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Abstract
Within this thesis we demonstrate the formation of 3-dimensional, potentially freestanding, entangled carbon nanotube architectures through the use of previously
untested organo-metallic catalysts, Iron (III) Tosylate, Cobalt (II) Tosylate, and Nickel
(II) Tosylate. The effect of catalyst concentration, hydrocarbon decomposition
temperature and growth time were examined in terms of the produced architectures
morphologies. As capacitive devices these as produced carbon nanotube architectures
demonstrated impressive maximum capacitances of up to 182.9 F/g with a power
density of 15 kW/kg and an energy density of 4.06 Wh/kg.

In addition we develop and optimise the decoration of metallic nanoparticles including,
platinum, palladium, gold, ruthenium and various bi-metallic particles onto both
individual carbon nanotubes and pre-formed carbon nanotube architectures in under
60s through the use of microwave chemistry. In addition to being exceptionally rapid
this reduction technique was shown to be extremely versatile, with a range of different
metallic architectures being synthesised, ranging from individual particles, to clustered
particle morphologies. The role of pH, microwave intensity and salt concentration were
examined.

The most efficient configuration of platinum nanoparticles onto the entangled carbon
nanotube architecture produced a maximum capacitive response of 640 F/g at a
maximum energy density of 5.25 Wh/kg and a maximum power density of 77 kW/kg.
Examination of this electrode as a cathode in a hydrogen fuel cell yielded extremely
promising results with a maximum current density of 3000 mA/cm2 and a power
vi | P a g e

density of 940 mW/cm2 corresponding to an efficiency of 0.81 mgPt/kW, approaching
the United States Department of Energy target of 0.3 mgPt/kW.

This work provides a pathway to the development of 3-dimensionally structured
carbon/metal nanoparticle composite materials for a broad range of applications,
specifically focused on electrochemical devices.
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Abbreviations
ACNT

–

Aligned Carbon Nanotubes

CB

–

Carbon Black

CNT

–

Carbon Nanotube

CV

–

Cyclic Voltammetry

CVD

–

Chemical Vapour Deposition

DMFC

–

Direct Methanol Fuel Cell

eCNT

–

Entangled Carbon Nanotube

EDL

–

Electrochemical Double Layer

EDLC

–

Electrochemical Double Layer Capacitor

EDS

–

Energy Dispersive X-ray Spectroscopy

EDX

–

Energy Dispersive X-ray Spectroscopy

EPR

–

Electron Paramagnetic Resonance Spectroscopy

FC

–

Fuel Cell

GDL

–

Gas Diffusion Layer

HFC

–

Hydrogen Fuel Cell

MEA

–

Membrane Electrode Assembly

mNP

–

Metallic Nanoparticle

MWNT

–

Multi-Walled Carbon Nanotube
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NP

–

Nanoparticle

PEM

–

Proton Exchange Membrane

PRB

–

Plasmon Resonance Band

PVDF

–

Polyvinylidene fluoride

RBA

–

Relaxed Bond Angle

RBM

–

Radial Breathing Mode

SEI

–

Secondary Electron Image

SEM

–

Scanning Electron Microscopy

SWNT

–

Single-Walled Carbon Nanotube

TED

–

Transmission Electron Detector

TEM

–

Transmission Electron Microscopy

VACNT

–

Vertically Aligned Carbon Nanotubes

VLS

–

Vapour Liquid Solid Growth

XPS

–

X-ray Photoelectron Spectroscopy

XRD

–

X-ray Diffraction
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Chapter 1:

Carbon Nanotubes, Metal Nanoparticles
and Fuel Cells

1.1. Nanotechnology: The path to better energy devices
Depletion of the earth’s natural resources, along with a rising public understanding of
the environmental cost of oil based energy, has increased the viability of alternative
energy sources dramatically. Solar, wind, tidal and electrochemical energy sources have
received ever increasing research interest in the past decade. In order to fill the void left
in the energy market by the decreased use of oil all of these energy technologies are
likely to be utilised, albeit to different degrees, and in different markets. Of the
alternative energy technologies, electrochemical power sources, consisting primarily of
capacitors, batteries and fuel cells, have the most promise for portable applications, such
as transportation and personal power sources.
Nanotechnology, through high-surface area nanostructured materials, provides a new
class of materials for improving the power and energy outputs of electrochemical
devices. The simplest of electrochemical devices, the capacitor (or super-capacitor at
high storage regimes) relies on charge storage in the Helmholtz layer (colloquially
known as the electrical double layer, or EDL). This Helmholtz layer is formed at the
interface between charged solid and a liquid and typically consists of charged ions and
oriented dipoles in solution. As this layer is formed at a solid-electrolyte interface
increasing the available surface area will increase the total amount of charge stored in
the system. Both lithium-ion batteries and proton exchange membrane (PEM) fuel cells,
rely on some sort of catalytic material to convert energy. The addition of nanostructure
to these catalytic materials allows for greater access of the desired species to the catalytic
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merous matterials capabble of introduucing nanosstructure intto electrode
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Figure 11. 1. Stylised representatio
r
n of differennt CNT geom
metries; a) exffoliated indivvidual singlewalled CNT; b) bunddles of single walled CNTss; and c) a multi-walled
m
CNT.3

CNTs ccan be concceptually visualised by rrolling up an
n individuall (single-wallled carbon
nanotubbe), or multtiple concen
ntric (multi-w
walled carb
bon nanotub
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agglomerated bundles and between inner walls in multi-walled CNTs is universally
defined by the Van der Waals spacing of 0.34nm.4
The cylindrical geometry of the CNTs leads to deformation of the  orbitals relative to
an ideal graphene sheet causing an increase orbital overlap, and explains the observed
high thermal and electronic conductivities observed. The structure of individual CNTs
are described using this rolling model, with the direction of rolling assigned as the ‘chiral
vector’ which is defined by variables, m, n and  (Figure 1. 2). This chiral vector
defines the molecular orbital pattern and density of electronic states for the CNT. The
density of states for an individual CNT vary dramatically with changes in the chiral
vector with no available charge carriers at Fermi level for semi-conducting CNTs, yet
finite charge carriers available for metallic CNTs. As a general rule if n-m is a multiple of
3 the CNT will display metallic electronic properties whereas if m-n is not a multiple of
3 the CNT behaves as a small band gap semi-conductor (Figure 1. 3). 5

Figure 1. 2. Schematic of the structural model of an individual CNT based on a single sheet of
graphite showing m,n values for different rolling geometries.1

This standard spacing in combination with the chiral vector is crucial for spectroscopic
characterisation of CNTs as it allows for the establishment of rules governing the
appearance of spectral peaks in techniques such as Raman (specifically for double3|Page

walled CNTs) and UV-Vis spectrometry.

6-8

The propensity of CNTs to bundle due to

- interactions creates problems for many applications where the properties of an
individual CNT are required, such as composite re-enforcing materials, transistors or
field effect transistors. The primary method utilized to exfoliate (de-bundle) CNTs is
ultra-sonication using high intensity vibrations in combination with a surfactant to wrap
the individual CNTs and stabilise them in solution via steric or electrostatic forces.

9-14

The major problem with ultra-sonication is the high intensity energy which is
transferred to the CNTs resulting in disruption of the sp2 lattice by the introduction of
sp3 defects, and significant shortening in the length of the CNT over longer time
periods.

Figure 1. 3. Ball and stick model and density of states calculation; a) of a metallic CNT; and b)
of a semi-conducting CNT.5

This variation presents both a significant opportunity and a significant road block for
commercialisation of CNT based electronic devices. The opportunity is the theoretical
ability to define the precise band gap of the CNT for transistors or field emission
transmitters (FET) or selectively produce ballistically conductive CNTs for transparent
conductive electrodes. Currently however, there are no reported techniques that allow
for direct control over the chirality of an individual, or group of, CNTs at the point on
synthesis. Post-processing techniques such as electrophoresis,15 HPLC,16 Liquid-phase
nitronium reactions,17

DNA or density ultracentrifugation (Figure 1. 4),13,

microwave elimination21
4|Page

18-20

and

have been shown to be capable at separating CNTs of

different chiralities although the considerable time and cost investment involved renders
these techniques non-viable for large scale applications.

Figure 1. 4. Optical image and graphical overlay showing the separation of CNTs via
ultracentrifugation. 20

Theoretical properties of carbon nanotubes being highly conductive, chemically inert
and mechanically strong are calculated based upon an ideal, uninterrupted sp2 lattice of
carbon atoms. In practice, CNTs also contain a significant number of sp3 atoms
incorporated into the side-wall, or at the end of the nanotubes. These sp3 defects can
arise either during the production process or during treatment of the CNTs after
production to remove other impurities.
The introduction of a sp3 defect into the sidewall of a CNT has a dramatic effect on the
density of states for an individual CNT. A single sp3 defect on a sidewall will commonly
for a 5/7 ring pair (as opposed to the normal 6C rings), which can change the helicity of
the CNT at the defect point. In this way the defect point may be the point of contact
between a metallic CNT structure (on one side of the defect) and a semi-conducting (on
the opposing side of the defect site) structure. However, it is very rare for defects to
exist in isolation along a CNT sidewall, more often numerous defects are introduced
using high energy processing techniques such as ultra-sonication often resulting in a loss
of structure in the density of states.5, 22, 23 In addition to changing the helicity of a CNT,
defects also act as scattering sites for electrons travelling along the  orbital of nanotube
5|Page

effectively increasing the resistance by lowering the overall drift velocity for the CNT.24
Defects will also affect the mechanical properties of the CNT by acting as stress
concentration sites along the backbone. The relaxed bond angle (RBA) of sp2 carbon
atoms is approximately 120°, whereas the RBA of sp3 atoms is approximately 109.5°.
However, the overall structure of the nanotube sidewall will stretch the sp3 bonds to
angles significantly greater than the RBA meaning these atoms are not in a mechanically
relaxed state, and with the application of load are likely to break readily in comparison
to a pristine CNT.
With a theoretical surface area of up to 1315m2/g for single-walled carbon nanotubes
(SWNTs) and 100m2/g to 800m2/g for MWNTs25 (Figure 1. 5) in combination with the
potential for high electronic conductance and mechanical durability, CNTs are
theoretically excellent materials for use in electrochemical devices.

Figure 1. 5. Theoretical surface area calculations of individual CNTs with different numbers of
walls.25
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the initial gaseous element (Figure 1. 6). The structure of the extruded material is highly
dependent on the size, shape and facet of the catalyst particle.27-32

1.2.1.1 Chemical Vapour Deposition
Chemical vapour deposition (CVD) refers to the decomposition of an organic precursor, normally in the gas phase, over a catalytic layer which templates the reformation
of the radicals into CNT structures. Traditional CVD systems have been focused on
growth on a solid substrate in a horizontal reactor although recent improvements have
led to the development of fluid based, and vertical CVD reactors (Figure 1. 7).33-36

Figure 1. 7. Schematic of a typical CVD horizontal reactor for the production of CNTs from
acetylene over a Fe3+ catalyst.

The VLS mechanism relies on the solubility of gaseous carbon into a catalyst particle,
which upon reaching carbon saturation will begin to extrude excess carbon in a
structured way dependent upon the properties of the catalyst particle (Figure 1. 6). As
VLS is highly dependent upon the solubility of carbon into the catalyst particles the
temperature of the reaction is crucial for generating a nanotube structure. Furthermore
the speciation of the carbon is crucial, as is the interaction of the catalyst particles and
its substrate. Growth in CVD can occur as either tip, with the catalyst at the top of the
8|Page

r
growthh, where thee catalyst reemains at thhe base of the
t CNT
produced CNTs, or root
during gro
owth (Figuree 1. 8).

Figure 1. 8.
8 Stylised rep
presentation oof (left) root growth
g
and (right)
(
tip groowth of CNT
Ts.37

For CVD systems devveloped for the growth
h of CNTs in
i the solid phase theree are two
distinct methods for introduction
i
n of the cattalyst into th
he furnace. In the firstt method
the catalysst is placed into
i
the furnnace in the solid state, be it in pow
wder form in a nonreactive bo
oat, or in the form of a catalytic film on a substrate. This approach alllows for
direct conttrol over thee region of C
CNT growth
h and openss opportunitties for patteerning of
architecturres. The key disadvanttage of usin
ng a solid catalyst
c
matterial is thee lack of
precise control over the
t amountt of carbon or hydrogeen interactinng with the catalytic
material att any time. The
T second approach in
nvolves intrroduction off the catalysst as part
of the carb
bon source during grow
wth. Most commonly
c
this
t approacch is utilised
d for the
production
n of aligned
d CNTs thrrough iron pthalocyaniine and thee amount of carbon
interactingg at the cataalyst particlee can be con
ntrolled by varying
v
the ligands surrrounding
the catalyttic centre.38 The catalyttic material is generallyy depositedd on a flat substrate
s
during gro
owth such th
hat the prodduced CNT
Ts can be eaasily removeed from thee reactor.
The primaary limitation
n for this coonfiguration
n of CNT prroduction is the utilisatiion of an
effective heavy
h
metal catalyst
c
as thhere are limiited choices available.
9|Page

CVD has the unique potential to produce integrated CNT architectures directly from
the furnace, a feat that cannot be achieved through arc discharge or laser ablation.
Utilising a carrier gas such as acetylene, methane, or ethylene, CNTs can easily be
produced over a catalytic medium. The pyrolysis of these carbon gases while producing
the radicals required for the growth of CNTs also results in some amorphous carbon
from recombination reactions of these same radicals. Under the correct conditions this
amorphous carbon can act as a binder for the CNTs such that the produced CNTs can
be removed from the substrate easily as a macro-scale assembly. It is this inherent
capability of the CVD technique which is highly attractive for use in developing novel
CNT structures for an array of applications.

1.2.2 Carbon Nanotube Architectures
Carbon nanotube architectures refers to macro-scale assemblies of CNTs. There are two
overarching types of CNT architectures discussed in this thesis; post-processed
structures and as-grown architectures.

1.2.2.1 Post‐Processed Structures
Post-processed structures refer to assemblies of CNTs that are produced by the
manipulation of CNTs (normally CNT powders) into the desired structure after
production. Nearly all post-processed CNT structures are produced by solution
processing methods beginning with the exfoliation of bundles of CNTs by ultrasonication as previously described. The resultant dispersion can be treated in a variety of
ways for structures including, thin films,10, 39-44 fibres,45-47 papers,48-52 or tapes. One of the
significant challenges in optimising ultra-sonication based structures is the balance
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between gaining the ideal individual CNT properties and the loss of bulk material
properties caused by the introduction of sidewall defects and shortening on CNTs. The
length, and concentration, of CNTs is crucial for post-processed structures as the
electrical resistance of the bulk architecture is often dominated by the contact resistance
between adjacent nanotubes. Longer CNTs results in fewer points at which an electron
needs to jump between CNTs in order to reach an electrode. For composites containing
CNTs in a resistive filler, length is even more crucial as below a certain length of CNTs,
the electron will not have a conductive path available and rather will be required to pass
through the filler dramatically increasing the materials resistance (Figure 1. 9).

Figure 1. 9. Schematic showing the effect of CNT length on percolation of CNTs between two
opposing electrodes, a) Connected CNTs providing an electron pathway; b) Short CNTs not
producing an electron pathway.

The most commonly utilised post-process CNT architecture is the amorphous
carbon/CNT (AC/CNT) bucky paper, which consists of the vacuum filtration of a
dispersion of CNTs through a membrane. These bucky papers are typically 20-120μm in
thickness are typically durable enough to handle for a range of applications.53 Due to the
durability of these materials they are commonly utilised to examine the structureproperty relationships for CNT composites. Bucky papers have been utilised in the
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literature for a range of applications including, sensing,54 artificial muscles55 and
electrochemical devices.48, 49, 52

Figure 1. 10. Carbon nanotube buckypapers produced by vacuum filtration of SWNT
dispersions with varied conditions of synthesis.53

1.2.2.2 As‐Produced Architectures
As-produced architectures refer to arrangements on CNTs that are formed at the same
time as the production of the CNTs themselves. The most common type of asproduced architecture is the aligned carbon nanotube architecture (Figure 1. 11).
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Figure 1. 11. Scanning electron micrographs of aligned CNTs produced in a catalyst free CVD
reactor.56

The aligned CNT architecture is commonly produced by the decomposition of gaseous
iron pthalocyanate onto a quartz substrate. This form of CVD is unique in that the
catalyst and the carbon source are both present in the gas phase, and that the substrate
upon which the CNTs are assembled only functions as a flat surface for this assembly.
Typically these aligned CNT structures are formed with a layer of amorphous carbon on
top of the aligned CNTs. 38, 57-64

1.2.2.2.1

Recent Developments in As‐Produced Architectures

Other types of as-produced CNT architectures consist of entangled CNT architectures,
where the CNTs are not principally aligned in a single direction but rather bend and
twist around each other (Figure 1. 12). There are limited reports of this morphology of
architecture in the literature, however it is anticipated that such an architecture will
provide significant advantages over vertically-aligned CNTs (VACNTs) in terms of
lateral connectivity and porosity.
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Figure 1. 12. a) Scanning electron micrograph of an entangled CNT network connected by a
conductive carbon layer; and b) optical image of the structure shown in a).65

The further development of this form of eCNT architecture will form a core section of
this body of work. Specifically, the optimisation of these structures will be undertaken in
terms of catalyst particle, carbon source and gas flow rates towards improving the
electrochemical performance of these materials. The recent developments in this eCNT
architecture are described fully in Chapter 3.

1.3. Nanoparticles

T

he term nanoparticles can encompass a large array of materials including
polymers, metals, metal oxides, ceramics and carbon, all of which can be
manipulated to form discrete sub-100nm particles. Nanoparticles are of great

interest for numerous applications in fields as diverse as energy,66-68 optics,69-72 and
ceramics processing.
Nanoparticles have been known in modern science under the term ‘colloidal particles’
since the 1850’s and the work of Michael Faraday. The first recorded use of
nanoparticles is significantly earlier however, with the first record of colloidal particle
use being found in the Roman Empire in the form of glass additives. In these cases
finely ground gold powder was added during the formation of glass resulting in a
different optical appearance when observed in reflected light compared to transmitted
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light. The most famous example of historical use of nanoparticles is the Lycurgus Cup,
showing a green colour in reflected light and a rose hue in transmitted light.
There are many different methods for the production of nanoparticles, including
mechanical ball-milling,73-76 chemical reduction,77-80 electrochemical reduction68, 81-83 and
sono-chemical reduction.84-87 Each of these reduction techniques produces significantly
different materials in a variety of form factors. Mechanical ball milling will produce
agglomerated powders of nanoparticles commonly coated with a surface oxide layer. In
contrast, chemical reduction will produce either solid films of nanoparticles (through gas
phase chemical reduction), or solutions of nanoparticles stabilised with a surfactant.
Electrochemical synthesis of nanoparticles is able to generate highly uniform
nanoparticles, however, these particles are typically formed on a substrate material. This
substrate material has a dramatic effect on the production of the nanoparticles with
certain nanoparticle morphologies being limited dependant on the substrate selected. In
addition due to the nature of electrochemical synthesis only conductive substrates can
be loaded with nanoparticles through this methodology.
Each of these techniques has its own inherent advantages and disadvantages however
typical synthesis routines range from hour-long experiments (for sono-chemical
reduction and electrochemical reduction) up to day-long experiments for chemical
reduction. The development of reduction techniques on significantly more rapid time
scales is of great import for the future production of devices based on nanoparticles.
One technique that has shown significant promise in terms of the production of
nanoparticles on the second time scale is microwave-assisted reduction.
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1.3.1 Microwave‐Assisted Polyol Reduction
Microwave chemistry has long been used to speed up a range of organic chemistry
reactions.88,

89

Microwave chemistry is based on two complementary effects, the

interaction of microwave frequency radiation with sp2 carbon bonds, and the heating
induced in solution due to motion stimulated by the microwave radiation.90 Microwave
chemistry is considered an environmentally benign technique, due to the total energy
savings and lack of harsh chemical by-products compared to other chemical synthesis
routes.
Production of metal nanoparticles by microwave irradiation is typically performed
through the use of polyols, typically ethylene glycol, and a solution of metal salt.90-93
Metal nanoparticles including, gold,91, 92, 94 silver,90 platinum,90 palladium,94 and various
oxide particles93 have been produced using this polyol reduction method. The produced
nanoparticles range in size from 4-5nm particles up to 100nm agglomerate particles
dependant on the methodology utilised. Polymer capping agents such as
polyvinylpyrrolidine (PVP) or polyvinylalcohol (PVA) are typically added to the
solutions to prevent the continued growth and subsequent agglomeration of these
produced particles.90
Despite the ease of production of nanoparticles via this method there is still a need to
post process these materials significantly to produce a practical material for study. One
way to achieve more functionality of these materials is to decorate these materials onto
CNTs.
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1.3.2 Microwave‐Assisted Decoration onto Carbon Nanotubes
Recently there has been a significant increase in the amount of published reports on the
use of microwave irradiation to generate nanoparticle, carbon nanotube composite
materials.95-107
The decoration of CNTs by microwave-assisted decoration in the literature has been
performed exclusively on CNT powder material, which is well mixed in a metal salt and
polyol solution. These decoration procedures rely on the localised heating that occurs at
the CNT|polyol interface due to the exceptionally strong absorption (and hence
heating) of microwaves by the CNTs.21, 108-111
A thorough study on the effects of microwave irradiation on CNTs by Imholt et. al.
demonstrated that CNTs undergo significant bond re-arrangements when exposed to a
strong microwave field, including cross-linking, inner tube bridging, outgassing
(expelling of gas from the CNT powder) and also emitting light.111 Under very specific
conditions Lin et. al. demonstrated that you could actually improve the overall
hybridisation of a CNT sidewall through this bond re-arrangement, providing the lack
of other available moieties for the CNT to react with.109
Rather surprisingly, there has been a lack of examination of the decoration of metal
nanoparticles onto CNT architectures by microwave irradiation. Nor has there been a
strong study on the binding between the produced nanoparticles and the CNTs.
Throughout this work we will examine both decoration onto 3D CNT architectures and
the binding between these materials.
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1.4. Electrochemical Devices
The term ‘electrochemical device’ refers to a device that utilises the electronic charging
and discharging of a physical electrode to stimulate a fluid to respond either ionically or
chemically. There are a myriad of different types of electrochemical devices including
capacitors, batteries and fuel cells, each of which have many sub groups. Furthermore
electrochemical devices are often coupled to other devices to produce sensors or other
secondary electronic systems. Electrochemical devices are characterised broadly by
Energy and Power densities. Energy density can be expressed as the total amount of
power that can be stored in the device whereas power density is the instantaneous
power that the device can provide.

1.4.1 Electrochemical Double Layer Capacitors
Electrochemical double-layer capacitors (EDLC), also known as super- or ultracapacitors, store charge in the form on the electrical double, or Helmholtz, layer at the
interface between the electrode and the electrolyte. The Helmholtz layer is formed by
the motion of polarisable material in solution in response to a surface charge applied to
an electrode. This material will orient itself such that there is a layer of opposing charge
with regards to the surface (outer Helmholtz plane). Further into solution the packing of
ions due to charge compensation further decreases forming a diffuse layer, which
becomes less oriented with greater distance from the electrode surface (Figure 1. 13).
Since the double layer orients itself in respect to the available electrode surface by
increasing the available surface area of an electrode material the total charge stored
within the electrochemical device can be increased, and indeed, this is the basis for the
EDLC. Typically the charge stored at the EDL is between 15F/cm2 and 50F/cm2
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Equatio
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Figure 11. 14. Schemaatic of a typical electrochem
mical doublee layer capacittor in device form.117
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Figure 1. 15. Stylised cyclic voltammograms of (solid line) an ideal capacitor; (dashed line) ideal
capacitor with increased resistance; and (dash-dot line) a diffusion limited capacitor.

For commercially viable devices pure EDLCs are rarely used due to the limitations in
accessing all of the available surface area of any given material. Rather a composite
material is synthesised consisting of the base EDLC high surface area electrode doped
with some redox active media, such as metal oxide nanoparticles12, 106, 119-126 or organic
conducting polymers.127-129

These redox active materials dramatically increase the

electrochemical capacitance of the device, in a process referred to as pseudo
capacitance, by increasing the amount of charge (q) needed to change the potential of
the electrode (V), the increase in capacitance can be expressed using Equation 1. 3.

Equation 1. 3. Equation demonstrating the capacitive effect of having a redox active material
in an EDLC.

A typical comparison between a pseudocapacitance containing EDLC and a pure EDLC
is shown below (Figure 1. 16). There are two main disadvantages to increasing the
overall capacitance of an EDLC using pseudocapacitive effects are, non-homogenous
charge/discharge rates which are potential dependant, and having slower reaction
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kinetics due to the redox process requiring chemical changes (rather than simply ion
motion in solution). 112, 128
There are numerous different ways that nanotechnology can be exploited for improving
electrodes for electrochemical devices, the produced materials are commonly called
nanostructured electrodes. One of the most common forms of nanostructured
electrodes are based on carbon nanotubes (CNTs).

b)

a)

Figure 1. 16. Cyclic voltammograms of carbon based EDLCs; a) Purely capacitive EDLC from
aligned CNTs at 20mV in an undisclosed Ionic Liquid;130 and b) RuO loaded MWNT networks
with different percent loadings of RuO at 10mV/s in 1M H2SO4.131

1.4.1.1 Carbon Nanotube | Metal Nanoparticle Composites As Capacitor Electrodes
Capacitive electrodes based on the combination of mNPs and CNTs are divided into
two different regimes, pseudo-capacitors, and non-faradic capacitors. Pseudo-capacitors
consist of a scaffold of CNTs loaded with metal oxide nanoparticles, typically ruthenium
oxide, nickel oxide or manganese oxides.106, 112, 121, 123, 125, 131-134 These oxide nanoparticles
produce a faradic response during the capacitance, generating extra charge through the
metal centres redox couple. However, as these materials generate a large portion of
charge through a redox reaction cyclic stability becomes a significant problem over long
durations of rapid cycling.

132

This results in the super-capacitor electrodes produced

from these materials typically having a higher energy density and lower power density in
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comparison to commercial materials.135-137 These materials are normally dependant on
the rate of the redox reaction for limitation of their maximum power density.
Contrastingly, the development of non-faradic super-capacitor electrodes based on
noble metal nanoparticles decorated onto CNT scaffolds can provide longer cycle lives
for electrode materials, higher power densities compared to pseudo-capacitive materials
however at lower maximum energy densities. These non-faradic electrode materials
generate charge based directly on the surface area, conductivity, and interfacial
interactions with the electrolyte. Thus higher theoretical power densities can be attained
by control over the porosity of the electrode as no chemical reaction is required to
generate the requisite energy.112,

119, 133, 135-141

These electrode materials are typically

assigned as diffusion limited for power density and surface area limited for energy
density. The focus of work in this thesis is on non-faradic super-capacitor electrode
materials.
In either of these two types of super-capacitor electrodes the binding between the
CNTs and the mNPs is crucial to the device performance. This binding has a significant
effect on the overall conductivity of the electrode material as well as the stability of the
electrochemical performance over time. Weak binding of the mNPs to CNTs oft results
in agglomeration of the mNPs over time, driven by a decrease in surface energy from
the agglomeration, decreasing the total available surface area and resulting in a net
decrease of capacitance.

1.4.2 Fuel Cells
Electrochemical fuel cells are devices that consume some input fuel through a chemical
reaction driven by an electronic stimulus to obtain a large amount of energy albeit over
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larger time periods. Fuel cells are commonly thought of as potential alternative power
supplies for electric vehicles or for powering non-mobile systems such as houses. There
are many different types of fuel cells (Figure 1. 17), each of which fit a specific
application, the most commonly discussed type of fuel cell in literature is the protonexchange membrane (PEM) fuel cell, due to a low operating temperature and the ability
to create portable fuel cells from the PEM design.

Figure 1. 17. Schematic showing the operating temperature, fuel sources, and waste for
different fuel cell systems.142

1.4.2.1 Hydrogen/Direct Methanol Fuel Cells
PEM fuel cells consist of two opposing electrodes separated by a proton exchange
membrane which is capable of allowing H+ flow between the electrodes but impeding
other ion motion or electron flow (Figure 1. 18). One of the key advantages to PEMFCs
is their ability to run at relatively low temperatures, between 80-110°C. This low
temperature allows for the integration of these devices into larger scale portable systems,
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such as portable generators or electric vehicles. The two primary versions of the
PEMFC are the hydrogen fuel cell (HFC) and the direct methanol fuel cell (DMFC).
These systems are governed by simple thermodynamics as described in O’Hayre et al.143

Figure 1. 18. Schematic of a PEM fuel cell showing all critical components.144

The reactions at the PEMFC electrodes consist of oxygen reduction at the cathode and
either hydrogen or methanol oxidation at the anode as follows:145
1
2

2
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2→2

∆

2

→
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2

Equation 1. 4. Redox reactions occurring at the Cathode (Top) and Anode (Bottom) of a
Hydrogen Fuel Cell
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Equation 1. 5. Redox reactions occurring at the Cathode (Top); Anode (Middle) and the
overall cell reaction (Bottom) for a direct methanol fuel cell.

One of the key advantages of a PEM FC is the purity of the products produced, only
water for the HFC and water and carbon dioxide for the DMFC. The lack of harsh,
toxic by-products of the reaction shows the potential of PEM FC devices to be
incorporated into an environmentally friendly energy production ecosystem.
Unfortunately, PEMFCs currently rely on rare metal catalysts, specifically platinum96, 146160

, palladium,136, 159, 161-165 ruthenium or some combination thereof, for both the oxygen

reaction and the hydrogen or methanol oxidation reactions.103-105,

156, 159, 166-176

developments in alternative catalysts including cobalt compounds177,

178

Recent

and N-doped

CNTs179-182 have shown promise in increasing the commercial viability of PEMFCs
although more refinement is needed before these catalytic architectures can match that
of noble metals.

1.4.2.2 Carbon Nanotube | Metal Nanoparticle composites as Fuel Cell electrodes
In spite of the significant amount of research on carbon nanotube soot as electrode
materials, there are a number of fundamental impediments to the commercialisation of
these materials. The key impediment is the loss of catalytic stability in CNT supported
catalysts during the assembly of a membrane electrode assembly (MEA). This assembly
often results in a loss of available catalytic surface area. In order to improve the catalytic
performance and increase the utilisation of the catalysts, researchers have recently
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started

to

investigate

alternative

approaches,

such

as

utilising

CNT-based

nanostructured architectures (templates and/or substrates) as catalyst supports.
Traditional CNT membrane electrode assemblies have involved the decoration of CNT
soot with catalytic particles followed by membrane formation through drop casting or
pellet pressing. Typical membranes formed include Nafion-CNT melt pressed papers,183
CNT-Nafion ball-milled filmes,184 and CNT-polymer films.101 Unfortunately these
assemblies typically have an uncontrolled structure and are not optimised for FC
membranes. The most significant oversight for these materials is the waste of platinum
buried deep within the structure, which is inaccessible during the operation of the
device.
Carbon nanotube/amorphous carbon (CNT/AC) “Bucky” papers are produced by the
filtration of a CNT dispersion into a mechanically durable architectur.51, 52 The advantage
of bucky papers lie in the ease of production, lateral conductivity and durability.
Adaptation of bucky papers for FCs can occur through two pathways; decoration of
CNTs with Pt during the soot phase; or decoration of the pre-formed architecture with
Pt. This second method has the advantage of conserving Pt as the metal is only
decorated at the most accessible sites within the structure.
Zhu et. al. demonstrated high platinum utilisation using a bucky paper electrode of 0.5
gPt kW-1 whilst maintaining a current density of 760 mA cm-2 by using such an
architecturally-based decoration technique. Bucky papers have also shown significant
promise as materials for GDLs within PEMFCs. Tang et. al. demonstrated a clear
improvement in the performance of the GDL when switching from a porous woven
carbon fibre cloth to a bucky paper.185, 186 Soehn et. al. postulate that the use of a bucky
paper electrode can create a defined boundary of catalytic loading, due to the
hydrophobicity of the substrate, leading to a decreased catalyst loss through diffusion
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and water drag.186 Despite the durability of these materials, research into bucky papers as
functional FC electrodes is limited due to a lack of achievable morphological control.
The focus on gaining more active surface area in order to increase PEM performance
has led to the development of 3-dimensional (3-D) porous materials as catalyst
supports. One of the most common forms of these 3-D supports are CNTs grown on a
porous carbon fibre support.68, 146, 148, 184-193
Many of these porous carbon supports double in function as the GDL for the FC
membrane electrode assemblies (MEA) (Figure 1. 19).68, 97, 186, 192, 194 The deposition of
MWNTs onto GDLs provide several specific advantages to the system, including;
increasing the surface area and the number of triple contacts (gas|electrolyte|electrode).
Methanol oxidation has been observed in such systems with loadings as low as 0.4 mg
Pt cm-2.

