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Figure 5-11. Flow chart showing the steps involved in the aerosol spraying for
forming nanotube/PFA films. Also shown are optical photographs of the
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Development of a spray process for manufacturing carbon nanotube films
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This dissertation describes the development of a processing route for fabricating
conventional and doped multi-wall carbon nanotube (MWCNT)/polymer composite
films for dielectric applications. Previous research has shown that such composites are
promising dielectric materials, but their commercial development has been impeded by
the nanotube agglomeration in the polymer matrix and the inefficiency in forming
uniform films. Moreover, the harsh fabrication treatments often disrupt the structure of
the nanotubes, hence damaging their inherent electrical properties. This work presents
safer routes for forming non-aqueous, surfactant free dispersions of conventional and
doped MWCNTs, which can be readily mixed with polymers and formed into films
through aerosol spraying.

Dispersibility behaviour of in-house synthesised conventional, nitrogen doped
(N-MWCNTs), and boron doped (B-MWCNTs) MWCNTs was studied in 22 organic
solvents. Based on thermodynamic theories it was suggested that doping, in particular
nitrogen doping, significantly reduced the surface energy of the nanotubes. This aspect
was crucial to understand the dispersibility of N-MWCNTs in low surface energy
solvents and to achieve dispersions with high nanotube concentrations (0.82 mg/ml).
Also, a “destruction reduced sonication protocol” involving mild sonication was
suggested for forming MWCNT dispersions in organic solvents. Dispersions formed
using this protocol were homogeneous and showed high stability of at least 2.5 years.
Furthermore, the effect of ultrasonic probes on MWCNT lengths was studied and a
decrease of 96-99% for MWCNTs and 85-95% for N-MWCNTs was observed. A
numerical value for the nanotube length decrease during sonication has been reported
for the first time.

Preliminary studies to generate dielectric films of MWCNT/perfluoro alkoxy
polymer were performed using aerosol spraying. An improvement in the dielectric
constant (3.56) with a low dissipation factor (0.003) was observed in 0.3 wt.% B-
MWCNT/PFA composite films. Consistency in the test results from various parts of
the films confirmed the uniformity of the nanotube distribution within the composite.
Future work should concentrate on the effects of B-MWCNTs and N-MWCNTs at the
percolation threshold due to their inherent electric properties.
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Chapter 1. Introduction

1.1. Background

With an increasing energy demand, energy storage materials are the most
sought-after research topic in the current day'~. Investigations are incessantly being
conducted to improve existing materials and develop new ones for the energy storage
market that requires low density materials with high reliability and efficiency at low
costs®*. So far, major focus has been on developing novel batteries for meeting these
criteria. However, in the past few years, there has been a new interest in using
capacitors as energy storage devices® . Capacitors have mostly been used for storing
small amounts of energy in electrical applications such as for camera flashes, as
decoupling devices in integrated circuits to maintain stable voltage level, as filters in
amplifiers and mobile telephones to remove signals at unwanted frequencies, and
components in timing circuits such as light-flashing intervals for introducing time
delay or changing the shape of wave form. However, with the right combination of
materials, capacitors can be upgraded for storing far greater amounts of energy in

miniaturised devices® !° (Figure 1-1).

Car’s exterior body panels made of nanomaterial
composites that act as energy storage systems

Weight reduced by 15%

Energy
== discharged as
% | a RO {ithc car’s
Q) - electric motor

Material can be recharged by Wby,

1. Harnessing the energy generated when b,
the car brakes

2. Plugging into the mains electricity grid

Figure 1-1. Volvo’s prototype of a future electric car comprising of lightweight
energy storage supercapacitors made of nanomaterials'!.



Such ‘new age’ capacitors can address four main challenges of the energy
storage market: faster charging, higher energy storage, long-term discharging, and
small device size. Capacitors of this type can potentially find applications in hybrid
electric vehicles as well as alternative energy storage devices. Research has shown
that one way of fabricating such high efficiency capacitors is by replacing the

12715 Among the

conventional dielectric materials with advanced nanomaterials
various new ‘nano’ materials being developed, carbon nanotubes (CNTs), including
single- and multi-wall CNTs (SWCNTs, MWCNTs), are undoubtedly the best
candidate fillers mainly due to their exceptionally low densities and high aspect

ratios'® 18

. Various studies have confirmed that the dielectric properties of the
conventional polymer systems can be significantly improved by reinforcing them
with MWCNTs!23. However, not many doped MWCNTSs have been investigated for
this purpose. Doped MWCNTs, particularly nitrogen “doped” multi-wall carbon
nanotubes (N-MWCNTs) and boron doped multi-wall carbon nanotubes (B-
MWCNTs), possess inherent electrical properties owing to their electronic density of
states®. Nitrogen, with an additional electron relative to carbon, can introduce n-type
characteristics in the nanotubes. Boron, on the other hand, which has one electron less
than carbon, can introduce p-type characteristics in the nanotubes. Furthermore,
nitrogen and boron doping also introduce structural changes in the conventional
nanotube structure?. The effect of nanotube fillers in composites for dielectrics is
usually associated with their inherent electrical properties along with nanotube size
and structure. Therefore, one can certainly expect promising effects from the doped
nanotubes fillers. Although the presence of SWCNTs and MWCNTSs can improve the
dielectric properties, they are limited by their conducting nature, which means that an

exceedingly high number of nanotubes in the dielectric system can come into contact

with each other and potentially form a conducting path that can cause capacitor



failure. Hence, forming an insulating coating (such as silica) around the nanotubes is
one way to overcome this issue and to allow more nanotube packaging in the system.
Hence, it is of great interest to study the effects of such insulated nanotubes on the
dielectric properties.

Although research has proposed a variety of suitable energy storage
nanomaterials, their applicability in commercial applications has not yet seen the light
of day. This is because most of the existing fabrication techniques lack the ability to
uniformly form nano-composite thin films on a large area. Additionally, it has been
seen time and again that the issues associated with the agglomeration of nanotubes
and their inhomogeneous distribution in the polymer matrices, and weak
nanotube/polymer interfacial interactions can have detrimental effects on the

capacitor devices?628.

Furthermore, technologies for efficiently processing
conventional and doped nanotubes without the aid of surfactant or surface treatment
have not been studied in detail before, which limits their application as fillers in
composites in their pristine form. Also, it should be noted that the extraordinary
properties of nanotubes are dependent on the structural arrangement of the carbon
atoms within its lattice. This arrangement varies with the slightest of changes in the
nanotube synthesis parameters; as a consequence a huge structural variation exists
within every synthesised batch of nanotubes*+*°. When such nanotubes are used as
composite fillers, the final products will most certainly present non-uniform
properties. Unfortunately, a clear definition and description of the nanotube type and
quality is lacking in most of the research articles reported in the literature. This
creates ambiguity in the right combination of parameters required for the synthesis of

such materials, which slows down the overall scientific progress of the nanomaterial

research. Hence, despite having a range of potential nanomaterials for energy storage



applications, existing research has not been able to fully move to the
commercialisation stage.

Amongst the various routes available for forming the dielectric films, spraying
techniques stand out for their low cost, precision control on the spray parameters, and
ability to fabricate ultra-thin films, with the possibility of upscaling!>!>3!. The
feedstock for spraying techniques is in the form of solutions or liquid dispersions.
This means that in order to form nanotubes/polymer dielectric films via spraying,
both nanotubes and polymer need to be suspended homogeneously in a solvent (i.e.,
formed into dispersions). However, individual nanotubes agglomerate into bundles
during their growth®’, which makes it important to separate them in solvents and form
dispersions containing individual nanotubes®’. The dispersions can then be readily
mixed with appropriate polymers and can be processed into composite films through
spraying. The problem, however, lies in the separation of nanotube bundles and
finding the right solvents that can efficiently disperse them and prevent re-
agglomeration of the separated nanotubes. Surface treatments or surfactant aids have
been widely investigated for this purpose and have been found to be particularly
efficient for forming aqueous nanotube dispersions®*3®. However, these treatments
damage the structure of the nanotubes and introduce defects such as wall damage and
disruption of the extended m-conjugation®’. The crucial point is that the extraordinary
inherent properties of the nanotubes are a result of their structural arrangement, and
damaging the structure would defeat the purpose of using them. Therefore, there is a
need for new techniques that can safely separate nanotube bundles and form
dispersions of individual nanotubes in solvents, whilst protecting their inherent
structure and properties.

The main aim of this dissertation was to develop a nano-composite film

forming technique to produce MWCNTs filled polymer dielectric films with the



possibility of upscaling. This involved synthesising MWCNTs (conventional, doped
and silica covered MWCNTs) from inception, forming homogeneous dispersions of
the MWCNTs in regular organic solvents through mild sonication, and developing an
appropriate spraying technique to form the nano-composite dielectric films. It should
be noted that the dispersion forming techniques proposed in this dissertation are
purely based on sonication routes; any sort of surface treatments or use of surfactants
has been avoided to preserve the inherent properties of the nanotubes. However,
proof of concept film-forming experiments were conducted using surfactant based
aqueous nanotube dispersions to evaluate the aptitude of the spraying technique. It
can be confirmed that the protocols required for the development of uniform and
homogeneous nanotube dispersions in organic solvents were successfully established,
and a spraying technique for forming MWCNT/polymer dielectric films was also
established. The methods reported in this dissertation are a good extension to the
previous doctoral works of Dr Claire Hinchliffe’” and Dr Xin Zhao®®, and allow
further processing that has been denied to doped MWCNTSs so far. In addition, the
techniques described here can be readily scaled up, and involve safe and user-friendly
solvents. Hence, these studies are crucial for the successful application of a much
wider range of nanotube-typologies in future nanotechnological applications at a

larger scale.

1.2. Outline

This dissertation constitutes of a selection of nearly independent chapters. Each
chapter has its own introduction, literature review, methodology, results, conclusion,
and references sections. Every subsequent chapter uses the results of the previous
chapter and presents new studies that were conducted. The dissertation is structured

as follows:



Chapter 2 covers the background on carbon nanotubes and the techniques followed
to synthesise them, in particular conventional, nitrogen doped and boron doped
MWCNTs, and silica-covered MWCNTs. The instrumentation for characterisation
and measurements used to understand the structure of the nanotubes and to assess
their quality are also discussed in this chapter.

Chapter 3 details the studies conducted to understand the effects of sonication
routes on MWCNTs with respect to lengths, diameters, and defect densities. This
chapter also presents a ‘destruction reduced sonication protocol’ for forming
MWCNT dispersions in solvents.

Chapter 4 discusses the techniques used for forming uniform and homogeneous
MWCNT dispersions using the ‘destruction reduced sonication protocol’ presented
in chapter 3. This chapter also discusses the development of labscale and upscale
MWCNT dispersions along with stability measurements and the concentration
calculations of MWCNTs in the final dispersions.

Chapter 5 discusses the various composite forming techniques for the production
of uniform nanotube/polymer films. This chapter details the steps followed for
identifying the most suitable technique for this work and presents the various types
of nanotube/polymer films formed and the effects of B-MWCNTs on the dielectric
properties.

Finally, a summary of the findings, and prospects for future work are provided in

chapter 6.
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Chapter 2. Synthesis of carbon nanotubes

Applications of nanomaterials existed throughout the centuries, for example the
Lycurgus cup — a product of classic Roman art, contains nanoparticles that are
responsible for the change of colour depending on how light is shone on the cup.
Existence of such materials has always been an interest to the scientific community.
Particularly research from the late 1980s reported a new category of nanomaterials
based on carbon that initiated a new era of carbon science, which one could only
imagine in science fiction' .

One such carbon nanomaterial that attracted the most attention was carbon
nanotubes (CNTs). These were believed to have the ability to entirely transform the
use of science in almost all aspects of life with their extraordinary properties. Much
research has been carried out since their discovery to understand everything about
them, including the science involved in their formation, their structure, and their
suitability for various applications. The predicted applications of nanotubes are
limitless*®. However, this demands the nanotube material to be produced uniformly
on a large-scale, which to date remains a challenge unsolved. Despite several
commercial suppliers claiming to produce well-defined nanotubes, the product
quality still remains questionable and in many cases poor’®. Such inferior quality
severely affects the nanotube properties and lowers its potential for several
applications. Hence, it is extremely important to analyse the structural information of
nanotubes before finalising on their application.

The use of tailored good quality nanotubes in composites is one of the
fundamental aspects of this doctoral work. The definition of the nanotube quality is
usually determined by its application; in this work ‘good quality’ refers to a

moderately homogeneous size of crystalline nanotubes with few or no carbonaceous
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by-products. An example of this is shown in Figure 2-1. Most of the commercially
available nanotubes suffer from inferior quality. Hence, the nanotubes required for
this work were synthesised in-house using aerosol assisted catalytic chemical vapour
deposition (AACCVD) that has the capability of producing large amount of clean
nanotubes. This chapter discusses the synthesis techniques used for the production of
conventional MWCNTs along with nitrogen and boron doped MWCNTs (N-
MWCNTs, B-MWCNTs). Characterisation studies, such as high-resolution scanning
and transmission electron microscopy, thermo-gravimetric analysis, and Raman
spectroscopy, which were used to understand the effects of nitrogen and boron doping
on the nanotube structure are also discussed in this chapter. Additionally, considering
the application of the nanotubes for dielectric films (i.e., for insulating purposes), a
range of silica (Si02) covered MWCNTs were developed to transform the generally
conducting nanotubes to insulating materials. The technique used for synthesising the
Si02 covered MWCNTs is presented in this chapter. Characterisation tests used for
understanding the silica coverage over the nanotubes are discussed further in this

chapter.

