown to have a band gap,257 so
should improve its use in the semi-conductor industry whilst different sizes of
graphene sheets have been found to have different composite reinforcing ef-
fects.258 Another advantage is to synthesise graphene from a powder catalyst.
Typically metal foils are used in the production of high quality graphene, this
however results in a very low yield of carbon. Using a powder catalyst rather
than a foil should allow for a much greater yield of carbon material due to
the much larger surface areas of the powder.

Existing methods for templated graphene growth include: Growth
of graphene nanoribbons on nickel nanobars,130 and copper,131 and zinc
sulphide ribbons.132 Mesoporous graphene nanoballs have been prepared
from polystyrene beads,259 graphene nanoballs from nickel nanoparticles,260

graphene nanotubes on nickel and copper nanotubes,261 and graphene sheets
from iron bars.106 Metal foils can be patterned into shapes and then graphene
grown on the surface using a CVD approach.38,101 Unfortunately, these meth-

123



CHAPTER 6. TEMPLATED CARBON GROWTH ON COBALT
HYDROXIDE CATALYST

ods have substantial drawbacks and difficulties including producing poor
quality material,131,259 carbon nanotube synthesis in addition to graphene,106

low yielding and hard to scale.38,101

The previous chapter discussed attempts to grow graphene tem-
plated from copper cubes. In this chapter the methods discussed will involve
templating from cobalt hexagons. Cobalt has a large advantage over copper
as a catalyst for these types of experiments. The melting point of copper is
1,085 °C while the melting point of cobalt is 1,496 °C. The higher melting
point of the cobalt means it’s more likely to maintain its morphology at the
high temperatures required for CVD providing a more unifrom structure for
the graphene to grow on. In our own experience, cobalt is a superior cata-
lyst for graphene growth as shown in chapter 3. This does not agree with
literature which suggests copper is better. We attribute this to the lack of
pre-treatment, such as polishing, that is standard practice for synthesis on
foils but is difficult to replicate for our catalyst particles. This makes the
synthesis on particles inherently worse for the surface based mechanism oc-
curring on a copper catalyst. Much more success has been observed in our ex-
periments by using a catalyst which goes through a dissolution-precipitation
mechanism. Being hexagonal should be more desirable than cubes for the
synthesis. In attempts to grow graphene on the faces of the cubes, the carbon
material would either dissolve into the catalyst and precipitate out as carbon
nanofibers rather than graphene (section 5.2.4) or the carbon would coat the
entire particle, giving graphene like shells rather than graphene sheets (sec-
tion 5.2.6). The hexagons are flat platelets and should be too thin to allow
significant carbon dissolution while also having no edges for the graphene to
grow over.

The potential downsides of using a cobalt catalyst is its propensity
to catalyse the growth of other carbon materials such as carbon nanofibers
(CNFs), carbon onions and carbon nanotubes (CNTs). Smaller cobalt parti-
cles tend to catalyse these materials so it is important to synthesise particles
large enough that graphene synthesis is favoured over other carbonaceous
materials. The synthesis of graphene materials on nickel nanobars,130 nickel
nanoparticles,260 and iron bars,106 suggest that graphene growth can be en-
couraged over other carbon materials just by careful control over the con-
ditions, as these too are very good catalysts for CNTs, CNFs and onions.
Controlling the number of layers of graphene has also been an issue with
growth on these types of catalysts before, this can be alleviated by again
carefully controlling the growth conditions and also by using thin catalysts.
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Here we propose a method to template the synthesis of graphene on
cobalt hexagons. Firstly, cobalt hydroxide hexagons were synthesised. These
were then placed inside a furnace and CVD was undertaken. The cobalt
hexagons were reduced to cobalt metal during the CVD process. Graphene
grows on the surface of the hexagons and follows the morphology of the
underlying catalyst. The cobalt can then be etched away leaving graphene
hexagons. An idealistic scheme of this process is displayed in figure 6.1.

Figure 6.1: Idealised scheme for the templated growth of graphene on CoOH
hexagons giving graphene hexagons.

6.2 Synthesis of Templated Carbon from

Cobalt Hydroxide Hexagons

6.2.1 Synthesis of Cobalt Hydroxide Hexagons

CoOH hexagons were synthesised by the method outlined by Liu et al.312

Briefly, cobalt chloride and hexamethylenetetramaine (HMT) were dissolved
in a water/ethanol mixture. The solution was heated to 90 °C under reflux
for one hour. The resulting product was then isolated by filtration and dried
in air. The HMT acts as a hydrolysis agent. SEM images and XRD pattern
of the resulting product are displayed in figure 6.2.