Figure 1. 19. a) Scheme of Pt loading on a CNF mat; b) SEM; and c, d)TEM images of Pt
nanoparticles loaded on a 3D architecture of-MWCNTs anchored CNF composite mat.190

The key advantage from these forms of materials is the electronic connection between
the catalyst particles and the external electrical circuit.146, 148, 191 There are, however, a
number of additional advantages to using such 3-D supports, including; minimising the
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number of processing steps; the ability to tailor the porosity of the material; and
increased electrochemically active surface area). Preliminary work on these materials by
Wang et. al. utilised such structures as MEAs through hot pressing with Nafion.195
Although the performance of these devices was comparatively poor, there remained
significant scope for improvement in the materials through decreasing the CNT and
catalyst particle diameters. Xuyen et. al. demonstrated that current density of a carbon
nanotube/nanofibre (CNT/CNF) composite was 1.7 times higher than the previously
reported benchmark, using 2.9 nm Pt particles (compared to the 25 nm particles initially
utilised by Yan et. al.).190 This improvement in catalytic performance is quite similar to
that of Saha et. al who demonstrated a 56 % improvement in platinum mass activity by
using such a composite structure (from 62 mA mgPt-1 to 146.4 mA mgPt-1). Addition of
nitrogen atoms into the CNT backbone also has a significant effect on the performance
of the electrode, with an improvement in ORR current density from 29 mA cm-2 for a
CNT/CNF composite to 80 mA cm-2 for an N-CNT/CNF composite.
Vertically aligned CNTs (VACNT) have been intensely studied as electrode materials
due to the high surface area: volume ratio, conductivity and regular pore structure these
materials possess.

One of the limiting factors in adapting VACNTs to fuel cell

technologies has been the difficulties in getting the catalytic particles into the fine pore
structure. Gong et. al. has recently overcome this limitation using nitrogen doped
VACNTs which function as oxygen reduction catalysts without the need for metallic
particles.180 Tang et. al. demonstrated a

four-fold improvement in electrocatalytic

current using a VACNT network compared to a graphite electrode.192,

193

This

improvement is attributed to higher catalytic utilisation compared to a flat electrode
surface.
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Additionally, iron-containing VACNTs were shown to function as ORR catalysts via the
formation of Fe-N-C junctions in the material by Dahn and Liu.196 For conventional
catalytic systems however, it is required that the VACNT be given some lateral
connectivity. This connectivity is achieved through the deposition of a thin polymer
layer giving the forest flexibility and durability for electrode use.197 An alternative
method for the preparation of VACNTs is through an anodised aluminium oxide
template. This method has the advantages of producing a stable, controllable pore size
distribution though the electrode.147 The methanol oxidation current for an AAOVACNT material was 73 mA cm-2 with a large negative shift in potential for the reaction
compared to a Pt micro-disk. One key advantage of using a templating method in the
production of VACNTs is the change in macro porosity, as shown in Figure 1. 20
allowing for greater electrolyte diffusion into the electrode structure.

Figure 1. 20. a) SEM image of VACNTs containing nitrogen as grown on a quartz substrate
(scale bar is 2μm);180 and b) Pt-CNT composite array from an AAO template.147

Recently, a novel free-standing, sandwich-structured MEA was synthesised by Zhang et.
al. Figure 1. 21.198 This ACNT/Nafion/ACNT structure with nano-Pt (0.142 mg cm-2)
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1.5. Thesis Aims
Throughout this body of work, we aim to develop new entangled CNT architectures
produced directly from CVD growth utilising organo-metallic catalysts. Concurrently,
we are investigating the synthesis and decoration of metallic nanoparticles (mNP) onto
CNTs by a microwave assisted polyol reduction method. Uniquely we aim to decorate
these mNP directly onto 3D CNT architectures, both post-processed architectures such
as bucky papers, and as produced architectures such as the CVD grown entangled CNT
architectures.
The decoration of these materials onto these architectures is targeted towards the
production of new electrode materials that can provide higher energy and power
densities compared to existing materials as either non-faradic super-capacitors or
proton-exchange membrane fuel cells.
The development and optimisation of eCNT architectures in terms of electrochemical
performance will be performed through an iterative study of the growth phase
parameters, such as, carbon source gas, gas decomposition temperatures, catalyst
solvent, catalyst concentration and gas decomposition times. We aim to establish a
methodology for the reproducible production of high electro-active surface area eCNT
architectures which can be utilised in a single step without post-processing of the
architectures.
In order to improve the electrochemical performance of the eCNT architectures we aim
to decorate the produced materials with metallic nanoparticles which will provide an
improvement in the electro-active surface area, sample conductivity and provide the
potential for device specificity, specifically targeted towards PEMFCs. We aim to
develop and expand the methodology for microwave synthesised nanoparticles and
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probe the interaction between these particles and carbon nanotubes. The overall goal of
this methodology is to elucidate a mechanism for the formation of these particles both
in solution and bound to the CNTs. Characterisation of the structures of these
materials, through x-ray and electron microscopy techniques will be utilised to
demonstrate the state of these nanoparticles decorated onto the CNTs.
Expanding and combining the two previous project goals of eCNT architecture and
metal nanoparticle decoration we aim to produce electrochemical devices for use as
electrochemical double layer capacitors and proton exchange membrane hydrogen fuel
cells. These devices will be thoroughly investigated with electrochemical analysis
techniques including cyclic voltammetry and electrochemical impedance spectroscopy.

33 | P a g e

Chapter 2:

Experimental Theory and Methodologies
2.1. Synthesis of Materials
One of the key components of this work was the development of new materials, and
new methods of producing existing materials. The two groups of materials focused on
were CNTs (predominantly MWNTs), and metallic nanoparticles.

2.1.1. Chemical Vapour Deposition of Carbon Nanotubes (in Chapter 3)
2.1.1.1.

Chemical Vapour Deposition Theory

Carbon Nanotubes can be produced in a variety of different ways including Arc
Discharge,199 Laser Ablation, and Chemical Vapour Deposition (CVD).200 Chemical
vapour deposition refers to the generic dissociation of a fluid (gas or liquid) upon
stimulation and the subsequent deposition of a material over a catalyst. This stimulation
may take numerous forms, including thermal excitation. Furthermore there are many
different adaptations to the CVD method such as plasma-enhanced, electric/magnetic
field-assisted, metal-organic CVD, and even water vapour assisted techniques.182, 200-203
The precise mechanism of CVD growth of CNTs has not been confirmed; however the
commonly accepted mechanism is that of vapour liquid solid (VLS) growth.30, 201

2.1.1.2.

Chemical Vapour Deposition Methodology

Growth of all CNTs throughout the project was performed on an Atomate tube furnace
equipped with 4 mass flow controllers and 3 temperature zones. The furnace was run
utilising the Atomate Workbench software which allowed flow rate designation for large
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amounts of gases, temperature and time control. Catalysts for the growth of CNTs were
loaded onto cleaned quartz substrates via spin coating (Laurell Technologies
Corporation) at spin speeds ranging from 500-4000rpm to produce even coatings. These
substrates were then heated at 60°C on a hot plate to aid in the rapid evaporation of
solvent from the catalysis thin films. The produced films were placed into the chemical
vapour deposition furnace (Figure 2. 1) and subjected to automated temperature and gas
flow variations utilising argon, hydrogen, acetylene, ethylene and methane.

Figure 2. 1. Schematics of the CVD furnace; a) seals utilised in the CVD growth of eCNT
nanoweb; and b) the thermal heating zone and gas inlets for the Atomate Furnace system.

The furnace was vacuum sealed using Swagelok fittings to prevent the introduction of
air into the furnace (Figure 2. 1). The schematic of the Atomate furnace shows three
distinct heating coils (200mm in length) within the furnace, with the gas incoming from
the bottom right of the schematic. The furnace zone closest to this gas inlet is assigned
as zone 1, with zone 2 being central and zone 3 at the furthest from the gas inlet. These
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zones are then split into two sub zones of 10cm in length, which is then split into
another 2 zones 5cm in length, so a quartz substrate positioned 10-15cm from the start
of the heating coils would be in zone 1.2.1, whereas a quartz substrate positioned 2025cm from the start of the heating coils would be in zone 2.1.1.
The standard growth parameters for the production of eCNT nanoweb consisted of a 6
step process:
1. Saturating of the furnace with Argon gas to produce an inert atmosphere;
2. Heating the furnace up to between 500°C and 600°C in an Argon atmosphere;
3. Introducing Hydrogen gas into the furnace at approximately 10% of the flow
rate of the carrier Argon gas and holding for a given amount of time, ranging
from 5 to 30 minutes;
4. Heating the furnace up to between 700°C and 900°C in an Argon and low flow
rate of Hydrogen atmosphere;
5. Introducing the carbon source into the furnace (Acetylene, Ethylene or
Methane)

and holding the furnace at this temperature for a given period of

time; and
6. Cooling the furnace under a constant flow rate of Argon back to room
temperature.
Throughout this thesis, step 3 is referred to as the reduction step, utilised to generate
the nanocatalyst, and step 5 is referred to the decomposition or growth step.

2.1.2. Production of Carbon Nanotube ‘Bucky Papers’ (in Chapter 4)
Carbon nanotube bucky papers were produced by the ultra-sonic dispersion of carbon
nanotubes in aqueous media through the aid of a dispersing agent. A typical method
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consisted of the addition of 100mg of CNTs (either SWNTs or MWNTs) to 99mL of
de-ionised water and 1mL of Triton-X 100 surfactant. A Sonics Vibra-Cell ultra sonic
probe was used at an intensity of 150W for a total active time of 1 hour 30 minutes,
with the probe pulsed for 1s on 1s off.
Upon removal of the sonic probe the dispersion was vacuum filtered through a 0.22μm
PVDF membrane over a 5cm x 8cm area. The filtered material was washed three times
with water and twice with ethanol to remove as much surfactant as possible from the
architecture.
The produced bucky paper was then dried in an oven at 60°C for 2 hours prior to
annealing at 250°C for 2 hours to remove remnant surfactant from the bucky paper. For
typical electrochemical experiments the bucky paper was cut into small strips by the use
of a scalpel blade.

2.1.3. Preparation and Decoration of Metallic Nanoparticles (in Chapter 4)
2.1.3.1.

Preparation and Decoration of Metallic Nanoparticles Theory

Metallic nanoparticles (mNPs), referring to metal clusters between 2 and 99nm in
diameter predominantly in the 0 oxidation state, are extremely interesting nanomaterials
due to possessing unique properties due to quantum confinement. 69, 80, 91, 204, 205 There are
numerous different methods of producing mNPs, however there are two overarching
themes, reduction of metallic salts in solution,80, 152, 163, 206 or sputtering of particles from
a larger disk.97, 207, 208 The key difference between these basic concepts is the ability to
permeate 3-dimensional structures, sputtering of particles onto a substrate will only
allow coverage of a surface with particles deposited only in the area visible to the source.
On the other hand reducing metallic salts allows for greater control over the area upon
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which the mNPs are formed, unfortunately compared to sputter coating there is some
sacrifice of structural control (of the produced nanoparticles). In order to control the
structure of particles produced by salt reduction additives such as surfactants are
frequently added to stabilise both the size and shape of the particles. 74, 209 Another key
difference between sputtering and salt reduction is the ability of salt reduction to form
stable particles in solution without a substrate for analysis.

2.1.3.1.1.

Polyol Reduction

Polyol reduction is a special case of chemical reduction where both the reduction and
capping agent are the same material in the form of a polymer such as poly-vinyl alcohol
(PVA) or poly-vinyl pyrrolidone (PVP).210,

211

Due to the (relatively) slow kinetics of

polymer motion an additional reducing agent such as ethylene glycol is sometimes added
to the reaction vessel to increase the speed of the reaction. The reduction of metallic
salts via polyol reduction methods commonly take many days to complete, however
once produced the metallic nanoparticles are extremely stable. This stability arises due to
the extremely bulky polymers wrapping the individual nanoparticles, leading to
exceptional steric hindrance preventing agglomeration.

2.1.3.1.2.

Microwave Assisted Reduction

Microwave assisted reduction of metallic salts is a relatively new reduction technique
that has shown significant progress in terms of reducing the time taken to reduction
compared to traditional reduction techniques. Microwave assisted reduction will
commonly utilise a polyol (such as ethylene glycol) as both the solvent and the reducing
agent. Due to the use of a polyol as the reducing agent only materials with relatively low
reduction potentials can be reduced through this method.90,
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98, 99, 101, 104

Microwave

assisted reduction is primarily limited by the inability to reduce particles onto metallic
substrates (due to the interaction between the incident microwaves and the delocalised
electron cloud).

2.1.3.2.

Preparation and Decoration of Metallic Nanoparticles Methodology

The standard method for the production of metallic nanoparticles by microwave
reduction in Ethylene glycol consists of the mixing of dissolved metallic salts in H2O
into 3.0mL of Ethylene Glycol (1,2-Ethanediol). This solution was placed into a glass
vial of approximately 20mm in diameter and placed into the centre of a conventional
household microwave (Panasonic; 1200W). The samples were irradiated for 10 second
periods with 2 second rest intervals to allow solution cooling, for a total irradiation time
of 40s. The reduction of metallic salts was observed to have occurred when there was a
bulk colour change of the solution indicating the formation of a plasmon resonance
band correlating to the present of metallic nanoparticles (mNPs).
Specific standard volumes for different metals are listed below (all were added to 3mL
Ethylene Glycol);
o 40L 8wt% H2PtCl6 in H2O;
o 100L of 2% HAuCl4 in H2O;
o 100L of 2% PdCl2 in H2O; and
o 100L of 2% RuCl3 in H2O.

2.1.3.2.1.

Decoration of Carbon Nanotube Powders

For carbon nanotube powders, both SWNT and MWNT, 1-5mg of CNTs were added
to the solution described in 4.2.1, in addition pH was adjusted for Platinum to over 12
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by adding 1M NaOH dropwise to the solution until the desired pH was reached. In the
case of decoration of powders the microwave time was determined by two factors; the
colouration of the solution, indicating metallic reduction; and the vigour of the bubbling
of the solution. The solution was irradiated for 5s intervals with 2s rest periods if the
boiling of the solution became too vigorous.

2.1.3.2.2.

Decoration on 3‐Dimensional Carbon Nanotube Architectures

3-Dimensional CNT structures; including CNT/AC bucky papers; eCNT Nanoweb;
and vertically aligned CNTs, were reduced in two distinct methods. The first method
involved the immersion of the samples into the solutions described above for periods of
time ranging from 10min up to 24hrs prior to reduction to allow for diffusion of the
precursor salts into the smaller pores. The irradiation processes previously described
then followed this immersion step. The second method utilised a different reduction
geometry where the precursor solution was added dropwise to the sample laying flat on
a glass substrate, such that the solution only just covered the surface. The sample was
left in this set up for varying amounts of time prior to microwave irradiation.

2.2. Characterisation of Materials
2.2.1. Electrochemistry (in Chapter 5)
2.2.1.1.

Electrochemical Theory

At its core electrochemistry is based on the response of a material (electrode) in solution
under an applied electric field or current. However, the number of variables and systems
which can be examined make electrochemistry an extremely powerful and complex
characterisation technique. Furthermore the array of electric field vectors and substance
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interactions further complicate the understanding of electrochemical interactions. To try
to limit the different convolutions of variables analytical electrochemistry is commonly
performed in an extremely well defined environment.
The most common set up for electrochemical evaluation is a 3-electrode cell, consisting
of a working electrode, an auxiliary or counter electrode, and a reference electrode. The
working electrode is the material under examination, the auxiliary behaves as a current
drain for the system (generally used to protect the reference electrode from excess
current) and the reference electrode to define the electrical potential. In electrochemistry
a highly polarisable material indicates that the potential experienced is highly dependent
on the current, and inversely, a non-polarisable material has a current independent
potential. As such, the most desirable reference electrodes are those with the closest
approximation to a non-polarisable system.

2.2.1.1.1.

Cyclic Voltammetry

Cyclic voltammetry refers to the application of a triangular potential waveform between
two electrodes (either two working electrodes in the case of devices, or one working and
one auxiliary electrode in the case of 3-electrode systems) and monitors the current
response. Dependant on the species involved in the electrochemical system cyclic
voltammetry can give information on capacitive properties of a material and the
electrochemical active surface area for a given electrolyte.

2.2.1.1.2.

Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is an electrochemical technique that
applies an alternating current potential to an electrode and measures the lag between the
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applied potential and the current response. Changes in this phase shift at different
potential waveforms (different frequencies) gives information about the electrochemical
processes occurring within the electrochemical cell. Specifically EIS can differentiate
between electrode, interfacial and solution capacitive and resistive responses through the
phase shift and the magnitude of the current response at different times.119, 212-214

Figure 2. 2. Schematic of the applied potential waveform over time in comparison to the
current response with the lag defined as a phase shift.215

However, due to the extremely complex nature of the obtained data EIS requires
equivalent circuit models in order to gain an understanding of the obtained data. As
such, a high level of understanding of the processes occurring in the examined
electrochemical device is required to fit an accurate model.

2.2.1.1.3.

Single PEM Fuel Cell Testing

Hydrogen fuel cell (HFC) testing examines the potential and current output of an
electrode material by applying a potential starting at as high as possible for the stable
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fuel cell and decreasing to 0.3V. Performance of the HFC is evaluated on both the
current and power at a given applied potential, with the higher the current and power at
the lowest potential being deemed the better the fuel cell. In effect the testing system is
examining the amount of charge generated from the decomposition of both H2 and O2
at any given potential, thus a more catalytically active material will give a higher current
at an equivalent voltage compared to a poor catalyst material.

2.2.1.2.

Electrochemical Methodologies

2.2.1.2.1.

Electrochemical Capacitor Testing

The electrochemical performance of CNT based architectures as electrochemical
capacitors was investigated using cyclic voltammetry, electrochemical impedance
spectroscopy (EIS) and galvanostatic discharge techniques.

2.2.1.2.2.

Cyclic Voltammetry

Cyclic voltammetry (eDaq eCorder 401 Potentiostat) was typically performed in 1.0M
potassium chloride in de-ionised water with the potential measured against a Ag/AgCl
reference electrode. Various electrochemical windows were utilised for the evaluation of
the electrodes due to changes within resistance and performance between the samples.
Alternatively 1M tetrabutylammonium phosphate (TBAP) in acetonitrile (ACN) was
used to examine the samples in non-aqueous systems, with the potential measured
against a Ag/Ag+ reference electrode. In the above set-up a high surface area Pt-mesh
counter electrode was utilised. Data was analysed using eDaq eChem and Chart
software.
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2.2.1.2.3.

Device Fabrication

Devices consisting of a two electrode cell separated by a membrane (Figure 2. 3) were
produced with the assistance of Mr Dennis Antiohos and prepared as follows. Two
sections of indium tin oxide (ITO) glass were cut to size. On the conductive side of the
ITO one electrode section, either bucky paper or Nanoweb, was placed face up, on top
of this a PVDF membrane separator was placed, followed by a second electrode section
face down. The second piece of ITO glass was placed on to and clamed in place. UV
cure glue was used to seal the system, with a small hole left for backfilling of the sample.
The device was placed in a vacuum oven in a solution of electrolyte, with the vacuum
oven pumped down. Air was allowed back into the oven causing a backfill of electrolyte
into the device. Two wires were connected to the opposing ITO sheets and used to
connect to the sample for analysis.

Figure 2. 3. Schematic of the components of the device produced for electrochemical testing.

2.2.1.2.4.

Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (Solartron SI 1260 Impedance/gain phase
analyser, EG&G Instruments Princeton Applied Research Potentiostat/Galvanostat
Model 283) (Figure 2. 4) was performed using an identical set up to that described for
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cyclic voltammetry. Data obtained from EIS was fitted using PowerSuite and ZView
software.

Figure 2. 4. Photograph of the (bottom) potentiostat for EIS and (top) impedance gain analyser
used for the experiments described in this chapter.

2.2.1.2.5.

Galvanostatic Discharge

Galvanostatic discharge (Neware 10mA, 5V Galvanostat) analysis parameters varied for
each sample significantly, with charge vs. discharge times varying dramatically through
the examined samples. However, all electrolytes used were those described in section
5.2.1.1.

Figure 2. 5. Photograph of the battery testing equipment used to obtain galvanic
charge/discharge curves within this thesis.
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2.2.1.2.6.

Catalytic Testing and Performance

The catalytic testing of samples was performed both as a preliminary test of materials
properties for application in proton exchange membrane fuel cells (PEMFC) and as a
single cell fuel cell test.

2.2.1.2.7.

Catalytic Activity Evaluation

The evaluation of produced electrode materials for PEMFCs was performed soaking the
composite electrode material in 1M Nafion solution, which the total mass of Nafion in
solution equal to 1/3 of the mass of platinum on the electrode. The electrode was then
adhered to a glassy carbon ring-disk electrode for analysis. Catalytic activity was
estimated by cyclic voltammetry (CH Instruments Electrochemical Analyser, EG&G
Princeton Applied Research Potentiostat/Galvanostat Model 263A) of the electrode
material in 1M H2SO4 at scan rates ranging between 50mV/s and 2mV/s. The potential
window for testing was +1.2 to -0.2V against an Ag/AgCl reference electrode, and the
reference electrode being the platinum disk of the ring-disk electrode.
By saturating the electrolyte with oxygen and sweeping the potential from 1.1V to 0V
vs. an Ag/AgCl reference electrode, the oxygen reduction reaction was examined.

2.2.1.2.8.

Single Cell Fuel Cell Testing

The composite Pt/eCNT/CC structure was prepared for single cell fuel cell testing by
dropwise addition of 0.1mg/mL Nafion™ in isopropanol solution at the ratio 3:1
Nafion™:Pt to the surface of the structure and allowing to dry for 2 days in air. The
material was then hot-pressed onto a Nafion™ membrane at 170°C for 2min. The
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sample was then loaded into a Scribner Associates Incorporates FC Test System 850e
for single cell FC testing as the cathode (Figure 2. 6).
For all fuel cell experiments, a commercial Pt/C (40 wt % Pt on XC72R carbon black,
HiSPEC 4000) from Alfa Aesar was used as the anode catalyst and the Pt loading was
fixed at 0.2 mg.cm-2. The anode was formed by casting an ink containing Pt/C and
Nafion with a mass ratio of 3:1 on a commercial gas diffusion layer (Golden Energy
Fuel Cell Co. Ltd., China). For the reference cathode, the preparation procedure was the
same as the anode but the platinum loading was 0.1 mg.cm-2. The fuel cell testing was
performed in a single fuel cell hardware (Scribner Fuel Cell Technologies Inc., USA) fed
with fully humidified pure H2 and O2, respectively. The gas flow rate of H2 and O2 was
kept constant at 150 mL min-1.
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Figure 2. 6. Photographs of a) Single-cell hydrogen fuel cell testing system; b) The assembled
cell for the HFC; c) The electrode mounting for the HFC; and d) eCNT nanoweb adhered to a
gas diffusion layer.

2.2.2. Physical Characterisation (in Chapters 3, 4 and 5)
2.2.2.1.

Raman Spectroscopy Theory

Raman spectroscopy is based on similar principles to Infra-Red (IR) spectroscopy, that
is looking at the vibrations of atomic bonds within a molecule. IR spectroscopy requires
that “the electric dipole moment of the molecule must charge when the atoms are
displaced relative to one another” 216 for a vibration to be active. In practice this means
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that a symmetrical vibration is commonly not IR active. Raman spectroscopy unlike IR
is based on the inelastic scattering of photons by the sample (Figure 2. 7).
Elastic or Rayleigh scattering is used for calibration of the Raman system and will be
apparent at the wavelength of incident light. Chemical information is obtained through
examination of the Stokes Raman scattering lines.
Due to the extremely complex symmetry of CNTs it follows that the purely
mathematical derivation of allowed Raman peaks is equally as complex. However, in
practice, the Raman spectra of CNTs is quite simple, with peaks falling into one of 5
areas for a SWNT (or DWNT) or 4 areas for a MWNT (Figure 2. 8).

Figure 2. 7. Schematic of the vibrational energy level transitions observed for Raman
spectroscopy, compared to Raman spectroscopy, adapted from 217.

Figure 2. 8. Typical Raman spectra of a) bundled SWNTs; and b) exfoliated SWNTs
highlighting the key areas of interest on the Raman spectra, adapted from 218.
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Typical vibrational modes for a (10,10) SWNT (Figure 2. 9) demonstrate the
information that can be obtained in the different areas of the Raman spectra.

Figure 2. 9. a) Typical Raman spectra for a SWNT (with calculated values for ideal CNTs of
specific chirality below); and b) Calculated vibrational Raman modes for a (10,10) CNT, adapted
from 219.
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Vibrational responses between 100cm-1 and 400cm-1 (RBM peaks) correspond to radial
expansion and contraction (breathing) of the SWNTs, for MWNTs these vibrations are
damped by the multiple-concentric layers thus these vibrations are not visible for
MWNTs. These RBM peaks for individual SWNTs are characteristic of CNTs of
specific chiralities and diameters, with numerous mathematical expressions for
calculating these properties from the Raman spectra.220 The next region of interest is
between 1300cm-1 and 1400cm-1

corresponding to sp3 carbons within the material.

Due to the hybridised sp2 nature of CNTs this sp3 band is named as the disorder, D,
band. As a corollary to the D band is the region between 1550-1 and 1610cm-1 arising
from sp2 carbon atoms within the sample, named the graphitic, G, band.6, 218-222
224
15
Equation 2. 1. Expression relating the diameter of a SWNT with a Raman response in the
RBM region.220

The ratio between the G and D bands provides qualitative values for the amount of sp3
and sp2 carbons in a given sample, with a high G:D ratio being desirable. The final two
regions of interest are the second harmonics of the D and G bands at 2700cm-1 (G’) and
3200cm-1 (2G) respectively which give crucial information on the chemical environment
surrounding the sp2 and sp3 carbon atoms.6, 218, 219

2.2.2.2.

Raman Spectroscopy Methodologies

Raman spectra were recorded on a Jobin Yvon Horiba HR800 confocal Raman
microscope with excitation using a 632.8 nm or 735 nm laser line with a 300, 900 or
1800-lines/mm grating through a 50x magnification wide angle objective. The 632.8 nm
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laser was calibrated against a SiO2 signal and the 735 nm laser was calibrated against the
632.8 nm laser in addition to the SiO2 signal.

2.2.2.3.

Electron Paramagnetic Resonance Spectroscopy Theory

Electron paramagnetic resonance spectroscopy (EPR) is a powerful technique for the
investigation of carbon based materials. EPR is effective in examining materials that
contain unpaired electrons. EPR is based on the response of the spin of these unpaired
electrons to applied microwave radiation and a swept magnetic field. The position and
line-shape of the EPR spectra gives chemical and electronic information about the
material being examined, or changes in the material being examined over time.
The g factor, a characteristic positioning of the free electron signal can be calculated
from the applied microwave radiation and the magnetic field (Equation 2. 2).

714.4775

Equation 2. 2. Expression relating the g factor to magnetic field and microwave frequency.

Resonance spectra located close to the free electron g value (g0 = 2.0023) have been
reported for graphite, amorphous carbon films, diamond nanoparticles, carbon onions,
fullerenes and carbon nanotubes.216,

223-232

Deviations from theoretical values can be

attributed to paramagnetic defects such as dangling bonds, amorphous graphite and
contributions from the conducting electrons delocalised over the CNT structure.233, 234
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2.2.2.4.

Electron Paramagnetic Resonance Spectroscopy Methodology

EPR spectra were recorded on a Bruker EMX EPR spectrometer under identical
conditions: microwave frequency of 9.87 GHz, attenuator of 10.0 dB, sweep width of
70 G, modulation frequency of 100 kHz, modulation amplitude of 1 G, time constant of
20.48 ms, conversion time of 81.92 ms and sweep time of 83.89 s were employed unless
otherwise stated. Dried CNT soots grown from non-iron catalysts were examined by
weighing out a known mass (typically in the microgram domain) into a quartz EPR tube.

2.2.2.5.

Electron Microscopy Methodologies

Electron microscopy in the form of scanning electron microscopy and transmission
microscopy is an extremely powerful tool for the examination of the surface and
internal structure of a material within the nanodomain.

2.2.2.5.1.

Scanning Electron Microscopy

Scanning electron microscopy was performed in a Jeol7500 field emission scanning
electron microscope (FESEM). Typical conditions for the analysis of CNT/mNP
composite materials were an accelerating voltage of 15kV at a working distance of
between 5mm and 10mm. Compositional analysis using the SEM was achieved utilising
a Robinson backscatter electron image (RBEI) detector. Samples were mounted on the
sample holder using double sided conductive carbon tape.

2.2.2.5.2.

Transmission Electron Microscopy

Low resolution transmission electron microscopy was performed on a Jeol7500 FESEM
equipped with a transmission electron detector (TED). High resolution TEM imaging
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was performed at the University of Sydney by Mr Benedikt Rösner with support from
the University of Sydney electron microscopy centre.
CNT soot samples were prepared for TEM by dispersion in ethanol utilising a ultrasonic horn for 10min at 150W with a concentration of 0.05mg/mL. ECNT nanoweb
samples were prepared for TEM analysis through the ultra-sonication of the eCNT
material for 30min at a 150W intensity with a carbon concentration of 0.1mg/mL. The
dispersions was then drop cast onto carbon TEM grids and dried at 50°C prior to TEM
analysis.

2.2.2.6.

X‐ray Spectroscopy Theory

X-ray spectroscopy techniques can provide a range of chemical, crystallographic and
electronic information dependant on the energy of the incident x-rays and the detector
utilised.

2.2.2.6.1.

X‐ray Diffraction

X-ray diffraction (XRD) refers to the analysis of the crystallographic structure of a
material based on the reflection of the incident x-ray radiation along lattice planes within
a crystal structure. XRD is based on Bragg’s Law which states that the angle of
reflection is related to the distance between reflecting planes. Due to variations in lattice
parameters for different chemical compounds the angle of reflection is characteristic the
crystallographic plane for a given material. Rotation of the stage upon which a sample is
mounted allows for the examination of multiple different planes within a single sample
giving lattice structural information.
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2.2.2.6.2.

Energy Dispersive X‐ray Spectroscopy

Energy dispersive x-ray spectroscopy (EDS) is typically performed in a SEM chamber
utilising the electron beam of the SEM to excite core shell electrons to the valence band.
Decay of electrons from the valence band back to the core energy bands releases energy
as x-rays which can be picked up by a detector. The energy of this x-ray is characteristic
of the energy transition and is specific for each element.

2.2.2.6.3.

X‐ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) uses high energy x-rays to analyse the surface
of a material. The incident x-rays excite electrons from either the core or valence
electron shells (dependant on the device configuration) which are then emitted at a
characteristic energy. This energy is directly related to the energy of the incident x-rays
along with the energy transition required for the electron to be ejected from the atoms
under examination. Due to the specificity of this electrons energy XPS can be used to
characterise the oxidation state of a material in addition to any elements that are present.

2.2.2.7.

X‐ray Spectroscopy Methodologies

2.2.2.7.1.

X‐ray Diffraction

XRD was performed on a GBC MMA x-ray spectrometer using a Cu x-rays. Spectra
were obtained between angles of 15° and 90° with typical scan speeds of 0.5°/min
utilised.
XRD spectra on CNT soot materials were performed by producing a slurry of the
CNTs in ethanol and drop casting of the film on the XRD holders quartz window and
allowing for the material to dry.
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2.2.2.7.2.