Figure 2-1. Comparison of the quality in CVD-produced MWCNTs: a) SEM image
of reasonably good quality MWCNTs that are fairly uniform, b) SEM image of bad
quality MWCNTs that are a mixture of non-uniform nanotubes with amorphous
carbon and fine tubular structures. Also seen in the images are entrapped iron
catalyst particles that are characteristic to CVD-produced MWCNTs.
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It should be noted that in this thesis the term ‘nanotubes’ is used as a general
representation for all types of carbon nanotubes, which include SWCNTs, MWCNTs,
undoped form (conventional), and doped form. Where specific nanotube type is

discussed, it is clearly indicated by its corresponding acronym.

2.1. Introduction to carbon nanotubes

In 1991 Ilijima® observed filamentous and hollow carbon structures that
measured 4-30 nm in diameter and up to 1 pm in length. Owing to their nanometre
size, these structures came to be known as carbon nanotubes. Similar nanostructured
elements in the form of thin filaments with diameters < 100 nm had been observed
previously”!'?. However, they were considered as undesired by-products in chemical
processes and did not receive much attention due to the unavailability of experimental
equipment to study them. Nevertheless, since Iijima’s observations, considerable
research has been invested into the development of nanotubes.

A carbon nanotube can be described as a sheet of graphene rolled up into a
hollow tube with a honeycomb lattice capped with hemispherical fullerene molecules.
They can be broadly classified into single-walled carbon nanotubes (SWCNTs;
Figure 2-2a) and MWCNTs (Figure 2-2b). SWCNTs have a single graphitic wall with
diameters typically in the order of 1-3 nm'! and can be several millimetres long. On
the other hand, MWCNTs are essentially concentric tubes of SWCNTs with

diameters typically within 20-100 nm and can be several millimetres long.
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Figure 2-2. Schematic of the cross-sections of: a) SWCNT and b) MWCNT. (Image
courtesy: Dr. Rebecca Nicholls.)

Nanotubes are composed of strong in-plane sp? hybrid bonds of carbon that
gives them excellent properties; the best nanotubes can exhibit elastic modulus of
1.0-3.7 TPa!?, tensile strength of ca. 63 GPa'3, electrical conductivity equivalent to
that of copper'*, and thermal conductivity of 6600 Wm™K™! !5, These properties
coupled with their large length-to-diameter ratio (usually referred to as aspect ratio)
and low densities (1.3-1.4 g.cm™ ') allow them to be used in a multitude of
applications, including electronic applications (interconnects, electromechanical
actuators and memory devices, super-capacitors, batteries, field-effect transistors, thin
film transistors, nanoscale integrated circuits)!”!°, energy applications (energy
storage media, electrodes in lithium-ion batteries)**?!, mechanical applications
(molecular reinforcements in composites)*>?3, gas sensors**, field emission and
lightning applications>>2°, biological applications (drug delivery)®, nanoprobes?’, and
supports for catalytic particles?®.

Properties of any material depends on its structure, likewise properties of the
nanotubes are also structure dependant. Length, diameter, number of walls,
arrangement and symmetry of carbon atoms in the lattice are some of the factors that

influence the properties. Therefore, some nanotubes are metallic while others are
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semiconducting®’. This means that some nanotubes present electrical conductivities
comparable to that of copper, while some behave like silicon. Therefore, to employ
nanotubes for a specific commercial application such as for mechanical or electrical
applications, it is essential to make millions of them in a uniform defined pattern.
Synthesis parameters such as gaseous feed composition, synthesis temperature,
synthesis time, type of catalyst support, and carrier gas can control the nanotube

t30

structure to some extent’”. However, a full control for a tailored nanotube structure

has not been achieved so far.

2.2. Nanotubes containing hetero atoms

In addition to the existing properties of nanotubes, inclusion of non-carbon
hetero-atoms into its hexagonal lattice i.e., nanotube doping, enhances their already
outstanding properties’!*2. For example, MWCNTs with nitrogen dopants exhibit
improved conductance and large current carrying capability®>. The dopant atoms are
usually intercalated in the inter-shell spaces or settle inside/in-between individual
tubes®*. This changes the local bonding arrangement and results in a change of
nanotube structure and formation of additional density of states (DOS). Based on the
dopant used, the additional DOS can either be electron-donor or electron-acceptor.
Some of the doping elements previously studied were nitrogen®, boron®, silicon®,
phosphorus®’, lithium*, potassium®’, and bromine®. This thesis is directed towards
the improvement of the electronic properties of nanotubes, hence nitrogen and boron
dopants that have the ability to tune electronic properties are of main interest in this
assessment.

Nitrogen and boron atoms can be easily incorporated into the nanotube
graphitic lattice through substitutional doping, i.e., substitution of the carbon atoms

with atoms of different number of valence electrons. Nitrogen and boron differ by
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only one valence electron compared to carbon, which makes it easier to incorporate
them. In N-MWCNTs, nitrogen acts as an electron donor since it has five valence
electrons i.e., one electron more than carbon, causing an upward shift in the Fermi
level compared to its initial position (Figure 2-3a), therefore making the nanotubes n-
type*’. Boron, on the other hand, plays the inverse effect of nitrogen doping. Boron
has one electron less than carbon and acts as an electron acceptor, causing a
downward shift of Fermi energy compared to its initial position (Figure 2-3b)
creating a p-type nanotube*’. It should be noted that the Fermi energy shift in both
cases also depends on the diameter of the dopant atom and the number of

incorporated dopant atoms.
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Figure 2-3. Graphical illustration of the density of states as a function of energy (E)
of: (a) nitrogen, (b) boron doped nanotubes. The dotted lines denote the Fermi
energy position (Er) (black — initial, green and blue — final) before and after the
ionisation of the dopant states. The arrows represent the Fermi level shift and the
hatched region relates to the occupied states.*’

Apart from the electronic properties, nitrogen and boron doping also has an
effect on the structure of MWCNTs. The model proposed by Sumpter et al.,*! based
on theoretical calculations and experimental evidence offers a good insight into the
structural effects induced by nitrogen doping. They propose that nitrogen prefers to

be at the tube edges and results in edge saturation that inhibits the tube growth;
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resulting in considerably shorter nanotubes. Moreover, nitrogen has a tendency to
facilitate inclusion of pentagons into the graphitic lattice that promotes tube closure.
As more nitrogen atoms are added, the tube must open again and regrow, which
results in the formation of compartments/bamboo-like internal structure. It has been
observed that nitrogen is richer in the cores and the inner walls of these compartments
and it preferentially sits on tubes with narrow diameters. On the other hand, it has
been observed that boron promotes tube growth and forms larger diameter MWCNTSs
by altering the substrate-catalyst interaction*’. Blase et al.,* proposed a theoretical
explanation for boron influence on the growth of longer nanotubes. According to their
model, boron preferentially substitutes the carbon atoms at the tube end and forms
pentagons at the ends similar to nitrogen doping. This bends the nanotube inwards
and leads to a partial closure by forming an atomic bridge. However, the boron-boron
bonds easily break and reopen the tube structure; pentagons in this open tube
structure form hexagons on encountering a carbon atom from the vapour phase,
which enable the nanotube to grow further. Also, boron reduces the interlayer spacing
and increases the in-plane distance in the carbon lattice, thereby improving the
crystallinity and graphitisation in the nanotubes**. Boron doped nanotubes exhibit
different morphologies due to the non-uniform distribution of boron across different

nanotubes?’.

This is caused by the variation in the chemical composition and
temperature within the furnace during their synthesis. Some of the commonly
observed morphologies in boron doped nanotubes are a well-defined nested cone
structure surrounded by a disordered outer layer, a well-defined nested cone structure
without the disordered outer layer, and an inner channel surrounded by disordered
walls?. In the cone-structured nanotubes, the cones are usually rich in boron and the

disordered walls are rich in carbon. Some of the morphologies of nitrogen and boron

doped MWCNTs are shown in Figure 2-4.
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Figure 2-4. a,b,c) SEM micrographs, (d,ef) TEM micrographs, (gh,i) High-
resolution TEM micrographs of conventional, N-, and B- MWCNTs that show the
structural effects introduced by nitrogen and boron doping *'#>#

2.3. Carbon nanotube synthesis techniques

Most of the nanotube production techniques require a carbon feedstock, a metal
catalyst, and heat. When a carbonaceous feedstock is brought into a gas-phase, the
evaporated species self-assembles into tubular structures during thermalisation.
Nanotube synthesis can be classified mainly into two categories depending on the
synthesis temperature®®: high-temperature routes (2000-3200 °C) and medium-

temperature routes (600-1100 °C). High-temperature routes include electric arc
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discharge methods, laser ablation, and vaporisation induced by a solar beam. The

medium-temperature routes are based on chemical vapour deposition processes.

2.3.1. Electric arc

The electric arc method is one of the oldest techniques used for synthesising
nanotubes and it was this very technique that was used by Iijima when he accidentally
identified nanotubes®. In this method, direct current is passed through graphite
electrodes in an inert atmosphere, resulting in a temperature of 5000—6000°C*
(Figure 2-5a). At this point the anode is consumed and highly crystalline nanotubes
are deposited on the anode, whereas polyhedral particles and amorphous carbon are
formed on the cathode. This technique is capable of producing highly graphitised
nanotubes® as seen in Figure 2-5b. However, the quantity of nanotubes that can be
produced using this technique is limited due to the high temperatures of the reactor
that consumes the majority of the generated power for cooling, leaving only a fraction

of the power for vaporising the graphite. Hence, making it economically not feasible.

a)

Window Window,

Cathode

Figure 2-5. a) Schematic of the electric arc discharge technique®, b) TEM image of
MWCNTs produced by this technique that shows the highly graphitised walls in the
nanotubes°.
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2.3.2. Laser ablation

Another commonly used technique for nanotube production is laser ablation.
This technique uses an incident laser beam to excite carbon atoms by vaporising
graphite targets held at high temperatures (> 1000 °C) in an inert atmosphere (Figure
2-6a). The nanotubes produced by the laser ablation are similar in structure and
quality to those produced by electric arc method. Furthermore, this technique mostly
favours SWCNT production®! (Figure 2-6b). However, this technique involves

expensive equipment, which makes it economically unviable.

ater—cooled

u collector

Figure 2-6. a) Schematic of the laser ablation technique®’, b) TEM image of
SWCNTs produced by this technique showing the quality of the nanotubes”'.

2.3.3. Chemical vapour deposition (CVD)

For utilising the full potential of nanotubes, producing them economically at a
mass scale with high homogeneity and few/no carbonaceous by-products is of prime
importance. However, the high temperature techniques discussed above consume a
large amount of carbon source and energy. This makes them inefficient and
economically unsuitable for laboratory and industrial research. Moreover, the
produced nanotubes are inferior in quality and present impurities such as amorphous
carbon and metal catalyst particles, hence requiring post-treatments. Some of these

drawbacks can be overcome through CVD because of its flexibility and ability to be
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scaled up. In CVD, decomposition of a gaseous or volatile carbon source occurs that
is catalysed by metallic nanoparticles acting as nucleation sites for the nanotube
growth (Figure 2-7a). CVD uses relatively lower temperatures® (300-800 °C for
MWCNTs, 600-1150 °C for SWCNTSs) for synthesising well-graphitised nanotubes;
an example of this is shown in Figure 2-7b. However, the CVD-produced nanotubes
are usually accompanied with metal catalyst particles trapped inside them. It should
be noted that it is difficult for a single synthesis technique to solely overcome all the
drawbacks associated with the nanotube production. Hence, a compromise has to be
drawn on certain issues, which in the case of CVD is the presence of catalyst particles
in the produced nanotubes. CVD for its ability to produce large quantity of nanotubes
with reasonable quality has attracted significant attention in the past few years.
Moreover, this technique is especially useful for applications that are either benefitted

by the presence of the catalyst particles or not severely affected by them.

a)

Carbon source
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Catalyst

+

Figure 2-7. a) Schematic of the CVD technique, b) TEM image of a well-graphitised
MWCNT produced by this technique™ .

The nanotube growth mechanism in a CVD process usually involves®*:
Step 1) Dissociation of the hydrocarbons that are catalysed by the metal nanoparticles.

Step 2) Dissolution and diffusion of the carbon through the catalyst.
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Step 3) Carbon precipitation from the saturated metal catalyst that leads to the
formation of nanotubes.

Depending on the size of the catalyst particles and the substrate/catalyst interaction,
two growth mechanisms can be described:

Mechanism 1) When the interaction between the catalyst and the substrate is weak,
the carbon precipitation occurs below the catalyst particle, and the nanotube grows by
pushing the catalyst away from the substrate (Figure 2-8a). The nanotube continues to
grow as long as there is scope of further hydrocarbon decomposition on the catalyst
surface and the growth ceases when the catalyst particle is covered with excess
carbonaceous material. This is tip-growth.

Mechanism 2) When the catalyst particle strongly adheres to the substrate, the

precipitated carbon cannot push the catalyst particle away from the substrate due to
the strong interaction. Hence, the hydrocarbons are forced to eject from the top part

of catalyst, which then extends to form a nanotube. This is base-growth (Figure 2-8b).

(a)

AN ——
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SUPPORT C

Figure 2-8. Illustration of the nanotube growth mechanism: a) tip-growth, b) base-
growth®; C- Carbon, M- Metal catalyst particle.

Whether to use tip-grown or base-grown nanotubes depends on the application,

especially for those applications where the presence of the metal particle in a certain
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1.>* reported 80 mA/cm? field emission current density at

location is crucial. Sohn et a
3 V/um in their CVD-produced MWCNTs and attributed these properties to the base-
growth of the nanotubes. The authors suggested that the open tip structure of the
nanotubes, their strong adhesion to the substrate via the catalyst particles, and their
good electrical contact with the electrode due to the metal catalyst at the bottom of
the nanotube helped in improving the field emission properties.