The SEM images show near perfect hexagons with sizes of approxi-
mately 3 - 4 µm. The sample is also remarkably uniform with no other shapes
or structures present. The XRD pattern can be indexed as the hexagonal
cell of brucite-like β - Co(OH)2 with lattice constants a = 3.182�A and c
= 4.658�A (space group P 3̄m1). These are consistent with the values in
the literature (JCPDS card, No. 74-1057). The sharp reflections suggest a
highly crystalline structure. The high crystalinity and large structures are
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Figure 6.2: A), B) and C) SEM images of CoOH hexagons and D) XRD
pattern of CoOH hexagons. SEM images taken at 15.0 kV using the SE
detector.

attributed to the slow rate of nucleation. The initial slope in the pattern is
due to not much material being analysed.

The cobalt hydroxide catalysts are thin enough in order to prepare
for TEM. The particles were dispersed in water and then dropped onto lacey
TEM grids. The results are shown in figure 6.3. Image A shows a TEM
image of the CoOH hexagon. It is clear that a thin, approximately 3 micron
hexagon is produced. The hexagon appears to have some surface roughness.
This roughness might be passed through to the graphene produced adding
defects to the sheets. High temperature treatment however can often smooth
metal surfaces. SAED was taken of the hexagon in image A and is shown
in image C. The first two sets of spots in the ED can be indexed to the
(001) and the (110) respectively. A thickness map using electron energy loss
spectroscopy (EELS) was taken of the region shown in image B. This was
done by taking the ratio of zero-energy loss electrons to the total transmitted
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Figure 6.3: A) and B) TEM images of CoOH and C) electron diffraction
pattern of CoOH hexagons. Images were taken at 200 kV.

intensity. This is then compared with a reference which is the amorphous
carbon substrate on the TEM grids. The material is approximately 30 nm
thick. The hexagons being so thin should make the growth of single layer
graphene easier as it should limit the amount of carbon that can dissolve
into the catalyst. However, it is worth noting that during CVD of thin nickel
foils the high temperature results in the nickel decomposing into particulates
which can result in discontinuous graphene layers.111

6.2.2 Ethanol CVD on Cobalt Hydroxide Hexagons

Ethanol has been a common carbon source in the synthesis of graphene with
numerous reports of it being used to grow graphene on copper, and a few
reporting its use on nickel.313,314 It has the advantages of being less flammable
and therefore safer as well as decomposing at lower termperatures than the
more traditionally used methane. The downside is that it is difficult to
control the growth of graphene from carbon precursors with more than one
carbon atom in them.315 The higher reactivity of ethanol also means that
the system becomes saturated with carbon.271

Ethanol CVD was performed on the cobalt hydroxide catalyst using
a similar method described in section 5.2.2. Briefly, the CoOH hexagons were
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dispersed in water and then spin coated onto a silicon wafer. This silicon
wafer was then placed into the centre of a furnace. The catalyst deposited
on Si was then heated in an argon atmosphere before the gas stream was
diverted through a modified dreschel bottle with a glass sinter at the bottom,
filled with ethanol. This saturates the gas with ethanol. A scheme of this is
shown in figure 6.4. The ethanol will decompose into a variety of products
as described in section 5.2.2, one of which will be hydrogen. This hydrogen
will then reduce the cobalt hydroxide to metallic cobalt so it can catalyse
carbon growth.

Figure 6.4: Scheme showing the apparatus used to perform the ethanol CVD
on the cobalt hydroxide hexagons.

An initial experiment was performed at 800 °C which shows the
catalyst completely deformed with no resemblance of hexagons remaining as
well as far too much carbon in the system. SEM images of this are shown in
figure 6.5.
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Figure 6.5: A) and B) SEM images of the hexagons having undergone an
ethanol CVD at 800 °C. Images were taken at 10.0 kV using the SE detector.

In order to have the catalyst maintain its morphology better, the
CVD was carried out instead at 600 °C for a range of dwell times. The results
are shown in figure 6.6

The SEM images shown in figure 6.6 shows that the hexagon shape
was maintained after being treated at 600 °C. No difference could be ob-
served in the structure of product when varying the time the catalyst was
exposed to ethanol. Raman spectra are shown in figure 6.6 (E) and show the
characteristic bands for graphite of a D, G and 2D band. The intense 2D
band is characteristic of a large degree of crystallinity, despite the relatively
low temperature being used, although cobalt has catalysed the synthesis of
carbon nanotubes at temperatures as low as 500 °C.316 The large D band in
the spectra show that the material is defective or nanocrystalline.