Energy Dispersive X‐ray Spectroscopy

Energy dispersive x-ray spectroscopy was performed in the chamber of the Jeol 7500
field-emission SEM. All EDS spectra were recorded at a working distance of 8mm with
the current being set such that the dead time of the sample was greater than 10%. EDS
mapping was performed using 64 x 64 pixel, 128 x 128 pixel or 256 x 256 pixel grids
with dwell times of at least 0.1 s.

2.2.2.7.3.

X‐ray Photoelectron Spectroscopy

X-ray photoelectron spectra were performed by Dr Ivan Nevirkovets using an
Aluminium anode producing Al kα radiation at 12kV. Survey spectra were performed
with a pass energy of 50 eV whereas focussed spectra utilised a pass energy of 20 eV.
Spectra of the free standing bucky papers were performed by adhering the sample to the
holder with silver paint occasionally resulting in some small residual silver signal in the
spectra. For quartz adhered eCNT nanoweb the quartz substrate was adhered to the
holder with silver paint. In addition for these samples a blank quartz sheet was also
utilised to correct for energy shifts arising from the quartz substrate.

2.2.2.8.

Resistivity Determination Methodology

Resistivity measurements were performed on a Jandl 4-point probe configured in a
linear probe arrangement. Contact pressure was applied such that good contact was
achieved with the electrode without puncturing of the material. Resistivity was
calculated using the equation:
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9.2
Equation 2. 3. Formula for calculating the resistivity in Ohms/square from the four point
probe equipment utilised, where 9.2 is a constant arising from the probe orientation and
spacing.

2.2.2.9.

Thermal Gravimetric Analysis Methodology

Thermal gravimetric analysis was performed on a TGA Q500 TA instruments mass
analyser under an atmospheric environment. Typical scans were performed on
aluminium pans at a heating rate of 10°C.min-1 from room temperature to 900°C. Metal
remnants at 900°C were assumed to be iron particles in the form of Fe2O3 due to the
oxidising atmosphere at these temperatures.

2.2.2.10.

UV‐Vis Spectroscopy Methodologies

UV-Vis spectroscopy was performed prior to probe the changes in the metal centres
during the reduction from a metal cation to a metal nanoparticle. UV-Vis spectroscopy
was performed on a Shimadzu UV-1800 spectrometer using UV Probe software. Due to
the extinction co-efficient of the examined metal salt solutions these were typically
diluted between 1:5 and 1:20 in ethylene glycol, dilutions were kept constant for given
experimental sets.

2.2.2.11.

Photon Correlation Spectroscopy Theory

Photon correlation spectroscopy (PCS) is a dynamic light scattering technique which is
based on a combination of Rayleigh scattering of light and Brownian motion of particles
in solution. Due to the Brownian motion of particles in a liquid there are fluctuations of
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the backscattered light over time, dependant on the particle size, and refractive index of
material in solution. Computer algorithms are utilised to deconvolute these time
fluctuations to give a particle size analysis. It is also important in PCS to note that the
intensity of light in a backscattering system is a logarithmic scale with particle size, that
is a particle which is an order of magnitude larger than will give a signal intensity a
million times greater. Thus for these solutions filtration is crucial to obtain consistent
data.

2.2.2.12.

Photon Correlation Spectroscopy Methodologies

Photon correlation spectroscopy was performed using a Malvern Zetasizer instrument
with a 173° backscatter detector using plastic low volume curettes. Samples were kept at
a constant temperature of 25°C for the duration of the measurement. Produced particles
were analysed by number average size and intensity average size.
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Chapter 3:

3‐Dimensional Carbon Nanotube
Architectures: Growth and Optimisation

3.1. Introductory Remarks
Commonly, chemical vapour deposition (CVD) consists of the decomposition of the
carbon precursor over an inorganic metallic catalyst, such as Nitrates or Chlorides of
transition metals such as Iron, Nickel or Cobalt. Rather surprisingly there are few
reports of organo-metallic catalysts for carbon nanotube growth throughout the
literature. 235, 236
These organo-metallic catalysts make it significantly harder to predict the structure of
produced CNT architectures due to the presence of uncontrolled atoms in the ligands
surrounding the catalyst centre. However, these materials do provide the opportunity to
develop and produce new material architectures. Specifically, ligands containing sulphur
or nitrogen are of interest as these atoms have been shown to induce twisting and
bending within CNT structures.237-239 In addition, variations in the metallic catalyst
environment, by utilising such sulphur containing organo-metallic catalysts, has recently
been shown to produce highly porous, entangled CNT networks.65 The large apparent
free volume, high electronic conductivity and electro-active surface area available appear
uniquely suited for applications in electrochemical devices. Despite the dramatic amount
of research into the production of CNTs, there is still a need for examination of the
effects of parameter variation on these organo-metallic pre-cursor based, entangled
CNT architectures.
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3.2. Experimental Set‐Up and Variables
The experimental set-up and conditions used within this chapter are those described in
Chapter 2. 1. 1. and Chapter 2. 2. 2.

3.3. Discussion of Results
It is well known that minor variations in the growth parameters within a thermal CVD
reactor can result in radical changes in the structure and quality of the product. These
variations are commonly highlighted in the literature for aligned CNT forests in terms
of CNT packing density, length and conductivity. For entangled CNTs these structural
variations are not so easily characterized due to the myriad of arrangements of CNTs
available, along with the inability to image the entire architecture at once.

3.3.1. Chemical Vapour Deposition of Acetylene
Theoretically acetylene has several advantages as a carbon source for the production of
carbon nanotubes over comparative carbon gases such as methane, ethane or ethylene
as it has the lowest cost, highest carbon:hydrogen ratio, and lowest temperature of
decomposition. Unfortunately prior research has shown few high impact results utilising
acetylene as a carbon precursor for carbon nanotube growth. The key reason for this is
recombination of the decomposed carbon radicals in the gas stream, which are not
templated by any catalytic material. This recombination reaction increases the amount of
amorphous carbon impurities within the final carbon product.202, 240 In spite of these
problems, acetylene remains a desirable gas for upscaling the production of CNTs as it
is significantly cheaper in comparison to both ethylene and methane.
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Growth of CNTs from acetylene was based around a standard set of parameters shown
in Table 3. 1. During the production of CNTs it is crucial to eliminate oxygen from the
reaction region thus a significant portion of the time for production of CNTs is spent
flushing the furnace with argon. The presence of oxygen gas within the furnace impedes
the re-assembly of carbon radicals on the metallic catalysts leading to highly defected
CNTs or, in extreme cases, completely retards CNT production. The introduction of
hydrogen gas into the furnace at temperatures greater than 500°C reduces the
catalytically inactive Fe3+ to catalytically active Fe0. Finally acetylene is introduced into
the furnace, which is decomposed thermally and the resultant carbon radicals recombine
over the reduced Fe0 particles. The furnace utilised in these experiments was a
horizontal linear reactor with 3 distinct heating zones; as such, it is expected that there
would be a variation in the availability of carbon radicals through the length of the
furnace. Indeed in Figure 3. 1 from i) to iii) significant changes in the produced
morphology of the networks produced can be observed.
Table 3. 1. Standard growth parameters for the chemical vapour deposition growth of carbon
nanotubes from acetylene.

Time

Temperature

Argon

Hydrogen

Hydrocarbon

(min)

(°C)

(mL/min)

(mL/min)

(mL/min)

Step #
1

60

60

500

0

0

2

Until T is
reached
30

500

200

20

0

500

200

20

0

800

200

2

20

5

Until T is
reached
30

800

200

2

20

6

60

0

500

0

0

3
4
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a) i)

b) i)

c) i)

d) i)

e) i)

a) ii)

b) ii)

c) ii)

d) ii)

e) ii)

a) iii)

b) iii)

c) iii)

d) iii)

e) iii)

Figure 3. 1. Scanning Electron Micrographs of entangled CNT networks grown from the decomposition of acetylene over Iron (III) Tosylate in ethanol at 800°C
for 30 min, a) 2% Fe (II) Tos at; i) 10 cm from gas inlet; ii) 15 cm from gas inlet; and iii) 20 cm from gas inlet; b) 5% Fe (III) Tos; c) 10% Fe (III) Tos ; d) 15%
Fe (III) Tos; and e) 20% Fe (III) Tos; (scale bar = 10 m , [1m inset a, d; 200 nm inset b, c and e]).
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a) i)

b) i)

c) i)

d) i)

e) i)

a) ii)

b) ii)

c) ii)

d) ii)

e) ii)

a) iii)

b) iii)

c) iii)

d) iii)

e) iii)

Figure 3. 2. Scanning Electron Micrographs of entangled CNT networks grown from the decomposition of acetylene over Iron (III) Tosylate in ethanol at 800°C
for 30 min; expanded insets from Figure 3.1. a) 2% Fe (II) Tos at; i) 10 cm from gas inlet; ii) 15 cm from gas inlet; and iii) 20 cm from gas inlet; b) 5% Fe (III)
Tos; c) 10% Fe (III) Tos ; d) 15% Fe (III) Tos; and e) 20% Fe (III) Tos; (scale bar = 1m a, d; 200 nm b, c and e).
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The free volume apparent in the scanning electron micrographs appears to be initially at
a maximum in the position closest to the gas inlet (10 cm) for the 2% Iron Tosylate
film, for the 5% samples the free volume is highest between 10 and 15 cm from the gas
source, the 10% and 15% samples had an apparent high free volume at 15 cm, whereas
the 20% Iron Tosylate sample had a free volume that appeared to be at a maximum
between 15 and 20 cm from the gas inlet (Figure 3. 1).
These changes appear to correlate the catalytic concentration and the distance from the
gas inlet quite neatly. Increased catalyst concentration produces optimal growth at later
positions in the furnace. This correlation likely arises due to the availability carbon
radicals at different positions in the furnace, with an abundance of radicals at 10 cm, and
the concentration of radicals decreasing over the length of the furnace. At an Iron
concentration of 2 wt% in ethanol the catalytic particles are only able to capture and
template the radicals into CNTs effectively at high radical concentrations (at positions
close to the gas inlet).
The produced CNT diameters are observed to be between 150 and 200 nm by SEM.
These CNTs are significantly larger than those typically produced through CVD. There
are a number of contributing factors that lead to the production of such large tubular
structures. One of the main factors is the mobility of the iron particles through the
initial spin coated film, which is highly dependent on the viscosity of the solvent utilised
and the spin speed parameters.
Further along the furnace there are less available radicals for two main reasons, firstly
the capture of the radicals by catalyst earlier in the furnace, and secondly the
recombination of these radicals with each other leading to the formation of other
carbon structures and allotropes. Indeed this is observed in the 2% sample (Figure 3. 1.
a) where at later positions CNT growth can still be observed however the nanotubes
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produced are extremely twisted, even in comparison to the already defected nanotubes
in the earlier network. In addition the aforementioned decrease in free volume can be
attributed to the setting on recombined carbon products.
At higher concentrations of catalyst particles a second effect can be observed where
early positions in the furnace have a low free volume (Figure 3. 1 d, e). This change can
be hypothesised as occurring as the higher amounts of catalytic particles template a
significantly higher proportion of the available radicals however there is not the
available space for the higher concentration of CNTs produced, as such, the CNTs twist
around each other producing a significantly lower apparent free volume. At later
positions in the furnace, smaller amounts of radicals are captured resulting in more
space for the formation of an open network of CNTs.
It was observed for 5% and 20% Iron (III) Tosylate catalyst films that after growth a
section of each sample was graphitic grey while the remaining portion of the sample was
black indicating likely CNT formation (Figure 3. 3). The 5% sample was placed between
10 and 20 cm from the gas inlet with the portion closest to the gas inlet showing a clear
silver colouration. In contrast the 20% sample, 30 to 40 cm from the gas inlet was black
at the end closest to the gas entrance. SEM imaging revealed that the cause of this grey
colouration was the lack of tubular formation (Figure 3. 3a). Scattering of light rather
than absorbance of CNTs causes the black colour (as seen at 18cm from the gas inlet
Figure 3. 3c) as the tubular structures produced in the 5% sample are approximately 1
μm in diameter. This lack of tubular structures indicates either that there is insufficient
carbon radicals reaching the catalytic layer or that the carbon is reaching this layer in the
wrong form.
a)
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b)

c)

Figure 3. 3. Scanning electron micrographs of carbon deposits of the decomposition of
acetylene over a 5% Iron (III) tosylate film between 10 cm and 20 cm from the gas inlet point;
a) 10 cm from gas inlet; b) 14c m from the gas inlet point; and c) 18 cm from the gas inlet.

The grey area at the beginning of the growth zone for the 5% Iron (III) Tosylate sample
can be explained by considering the heat capacities of the different gases flowing
through the furnace at any given point (Table 3. 2).
Table 3. 2. Specific heat capacity of various gases involved in the CVD production of CNT
architectures.

Gases

Specific Heat Capacity (kJ kg-1 K-1)

C2H2

1.69

Ar

0.52

H2

14.32

There are three key zones in a thermal CVD reactor, which are defined by the
temperature variations within. The first zone is where both the temperature of the
reactor wall and the gases within are variable. The second zone is where the furnace wall
is at an equilibrium temperature as defined by the heating element however the gases
within the furnace are still heating up. The final zone of interest is the zone where the
gases and furnace walls have both reached the equilibrium temperature.203 These zones
are symmetrical (within a symmetrical furnace) for both heating and cooling of the
material in the furnace.
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In practice the length of the first zone is assumed to be independent of the gases
flowing through the furnace, with the length of this zone dependant on the wall
thickness and composition of the furnace tube. Use of a thermocouple built into the
furnace at positions of 10, 30 and 50 cm from the start of the heating coils were used to
measure the temperature of the furnace walls at these points. From the thermocouple
read out at 10 cm from the initial heating zone we can determine that the wall
temperature at this point is stable and so the length of the first zone is less than 10cm.
Determining the length of the second zone presents more of a problem as this zone will
vary with gas composition due to the variation in the heat capacity of the mixtures at
any point of the CVD growth process. Notably, hydrogen gas which is crucial in the
formation of the catalyst particle layer, has the highest gas capacity by an order of
magnitude compared to any of the other gases. This means that for CVD growth steps
that rely on the use of hydrogen this second zone will be slightly larger than for other
growth steps. Specifically, assuming the same temperature, the second zone will be
slightly larger for the reduction phase of the growth process compared to the
hydrocarbon decomposition phase, as hydrogen gas comprises 1/11th of the gas flow in
comparison to 1/111th. However, this simplistic view is complicated by the significant
temperature variation (typically 200°C) between these phases that may result in
variations in which phase has the largest second zone. Typically this zone has been
shown to be between 10 and 15cm in length at temperatures between 600 and 800°C.
Unfortunately, a distance of between 10 and 15cm places the end of this second zone
with the physical position of our samples. In effect, this means that the gas temperatures
experienced by the Iron (III) Tosylate particles will be different at different points
within the furnace. What is more important however, is that for different growth
procedures, the samples which are experiencing this variation in gas temperatures may
be experiencing this in different growth phases, either reduction or decomposition.
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In order to probe these potential variations, CVD temperature ramp procedures were
performed with either a lack of hydrogen to reduce the sample or a lack of carbon
source gas to decompose, and the resultant samples visually examined. Films produced
without the introduction of acetylene produced semi-transparent black films upon
cooling (Figure 3. 4). Films produced by removing the reducing step (specifically not
adding H2 at 600°C) however were silvery grey in appearance.

Figure 3. 4. Optical images of films produced from the hydrogen reduction of Iron (III)
Tosylate films at 600°C without the decomposition of acetylene (samples are 25mm by 20mm).

Based on these observations, it can be deduced that the grey areas observed at the
beginning of the growth area for the 5% Iron (III) Tosylate (and for the final growth
area for the 20% Iron (III) Tosylate) sample arise due to insufficient reduction of the
iron catalytic particles, rather than not enough carbon radicals. The key difference
between the 5% and 20% Iron (III) Tosylate samples is the amount of iron particles
embedded in the tosylate film. At a given concentration of hydrogen it is thought that a
certain ratio of Iron particles will be reduced to Fe0 catalytically active centres, for the
20% samples this ratio results in enough iron particles being reduced to template CNT
growth. Whereas for the 5% sample, the amount of Fe0 particles produced are
insufficient for CNT growth in the early furnace zones. At latter furnace positions it is
thought that more hydrogen has been consumed over the 20% growth sample such that
there is insufficient hydrogen able to reduce enough Fe3+ centres to Fe0 for CNT
growth. In contrast for the 5% growth sample there is enough hydrogen available to
reduce a high amount of the metal centres resulting in CVD growth at this point. For
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the 10% growth sample there is enough iron reduced at all points in the examined
growth regions for CNT growth to occur successfully under these conditions. This
ratio effect described for the earliest growth positions is reliant on the fact that
hydrogen gas is still in the second growth zone, that is, the temperature of the hydrogen
gas is still variable. This results in the hydrogen gas not being of sufficient energy to
reduce enough iron particles for CNT growth at early positions, however as the
temperature is increased the hydrogen will have more energy to reduce these particles,
resulting in the successful growth for the 5% sample at the end of the first growth zone.
One of the key parameters in the production of large areas of CNT networks is the
adhesion of the CNTs to the substrate. This parameter is further aggrandised by the
bilayer structure of our architecture as both materials have quite different co-efficients
of thermal expansion, as deduced from observation. As the CNT architecture is
synthesised at a temperature of between 600°C and 900°C this is the temperature where
both the highly porous CNT layer and the significantly denser base layer is in a
mechanical equilibrium. As the architecture cools the two layers contract by different
volume fractions resulting in a bending force being applied to the network which, if the
adhesion to the substrate is too weak, results in the network peeling off the substrate
forming a tight scroll morphology. For all examined samples that have adopted the
scroll morphology the base layer is consistently facing outwards and the CNT layer
facing inwards.
This significant difference in stresses being applied to the CNT architecture is rather
surprising as CNTs are thought to have a similar co-efficient of thermal expansion to
that of graphite.241, 242 However, XRD studies performed by Maniwa et al demonstrated
that the co-efficient of thermal expansion for the inter-tube gap in CNT bundles is
significantly greater than that observed for graphite.243 Examining a cross-sectional SEM
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Adhesion of the films to the substrate was examined in terms of acetylene gas flow,
acetylene decomposition duration, and hydrogen gas flow rate. Growth with a slightly
lower acetylene flow rate than the standard method (15 mL.min-1 as compared to 20
mL.min-1) demonstrated a poor substrate adhesion especially in the final examined
growth zone for all examined catalyst films. A more dramatic change in film adherence
was observed with variations in the acetylene decomposition time. The shorter growth
time as utilised showed a high amount of adherence of the architectures to the quartz,
increasing the acetylene decomposition time to 60min resulted in an extremely poor
adhesion of these architectures to the quartz substrate. This dramatic variation in sample
adherence is thought to arise due to the increased thickness of the architecture with
longer growth times associated with the deposition of more carbon radicals.
Table 3. 3. Optical images of CNT Nanoweb films grown with I-III) 15 mL.min-1 C2H2 gas
flow during decomposition (films from ethanol); IV-VI) 15 min C2H2 gas flow time during
decomposition (films from butanol); and VII-IX) 60 min C2H2 gas flow time during
decomposition (films from butanol) at a) 5% initial catalyst concentration; b) 10% initial
catalyst concentration; c) 20% initial catalyst concentration (samples are 10 mm by 30 mm).
I

II

III

IV

V

VI

VII

VIII

IX

1.2.1

1.2.2

2.1.1

1.2.1

1.2.2

2.1.1

1.2.1

1.2.2

2.1.1

a)
5%

b)
10%

c)
20%
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Increasing the hydrogen flow rate during the reduction phase dramatically decreases
adhesion of the sample to the substrate. Interestingly there is a positional variance in
this change in adhesion as at low hydrogen gas flow rates all samples are relatively well
adhered to the substrate. For moderate hydrogen gas flow rates the furthest growth
zone was the only area to show good adherence. This was reversed at higher hydrogen
gas flow rates with the closest CNT growth zone found to have high adhesion whereas
the other zones exhibited extremely poor adhesion. It is suspected that the changes in
the architectures’ adhesion to the quartz substrate is affected here primarily by the
thickness of the base layer as defined by the amount of metal particles reduced.
Table 3. 4. Optical images of CNT Nanoweb films grown with I-III) 10 mL.min-1 H2 gas
during reduction; IV-VI) 40 mL.min-1 H2 gas flow during reduction; and VII-IX) 60 mL.min-1
H2 gas flow during reduction at a) 10% initial catalyst concentration in ethanol; and b) 10%
initial catalyst concentration in butanol (samples are 10 mm by 30 mm).
I

II

III

IV

V

VI

VII

VIII

IX

1.2.1

1.2.2

2.1.1

1.2.1

1.2.2

2.1.1

1.2.1

1.2.2

2.1.1

a)
10%
Et

b)
10%
Bu

Growth of eCNT nanoweb from Iron (III) Tosylate in butanol resulted in quite similar
architectures as characterised under SEM analysis (Figure 3. 6). Visually characterising
the materials in terms of free volume, a trend in terms of furnace position can again be
produced. For 5% Iron (III) Tosylate catalyst films the initial growth zone produced
short entangled CNTs with a low amount of apparent free volume. Moving further
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from the gas inlet the length of these CNTs was found to dramatically increase
appearing to be at a maximum in the central growth zone, and becoming more twisted
and curled in on itself in the final growth zone. Both the 10% and 20% catalyst samples
produced virtually analogous films in all three examined growth zones with long twisted
CNTs being observed.
a) i)

b) i)

c) i)

a) ii)

b) ii)

c) ii)

a) iii)

b) iii)

c) iii)

Figure 3. 6. Scanning Electron Micrographs of entangled CNT networks grown from the
decomposition of acetylene over Iron (III) Tosylate in butanol at 800°C for 30 min, a) 5% Fe
(II) Tos at; i) 10 cm from gas inlet; ii) 15 cm from gas inlet; and iii) 20 cm from gas inlet; b)
10% Fe (III) Tos; and c) 20% Fe (III) Tos (scale bar = 10 m , [200 nm inset]).

EDS analysis of the eCNT nanoweb produced from both Butanol or Ethanol Iron (III)
Tosylate films clearly demonstrated the presence of iron particles predominantly
confined in the base layer (Figure 3. 7). This provides evidence that the mechanism for
this CVD growth is a base growth mechanism whereby the iron particles remain
stationary on the substrate and the CNTs are extruded vertically from the catalyst. This
mechanism also potentially explains the high degree of defects observed as twists in the
CNT sidewall. The CNTs must be extruded through a pyrolised carbon layer which at
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the high growth temperatures is likely to interact or substitute with the actively growing
carbon tubes introducing defects into the sidewalls.
a)

b)

c)

d)

Figure 3. 7. EDS analysis of eCNT nanoweb; a) Carbon map; b) Iron map; c) SEM image of
the sample examined; and d) SEI image of the region examined for a and b, the right of the
image is the base layer, the left of the image is the CNT region.

The addition of 10% deionised water to a 10% Fe (III) Tosylate in Ethanol solution was
designed to change the adherence of the eCNT nanoweb to the quartz substrate in
order to produce large area, free-standing films. While the addition of water did decrease
the binding of the CNTs to the quartz substrate, rather than producing free standing
sheets this decreased binding resulted in a complete change in the growth properties of
the material. EDS analysis has shown the iron particles being entrapped in the base layer
for these samples, due to the pyrolisation of the tosylate ligand surrounding the iron
particle. This entrapment in combination with the adherence of the carbon to the quartz
substrate is thought to be behind the growth of eCNT upwards with the carbon layer
below. By decreasing this adherence the entire film of iron particles encapsulated in
carbon was lifted off the substrate with the growth of semi-aligned carbon nanotubes
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structural information. Unfortunately for the entangled CNT networks produced from
Iron Tosylate there are several factors impeding the interpretation of the Raman spectra.
As Raman spectroscopy is a laser technique relying on the backscatter of photons to the
camera, a flat reflective surface will yield higher signal intensities. In addition, the laser
utilised in Raman spectroscopy is 100mW which is attenuated to 1-2mW at the sample,
which can lead to sample heating and distortion of the resultant spectra. In the case of
the eCNT network a significant proportion of the light incident on the sample is
scattered by the entangled surface resulting in a low intensity spectra as shown in Figure
3. 9.

Figure 3. 9. Typical Raman spectra of eCNT structures produced by the thermal
decomposition of acetylene over Iron (III) Tosylate catalysts.

Changes in the position of the D band indicates shifts in the state of defects within the
CNTs, providing qualitative evidence for a change from amorphous carbon sp3 defects
(that is, defects not bound to the CNT sidewall) to sidewall CNT defects. The G band
arises from the symmetry allowed E2g Raman mode and is thought to be primarily
independent of defects on the CNT sidewall. However, overlap with the D’ band often
seen at approximately 1610cm-1 can lead to distortions in the G band, in addition Curren
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et. al. suggests that the sp3 induced disorder can affect the G band peak position and
intensity.221 One of the major problems with Raman spectroscopy on eCNT nanoweb
is the significant amount of incident laser light scattered by the CNT sample due to the
3-dimensional structure of the nanoweb. For traditional CNT configurations such as
thin films, bucky papers and soots the Raman signal is dominated by the G band,
however for the eCNT nanoweb the intensities of both the D and G bands are similar.
This similarity in intensity does not arise from light scattering which affects the signal
intensity (and hence signal to noise ratio) rather than the signal itself. Regardless of this
dramatic increase in D band intensity compared to other architectures, changes in the
intensity ratios and position of both the G and D bands can be used comparatively
within the data set to analyse the quality of the produced structures.
Examining the G:D ratio for samples grown using identical conditions, albeit with
different initial catalyst concentrations, showed a general decrease in the G:D ratio with
increased catalyst concentration (Figure 3. 11), with either 2% or 5% having the
maximum G:D ratio in all growth zones. The first growth zone (1.2.1) shows significant
variability in the G:D ratio, however the second zone (1.2.2) had a lower G:D ratio than
the final growth zone (2.1.1) for all examined catalyst concentrations. It is postulated
that this decreased relative intensity of the G band arises in this case from inclusions in
the CNT sidewall of carbon atoms from the tosylate ligands. The carbon atoms in this
initial tosylate layer are thought to have significantly less mobility than carbon atoms
incident from the gas phase. An alternative hypothesis is that the thicker the base layer
which is produced (correlating to higher catalytic concentrations) the longer the time it
takes for the reactive gas phase carbon radicals to reach the catalytic metal centres. This
results in a greater proportion of carbon radicals that react with other species rather
than solubilise in the metal centre to be template for effective CNT growth.
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a)

b)

c)

Figure 3. 10. Raman spectra of eCNT produced from the thermal decomposition of acetylene
over Iron (III) Tosylate under the standard conditions; a) 20% Iron Tosylate; b) 10% Iron
Tosylate; and c) 5% Iron Tosylate.
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a)

b)

c)

Figure 3. 11. Analysis of the Raman shifts obtained from eCNT networks produced from the
thermal decomposition of acetylene over Iron (III) Tosylate; a) G:D Ratio ; b) D band shift;
and c) G band shifts.
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For eCNT Nanoweb produced from Iron (III) Tosylate there is no clear trend in the
position of either the D band or the G band with catalyst precursor (Figure 3. 11).
When the spectra were normalised to the D* peak (Figure 3. 10) there is a clear outlier
with the 5% zone 2.1.1 sample showing significantly poorer signal to noise ratio for
both the G and D bands. This poor signal indicates that in spite of having a reasonable
G:D ratio the growth quality of this sample is comparatively low. Curiously, for all of
the examined samples the full-width at half-maximum (FWHM) for samples produced
in zone 2.1.1 was noticeably less than that of samples produced in other growth zones.
This decreased FWHM suggests that growth in this zone is more homogenous in terms
of the carbon species present within the examined laser spot.
Comparing variations in growth time for eCNT nanoweb produced from both ethanol
and butanol iron tosylate revealed the 60min ethanol sample to be a clear outlier in
terms of sp2 hybridisation. In terms of both G band position and G:D ratio these 60min
ethanol samples returned significantly higher values (Figure 3. 12). This affect is likely to
arise due to the lower viscosity of the ethanol solution in comparison to the butanol
solution during spin casting. This lower viscosity of the ethanol solution means that due
to the physics of spin coating at equivalent spin speeds the ethanol solution will produce
a slightly thinner catalyst layer. This thinner catalyst layer then allows for the iron
particles to be catalytically available for longer periods of time in comparison to the
thicker butanol films. In contrast to the G:D improvement, a higher G band position
likely indicates the presence of a peak at approximately 1610cm-1 which arises from sp3
carbons on the CNT sidewall itself, however, due to the broad nature of these peaks
and a low signal to noise ratio, accurate fitting could not be obtained. 109, 221, 244
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Table 3. 5. Four-point probe resistance measurements for eCNT nanowebs grown from the decomposition of acetylene over Iron (III) Tosylate Films

Butanol

Ethanol

Solvent
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Concentration
(%)

Resistance (Zone) (square)
121

121ave

122

122ave

211

211ave

1%

-

-

-

-

-

-

-

-

-

-

-

-

2%

62.6

62.7

69.3

65

-

-

-

-

62.3

68.3

79.8

70

5%

54.7

59

52.7

55

56.8

60.6

78.6

65

80.1

60.6

73.4

71

10%

69.9

86.9

61.1

73

42.3

60.9

69.7

58

97.5

97.8

91.4

96

15%

52.1

55.5

50.7

53

-

-

-

-

87.4

68.7

56.9

71

20%

-

-

-

-

87.1

90.8

82.6

87

84.7

97.1

96.8

93

1%

90.8

87.1

93.2

90

91.6

124.6

100.1

105

-

-

-

-

2%

46.3

78.1

63.3

63

55.8

67.7

66.2

63

89.7

100.8

110

100

5%

43.5

50.4

44.7

46

67.8

60.3

68.1

65

102.3

124.2

110

112

10%

40

31.7

27.9

33

36.3

34

41.2

37

-

-

-

-

15%

47.1

51.1

37.7

45

21.6

48.7

74.8

48

-

-

-

-

20%

50.3

49.8

50.6

50

54.3

41.3

40.6

45

101.1

91.7

81.2

91

3.3.2. Chemical Vapour Deposition of Ethylene
Similar to previously described architectures produced from sulphur-containing organometallic catalysts, the carbon structure grown here consists of two distinct layers; a
highly reflective, smooth base layer and a dull gray layer consisting of either 3D
entangled CNTs or carbon fibres. Of the three metallic catalysts studied, Iron (III)
Tosylate, Cobalt (II) Tosylate, and Nickel (II) Tosylate, the iron system was found to
produce architectures most dependant on the CVD parameters employed (as previously
described).
Initial growth experiments utilised 10% solutions of either nickel or cobalt tosylate
dissolved in ethanol. Similar to iron tosylate growth, there was a significant dependence
of growth quality, in terms of CNTs produced with furnace position. With a growth
position of 10cm at 750°C in the furnace amorphous carbon structures were observed
to be formed, with a very small amount of tubular structures visible (Figure 3. 13).
Decreasing the growth temperature slightly to 700°C and moving the quartz plates to a
position of 15cm from the gas inlet resulted in the formation of large tubular structures.
These tubes, whilst being less that 100 nm in diameter, appear to be highly defected and
irregular. The tubes themselves also appear to have an amorphous carbon sheet
covering the inner tube structure indicative of ineffective solubilisation of the carbon
radicals into the catalyst particles (Figure 3. 14, Figure 3. 15). Interestingly the catalyst
particle size apparent by SEM imaging of the base layer shows a clear difference
between the cobalt and nickel, with the cobalt particles seeming significantly smaller and
more dispersed than the nickel particles.
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a) i)

a) ii)

b) i)

b) ii)

Figure 3. 13. Scanning electron micrographs of carbon deposits produced from the
decomposition of ethylene at 750°C over a) 10% Cobalt Tosylate catalyst; and b) 10% Nickel
Tosylate catalyst.