It should be noted that most of the CVD-produced nanotubes are a combination
of tip- and base- grown nanotubes. Whether a nanotube grows by tip- or base- growth
is difficult to control and techniques for achieving purely tip-grown or base-grown
nanotubes have not been successful till date. Furthermore, it is difficult to
comprehend whether the catalyst remains in a solid state or transforms to a liquid
state during the carbon precipitation. Due to the nano size of most of the metal
catalyst particles (ca. 10 nm) it is likely that their melting points are lowered (ca. 600
— 900 °C) than usual (ca. 1500 °C), thus suggesting the possibility of their
transformation to liquid state. Despite intensive research, it is still not clear if the
diffusion of the carbon occurs in bulk or if it pertains to just the catalyst surface. In
situ studies have revealed instances of pure bulk diffusion® and pure surface
diffusion® through high-resolution TEM imaging. However, the environment in a
TEM is not comparable to that of a reactor, making it difficult to extend these results
to reactor synthesis. Moreover, the possibility of a combination of both bulk and
surface diffusion cannot be ruled out as well. It is important to determine the key
mechanisms in the nanotube growth as a better understanding of the mechanisms will
certainly help in producing well-defined homogeneous nanotubes on a larger scale
with reproducible and desired structures. Thus, this area requires further investigation

and is beyond the scope of this thesis.

22



In order to upscale the production of nanotubes, several methods based on CVD
have been reported in recent years: spray pyrolysis®’, catalytic CVD (CCVD)®,
aerosol assisted CVD (AACVD)*, and plasma-enhanced CVD*. In most of these
techniques, nanotubes are produced by pyrolysis of hydrocarbons in the gas phase.
The hydrocarbons can be introduced into the CVD reactor from a liquid precursor
that can be injected into the reactor through atomisation, in which case the technique
is called AACVD. If the liquid precursor is instead sprayed using a spray injector, it
is spray pyrolysis CVD. Introducing catalysts by depositing them on a substrate
significantly enhances the hydrocarbon pyrolysis; this is CCVD. Alternatively, both
the catalyst particles and the hydrocarbon feedstock can be simultaneously injected
into the reactor, such as a combination of CCVD and AACVD — AACCVD, which
has several advantages over the other CVD techniques®:

a) Compared to other CVD routes AACCVD simplifies the process of generating and
delivering the vapour precursor to the reactor, hence reducing the costs involved in
the deposition process.

b) The chemical precursors are usually combined into a single source precursor in
AACCVD, which allows production of materials with controlled stoichiometry.

c¢) In this technique, the catalyst particles are produced in situ, thus eliminating the
catalyst preparation step.

d) It uses mild synthesis conditions for the nanotube production (ca. 600900 °C for
MWCNTs and ca. 1000-1200 °C for SWCNTs) with the possibility of continuous
production. Moreover, unlike other CVD techniques, AACCVD does not require
sophisticated reactors; hence it is a relatively low cost process.

e) It has the potential for upscale production, which is beneficial for

commercialisation.
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f) It aids in producing clean and aligned nanotubes along with doped nanotubes
without employing flammable or corrosive gases*’, which is a major advantage over
other techniques.

g) There have been reports of efficiently controlling the morphology and the structure
of the doped nanotubes using this technique by merely using different precursors3>*?
or by adding specific dopant containing hydrocarbons* to the precursors.

Hence, AACCVD was chosen to be the best-suited technique for producing the
nanotubes required for this work. Conventional MWCNTs synthesised by AACCVD
can be up to 1 cm in length and usually possess large diameters of up to 100 nm and 3
to > 100 inner walls***®. However the AACCVD-produced MWCNTs usually present
some structural disorder. A typical Raman spectrum of an AACCVD-produced
MWCNTs is shown in Figure 2-9, where the intensities of different peaks in the
spectrum can be related to the defects in the nanotubes. A strong D peak (at ca. 1338
cm’') that signifies the defect quantity® in the nanotubes can be clearly seen in this
spectrum, along with a strong G peak (at ca. 1570 cm™) that relates to the degree of

graphitisation®’. A 2D peak (at ca. 2676 cm™) that indicates long-range ordering®! in

the nanotubes can also be seen.

G peak
(tangential graphitic)

z D peak
~ |(disorder induced)
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Figure 2-9. Typical Raman spectrum of AACCVD-produced MWCNTs.

24



2.4. Insulating carbon nanotubes

When nanotubes are used as reinforcements in polymer composites, the
nanotube/polymer interface becomes crucial for the composite performance. When
applications of such composites involve dielectrics, the conducting nature of the
nanotubes can be disadvantageous. Nanotubes are effective in improving the
dielectric properties of the nanotube/polymer systems until their concentration
reaches a certain critical value (generally referred to as percolation threshold) beyond
which they form a conducting path that results in a dielectric breakdown along with
an increase in the dielectric losses®>%*. However, there is a significant improvement
in the dielectric constant at the percolation threshold due to interfacial polarisation

effects arising from the nanotube/polymer interfaces®*%.

Hence, forming an
insulating layer on the individual nanotubes can avoid the formation of a conductive
path and can aid in accommodating more nanotubes in the polymer matrix without
causing capacitor failure.

A widely used technique to achieve this is to wrap the individual nanotubes

with insulating polymers®

, inorganic metal oxides or hydroxides®’. Wrapping of both
SWCNTs and MWCNTs with polymers has been widely studied due to its potential
for creating a variety of hybrid nanostructures. However, its application is limited due
to the agglomeration of polymers and formation of irregular deposits. On the other
hand, inorganic metal oxides such as aluminium oxide and silicon oxide offer better
long-term stability and relatively superior insulating properties. In this work, silicon

oxide coatings were deposited over the nanotubes in order to benefit from the

inherent electrical insulation and dielectric strength of silicon oxide (5 — 10 MV/cm)®,
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2.5. Experimental procedure and characterisation

2.5.1. Synthesis of conventional, doped, and silica covered MWCNTs

AACCVD was used for synthesising conventional and doped MWCNTs (N, B).
The experimental set-up comprised of an aerosol generator driven by a piezo (RBI
Pyrosol 7901), a single zone horizontal tubular electric furnace (Elite Thermal
Systems, 60 cm long, and 4 cm internal diameter), an n-type thermocouple, a
temperature controller (Eurotherm 2416), and a quartz tube (Robson Scientific, 80 cm
long, and 2.1 cm internal diameter) (Figure 2-10). The aerosol unit was firstly filled
with the required precursor and was connected to one end of the quartz tube that was
previously cleaned with ethanol and dried. The other end of the quartz tube was
connected to an acetone trap to capture any by-products from the reactions such as
soot or liquid hydrocarbons. The acetone trap was further connected to an exhaust.
Once all the connections were sealed, the furnace was heated to the required
temperature. The system was simultaneously flushed with argon for 10 minutes to
remove any unwanted oxygen from the reactor. Once the desired temperature was
reached, the amplitude and frequency of the aerosol generator were adjusted till a
visually dense aerosol was generated. The aerosol was then directed into the reactor
using argon as a carrier gas at a flow rate of 2.5 1/min. After the required synthesis
time, the aerosol flow was stopped and the furnace was left to cool to room
temperature under reduced argon flow. The quartz tube was then carefully removed
and the nanotubes were gently scraped from the inner cylindrical wall of the quartz
tube using a metallic spatula. From previous research®, it has been realised that a
small area at the start and end of the quartz tube usually consists of liquefied aerosol

and amorphous carbon respectively. Hence, care was taken to avoid materials from a
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10 cm long area after and before the start and end points of the tube (indicated as ‘a’
and ‘b’ in Figure 2-10 respectively).

The work of Koos et al.’**** was used as a guideline for selecting the
MWCNT synthesis parameters. Table 2-1 lists the precursors used for producing

different MWCNTs along with their synthesis details.

a) v\ |I Furnace I| /w b)
qh' Quartz Tube h /> Exhaust

Furnace

Argon
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Aerosol Acetone
Generator ‘ Trap

| Piezoelectric

Figure 2-10. Schematic of the AACCVD setup used in this work. The area between
10 cm after the start position ‘a’ and 10 cm before the end position ‘b’ was
considered for collecting the nanotubes.

MWCNT Synthesis Synthesis
Precursor time,
type temperature (°C) (minutes)
95 wt.% Toluene (CsHsCH3, Fluka,
Conventional | 99.7%), 5 wt.% Ferrocene (Fe(CsHs),, 200 30
MWCNTs Sigma-Aldrich, 98.0%;
post-purified by sublimation at 95 °C)
95 wt.% Benzylamine (CsHsCH2NH>;
N-MWCNTs Fluka; 99.7%), 5 wt.% Ferrocene 800 30
90 wt.% toluene, 1 M Triethylborane in
B-MWCNTs hexanes ((C2Hs)3:B, CH3(CH2)4CH3; 1000 10
Aldrich), 5 wt.% Ferrocene

Table 2-1. List of precursors used for the synthesis of conventional and doped MWCNTs
along with the synthesis parameters
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A portion (ca. 30 mg) of the as-synthesised conventional and doped MWCNTs
was further processed for depositing a silica coating over the nanotubes. This was
accomplished through the sol-gel technique proposed by Seeger et al.®’:

Stepl) 1 mg/ml nanotube dispersions were formed in 0.1% aqueous polyethylenimine
(PEI) (Sigma Aldrich, average My — 25,000) by sonicating them for 24 hours using
an Ultrawave U1250D ultrasonic bath (200 W, 3040 kHz). Any residual PEI was
separated using a Rotanta 460R centrifuge (3250 rpm, 4 hours).

Step 2) A sol was formed by mixing Tetraethylorthosilicate (TEOS) (Sigma Aldrich
98.0%), Ethanol (EtOH) (Sigma Aldrich 99.5%), and water (pH — 6) in a mass ratio
of 2:1:4.

Step 3) After 48 hours the sol was mixed with the nanotube dispersion in a mass ratio
of 1:5 and was sonicated for 8 hours to avoid any phase separation. The mixture was
then heated at 300 °C for 1 hour in argon atmosphere to allow adsorption of TEOS on
the nanotube surface. It should be noted that the heat treatment procedure further
decomposes TEOS into silica (Equation 2-1), resulting in a silica coating on the
MWCNTs. From here on, the non-silica coated MWCNTs will be addressed as

pristine MWCNTs.

Si(0C,Hs), — SiO, + 2 C,HsOH + 2 C,H, Equation 2-1

2.5.2. Characterisation of conventional and doped MWCNTs

Jeol JSM-840F and Jeol 6500F scanning electron microscopes (SEMs) in
secondary electron imaging mode at 5-10 kV acceleration voltages were used for
determining the lengths of the nanotubes. Samples for SEM were prepared by
sprinkling the MWCNTs on conductive carbon tabs that were mounted on aluminium
stubs. On the other hand, the nanotube internal structure and diameters were

examined using a Jeol JEM-2000FX transmission electron microscope (TEM) at 200
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kV acceleration voltage. Samples for TEM were prepared by sonicating few
milligrams of MWCNTs in acetone for 30 seconds and drop casting 3—4 droplets of
the dispersion onto lacey carbon copper grids and drying them overnight. The lengths
and diameters were calculated from the micrographs using the Imagel software. An
average of 100 nanotubes was used to estimate the MWCNT lengths and outer
diameters.

The defects in the nanotubes were studied using a Horiba Jobin Yvon LabRam
Aramis Raman spectrometer (532 nm green laser) at room temperature. Samples for
Raman were prepared by placing few drops of the nanotube dispersions in acetone on
clean microscopy glass slides and drying them overnight. The defect peak intensity
ratios were manually calculated from the Raman spectra and were used for
understanding the defects. An average of 7 spectra was taken to calculate the intensity
ratios for every batch of nanotubes. Additionally, the oxidation resistance of the
nanotubes and their iron catalyst content was investigated using a Perkin Elmer Pyris
thermogravimetric analyser (TGA) by heating ca. 4 mg of each type of MWCNTSs in
air from 50-900 °C at a rate of 10 °C/min. 3 TGA runs were conducted on each batch

of nanotubes, and the oxidation resistance values were averaged.

2.5.3. Characterisation of silica covered MWCNTs

The extent of the silica coverage on the nanotubes was studied using a Jeol
2010 TEM (200 kV accelerating voltage) equipped with an Oxford Instruments LZ5
windowless energy dispersive X-ray (EDX) spectrometer. Furthermore, a VG
HBS501A scanning transmission electron microscope (STEM; 100 kV accelerating
voltage) with a Gatan 666 EELS spectrometer with a spot size of 1 nm was used to
conduct electron energy loss spectroscopy (EELS) line scans to evaluate the

composition of the coating. The small spot size of STEM allowed local spectroscopy
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of the sample and provided accurate chemical composition of the coating. The sample
preparation for these studies was similar to the TEM sample preparation discussed in

§2.5.2.