PXRD was taken with the material on the silicon wafer and showed
no sign of graphitic carbon. This was to be expected when measuring such a
small amount of material. Interestingly, the only cobalt phase present was a
cobalt carbide phase (JCPDS 005-0704). It seems likely that a solid solution
of cobalt and carbon are forming at temperature which at saturation then
forms cobalt and graphite. Upon cooling, cobalt reacts with the graphitic
carbon to form cobalt carbide.
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Figure 6.6: A) SEM images after 1 hour EtOH B) 10 minutes EtOH C) and
D) 1 minute EtOH E) Raman spectra for each ethanol time E) XRD pattern
for 1 minute ethanol run. SEM images taken at 10.0 kV, 15.0 kV, 10.0 kV
and 5.0 kV respectively using the SE detector.
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Further SEM images were taken of the sample which was treated to
ethanol for 1 minute after having the cobalt etched by 6M HCl. The images
are shown in figure 6.7. The images show clearly that the hexagon shape is
maintained but that the surface is very rough. EDX (figure 6.8 D) shows
that a small amount of cobalt still remains in the sample and this might
be responsible for the hexagon shape being maintained. Carbon nanotubes
can be seen on the surface of the hexagon. This will likely be due to the
interaction of ethanol with the cobalt roughening its surface. The formation
of carbon nanotubes is a common occurrence on cobalt particles.317 If the
surface of the hexagon becomes rough enough, it will effectively act like a
particle and carbon nanotube growth would be preferred over graphene.

Figure 6.7: A) and B) SEM images of the catalyst treated to 1 minute of
ethanol after undergoing an acid wash to remove the cobalt.

The post acid washed material was prepared for TEM by sonicating
the material in ethanol and dropping onto lacey TEM grids. The images are
shown in figure 6.8. The TEM images in (A) and (C) show that carbon
hexagons were formed. The carbon however, seems to be an agglomeration
of closed graphitic structures. The graphitic structure can clearly be seen in
image (B). The ED inset in (C) also confirms the presence of graphitic carbon.
The SAED pattern was indexed showing rings according to the graphitic
planes of (002) and (100). The EDX in (D) shows the presence of some cobalt
which may be responsable for the hexagonal morphology being maintained.
The copper peak is due to the TEM grid while the silicon peak is likely due to
contamination from the silicon wafer or the quartz tube during the CVD. The
carbon is clearly templated with its macrostructure following the hexagonal
shape of the catalyst. The material is also graphitic despite being produced at
such a low temperature. The macrostructure however, is an agglomeration of
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Figure 6.8: A) and B) TEM images of carbon hexagons C) HRTEM image of
carbon hexagon and D) EDX pattern across the entire region of A). SAED
pattern of image B) inset. TEM images were taken at 80 kV.

carbon materials, none of which appear to be graphene. In order to encourage
graphene growth over other carbon structures, an alternate carbon source will
be used. Ethanol has traditionally had much success catalysing the growth
of carbon nanotubes or carbon onions and so a source which decomposes at
higher temperatures might limit the amount of carbon entering the system
and encourage graphene growth.

6.2.3 Acetylene CVD on Cobalt Hydroxide Hexagons

Experiments were done using acetylene as the carbon source. Acetylene has
been used as a carbon source for CVD growth of graphene and provides a
lower temperature alternative to that of methane. Indeed, it has been suc-
cessfully used to grow graphene on nickel foils at temperatures as low as 700
°C.111 The proposed mechanism for the growth on nickel, which will very
likely be similar for the growth on cobalt, is that the acetylene adsorbs onto
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the metal surface and initially decomposes to ethynyl (CCH) and hydro-
gen.318 The system will then dehydrogenate and the C-C bond will break.
The barrier for breaking the C-C bond is lower than for C-H bonds, this
could explain the lower growth temperature for graphene with acetylene as
the source gas compared to methane as the source gas.319 The carbon atoms
then dissolve into the bulk of the metal foils forming a solid solution. Then
during cooling, the segregation of the carbon atoms leads to formation of
graphene layers.38,320

Low pressure CVD (LPCVD) has advantages over atmospheric pres-
sure CVD (APCVD). These advantages include an improved uniformity of
thickness, increased purity and better reproducibility. The disadvantage typ-
ically is a lower deposition rate, however, this is less of an issue when wanting
the growth to stop at a monolayer, i.e. graphene synthesis. The improved
uniformity and homogeneity is achieved due to the ratio of the mass trans-
port velocity and the velocity of reaction on the surface. The velocity of the
mass transport depends on the reactant concentration, diffusion and thick-
ness of the border layer. With lower pressures, the diffusion decreases and
the velocity of mass transport will decrease and the gases can approach the
substrate more closely, giving a better result. Indeed, LPCVD set-ups have
proven the optimum set up for graphene growth in terms of graphene domain
size and uniformity of coverage.79,95,119 A schematic of the set-up used for the
following experiments is shown in figure 6.9. LPCVD was proven necessary
after an APCVD with acetylene was attempted where even at low flow rates
and dwell times too much carbon was deposited (appendix C figure 8.10).