The hydrocarbon decomposition temperature range (700°C to 900°C) was chosen to
mimic the temperatures that are commonly reported in literature to produce MWNTs.30
This difference in particle size is thought to correlate to the melting temperature of
metal particles 1495°C for cobalt and 1453°C for nickel as bulk materials. This lower
temperature of transition between a solid and a liquid is dramatically lowered by the size
of the particles initially formed during the spin coating process due to the significant
increase in surface energy per mass in a smaller particle. As such cobalt particles would
have less mobility than nickel particles at a temperature of 700°C resulting in less
agglomeration of these particles.
At a standard hydrocarbon decomposition temperature (Td) of 750°C and gas flow rate
of 20sccm there were two distinct architectures dependant on the metallic centre (Figure
3. 16, Figure 3. 17).
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a) i)

a) ii)

b) i)

b) ii)

c) i)

c) ii)

d) i)

d) ii)

Figure 3. 14. Scanning electron micrographs of eCNT networks produced from the
decomposition of Ethylene over 10% Iron (III) Tosylate in ethanol at 700°C a) 10 cm from gas
inlet; b) 20 cm from gas inlet; c) 30 cm from gas inlet; d) 40 cm from gas inlet; and e) porous
bottom layer of a).

85 | P a g e

a) i)

a) ii)

b) i)

b) ii)

c) i)

d) i)

Figure 3. 15. Scanning electron micrographs of eCNT networks produced from the
decomposition of ethylene at 700°C over a) 20% Cobalt Tosylate catalyst; b) 20% Nickel
Tosylate catalyst; and base layers c) of a); and d) of b).

Cobalt produced only a small amount of CNTs with the remainder being amorphous
carbon. In contrast, Nickel produced consistent 20nm CNTs that are relatively straight
with few visible defects (Figure 3. 17, Figure 3. 18). The flow rate of the ethylene was
varied to probe the effect of carbon radical concentration on the growth characteristics.
Increasing the ethylene flow rate to 80sccm resulted in a turbulent gas flow over the
substrates, resulting in patchy growth, which was discounted for this analysis.
Decreasing the gas flow rate did not result in an increase in porosity that was desired,
but rather, this decrease led to uneven growth over the quartz sheet.
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a) i)

a) ii)

b) i)

b) ii)

c) i)

c) ii)

d) i)

d) ii)

Figure 3. 16. Scanning electron micrographs of eCNT networks produced from the
decomposition of Ethylene over 10% Iron (III) Tosylate in ethanol at 750°C a) 10 cm from gas
inlet; b) 20 cm from gas inlet; c) 30 cm from gas inlet; and d) 40 cm from gas inlet.
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a) i)

a) ii)

b) i)

b) ii)

b) iii)

b) iv)

b) v)

b) vi)

Figure 3. 17. Scanning electron micrographs of eCNT networks produced from the
decomposition of ethylene at 750°C over a) 20% Cobalt Tosylate catalyst; and b) 20% Nickel
Tosylate catalyst.

While it has been shown that the presence of sulphur in the CVD reaction chamber
increases the prominence of 5,7 ring defects on the CNTs, these results indicate that
excessive carbon radicals present in the reactor will also increase the amount of
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observable ring defects, resulting in a high concentration of twisted CNTs. At latter
furnace positions the quality of CNT growth is dramatically improved for Cobalt and
Nickel architectures (Iron did not show an improvement) in terms of apparent free
volume and CNT diameter (Figure 3. 18).

a) i)

a) ii)

b) i)

b) ii)

Figure 3. 18.Scanning electron micrographs of carbon deposits produced by the thermal
decomposition of acetylene at 750°C over 20% Nickel Tosylate, a) 20 cm from the gas inlet;
and b) 30 cm from the gas inlet.

The primary differentiation across the catalytic centre at a Td of 800°C was the type of
defects observed. Whilst Iron and Nickel centres produced long CNTs overlaying a
highly entangled, low free volume, structure; the Cobalt catalyst lead to CNTs that were
consistently bent at extremely sharp angles (Figure 3. 19, Figure 3. 20). These sharp
defects suggest the presence of tip growth CNTs for Cobalt at this temperature, due to
the inability of the base growth mechanism to account for such sharp changes in
orientation.
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a) i)

a) ii)

a) iii)

b) i)

b) ii)

c) i)

c) ii)

d) i)

Figure 3. 19. Scanning electron micrographs of eCNT networks produced from the
decomposition of Ethylene over 10% Iron (III) Tosylate in ethanol at 800°C; a) 15 cm from gas
inlet; b) 20 cm from gas inlet; c) 30 cm from gas inlet; and d) porous bottom layer of a).
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a) i)

a) ii)

b) i)

b) ii)

Figure 3. 20. Scanning electron micrographs of eCNT networks produced from the
decomposition of ethylene at 800°C over a) 20% Cobalt Tosylate catalyst; and b) 20% Nickel
Tosylate catalyst.

At a decomposition temperature of 850°C the morphology of the produced CNTs was
observed to be smoother in nature compared to the 800°C sample (Figure 3. 21). An
even covering of black material was observed to coat the quartz between 10 and 30cm
from the gas inlet. Similarly to other growth temperatures the cobalt-catalysed samples
were significantly more twisted in relation to the nickel samples. Samples produced
from Iron Tosylate at 850°C possessed a high amount of tubular structures that
appeared to be highly defected and coated with non-crystalline carbon material. This
carbon coating on the tubules appears to also cause binding or bridging between the
tubes during growth (Figure 3. 21c,ii).
A further increase of Td to 900°C (Figure 3. 22) was detrimental to the production of
CNTs in the early section of the furnace especially between 0 and 20cm from the gas
inlet.
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a) i)

a) ii)

b) i)

b) ii)

c) i)

c) ii)

Figure 3. 21. Scanning electron micrographs of carbon deposits produced by the thermal
decomposition of ethylene at 850°C over a) 20% Cobalt Tosylate, 20cm from the gas inlet; b)
b) 20% Nickel Tosylate, 20cm from the gas inlet; and c) 20% Iron Tosylate, 20cm from the gas
inlet.

In these early zones, large carbon micro-tubes were produced for all examined catalysts.
This suggests that, as expected, more ethylene is being decomposed at higher
temperatures, with the excess carbon radicals creating tubes with exceedingly large
diameters (ca 500 nm). It has been reported in literature that catalyst migration, leading
to agglomeration, shows increased prominence at higher temperatures potentially
forming the observed large CNTs. We believe that in this case, catalyst migration is
unlikely to be the cause of the observed carbon fibres as they were not observed in all
sections of the furnace.
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a) i)

a) ii)

b) i)

c) i)

d) i)

e) i)

f) i)

f) ii)

Figure 3. 22.Scanning electron micrographs of carbon deposits produced by the thermal
decomposition of ethylene at 900°C over a) 20% Cobalt Tosylate, 10 cm from the gas inlet; b)
20 cm from the gas inlet; c) 20% Nickel Tosylate, 10 cm from the gas inlet; d) 20 cm from the
gas inlet; e) 30 cm from the gas inlet; and f) 20% Iron Tosylate, 20 cm from the gas inlet.

Increasing the temperature of ethylene decomposition to 950°C for Iron Tosylate
catalysed growth produced markedly different architectures compared to lower
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temperatures. This effect is most notable in early growth zones (10cm and 20cm from
the gas inlet) where only a thick base layer is produced with carbon balls or nodules
protruding. At greater distances from the gas inlet tubule formation is achieved,
however these tubules are quite large, heterogeneous and highly defected.

a) i)

b) i)

b) ii)

c) i)

c) ii)

d)

Figure 3. 23. Scanning electron micrographs of eCNT networks produced from the
decomposition of Ethylene over 10% Fe (III) Tosylate in ethanol at 950°C a) 10cm from gas
inlet; b) 20cm from gas inlet; c) 30cm from gas inlet; and d) 40cm from gas inlet.

Interestingly a clear transition is observed from these balls to the tubule structure, with a
composite structure being clearly observed 30cm from the gas inlet. This composite
structure suggests the formation of these balls when there is excess carbon radicals
which are unable to access the catalyst. In the earlier growth zones there is an
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abundance of carbon radicals due to the higher decomposition temperature of the
furnace and the radicals are coating the catalytic material rather than being extruded as
suggested by the VLS method (Figure 1. 6). At later furnace positions significant
recombination and deposition of carbon radicals has already occurred leading to a
decreased carbon radical concentration observed by the catalyst particles allowing for
partial growth of CNTs.
a) i)

a) ii)

a) iii)

b) i)

b) ii)

b) iii)

Figure 3. 24. Scanning electron micrographs of eCNT networks produced from the
decomposition of Ethylene over 10% Fe (III) Tosylate in ethanol at 1000°C a) 30 cm from gas
inlet; and b) 40 cm from gas inlet.
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Raising the decomposition temperature to the furnace maximum of 1000°C resulted in a
complete loss of growth material prior to 30cm from the gas inlet with silver films being
produced, as opposed to black CNT films.
Uniquely, the CNTs produced from Nickel (II) Tosylate were shown to contain
nanoparticles at both the tip and at the base (or root) of the architecture (Figure 3. 15,
Figure 3. 17). In addition, a high degree of branching was observed across all the CNT
structures grown from this catalyst (Figure 3. 21). It has previously been reported that
the combination of nickel and sulphur promotes CNT branching within the CVD
process.245-247 It is hypothesized that the nanoparticles at the tips of the CNTs have a
significant role in catalysing the observed branching, as opposed to those at the base,
which are encapsulated within a carbon layer very early in the growth process.
Overall, the optimal growth zone of the furnace was found to be at an increasing
distance from the gas inlet with an increased temperature. This effect can be explained
by the over-supply of carbon radicals in the early furnace zones at high temperatures
resulting in thicker carbon tubes while at lower temperature a depletion of carbon
radicals within the latter furnace zones leads to poorly graphitized CNTs.
The assertion in the literature that the presence of sulphur affects the reaction in such a
way that large amounts of defects within the CNT lattice occurs is supported by these
results. However, factors such as the hydrocarbon decomposition temperature (Td),
metallic catalyst centre and distance from the gas inlet appear to have an equally large
effect on the amount of 5,7 ring defects present within the product.
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3.3.2.1.

Characterisation of Ethylene Nanoweb

Raman spectroscopy utilising a 785 nm laser line revealed typical entangled CNT
spectra, consisting of a disorder (D) band centred between 1305 cm-1 and 1310 cm-1 and
a graphitic band (G) between 1583 cm-1 and 1595 cm-1, corresponding to sp3 and sp2
hybridized carbon atoms respectively. A systematic examination of the G:D ratios did
not show any trend relating to growth parameters. No trends are observed in spite of
the clear visual architecture changes due to the number of different factors which
influence the disorder band in these samples. The D band here arises from the 5,7 ring
defects, amorphous carbons and conductive base layer produced in these architectures,
all of which vary simultaneously in all examined architectures. Surprisingly the
microtubules produced at 900°C had the highest G:D ratio of 0.62, emphasizing the
vagrancy of quantification in the Raman measurements.
Table 3. 6. Analysis of the G:D ratio of Raman spectra of eCNT nanoweb produced from the
decomposition of ethylene.

Iron

Cobalt

Nickel

T (°C)

G:D

G:D

G:D

800

0.50

0.42

0.50

850

0.56

0.45

0.59

900

0.62

0.55

0.56

950

N/A

0.47

0.56

Four-point probe resistivity measurements clearly demonstrated the effect of growth
temperature on the availability of carbon radicals through the furnace. At lower
temperatures the samples grown 40 cm from the gas inlet have extremely high
resistances in the kΩ range. Upon increasing the temperature this resistance is observed
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to decrease dramatically to 100 Ω/square indicating the increased mobility of carbon
radicals at this temperature. A reduced version of this effect is also observed for both 20
cm and 30 cm into the furnace, with only the 10 cm samples being relatively immune to
temperature effects.
Table 3. 7. Four-point probe resistance measurements of eCNT nanoweb produced from the
decomposition of ethylene over 20% Iron (III) Tosylate.
Resistance (Ω/square)
Temperature
(°C)

10cm

20cm

30cm

40cm

700

107.17

323.19

1195.62

5022.97

750

100.74

128.27

407.97

-

800

20.92

55.34

116.52

1237.01

850

100.48

22.28

-

618.77

950

123.26

25.72

78.84

133.81

3.4. Concluding Remarks
Throughout this chapter we have demonstrated the variables affecting the growth and
production of eCNT nanoweb. Specifically, the adhesion to the quartz substrate,
temperature of hydrocarbon decomposition, and furnace position has been examined.
The difference between acetylene and ethylene as hydrocarbon source gases has been
examined with distinct CNT architectures being produced from the different gases. In
addition the effect of Iron (III) Tosylate in comparison to Nickel (II) Tosylate and
Cobalt (II) Tosylate as catalysts for the hydrocarbon decomposition were also examined.
The optimal furnace position for CNT growth was shown to be dependent on the
temperature of hydrocarbon decomposition, however at a standard decomposition
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temperature of 800°C the optimal growth zone was found to be 2.1, or 20cm from the
gas inlet. All subsequent samples used in this thesis were grown under these conditions.
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Chapter 4:

Decoration of Metallic Particles onto
Carbon Nanotube Soots and Assemblies

4.1. Introductory Remarks
4.1.1.

Metallic Nanoparticle Deposition

Since the popularisation of carbon nanotubes (CNTs) by Sumio Iijima in 1991 there has
been much research interest in developing composite materials to utilise the amazing
properties CNTs were theorised to possess. There are two main types of composites
based around CNTs; the first are mechanical composites, where the CNTs are blended
to provide added mechanical strength and durability to a matrix whilst minimising
weight; the second are electronic composites, where the CNTs provide added
conductivity, defined conduction pathways and high surface areas for an array of
applications. One key difference in these two composite designs is the proportion of
CNTs within the materials, mechanical composites use a relatively small amount of
CNTs embedded in a matrix of some other material, whereas electronic composites
more often use CNTs as a scaffold for functionalisation with the added material being
the active species.
One of the most common forms of functionalisation of CNTs for electronic
applications is the metallic nanoparticle (mNP) or colloid. These nanoparticles can have
numerous roles within the composite including; increasing the electrochemically
available surface area; increasing local conductivity; providing alternative conduction
pathways; catalysing reactions and acting as a tether for further functionalisation.248, 249
There are two broad approaches for synthesising CNT-mNP composites. The first
being the formation of “naked” (un-stabilised) particles directly on the CNT sidewall,
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the second being the synthesis of mNPs stabilised by some surfactant in solution
followed by subsequent binding of these pre-formed particles onto the CNT.

4.1.2.

Microwave Assisted Polyol Reduction

Microwave assisted polyol reduction has numerous advantages over conventional
techniques. Specifically, microwave technology is a ‘green’ technique, that is, does not
use harsh organic solvents or other environmentally adverse chemicals. Furthermore,
microwave chemistry dramatically increases the rate of reaction increasing the potential
industrial throughput of the reaction. Microwave reduction does have the disadvantage
of being significantly less controlled; however the development of new reaction systems
is dramatically improving this factor. The generic reduction for the microwave polyol
process for platinum salts is shown in Scheme 4.1. 250

Scheme 4.1. Reduction of Pt(IV) by ethylene glycol (non-stoichiometric), increases in the pH
will increase the rate of reaction by scavenging excess hydrogen out of the system, driving the
reaction to the right. 250

For CNTs, microwave reduction has been shown to be extremely effective due to the
absorbing properties of CNTs at microwave frequencies generating heat at the
electrolyte interface.96-100, 103-106 In gaseous environments, and indeed in vacuum, several
intra-molecular and environmental reactions are triggered in CNTs upon exposure to
intense microwave radiation.100, 111
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a)

b)

Figure 44.1. Tunnelliing electron micrographss of a) weldiing of adjaceent single-waalled carbon
nanotubees catalysed by microwaave interactioons; and b) looping of individual ssingle-walled
carbon nnanotubes witthin a bundlee of carbon naanotubes.111

Specificaally, CNTs have been
n shown too undergo intense
i
heating, outgasssing, light
emissionn and both
h inter an
nd intra-moolecular re-arrangements during microwave
2
irradiatioon.95, 111, 251, 252
Single-waalled CNTs (SWNTs) undergo
u
reacctions such as welding

betweenn adjacent tuubes and lo
ooping (Figuure 4.1), wh
hile multi-waalled CNTs (MWNTs)
undergoo inner shell interactionss in additionn to SWNT effects.111
Dipole ppolarisation,, Joule heating or vibrattional conveersion is thou
ught to be thhe cause of
the extreeme microw
wave absorption, althouugh the exacct mechanism
m for CNT microwave
absorptiion is still unknown. The conduuctive naturre of CNTss, along wiith metallic
impuritiies remainin
ng from syntthesis allowss for the potential of Jo
oule heating to occur.95,
102, 111, 251, 252

Rather than directt heating off the CNTs via microw
waves, this m
mechanism

relies onn a local ellectric curreent being geenerated (viia induction
n) within thhe material,
generating heating through
t
resiistance. Thee mechanicaal vibration model
m
propoosed by Ye
et. al.108 relies on th
he assumptiion that CN
NTs undergo
o extension in a microowave field,
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analogous to the extension observed by Guo et. al253. for a static electric field. This
extension, and subsequent vibration, is suggested to be generated by transverse
paramagnetic resonance arising from polarisation of the CNTs. Defects and viscous
environments are thought to dampen these vibrations while also generating Joule
heating suggesting multiple concurrent mechanisms for the heating of CNTs. Both the
damping effects of a viscous environment and defects suggest that for commercially
available CNTs, Joule heating is the dominant mechanism for metallic reduction,
especially in a solvent such as ethylene glycol. Unfortunately, there is an absence of
modelling for the mechanisms of microwave heating of CNTs in solution due to the
complexity of the physics required to effectively model the phenomena.

4.2. Experimental Set‐Up and Variables
All relevant experimental methods were described in Chapter 2. 1. 3 and 2. 2. 2.

4.3. Discussion of Results
4.3.1.

Reduction of Metal Salts

The microwave reduction of metal salts in solution by microwave-assisted polyol
reductions from ethylene glycol has been well reported in the literature.93,

209, 254

The

reduction of the metal salt is driven by the dehydration of the ethylene glycol to
acetaldehyde which in turn reacts with metal centres to form biacetyl, resulting in
protonation of a metal ligand and reduction of the metal salt.
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Scheme 4. 2. Proposed reaction mechanism for the dehydrogenation of ethylene glycol to
acetaldehyde.255

This reduction is characterised by an optical colour change corresponding to a change in
charge transfer bands of the metallic salt. At the completion of the reaction M0 centres
will often display optical effects characteristic of metallic nanoparticles, specifically the
Tyndall effect and the presence of a plasmon resonance band.

4.3.2.

Reduction of Metallic Salts without Carbon Nanotubes

4.3.2.1.

Auto‐reduction

The optical colour change observed for ruthenium, gold, and palladium during
irradiation of the salt (in this case in the presence of CNTs) can be seen below (Figure 4.
2).

Figure 4. 2. Optical images for metal salt solutions (top) prior to, and (bottom) subsequent to
microwave irradiation; a) Gold; b) Palladium; c) Platinum; and d) Ruthenium.

The colour change for both RuCl2, and PdCl2 does not correspond to the complete
reduction of these species, rather partial reduction of the salt is observed under these
conditions and the addition of NaBH4 resulted in the formation of a black precipitate
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for both materials. This black precipitate confirms there are excess metal ions in
solution after microwave irradiation for these metals.

4.3.2.1.1.

Gold Reduction

The observed colour change from light yellow to pink for the HAuCl4/Ethylene glycol
solution over time, with no external stimulation, is characteristic of the formation of
gold nanoparticles, with the plasmon resonance band appearing in the UV-Visible
spectrum at 545 nm.
In addition the 320 nm peak representative of the AuCl3 species in solution was
observed to decrease during reduction (Figure 4. 3). The appearance and subsequent
increase in the intensity of the 545 nm band corresponds to an increasing concentration
of particles in solution as the ethylene glycol slowly reduced the metal centres. The
intensity of this peak begins to decrease after approximately 10 hours due to
agglomeration of the particles in solution. As they are produced without the aid of
stabilising agents, a dark precipitate was observed to be coating the bottom of the
cuvette after the sample was removed from the spectrometer. The initial slight increase
in the intensity of the 320 nm band occurs due to an increase in the background
absorbance in the spectra caused by the formation of the gold colloids. This increase
initially offsets the amount of metal salt consumed in the reaction.
The isosbestic point at 337 nm can be utilised to determine the time period at which
agglomeration begins for the colloidal particles. An isosbestic point should remain at a
given absorbance regardless of the position of the Au3+ ⇄ Au0 equilibrium.
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a)

b)

Figure 4. 3. a) UV-Visible spectra of HAuCl4/ethylene glycol solution at time intervals of 20
min for the first 15 cycles then periods of 200 min for the remainder of the spectra. The peak at
545 nm is observed to first increase until a maxima at 10 hours before decreasing slightly over
the remaining time. The 320 nm peak is observed to steadily decrease until the same time where
it is lost in the background. b) Intensity plot of the 320nm and 545nm peaks from a) over time.

When the particles agglomerate the overall concentration of both Au3+ and Au0 decrease
lowering the absorbance of this point, which otherwise would remain static. Based on
this assumption it can be determined that significant agglomeration of particles is
occurring from 20 hours after reduction, in the absence of external stimuli. As there are
no capping agents added during the formation of these particles it is anticipated that
external stimulation such as heating, stirring or application of an electric field would
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overcome the weak steric and electrostatic stabilisation provided by the decomposed
ethylene glycol components and cause an increased rate of agglomeration.

Figure 4. 4. Derivation of the concentration of HAuCl4 in solution according to the 320 nm
peak assuming an extinction co-efficient of 149 mol-1cm-1 (calculated from a sample of known
concentration, not shown), and the rate of change of the concentration over time.

The appearance of a strong absorption band at 560 nm corresponding to the formation
of gold nanoparticles can be explained by the Mie solution to Maxwell’s equations.69
The Mie solution is an expression describing the wavelength specific scattering of light
by particles that have sizes which are on the order of the wavelength of the incident
light.
Photon correlation spectroscopy (PCS) of HAuCl4 in ethylene glycol during the autoreduction process was utilized to analyse the median particle size in solution, the
maximum particle size in solution and the point where agglomeration began. By
correlating the particle size by intensity maximum for every scan with the time after
mixing the largest common particle in solution can be determined. This technique relies
on the backscatter of photons from solution at 173°. Due to this reliance, particles
separated by an order of magnitude will present with an intensity 1x106 different to each
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other. As such, the maximum count by intensity will be the largest particle size at which
there is a relatively high abundance in solution. It can be seen from Figure 4. 5 that the
maximum particle size by intensity increases linearly with time at a rate of approximately
0.16 nm/min, albeit with an increased variation in measured size over time. Maximum
particle size by number provides the median particle size of the solution, revealing the
average particle size that would be observed in solution.

a)

b)

Figure 4. 5. Photon correlation spectroscopy of HAuCl4/ethylene glycol solution over time
showing increased particle size over time, indicating agglomeration of the solution.
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For gold nanoparticles, the median particle size appears to be relatively stable between 5
and 8 nm for the first 600 minutes of the test. After this time period there is a dramatic
increase in the variation observed in particle size from scan to scan, indicating that
agglomeration of average particles in solution is occurring readily after this time period.
The time of this agglomeration of particles as determined by particle size analysis
correlated extremely well with that observed for the decrease in the 560 nm peak
intensity by UV-Vis spectroscopy.

4.3.2.1.2.

Palladium Reduction

The auto-reduction of Pd2+ to Pd0 was also examined by UV-Vis spectroscopy over the
course of 2000 min. The characteristic peak of PdCl2(s) at 420 nm can be seen to
diminish with increased reaction time in comparison to the background of the spectra,
represented by the valley at 375 nm. The reduction of palladium to form nanoparticles
is spectrally different compared to the reduction of gold, due to an absence of a
plasmon resonance band in the visible spectra. This results in the reduced Pd presenting
with a dark brown or black colouration, dependant on the concentration of the Pd in
solution. Spectrally, this results in the loss of visible absorbance peaks which arise from
the metallic salt and an overall broad increase in the background absorbance of the
solution. Examination of the PdCl2 absorbance peak at 420 nm in comparison to the
background of the solution, taken as the trough at 375 nm, was used to determine the
proportion of reduced material. It can be seen that there is a residual amount of salt
within the solution even after 20 hours of auto-reduction, albeit at low concentrations.
There was no agglomeration of the Pd sample, which would be expected to be apparent
as a decrease in the signal intensity of the UV-Vis spectra, over 2000 min. This lack of
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agglomeration is thought to occur due to a slower rate constant for the reduction of
Pd2+ by ethylene glycol.

a)

b)

Figure 4. 6. a) UV-Vis spectra of the auto-reduction of PdCl2.xH2O to Pd0 by ethylene glycol
with scans taken every 20 min for a total of 2000 minutes, scans shown are 20-300 min,
400,600,700 then every 200 min to 2000 min, b) Ratio of the peak at 420 nm to the trough at
375 nm over the duration of the reaction, with the peak absorbance shown on the right axis.

PCS was performed on the Pd2+/Pd0 ethylene glycol auto-reduction reaction over a
period of 2000 minutes. The particle size, both by intensity and number, shows a high
lack of stability during the first 6 hours. This lack of stability is thought to be an artefact
of the technique, occurring as the concentration of Pd0 particles is below the detection
limit, resulting in significant errors in the calculations performed in the software. After
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this time however, the particle size is observed to be extremely stable, increasing from
approximately 10 to 50 nm regularly over the course of the experiment. Unlike the PCS
data observed for the Au3+/Au0 auto-reduction there is no increase in data variability
after 20 hours. This data stability correlates with the lack of observed particle
agglomeration in the UV-Vis spectra providing further evidence of the higher stability
of Pd nanoparticles produced via this method in comparison to Au nanoparticles.

a)

b)

Figure 4. 7. Photon correlation spectroscopy data analysed by the maximum particle size,
calculated by number, and by intensity, showing a high stability of palladium nanoparticles
between 10 and 50 nm.

The reason for the increased stability of Pd particles can be elucidated from the early
time periods of both Au and Pd experiments. Au is observed by UV-Vis spectroscopy
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to rapidly form nanoparticles, with most of the Au3+ being converted to Au0 after 8
hours, by PCS this is represented as extremely stable data at the beginning of the
experiment. In contrast, the Pd2+ peak (420 nm) can still be observed after 20 hours of
reaction, correlating to extremely variable data at the beginning of the PCS experiment.
The combination of these pieces of data can be used to determine that the reaction
kinetics of the Au reduction are significantly faster than that of the Pd reduction.

4.3.2.1.3.

Platinum Reduction

a)

b)

Figure 4. 8. UV-Vis spectra of the auto-reduction of H2PtCl6; a) in ethylene glycol over 2 days;
and b) in ethylene glycol and sodium hydroxide over 6 hours.
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Reduction of platinum is spectroscopically similar to that of palladium in that there is no
PRB in the visible range. As such, the reduction is monitored by the decrease in the
intensity from the H2PtCl6 absorbance band at 262 nm (Figure 4. 8). The auto-reduction
from Pt4+ to Pt0 was examined in both acidic and basic environments. Over the course
of 2000 minutes in an acidic environment (just ethylene glycol and chloroplatinic acid)
the formation of some small amounts of platinum nanoparticles can be observed by the
decrease over time of the charge transfer peak at 262 nm however, a large amount of
unreduced chloroplatinic acid still present. Addition of a small amount of 1M NaOH to
the reduction solution resulted in the near complete auto-reduction of the Pt4+ to Pt0
within 6 hours. The reason for this is thought to arise from changes in the platinum
adducts formed in solution and dynamic ligand exchange. This phenomenon will be
discussed more thoroughly in 4.3.3.1.

Figure 4. 9. Examination of the peak intensity of the 262 nm H2PtCl6 peak over time through
the auto-reduction process

Examination of shifts in the peak intensity over time show that in an acidic
environment, after an initial decrease in 262 nm intensity there is a slow recovery of this
intensity (Figure 4. 9). This would suggest that there is an equilibrium formed between
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the colloidal particles and the unreduced platinum ions in solution. Upon the addition of
NaOH to the reducing solution this equilibrium is dramatically shifted such that there is
virtually no remnant chloroplatinic acid present after 6 hours from the addition of the
NaOH.

a)

b)

Figure 4. 10. Photon correlation spectroscopy peak maxima summary for the auto-reduction of
H2PtCl6 by ethylene glycol by; a) Intensity; and b) Number.

PCS of the chloroplatinic acid ethylene glycol reduction showed a very gradual increase
in observed particle size. The time frame for this particle size increase appears to match
up well with that observed for palladium, potentially due to the similarities of these
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metals in terms of their electronic structure. However, 48 hour UV-Vis spectroscopy
did not show a change in the raw H2PtCl6, ethylene glycol, NaOH solution, indicating
that while some auto-reduction is occurring it is occurring at an extremely slow rate.

4.3.2.2.
4.3.2.2.1.

Microwave Assisted Reduction
Gold Reduction

a)

b)

Figure 4. 11. UV-Vis spectra of gold chloride solutions irradiated for different periods of time
with microwave irradiation.
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In comparison, the effect of microwave irradiation on the formation of gold
nanoparticles directly is shown above (Figure 4. 11). For the longest irradiation time of
120 s there is still significant absorbance at 320 nm indicating incomplete reduction of
the gold centre even after this irradiation time, although it can be seen that the
concentration of Au3+ ions in solution is dramatically decreased after 2 min irradiation.
The appearance and significant increase in intensity of the colloidal peak at 560 nm
supports the conversion of these metallic ions to metal nanoparticles during the
microwave reaction time. The lack of an isosbestic point shows a fundamental
difference in mechanism between the auto-reduction and microwave assisted reduction
techniques. The cause of this difference is the significantly higher temperatures
experienced by the solution during microwave irradiation leading to solvent
vapourisation, rapid decomposition of the ethylene glycol, and the potential of side
reactions occurring.

Figure 4. 12. Photon correlation spectroscopy of HAuCl4/ethylene glycol solution after various
microwave irradiation times.

PCS of microwave irradiated HAuCl4/ethylene glycol solutions revealed a large particle
size decreasing over 40 s to approximately 10 nm by number, which increased to 25 nm
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after irradiation for 120 s (Figure 4. 12). The data at 2 s is thought to be an artefact of
the PCS technique as there are very few measurable particles after this short time period
of irradiation (see the 560 nm peak in Figure 4. 11). At 40 s and 60 s of irradiation the
bulk solution colour is still light yellow, however a small PRB is visible in Figure 4. 11
and particles at approximately 8-10 nm are recorded by PCS. Continuing microwave
irradiation after 60 s resulted in a bulk solution colour change to deep pink, with a
dramatically increased PRB and increased particle size. These changes are indicative of
both continued reduction to Au3+ to Au0 with the extra energy (heat) in solution leading
to agglomeration the nanoparticles.

4.3.2.2.2.

Palladium Reduction

Reduction of palladium chloride through microwave irradiation occurred extremely
rapidly, with vigorous bubbling and a colour change occurring within 10 s of irradiation.
Indeed this rapid reduction is observed by the disappearance of the PdCl2 peak at 420
nm over 10 s (Figure 4. 13).

Figure 4. 13. UV-Vis spectra of the spectra of palladium chloride after various microwave
irradiation times.
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Further irradiation of the solutions resulted in a slight decrease in the total absorbance
of the solution and correlated with the appearance of a black precipitate in the reaction
vial. Interestingly there also appears to be a very slight re-appearance of the 420 nm
peak after these additional 10 s of irradiation. It is thought that the black precipitate
corresponds to the agglomeration of Pt0 particles such that they cannot be stabilised by
the ethylene glycol. As a side effect of this agglomeration the surface groups of
adsorbed Pd2+ ions may be released back into solution and re-complex to the Cl- ions in
solution resulting in the appearance, albeit weakly, of the 420 nm peak.

4.3.2.2.3.

Ruthenium Reduction

The UV-Vis spectra for the ruthenium reduction reaction presents as significantly more
complicated compared to gold, palladium, and platinum solutions. There are three clear
peaks at 515 nm, 400 nm and 380 nm present prior to and after short irradiation times.

Figure 4. 14. UV-Vis spectra of Ruthenium solutions, showing clear state changes within the
solution under different conditions.