2.6. Results and discussion

2.6.1. Length analysis by SEM

Table 2-2 lists out the lengths of pristine conventional, N-, and B- MWCNTs
produced using AACCVD and Figure 2-11 shows the respective SEM images. It can
be observed from the SEM images that the nanotubes predominantly agglomerated
into bundles. Moreover, it was found that bundles from the same batch exhibited a
large distribution of lengths. This is due to the variation of growth parameters,
especially temperature and catalyst concentration in various parts of the quartz tube.
When an aerosol is directed into the quartz tube, it decomposes unevenly due to the
variation in temperature along the quartz tube, resulting in different catalyst
concentration in different parts of the quartz tube*. As the nanotube growth
mechanism in AACCVD is based on nucleation from the catalyst particles, the rate of
nanotube growth is different in different parts of the quartz tube. Furthermore,
MWCNT doping had a drastic effect on its length and structure. Figure 2-11a,b shows
bundles of wavy conventional MWCNTs containing many kinks, lengths of which
were calculated to be 200+£28 pm. However, nitrogen doping reduced the nanotube
length to almost a quarter of the conventional MWCNT length, i.e., 5112 pm
(Figure 2-11c,d). Moreover, N-MWCNTs appeared to be straighter with fewer kinks.
During the nanotube growth, nitrogen atoms in the growing edge are likely to be
more stable than the ones within the hexagonal carbon lattice*!. This causes the

nanotube edge to be filled with nitrogen atoms, thereby saturating it. For the nanotube
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to grow any further, the nitrogen atoms saturating the tube edge need to be replaced
by carbon atoms or form defects. This results in inhibition of the nanotube growth,
resulting in shorter nanotubes in N-MWCNTs. On the contrary, B-MWCNTs formed
wool-like long structures (Figure 2-11¢), which made the identification of nanotubes
and their length calculation difficult. Hence, a definite nanotube length for the B-
MWCNTSs could not be established. B-MWCNTs were of spongy nature and
appeared relatively thick (Figure 2-11f). Unlike nitrogen, boron promotes nanotube
growth by acting as a surfactant (as explained in §2.2). Boron atoms preferentially
substitute carbon atoms at the end of nanotubes during the growth and form
pentagons leading to a partial closure of the nanotube*’. However, the boron bonds
break easily resulting in the re-opening of the nanotube structure. This allows the
pentagons at the end of the tube to form hexagons when exposed to carbon atoms
from the vapour phase, which allows the nanotubes to grow further. Consequentially,

an increase in the length is observed for B-MWCNTs.

Type of MWCNTSs Length (upm) Diameter (nm)
Conventional MWCNTs 200 + 28 67+ 14
N-MWCNTs 51+12 25+6
B-MWCNTs - 88 +22

Table 2-2. Lengths and diameters of pristine MWCNTSs produced by AACCVD.
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Figure 2-11. Low and high resolution SEM images of pristine MWCNTs produced by
AACCVD: (a,b) Conventional MWCNTs, (c,d) N-MWCNTs, (e f) B-MWCNTs.

2.6.2. Structural and diameter analysis by TEM

TEM images of pristine conventional and doped MWCNTs (Figure 2-12a-f)
showed no signs of amorphous carbon implying that the nanotubes were clean.
However, a number of iron catalyst particles seemed to be encapsulated in the inner
core of the nanotube structure or attached to the surface, which is typical to
AACCVD’®7!, TEM studies of conventional MWCNTs (Figure 2-12a,b) revealed
that the inner structure of these nanotubes was hollow and clearly showed evidence of
many kinks. The average outer diameter of conventional MWCNTSs was measured to
be 6714 nm. Comparing these to the TEM images of N- and B- MWCNTs (Figure
2-12c,e), a significant change in the internal structure of the nanotubes can be
observed. N-MWCNTs (Figure 2-12c¢,d) exhibited straighter tubes with corrugated
walls, and a stacked cone structure. Such structures are also known as ‘bamboo-like’

structures, where the internal part of the tube is separated into a series of
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compartments. During the nanotube growth, nitrogen promotes nanotube closure (as
explained in §2.2) and leads to an increase in defect density that induces curvature in
the graphitic layers resulting in the bamboo-like structure*'-**72. The outer diameter
of the N-MWCNTs was 25+6 nm; clearly the N-MWCNTSs were narrower than the
conventional MWCNTs. On the other hand, B-MWCNTs (Figure 2-12e,f) exhibited a
curvy and distorted structure with many knees, along with a nested-cone shaped
internal structure with entrapped iron particles. Unlike N-MWCNTs, the outer
diameter of B-MWCNTs increased to 88+22 nm when compared to conventional
MWCNTs. This is because boron promotes nanotube formation as discussed earlier.
Furthermore, according to literature, the core cone-structure of the B-MWCNTs is
well-defined and consists of boron while the outer structure is disordered and consists
of only carbon®7. Also, the concentration of boron within these cores can vary along
the nanotube, thereby introducing changes in its physical and chemical properties

locally within the nanotube’.

Figure 2-12. TEM images of pristine MWCNTs produced by AACCVD:
(a,b) Conventional MWCNTs, (c,d) N-MWCNTs, (e f) B-MWCNTs.
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2.6.3. Defect analysis by Raman spectroscopy

In a typical Raman spectrum of MWCNTs (Figure 2-9), three major peaks are
generally observed:
a) D peak at ca. 1350 cm™!, which relates to the disorder in the structure. The D peak
is associated with the defect quantity and size of crystallites in the MWCNTs*.
b) G peak at ca. 1550-1600 cm™!, which is a characteristic of sp? carbon networks and
can be associated with in-plane hexagonal ordering of the carbon atoms. The G peak
suggests the graphitisation of the MWCNTs®!,
c¢) The overtone or second-order harmonic of the D peak — the 2D peak at ca. 2700
cm™!, which is a result of a double-resonance scattering process involving two
phonons and the creation of inelastic phonons. The 2D peak is specifically sensitive
to the number of graphitic layers and nanotube walls; indicating long-range ordering®'.

Figure 2-13 shows the original Raman spectra of the pristine conventional and
doped MWCNTs used in this work. Table 2-3 lists out their respective Ip/lg and
Ip/Ic Raman intensity ratios. It can be observed from Table 2-3 that nitrogen and
boron doping resulted in an increase in the Ip/Ig and a decrease in Ip/Ig intensity
ratios. These intensity ratios are associated with defects and impurities in the
nanotubes, therefore it can be confirmed that doping resulted in an increase in the
defect density. This can also be seen in Figure 2-13, where the Raman spectra of N-,
B- MWCNTs show an increase in the intensity of the D line and decrease in the
intensity of the 2D line compared to their conventional counterpart. The increase in
the Ip/lg intensity ratio indicates an increase in the disorder and corrugated nature of
nanotube walls. Also, the monotone increase in the intensity of the D line and
decrease in the intensity of the 2D line of N-MWCNTs suggests an evident
degradation of the carbon hexagonal lattice’. Moreover, the In/I intensity ratio of N-

MWCNTs was almost close to 1, which signifies a decrease in its crystallinity. This
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effect was stronger in N-MWCNTs than in B-MWCNTSs, contradicting the
observations of Koos et al.**, where B-MWCNTSs had a stronger effect on defect
density compared to N-MWCNTs. However, it should be noted that the difference in

the intensity ratios reported by Koos et al. and in this work is not more than 0.1 units.
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Figure 2-13. Raman spectra of pristine MWCNTs showing the variation in the defect
peaks in different nanotubes. All spectra are normalised with respect to the G band
intensity.
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Type of MWCNT In/Ic Lon/Ic

Conventional MWCNTs 0.56 +£0.01 0.36 +0.02
N-MWCNTs 0.90+0.03 0.12+0.04
B-MWCNTs 0.75+0.02 0.26+0.04

Table 2-3. Raman intensity ratios: Ip/lg and I>p/Ig of pristine MWCNTs.

2.6 4. Oxidation studies using TGA analysis

In this work, the oxidation resistance of the MWCNTs is defined as the
temperature range where 20-80% mass loss of the sample occurs (T20%, Tso%
respectively). The calculated oxidation resistance values of pristine MWCNTSs are
listed in Table 2-4. Also, the amount of residual catalyst was calculated using

Equation 2-2 and the calculated values are listed in Table 2-4.

Final Weight

~1na WeigT 100 Equation 2-2
Initial Weight

% residual catalyst =

It can be observed that the oxidation resistance of N-MWCNTs decreased
compared to that of conventional MWCNTs. This can also be seen from the TGA
graphs in Figure 2-14, where a sharp decrease in % weight can be observed in the
spectra of N-MWCNTs. This could be due to the change in nanotube structure (as
seen in Figure 2-12) that results in an increased reactivity of the nanotube walls, in
addition to the increased number of defects in the N-MWCNTs as confirmed by the
Raman studies (Table 2-3). Also, the TGA behaviour of N-MWCNTs suggests that
oxidisation perhaps occurs along the entire nanotube surface, unlike conventional

MWCNTs that oxidise just at the tips or at randomly distributed defects*. On the
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contrary, presence of boron seemed to have inhibited nanotube oxidation and resulted
in an increase in oxidation resistance (Table 2-4). Based on similar results reported in
literature, this effect can be explained by the following theories:

i) Influence of boron on the electron structure of carbonaceous material’”: the
substitutional nature of boron atoms re-distributes the m electrons in the nanotube,
which changes the number of charge carriers, lowering the Fermi level of the
nanotube. This is likely to inhibit desorption of CO and COa.

ii) An improvement in the graphitisation of the nanotubes by substitutional boron’.
iii) Active site blocking’®: Formation of oxides, such as B»Os, on the nanotube
surface that acts as a diffusional barrier which delays oxidation.

Another distinct effect due to doping was that the amount of catalyst content in the

nanotubes was lower in the doped MWCNTs.

Oxidation Oxidation
TN | TR e 307 | Rt
(°C) °O)
MWCNTs 546.74 643.72 15.0
N-MWCNTs 507.23 598.69 10.9
B-MWCNTs 651.27 746.30 6.8

Table 2-4. Temperatures at which 20% and 80% mass loss occurs in the MWCNTs
along with their catalyst content.
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Figure 2-14. TGA measurements of pristine conventional and doped MWCNTs
showing the effects of doping on the oxidation resistance.

2.6.5. Characterisation of silica coated MWCNTs

TEM studies coupled with EDX area scans were conducted on silica coated
MWCNTs to understand the extent of silica coverage on the outer walls of the
nanotubes. The extent of silica coverage was studied using TEM and the presence of
silica coating was confirmed using EDX. Moreover, for accurate composition
analysis of the coating, further investigations were conducted using STEM-EDX line
scans and EELS.

a) TEM studies coupled with EDX

Figure 2-15 shows the TEM images and respective EDX area scans of silica

coated MWCNTs (conventional and doped). From the TEM images (Figure
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2-15a,c,e) it can be clearly seen that a rough non-uniform coating covered the surface
of nanotubes. This coating appeared to have a strand-like structure and covered only
parts of the nanotubes. Also, some nanotubes seemed to be not covered with any
coating at all. However, even this amount of coverage was considered sufficient
given the aim was to insulate the nanotubes from one another. The EDX area scans of
all the three MWCNTs (Figure 2-15 b,d,f) revealed strong peaks of silicon, oxygen,
iron, and copper. The peaks of silicon and oxygen confirm its presence in the coating.
However, it is difficult to confirm its exact composition, but since silicon readily
forms silicon oxide”’, it can be assumed that the coating was silica. The iron peaks
relate to the encapsulated iron particles that served as a catalyst for the MWCNT
synthesis, and the copper peaks relate to the lacey carbon copper grid. However, it
should be noted that these EDX scans were area scans. Therefore, it is difficult to
fully confirm whether the peaks relate purely to the coating over the nanotubes or

from any silicon containing agglomerates in the neighbouring region.
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Figure 2-15. TEM images and their respective EDX area scans of silica covered
MWCNTs: (a,b) Conventional MWCNTs, (¢,d) N-MWCNTs, and (e.f) B-MWCNTs.

b) STEM and EELS

EELS line profiles coupled with STEM analysis were conducted in order to
fully understand the composition of the coating covering the nanotubes. Due to the
limited accessibility of the testing equipment, studies were conducted on silica
covered conventional MWCNTs only. Figure 2-16 shows the STEM images of silica
covered conventional MWCNTs at various locations of the sample along with their

respective EELS line profiles. The STEM images show a non-contiguous particulate

40



coating surrounding the nanotubes that was roughly measured to be 5 nm thick. The
blue and green lines in the EDX line scans correspond to silicon and oxygen, and the
red line corresponds to carbon (i.e., the MWCNT). It can clearly be seen that the
silicon peaks were detected on both sides of the nanotubes, hence confirming the
presence of silicon in the coating covering the nanotubes. On the other hand, presence
of oxygen was detected all-along the nanotube, which is not unusual as oxygen could
be present in the coating in the form of SiO» as well as within the nanotubes as iron
oxide. Although, the STEM and EDX data confirm the presence of silicon and
oxygen in the coating, the exact composition cannot be established from it. This
ambiguity was solved by EELS studies. Figure 2-17 shows the EELS spectra from the
particulate coating only. The green line corresponds to the spectrum from the coating
and the blue line corresponds to a SiO» reference. An intensity peak at 106 eV
corresponds to the contribution from SiO2 (Si*")’8, which can be evidently seen in
both the reference sample and the coating. Moreover, the intensity peaks of the
reference SiOz matches well with that of the coating. Hence, the composition of the
coating around the conventional MWCNTs can be confirmed as SiO».

It should be noted that the same sol-gel recipe was followed for coating all the
three types of MWCNTs (conventional and doped). Hence, it is only logical to extend
the TEM, STEM, and EELS information from the silica covered conventional

MWCNTs to the doped MWCNTs as well. Therefore, the coating covering the doped

nanotubes (as seen in Figure 2-15c,e) is most likely to be SiO».
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Figure 2-16. STEM images of silica coated conventional MWCNTs with their
respective EDX line scans. The images belong to different areas of the same sample.
(Scans conducted by Dr. Rebecca Nicholls.)

42



18000 1=
Coating
Si0O. reference

12000 1+

Counts

6000 4=

eV

Figure 2-17. EELS spectra of the coating on the conventional MWCNTs. (Scan
conducted by Dr. Rebecca Nicholls.)

2.7. Summary

The structural quality (such as short, long, coiled, aligned, curly, single-wall,
and multi-wall) plays a key role in the applications of nanotubes, especially as fillers
in composites”-*’. Additionally, the presence of any unnecessary materials (such as
amorphous carbon) in the nanotubes can potentially impede the composite properties.
Hence, it is not only important to employ a set of well-defined nanotubes as fillers for
composite applications but also to make sure they are clean from by-products.
However, commercially available nanotubes are mostly inferior in quality as they
contain a variety of nanotube structures along with carbonaceous by-products’. Hence,
to control the type of nanotubes used in this thesis, they were synthesised in-house
through AACCVD. The synthesis parameters presented in this chapter were carefully
chosen and evaluated in order to produce larger batches (at least 300 mg) of well-
defined clean nanotubes. The synthesis parameters, which are usually not presented in
many research articles, are listed in detail in this chapter. The effect of variation in

parameters was related to the difference in morphology of the resulting nanotubes.
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These results provide a direct platform for tuning the structure with synthesis
parameters and provide opportunities for synthesising nanotubes with specific
morphologies for several applications.