Figure 6.9: Schematic of LPCVD set-up for acetylene CVD over cobalt hy-
droxide catalysts.

The CoOH hexagons were spin coated onto a silicon wafer which
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Figure 6.10: SEM images of the cobalt hydroxide catalyst having undergone
LPCVD with acetylene for A) 3 hours, B) 1 hour, C) 10 minutes and D) 1
minute. Images taken with an SE detector at 10.0 kV

was placed in the centre of a furnace. The furnace was then evacuated to 25
mbar. 160 ml/min of a 5% hydrogen in argon mixture was introduced into
the system which was then heated to 420 °C, held there for one hour before
being heated to a higher temperature. The system was initially held at 420
°C as this has been shown to achieve complete reduction of cobalt hydroxide
to cobalt metal.321 At the higher temperature, 160 ml/min of 2000 ppm
acetylene in argon was introduced into the flow for varying amounts of time.

The SEM images in figure 6.10 show the acetylene LPCVD per-
formed at 1000 °C for varying amounts of time. When the acetylene was
added for extended periods of time (figure 6.10 (A) - (C)) all hexagonal
structure was lost and the system was saturated with carbon. Much of this
degradation of the catalyst could be attributed to the excess of carbon in
the system. When acetylene is only flown for 1 minute (figure 6.10 (D))
the hexagon shape is retained to a much greater extent, although it is still
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Figure 6.11: (A) SEM image of CoOH hexagon having undergone acetylene
CVD, (B) and (C) carbon and cobalt EDX maps over the image shown in
(A). Image taken at 10 kV with the SE detector.

apparent that some degradation has occurred with cobalt clearly migrating
and agglomerating forming cobalt particles on the hexagon surface.

Carbon and cobalt EDX maps were taken of the cobalt/carbon
hexagons from when acetylene was only flown for 1 minute. Figure 6.11
shows that the cobalt, under the high temperature has agglomerated and
concentrated at certain regions on the hexagon shown by the varying inten-
sity of cobalt signal across the sample. This is also the case with the carbon
where there is a non-uniform distribution of carbon throughout the hexagon.

Raman taken of the acetylene CVD experiments are shown in figure
6.12 and show that a highly graphitic carbon is produced. The very small
IG/I2D values of approximately 0.55, 0.74, 0.91 and 1.00 for 1, 10, 60 and 180
minutes respectively suggests that the material is few-layer graphene.75 The
ratio increases with dwell time as more carbon is deposited, increasing the
layer number of graphene. The very small or non-existant D peak suggests
that the domains are large and have a low defect density. XRD shows cobalt
(JCPDS 015-0806) proving that the conditions reduce the cobalt hydroxide
to cobalt metal, an active catalyst for graphene growth. The XRD pattern
does not show any carbon in the system, as to be expected when such a small
amount of material is produced.
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Figure 6.12: (A) Raman spectra of the cobalt hydroxide hexagons after CVD
with different acetylene growth times and (B) XRD pattern of the material
after 1 minute acetylene dwell.

The samples which were treated to 10 minutes and 1 minute of
acetylene were washed with 6M HCl in order to remove the cobalt and then
prepared for TEM. The images are shown in figure 6.13. The sample treated
to 10 minutes acetylene (figure 6.13 (A) and (B)) showed much smaller pieces
of material than that treated to 1 minute of acetylene (figure 6.13 (C) and
(D)). However, both samples showed no sign of retaining the hexagonal mor-
phology. This was to be expected when looking in the SEM even for the 1
minute sample as the carbon was in-homogeneously deposited through out
the hexagon as shown from the EDX in figure 6.11. It was possible to identify
areas of very thin and crystalline material from the TEM of the 1 minute
sample, this is in agreement with the Raman shown in figure 6.12.

In order to have better retention of the hexagon shape as shown in
figure 6.14. Acetylene LPCVD was performed at 800 °C. The SEM images
confirm that a much better shape retention occurred, however, depositing
carbon at this temperature proved challenging. When the gas was intro-
duced into the system for 1 minute, no carbon was detected. However, when
introduced for 10 minutes, carbon could be detected. The Raman gave little
indication that the material was graphitic with only a G band and only a
very small 2D band (figure 6.14).
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Figure 6.13: (A) and (B) 10 minute acetylene dwell and (C) and (D) 1 minute
acetylene dwell. Images taken at 80 kV.