These peaks indicate there are multiple different states of the metal within the solution,
which is highly probable with ruthenium known to be stable in both the Ru3+ and Ru2+
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forms. Ru3+ is known to absorb at both 400 nm and 515 nm when co-ordinated to the
chloride anion, suggesting that dissolution of the RuCl2 in ethylene glycol actually
initially oxidises the Ru metal centre to Ru3+.211 The peak at 350 nm arises from the
displacement of chloride anions from the binding with Ru3+ and replacement with an
oxygen ligand. The change observed with the addition of CNTs to the solution is
hypothesised to arise due to extra energy absorbed by the CNTs during irradiation
providing activation energy for the Ru3+ to switch ligands.

4.3.2.2.4.

Platinum Reduction

a)

b)

Figure 4. 15. UV-Vis spectra of the formation of platinum solutions at different microwave
irradiation times.

119 | P a g e

Microwave-assisted polyol reduction of H2PtCl6 is monitored by the intensity of the PtCl charge transfer band at 260 nm. Over the course of 120s of microwave irradiation at
1200 W this peak is demonstrated to decrease intensity dramatically, from an initial
intensity of 0.8, down to 0.25.
Similar to palladium reduction there is no specific colloidal peak for Pt0 nanoparticles in
solution, however the baseline intensity should increase with these particles having an
extremely broad spectral absorbance. Indeed, this change in the spectral signature is
observed to begin at 120 s where the small remnant of the Pt-Cl peak is significantly
broadened and an increase in the baseline of the spectra is evident.

4.3.2.3.

Summary of Solution Reduction of Metal Salts

Figure 4. 16. Time of reduction, as defined by a bulk solution colour change compared to the
concentration of metallic salt in solution, showing increased metallic salt concentration results in
a longer total time for the reaction.

For H2PtCl6, HAuCl4 and PdCl2 the effect of the metal concentration until bulk solution
reduction was examined (Figure 4. 16). This analysis determined that the greater the
concentration of metallic salt in solution the greater the amount of microwave energy
needed to generate a bulk colour change.
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This increease arises as
a there is a lower ratio
o of reducing agent (inn this case ethylene
glycol) to species to be
b reduced (the metal salt).
s
The decrease in eethylene glyccol:metal
salt ratio results
r
in a greater
g
propportion of ethylene
e
glyccol needing to react to generate
the bulk co
olour change.

4.3.3.

Reeduction on
n Carbon Naanotube Powders

Microwavee-assisted po
olyol reducttion on CN
NT powders has been w
well discusseed in the
literature.

96-100, 103-106, 127, 209, 250

M
Materials as diverse and
d Ru/Pt, Ru
RuO2 and in
nherently

conductivee polymers (ICPs) havve been loaaded onto soot materiials. Many of these
produced materials haave been taargeted speccifically towaards fuel ceell applicatio
ons, with
the formattion of carbo
on electrodees from the utilised pow
wder materiaal. 98, 99, 101, 103, 104
a)

b)

c)

Figure 4.17. Electron microscopy images of naked platinum nanopartic
icles of approximately
d on multi-w
walled carbon
n nanotube soot via micrrowave assistted polyol
4nm in diaameter loaded
reduction; a)
a Tunnellingg electron m
micrograph off a single mu
ulti-walled car
arbon nanotu
ube highly
loaded with
h platinum; b),
b c) Scanniing electron micrographs
m
of multi-waalled carbon nanotube
soot that haas been decorrated with plaatinum follow
wed by filtration to form a paper.
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The key advantage of decorating CNT soots with mNPs is the ease of the reduction
procedure, simple immersion in a solvent followed by irradiation is sufficient to
generate a highly loaded, even coating of mNPs, although pH control is required for
certain metals. Indeed this ease and versatility was observed in house with highly
repeatable 4nm particles being loaded on multi-walled CNTs (MWNTs), as shown in
Figure 4.17.

4.3.3.1.

Decoration of Platinum Nanoparticles onto CNT soots

Upon irradiation of the CNT/ethylene glycol/chloroplatinic acid solution with 1400 W
microwaves, bubbling of the solution and subsequent vigorous mixing occurred within
10 seconds. This bubbling suggests an upper temperature of approximately 470K (the
boiling point of ethylene glycol) significantly lower than the vacuum temperature
observed for microwave exposed CNTs of >2000K.102, 111 This discrepancy is due to the
scattering effects of the ethylene glycol and the small amount of water present in
solution (from the chloroplatinic acid, 8% w/v in H2O). In addition ethylene glycol is
known to decompose under microwave irradiation which also absorbs significant
amounts of energy.256 Although the exact reactions occurring for irradiated CNTs in
solution have not been modelled, a good approximation can be achieved by considering
what drives the reactions, and specific re-arrangements observed in vacuum samples. In
order to generate welds (as shown in Figure 4.1) between CNTs there must be breaking
and re-assembling of sp2 carbon bonds and for this to occur there must be some highly
reactive intermediate formed. In solution, it is this reactive intermediate that will react
with the surrounding environment, indeed, this premise is the key principle for a
number of microwave reactions associated with carbon nanotubes.
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Scheme 4.. 3. Reaction
n pathway fo r the formattion of Platin
num-Carbon Nanotube composite
c
materials (iin combinatiion with Schheme1). Path
hway 1 repreesents pre-foormation of platinum
nanoparticles at the intterface betw
ween the carb
bon nanotubes and the solution, followed by
adsorption onto the CN
NT backbonne. Pathway 2 shows thee functionalissation of the pristine
notube backb
bone by thee ethylene glycol,
g
follow
wed by bindiing and redu
uction of
carbon nan
platinum naanoparticles at
a these oxyggen functionalities. Pathwaay 3 demonsttrates the form
mation of
sp3 carbonss along the carbon nanotuube backbon
ne and the su
ubsequent binnding of nanoparticles
through theese sights. Th
he final produuct is some co
ombination of
o all three paathways.

These pottential reactiions are ideentified in Scheme 4. 3. Pathway 1 shows thee thermal
formation of platinum
m nanopartiicles at the CNT/soluttion interfacce without chemical
reactions occurring
o
on
n the CNT sidewall itseelf. Pathwayy 2 represennts the interaaction of
the CNT sidewall with
w
ethylenne glycol, resulting in hydrogenattion, oxidattion and
acidificatio
on of the baackbone witth nanopartiicle binding through thhese sites. Paathway 3
shows sp3 and defect generationn on the backbone caaused by miicrowave irradiation
followed by
b formation
n or bindingg of platinum
m nanoparticcles at these sites.
High resollution transm
mission elecctron micro
oscopy (HRT
TEM) of Ptt particles decorated
d
on pristinee arc discharrge MWNTss, demonstraated that particles produuced by thiss adapted
microwavee reduction method
m
werre clearly dep
posited arou
und defects in the CNT
T sidewall
(Figure 4. 18a). Decorration at theese defect sittes occurs th
hrough pathhways 2 and 3 where
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the defects act as seed nucleation sites, and radical reaction centres respectively (Scheme
4. 3). In addition the HRTEM provides clear evidence of bridging between the inner
walls of the MWNT highlighting the reactivity of the radicals produced by this method
(Figure 4. 18).

a)

b)

c)

Figure 4. 18. Transmission electron micrographs of a) Pt-loaded MWNT with the platinum
particle deposited at a defect site; and b, c) inner-tube bridging of a MWNT caused by
microwave irradiation (scale bar is 10 nm).

In the case of immersion in chloroplatinic acid and ethylene glycol there are two distinct
species that the intermediate can interact with, which results in multiple potential
mechanisms for the addition of functionality to the CNT sidewall. Statistically, from
Calculation 4.1 we can determine that the chance of direct interaction with ethylene
glycol is 14000 times more likely than direct interaction with platinum, and 50 times
more likely than interaction with water. Even at the highest concentration of platinum
examined (0.2 mL in 3.2 mL) these ratios change to 1:1400 and 1:5 for ethylene glycol to
platinum and water respectively.
Further simplifying occurrences in solution, it is highly likely that interactions between
these reaction intermediates and either water or ethylene glycol would have the same
result, an oxidative addition to the CNT sidewall, or a hydrogenation of the CNT
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c
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Caalculation 4.11. Determinaation of the molar
m
ratios of
o componennts in a stand
dard
red
duction soluttion consistiing of 3mL
L ethylene glycol
g
and 00.02mL 8%w
w/v
cho
oloroplatinic acid in waterr.
 eg = 1.132 g . cm
c -3

mmeg = 662.068 g . mol-1
negg = meg . mm
meg-1
asssuming 1 cm
m3, meg = 1.1132
neg = 0.00182 mol . cm
m-3
Follow
wing the sam
me calculatio
on for chloro
oplatinic acidd (based on an
8g/100mL cconcentratio
on)
-4
nH2PttCl6 = 1.95 x 10 mol . cm
m-3
and
a
nH2O = 0.00556mol . cm
m-3
From a total volum
me of 3.02m
mL ethylene glycol contrributes 3.00m
mL
consisting of 0.05446mol, waterr and platinu
um contribuute a combin
ned
0.002mL with a total of 0.00011ml and 3.9 x 10-6 m
mol respectivvely
Assuming complete
c
miixing the mo
olar ratios off the solutioon components
can be determin
ned
nPt:nH2O:neg
1 : 282 : 140000
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Electron paramagnetic resonance characterisation of CNT soots prior to, and
subsequent to microwave irradiation and platinum reduction was used to probe the
interactions between the CNTs, defects and metallic nanoparticles. Figure 4.19 shows
and increase in the focal [G] field after microwave irradiation and a further increase after
Pt loading for both SWNTs and MWNTs. The shift of both raw SWNTs and raw
MWNTs at approximately 2.003 G corresponds to the carbon radical reported in the
literature.216, 224-226, 250

a)

b)

Figure 4.19. Electron paramagnetic resonance spectra of raw carbon nanotubes; carbon
nanotubes irradiated only in the presence of ethylene glycol; and carbon nanotubes loaded with
platinum from microwave assisted reduction of chloroplatinic acid; a) SWNTs; and b) MWNTs.

126 | P a g e

The observed singlet line shape is indicative of bundled rather than exfoliated CNTs.
The shift in the central [G] field to greater fields corresponds to charge transfer from
the metallic salt to the CNT backbone during the reduction process.250 In the case of
ethylene glycol irradiation only, the shift in the [G] field arises from charge transfer from
ethylene glycol derivatives to the CNT sidewall. The magnitude of this shift in this case
is directly related to the ability of the defected CNT to accept electrons. A SWNT that is
highly defected has a proportionally smaller ability to accept electrons than a defected
MWNT or a pristine SWNT. This decreased accepting ability is in line with the increase
in scattering defects along the CNT sidewalls. For defected MWNTs this problem can
be overcome by electron hopping between the walls of the CNT. This pathway problem
is overcome in the metallic nanoparticle loaded samples as the mNPs themselves
provide a conductive electron path over a majority of the defect sites allowing for a
higher amount of charge transfer even for defected SWNTs. In effect this suggests, in
terms of the microwave reduction technique, that MWNTs have a greater reducing
power than SWNTs.
The effect of varying the pH of the reducing solutions for platinum was examined in
terms of the time to reduction and the produced morphology of the mNPs. The time to
reduction of H2PtCl6, defined by the time to a bulk solution colour change, was found
to decrease with increasing pH, as shown in Table 4. 1.
The decreased time to reduction is thought to arise from the dynamic exchange of the
hydroxide and chloride ions binding to individual Pt4+ metal centres, weakening the
stability of the Pt-ligand bonds allowing for a more rapid reduction reaction. This result
is in opposition to literature reports of NaOH slowing the reduction rate of PtCl42- by
producing charge complexes such as PtCl2(OH)(H2O).257 We propose that the reason
for the observed difference is the nature of the reduction technique. The reduction
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technique utilised in the literature was based on a static gas phase system using hydrogen
to reduce the metal centre. In this case there is no specific activation of the metal centre,
rather there is an impedance of the H2 gas reaching the metal centre by replacement of
the Cl- ligand with a larger OH- or H2O molecular ligand. In the case of our experiments
the microwave induced reduction was performed using a household microwave. These
household microwaves are optimised to heat water molecules within a body of liquid.
As such, the presence of a H2O ligand next to the Pt surface increases the thermal
excitation around the Pt potentially leading to an increased reaction rate. Furthermore
the addition of higher concentrations of NaOH(aq) dramatically increases the amount of
water present in the solvent as a whole, leading to more rapid heating of the solution.
Table 4. 1. Effect of pH on reduction time for H2PtCl6/Ethylene Glycol solutions.

Sample

VNaOH (L)

pH

Time (s)

a

0

0.56

48

b

100

10.35

43

c

300

11.46

39

d

500

12.22

20

e

1000

12.48

17

Thermal gravimetric analysis of SWNT soot after an array of microwave treatments
provided surprising results. The as-received SWNT soot was primarily decomposed
between 400°C and 450°C, a value significantly lower than values of 600°C to 700°C for
pristine SWNTs.258 This discrepancy arises from functionalisation present on the
sidewall of these CNTs induced during the commercial purification of these products.
This functionalisation decreases the amount of sp2 hybridisation present on the CNT

128 | P a g e

weakening the carbon-carbon bonds allowing for decomposition at lower temperatures.
Rather surprisingly an increased decomposition temperature was observed after the
microwave irradiation of the soot in a natural air environment. Although not
unprecedented in the literature this shift, indicative of sidewall stabilisation is
unexpected for joule heating in an oxidative atmosphere.

Figure 4. 20. Thermal gravimetric analysis of single-walled carbon nanotube soots; as-received
CNT soot; Microwave-irradiated in Air soot; soot irradiated in the presence of ethylene glycol
only; and Pt loaded soot.

4.3.3.2.

Decoration of Gold Nanoparticles onto CNT soots

Decoration of gold nanoparticles onto CNT soots was not as efficient in terms of
overall loadings in comparison to platinum, with a significantly lower surface coverage
of the CNTs observed under SEM (Figure 4. 21).
The cause of this difference in loading is the interaction between gold particles leading
to agglomeration driven through the minimization of surface energy.
There are two distinct morphologies of gold particle decorated onto the MWNTs, with
the small, dispersed 10 nm particles bound to the MWNT sidewall, and larger 50-100

129 | P a g e

nm discrete particles which tend to be decorated onto the MWNT in groups. In
addition there are large particles on the micron scale visible underneath the thin film of
MWNTs.

a)

b)

c)

d)

e)

Figure 4. 21. Secondary electron images of multi-walled carbon nanotubes loaded with metallic
nanoparticles; a-d) gold nanoparticles loaded onto MWNTs; e) EDS spectra of Au particles
shown in c).

These larger particles are thought to be remnant unreduced HAuCl4 that crystallised in
bundles of MWNTs and was trapped and unable to be removed by washing. EDS
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analysis showed a prominent silicon peak which was not observed for other non-soot
samples, it is thought that this was residual material from the preparation of the
MWNTs themselves.
XRD analysis of the Au/MWNT soot (particles shown in Figure 4. 21c) showed quite
narrow peak distributions, indicating the larger size of the Au particles in comparison to
other reduced metallic species (Figure 4. 22). According to the Scherrer equation, τ, the
mean particle size of crystalline domains, is inversely proportional to β, the full width at
half maximum (FWHM) of the peaks (Equation 4. 1).

cos
Equation 4. 1. Scherrer equation for the determination of the size of crystallites from XRD

For the Au (111) peak, the peak constant, K, is defined at 0.8859 from literature
values.259 The wavelength of the incident X-rays was 1.54 nm from a Cu Kα source.
From these values, in addition the FWHM and 2θ position, the average gold crystalline
domain was determined to be 67 nm.

Figure 4. 22. XRD spectra of Au particles loaded onto MWNT soot by a microwave-assisted
polyol reduction technique.
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4.3.3.3.

Decoration of Palladium Nanoparticles onto CNT soots

Palladium nanoparticles reduced onto MWNT soots produced several distinct palladium
structures, ranging from clusters of small particles, to sheaths of large Pd particles
(Figure 4. 23). The differences obtained in Pd architecture arises from different
concentrations of NaOH (different pH) examined for the Pd salts. At pH values less
than 7 the structures obtained were those of individual particles (Figure 4. 23a,b).

a)

b)

c)

d)

e)

Figure 4. 23. Electron microscopy of MWNTs loaded with palladium nanoparticles produced
by a microwave-assisted polyol reduction reaction; a) Sheath coating of Pd particles on
MWNTs; b) clusters of individual Pd particles; c) Large particle sheaths coating MWNTs; d)
inconsistent Pt loading similar to a); and e) EDS spectra of b).
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Increasing the pH slightly resulted in the sheath like morphology of palladium particles
(Figure 4. 23c), at the highest pH low loadings of particles were observed (Figure 4.
23d). This variation in structure with pH is thought to occur due to the hydroxide ion
complexing to the Pd metal centre changing the accessibility of the metal to the
reducing agent (ethylene glycol). As discussed previously, increasing pH with the
addition of NaOH results in an increased solution reaction rate for the microwave
process. This increased solution reaction rate leads to larger particles being formed in
solution prior to binding of to the CNT. Alternatively, it allows for more rapid growth
of the nanoparticles seeded on the MWNTs themselves.

a)

b)

Figure 4. 24. Electron microscopy using the transmission electron detector within the SEM of
discrete Pt particles on eCNT particles; a,b) particles prior to annealing showing a coating of
ethylene glycol; and c,d) particles after annealing at 300°C showing minimal ethylene glycol.

Analysis of the MWNT soot using the transmission electron detector within the SEM
showed a significant coating of ethylene glycol over the MWNTs (Figure 4. 24), in
addition the Pd particles appear to be clustered together with a significant amount of
material held within the ethylene glycol rather than the CNT.
XRD analysis of the palladium particles produced using the microwave reduction
process on MWNT showed clear evidence of Pd0 (Figure 4. 25). According to the
Scherrer equation the average crystalline domain size in the Pd sample was calculated to
be 24.3nm for particles shown in Figure 4. 23a. These particles appear smaller in the
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SEM image than calculated by the Scherrer equation. However, inconsistencies are
common with particle sizes calculated from this equation due to other factors affecting
the FWHM of the peak, including inhomogeneous particle shape, particle strain and
instrumental effects.260

Figure 4. 25. XRD spectra of Pd particles loaded onto MWNT soot by microwave-assisted
polyol reduction.

4.3.4.

Decoration on 3‐Dimensional Architectures

For liquid based electronic applications, such as capacitors, batteries and fuel cells (as
opposed to gas applications such as sensors) improving the utilisation of the surface
area of any electrode is crucial. The use of high surface area carbon supports loaded
with small metallic colloidal particles has been well documented throughout the
literature. However, nearly all research on this area has been focused on loading
individual CNTs with particles, followed by processing into a viable electrode structure.
While this technique theoretically provides the highest and most homogenous loadings
possible, it does not discriminate between areas of high electrolyte availability and low
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availability. In practice this results in significant wastage of metallic particles in nonaccessible areas.
Recent work by Zhu et. al. has espoused the advantages of decorating a pre-formed 3dimensional carbon nanotube structures with platinum particles, through a chemical
deposition technique.51, 52 Specifically, by decorating an architecture that has been preformed the particles are only deposited in regions where the reducing solution can
reach, thus, depending on the properties of this solution compared to the electrolyte
used, particles are not deposited in regions that do not contribute to the electrochemical
performance of the cell. The result of this effect is a heterogeneous loading of metallic
nanoparticles through a structure which yields a net increase in metal utilisation.
Furthermore the development of a technique that can be applied to a pre-formed
architecture allows for the treatment of a range of new materials that could not be
examined using a CNT soot decoration technique.

4.3.4.1.

Carbon Nanotube Filtered Papers

Filtered CNT papers provide an excellent scaffold for probing interactions between
metal particles and CNTs while also allowing for the examination of reduction
methodologies in a defined, pre-formed, architecture.
Preliminary results on the decoration of CNT papers yielded poor loadings with low
levels of intercalation of the metallic particles into the bulk of the structure. These poor
loadings were attributed to diffusion of the metallic salt/ethylene glycol solution into
the small pores within the paper. In order to improve loadings and attempt to increase
percolation of the metallic salt throughout the 3D architecture the reduction geometry
was altered, from a solution based approach to a flat bed geometry (Figure 4. 26).
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Each of the reduction geometries have their own specific advantages for different
applications. The solution geometry provides more metallic salt mobility allowing for
greater diffusion of the solution through the CNT structure. However, the big
disadvantage of using the solution geometry is this same solvent mobility.

Figure 4. 26. Stylised schematic of the reduction geometries utilised for the reduction of
metallic salts onto 3D structures; a) solution based reduction geometry where the CNT
structure is immersed in the reducing solution; and b) flat bed reduction geometry, where the
reducing solution is placed drop wise over the surface of the CNT structure.

The mobility of the solvent, oft typified by vigorous bubbling of the solution commonly
resulted in the decomposition of 3D architectures such as bucky papers into smaller
sections, which presents a significant problem when producing centimetre scale devices.
As such, the solution reduction geometry was primarily utilised for the reduction of
metallic salts or loading of these metallic salts onto CNT soots. In contrast, the flat bed
reduction geometry confines the metallic salt to the region surrounding the CNT
structure (by a drop casting method). This means that the solvent is restricted in its
motion through the CNT material by the underlying glass substrate upon which the
material is resting.
In order to understand the effects of the microwave reduction process on MWNT
bucky papers Raman spectroscopy of the samples at different microwave intensities was
performed, both in air and in ethylene glycol (Figure 4. 27). The Raman spectra revealed
a slight increase to the G:D ratio with increased microwave intensity in air, indicating an
increase in the sp2 nature of the MWNT structure with higher intensity microwaves.
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This result is in agreement with TGA results which showed an increase in the
temperature of decomposition of SWNT soot after irradiation in air (Figure 4. 20).
When the MWNT bucky paper was irradiated in ethylene glycol there was a marked
decrease in the sp2 nature of the CNT sidewall corresponding to functionalisation of the
MWNTs with oxygen groups from the ethylene glycol.

Figure 4. 27. Raman spectra of MWNT bucky paper after microwave irradiation at various
intensities in both air and ethylene glycol.

4.3.4.1.1.

a)

Decoration with Gold Nanoparticles

b)

Figure 4. 28. Scanning electron micrographs of gold nanoparticles loaded onto a SWNT/AC
bucky paper by microwave reduction of HAuCl4.
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As discussed previously the production of gold nanoparticles by microwave reduction in
ethylene glycol cannot be performed in the presence of sodium hydroxide, as this
induces an uncontrolled auto-reduction of the metal. Decoration of CNT bucky papers
with gold particles resulted in a number of different geometries for the produced
composite material. A typical morphology of particle was a relatively low loading of 810nm individual Au particles. Composition analysis performed by backscattered electron
analysis in the SEM chamber allowed for the observation of gold particles present
below the surface of the bucky paper showing effective percolation of HAuCl4 into the
structure prior to reduction (Figure 4. 29). In addition this method also allows for
examination of different inclusions into the CNT papers structure.
a)

b)

c)

d)

Figure 4. 29. SEM imaging of Au SWNT bucky papers; a) standard secondary electron image
of Au/CNT paper; and b) secondary electron image utilised for the generation of (d); c)
compo backscatter SEM image utilised in the production of (d); and d) compositional RedGreen image obtained by combining a secondary electron image and a compositional
backscatter image of the same area, regions with greater signal in the SEI image are shown in
green, areas of greater signal in the compositional image are shown in red.
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The light green section in the composite red-green image is likely to be unreduced salt
that was not fully removed from the surface of the paper by washing or the drying
procedure. This is likely due to the small amount of metallic signal present in the
compositional analysis image, indicating that there was a low concentration of metal
present in this area. Decoration of a MWNT bucky paper with gold particles also
produced a low loading of spherical Au particles on the CNT backbone when reduction
was performed using the solution based reduction geometry (Figure 4. 30a,b).

a)

b)

c)

d)

e)

Figure 4. 30. Electron microscope characterisation of gold particles reduced on a MWNT
bucky paper; a) particles reduced by a solution method; b) particles reduced by the flat bed
reduction geometry; and c) typical EDS spectra for the gold particles on the MWNT paper.
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Interestingly this reduction geometry also resulted in larger agglomerate particles greater
than 200nm in diameter. These larger particles are thought to be particles formed in the
solution phase which then deposit on the surface of the bucky paper whereas the
smaller particles form at the CNT|solution interface.
Interestingly there was a clear difference in the shape of the particles formed using the
flat bed reduction geometry for gold. The gold particles produced through this method
had a distinct and consistent triangular prism morphology along with significantly
smaller spherical particles. The formation of such a prismatic shape for nanoparticles
has been reported numerous times in the literature.91,

92, 205, 261

However, to our

knowledge, this is the first observation of such a morphology through the microwave
reduction method without complex organic molecules being utilised as capping agents.

Figure 4. 31. XPS spectra of spherical Au nanoparticles attached to a MWNT bucky paper by
microwave-assisted polyol reduction.

XPS spectroscopy on the gold nanoparticle decorated MWNT bucky paper showed a
distinct Au 4f doublet at binding energies of 84.1 eV and 87.7 eV respectively (Figure 4.
31), with values shifting to higher binding energies from typical Au0.262, 263 This higher
binding energy is assigned to the lack of hole screening during the photo-emission
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process due to transfer of the charge from the Au particle to the CNT.204, 264, 265 The
doublet is also split with secondary peaks present at 85.5 eV and 89 eV, with these
binding energies corresponding to small amounts of AuO on the surface of the
nanoparticles, likely arising from binding between the Au and decomposed sections of
the ethylene glycol.266

4.3.4.1.2.

Decoration with Palladium Nanoparticles

Decoration of CNT bucky papers with palladium particles by the microwave reduction
method was shown to be successful on both SWNT and MWNT bucky paper
architectures (Figure 4. 32). Similar to the reduced gold particles, there are clear large
agglomerates of palladium present on the SWNT bucky paper, again indicative of
reduction occurring in solution followed by decoration of these particles onto the
CNTs. For the MWNTs, small particles are again observed similar to the gold particles
described above. This consistent SWNT bucky paper result for both Pd and Au
provides further supporting evidence for the improved reducing power of MWNTs in
comparison with SWNTs first hypothesised though EPR (Figure 4.19).
a)

b)

Figure 4. 32. Scanning electron micrographs of palladium nanoparticles decorated on a) SWNT
bucky paper; and b) MWNT bucky paper using the microwave reduction technique.
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XPS analysis of the Pd particles on the MWNT bucky paper scaffold showed a clear Pd
3d doublet present at binding energies of 335.9 eV and 341.1 eV, which are shifted by
approximately 0.2 eV in comparison to a bulk Pd signal.267, 268 Similar to the case of
gold, the small shoulders present for the Pd 3d peaks (not fitted in this case) represent
surface functionalisation of the Pd particles giving a PdO surface.269, 270

Figure 4. 33. XPS spectra of sub 10nm Pd particles on a MWNT bucky paper support material,
produced by a microwave-assisted polyol reduction method.

Subtracting out these PdO shoulder peaks gives the highly symmetric peaks observed,
this symmetry indicates a low density of electronic states for the Pd material. A bulk Pd
surface with a high density of electronic states has a significant asymmetry towards
higher binding energies.269

4.3.4.1.3.

Decoration with Ruthenium Nanoparticles

Decoration of SWNT bucky papers with ruthenium nanoparticles did not produce any
large observable nanoparticles under SEM analysis. However, the presence of
ruthenium is confirmed under EDS and upon close inspection of the SEM images
bright points possibly corresponding to Ru nanoparticles can be observed. One of the
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major problems with the characterisation of ruthenium under EDS in this case is the
overlay of the primary Ru peak with that of the Cl peak, however, the presence of a
doublet or additional Ru peaks are taken as evidence for Ru loading.
a)

b)

c)

Figure 4. 34. Electron microscopy of ruthenium nanoparticles loaded onto SWNT bucky
paper; a, b) scanning electron microscopy; and c) energy-dispersive x-ray spectroscopy of Ru
loaded SWNT papers.

Further analysis on the core binding energy states of the deposited Ru would provide
excellent insight into the efficacy of the reduction of the RuCl3. This would also provide
crucial evidence on whether the reduction technique was producing RuO2 or Ru0.

4.3.4.1.4.

Decoration with Platinum Nanoparticles

The effect of both sodium hydroxide and acetonitrile (H3CCN) as additives to the
reduction solutions were examined in terms of the produced morphology for Pt0 (Table
4. 2). Acetonitrile was selected as an additive in an attempt to improve wetting of the
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bucky paper by the reducing solution. However the strongly electronegative C≡N is also
capable of displacing C=O – Pt bonds potentially changing the mechanism of Pt
nanoparticle formation. Sodium hydroxide also has a dramatic effect on the produced
structure of Pt particles, though changing the pH of the reducing solution and addition
of a cationic metal centre to the solution.
Table 4. 2. Experimental parameters for solution additives for the microwave assisted H2PtCl6
reduction on CNT/AC bucky papers for producing different Pt structures.

V1,2-ethanediol

VPt

VNaOH

Vacetonitrile

(mL)

(mL)

(mL)

(mL)

A

3.00

0.02

0.00

0.00

B

3.00

0.04

0.00

0.00

C

3.00

0.10

0.00

0.00

D

3.00

0.20

0.00

0.00

E

3.00

0.10

0.50

0.00

F

3.00

0.10

1.00

0.00

G

3.00

0.10

0.50

0.50

H

3.00

0.10

1.00

1.00

I

3.00

0.10

0

0.50

J

3.00

0.10

0

1.00

The primary effect of NaOH is to raise the pH of the solution, resulting in easier
abstraction of the proton from the chloroplatinic acid, leading to an overall lowering of
the activation barrier for the reaction. Reduction performed on these bucky papers
through the bulk solution method showed highly varied structures decorated onto the
CNTs, ranging from particles (Figure 4. 35a-d), large whiskers embedded in the paper
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(Figure 4. 35h) to agglomerated films (Figure 4. 35i). Rather surprisingly via the solution
method, very low loadings of Pt particles were observed on the surface of the paper
with either NaOH or 1.00mL of acetonitrile. This result, in combination with Table 4. 1,
indicates that both the NaOH and the acetonitrile is impeding bond formation between
the CNTs and the Pt particles (as increasing pH with the addition of NaOH is shown to
increase the rate of Pt reduction in solution).
In the flat bed reduction geometry the effect of both additives is even more pronounced
(Figure 4. 36). Increasing the concentration of chloroplatinic acid in the reducing
solution produced significant changes in the Pt particle morphologies. This morphology
change occurs between the addition of 40 µL and 100 µL of chloroplatinic acid with the
reduced Pt geometry changing from a porous cluster morphology to a solid particle
structure with sharp facets apparent, under SEM imaging. NaOH decreased the time to
reduction as shown previously, however, for the bucky paper structures the NaOH also
facilitated a significant change in loading type where discrete particles were not
observed. Addition of NaOH to the reducing solution resulted in the formation of Pt
sheaths across the surface of the bucky paper, with only a small amount of Pt clusters
observable at the lowest concentration of NaOH. Unfortunately no depth profile data
was obtained so the determination of the percolation of these sheaths into the 3D
structure was not found. The addition of 0.5 mL of acetonitrile in addition to 0.5 mL of
NaOH did not show any observable effect on the morphology, that is, sheaths were still
clearly observed. Increasing the concentration of acetonitrile and NaOH to 1mL of each
in 3mL of ethylene glycol resulted in an unprecedented morphology change in the
structure with long whiskers being observed to form on the surface of the bucky paper,
with discrete nanoparticles visible under this whisker layer. Acetonitrile in the flat bed
method appears to aid in the formation of Pt particle clusters. At lower acetonitrile
concentrations a very high loading of Pt clusters on the surface of the bucky paper was
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observed, this extreme loading was observed to decrease slightly with more acetonitrile
in solution.

a)

b)

c)

d)

e)

f)

g)

h)

i)

j)

Figure 4. 35. Scanning electron micrographs of Pt loaded CNT/AC bucky papers produced in
a solution reduction geometry using the parameters described above (Table 4. 2) showing
unique morphologies of produced Pt materials.
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a)

b)

c)

d)

e)

f)

g)

h)

i)

j)

Figure 4. 36. Scanning electron micrographs of Pt loaded CNT/AC bucky papers produced in
a flat reduction geometry using the parameters described above (Table 4. 2) showing unique
morphologies of produced Pt materials.
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Unfortunately the stated aim of increasing reducing solution percolation into the CNT
architecture with the addition of acetonitrile was not achieved as shown by crosssectional SEM images in both the flat bed and solution reduction geometries (Figure 4.
37).

a)

b)

Figure 4. 37. SEM analysis showing lack of Pt cluster permeation into the CNT paper with the
addition of acetonitrile to the reducing solution; a) solution based reduction geometry; and b)
flat bed reduction geometry.