Conventional, nitrogen, and boron doped MWCNTs that were required for this
work were successfully synthesised using the AACCVD technique. It was observed
that the produced nanotubes were agglomerated into aligned bundles and had a broad
range of lengths and diameters, which is characteristic to AACCVD-produced
MWCNTs. It would have been ideal to have a narrow range of lengths and diameters,
however this was difficult to achieve due to the variation in synthesis parameters such
as temperature and catalyst concentration along the length of the furnace. With
respect to quality, the nanotubes were free from carbonaceous by-products such as
amorphous carbon but seemed to have trapped many iron catalyst particles.
Nonetheless, the synthesised MWCNTSs were superior in quality to the commercially
available MWCNTs and were considered acceptable for further dispersion studies
and composite work reported in subsequent chapters.

Conventional MWCNTs were measured to be 200+28 um in length with outer
diameters of 67+14 nm. Upon doping with nitrogen, the lengths and diameters of the
nanotubes decreased to 51+12 um and 25+6 nm respectively. Moreover, nitrogen
doping resulted in nanotubes with a bamboo-like internal structure. On the other hand,
boron doping resulted in long, agglomerated nanotubes with increased outer
diameters of 88+22 nm along with a nested-cone internal structure; the exact lengths
of these nanotubes could not be measured due to agglomeration. Raman studies
revealed an increase in the Ip/Ig and a decrease in the Iop/Ig intensity ratios for N-, B-
MWCNTs. The Raman intensity ratios usually relate to the defect densities and
impurities in the nanotubes, which indicated an increase in the defect densities due to

doping in this case. However, contrary to literature*?, nitrogen doping seemed to have
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had a stronger effect on the defects than boron doping. TGA studies revealed that the
oxidation resistance of N-MWCNTs decreased while that of B-MWCNTSs increased,
which was related to the structural changes induced by doping. Also, the amount of
residual catalyst in the nanotubes decreased in doped MWCNTs.

The synthesised nanotubes were further processed for an insulation cover by
depositing a silica coating over the nanotubes through sol-gel route. TEM studies
with EDX area scans, and STEM studies with EELS line scans were performed on the
silica covered nanotubes to understand the structure and composition of the coating.
These studies confirmed the presence of silicon and oxygen in the coating.
Furthermore, EELS studies accurately confirmed the composition of the coating as
SiO». The silica coating was particulate in nature, approximately 5 nm thick, and

covered the nanotubes non-uniformly.
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Chapter 3. Sonication effects on carbon nanotubes

Carbon nanotubes are unique materials, possessing extraordinary properties with
a potential for a multitude of applications. Most of these properties, especially the
electronic ones, can only be exploited when they exist as individual nanotubes. Their
tendency to agglomerate or form bundles due to strong intrinsic Van der Waals
attraction forces poses a major limitation for their commercial use. Though the exact
physics behind these attraction forces remains unclear, it is commonly believed that
they arise from the n—x interactions between the adjacent tubes' and their high aspect
ratios. It should be noted that the agglomeration exists regardless of the synthesis route
followed*™; although the type of agglomeration might vary. Figure 3-1 shows an
example of few types of agglomerations in CVD-produced nanotubes. Hence, it is

essential to individually separate the nanotubes (debundle) to utilise their full potential.

Figure 3-1. Agglomeration types of various CVD-produced nanotubes: a) Aligned MWCNT
bundles grown via spray pyrolysis’, b) SWCNT bundles grown via CCVD?, ¢) Baytubes®
C150P grown via floating catalyst CVD*, d) Nanocyl™ NC7000 grown via CCVD?, e) An
aligned N-MWCNTs bundle grown via AACVD, f) An agglomerate of B-MWCNTs grown
via AACVD.
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There are many examples in literature describing numerous techniques for
efficiently separating nanotubes, some of which include oxidative acid treatment,
functionalisation using polymers®, surface modification using surfactants’, and
dispersion forming in organic solvents through high energy routes®. Irrespective of the
technique followed, sonication is the first and most common step used for separating
nanotubes from their respective bundles. Sonication treatments involve application of
excessive energies for longer time scales, which deeply affects the nanotube structure
responsible for its outstanding properties. Although several theoretical”!' and
experimental studies!>!'> have tried to explain the sonication mechanics, the actual
effects still remain unclear. Despite this, the sonication approach has been widely
adopted without the full understanding of its effects. Moreover, the existing reports in
the literature mostly employed SEM, TEM, and atomic force microscopy to analyse
the sonication effects. Unfortunately, these techniques do not give much insight into
the defect densities induced by sonication.

This chapter presents the studies conducted to understand the effects of
sonication on the nanotube lengths, diameters, and most importantly the defect
densities. As one can imagine, the list of possible parameters involved in conducting
such a study are vast. Hence, selected parameters were considered and the approach to
conquer the problem was divided into two studies:

Sonication study I) Analysing and understanding the effects of various ultrasonic
probes on MWCNTs using SEM, TEM, and Raman spectroscopy.

Sonication study II) Development of a ‘destruction reduced’ sonication protocol for
dispersing MWCNTs through a combination of ultrasonic probe, ultrasonic bath, and

centrifugation.
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It should be noted that this chapter addresses only the effects of sonication on
MWCNTs. However, the development of nanotube dispersions is discussed in Chapter

4.

3.1. Introduction to sonication theories and literature review

3.1.1. Sono-physical and sono-chemical reactions

In sonication, a high frequency current is used to oscillate piezoelectric crystals
that are attached to a probe. The probe can be immersed into a liquid medium (solvent
or polymer) that is mixed with the nanotubes. The oscillating crystals produce
vibrations in the liquid that form vacuum cavities (bubbles) that implode within the
liquid creating sono-physical reactions such as microscopic shock waves'®, microjets'’,
microturbulence and microstreaming'®. This mechanism is known as ‘cavitation’.
Cavitations occur in the order of microseconds releasing tremendous amount of energy
that is strong enough to break the Van der Waals attraction forces between the
nanotubes, causing fracture and separation of the nanotubes. The amount of energy
generated via cavitation depends on the size of the bubble, which is determined by the
ultrasound frequency. Lower ultrasound frequencies produce a long acoustic cycle that
results in larger bubbles that release high energies on collapse. On the other hand,
higher frequencies reduce the bubble size, thereby reducing the cavitation energy.

Bubble collapse also gives rise to sono-chemical mechanisms such as localised
heating in the solvent and free radical formation. These mechanisms can be explained
by the widely accepted ‘hot-spot theory’!®, which describes each micro-bubble as a
micro-reactor that undergoes adiabatic heating and creates extreme local conditions.
The temperatures inside the micro-bubbles can rise to 1700-4700 °C and reach
pressures of 1000—4000 atm. A study on the effect of a 3 MHz sound wave on a

120

cavitation bubble was described by Apfel”” and some of his findings are listed in Table
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3-1. Such extreme conditions in the bubble can lead to the formation of free radicals
(primary radicals) from the vapour/volatile compounds in the liquid'®. These primary
radicals can further catalyse secondary reactions such as conversion to other radicals,
initiation of a radical chain, reaction with substrates or the solvent itself, and attack or

recombine with other radicals.

Parameter Initial Final
(Before collapse) (After collapse)
3 um (max.)
Radius I pm 0.14 pm (min.)
Internal Pressure 1 atm 4140 atm
Internal Temperature 20 °C 2900 °C
Energy Density 1 MeV/um?® 383 MeV/um’

Table 3-1: Energy concentration in a cavitation bubble (before and after collapse) caused

by a 3 MHz sound wave??,

3.1.2. Sonication effects

When the nanotube aggregates are mixed in a solvent medium and mechanical
energy is applied via sonication, shear stresses are exerted through the medium on the
aggregates’!. These stresses lead to the separation of nanotubes from the aggregates
and shorten the nanotubes (known as ‘scission’). For successful separation, it is
important that the energy supplied be more than the opposing binding energy of the
aggregates. It is also important that the supplied energy shortens the nanotubes to avoid
re-entangling and re-aggregation. However, it is critical that the supplied energy does
not cause excessive nanotube fracturing or form new defects as this would only damage

the nanotube’s structure.
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Extensive studies have been conducted to understand the sonication mechanisms

precisely9,1 1,13-15,22,23

, especially the nanotube scission. However, due to the lack of
detailed understanding of the various key factors occurring at such micro-scale, the
nanotube scission mechanics remain unclear to date. Nevertheless, in a way it can be
related to the polymer chain shortening mechanism'®: Polymer chains tend to break at
their centre of mass during sonication and the shortening kinetics depend on the

polymer chain length. A similar behaviour can be expected from the nanotubes and it

can be assumed that its length decrease during sonication follows a power law:

[~t™™ Equation 3-1

where, 1 is the nanotube length, t is the sonication time, and m is the power law
exponent that usually varies between 0.2—0.5'%. It should be noted that assigning a
specific value to m is difficult, as it depends on the nanotube stiffness and distance
between the nanotube and the collapsing bubble!:!4,

Although the power law gives a vague idea of the effect of sonication time on the
nanotube length, the influence of various other parameters on the law makes it
challenging to predict the effect exactly. Recently, Pasquali et al.” showed theoretically
that the nanotube length plays a key role in its scission. Shorter nanotubes (length < 3
um) in ambient fluids behave as rigid rods!! (assuming that only Brownian forces exist),
and demonstrate diffusion through translation or rotation only and break via stretching’.
On the other hand, longer nanotubes undergo excessive bending and break via
buckling’. A model of the nanotube buckling due to compressive forces and torque is
shown in Figure 3-2. It is usually assumed that sonication time plays a major role in
the nanotube scission, but in certain sonication treatments sonication energy could

instead be the most influencing parameter'??*?°. To add to the complexity, the wide

range of nanotube lengths, diameters, defect densities, chiralities, and surface
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properties makes it difficult to follow one standard sonication theory. Nevertheless,

attempts are ongoing to understand the real science behind the nanotube scission.

~

collapsing
bubble

Figure 3-2. A schematic showing the forces acting on a nanotube near a collapsing
bubble. The compressive forces (red) and the inward torque (green) result in the
nanotube buckling. If the torque imbalance is sufficiently large, the nanotube rotates
radially i.e., clockwise (yellow)®.

There are two major ways of supplying the ultrasonic energy to the nanotubes:

a) Ultrasonic baths (US baths): US baths usually consist of a stainless steel tank base,

an attached transducer that induces vibrations from the base of the tank, and an optional
heating element (Figure 3-3a). They typically have high frequencies (ca. 40-50 kHz),
a better distribution of acoustic field, and can treat larger batches of samples®®.
However, the amount of power dissipation in an US bath is not large (usually <5 Wem®
2) and is difficult to control. Therefore, a defined cavitation zone cannot be maintained.
Moreover, controlling the bath temperature is not easy.

b) Ultrasonic probes (US probes): US probes, unlike the US baths, deliver the energy

directly into the system. A US probe consists of a generator that can provide an
alternating electrical frequency (ca. 20 kHz) to a transducer, which is attached to a
specifically designed metal horn (Figure 3-3b). The metal horn, usually made of
titanium alloy, amplifies the ultrasonic energy. When the tip of the horn is immersed

in the liquid, energy is directly delivered to the required liquid mixture. Therefore, the
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US probe can create a defined cavitation zone but cannot maintain uniformity of the

energy dispersed through the liquid.

Conical flask containing
Water the reaction mixture

Stainless steel tank

— Optional heating

coil
W B 3
Transducers bound
to base
b)
Transducer covered
with a casing
Upper horn (fixed) «————
Lower horn (detachable)

Ea— Flask containing
the reaction mixture

Figure 3-3. Schematic of: a) An US Bath, b) An US Probe.”’
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3.2. Experimental procedure

Conventional, N-, and B- MWCNTs synthesised through the AACCVD
technique were used for studying the sonication effects. MWCNTSs used for this
sonication study were produced using the synthesis parameters discussed in Chapter 2
and were provided by Dr Antal Kods and Dr Frank Dillon. The related synthesis

parameters along with the respective precursor details are also listed in Table 3-2.

MWCNT Synthesis . Syn.theSIS
tvoe temperature Precursor solution time Gas
yp °C) (minutes)
Toluene 2500 sccm
MWCNTs 800 (Fluka 99.7%) 30 Argon
Benzylamine 2500 sccm
N-MWCNTs 800 (Fluka 99%) 30 Argon
[I0vol.% of I M
Triethylborane in 2500 sccm
B-MWCNTs 1000 Hexane (Aldrich)] in 10 Argon
Toluene (Fluka 99.7%)

Table 3-2. Synthesis parameters used for synthesising MWCNTs for the sonication
studies.