Figure 6.14: A) Raman spectrum and B) SEM image of CoOH after acetylene
LPCVD at 800 °C. SEM image taken at 5.0 kV using the SE detector.

6.3 Conclusions and Future Work

CVD was performed on cobalt hydroxide hexagons in order to produce hexag-
onal graphitic carbon structures. Two carbon sources were used in order to
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get the best conditions for graphene growth while maintaining the hexagonal
shape. A careful balance was required between high temperature in order to
encourage the carbon to graphitise but not so high that the catalyst particles
deform beyond recognizable hexagons.

Ethanol CVD allowed deposition of carbon at the lowest tempera-
tures. APCVD at 800 °C produced large amounts of carbon but the catalyst
particles did not resemble hexagons. Experiments conducted at 600 °C show
that the catalyst particles retained their hexagonal shape when only a small
amount of carbon (1 minute flow time) was introduced into the system.
Raman spectra showed that the material was highly graphitic while TEM
showed that the graphitic material produced shell like materials agglomer-
ated into hexagons rather than discreet sheets. This is the first example of
the growth of graphitic material with a hexagonal macrostructure. To the
best of our knowledge it is also the largest templated structure produced,
growth of other templated carbons has been on nanoparticles. The strucutre
is also much more graphitic than many of the other templated carbon mate-
rials produced which tend to be amorphous or have nanocrystalline domains.

In an attempt to improve the morphology of the graphite material
produced, LPCVD was performed using acetylene as a carbon source. Best
results were attained when performing the reaction at 1000 °C where Raman
spectra suggests 1 - 3 layer graphene was synthesised. However, the hexago-
nal shape was not retained. Temperatures were lowered to 800 °C resulting
in a large drop in the crystallinity of the carbon but the hexagonal shape
was much better maintained. It is clear that there is a trade off between
crystallinity of the carbon and the retention of the morphology. Although it
was difficult to obtain the hexagonal shaped graphene, this was a successful
synthesis of CVD quality graphene through a powdered catalyst and could
mean a scalable route to high quality graphene. Typically there is a trade-off
between quality of graphene and scalability of production. Graphite oxide is
the most scalable route to graphene but the product is of poor quality while
CVD offers high quality material but with low yields. This could be a method
which bridges this gap and work should therefore be done attempting to scale
up these reactions. The experiments above were performed with the CoOH
isolated on a surface, but adding the catalyst to a high surface area support
or performing the reaction in a fluidised bed should allow a larger quantity
of catalyst material into the furnace while also minimising agglomeration.

A set of future experiments could be to synthesise the alpha-phase
CoOH. Although the crystals are typically smaller than the beta-phase syn-
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thesised here, TEM images suggest they are much smoother which should
encourage more crystalline graphene growth.312 The alpha-phase CoOH has
been intercalated with organic materials. It may be worth attempting to
use these organic materials as the carbon source for graphene growth as the
amount of carbon introduced into the system then should be optimal for very
few-layer growth.312
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Conclusion

To conclude, 4 new catalyst template materials were synthesised and then
a host of conditions were attempted in order to produce graphene. Each
had varying degrees of success at producing graphene but all were able to
template the synthesis of carbon nanomaterials.

The first experimental chapter described the synthesis of metal
foams based on dextran hydrogels. 4 traditional CVD catalysts were syn-
thesised in this way and then conventional methane CVD was performed on
the metals. This produced high quality graphene/graphite foams as shown
by TEM and Raman spectroscopy. This synthesis was then amended to
use dextran as the carbon source rather than methane. This resulted in a
significantly different product, instead producing closed graphitic structures
arranged into a foam-like macrostructure.

The second experimental chapter also aimed to produce graphene
foams but instead templated from metal doped polyHIPEs. The polyHIPE
was used as the carbon source in this synthesis and graphitic carbon foams
were produced. Raman and TEM studies suggest that the material is more
similar to the closed graphitic structures produced in the ”one-pot” synthesis
described in the previous chapter. The metal-doped polyHIPEs were also
able to produce graphite foams by burning of the polyHIPE in air creating a
metal foam which was then used as the template in a conventional methane
CVD.

The third experimental chapter aimed to synthesise square graphene
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platelets on a copper oxide cube catalyst particle. This was particularly sen-
sitive to conditions with numerous different ethanol CVDs being performed.
Three structures were produced - at higher temperature CVD, carbon soli-
taire rings were produced and at lower temperatures, carbon cubes were
produced. TEM show both these structures to be agglomerations of carbon
nanofibers. By altering the heating regime, a third product was produced
which was more similar to the initial aim - carbon sheets that clearly had
encapsulated the copper cube prior to etching the cube away, giving a col-
lapsed cube morphology. Although sheet like carbon and very thin, Raman
studies show that much of the sp2 hybridisation had been lost. The growth of
carbon nanofibers on copper microparticles challenges current understanding
and mechanisms for the growth of carbon nanofibers from metals.