EDS spectroscopy confirmed that the observed particles were indeed platinum with a
prominent Pt peak observed at 2.01 keV at a significantly greater intensity than the
residual cobalt catalyst used in the synthesis of the CNTs (Figure 4. 38). The small peak
at approximately 2.65 keV corresponds to chlorine atoms in the sample. Chlorine is
thought to persist through the washing procedure in the smaller pores of the bucky
paper and as a surface functional group on the reduced Pt particles.
The EDS spectra of the whiskers produced through the addition of both NaOH and
acetonitrile provides an interesting result. The EDS spectra shows a prominent sodium
peak apparent at a significantly higher intensity than the Pt peak, whilst the chlorine
peak is still extremely small in comparison (Figure 4. 38). It is likely that the sodium ions
are reducing the triple bond of the acetonitrile (as known to occur in the presence of an
alcohol, in this case ethylene glycol) resulting in ethyl amine. This nitrogen group is then
able to attach to the free facets of Pt particles changing the produced morphology.
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Analogous whisker structures have been observed for platinum titanate whiskers, and
the anomalous presence of titanium in the sample would indicate these whiskers would
be sodium-titanate whiskers.261 The titanium signal in the whisker bucky paper sample
arises from decomposition of the sonic horn tip during the ultra-sonication procedure
used to produced the CNT paper (Figure 4. 38e). It is thought that these titanium
particles are embedded deeply within the paper structure such that they are not normally
observed in the EDS spectra. These particles are however available for chemical
reactions, such as the one occurring here forming large sodium titanate crystals. The
platinum signal in this EDS spectra would then arise from either Pt inclusions in these
crystal or in the particles observed to exist under the whisker layer in Figure 4. 36.
The aluminium peak present at 1.5 keV in the whisker spectra, as well as observable in
many other metal nanoparticle/CNT spectra (Figure 4. 34 , Figure 4. 38) is thought to
arise due to the reduction procedure in both the solution and flat bed geometries being
performed in (or on) borosilicate glass. Borosilicate glass contains approximately 2.3
wt% Al2O3, the surface bound regions of these aluminium oxide are thought to be
extracted by the vigorous reaction conditions resulting in small amounts of sample
contamination.
An alternative explanation is in low resolution EDS spectroscopy there is a significant
amount of signal coming from the SEM chamber due to the wide spread of the electron
beam at these magnifications. As one of the components in the SEM sample holder is
aluminium this holder could also be the source of the signal.
In order to improve the loading of Pt onto SWNT structures no NaOH was utilised
and the reducing solution was allowed to intercalate into the small pores of the bucky
paper for up to 60min prior to microwave irradiation.
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a)

b)

c)

d)

e)

Figure 4. 38. EDS spectroscopy of CNT bucky papers loaded with different Pt particle
architectures; a) SEI image of EDS spectra of discrete particles (c); b) SEI image of EDS
spectra of whiskers (d); c) EDS spectra of discrete Pt particles; d) EDS spectra of whisker
geometry, the large peak at 1.00 keV is assigned to sodium; and e) EDS spectra of titanium
particle ejected from the sonic horn tip (inset: SEM image of particle in e).
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This lack of NaOH in combination with the allowed diffusion time dramatically
increased the amount of Pt particles visible under SEM analysis (Figure 4. 39).

a)

b)

c)

d)

Figure 4. 39. Scanning electron micrographs of SWNT bucky papers loaded with Pt by a
microwave-assisted polyol reduction process; a,b) after soaking in the reducing solution for
60min at a pH of 11.5; and c,d) after soaking in the reducing solution at a pH of 0.6.

Raman spectroscopy of SWNT bucky papers after treatment with different microwaveassisted polyol reactions was performed in terms of changes in the RBM of the CNTs in
the bucky paper (Table 4. 3). The shifts observed in the RBM peaks relative to the
untreated SWNT bucky paper are significant at low pH values (over 1.5 cm-1), however
with increasing pH (addition of NaOH) this shift is decreased (Figure 4. 40). This result
ties in well with the observations made under SEM demonstrating the increasing the
pH, through addition of NaOH, impeded platinum decoration onto SWNT bucky
papers (Figure 4. 35). The statistically significant shift using the 1800 lines mm-1 grating
(0.35 cm-1) is significantly less than the shifts observed at low pH values, indicating that
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the decoration of Pt particles is significantly impeding the radial vibrations of the
SWNTs.
Table 4. 3. Summary of the Raman peak positions for SWNT bucky papers after various
microwave treatments.

Raman Peak Position (cm-1)

SWNT

192.4

216.03

249.54

255.12

280.75

334.63

SWNT BP
Ethylene
Glycol Treated

191.1

215.05

249.87

254.8

281.41

334

194.35

217.67

252.5

258.08

283.38

335.94

Pt Treatment
pH 0.56

193.7

217.67

251.84

257.1

283.05

335.28

pH 10.35

192.4

216.03

250.53

255.45

281.41

334.3

pH 11.45

192.05

215.7

249.87

254.8

281.08

334.3

pH 12.22

192.05

215.7

250.53

255.45

281.41

334

pH 12.48

191.1

215.37

250.53

255.12

281.08

334

Figure 4. 40. Raman peak shift of Pt/SWNT bucky papers produced by a microwave-assisted
polyol reduction method at different pH values, relative to the untreated SWNT bucky paper.
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In order to increase the loading of Pt particles onto MWNT bucky papers these papers
were exposed to O2 plasma treatment such that there were more functional groups on
the CNT sidewall to act as seed nucleation sites for the microwave reduction process.
SEM analysis however showed no visible signs of Pt particles and there was only a
minimal EDS signal for platinum. Raman spectral analysis showed that while there was
a decrease in the G:D ratio after plasma/Pt microwave treatment this decrease was
significantly less than that produced by the microwave decoration technique without a
plasma pre-treatment (Figure 4. 41).

Figure 4. 41. Raman spectra of MWNT bucky papers, as produced, after microwave decoration
with Pt, and a plasma pre-treated microwave Pt decorated MWNT paper.

The G:D ratio is likely to only have shifted due to the plasma treatment disrupting the
sp2 hybridisation of the backbone of the MWNTs, rather than Pt decoration.
Decoration of Pt without the plasma pre-treatment also results in an increase in the
intensity of the shoulder of the D band, indicating different types of sp3 carbon atoms
within the sample. The lack of Pt decoration after a plasma pre-treatment is unexpected
as the functional groups induced by this treatment method should increase reactive sites
for Pt4+ to interact with. Based on this surprising result we hypothesise that the
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microwave process in the case of MWNT bucky papers is dependent on Pathway 3 as
described in Scheme 4.1. Since Pathway 1 should be independent of functional groups,
and Pathway 2 should be accelerated by a greater concentration of these functional
groups.

4.3.4.1.5.

Characterisation and Summary of Decoration on CNT Bucky Papers

One of the major difficulties in performing the microwave assisted polyol reduction on
3-dimensional carbon nanotube architectures is the integration of ethylene glycol, or
products of the decomposition of ethylene glycol, into the structure. This residual
ethylene glycol is resistive, results in limitations in charge transfer through the CNT
network, and coats the metallic particles decreasing their available surface area.
In order to minimise the effect of ethylene glycol on the 3-dimensional CNT structures
annealing of the architectures in an oxidising environment at moderate temperatures
was performed. This annealing was designed to oxidise the ethylene glycol coating on
the CNTs leaving the metallic particles with the same morphology as prior to annealing.
Changes in the mass of SWNT|Pt bucky papers produced through the microwave
reduction method were examined using a 7 decimal place balance after 2 hours of
annealing at set temperatures (Table 4. 4). Based on the mass loss values 300°C was
selected as the optimum temperature of annealing for these SWNT samples. Analysis of
the TGA spectra (in air) for the 300°C annealed sample showed a clear decrease in the
derivative mass peak at 250°C after annealing. This 250°C peak was assigned as ethylene
glycol derivatives rather than residual surfactant from the production of the bucky paper
as it was not present prior to metallic deposition.
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Table 4. 4. Effect of annealing temperature on the mass of SWNT bucky papers loaded with Pt
particles by a microwave-assisted polyol reduction method.

Annealing
Temperature

Initial Mass
(mg)

Final Mass
(mg)

Mass Loss
(mg)

Mass Loss
(%)

200°C

4.46

3.979

0.481

10.8

250°C

4.973

4.348

0.625

12.6

300°C

6.561

5.031

1.53

23.3

350°C

4.473

1.964

2.509

56.1

Figure 4. 42. Thermal gravimetric traces of SWNT bucky papers, as produced, after metallic
decoration and after annealing after metallic decoration.

In addition, after annealing there is a slight increase in the temperature of
decomposition of the SWNTs indicating that some sp2 nature has been recovered
during the annealing process. The dramatically increased final mass percentage
remaining after the TGA trace arises as the mass of ethylene glycol has been removed
from the sample, lowering the total mass, so the % mass is simple mass % of
CNTs+mNPs in this case, whereas it is the % of EG+CNTs+mNPs initially.
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Raman spectroscopy of metallated SWNT bucky papers showed significant changes in
the position of different RBM bands dependant on the metal decorated (Figure 4. 43).
In general, significant shifts were observed compared to the as-produced bucky paper in
the RBM region for Pd, Pt, Pt|Pd (at a pH of 11.45) and Pt|Ru.
a)

c)

b)

d)

e)

Figure 4. 43. Raman spectroscopy for SWNT bucky papers after microwave irradiation in the
presence of ethylene glycol solutions with, H2PtCl6, PdCl2, RuCl3, H2PtCl6 and RuCl3 or H2PtCl6
and PdCl2, a) detailing RBM peak shifts; and b) D band Raman peak.
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Interestingly the Raman spectra focussed on the G and D bands showed a dramatically
decreased G:D ratio after irradiation of the SWNT bucky paper in air. This result is in
direct opposition to the TGA result for SWNT soots (Figure 4. 20) and the MWNT
bucky paper Raman spectra (Figure 4. 27). It is hypothesised that the reason for this
difference arises from the bundled and immobilised nature of the SWNTs in a bucky
paper. For SWNT soot, the energy of the microwave process results in slight
debundling of the CNTs allowing for the air to access the sidewalls of the SWNTs
effectively reducing them in these conditions. MWNTs embedded in a bucky paper are
not bundled in the same way that SWNTs are, so the surface of the MWNTs are
exposed to air in general. However, for SWNT bucky papers the SWNTs are still in a
bundled form, and are not free to debundle during the microwave process. This means
that the radicals generated between SWNTs adjacent to each other are likely to react
with surrounding C atoms leading to the formation of bridges between CNTs in these
bundles and a net increase in the amount of sp3 species in the bucky paper.
It is also rather surprising that the addition of different metal centres, notably Platinum
and Platinum|Ruthenium particles leads to an increased G:D ratio relative to the raw
paper. It is thought that this effect arises due to the metals slightly separating the
bundles of SWNTs by mechanical strain after reduction, increasing the relative Raman
signal from the SWNTs not wrapped with surfactant or ethylene glycol.
In contrast to the annealing effects observed for the MWNT bucky papers, the TGA
traces for SWNT bucky papers demonstrate that the temperature needed to effectively
remove the ethylene glycol and surfactant from the bucky paper is through a 350°C
annealing procedure in air. The reason for the lack of apparent change in the final mass
of the bucky paper after initial Pt loading (at low temperature annealing) in comparison
to the bucky paper as produced is the low temperature mass present for the as produced
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paper. This low temperature mass arises from the Triton-X 100 surfactant utilised in the
production of these bucky papers, and is subsequently destroyed during the microwave
reduction process. SEM images of particles on the Pt/SWNTs (produced at a pH of
11.5) after annealing for 2 hours show a small amount of agglomeration of these
particles after this process. However, the gain in available surface area by removing the
ethylene glycol is thought to be greater than that lost through this agglomeration.
a)

b)

c)

Figure 4. 44. a) Scanning electron micrographs of SWNT bucky paper i) after annealing at
200°C and ii) after annealing at 350°C; and b) TGA traces of SWNT bucky papers as produced
and annealed at, 250°C, 300°C and 350°C.

In this section we have demonstrated the efficient decoration of numerous metal
centres and bi-metallic particles onto both SWNT and MWNT bucky papers. The use
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of the flat-bed reduction geometry dramatically reduced sample disintegration through
minimizing the amount of freedom the sample had though space.

4.3.4.2.

Nanoweb Architecture

The eCNT ‘Nanoweb’ architecture presented a unique set of challenges in tailoring the
microwave assisted polyol process for metal salt reduction. Chapter 3 discussed the
variations in the eCNT structures produced by CVD, with the optimal material having
significant variations in pore sizes. The Nanoweb consists of a porous sp3 carbon
dominated base layer, and an eCNT network on top with a porosity gradient. In terms
of microwave reduction techniques the challenges with the porosity is compounded by
the presence of approximately 10% of residual iron particles embedded in the base layer
(which strongly absorb microwaves and produce sparking).
Initial reduction tests on eCNTs were performed via a solution-based method at which
a piece of eCNT, either on quartz or free-standing, was placed in a standard reducing
solution with the entire solution vial irradiated. This bulk solution reduction geometry
presented problems for the eCNT by providing free motion throughout the solution.
Commonly after less than 5s of irradiation time small sparks were observed within the
reaction vessel, these sparks resulted in the disintegration of the eCNT structure,
blowing apart the stabilising base layer, reducing the size scale of the continuous pieces
from cm2 to mm2. These sparks are attributed to the amount of energy absorbed by the
iron nanoparticles embedded in the base layer of the eCNT network which interact with
microwave radiation violently. In spite of the problems with this methodology metallic
nanoparticles were successfully decorated onto the eCNT scaffold via this method.
Similar to that described for bucky papers the method used for reduction of metallic
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salts was predominantly switched to a flat bed reduction geometry such that larger areas
of the 3-dimensional architecture could be examined.
Decoration of 3-D entangled CNT ‘nanoweb’ architectures was performed with a focus
on the loading of platinum onto these architectures, targeted towards the application of
cathode electrodes for proton exchange membrane fuel cells. Metals such as gold,
palladium, ruthenium and platinum|gold bimetallic particles were briefly examined
however in depth studies on these metal centres were not completed.

4.3.4.2.1.

Decoration with Gold Nanoparticles

Loading of the eCNTs with gold nanoparticles was found to produce a low loading of
large gold particles on the order of 100nm in diameter (Figure 4. 45). This low level of
loading appears to be consistent with that observed for MWNT bucky papers (Figure 4.
30) and MWNT soot material (Figure 4. 21). The causal effect of these large particles is
the affinities the Au metal centres have for each other, allowing for agglomeration to
occur in solution and to continue when bound to the CNT.

a)

b)

Figure 4. 45. Secondary electron images of EDS windows for gold nanoparticles decorated
onto eCNT nanoweb.
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4.3.4.2.2.

Decoration with Palladium Nanoparticles

Palladium nanoparticles were successfully loaded onto eCNT architectures through the
microwave-assisted polyol reduction, with particles appearing to be sub 20nm in
diameter (Figure 4. 46). EDS line mapping of these Pd particles loaded onto the eCNT
nanoweb showed a clear palladium signal over the CNTs, with a low signal coming from
Iron and chlorine also observed for the sample.

a)

b)

c)

Figure 4. 46. a,b) Scanning electron micrographs of eCNT nanoweb loaded with particles
produced by the microwave-assisted polyol reduction of PdCl2; and c) EDS line profile of Pd
particles loaded onto eCNT.

4.3.4.2.3.

Decoration with Ruthenium Nanoparticles

Decoration of ruthenium nanoparticles was significantly more successful on the eCNT
networks compared to either gold or palladium reduction. This effect is the opposite of
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that observed for the bucky paper architecture where decoration of raw ruthenium
particles was only observed through secondary analysis techniques.

a)

b)

c)

d)

e)

Figure 4. 47. Electron microscopy of particles produced by the reduction of RuCl2 loaded onto
an eCNT nanoweb architecture; a,b) scanning electron microscopy images; c,d) Secondary
electron image of the particles for EDS analysis; and e) EDS spectra of the Ru particles.

On the eCNT network, a high concentration of particles was observed to coat the
CNTs throughout the architecture. These particles were observed to be less than 10nm
in diameter and consistent in size. EDS line mapping showed a clear correlation
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between the presence of a Ru peak and the CNT itself, indicating the Ru is loaded onto
the CNT not just loose within the pores of the sample.
High resolution SEM was performed at the University of Sydney by Dr Tony Romeo on
these samples which showed the particles to be spherical in nature and clearly coating
the entirety of the eCNT structure, rather than just the surface CNTs.

a)

b)

c)

d)

Figure 4. 48. High resolution scanning electron micrographs of Ru particles loaded onto
eCNTs through the microwave-assisted polyol reduction technique.

4.3.4.2.4.

Decoration with Platinum Nanoparticles

Decoration of platinum particles onto the eCNT structure produced a range of different
metal architectures dependant on the parameters utilised.
Platinum particles produced using the solution based geometry at a pH of 12 showed a
relatively low loading of platinum particles across the eCNT architecture (Figure 4. 49).
EDS provided evidence for the presence of platinum onto the backbone onto the CNT,
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however, for the solution based method there was a significant chlorine peak present in
the spectra.

a)

b)

c)

d)

Pt C Cl

e)

Figure 4. 49. Scanning electron micrographs of a-c) metallic platinum reduced using a solution
based reduction geometry, with the bright points corresponding to Pt particles; d) overlay with
peak intensities for carbon, chlorine and platinum by EDS spectroscopy; and e) EDS spectra
for the points shown in d).

This peak is indicative of incomplete reduction of the platinum salt, insufficient washing
of the sample after reduction, or binding of chlorine to the CNT. It is also notable that
in this case the majority of the Pt particles are observed at ‘kinks’ in the MWNTs, with
this suggesting that defects are playing a larger role in the reduction of metallic salts
onto the eCNT than for bucky papers.
164 | P a g e

a)

b)

Figure 4. 50. Scanning electron micrographs of eCNT loaded with Pt particles without the
addition of NaOH through the solution reduction geometry.

a)

b)

c)

Figure 4. 51. Electron microscopy of eCNT nanoweb coated with Pt particle clusters through a
flat bed reduction geometry at a pH of 12.1; a, b) scanning electron micrographs; c) EDS
spectra of the clusters.

Decreasing the pH of the reducing solution by not adding NaOH resulted in an increase
in the visible amount of Pt particles attained on the CNT sidewall. The particles were
also of a smaller size, approximately 5nm in diameter, compared to the high pH solution
based reduction method, where the particles were approximately 10-20nm in diameter.
In addition, the particles produced from the low pH system do not appear to be
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clustered around the 5,7-ring defects present at the twists of the CNTs. Rather these
particles are dispersed evenly along the CNT sidewall. This change suggests a shift in the
primary reduction pathway taken for the eCNTs with increasing pH.
Switching to the flat bed method at high pH values resulted in an increased loading of
Pt particles onto the eCNT matrix. There was also a significant change in the
morphology of the reduced particles from discrete particles to clustered particles (Figure
4. 51).
The EDS spectra of these particle clusters showed a prominent Pt peak while no peak
corresponding to chlorine could be observed. This indicates that the particles decorated
onto the eCNT network using this set of conditions are not retaining chlorine within the
structure or on the surface. The suspected reason for this decrease is the higher
observed loading of Pt for this sample, which means that remnant chlorine ions on the
CNT sidewall are giving proportionally less signal than the Pt clusters. The relatively
large size of these clusters also allowed for the performance of EDS mapping to
examine changes in Pt signal with these clusters. The EDS mapping showed a high
degree of spatial conformance between the Pt clusters and their position on the eCNTs
(Figure 4. 52). The EDS mapping signal appears to indicate the presence of other Pt
material spread over the eCNT structure, however it is suspected that this signal arises
from signal overlap from the clusters themselves or background signal from other
portions of the sample, as no smaller particles were observed in high resolution SEM
imaging (Figure 4. 51b).
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a)

b)

c)

d)

e)

Figure 4. 52. EDS mapping specttra of clustered Pt particcles loaded oonto eCNT nanoweb
through th
he polyol miicrowave redduction proccess; a,c) Ptt intensity m
maps; b,d) Secondary
S
electron im
mages of a) and
a c) respecctively; e) 3-d
dimensional representatioon of the Pt signal in
space produuced from c).

The formaation of thesse clustered platinum naanoparticles is hypothessised to occu
ur due to
a change in
n the domin
nant reductioon pathway under thesee reaction coonditions. Under
U
the
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reduction conditions that form clusters it is suggested that Pathway 2 (Scheme 4. 3)
dominates in combination with particles being reduced in solution. This results in a
limitation in the available reduction sites which, in turn, leads to excess nanoparticles
forming in solution. These excess nanoparticles, capped with ethylene glycol derivatives,
cluster together around these oxidised CNT sites leading to the formation of larger
nanoparticle clusters. It is also possible that the lack of excess solvent in the flat bed
reduction geometry inhibits nanoparticle motion away from the CNT sidewall so more
nanoparticles that are reduced become adhered to the CNT architecture.
Reduction using the flat bed geometry at an acidic pH resulted in a change in the
morphology of the platinum particles deposited, from the clustered morphology initiallu
observed, to an individual particle morphology (Figure 4. 53). This change in
morphology is driven by the effect of sodium hydroxide on the interaction between the
CNTs and the Pt salt. The NaOH appears to impede the bonding between CNTs and
Pt particles and, as such, when added to the reducing solution the Pt particles are more
likely to form and bind to other Pt particles than the CNT sidewall. Without the NaOH
present both binding to other Pt particles or CNTs are possible resulting in either small
clusters of Pt or discrete particles. EDS mapping performed on these discrete Pt
particles was unable to obtain high enough spatial resolution to distinguish between the
small Pt particles. However, the Pt signal was observed to be confined to the eCNT
structure.
Annealing of these discrete particles at 300°C for 2 hours did not result in a significant
morphological change. Indeed the particles on the eCNTs were observed to be
significantly sharper under SEM imaging after annealing, a factor attributed to the
removal of the ethylene glycol from the structure.
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a)

b)

c)

d)

e)

f)

Figure 4. 53. Scanning electron micrographs of eCNT nanoweb loaded with Pt particles
through a microwave-assisted polyol reduction at a pH of 2.0; a,b) as reduced particles; c,d)
after annealing of the eCNT/Pt composite at 300°C for 2 hours; e) secondary electron image of
region examined by EDS mapping (from a)); and f) platinum signal map from EDS mapping.

Indeed analysis of these particles on the eCNTs after annealing using the transmission
electron detector within the SEM demonstrated a minimal amount of residual ethylene
glycol on the material and the lack of agglomeration for the Pt particles after the
annealing procedure (Figure 4. 54).
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a)

b)

c)

d)

Figure 4. 54. Electron microscopy using the transmission electron detector within the SEM of
discrete Pt particles on eCNT particles; a,b) particles prior to annealing showing a coating of
ethylene glycol; and c,d) particles after annealing at 300°C showing minimal ethylene glycol.

Of great importance with regards to the decoration of nanoparticles onto any 3dimensional material is the penetration of the loading into the material. The challenge of
achieving good percolation is compounded on the nanoweb by the material having a
gradient of porosity. That is, the surface having quite large pores, which get constantly
smaller towards the base layer. EDS analysis using a 7 point line technique showed a
clear decrease in the platinum loading throughout the ample, with virtually no signal
being observed for the base layer (Figure 4. 55).The decrease in Pt with distance from
the surface of the eCNT is not as problematic as it appears. As these materials are
targeted for electrochemical applications access to these particles will be limited by
electrolyte diffusion. This diffusion limitation means that for any application where
there is a variation in applied electrochemical potential the electrolyte must take time to
diffuse into the pores. As such, greater signal will come from Pt readily available at very
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short diffusion times and distances. Thus, by having a Pt concentration gradient which
correlated with changes in porosity of the structure we get a platinum loading which is
in direct relation with the rate at which a material can diffuse into these areas, resulting
in a greater overall utilisation of platinum on a mass basis, in comparison to a even
loading of Pt particles through the structure.
As a side note there is a dramatically increased iron signal only in the base layer, with
there also being a small amount of iron in the tips of the eCNTs. This iron signal
demonstrates that the growth here is predominantly by a root growth vapour-liquidsolid mechanism with a small amount of CNTs produced by tip growth.

a)

b)

c)

d)

Figure 4. 55. EDS analysis of Pt loaded eCNT nanoweb using a 7 point line technique; a) SEM
image of eCNT nanoweb; b) Secondary electron image with relative EDS peak signal overlayed;
c) EDS signal for the far right line point (unlabelled peak is iron); and d) EDS signal for the far
left line point.

Thermal gravimetric analysis of samples produced from the flat bed reduction geometry
showed a significant change in the mass percentage of platinum decorated onto the
CNTs after different treatments.
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Figure 4. 56. TGA traces of eCNT loaded with platinum using the flat bed reduction geometry.

The clustered Pt morphology produced at high pH values (Figure 4. 51) showed an
extremely high mass loading of 53%. This mass loading was decreased to 30% at low
pH values under identical reduction conditions (microwave reduction time).

This

increase in mass loading at a high pH arises due to the increased thermal excitation of
the solution due to higher water content (with sodium hydroxide raising the pH) causing
an increased total amount of reduced platinum in solution. This increased total amount
of reduced platinum is then able to bind to other Pt particles bound to the CNT
sidewall resulting in the observed clusters. These clusters are hemi-spherical in nature
and thus are 3-D Pt morphologies rather than the 1-D morphology of single Pt particles
observed at low pH values and, as such, contain a significantly greater amount of
platinum over an equivalent CNT surface area. The decreased loading levels of platinum
observed when the eCNT was pre-treated with plasma is indicative of the eCNT
networks reacting according to pathway 1 or 3 (Scheme 4. 3), that is, reacting specifically
with defects created during the microwave process or simply adsorbing onto the CNTs
sidewall, rather than on pre-existing defect sites.

172 | P a g e

a)

b)

c)

d)

e)

f)

Figure 4. 57. Electron microscopy of whiskers produced through the reduction of H2PtCl6 in
the presence of sodium hydroxide and acetonitrile; a) SEM image; c) SEM image after EDS
mapping; c) EDS spectra of the sample; d) carbon EDS map of f); e) platinum EDS map of f);
and f) secondary electron image of area examined by EDS map.

Addition of acetonitrile to the flat bed reduction procedure (performed at high pH
values) resulted in the formation of whiskers previously observed. Similar to previous
examples (Figure 4. 38) EDS analysis of these materials did now show any special
conformance of the platinum signal to these whiskers indicating the likelihood that
these are in face sodium titanate crystals. In addition these crystals were found to be
unstable under the high currents passed through them during EDS mapping, resulting
in a destruction of the whisker architecture. The presence of reduced platinum is also
observed as discrete particles surrounding these whisker clusters.
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a)

b)

c)

d)

e)

Figure 4. 58. Scanning electron micrographs of Pt particles decorated onto the unique eCNT
tri-layer structure; a) cross-sectional image of the structure; b) top layer coated with platinum
particles; c,d) base layer coated with platinum particles.

Platinum reduction was also performed on the unique eCNT architecture produced with
small MWNTs on once facet and large carbon fibres produced from the other side of
the base layer. Rather surprisingly using the flat bed reduction geometry at low pH
values there appeared to be no preference in the positioning of the reduced Pt particles,
with a high loading observed on both the larger fibres and small MWNTs. This result
suggests that there is still significant levels of sp2 bonding present in the top fibre layer
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of this material, as without this sp2 bonding the Pt particles would not interact with the
carbon to from such a particle morphology.

4.3.4.2.5.

Characterisation and Summary of Decoration on eCNT Nanoweb

a)

b)

c)

Figure 4. 59. Raman spectra of eCNT nanoweb (y axis is counts normalised to the D band)
treated with different metals through the microwave-assisted polyol reduction of metal salts; a)
full spectra; b) G and D bands; and c) second harmonics of the D band.

Raman spectroscopy on the eCNT nanoweb provides significantly less information
about binding in comparison to that of SWNT bucky papers as the only visible
information related to the G and D bands rather than restriction on the breathing of the
CNTs. In addition, the morphology of the eCNTs results in significant scattering of the
laser line from the sample meaning the overall signal intensity is relatively low (Figure 4.
175 | P a g e

59). The graphitic band at approximately 1580 cm-1, corresponding to sp2 carbon atoms,
is split into two peaks when using the 1800 lines mm-1 grating. Both of these peaks have
a large FWHM of between 30 cm-1 and 40 cm-1 for all samples which is characteristic of
these peaks coming from MWNTs.222 G:D ratios (Table 4. 5) were shown to increase
for all samples after microwave irradiation, a surprising effect given the surface
functionalisation of the CNT sidewalls with oxygen groups through this process. The
2nd harmonic of the D band is present for all samples at 2640cm-1 and counter-intuitively
corresponds to the presence of sp2 carbons within the structure.6,

218, 221, 271

This odd

effect arises due to the 2nd harmonic vibration arising from a two phonon coupling
interaction rather than a single phonon vibration.218 Unfortunately due to the high
amount of scattered light due to the structure of the eCNT architecture the signal to
noise ratio for this material rendered meaningful analysis of this peak unachievable.
The peak labelled G1607 here was determined to correspond to defects along the CNT
sidewall.109,

221, 244

The G1575:G1607 ratio was found to decrease for the ethylene glycol

treated and Pt loaded eCNT samples relative to the untreated eCNT sample, and
increase for Au and Pd loaded samples. This decrease in the ratio corresponds to
increased sidewall functionalisation and corresponds to sidewall oxidation which occurs
due to the ethylene glycol during the microwave process.
The significantly higher G1575 peak for the palladium loaded sample is unexpected and
suggests that this sample was not oxidised during the reaction, and existing defects on
the sidewall were removed through radical reaction. The reason for this occurring
specifically for the palladium reaction is not known at this time.
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Table 4. 5. Summary of the ratios of the G:D band Raman peaks for eCNT after various
treatments.

Sample

G1575:D

G1607:D

G1575:G1607

eCNT

0.52

0.43

1.22

Air‐eCNT

0.59

0.50

1.16

EG‐eCNT

0.55

0.52

1.05

Pt‐eCNT

0.55

0.52

1.06

Au‐eCNT

0.64

0.51

1.25

Pd‐eCNT

0.68

0.45

1.50

b)

a)

c)

Figure 4. 60. Optical images of the contact angle of water on eCNT nanoweb a) as produced,
b) after irradiation in ethylene glycol; and c) effect of microwave irradiation intensity on the
contact angle of eCNT nanoweb when irradiated in air.
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This sidewall functionalisation is demonstrated through contact angle measurements
using water (Figure 4. 60). The contact angle measurements show a dramatic decrease in
the contact angle from 139.6° to 49.2° after just 5s of irradiation at 1200W in ethylene
glycol. Irradiation in air at any examined power (1200W being the maximum power of
the microwave apparatus) did not produce a significant change in the contact angle of
the top CNT layer. However, there was a slight decrease in the contact angle of the base
layer with increasing microwave power, probably due to the energy generated by the
iron particles in this layer resulting in a change in the porosity of this layer.
In this section we have demonstrated the efficient decoration of numerous metal
centres onto eCNT nanowebs. Control over particle morphologies, most notably for
platinum, were obtained through use of additives, pH control and reduction geometry.