Sonication study I)

Three different types of US probes with varying powers and frequencies were
selected for the first sonication study — Hielscher UP 100H (100 W, 30 kHz), Hielscher
UP 200S (200 W, 24 kHz), and Branson 450D (400 W, 20 kHz). 7 ml MWCNT
dispersions of concentration 1 mg/ml were prepared by dispersing each type of
MWCNT in anhydrous Dimethylformamide (DMF) (Fluka 98.0%), Ethanol (EtOH)
(Sigma Aldrich 99.5%), and Hexafluoroisopropanol (HFIP) (Apollo Scientific 99.0%).
Sonication time scales of 1, 2, and 5 minutes were used in combination with continuous

and pulsed modes of the US probes. In order to maintain consistency in the studies, it
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was made sure that a single batch of each type of MWCNT was used throughout the
sonication studies. It should be noted that due to limited quantity of MWCNTs and B-
MWCNTs, studies using the Branson 450D were conducted only on the N-MWCNTs.
Furthermore, due to the high power of Branson 450D US probe, sonication time-scales
on it were limited to 1 and 2 minutes only. The complete list of testing parameters used
for sonication study I is listed in Table 3-3. Hereon, the ultrasonic probe treated
MWCNTs will be referred as ‘MWCNTSs-SP’. It should also be noted that the
MWCNTs-SP dispersions were a thick mass of inhomogeneous aggregates. This was
because the aim of sonication study I was to only understand the effects of sonication

and not form homogeneous dispersions.

UP 100H US Probe UP 200S US Probe Branson 450D US Probe
MWCNTs: MWCNTs: MWCNTs:
Conventional, N-, B- Conventional, N-, B- N-MWCNTs
MWCNTs MWCNTs
Solvents: Solvents: Solvents:
DMF, EtOH, HFIP DMF, EtOH, HFIP DMF, EtOH, HFIP
Time Scales: Time Scales: Time Scales:
Imin, 2min, Smin Imin, 2min, Smin Imin, 2min
Mode: Mode: Mode:
Continuous, Pulsed Continuous, Pulsed Continuous, Pulsed

Table 3-3. List of parameters used for sonication study L.

Sonication study II)

The aim of sonication study II was to develop a protocol for minimising the
damage usually caused to the nanotubes during dispersion forming. This protocol was

to be used to form homogeneous nanotube dispersions for developing polymer matrix
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composites (discussed in Chapters 4 and 5). For this, a Hielscher UP 100H (100 W, 30
kHz) US probe was used in combination with an Ultrawave U1250D (200 W, 3040
kHz) US bath, and a Sciquip 1-6P centrifuge. Clearly, the number of experimental
variables in this study was enormous, therefore, based on literature and the results from
sonication study I, a mild sonication regime was proposed and its effects were studied.
The sonication regime was established from the work of Bergin et al?’*%, Cheng et al®,
Hennrich et al'?, Giordani et al®, Ham et al*® and is as follows:

Step 1) 2 minutes US Probe (continuous mode),

Step 2) 2 hours US Bath (room temperature),

Step 3) 2 minutes US Probe (continuous mode),

Step 4) 95 minutes Centrifugation (5000 rpm, ca. 2380 g).

Conventional MWCNTs in N-Methyl Pyrrolidone solvent (Sigma Aldrich
99.5%) (NMP) were used for sonication study II as NMP is well-known for efficiently
dispersing carbon nanotubes®?*3°. Raman studies were conducted after every step to
understand the induced defects. TEM studies were conducted after step 4 to examine

the resulting MWCNT structure.

3.3. Characterisation techniques

SEM and TEM studies were conducted to study the morphology of pristine and
US probe treated MWCNTs. The sample preparation protocol discussed in §2.5.2 was
used for preparing the SEM and TEM samples of pristine MWCNTs. On the other hand,
the protocol followed for preparing samples of MWCNTs-SP is as follows:
a) SEM sample preparation: Firstly, 1 ml of each MWCNT dispersion was diluted with
5 ml of its respective solvent. Then, two drops of the diluted dispersions were carefully

drop cast onto clean silicon wafers and were allowed to dry for at least 3 hours. The
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silicon wafers were then glued to aluminium stubs using silver paste and were allowed
to dry for at least a day before conducting the SEM studies.

b) TEM sample preparation: Three drops of the diluted dispersions were drop cast onto
400 mesh Cu lacey carbon TEM grids. The grids were then heated at 50 °C for 20
minutes to remove the solvent, and were allowed to dry overnight before conducting
the TEM studies. At least 50 SEM micrographs and 20 TEM micrographs at various
magnifications were taken for each sample. An average of 100 nanotubes was used to
estimate the nanotube lengths and outer diameters using the ImageJ software.

Raman spectroscopy was conducted on pristine and US probe treated MWCNTs
to study their defect densities. The Raman sample preparation method mentioned in
§2.5.2 was used for preparing the pristine MWCNT samples. On the other hand,
samples of the MWCNTs-SP were prepared by drop casting 5—6 drops of each
dispersion on clean microscopy glass slides. The glass slides were then heated on a hot

plate at 50 °C for 10 minutes to remove the solvent and dried overnight prior to testing.

3.4. Sonication study I: effect of US probes; results and discussion

3.4.1. Structural characterisation using SEM and TEM

a) Pristine MWCNTs

Firstly, SEM and TEM studies were conducted on pristine MWCNTs to
understand their morphology before the sonication treatment. It was observed that the
pristine MWCNTs used in sonication study I (Figure 3-4) were slightly different in
morphology compared to the MWCNTs reported in chapter 2, and had a wider range
of lengths and diameters. It should be noted that the MWCNTs in either case were
synthesised using the same parameters, however they belonged to different batches. It
is not unusual for AACCVD-produced MWCNTs to vary from batch to batch. This is

due to the non-uniformity of the parameters along the CVD reactor, especially the
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variation in catalyst content and the temperature along the length of the reactor’!.
Therefore, the MWCNT length and diameter values in the lower 75" percentile were
considered more reliable and will be presented in ‘{}’ in this chapter along-side the
average values.

Table 3-4 lists out the lengths and diameters of the MWCNTs used for sonication
study 1. Conventional MWCNTSs synthesised from pure toluene (Figure 3-4a,b)
appeared similar in overall structure to the ones reported in Chapter 2 i.e., long, wavy
tubes with kinks. However, the conventional MWCNTs used in sonication study [ were
relatively longer in length, 394+44 um {443 um} with outer diameters of 62+13 nm
{77 nm}. Doping the MWCNTs with nitrogen and boron introduced significant
changes:

1) N-MWCNTs were shorter and straighter than the conventional MWCNTs with
fewer kinks (Figure 3-4c,d). This is due to the nanotube edge saturation by nitrogen,
which prevents the tube growth®? (as discussed in Chapter 2). The length of N-
MWCNTs used for the sonication study I was 53+9 um {55 pm}. They had outer
diameters of 40+21 nm {55 nm} and exhibited a bamboo-like internal structure.

2) As discussed in Chapter 2, the addition of boron promotes nanotube growth by
preferential substitution of carbon atoms*. This resulted in thick wool-like nanotubes
as seen in Figure 3-4e. Due to the formation of thick agglomerates, it was difficult to
calculate the lengths of B-MWCNTs. They exhibited a nested cone shaped internal

structure (Figure 3-4f) with outer diameters of 6124 nm {64 nm}.
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Type of MWCNTs Length (um) Diameter (nm)
Conventional MWCNTs 399+ 44 62+13
N-MWCNTs 53+9 40 £21
B-MWCNTs - 61 +24

Table 3-4. Lengths and diameters of pristine MWCNTs produced by AACCVD used

for sonication study 1.

Figure 3-4. SEM and TEM images of pristine: a,b) Conventional MWCNTs,
(c,d) N-MWCNTs, (e f) B-MWCNTs respectively.

b) MWCNTs-SP

It should be noted that the TEM images of pristine MWCNTs from Figure

3-4b,d,f show individual nanotubes. The sample preparation protocol for these samples
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involved 30 seconds US probe treatment, hence it can be assumed that the nanotube
debundling occurred at as short as 30 seconds sonication time. However, it was
observed that at least 1 minute of US probe treatment was required to see a significant
effect on the nanotube scission. Due to the vast number of micrographs obtained during
this study, SEM and TEM images of only two sample sets are presented in this chapter.
Figure 3-5 shows the SEM and TEM images of N-MWCNTs-SP in HFIP treated with
UP 100H (Figure 3-5a,b,c) and UP 200S (Figure 3-5d,e,f) for 2 minutes in pulsed mode.
It appears from Figure 3-5 that the sonication treatment led to a notable nanotube
scission, along with successful debundling. Moreover, the inhomogeneous energy
distribution during the treatment (as explained in §3.1.2) seemed to have affected
individual tubes differently. This can be attributed to the fact that the starting raw
material consisted of nanotubes with different lengths, diameters, and defect densities.
Therefore, the sonication effect on the tubes was obviously different. The average
lengths of the N-MWCNTs-SP treated with UP 100H and 200S (as observed in Figure
3-5) were 10+£7 pm {7.13 pm}, and 8+6 um {7.5 um}, respectively.

Figure 3-5¢,f shows the TEM images of N-MWCNTs-SP treated with UP 100H
and 200S, whose average outer diameters were 3721 nm {50 nm} and 21£15 nm {40
nm}, respectively. The diameter range of the N-MWCNTs-SP roughly matched that of
the pristine N-MWCNT (i.e., 40£21 nm {55 nm}). This was true for all the MWCNTs-
SP. This effect is discussed in detail in §3.4.2.b) through distribution graphs. Moreover,
the TEM images of N-MWCNTs-SP showed no significant damage in the nanotubes.
Micrographs similar to Figure 3-5 were taken for all the samples, and the respective
nanotube lengths and diameters were calculated. Probability density curves were fitted

to the data to further understand the sonication effects, which are discussed in §3.4.2.
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Figure 3-5. SEM and TEM micrographs of N-MWCNTs treated in HFIP for 2 min in
pulsed mode using: (a,b,c) UP 100H, (d,ef) UP 200S (Note: b,e are magnified SEM
images of a,d respectively).

3.4.2. Analysis of length and diameter distributions

From the lengths and diameters data of pristine and US probe treated MWCNTs,
it transpired that the distributions were wide and random. Therefore, fitting a standard
distribution curve seemed to be an incorrect representation of the data. However, the
lognormal model proved to be a more representative fit, hence probability density
functions were plotted to help interpret the data. The lognormal probability densities

were calculated in Microsoft Excel; the function can be represented as:

_1(ln<g‘>—u)2

e 2 Equation 3-2

f(n(L)) = o

where: L is the value at which the function is evaluated, the fitting parameters ¢ and p

are the standard deviation and mean of In(L) respectively.
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a) Length distributions of pristine and US probe treated MWCNTs

Figure 3-6 compares the length distributions of pristine and US probe treated
conventional MWCNTs. It can be seen from Figure 3-6a that the distribution of pristine
conventional MWCNTs was very wide and it consisted of nanotubes twice as long as
the ones reported in chapter 2. This is an interesting example of how small variations
in the synthesis parameters can sometimes result in significantly different MWCNTs,
hence requiring extensive studies to understand the nanotube growth mechanisms.
From the distribution of pristine conventional MWCNTs it was expected that the
MWCNTs-SP would follow the same behaviour, which is confirmed in Figure 3-6b,c.
Lengths of the conventional MWCNTs-SP varied between ca. 0.2-80 um, but lengths
of 80% of the conventional MWCNTs-SP lay within 0.2—-10 pm, indicating successful
debundling. However, no significant trend with varying sonication parameters such as
solvents, US probes and sonication time was observed. This was unexpected, especially
with the varying solvents, as the nature of solvents used in this study was different in
terms of viscosity, surface tension, and vapour pressures. Hence, the cavitation process
should have occurred differently in the three solvents and should have had a significant
effect on the nanotube fracture'®, which clearly is not the case. A possible explanation
for this could be that the sonication timescales were perhaps too short to observe the
effect of the solvent. Additionally, another explanation is that an average of 100
nanotubes might not have been a sufficient representation for the samples. Hence, a
definite conclusion for the effects of sonication could not be established. Therefore, to
further understand the effect, the nanotube lengths in the lower 75" percentile were
plotted against varying sonication parameters (Figure 3-7). It can be seen from Figure
3-7a that the lengths of MWCNTs-SP were in the same range for all three sonication
times. Hence, the scission mechanism in this study didn't follow the power law and an

increase in the sonication time did not necessarily cause a significant increase in the
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scission. Moreover, it can be seen from Figure 3-7b that there was no trend with the
change in solvents either. However, irrespective of the sonication parameters,
considering the lengths in the lower 75" percentile, it can be realised that the lengths
of conventional MWCNTs-SP decreased to 1-4% of the original lengths of their

pristine counterparts.
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Figure 3-6. Lognormal probability density functions of conventional MWCNT lengths:
(a) Pristine MWCNTs,

(b) MWCNTs-SP in DMF with varied US probes, sonication times and modes,

(c) MWCNTs-SP treated for 2 minutes with varied US probes, sonication modes and
solvents.
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Figure 3-7. Comparison of conventional MWCNT lengths in the lower 75™ percentile
with variable sonication parameters:

(a) Conventional MWCNTs-SP in DMF treated with varying US probes, sonication
modes and times,

(b) Conventional MWCNTs-SP treated for 2 minutes in different solvents with varying
US probes, and sonication modes.

Unlike the conventional MWCNTs, the length distribution of pristine N-
MWCNTS was not wide (Figure 3-8a); the lengths were relatively uniform with
majority between 40—65 um. However, N-MWCNTs-SP did have a wider range
lengths ca. 0.2-80 pm (Figure 3-8b,c) with 80% lengths within 0.2—7 um. Similar to
the MWCNTs-SP, there was no trend in the effect of various sonication parameters
over the nanotube lengths. However, a significant observation was that the sonication

parameters used in this study resulted in successful debundling and scission of N-
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MWCNTs without causing major damage to the N-MWCNTs (as seen from the TEM
micrographs in Figure 3-5c,f). However, a suitable analysis technique for
understanding the nanotube damage is Raman studies, which is discussed in §3.4.3.
Considering the N-MWCNT lengths in the lower 75" percentile (Figure 3-9), it can be
observed that irrespective of the sonication parameters the lengths of N-MWCNTs-SP
decreased to 5—15% of their original lengths.