The final experimental chapter aimed to synthesise graphene with
a hexagonal shape on a cobalt hydroxide hexagonal catalyst. Firstly, ethanol
CVD was performed and produced hexagonal macrostructures of closed graphitic
carbon. Low pressure acetylene CVD was also performed on the cobalt and
produced high quality graphene - the temperature required for this however
meant that much of the hexagonal morphology of the cobalt was lost and
the graphene had no discernible shape. Despite the morphology not being
transferred to the graphene, this was synthesis of high quality graphene on
a powdered catalyst and indicative of potentially scalable CVD graphene.
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Experimental Section

8.1 Characterisation Methodology

8.1.1 Raman Spectroscopy

Raman spectra were obtained on a Horiba LabRam Evolution using a 532
nm laser and a x 50 long working distance objective lens. The instrument
was calibrated against a silicon reference. Spectra were background corrected
and normalized to the G band using the Horiba Labspec 6 software. Samples
were placed on glass slides for measurement.

8.1.2 Scanning Electron Microscopy

For SEM, materials were mounted on a metal stup with silver paint. SEM
images were collected using a Hitachi SU-70 FEG SEM or FEI Helios Nanolab
600 using both SE and BSE detectors.

8.1.3 Energy Dispersive X-ray Spectroscopy

EDX was taken inside the SEM and collected using an Oxford Instruments
EDX system (INCA x-act LN2-free analytical Silicon Drift Detector), and

143



CHAPTER 8. EXPERIMENTAL SECTION

the data analysis performed on the proprietary INCA software.

8.1.4 Transmission Electron Microscopy

For TEM, samples were prepared by bath sonicating material in NMP or
ethanol for 15 minutes to form a dispersion. The samples were then deposited
onto lacey or holey carbon TEM grids (Agar Scientific) by drop casting.
Samples were then allowed to dry overnight prior to imaging. Imaging was
carried out on a JEOL 2100F FEG TEM.

8.1.5 X-ray Diffraction

PXRD was recorded on a Bruker AXS d8 Advanced X-ray powder diffrac-
tometer operated at 40 kV and 40 mA using either Mo Kα1,2 X-ray source
(λ = 0.7093 Å) or a Cu Kα1,2 X-ray source (λ = 1.5506 Å). Samples were
loaded into a glass capillary or sieved onto a glass slide for analysis.

8.1.6 Conductivity Measurement

Sheet resistance was measured using a Keithley 2602 Source Measure Unit
(SMU) and a Guardian SRM-232 SP4-62.5-45-TC-FH R = 10 MIL 4-point,
in-line probe head. Samples were dispersed in NMP (1 mg mL-1) by sonica-
tion and then made into thin films by vacuum filtration onto polycarbonate
membranes (0.45 µm, Millipore). Voltage was swept between -1.5 V to 1.5
V and correction factors were applied to correct for sample geometry. SEM
was used to prove films were < 400 µm thick.

8.1.7 Thermogrivimetric Analysis

TGA was carried out using a Perkin ELmer Pyris I. Samples were exposed
to the chosen gas and the temperature increased from ambient to 1000 °C at
10 °C min-1.
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8.1.8 Brunauer-Emmett-Teller Surface Area Analysis

BET surface area measurements were taken using a Micromeritics ASAP
2020 nitrogen porosimeter. Samples were dried on the instrument at 300 °C
until pressures of <10 mmHg were achieved and held for 2 h. BET surface
areas were measured by nitrogen adsorption at 77 K using 1/2 inch glassware
fitted with a filler rod, sealed frit and isothermal jacket.

8.1.9 Elemental Analysis

Elemental analysis was carried out on a Horiba Jobin Yvon Ultima 2, which
uses Inductively Coupled Plasma, Optical Emission Spectroscopy (ICP-OES)
to determine weight percentages of the constituent elements. Samples of the
metal containing material were prepared by acid digestion in the concentrated
nitric acid.

8.2 Experimental Synthesis

All chemicals were purchased from Sigma Aldrich, BOC or Fischer and used
as received.