4.4. Concluding Remarks
Throughout this chapter we have demonstrated the development of the microwaveassisted polyol reduction method for a range of metallic salts with a focus on the
reduction of chloroplatinic acid. The ability to decorate a range of 3-dimensional CNT
based architectures has been emphasised, which in turn provides excellent evidence for
the versatility of this technique.
Metal nanoparticle morphologies have been demonstrated to be controllable by varying
the reduction conditions in terms of additive, pH and reduction geometry.
The effect of microwaves in a polyol reduction technique has been studied showing
oxidation of the CNT sidewall resulting in a change in the contact angle of these
materials after irradiation. This functionalisation is crucial for electrochemical
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performance, along with the changes in metal particle loading with substrate porosity
and morphology.
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Chapter 5:

Electrochemical Device Applications
5.1. Introductory Remarks
The end goal of any material design is in the utilisation of the material in an application,
whether practical or esoteric. There are two approaches in reaching an application for
any given material, the traditional approach is the production of a material, examination
of its properties and the use of the material in an application which suits these
properties. The second approach is to examine a deficiency in a given application and
attempt to design and produce a material capable of filling this hole. The approach
taken within this work is a combination of both approaches, the original synthesis of the
eCNT nanoweb was the production of a new CNT architecture. The loading of metal
particles via microwave treatments arose due to the combination of properties this
loading would afford to the structure tailoring the material, and adding device specificity
for super-capacitors, li-ion batteries or hydrogen (or direct methanol) fuel cells.
5.1.1. Composite Electrode Materials
The combination of the properties from a range of different materials is oft required to
achieve improved properties for electrochemical devices. Electrochemical devices rely
on the porosity, electronic conductivity and electrochemically active surface area of the
electrodes. Porosity allows for fast diffusion of either the electrolyte or the fuel/waste to
and from the electrode. Electronic conductivity allows the charge generated at the
electrode|electrolyte

interface

to

be

extracted

from

the

electrode.

While

electrochemically active surface area defines the total amount of charge that can be
generated at the electrode surface. Subsequent to these properties effects such as surface
energy and chemical stability have secondary effects on electrode performance. Surface
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energy by defining which electrolytes can be used with any given electrode system and
chemical stability by defining the cycle-ability of an electrode.

5.2. Experimental Set‐Up and Variables
Experimental variables and methods are as described in Chapter 2.2.1 and Chapter
2.2.2.
Specifically CNT bucky papers loaded with gold, palladium, and platinum nanoparticles
were produced and characterised as electrochemical double layer capacitors. The metal
nanoparticles found to have the best performance electrochemically were then
decorated onto eCNT Nanoweb for further EDLC testing.
Platinum nanoparticles loaded onto CNT bucky papers were utilised to examine the
electro-active surface area utilising the methodology described in Chapter 2.1.3.
Platinum nanoparticles loaded onto eCNT nanoweb were examined using single cell
fuel cell testing apparatus as described in Chapter 2.2.1.2.8.

5.3. Discussion of Results
5.3.1. Electrodes as Super‐Capacitors
5.3.1.1.

Carbon Nanotube ‘Bucky’ Papers

Carbon nanotube/amorphous carbon ‘Bucky’ papers have oft been used as template
materials for studying the attachment of various moieties such as metal nanoparticles to
CNTs. Nevertheless, bucky papers do in themselves possess a moderate to high
capacitive response with fast electrode kinetics.
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5.3.1.1.1.

Metallated Carbon Nanotube ‘Bucky’ Papers

The capacitive response, energy and power densities of the composite materials were
determined from cyclic voltammetry (CV). CV applies a triangular potential waveform
to an electrode whilst monitoring the current response at different points. In a nonfaradic electrolyte current (or charge) is stored on an electrode by an electronic double
(or Helmholtz) layer. Effectively, higher currents arise from a greater amount of surface
area accessible to the electrolyte, a porosity effect, and/or a decreased resistivity. The
capacitance (Equation 5. 1), energy (Equation 5. 2)and power (Equation 5. 3) densities
can be calculated from the following equations, where C is the capacitance in Farads per
gram (or farads per kilogram in equations 2 and 3), I is the current in Amps,  is the
scan rate in Volts per seconds (or Volts per hour for calculations in equations 2 and 3),
m is the mass in grams (or kilograms for equations 2 and 3), E is the Energy density in
Watt hours per kilogram, V is the voltage window of the voltammogram, and P is the
power density in Watts per kilogram:


Equation 5. 1. Expression relating capacitance to current, scan rate and electrode mass.
∆
Equation 5. 2. Expression for calculating energy density from cyclic voltammetry.
∆

∆

Equation 5. 3. Expression for calculating power density from cyclic voltammetry.

The cyclic voltammograms for metal nanoparticle loaded MWNT bucky papers in 1M
potassium chloride are shown in Figure 5. 1. At 50mVs-1 the maximum change in
current, I, is observed for the Pt/MWNT sample.
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Figure 5. 1. a) Cyclic voltammograms of MWNT bucky papers after different treatments in 1M
KCl at 50mV/s plotted against a silver|silver chloride reference electrode.

Capacitance calculations were performed taking I at -0.3V against a Silver|Silver
Chloride reference electrode (Figure 5. 2). When normalized on a current per mass basis
the results were as follows: Pt > Pd > Au > Air > Ethylene Glycol. By performing a
linear fit for normalized current against scan rate a resultant average value for
capacitance was extracted. The R2 values for these linear fits shows an increased
dependence of capacitance on scan rate for the ethylene glycol irradiated, platinum
loaded and palladium loaded MWNT bucky papers in comparison to Au/MWNT and
Air Irradiated MWNT bucky papers.
For Pt, Pd and Au these results follow logically from the particle size analysis obtained
through SEM imaging (Figure 5. 3), where Pt > Pd > Au. Smaller particles have a
higher surface area to volume ratio and thus for similar masses these smaller particles
have a greater surface area at which a double-layer could form.
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a)

b)

Figure 5. 2. Capacitance calculation graphs for mNP loaded bucky papers; a) Full scan rate
range; and b) Slow scan rate range.
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a)

b)

c)

d)

Figure 5. 3. Scanning electron micrographs of MWNT bucky papers; a) Untreated; b) Loaded
with gold nanoparticles; c) loaded with palladium nanoparticles; and d) loaded with platinum
nanoparticles.

Time constants in non-faradic systems correspond to the time taken to charge and
discharge the double layer, and are affected directly by the electrode pore-size, resistivity
and the electrode-electrolyte interactions. Through cyclic voltammetry the time constant
is determined by half the time taken to discharge a fully charged electrode at a given
scan rate though the following equations, where t1/2 (Equation 5. 4) is the time constant
as extracted from CV and  is the RC time constant for the electrode (Equation 5. 5):

Equation 5. 4. Expression for determining the half life of the charging rate for cyclic
voltammetry.

Equation 5. 5. Expression for calculating the RC time constant from cyclic voltammetry.
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The capacitance for Pt/MWNT and Pd/MWNT was found to be highly dependent on
scan rate, especially at scan rates below 0.1V/s (Figure 5. 4). This dependence results in
a rapid increase in capacitance at slow scan rates. This capacitance increase is thought to
occur due to the small pores formed in between either adjacent particles and the
MWNTs or two or more particles adjacent to each other. At slower scan rates there is
sufficient time for the ions in solution to diffuse to these smaller pores and form an
electrical double layer, whereas at faster scan rates this is not possible.
The dependence of the capacitance of ethylene glycol with scan rate is typical of a mesoporous system, where the pores are not rate limited in terms of size. That is, the material
is highly porous at pore sizes greater than 2nm, however micro-pores such as those
between particles and CNTs or adjacent particles do not exist, or do not contribute to
the capacitance significantly. The most interesting capacitive response is for the air
irradiated bucky paper, where the capacitance is found to be independent of scan rate
below 0.05V/s. This indicates a saturation of the electrolyte into the pores of the air
irradiated structure and as such the system is no longer diffusion limited. From an
electrode material stand point it is thought the inter-tube bridging discussed in Chapter
4 results in a loss of micro-pores and small meso-pores in the system whilst decreasing
the resistance of the system overall (as demonstrated by TGA analysis).
For electrodes in electrochemical devices different combinations of power and energy
densities are required, super-capacitors for example require extremely high power
densities, fuel cell devices require high energy densities while batteries, dependant on the
specific application require moderate values of both. The highest energy and power
densities obtained were both from the Pt/CNT paper with 5.79Wh/kg (at 86.8W/kg)
and 3470W/kg (at 2.31Wh/kg) respectively (Figure 5. 4).
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a)

b)

Figure 5. 4. Electrochemical interpretation of metallated bucky paper electrode; a) Capacitance
of each bucky paper showing a clear diffusion dependence for all samples except ethylene glycol
irradiation; and b) Ragone plot for metallated bucky papers.

These compare favourably with values in literature for bucky papers, with polypyrrolefunctionalised bucky papers having a Pmax of 4800W/kg and 3.3kJ/kg (0.92Wh/kg).272
Pristine bucky papers produced from arc discharge MWNTs have demonstrated a
maximum power density of 8000W/kg although the maximum energy density is only
0.5Wh/kg.273 Thin Films are expected to have higher power densities in comparison to
MWNT bucky papers due to the decrease in diffusion limitation in such pseudo 2-D
structures allowing for significantly greater discharge rates to be reached. Indeed
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literature values for thin films are significantly higher in terms of power density than for
our MWNT bucky paper samples, with values up to 20000W/kg,139 43300W/kg and
69.4 Wh/kg,274 and 30000W/kg and 11Wh/kg for an aligned thin film.133
Table 5. 1. Summary of the electrochemical properties extracted from cyclic voltammetry in 1M
KCl of bucky papers treated via different methods.

Sample

CapacitanceMax
(F/g)

cv
(s)

Power
Density
(W/kg)

Energy
Density
(Wh/kg)

Untreated

33.5

-

-

-

Air Irradiated

31.0

0.62

1950

3.06

Ethylene
Glycol

24.1

1.12

796

2.46

Pd

48.9

1.00

1420

4.89

Au

36.8

0.87

1560

Pt

56.7

0.75

3470

3.76
5.79

Electronic impedance spectroscopy (EIS) allows for the thorough investigation of a
range of electrochemical properties including; electronic conduction, ion transfer
(diffusion) and capacitance. Plotting the real part of impedance Z’ against the imaginary
part of the impedance Z’’ gives a Nyquist plot (Figure 5. 5a) which is fitted against
mathematical models and allows for the extraction of an equivalent circuit and
resistance values for the sample. The CNT/mNP hybrid materials were fitted to a
simple model of a mixed kinetic and charge transfer control system via Rs(RctCPE)Wo
(Figure 5. 5c) where Rs represents the solution resistance, Rct represents the charge
transfer resistance, CPE, the constant phase element, and Wo represents an open circuit
Warburg impedance.

188 | P a g e

a)

b)

c)

Figure 5. 5. Electrochemical impedance spectroscopy for metallated bucky papers a) Nyquist
plot of real and imaginary impedance; b) real and imaginary capacitive data from EIS; and c)
fitted model of the EIS results.

The constant phase elements represents a non-ideal capacitance, when CPE-P
approaches 1 the CPE will function as an ideal capacitor in an equivalent circuit. The
open circuit Warburg impendence, corresponds to diffusion limitations within the

189 | P a g e

electrode and can be used to extract time constants for the capacitive response of the
system.
The polarization resistance of the electrode|electrolyte interface is visualized by the
semi-circle in the Nyquist plot (Figure 5. 5a). This resistance is dramatically increased for
the ethylene glycol treated sample due to both the functionalisation of the CNT
backbone with oxide groups and wrapping of the CNTs with ethylene glycol molecules
which inhibit electron transfer between the electrolyte and the electrode (Figure 5. 6).
a)

b)

Figure 5. 6. Transmission electron images of MWNT soots coated with ethylene glycol after
microwave irradiation in the presence of ethylene glycol (left scale bar is 100nm, right scale bar
is 10nm).

The interfacial resistance is smallest for the air irradiated sample, due to the annealing
affect increasing the conductivity and removing resistive filler material. Rather
surprisingly the Pt-MWNT BP sample showed a lower interfacial resistance in
comparison to the as-produced bucky paper. This decreased resistance arises from the
growth of the platinum particles at defect sites providing alternate electron pathways
around CNT defects. This effect is countered by the presence of residual ethylene glycol
molecules coating the CNTs resulting in a resistance that is only slightly decreased. Both
gold and palladium loaded bucky papers have a higher interfacial resistance when
compared to the as-produced bucky paper. The larger particles observed for these
metallic species in comparison to platinum particles means that they do not provide as
many alternate paths for electrons to travel over the defects, meaning the overall
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conductivity of the CNTs is not increased as dramatically in the case of gold and
palladium. As such, the residual ethylene glycol coating more than counteracts the
benefits of the metal ions in terms of interfacial resistance.
For EIS, the capacitance is determined in two parts, the real capacitance (Cre) (Equation
5. 6) and the imaginary capacitance (Cimg) (Equation 5. 7) which arise from the real (Zre)
and the imaginary (Zimg) parts of the impedance;

|

|

Equation 5. 6. Expression of the real capacitance calculated from EIS.

|

|

Equation 5. 7. Expression for the imaginary part of capacitance calculated from EIS.

Where f is the frequency and |Z(f)| (Equation 5. 8) is the modulus and;
|

|

.

Equation 5. 8. Expression to determine the modulus of the impedance from raw EIS data.

Plotting CRe and CImg against frequency will generate the maximum capacitance and the
time constant of the electrodes respectively (Figure 5. 5b). The capacitance calculated
by EIS was found to be approximately half of that observed in cyclic voltammetry. The
reason for this is the high frequency range examined in these tests. With no plateaus
observed for the examined range. However, time constants extracted from these EIS
results (taken from the imaginary part of capacitance) correlate well with those taken
from CVs. The fitted parameters for the EIS are summarized in Table 5. 2.
Based on both the analysis of both cyclic voltammogram and electrochemical
impedance spectroscopy data it was determined that Pt-MWNT bucky papers provided
the best electrochemical performance for use as a super capacitor device. The Pt-
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MWNT electrode had the highest capacitive response, fastest charging and discharging
rates (as defined by ), the highest energy and power densities, and equivalent
resistances to other metallated samples.
Table 5. 2. Electrochemical parameters obtained from fits of the electrochemical impedance
spectroscopy for carbon nanotube bucky papers loaded with different metallic particles.

Rs
[W]

Rct
[W]

CPE-T

CPEP

Wo-R

WoT

WoP

imp
[s]

17.5

16.08

0.00020

0.54

12.13

0.13

0.45

0.76

Air
Irradiated

21.36

13.00

0.00003

0.58

2.10

0.012 0.45

0.53

Ethylene
Glycol

23.93

69.38

0.00009

0.46

21.59

0.21

0.47

1.50

241.2

40.84

0.00012

0.56

14.96

0.11

0.48

0.93

23.94

19.61

0.00028

0.49

8.47

0.094 0.46

0.91

24.29

14.99

0.00011

0.52

8.72

0.056 0.45

0.69

Sample
Untreated

Pd
Au
Pt

As such, further electrochemical testing was performed on this system, with cyclic
stability utilised to determine the longer term cycle-ability of the electrode (Figure 5. 7).
There was a surprising change in the line shape of the cyclic voltammogram with
increasing cycle duration, with drift towards more negative currents observed. In
addition the t1/2 decreased from 0.44s for the 2nd cycle, to 0.27s for the 500th cycle
corresponding to  of 0.64 and 0.38 respectively. This change is not observed for the
untreated MWNT sample, with the only apparent change in the CV line shape being the
slight shift towards more negative currents. From this it can be deduced that the
improvement in time constant arises from either activation of the Pt particles on the
surface of the CNTs or removal of ethylene glycol from the pores. It is unlikely that
there is an activation affect being observed as the overall capacitance of the electrode is
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not improved with cycle life. As such, removal of ethylene glycol from the electrode
pores is a likely cause of the change in time constant. This removal would decrease the
time constant by lowering the resistance between the electrolyte and the CNT/Pt.
According to Equation 5. 4 t1/2 is directly proportional to the resistance, and as the
capacitance does not vary for this system it can be concluded that it is this resistance
that must be decreasing in order for there to be such a marked decrease in t1/2.
The second surprising effect observed over 500 cycles was the initial decrease in
capacitance over 20 cycles for both untreated and Pt/MWNTs and subsequent recovery
of this capacitance to 101% of the initial capacitance by 100 cycles for the Pt/MWNT
sample. This initial decrease in capacitive response it hypothesised to occur due to
removal of small amounts of unbound (or - stacked rather than entangled) carbon
allotropes in the structure through diffusion resulting in slightly less electro-active
surface area and hence lower capacitance. This hypothesis can also explain the
difference in initial capacitance decrease between the untreated and Pt/MWNT samples.
For the Pt/MWNT sample a significant portion of the capacitance arises from tightly
bound Pt particles meaning there should be a lower percentage change from the loss of
some carbon species compared to the raw sample.
Secondly the microwave treatment utilised to deposit the platinum onto the MWNTs is
known to induce bridging between CNTs,111 and thus it is likely that some of this
material that was initially unbound becomes covalently bound to the structure resulting
in a lower capacitive loss over the examined regime. The capacitive recovery observed
for both untreated and Pt/MWNT samples arise from a diffusion effect of the
electrolyte into the smaller pores in the structure. At 50mVs-1 a single scan of 1.6V takes
52s to complete and 100 scans approximately 53 minutes.
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a)

b)

c)

Figure 5. 7. Cyclic stability of both Pt/MWNT and untreated MWNT bucky papers in 1M
KCl(aq) at 50mV/s a) Cyclic voltammetry showing line shape changes with cycle time, 500 cycles
shown; b) capacitive response taken at 0V (vs. Ag/AgCl reference) over cycle time; and c)
capacitance as a percent of the initial capacitance plotted against cycle number.

The optimisation of an electrochemical capacitor device utilised Pt/MWNT electrodes
as this material had the best properties in terms of specific capacitance and power
density, the two key parameters for an electrochemical capacitor. 6M KOH was utilised
as an electrolyte in line with literature reports.41
Cyclic voltammetry of the device showed a high capacitance at scan rates significantly
greater than that attainable for Pt/MWNT as in a 3-electrode configuration, with scan
rates up to 1V/s still showing capacitive behaviour. The maximum capacitance,
calculated per electrode weight, obtained from CV was 107.1F/g a dramatic
improvement of 92% compared to the equivalent material in a 3-electrode cell (Figure 5.
8). This improvement is attributed to an electrolyte with a higher ionic concentration,
and a lowering of the diffusion distance between opposing electrodes in a device
configuration. Electrochemical impedance spectroscopy demonstrated a polarisation
resistance of the device of 4Ω which is dramatically improved from the 14.99Ω
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observed for the 3-electrode cell system. Capacitance calculations from Equation 5. 6
and Equation 5. 7 show a capacitive plateau at 80F/g at 0.002Hz and a time constant at
0.12Hz.
a)

b)

c)

d)

e)

f)

Figure 5. 8. Electrochemical characterisation of Pt/MWNT device using 6M KOH; a) Cyclic
voltammetry; b) Capacitance calculations; c) Stability test of the device over 200 cycles at
50mV/s; d) electrochemical impedance spectroscopy of real and imaginary capacitances; and e)
Nyquist plot for the device showing the polarisation resistance and the knee region; and f)
Ragone plot from both cyclic voltammetry and electrochemical impedance spectroscopy.

However, at the lowest examined frequency of 0.0012Hz the real capacitive response
begins to increase again indicating that there is a potential second time constant for the
device at longer time scales. Power and energy densities were calculated from both EIS
and CV and with a good correlation with the device showing a maximum power density
of 4338 W/kg and a maximum energy density of 5.60 Wh/kg.
195 | P a g e

a)

b)

c)

d)

Figure 5. 9. Charge discharge curves for Pt/MWNT bucky paper device at varying
charging/discharging rates; a) 1.5mA/mg; b) 1.0mA/mg; c) 0.5mA/mg; and d) 0.25mA/mg.

Testing of the Pt/MWNT bucky paper device by galvanostatic charging/discharging
showed promising stability over 50 cycles at the highest current density examined of
3A/g, with no statistically relevant change in the average time to charge (or discharge)
over these cycles. The IR drop for the device was calculated to be 40Ω and independent
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of current density. The total capacitance of the device was found to be slightly lower
than that observed by EIS at 75F/g (Figure 5. 10).
a)

b)

c)

d)

Figure 5. 10. Capacitance calculations for galvanostatic charge/discharge testing of Pt/MWNT
device a) stability of capacitance with cycle number; b) Summary of capacitance at charging
rates of 3A/g, 2A/g, 1A/g and 0.5A/h; c) Optical image of the device as fabricated; and d)
after 3 days, showing dramatic membrane degradation in 6M KOH.

This drop in capacitance is attributed to degradation of the chosen membrane which
was observed to turn from a white colour to a brown colour (Figure 5. 10) over the
course of the electrochemical performance tests. This degradation arises from the
defluorination of the PVDF membrane in the presence of concentrated hydroxides.275,
276

Taking the device apart, replacing the membrane and refilling and sealing the device

resulted in a recovery of this lost capacitance.
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5.3.1.2.

Entangled Carbon Nanotube ‘Nanowebs’

5.3.1.2.1.

Electrolyte Selection

The use of different electrolytes as the charging solution has a dramatic effect on the
capacitive properties of an electrochemical capacitor. There are three major factors that
define the appropriate electrolyte to use for a given electrode; ion size; electrochemical
window; and electrolyte wetting. There are also three main categories of electrolytes
utilised in electrochemical capacitors; organic (non-polar) electrolytes; aqueous (polar)
electrolytes; and ionic liquids (ILs) (molten salts). Each of these materials have specific
advantages and disadvantages. Ionic liquids have an extremely large electrochemical
window allowing for greater current accumulation across a device. However, this
electrochemical window is offset by having the largest ions of any of the electrolyte
classes, which leads to diffusion limitations. Organic electrolytes, normally some lithium
or sodium salt dissolved in acetonitrile, have a smaller electrochemical window than ILs
with slightly smaller ion sizes. Unfortunately the ionic conductivity of organic
electrolytes is oft significantly lower than either aqueous electrolytes or IL systems.
Aqueous electrolytes have the smallest ion sizes, in general, yet have the smallest
electrochemical window due to the oxidation of water at potentials greater than 1.0V.
The key advantage of aqueous electrolytes is the ability to dissolve large amounts of salts
into the solvent, producing a high ionic strength electrolyte for testing.
Crucial to device performance is the interaction between the electrode and the
electrolyte. One crude method for determining the suitability of an electrolyte is to
measure the contact angle of the electrolyte onto the electrode. A high contact angle
indicates poor contact between the electrolyte and the electrode, whereas a low contact
angle indicates good contact. The contact angle of untreated eCNT Nanoweb with
water was shown to be super-hydrophobic (Chapter 3), after microwave irradiation in
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air minimal change in the hydrophilicity was observed. After irradiation in ethylene
glycol/platinum for 5s, the contact angle of the water with the eCNT switched
dramatically to be unmeasurable (Figure 5. 11). This change occurs for two reasons,
first the oxidation of the CNT backbone by the ethylene glycol molecules providing
functional areas for wetting to occur. Secondly, the significant amount of residual
ethylene glycol wrapping the CNTs resulting in the water ‘seeing’ a hydrophilic interface.
a)

b)

c)

Figure 5. 11. Optical images of goniometer measurements for H2O on a) untreated eCNT
Nanoweb (CA = 141.7°), b) air-irradiated eCNT Nanoweb (CA = 135.8°); and c) eCNT
Nanoweb after 5s platinum loading (CA = 0°)

5.3.1.2.2.

Electrochemical Capacitor Performance

Optimised eCNT nanoweb loaded with platinum particles, in terms of CVD growth and
microwave Pt decoration, was tested in both a 3-electrode configuration and a device
formation.
Cyclic voltammetry of eCNT/Pt in a 3-electrode configuration was performed in 1M
KCl at scan rates ranging from 0.2V/s to 0.005V/s (Figure 5. 12). The capacitance for
the as-produced eCNT at 155F/g was comparable to that previously reported in
theliterature.65 The capacitive response from the Pt/eCNT of 594F/g is extremely high
for an electrochemical capacitor without any apparent pseudo-capacitive contributions.
This dramatic improvement in the capacitive response of the eCNT system with the
addition of Platinum is hypothesised to arise from an increased electro-active surface
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area, and increased conductivity at the CNT walls due to the placement of Pt particles at
defect sites along the CNT.

a)

b)

c)

Figure 5. 12. Electrochemical characterisation of a 3-electrode cell system in 1M KCl based on
eCNT Nanoweb; a) Cyclic voltammogram of as produced eCNT Nanoweb; b) Cyclic
voltammogram of Pt/eCNT nanoweb; and c) Capacitance calculation plot extracted from a)
and b).

The capacitance for the Pt/eCNT electrode was also found to have a significantly
greater dependence on scan rate than that of the eCNT electrode. This increased
dependence on scan rate is thought to be a diffusion limited effect, where the
introduction of Pt particles onto the CNT sidewall results in the formation of micro200 | P a g e

pores (pores less than 2nm in diameter) between adjacent Pt particles or Pt particles and
the CNTs.

a)

b)

c)

d)

Figure 5. 13. Cyclic voltammograms of a) eCNT Nanoweb device in 1M KCl; b) Pt/eCNT
Nanoweb device in 1MKCl; c) Current plotted against scan rate for capacitance calculations;
and d) chart showing capacitance change with scan rate.

An untreated eCNT device and a Pt/eCNT device in 1M KCl were produced for
electrochemical testing of the material as an electrochemical capacitor. Cyclic
voltammetry was performed on the devices at scan rates ranging from 1V/s to 0.01V/s
through a 0.6V window (Figure 5. 13).
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The untreated eCNT Nanoweb device demonstrated extremely fast switching of the
device, with square wave capacitive behaviour observed even at the fastest examined
scan rate of 1V/s. In comparison the Pt/eCNT device showed a capping of the
capacitance, as indicated by no observable plateau in the electrochemical window, at
scan rates between 1V/s and 2V/s. The decrease in capacitance observed at scan rates
below 0.08V/s for both samples indicates a problem in the device performance of these
materials. This decrease likely indicates instability of either the electrode, the membrane
or the electrolyte in this system.
There is a significant change in the profile of the energy and power density curves
between the 3-electrode cell configuration and the device configuration for these eCNT
Nanoweb materials (Figure 5. 14).

Figure 5. 14. Ragone plot of power and energy data extracted from cyclic voltammograms
performed in 1M KCl.

The high energy density of these systems occurs at the lowest scan rates as the
capacitance in the 3-electrode cell is highly dependent on the scan rate. This dependence
is due to both the highly porous nature of the electrode and the distance between the
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working and auxiliary electrode in solution (in the case of these systems approximately
20mm) which results in greater dependence of the capacitance on diffusion.
In order to gain the best performance as an electrochemical capacitor 6M KOH was
utilised as a high ionic strength electrolyte in the device fabrication for the three
different eCNT Nanoweb structures (Figure 5. 15).133, 139
a)

b)

c)

Figure 5. 15. Analysis of Pt/eCNT structures as electrochemical capacitors through structureproperty relationships (left) scanning electron microscopy (scale bar = 1m) (right) and the
corresponding cyclic voltammograms for 6M KOH devices; a) sample A; b) sample B; and c)
sample C.
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Sample A was a densely packed eCNT network, Sample B was a thin layer of eCNTs on
a conductive carbon base layer, while sample C was a loosely packed eCNT Nanoweb
structure. The switching rate of these materials was shown to be extremely high with
scan rates of 100 V/s achievable for all devices. The ability of these electrodes to switch
this rapidly demonstrates the connectivity between the eCNT layer and the conductive
carbon base layer. Without this connectivity the charge generated at these scan rates
could not be transferred to the ITO electrodes and would simply show a resistive
profile. There was an increase in the time constant for the system with increasing eCNT
layer thickness, with sample B having a significantly smaller time constant (0.002s) than
either sample A (0.008s) or sample C (0.008s). Rather surprisingly, considering previous
results, the electrochemical capacitance was found to be extremely low for these samples
with a maximum capacitance of 5 F/g, two orders of magnitude less than that observed
for equivalent materials in KCl.
The reason for this discrepancy in capacitance is the acidity of the solution, 1M KCl is a
mildly acidic salt whereas 6M KOH is a strong base. Hulicova et al demonstrated a clear
capacitive shift for nitrogen containing carbon electrodes when shifting from a strong
base to a strong acid.277 This difference in capacitance was assigned to a combination of
the size of the solvated OH- ion in comparison to the SO42- ion. In addition pseudocapacitive effects from the nitrogen atoms interacting with the SO42- ions were
attributed to increasing the capacitance, as well as a stronger faradic effect of H3O+
interacting with the nitrogen than for K+. In comparison to a neutral electrolyte278
system, however, both KOH and H2SO4 solutions demonstrated a capacitance on the
same order of magnitude, which is not what is observed for the eCNT/Pt system.
EIS analysis of the 6M KOH devices correlated well with the cyclic voltammetry results
(Figure 5. 16). Sample A and Sample C have a roughly equivalent charge transfer
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resistances of  7Ω, whereas the charge transfer resistance for Sample B is dramatically
increased to  20Ω. This increase in the charge transfer resistance arises from a
dramatically decreased surface area of carbon nanotubes for sample B compared to A
and C (Figure 5. 15). The change in the time constant as determined from the imaginary
part of capacitance through EIS is also significant, from 160Hz for A and C to an
exceptionally rapid 1000Hz for sample B.
a)

c)

b)

d)

Figure 5. 16. EIS spectra of Pt/eCNT devices in 6M KOH; a) Nyquist plot; capacitance plots
for b) Sample A; c) Sample B; and d) Sample C.

Galvanostatic testing in 6M KOH showed a significant IR drop even at low current
charging densities or 0.3 A/g (Figure 5. 17). Due to the extremely rapid switching
speeds observed for these Pt/eCNT materials, the galvanostatic technique presented
significant problems in generating reliable data. The equipment was limited by only
being able to process a single data point every second, so charging at greater current
densities resulted in erroneous data.
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Further examination of sample C in acidic electrolyte (1M H2SO4) was performed in an
attempt to improve the capacitance and energy density of the device further. The EIS
results (Figure 5. 18) showed two distinct time constants in the imaginary part of the
capacitance at 63Hz (0.015s) and 400Hz (0.0025s).

The lack of faradic peaks at high

scan rates in the cyclic voltammograms demonstrate that the higher frequency time
constant of 400Hz can be assigned to the non-faradic charging of the electrode through
Helmholtz double layer formation.
a)

b)

c)

d)

Figure 5. 17. Galvanostatic charge/discharge curves for Pt/eCNT (sample C) devices in 6M
KOH; a) Charging rate of 1A/g; and b) Charging rate of 0.35A/g.

The order of magnitude of these time constants correlates with the scan rates at which
faradic peaks appear in the cyclic voltammograms with peaks present at 2V/s and
below; where the time scale is approximately 0.5s for the oxidative (or reductive) section
of the scan. The faradic peaks that are most prominent in the 1V electrochemical
window are assigned to the oxidation and reduction of the Pt particles by sulphuric acid,
which is a well characterised reaction utilised in the analysis of FC electrodes.
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Examining the devices made from Pt/eCNT Nanoweb, the highest capacitance was
observed for 1M KCl at 425 F/g with a maximum power density of 30480 W/kg.
Switching the electrolyte to 6M KOH resulted in an increase in the power density to
61500 W/kg, with a capacitance two orders of magnitude lower than that calculated for
the 1M KCl material, at 5 F/g. Performance of the Nanoweb in 1M H2SO4 showed an
improved capacitance of 35 F/g, with a maximum power density of 77000 W/kg.

a)

b)

c)

d)

Figure 5. 18. Electrochemical characterisation of Pt/eCNT device in H2SO4; a) high scan rate
cyclic voltammetry; b) electrochemical impedance spectroscopy Nyquist plot; c) capacitance
and time constant plot; and d) Power and energy calculations from both EIS and CV.