The higher decrease in length for MWCNTSs-SP can be explained by the fact that
the MWCNTs produced by AACCVD contain many kinks. These kinks can act as
stress raisers during sonication, and fracture might occur primarily at the kinks'®3,
Doping of MWCNTs with N decreases the number of kinks??, therefore more energy

is required to fracture the N-MWCNTs having fewer kinks. Also, breaking the longer

MWCNTs is easier compared to the relatively shorter and thinner N-MWCNTs.
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Figure 3-8. Lognormal probability density functions of N-MWCNT lengths:

(a) Pristine N-MWCNTs,

(b) N-MWCNTs-SP in DMF with varied US probes, sonication times and modes,

(c) N-MWCNTs-SP treated for 2 minutes with varied US probes and sonication modes
and solvents.
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Figure 3-9. Comparison of N-MWCNT lengths in the lower 75™ percentile with
variable sonication parameters:

(a) N-MWCNTs-SP in DMF treated with varying US probes, sonication modes and
times,

(b) N-MWCNTs-SP treated for 2 minutes in different solvents with varying US probes,
and sonication modes.

b) Diameter distributions of pristine and US probe treated MWCNTs

Figure 3-10a,b compares the probability distributions of conventional MWCNT
diameters (pristine and US probe treated) in varying sonication parameters. The solid
black line in the Figure 3-10 represents the pristine conventional MWCNTs and the

coloured lines represent various conventional MWCNTs-SP. It can be seen in Figure

72



3-10a,b that the diameter distributions of conventional MWCNTs-SP approximately
match that of their pristine counterparts, signifying no specific effect on the MWCNT
diameters. However, a noteworthy observation is that the distribution of the pristine
conventional MWCNTs is wider than that of the conventional MWCNTSs-SP. Also, the
probability of the nanotubes having diameters within 20—60 nm is high. This could
signify that not only most of the nanotubes debundle successfully after the sonication
treatment, but that they are also mostly distributed in 20-60 nm diameter range,
resulting in a fairly uniform spread. Figure 3-11 shows the outer diameters of pristine
and US probe treated conventional MWCNTs in the lower 75" percentile with varying
sonication parameters. Similar to the nanotube lengths, a clear trend could not be
observed with the diameters of the nanotubes either. Complementary to this, no
significant effect on the diameters or thinning of the nanotubes was observed in the
TEM studies.

Figure 3-12a,b compares the diameter distributions of N-MWCNTs (pristine and
US probe treated) with varying sonication parameters (including the three US probes:
UP 100H, UP 2008, and 450D). Unlike the MWCNTs, there seemed to be a slight shift
of diameters in the N-MWCNTs-SP. Diameters of majority of the N-MWCNTs-SP
seemed to have shifted to 10-30 nm diameter range while the diameters of their pristine
counterparts majorly lay within 20-50 nm. However, the overall distribution range of
the N-MWCNTs-SP was similar to that of the pristine N-MWCNTSs. Therefore it
cannot be definitely established whether the sonication parameters actually had a
significant effect on the diameters. Figure 3-13a,b shows the outer diameters of pristine
and US probe treated N-MWCNTs in the lower 75" percentile with respect to the
varying sonication parameters. Similar to the MWCNTs, no clear trend could be
observed for N-MWCNT diameters either. However, a decrease in the diameters for

N-MWCNTs-SP with no evident wall thinning/damage could suggest pure debundling.
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Figure 3-10. Lognormal probability density functions of conventional MWCNT outer
diameters (pristine and US probe treated):

(a) Treated in DMF with varied US probes, sonication times and modes,

(b) Treated for 2 minutes in different solvents with varying US probes, and sonication
modes.
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Figure 3-11. Comparison of conventional MWCNT outer diameters (pristine and US
probe treated) in the lower 75™ percentile with variable sonication parameters:

(a) Treated in DMF with varying US probes, sonication modes and times,

(b) Treated for 2 minutes in different solvents with varying US probes, and sonication
modes.
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Figure 3-12. Lognormal probability density functions N-MWCNT outer diameters
(pristine and US probe treated):

(a) Treated in DMF with varied US probes, sonication times and modes,

(b) Treated for 2 minutes in different solvents with varying US probes, and sonication
modes.
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Figure 3-13. Comparison of the N-MWCNT outer diameters (pristine and US probe
treated) in the lower 75™ percentile with variable sonication parameters:

(a) Treated in DMF with varying US probes, sonication modes and times,

(b) Treated for 2 minutes in different solvents with varying US probes, and sonication
modes.

The length and diameter distribution analysis suggest that the sonication
parameters (including the power of the US probes, sonication timescales, sonication
modes, and dispersing solvents) used in this study were within the limiting parameters
that could damage the MWCNTs. However, a significant trend in the effect of varying
sonication parameters could not be observed. Moreover, since there was no particular

trend in the data of conventional MWCNTs-SP and N-MWCNTs-SP, considering the
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time and efforts in obtaining and analysing the SEM and TEM data, further studies on

the B-MWCNTs were not conducted.

3.4.3. Analysis of the induced defects

By comparing the Raman spectra of pristine MWCNTs and N-MWCNTs (Figure
3-14), a change in the Ip/Ig and Ip/IG intensity ratios due to nitrogen doping can be
observed. As discussed in Chapter 2, these intensity ratios are widely used to quantify
the defects in the MWCNTs and their long-range order. The monotone increase of the
In/Ig and decrease of the Iop/Ig in N-MWCNTSs suggests an obvious degradation of the
carbon hexagonal lattice in these nanotubes. The effect of nitrogen doping on the defect

densities has been discussed in detail in Chapter 2.
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Figure 3-14. Raman spectra of pristine conventional and N- MWCNTs used for
sonication study I; all spectra are normalised with respect to the G band intensity.
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Figure 3-15 — Figure 3-18 compare the Raman spectra of pristine and US probe
treated conventional and N- MWCNTs with varying sonication parameters. It can be
seen that no significant effect on the D, G or 2D lines was caused by any of the
ultrasonic probes. Even for the longest treatment time, i.e., 5 minutes, the nanotubes
seemed to have had minimal damage (Figure 3-16, Figure 3-18). This is a noteworthy
result and the reasons for this could be:

a) Low energy US probes: 1t is reported in literature that the high-energy sonication
treatment (both US probe and bath) not only causes nanotube scission but could
potentially cause serious damage to the nanotubes®*>*33%_ As discussed in 3.4.2.a), the
length of the nanotubes decreased significantly, hence it can be confirmed that all the
three US probes resulted in successful scission. It can be proposed that the power of
the US probes (especially UP 100H and UP 200S) was not high enough to cause
damage to the MWCNTs as even the high powered US probe — Branson 450D did not
cause damage to the MWCNTs.

b) Lower sonication time-scales: The sonication time plays an equally important role
during a sonication treatment. Hence, the lower power of the US probes cannot be given
the total credit for not damaging the nanotubes. It has been previously observed that a
longer sonication time gives rise to a better quality MWCNT dispersions when
suspended in the presence of a surfactant such as sodium dodecylbenzene sulfonate
2437 However, it also induces new defects and damages the nanotubes due to the
generation of excessive energy>®. However, in this dissertation work, the sonication
time-scales were < 5 min. Since these time-scales did not seem to influence the defect
densities, it can be assumed that 1-5 min is a safe time range for forming dispersions
using any of the above discussed ultrasonic tips.

c) Less harsh nature of the solvents: The deformation caused to the nanotubes can also

be solvent dependent. Such behaviour was observed by Green et al.>* who reported less
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damage to the MWCNTs in polar solvents such as water and ethanol. Dispersing
solvent plays an important role in the transfer of excessive heat and energy to the
nanotubes. The structural damage caused is usually significant diameter thinning or
induced dislocation defects due to the inefficiency of energy transfer during cavitation.
Furthermore, extreme sonication regimes can also result in the increase in the disorder
of the CNT structure and result in the formation of amorphous carbon. Such behaviour

was not observed in this study (Figure 3-5c,f).
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Figure 3-15. Raman spectra of the conventional MWCNTs (pristine and US probe
treated) in DMF treated for 2 minutes using three different US probes in continuous
and pulsed modes; All spectra are normalised with respect to the G band intensity.
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Figure 3-16. Raman spectra of the conventional MWCNTs (pristine and US probe
treated) in DMF treated with UP 2008 for various times and modes; All spectra are
normalised with respect to the G band intensity.
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Figure 3-17. Raman spectra of the N-MWCNT s (pristine and US probe treated) in DMF
treated for 2 minutes using the three different US probes in continuous and pulsed
modes; All spectra are normalised with respect to the G band intensity.
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3.5. Sonication study II: Development of a sonication protocol; results and
discussion

From the results of sonication study I, it was understood that the sonication
parameters used were well within the limiting values that could damage the MWCNTs.
However, a trend in the effect with respect to changing parameters could not be
observed. Based on these results, sonication study II was conducted to develop a
protocol mainly to:

1) Efficiently disperse MWCNTs in solvents via sonication.
2) Avoid the use of a surfactant or surface modification of the MWCNTs.
3) Cause least possible damage to the MWCNTs during sonication.

Unlike sonication study I, in the second study the MWCNT lengths and diameters

were of less concern. The main concern in study II was the effect on defects, which

was analysed through TEM and Raman studies.

3.5.1. Structural characterisation using TEM

Figure 3-19a,b shows the TEM images of the pristine and dispersed conventional
MWCNTs in NMP. For a better understanding, the TEM images of as-synthesised and
acid treated MWCNTSs from the work of Buang er al.*® have also been presented in
Figure 3-19c,d. It can be clearly seen that the sonication regime did not have any severe
effect on the MWCNT structure. Usually, treatments such as acid treatments that are
commonly used for dispersing nanotubes, have a detrimental effect on their structure
as can be seen in Figure 3-19d. In this case, straight MWCNTs transformed into twisted
structures after the acid treatment, which can potentially affect the nanotube properties.
However, the sonication regime used in this study had no such effect, on the contrary,

the MWCNTs looked similar to their pristine form.
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Figure 3-19. TEM images of: a) Pristine conventional MWCNTs, (b) Dispersed
conventional MWCNTs in NMP after step 4 of the sonication regime, (c, d) As
synthesised and acid treated MWCNTs from the work of Buang et al >’

3.5.2. Defect analysis using Raman spectroscopy

Figure 3-20 shows the Raman spectra of the conventional MWCNTs after every
step of the sonication regime. The calculated Ip/Ig and Ip/Ig intensity ratios of the
conventional MWCNTs after every step of the sonication regime are listed in Table
3-5. It can be seen from Figure 3-20 and Table 3-5 that the sonication regime used in
the sonication study II did not induce any significant or new defects in the nanotubes.
The Ip/lc and Lp/lg intensity ratios were mostly similar to that of the pristine
nanotubes; although a small variation after every step of the sonication regime can be
observed. This is a noteworthy result confirming the ‘destruction reduced’ nature of

the proposed sonication protocol.
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Figure 3-20. Raman spectra of conventional MWCNTs in NMP after every step of the
sonication regime.

Sonication Step In/Ic Ion/Ic
Pristine MWCNTs 0.6 +0.10 0.4 +0.07
2 min US Probe 0.6 +=0.06 0.4+0.08
2 h US Bath 0.5+0.10 0.5+0.08
2 min US Probe 0.5+0.04 0.5+0.02
95 min Centrifuge 0.5+0.05 0.4+0.10

Table 3-5. Raman Ip/lg and Irp/lg intensity ratios of conventional MWCNTSs in NMP
after every step of the sonication regime.
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3.6. Summary

Sonication studies were conducted to understand the effects of sonication
treatments on the MWCNTs. Sonication study I was used to understand the effect of
various US probes on the lengths, diameters, and defect densities of conventional
MWCNTs, and N-, B- MWCNTs. For this, a combination of sonication parameters
was used including varying times (1, 2, and 5 minutes), modes (continuous and pulsed)

and dispersing solvents (NMP, EtOH, and HFIP).

Definite debundling of nanotubes occurred for as short as 1 minute sonication
intervals. However, the debundling was not uniform and some MWCNT bundles
existed even after the sonication treatment. Understanding the sonication effects on the
MWCNTs was challenging, as the length and diameter distributions of the pristine raw
material MWCNTs were wide to begin with. Therefore, a similarly wide distribution
was expected for MWCNTs-SP; this was confirmed through probability length
distribution curves. After being treated with various US probes, the conventional
MWCNTs and N-MWCNTs decreased to 1-4% and 5-15% of their original lengths
respectively with no particular trend by any of the US probes. Though a clear
debundling was observed, a difference in the effect of varying sonication parameters
could not be established. On the contrary, all treatments presented a wide distribution
of MWCNT lengths. Therefore, the MWCNT scission in this study for short intervals
(< 5 min) did not follow the power law, rather could have followed the theory proposed
by Yang et al.? that the degree of MWCNT suspension is dependent on the sonication
energy. However, the sonication times used in this study were perhaps too low to
present any specific effects based on either the sonication energy or time or dispersing
solvents. Also, the diameter distribution of the MWCNTs subjected to the sonication

treatment roughly matched the diameter distribution of their pristine counterparts,
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suggesting that thinning of nanotubes did not occur even at the longest sonication time
used in this study, i.e., 5 minutes. It was also observed from Raman analysis that the
parameters used for this study did not introduce any significant defects in the nanotubes
and that no major damage was caused to them even after 5 minutes sonication time.
Moreover, the TEM studies of the US probe treated MWCNTs confirmed that no major
damage was caused to the nanotubes by the sonication treatment. Based on the results
from MWCNTs and N-MWCNTs, and having taken into consideration the large
amount of characterisation time required to study such samples, it was decided to
conduct no further sonication studies on B-MWCNTs. This sonication study gives an
approximate estimate of the MWCNT structural properties when treated with US
probes, especially the final lengths (reduction to 1-15% of original lengths depending
on the type of MWCNT). This estimation can be a useful tool while understanding the
properties of composites with MWCNT fillers, where an approximate length of the
nanotubes can be estimated based on the sonication treatment. Most importantly, this
study was a foundation for the sonication study II that was conducted for developing a

‘destruction reduced’ sonication regime.