8.2.1 Synthesis of Metal Doped Hydrogels

Metal doped hydrogels were synthesised by dissolving 10 g of metal salt
(cobalt(II) nitrate hexahydrate(98 %), nickel(II) nitrate hexahydrate (98 %),
copper(II) sulphate pentahydrate(99 %) or iron(III) chloride(99 %) ) into 15
ml of high purity water. 10 g of Triton X-45 was then added. In a separate
vessel, dextran (10 g, 1500 - 2800 kDa) was mixed with 10 ml high purity
water. The two solutions were then combined and stirred for 30 minutes at
60 °C. The gel was then allowed to age for 4 days prior to use.
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8.2.2 Synthesis of Metal Oxide Foams

The metal doped hydrogel was placed in an alumina boat placed inside a
quartz furnace tube. The system was heated insed a tube furnace up to 600
°C in air at 5 °C min-1 and held there for 2 hours.

8.2.3 Synthesis of Metal Foam

Metal oxide foam was placed in an alumina boat inside a quartz work tube
inside a tube furnace. The system was then purged with argon (48 l h-1) for
30 minutes. Hydrogen (8 sccm) was then added to the flow and the furnace
ramped up to 1000 °C at 20 °C min-1 and held at temperature for 2 hours.
The system was then allowed to cool under the flow of argon and hydrogen.

8.2.4 CVD on Metal Oxide Foam

Metal oxide foam was placed in an alumina boat inside a quartz work tube
inside a tube furnace. The system was then purged with argon (48 l h-1) for
30 minutes. Hydrogen (8 sccm) was then added to the flow and the system
was then ramped up to 1000 °C at 20 °C min-1 and held at this temperature
for 1 hour before methane (5 sccm) was introduced to the flow for 10 minutes.
The methane was then stopped and the furnace was held at temperature for
another 50 minutes. The system was then allowed to cool under a flow of
argon and hydrogen. The metal/graphene foam was then washed in 6 M
hydrochloric acid for 19 hours to remove the metal, filtered and dried in a
vacuum oven at 60 °C under a reduced pressure (10-1 Pa).

8.2.5 Synthesis of One-pot Carbon Material

An alumina boat was half filled with metal doped hydrogel. The alumina
boat was then placed inside a quartz worktube inside a tube furnace. The
system was then purged with argon (48 l h-1) for 30 minutes. Hydrogen (8
sccm) was then added to the flow and the system was then ramped up to 1000
°C at 20 °C min-1 and held at this temperature for 2 hours. The resultant
carbon/metal foam could then be washed in hydrochloric acid for 24 hours
to remove the metal.
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8.2.6 Synthesis of PolyHIPEs

Styrene (5.5 ml, 47.4 mmol), divinylbenzene (1.3 ml, 9.2 mmol), Azobisisobu-
tyronitrile (52 mg) and SPAN 80 (2.0 g, 4.67 mmol) were mixed together to
form the organic phase. The aqueous phase was made by mixing high purity
water (27.2, 38.5 and 61.2 ml to form 80, 85 and 90% porosity respectively)
with potassium persulfate (0.1 g, 0.37 mmol). The organic phase was placed
in a two funnel round bottom flask and the aqueous phase was added drop-
wise, mixing at 350 rpm to form an emulsion. The emulsion was placed in
an oven at 60 °C for 18 hours at a reduced pressure (10-1 Pa). To synthesis
metal doped polyHIPEs, cobalt nitrate hexahydrate (1.1 g) or nickel nitrate
hexahydrate (1.1 g) was dissolved into the aqueous phase.

8.2.7 Carbonization of PolyHIPEs

PolyHIPEs were placed in an alumina boat inside a quartz worktube inside
a tube furnace.The system was then purged with argon (48 l h-1) for 30
minutes. Hydrogen (8 sccm) was then added to the flow and the system was
then ramped up to 1000 °C at 20 °C min-1 and held at this temperature for 2
hours.The resultant carbon/metal foam could then be washed in hydrochloric
acid for 24 hours to remove the metal.

8.2.8 Synthesis of PolyHIPE Derived Metal Oxide
Foam

The metal doped polyHIPE was placed in an alumina boat placed inside a
quartz furnace tube. The system was heated insed a tube furnace up to 600
°C in air at 5 °C min-1 and held there for 2 hours.

8.2.9 CVD on PolyHIPE Derived Metal Oxide Foam

PolyHIPE derived metal oxide foam was placed in an alumina boat inside a
quartz work tube inside a tube furnace. The system was then purged with
argon (48 l h-1) for 30 minutes. Hydrogen (8 sccm) was then added to the
flow and the system was then ramped up to 1000 °C at 20 °C min-1 and held
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at this temperature for 1 hour before methane (5 sccm) was introduced to
the flow for 10 minutes. The methane was then stopped and the furnace was
held at temperature for another 50 minutes. The system was then allowed
to cool under a flow of argon and hydrogen.