In examining the cyclic voltammogram performance it should be noted that the
maximum current storage of the devices, between 250 A/g and 350 A/g (as shown by
CV) showed minor variations regardless of the electrolyte in question. This maximum
current generated was achieved at significantly varied scan rates, 100 V/s for 1M H2SO4
and 6M KOH yet at 2 V/s for 1M KCl, dramatically affecting the observed capacitance.
The extremely high scan rates of 100 V/s attainable using both highly acidic and highly
basic electrolytes demonstrates the capability of these electrode materials for high
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switching speed applications. However, since the large current per mass ratios for these
electrolytes are only attainable with a significant driving force, further study of these
device systems would require coupling to an energy supply to attain this energy.
In contrast, achieving a high current/mass ratio at the relatively low scan rate of 2V/s in
a neutral electrolyte, demonstrates the applicability of these Pt/eCNT as hybrid
capacitance devices which have a significant energy density in addition to acceptable
power density.
From a simple model of capacitance based on the pore-size of the electrodes and the
ionic sizes of ions within the electrolytes, it would be expected a high ionic strength
electrolyte with a small ion size would provide a maxima in the available capacitance
within the system. The solvated ion sizes for the ions examined in this chapter has been
calculated by Eliad279 et al, Hulicova277 et al and Heuft and Meijer280 as follows; OH- < K+
 H3O+ < Cl- < SO42-. Most anions, with the notable exception of SO42-, are adsorbed
onto an electrode in their bare state meaning that these ions will be slightly smaller than
a solvated cation. Systematic studies of the effect of ion size on capacitance have shown
that if the pore size of the electrode is significantly greater than the ion size, the effect of
ion size on the overall capacitance of the electrochemical device is negligible.279
The scan rates utilised for the generation of the high power density devices, in both
KOH and H2SO4, likely exclude the ability of even these small ions to orient themselves
in the smallest pores of the Pt/eCNT in response to the applied electric field. Slow scan
rates of below 0.005 V/s would be required to access these pores and gain the
maximum capacitance of these materials especially from electrolytes with the K+ cation
and OH- anions. Unfortunately, device stability at these low scans was not ideal resulting
in erroneous and unstable current readings at these low scan rates. Indeed the ability to
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probe these scan rates in the 3-electrode cell configuration is a key reason for the
dramatically improved energy densities observed under these tests.

5.3.1.3.

Capacitive Performance of Cobalt and Nickel eCNTs

Growth of eCNTs from Cobalt and Nickel Tosylates resulted in vastly different
structures compared to the eCNT Nanoweb produced from Iron Tosylate. Of great
interest from an electrochemical standpoint was the observation of nickel particles at
the tips of the CNT network (Figure 5. 19).
a)

c)

b)

d)

Figure 5. 19. SEM images of eCNT networks produced from; a) Nickel Tosylate; and b)
Cobalt Tosylate; and cyclic voltammograms of eCNT networks in 0.1M Tetrabutylammonium
phosphate; a) Nickel; and b) Cobalt (scale bar = 100nm).

The electrochemical performance of these materials in a 3-electrode cell was evaluated
in 0.1M Tetrabutylammonium phosphate (TBAP) due to poor wetting of these
structures in aqueous electrolytes. Analysis of the capacitive response showed a
capacitance of 10 F/g and 40 F/g for the Ni-based and Co-based eCNT networks
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respectively. As a promising feature for future work there is a clear faradic response for
the Ni-based eCNT sample, which potentially means these Ni particles are accessible for
a diverse range of applications.
5.3.1.4.

Electrochemical Capacitor Device Summary

Table 5. 3. Summary of the electrochemical properties of carbon based materials through
electrochemical capacitor testing.
Sample

Setup

Electrolyte

CCV*
(F/g)

CEIS
(F/g)

ECV
(Wh/kg)

EEIS
(Wh/kg)

PCV
(W/kg)

PEIS
(W/kg)

CV
(s)

EIS
(s)

Untreated
BP
Air
Irradiated
BP
Ethylene
Glycol
Irradiated
BP

3electrode

1M KCl

33.5

17

-

3.78

-

4355

-

0.76

3electrode

1M KCl

31.0

13

3.06

2.88

1950

4755

0.62

0.53

3electrode

1M KCl

24.1

10.5

2.46

2.32

796

1669

1.12

1.50

1M KCl

36.8

17

4.89

3.88

1560

3942

0.87

0.91

1M KCl

48.9

22

3.76

4.84

1420

5154

1.00

0.93

1M KCl

56.7

27

5.79

5.98

3470

8809

0.75

0.69

Au BP
Pd BP
Pt BP

3electrode
3electrode
3electrode

Pt BP

Device

6M KOH

107.1

89.4

3.73

5.60

4338

4139

0.94

1.00

Untreated
eCNT
Untreated
eCNT

3electrode

1M KCl

155

-

25

-

3010

-

0.07

-

Device

1M KCl

182.9

-

4.06

-

15280

-

0.041

-

Pt/eCNT

3electrode

1M KCl

594

-

131

-

13080

-

0.12

-

Pt/eCNT

Device

1M KCl

640

-

5.25

-

30480

-

0.069

-

Pt/eCNT

Device

6M KOH

6

4.5

0.59

0.98

61500

94071

0.008

0.004

Pt/eCNT

Device

1M H2SO4

86.6

33.5

3.00

1.20

76646

75503

0.06

0.004

-

-

-

-

30.1M
eCNT
40
(Co)
electrode
TBAP
eCNT
30.1M
10
(Ni)
electrode
TBAP
*Specific capacitance per electrode for device configurations

-

-

-

-

-

As a summary of metallated carbon nanotube architectures as electrochemical devices,
the highest energy densities and capacitance were obtained for pH neutral electrolytes.
Whereas, the highest power densities were observed in both acidic and basic media, due
to dramatically increased switching speeds. Platinum metal was determined to increase
the electrochemical properties of the carbon architectures to the greatest degree out of
the metals examined; gold; palladium; and platinum. This improvement was attributed
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to particle dispersion on the CNTs and improved contact between the Pt-particles and
the CNT sidewalls.

5.3.2. Electrodes as Hydrogen Fuel Cells
The use of carbon nanotubes as scaffolds for proton-exchange membrane fuel cells has
gained significant research interest in recent years. There is however a significant
limitation for many reports examining these PEMFC devices. This limitation is in the
assembled structure of the CNTs into an electrode, data reported on bucky papers, thin
films and pellets being significantly inferior to structures such as aligned CNTs or, as we
propose, entangled CNTs.

5.3.2.1.

Carbon Nanotube ‘Bucky’ Papers

Bucky papers, while being well examined in literature provided a simple and effective
scaffold for analysis of the catalytic availability of microwave-synthesised platinum
particles, prior to, and subsequent to annealing.
Preliminary catalytic activity testing on the Pt/MWNT samples was performed in a 1M
H2SO4 bath with the Nafion soaked electrode being adhered to a glassy carbon electrode
for the analysis.

There are several regions on interest in the H2SO4 cyclic

voltammograms however the most crucial for PEMFC performance is the 0.1 V to -0.2
V where adsorption/desorption of H2 onto Pt is observed. The amount of charge
transferred by the adsorption of H2 (QH2) for a given electrode system can be calculated
from the total charge transferred within the adsorption region (Qtot) and the capacitive
current (Qcap) according to Equation 5.9.
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Equation 5. 9. Expression for the determination of the charge corresponding to the adsorption
of H2 from CV.

Qtot is determined from the integrated current area of the cyclic voltammogram, on the
discharge sweep only (Equation 5.10).
.



| |
.

Equation 5. 10. Expression for the determination of the total current in the hydrogen
adsorption region.

The electro-active catalytic surface area of platinum (EASAPt) is then defined by
Equation 5.11, where QPt, the charge associated with the adsorption of a monolayer of
hydrogen onto a platinum surface, is a constant at 0.21 mC.cm-2:

Equation 5. 11. Equation for calculating the EASA of Pt from CV.

MWNT/Pt bucky papers were produced with a 10% mass loading of Platinum particles,
as determined through TGA. Initial measurements on the MWNT/Pt paper showed a
negligible EASAPt which arose from the wrapping of Pt particles with a layer of ethylene
glycol, impeding the proton transfer and subsequent adsorption onto the Pt surface.
Thermal gravimetric analysis of as produced MWNT papers (Figure 5. 20a) showed a
significant mass contribution at approximately 220°C which is attributed to residual
Triton-X 100 surfactant present in the sample even after significant washing. After
microwave loading of Pt mass change is significantly reduced and is shifted to 260°C.
This shift to higher temperatures arises from wrapping of ethylene glycol around the
CNTs. The significant decrease in the amount of mass loss suggests the microwave
process degrades the wrapped Triton-X 100. Rather surprisingly the CNT peak appears
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to have been split into two distinct sections for the Pt/MWNT sample suggesting that
during the microwave reduction process different configurations of MWNTs are
experiencing significantly different effects.
Based on the significant amount of residual Triton-X 100 in the as produced MWNT
paper, a pre-annealing of 300°C for 1h was utilised to remove this material prior to the
Pt microwave process, for samples for FC analysis. The raw MWNT paper after this
pre-annealing process (Figure 5. 20b) only shows a significant peak at 480°C
corresponding to the MWNTs. After microwave Pt/loading the peak at 230°C is again
visible confirming that this is indeed an ethylene glycol peak. Annealing at 300°C for 2
hours was shown to dramatically decrease the intensity of this peak, suggesting that the
Pt particle surface should be available for proton adsorption.
b)

a)

Figure 5. 20. Thermal gravimetric analysis of MWNT bucky papers after various treatments; a)
as produced MWNT paper and MWNT/Pt paper after microwave loading; and b) pre-annealed
MWNT paper, pre-annealed MWNT/Pt paper and pre- and post- annealed MWNT/Pt paper.

Indeed

after

annealing

at

300°C

for

2

hours,

prominent

hydrogen

adsorption/desorption peaks were observed (Figure 5. 21) and the EASAPt was
calculated to be 54 m2.g-1 at 25 mV.s-1 and 58 m2.g-1 at 5 mV.s-1. Rather surprisingly there
are also peaks associated with the Fe3+/Fe2+ redox couple visible in the cyclic
voltammogram. This suggests that the Iron particles in the MWNT paper (arising from
the catalyst utilised in CNT growth) are available for reaction with the electrolyte. This
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result was not observed in any other electrochemical testing where it would be expected
to appear if this was the case, and, as such, has been assigned as a sample anomaly.
Despite these Fe redox peaks the oxidation and reduction of the Pt particles can still be
observed showing the applicability of these particles as cathode materials for O2
reduction.
a)

b)

Figure 5. 21. Electrochemical analysis of 10% Pt m/m MWNT paper; a) Cyclic
voltammograms in 1M H2SO4 for calculating the catalytically active surface areas the MWNT/Pt
paper; and b) Linear sweep voltammetry testing the reduction of oxygen reaction.

The presence of both hydrogen adsorption and desorption and platinum oxidation and
reduction peak couples provides a proof of concept for the use of microwave
synthesised Pt/MWNT composites as electrode materials for PEM fuel cells.

5.3.2.2.

Entangled Carbon Nanotube ‘Nanowebs’

5.3.2.2.1.

Preliminary Catalytic Testing

While MWNT papers are excellent scaffold materials for preliminary testing of catalytic
activity, these materials were primarily used to assess the applicability of the Pt particles
themselves. In order to draw together the optimum materials for PEMFCs combined
eCNT Nanoweb and microwaved Pt particles were produced and annealed at 300°C for
2 hours. Two different platinum particles were chosen as test materials for FC analysis,
individual 4nm Pt particles embedded in the MWNT sidewalls, and larger Pt clusters
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consisting of 4nm particles bundled together (Figure 5. 22). The loading levels as
calculated by TGA were determined to be 8 wt% for the individual Pt particles and 30
wt% for the clustered Pt structure. 1M H2SO4 testing showed an EASAPt of 87 m2g-1Pt
for the individual Pt particle sample and 76 m2g-1Pt for the clustered Pt particles.

b)

a)

d)

c)

Figure 5. 22. Samples utilised for preliminary catalytic activity testing on eCNT Nanoweb
structures, a) Individual 4nm Pt particles; and b) clusters of Pt particles (scale bar = 100nm);
and electrochemical testing of these Pt/eCNT architectures; c) testing of a); and d) testing of b).

5.3.2.2.2.

Fuel Cell Device Testing

Based on the higher EASA result obtained for the individual platinum particles this
architecture was chosen for use as a cathode material in a single cell fuel cell test. TGA
analysis of these materials indicates that the total Pt loading is 16% (10% Fe loading
from TGA, 26% total metal content). This mass determination is in contrast to the
apparent concentration of Pt particles on the surface of the Nanoweb (Figure 5. 23),
which would appear to be on a significantly higher mass loading of metals.
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a)

b)

Figure 55. 23. SEM images of Pt
P loaded onnto eCNT Nanoweb
N
– FC
F testing saample (scale
bar=100nm).

Figure 55. 24. Schem
matic of the overall proccess for the production of a Pt/eCN
NT fuel cell
cathode electrode.

The likeely cause of this discrepaancy is the iintercalation
n (and mobillity) of the ssalt into the
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n essence deepletion of metal
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n the small ppores close
to the base layer is hypothesize
h
ed to occur w
with insufficcient time fo
or salt at thee surface of
the electtrode to diff
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d, resulting in
n a loading gradient of
metals thhrough the bulk material. Experim
mental techniiques are currrently beingg examined
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to explore this possibility however at this time no readily available system has been
found that would allow for this analysis.
Preparation of the fuel cell electrode was performed by hot-pressing of 5 cm2 of
Pt/eCNT Nanoweb onto a 5 cm2 gas diffusion membrane at 170°C (Figure 5. 24).
Unfortunately hot-pressing of the eCNT structure was not fully successful due to strong
adherence between the Nanoweb and the quartz substrate, which is controlled by the
thickness of the base layer. As such, there was not total coverage of the gas diffusion
membrane with the total area transferred calculated by image analysis software ‘ImagePro® Plus 6.0’ after FC testing determined to be 1.1 cm2. The loading of Pt for the
sample was determined to be 0.1 mg.cm-2, giving a total mass loading of 0.11 mg Pt for
the FC electrode.
a)

b)

c)

d)

Figure 5. 25. FC testing results, ECSA cyclic voltammetry and EIS of the assembled fuel cell
electrode and tabulated results (1.5cm is assumed area, 1.1cm is actual area).

In spite of difficulties in transfer onto the proton exchange membrane, a high
performance of the fuel cell was obtained, with a maximum power of 940 mW.cm-2
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being observed (Figure 5. 25). Unfortunately while the power and maximum current (up
to 3000 mA.cm-2) were quite high, the current at 0.65 V (desired running voltage by the
US DoE) didn’t match this performance indicating some potential loss in the system. In
comparison with a 0.1 mg Pt.cm-2 electrode produced with carbon paste the total
current produced was dramatically increased.
One of the key components of PEMFC performance is the voltage loss within the
system. There are three major types of voltage; activation polarisations; ohmic
polarization; and concentration polarisation (mass-transfer). Activation polarisation
arises from slow reaction kinetics from the cathodic oxygen reduction reaction (ORR).
Ohmic polarisation is resistance to current flow through the PEMFC device as a whole,
this includes resistance to proton flow through the electrolyte, resistance to electron
flow through the electrode and interfacial resistances between the electrode and
electrolyte, or between the electrode and the current drains. Concentration polarisation
losses occur at high current densities and occur due to the diffusion of the source fuel
gases through the gas diffusion layer and through the electrodes themselves to reach the
catalytically active platinum.
The improved performance of the eCNT electrode (VPt/eCNTact = 0.2 V) in comparison
with the commercial catalyst (VPt/Cact = 0.25V) in the low current activation loss region
shows an improved utilisation of the platinum . Specifically this indicates a significant
improvement in the cathodic ORR reaction kinetics. The ohmic polarization region
(mid-current range) shows comparatively reduced resistance and good contact between
the Nafion™ membrane and the eCNT scaffold. In terms of potential drop over this
range there is minimal difference between the Pt/eCNT cathode (VPt/eCNTohmic = 0.32 V)
and a Pt/C cathode (VPt/Cohmic = 0.33V). However, the significantly greater current range
that is recorded for the Pt/eCNT confirm that there is less resistance of current flow
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through the system in this region. The dramatically improved mass transfer-controlled
region (high current range) reflects a higher catalytic activity, lower electrode resistance,
and higher gas permeability in addition to improved efficiency for removing water from
the cathode for the eCNT electrode. In comparison to the commercial electrode again
there are only a small amount of difference in the concentration polarisation region
(VPt/eCNTmass = VPt/Cmass = 0.06 V). It is hypothesised that this equivalency arises from the
low concentration of Pt within the fuel cell means that diffusion limitation to get high
Pt utilisation are significantly reduced. As such, the concentration polarisation loss
region is dominated by the gas diffusion layer, which is identical for both samples.

Figure 5. 26. Polarisation curve for the Pt/eCNT based PEMFC device, using Pt/eCNT as a
cathode with a mass loading of 0.1 mg Pt.cm-2, the blue line is the experimental result with the
black lines representing theoretical boundaries between different processes in the PEMFC.

Curiously as current was not normalised on a surface area basis, the Pt/eCNT network
(with only 1.1 cm2) showed an almost equivalent in situ ECSAPt to that of the Pt/carbon
paste commercial electrode (Figure 5. 25b). Crucially for cathodic performance, even
though there is almost 5 times as much Pt present in the Pt/C electrode the Pt
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oxidation and reduction peaks are significantly more prominent for the Pt/eCNT
system. These dramatically increased Pt redox peaks confirm the improvement in Pt
utilisation observed in the V-I discharge curves through the activation loss region. This
improvement suggests that there is excellent accessibility of the Pt particles to oxygen
within the electrode system. The very small amount of Pt in the system for the
Pt/eCNT based device (0.11mg) explains the lack of prominent hydrogen
adsorption/desorption peaks present in the in situ ECSAPt tests.
The lower resistance and higher gas permeability are a direct function of the eCNT
architecture having a high degree of lateral connectivity due to the presence of the
conductive carbon base layer.65,

235, 250, 281

In addition, the porosity of this base layer

allows for excellent fuel transport to and waste transport from the electrode interface.
This higher performance arises directly from the structure of the eCNT/Pt composite
electrode with a high porosity in the conductive base layer, small Pt particle size, strong
Pt-C bonding, and hence fast electron transport between the Pt particles and the
CNTs.250
Compared to recently published results on aligned carbon nanotube forests, tested using
an identical method, with an equivalent Pt/C anode, the use of an entangled scaffold
with a microwave loaded catalyst showed increased Current and Power densities. The
Pt/eCNT structure demonstrated energy and power densities at an operating voltage of
0.65V of 6.35 A mg-1 Pt and 4.01 W mg-1 Pt compared to the vertically aligned carbon
nanotube poly (diallydimethylammonium chloride) (PDDA) Pt functionalised electrode
of 3.19 A mg-1 Pt and 2.54 W mg-1 Pt. The improved power density observed for the
eCNT scaffold can be directly attributed to the increased macro and micro porosity
provided by the open eCNT structure observed in combination with a much improved
lateral sheet resistance.
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A greater current density can be attributed to a lower lateral electronic resistance in the
eCNT due to the conductive carbon under-layer leading to decreased energy loss. In
addition the direct binding of the Pt to the eCNTs is thought to provide greater charge
transfer compared to that in the aCNTs where there is a sheath of PDDA impeding
electron transfer.
Table 5. 4. Summation of recently reported values for Pt/Carbon Nanotube architectures for
cathodes in PEMFCs.
Property @0.65V

Pt/C

Pt/eCNT

Pt/ACNT198

Oriented Pt/CNT282

Loading [mg Pt cm-2]

0.10

0.10

0.10

0.20

Current Density [mA cm-2]

377.8

635.0

319.1

640

Power Density [mW cm-2]

210.7

401.2

254.2

-

Current Density [A mg-1 Pt]

3.78

6.35

3.19

3.20

Power Density [W mg-1 Pt]

2.11

4.01

2.54

-

The in situ EIS result (Figure 5. 25c) is quite positive showing the ability of the material
to be stable at up to 800 mA without any increase in resistance at higher currents.
Unfortunately the 1.1 cm2 Pt/eCNT electrode does not compare favourably to the 5
cm2 Pt/C commercial electrode in terms of charge transfer resistance in EIS. This arises
because the lack of electronically conductive material coating the current collector and
being in contact with the Nafion™ membrane. This means that there is a drop in the
connectivity between the resistive membrane and the current collector (gas diffusion
membrane) leading to an increase in the charge transfer resistance for these systems.
The US DoE target for the commercialization of FCs is 0.2 mg Pt.kW-1 of power
output, using our 0.1 mg.cm-2 cathode along with a commercial 0.2 mg.cm-2 Pt/C anode
for a total mass of 0.3 mg of Pt our FC results in a 0.81mg Pt.kW-1 of power. During
activation, numbers as small as 0.49 mg Pt.kW-1 could be calculated however these were
not consistent.
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These results show extreme promise for the future development of high Pt utilisation
electrodes using 3-D carbon architectures. Of specific interest is the improvement in
performance of the ORR in terms of kinetics, along with the high current and power
attainable from a low Pt loading device. At equivalent loadings these materials show a
dramatically higher current and power output compared to comparable Pt/CNT
architecture cathodes.

5.4. Concluding Remarks
Within this chapter we have demonstrated the broad applicability of both microwavesynthesised metallic nanoparticles and 3D porous eCNT architectures to two specific
electrochemical applications; electrochemical capacitors, and PEM fuel cells.
Microwave-reduced Platinum particles loaded onto a generic MWNT bucky paper
scaffold showed the highest capacitance, power and energy density of the particles
examined; Platinum, Gold and Palladium. This is attributed to the reduction potential of
Pt comparative to the other metals along with the dispersion of Pt particles along the
CNTs being significantly more homogenous compared to gold or palladium.
Decoration of Pt onto eCNT structures showed a maximum capacitive response of
594F/g in a 3-electrode cell configuration (in a pH neutral electrolyte), and 640F/g per
electrode as a device. This capacitance was shown to decrease dramatically in either
basic or acidic electrolyte. In acidic electrolytes the maximum observed capacitance was
found to be 86.6F/g an order of magnitude lower than in neutral electrolytes, with a
power density of 75.5 kW.kg-1 (more than double that in neutral electrolytes). In basic
electrolytes this power density is further increased at a cost of capacitance 94.0 kW.kg-1
at 6F/g.
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Production of a low loading Pt/eCNT architecture for use as a cathode in a fuel cell
resulted with a power requirement of 0.81mg Pt.kW-1 still slightly above the US DoE
target of 0.3 mg Pt.kW-1 at 0.65V. However, an excellent maximum current of 3000
mA.cm-2 and a high maximum power of 940 mW.cm-2 demonstrate great promise in
further development of these electrodes.
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Chapter 6:

General Conclusions & Future Work
6.1. Conclusions
In summary, we have successfully demonstrated, through both materials and method
development, the synthesis of a 3-dimensional Carbon|Metal composite electrode that
shows excellent promise as either an electrochemical double layer capacitor, or as an
electrode for a proton exchange membrane fuel cell.

6.1.1. 3‐Dimensional Carbon Nanotube Architectures
Through the use of chemical vapour deposition we have created an integrated carbon
nanotube|conductive carbon architecture which has a 3-dimensional structure and a
gradient of porosity. This architecture was produced by the utilisation of novel organometallic catalysts of Iron (III) Tosylate, Cobalt (II) Tosylate and Nickel (II) Tosylate.
The adherence of the material to the quartz substrate was shown to be directly related to
the thickness of the base conducting carbon layer. The change from acetylene to
ethylene as a source gas produced a significant change in the produced architectures,
which arises from the different decomposition temperatures of these gases, and how
these decomposition temperatures relate to the carbon solubilities in the metal catalyst
at a given temperature.
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6.1.2. Decoration of Metallic Particles onto Carbon Nanotube Soots and
Assemblies
The microwave decoration of metallic salts onto carbon nanotube soots and
architectures has been dramatically improved through this body of work. Initially
examining the microwave reduction of metallic salts by ethylene glycol, specifically
chloroplatinic acid, palladium chloride, chloroauric acid, and ruthenium chloride we
have demonstrated the successful reduction of these salts. The effect of pH on the
reduction rates was also examined. Addition of carbon nanotubes to this reduction
solution resulted in the generation of the carbon nanotube|metal nanoparticle
composite materials. Examination of composites by scanning electron microscopy in
comparison to the solution metals demonstrated the metal nanoparticles on the carbon
nanotube sidewall are significantly smaller than those is solution. This fact provides
strong evidence that the initial site of metal reduction, in the presence of carbon
nanotubes, is at defect sites on the carbon nanotubes themselves, rather than the
sidewall of the reaction vessel or in solution. Extrapolation of this result allowed us to
propose a three pathway reduction mechanism for the microwave decoration of metals
onto carbon nanotubes. The intense microwave heating of pre-formed carbon nanotube
structures leading to decomposition of the architectures was overcome by changing the
structure of the reaction environment, from a system where the architecture was
immersed in the reduction solution, to a system where the architecture was coated with
the reducing solution. This change in reduction geometry allows for improved metal
utilisation and less solvent waste whilst preventing architecture disintegration. Using this
adapted method platinum, gold, palladium and ruthenium nanoparticles were decorated
onto a range of carbon nanotube architectures. The effect of pH and acetonitrile on the
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reduced platinum morphology was examined and showed clearly different platinum
structures ranging from discrete particles to porous clusters and sheaths.

6.1.3. Electrochemical Device Applications
Carbon nanotube|metal nanoparticle architectures in the form of bucky papers were
examined thoroughly as capacitor electrodes for aqueous electrolytes by cyclic
voltammetry, electrochemical impedance spectroscopy and galvanostatic discharge
measurements. Platinum|bucky paper electrodes were found to have the highest
capacitance at 56.7 F/g at 8809 W/kg and 5.98 Wh/kg of the examined metal
nanoparticle composite materials, compared to 48.9 F/g at 5154 W/kg and 4.84 Wh/kg
for palladium and 36.8 F/g at 3942 W/kg and 4.89 Wh/kg for gold. The changes in
capacitive response can be directly attributed to changes in the morphology of the
reduced metal nanoparticles on the carbon nanotubes. Electrochemical testing of these
electrodes also demonstrated a key problem with this electrode production method, the
residual presence of ethylene glycol which needs to be removed through annealing
processes. Production of a two-electrode device based on the optimal platinum|carbon
nanotube bucky paper electrode gave a capacitive response of 107.1 F/g at 4338 W/kg
and 5.6 Wh/kg.
3-dimensional entangled carbon nanotube|platinum architectures demonstrated an
exceptionally high capacitive value in 1M KCl of 594 F/g at 13 kW/kg and 131 Wh/kg
within a three electrode system. Producing a device based on this architecture resulted in
an improved capacitance of 640 F/g at a high power density of 30 kW/kg and 5.25
Wh/kg. This loss of energy density is attributed to compression of the high surface area
top layer of the electrode during device production. There was a marked decrease in the
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capacitive performance of this material as a capacitor device with changes in the pH of
the electrolyte, with capacitances of 6 F/g and 86.6 F/g in 6M KOH and 1M H2SO4
respectively. However, in these electrolytes the power densities were dramatically
increased to 62 kW/kg and 77 kW/kg respectively.
This electrode material was also examined for use as a cathode for a proton exchange
membrane fuel cell. Porous clustered platinum nanoparticles were shown to have a
slightly lower catalytically active surface area compared to individually decorated
platinum nanoparticles and as such the individual nanoparticle morphology was
thoroughly examined. At a low platinum loading of 0.1 mg Pt/cm2 this electrode
material demonstrated an efficiency of 0.81 mg Pt/kW with a current density of 635
mA/cm2 and a power density of 401.2 mW/cm2 at a cell operating voltage of 0.65V,
which compares well with other reports in the literature.

6.2. Future Work
6.2.1. 3‐Dimensional Carbon Nanotube Architectures
Whilst this work provides a good optimisation of our entangled carbon nanotube
network through variations of the chemical vapour deposition process parameters,
significant further work developing an understanding of the causes of this unique
structure is envisioned. Specifically, examining the role of sulphur and ligand type on the
produced carbon architectures would be of great interest and provide insight into
carbon nanotube growth mechanisms in general.
Furthermore, development of different catalyst (tosylate) deposition methods such as
spray coating would allow for more versatile control in terms of catalyst concentrations
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that could be utilised. Such a method would also allow for a masking procedure to
pattern the produced structure.
Examination of growth on 3-D porous substrates would provide a platform to use these
carbon nanotube architectures in different applications potentially for adsorption of
materials from solution.
Further testing of the growth parameters, specifically at higher temperatures (the
atomate furnace was limited to 1000°C) would allow for use of methane as a carbon
source which could provide a different structure based on these catalysts.
Examination of the use of hydrofluoric acid to dissolve the quartz substrate is necessary
in order to generate significant geometric areas of free standing entangled carbon
nanotube architectures.

6.2.2. Decoration of Metallic Particles onto Carbon Nanotube Soots and
Assemblies
The most crucial piece of future work examining the decoration of metal nanoparticles
onto carbon nanotubes via the microwave reduction method is obtaining high
resolution transmission electron microscopy in conjunction with electron diffraction
patterns to gain information about the structure of the metallic particles. In addition this
characterisation would be of great interest to determine any potential structural
difference between platinum particles in their different morphologies.
Examination of the microwave reduction of metal nanoparticles through different
polyols would provide extra information and potentially different particle morphologies
which would be targeted towards different applications. The different boiling points of
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different polyols would give insight into the effect of direct microwave irradiation in
comparison to direct heating.
The use of additives specifically designed to promote specific facet growth of metals
within the microwave reduction procedure would potentially allow for the synthesis of
high aspect ratio nanowires through this method.
The addition of stabilising agents to the reducing solution would be interesting from
several points of view; firstly to see if there exists a competing mechanism for
nanoparticle stabilisation for these polyol produced nanoparticles. Secondly to observe
if the presence of such a capping agent affected any of the proposed pathways for the
decoration of these nanoparticles onto carbon nanotubes.
The production of metal oxide nanoparticles, specifically, ruthenium oxide, nickel oxide
and manganese oxide, would potentially provide dramatic improvements in the
performance of these materials as super-capacitor electrodes through the addition of a
faradic current. Significant work on controlling synthesis conditions would be required
to produce these materials through the microwave decoration method.
Further examination specifically in terms of x-ray photoelectron spectroscopy and high
resolution transmission electron microscopy of synthesised bi-metallic nanoparticles
would provide crucial structural information on these materials.
6.2.3. Electrochemical Device Applications
In terms of improving the electrochemical device performance of these composite
electrode materials there are numerous paths that can be examined in the future.
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Examination of these materials with ionic liquid electrolytes, both hydrophobic and
hydrophilic, would allow for greater energy and power densities to be extracted from the
electrode materials for capacitor applications.
In addition the use of a cellulose membrane for high pH capacitor device applications
(as opposed to a PVDF membrane) would more accurately demonstrate the
performance of platinum|entangled carbon nanotube electrodes in high ionic strength
electrolytes.
In terms of fuel cell performance, the examination of the different particle
morphologies of platinum in terms of cyclic stability and device performance would be
of great interest. In addition stack fuel cell testing, as opposed to single fuel cell testing
would provide a more relevant data set for the potential future development of these
electrodes for real applications.
6.2.4. Future Design Approaches targeting Carbon Nanotube Architectures for
Energy Devices
One of the key concepts to become prevalent in the literature over the last 12 months is
the development of Carbon | Carbon 3-dimensional composite materials for energy
devices. Specifically; the combined utilisation of carbon nanotubes and graphene (or
graphene oxide) has attracted remarkable research interest.283-288 Such materials have
numerous functional moieties, controllable pore size gradients and a high conductivity.
Unfortunately, the current iteration of these materials consists of crude mixing
techniques, however, recent improvements in graphene production such as ballmilling289,

290

or emulsion interface formations291 have allowed for more complex

structures to be synthesised. Such carbon | carbon composite materials are the next
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logical progression from the amorphous carbon | carbon nanotube architectures
described within this body of work.
In addition the growth of 3D carbon architectures on pre-existing porous scaffolds is
anticipated to provide a key avenue for the further development of carbon electrode
materials. Growth of carbon nanotube structures on conductive carbon paper have
already been demonstrated as a flexible approach to controlling porosity within
materials.37, 187, 189, 292, 293 Furthermore recent work on the development of 3D graphene
nano-architectures on metal templates provides new avenues to explore for 3D support
materials.294
The aforementioned techniques are just two examples of the myriad of future directions
available for the formation of 3D carbonaceous architectures, all of which can be
targeted towards specific applications through decoration with a range of metal or
metal oxide nanoparticles.
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