8.2.10 Synthesis of Copper Oxide Polyhedra

Copper acetate (0.724 g) was dissolved in 40 ml of high purity water with
constant stirring at 70 °C. 5 ml of 6 M NaOH was then added dropwise.
After 5 minutes 0.2 g of D-glucose was added. After a furthur 3 minutes the
solution heating is stopped and the solution allowed to cool. The particles are
cleaned and separated with repeated centrifugation with high purity water
and ethanol. The polyhedra are then dried in a vacuum oven at 60 °C under
a reduced pressure (10-1 Pa).

8.2.11 Ethanol Chemical Vapour Deposition on
Copper Oxide Polyhedra

Copper oxide polyhedra were spin coated onto a piranha cleaned [0 0 1] silicon
wafer placed in the centre of a quartz work tube inside a tube furnace. Argon
could be diverted through a glass sinter at the bottom of a Dreschler bottle
containing ethanol in order to saturate the gas. The system was purged for
30 minutes with just argon before being heated to 750 - 820 °C with the
argon diverted through the ethanol at various temperatures. The system
was then allowed to cool in either argon or argon saturated with ethanol.The
resultant carbon/metal material could then be washed in hydrochloric acid
for 24 hours to remove the metal.

8.2.12 Synthesis of Cobalt Hydroxide Hexagons

Cobalt chloride hexahydrate (1.190 g) and hexamethylenetetramine (8.411 g)
were dissolved in 1 L of a 9:1 mixture of deionised water:ethanol and heated
with stirring at 90 °C. Heating was stopped after approximately 1 hour when
a pink precipitate was evident. The particles were filtered, washed with
deionised water and then dried in a vacuum oven at 60 °C under a reduced
pressure (10-1 Pa).
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8.2.13 Ethanol Chemical Vapour Deposition on
Cobalt Hydroxide Hexagons

Cobalt hydroxide hexagons were spin coated onto a piranha cleaned [0 0 1]
silicon wafer placed in the centre of a quartz work tube inside a tube furnace.
The system was purged in 10 L/h of argon before being heated to 600 - 800 °C
under the same flow of argon. At temperature, the flow is diverted through
a glass sinter at the bottom of a Dreschler bottle containing ethanol in order
to saturate the gas. The furnace is held at temperature for 1 - 60 minutes
before cooled under just argon.The resultant carbon/metal material could
then be washed in hydrochloric acid for 24 hours to remove the metal.

8.2.14 Low Pressure Acetylene Chemical Vapour
Deposition on Cobalt Hydroxide Hexagons

Cobalt hydroxide hexagons were spin coated onto a piranha cleaned [0 0
1] silicon wafer placed in the centre of a quartz work tube inside a tube
furnace. The system was evacuated down to 0.02 bar for 30 minutes before
adding a flow of 160 ml min-1 5 % hydrogen in argon and heating to 420 °C,
holding for 1 hour and then heating to 1000 degree C at 10 °C min-1. The
furnace was held at 1000 °C for 1 - 180 minute under a flow of 160 ml min-1

5% hydrogen/argon and 160 ml min-1 3000 ppm acetylene/argon flow. The
system was then cooled with just the hydrogen/argon flow and the clam shell
of the furnace was opened to cool the system rapidly.
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Appendices

Associated publications:

Formation of 3D graphene foams on soft templated metal mono-
liths.322

8.3 Appendix A - Supporting Information

for Chapter 3
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Figure 8.1: Histogram of ID/IG for CuGF over 307 spectra. Used to work
out crystallite size in equation 3.1
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Figure 8.2: EDX spectra taken from figure 3.13 A at 15 kV showing the
presence of carbon and no cobalt
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Figure 8.3: SEM images showing thickness of films used for conductivity
measurement of cobalt graphene foam.

Figure 8.4: EDX of the area shown in figure 3.17 (D) showing the presence
of cobalt. The Na and Cl are likely due to contaminants.
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Figure 8.5: ED showing copper derived carbon material. d spacing calculated
to be 0.21 nm and 0.12 nm.
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Figure 8.6: ED showing iron derived carbon material. d spacing calculated
to be 0.34, 0.21 nm and 0.12 nm.
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Figure 8.7: ED showing nickel derived carbon material. d spacing calculated
to be 0.37, 0.22 nm and 0.13 nm.

Figure 8.8: Raman spectrosopy of one pot synthesis of cobalt graphitic foam
performed at 800 °C.
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8.4 Appendix B - Supporting Information

for Chapter 5

Figure 8.9: SEM image of Cu2O heated to 1000 °C.
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8.5 Appendix C - Supporting Information

for Chapter 6

Figure 8.10: SEM image of APCVD with acetylene on CoOH catalysts at
800 °C for 1 minute.
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