A second sonication study was used to develop a sonication regime to form
MWCNT dispersions through pure sonication methods that caused minimum nanotube
damage. The aim of the study was also to develop a technique of dispersion forming
by avoiding surfactants or any MWCNT surface modification technique. Conventional
MWCNTs were dispersed in a common organic solvent — NMP using a combination
of US probe, US bath and centrifugation. The proposed regime was based on the work
of various researchers in the field of nanotube dispersions. Raman studies were
conducted at every step of the sonication regime to understand the effect on the defect

densities. Based on the Ip/Ig and I>p/Ig Raman intensity ratios it was confirmed that no
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significant defects were introduced in the nanotubes during the sonication regime. This

was further confirmed through TEM studies on the MWCNTs at the end of treatment,

which showed no noteworthy damage. This sonication regime opens the doors for

developing MWCNT dispersions in regular organic solvents solely through mild

sonication, without altering the inherent nanotube structure or using a third-phase (such

as a surfactant). This helps in retaining the inherent properties of MWCNTs whilst

processing for composites.
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Chapter 4. Development of stable MWCNT dispersions

4.1. Introduction

As discussed in chapter 3, sonication of MWCNTs allows individual separation
of nanotubes from their respective bundles and presents opportunities for fully
exploiting their potential. However, individual separation of the nanotubes is not the
only limitation towards their commercial use in composites. Due to their agglomerating
nature, there is a possibility for re-agglomeration to occur during the composite
processing, which can result in inferior properties of the composite. One solution to
this problem is to form nanotube dispersions in solvents that can keep the individual
nanotubes separated for a long time, thus allowing easier processing' ™. Literature
suggests various techniques for developing such dispersions, most of which include
functionalisation or surface treatments of the nanotubes along with high-energy
methods. These techniques usually degrade the nanotube structure, which consequently
deteriorates its physical and electrical performance®!°. Fewer strategies have been
developed for forming high quality MWCNT dispersions whilst retaining their
remarkable intrinsic properties. Moreover, limited research has been reported in the
field of dispersions of doped MWCNTs in their pristine form.

This chapter presents a technique to form uniform and homogeneous MWCNT
dispersions, whilst overcoming the above-mentioned issues. The ‘destruction reduced
sonication protocol’ presented in chapter 3 was used for developing dispersions of
conventional, N-, and B- MWCNTs in organic solvents. For this purpose, the studies
were divided into two parts:

Dispersion study I) Development of MWCNT dispersions at labscale.

Dispersion study II) Development of MWCNT dispersions at upscale.
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It should be noted that the term ‘dispersion’ in Chapters 4 and 5 refers to individually
separated and homogeneously distributed MWCNT suspensions in organic or aqueous

solvents.

4.2. Dispersion strategies

Most of the existing dispersion forming techniques include treating the nanotubes

11-14 1,3,5,15-20

covalently or non-covalently These treatments employ dangerous
materials, alter the nanotube structure, and/or use high sonication treatments. An
assessment of the existing treatments is given below, indicating their limitations in
utilising the full potential of MWCNTs, and showing the need for more research in

developing MWCNT dispersions with less damage in a safer environment.

4.2.1. Covalent approach

Ability of carbon to widely interact chemically allows the addition of various
functional groups with ease, i.e., functionalisation of the nanotubes. Some of the
commonly used approaches are briefly discussed here.

a) Acid functionalisation

Functionalising nanotubes covalently with oxidative acids is a well-established
technique and is one of the foremost methods proposed for readily forming dispersions.
It involves either treating the nanotubes with acid solutions at high temperatures or
sonicating them at room temperature. The first reports addressing this technique were
reported by Smalley et al.>! and Esumi et al.?> who treated SWCNTs and MWCNTs
with a mixture of concentrated nitric acid and sulphuric acid (1:3 concentration
mixture). The mixture of these acids results in nitronium ions (NO>") (Equation 4-1),
which on heating interact with the electron-rich nanotubes and forms carboxylic or

oxygen containing functional groups with the nanotubes. Functionalisation primarily
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occurs at the tube ends or at the nanotube sidewalls. These functional groups allow the

nanotube to readily disperse in regular solvents such as water or ethanol.

2 H,S0, + HNO; = 2 HSO; + NOZ + H,0* Equation 4-1

The oxidation process usually varies with the nanotube type, i.e., SWCNTs
undergo tip opening and sidewall degradation, MWCNTs on the other hand are less
reactive due to their less curved tips. Furthermore, the functionalisation process can
also vary with the type of defects present in the nanotube. The generally occurring
defects in the nanotubes can be classified as>>**: topological (anomaly in the regular
six-membered carbon ring structure, such as an inclusion of five or seven membered
rings) (Figure 4-1a), re-hybridisation (such as sp> hybridised defects) (Figure 4-1b),
and incomplete bonding defects (such as vacancies or dislocations). These inherently
occurring defects can degrade the nanotube properties, such as the nanotube strength®
or a change in the metallic or semiconducting behaviour?*. To add to this, the
functionalisation process creates new defects in the nanotubes, such as holes created
due to oxidation (Figure 4-1c) or opening of the tube end and formation of terminal
groups (COOH, OH, H, efc.) (Figure 4-1d) that can cause further damage to the

nanotube properties.
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Figure 4-1. A model showing some typical inherent defects and those arising from
functionalisation in a SWCNT: A) A topological anomaly in the regular six-membered
carbon ring that results in bending of the tube, B) sp’-hybridised defects (R=H and
OH), C) Damage in the SWCNT structure due to the oxidative acid treatment, which
also results in a hole lined with -COOH groups, and D) -COOH terminal groups at
the open end of the nanotube caused due to the oxidative treatment.”

Acid functionalisation of the nanotubes helps in creating a strong interfacial
interaction between the functional moieties attached to the nanotubes and the functional
groups in the polymer matrix. This aids in an efficient interfacial load transfer that has
a profound positive effect on the mechanical and thermal properties of the composites.
For example, Zou et al.,”> observed an improvement of 45% and 90% in the tensile
strength and modulus respectively of acid treated MWCNT/epoxy composites at a low
nanotube concentration of 0.1 wt.%. This improvement was attributed to the covalent
bond formation between the functional groups attached to the MWCNTs and the

1.,%° observed an increase in the thermal

polymer matrix. Similarly, Ramanathan et a
degradation temperature and storage modulus in functionalised SWCNTs/PMMA

composites due to an improved interfacial interaction between the nanotubes and the

PMMA matrix. However, the acid functionalisation has sometimes proven to be
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disadvantageous due to its adverse effect on the electrical properties’’?® of the
nanotubes as it causes disruption in the nanotube structure'’. For instance, Bose et al.,*’
reported that the addition of functionalised MWCNTs to polyamide and acrylonitrile—
butadiene—styrene blends lowered the dielectric constants of the system due to a
decrease in the aspect ratios of the functionalised nanotubes. Hence, acid treatments
are immensely useful when an application demands for excellent mechanical or thermal

properties but can be equally detrimental for electrical applications.

b) Secondary acid-functionalisation

Further functionalisation following the previously mentioned acid treatment has
also been proven to improve the dispersibility of the nanotubes. Examples of such
secondary functionalisation techniques are conversion of the carboxylic and alcohol
groups into acyl chlorides? or covalently attaching diamine terminated chains of
polyethyleneglycol®®. These functional groups can further be substituted with different
nucleophiles. Such secondary functionalisation enables the nanotubes to form high
quality dispersions, especially polyethylene glycol substitutions have proven to

produce high quality dispersions

. However, the secondary functionalisation
treatments involve use of corrosive and toxic chemicals (such as thionyl chloride®) and

are unable to yield economically feasible products. This poses a major limitation for

this technique.

4.2.2. Non-covalent approach

The non-covalent approach offers more benefits than the covalent approach as
no harsh or dangerous chemicals are involved in this approach; making it relatively
safe to use. Moreover, the non-covalent approach helps in preserving the intrinsic
properties of nanotubes. Additionally, some of these techniques employ low-energy

processes that minimise the damage caused to the nanotubes during dispersion forming.
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a) Surfactant Assisted

The amphiphilic nature of surfactants, i.e., the hydrophilic/polar head group and
the hydrophobic/tail group, makes them a candidate for improving the aqueous
dispersibility of nanotubes. The hydrophobic molecules of the surfactants adsorb onto
the nanotube sidewalls through the Van der Waals attractions and the n—m and CH-n«t
interactions®!. On the other hand, the hydrophilic molecules of the surfactant facilitate
the dispersibility in an aqueous medium. This process is usually combined with
sonication so that exfoliation and adsorption can occur simultaneously improving the
quality of the dispersion. Sonication causes separation of individual nanotubes from
bundles that can act as sites for surfactant adsorption. The stability of these surfactant-
coated individual nanotubes is maintained by electrostatic repulsions (in the case of

)*? or steric repulsions (in the case of non-ionic surfactants)'®.

ionic surfactants

Various surfactants (both ionic and non-ionic) have been reported in the literature
for effectively dispersing nanotubes. Some examples are: sodium dodecyl sulfate
(SDS)**, sodium dodecylbenzene sulfonate (SDBS)>*, triton X-100%°, tween 2037,
tween 80%, dodecyltrimethylammonium bromide?®, and
hexadecyltrimethylammonium bromide®’. Amongst these, the interactions of SDS and
SDBS with the nanotubes have been well studied. It has been reported that SDS has
the ability to disperse both SWCNTs*** and MWCNTs***. However, the interactions
between the alkyl chains of SDS and the nanotubes are non-specific. This results in a
weak packing of the chains around the nanotubes and formation of unstable micelles*.
SDBS, on the other hand, has proven to be more efficient due to the presence of a
phenyl ring (as seen in Figure 4-2). Surfactants with such aromatic rings have the

ability to form specific and directional n—n stacking with the nanotubes and increase

the surfactant adsorption ratio'®.
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Figure 4-2. Structures of: a) Sodium dodecyl sulfate and b) Sodium dodecylbenzene
sulfonate with the additional aromatic ring.

Alternatively, the efficiency of these surfactants can be explained by the
‘crowning effect’ caused due to the formation of surfactant micelles on the nanotube
surface*!. The hydrophobic alkyl chains of the surfactants can easily pack along the
nanotube surface. But the terminating hydrophilic sulfate and sulfonate groups are
mutually repellent and do not pack closely. Hence, the molecules form a crown shape
that reduces the dispersibility of the nanotubes as it decreases the accessibility of the
hydrophilic groups of the chain to the aqueous solvent. The additional phenyl ring in
the SDBS forces the alkyl chains to be separated more widely, thereby reducing the
crowning effect in the case of SDBS (as seen in Figure 4-3), and making it more
efficient. This has been confirmed experimentally in the literature, with various reports

confirming higher dispersibility concentration of nanotubes by SDBS*!.

SDS/SWCNT SDBS/SWCNT
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Figure 4-3. An illustration of the crowning effect due to the interaction between the
SDS, SDBS surfactants and the nanotube !
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Similar to the acid functionalisation, surfactants improve the interfacial adhesion
between the nanotubes and the polymer matrix by forming hydrogen bonds between
the hydrophilic segments of the surfactant and the hydrophilic segments in the polymer.
Such bonding improves the wettability of the nanotubes in the polymer and creates
efficient load transfer interfaces’. This can help in improving the flexural strength,
flexural modulus, storage modulus, and glass transition temperature in the
composites”!?. However, such bonding has also proven to deteriorate the impact
properties in composites due to a cross-linking induced brittleness’. Moreover, the
presence of ionic surfactants on the nanotube surface has proven to deteriorate the
thermal conductivity in MWCNT/silicone composites due to phonon scattering®.
Additionally, the presence of surfactants has also proven to degrade the electrical

properties of the composites’.

b) Polymer functionalisation

Wrapping nanotubes with polymers non-covalently is another technique that can
successfully solubilise them. Given the wide compositional variation of the polymers,
this technique offers a broad research area. The idea of polymer wrapping was first
inspired by the reports of nanotube dispersions formed using gum arabic*?, which has
been long known for its efficiency in suspending carbon black. Regev et al.** were able
to disperse SWCNT concentrations of up to 3 wt.% in aqueous gum arabic
(C26H34N2013) solutions, however the stability of these dispersions proved to be bad.
This paved path for new studies, such as polymer wrapping. Some of the commonly
used polymers for wrapping nanotubes are polyvinyl pyrrolidone (PVP)!6¥,

16,43

polystyrene sulfonate'®*, polyaniline**, polyethylene®, poly(methyl methacrylate)*,

and poly(phenylene vinylene)*’.
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Smalley et al.'®

proposed that the phenomenon of polymer wrapping is based on
the elimination of the hydrophobic interface between the nanotubes and the aqueous
medium. This creates a thermodynamic drive to minimise the strain in the polymer
conformations whilst interacting with the mechanically rigid nanotubes. It is believed
that the wrapping occurs uniformly around the nanotube in an orderly manner usually
as a helical motif, and is only occasionally random. Let us consider the case of PVP
that has a hydrophobic alkyl backbone along with hydrophilic pyrrolidone groups.
Upon interacting with a nanotube in an aqueous medium, PVP wraps around the
nanotube with its alkyl chain in contact with the nanotube surface, while the

pyrrolidone groups are exposed to the water. Figure 4-4 illustrates the different

wrapping arrangements that are possible in such an interaction.

Double helix Triple helix Multiple wrapping

Figure 4-4. A molecular simulation showing the possible wrapping arrangements of
PVP polymer around a SWCNT (8,8)'°.

Additionally, polymer functionalised nanotubes have been realised to be

dispersible in a variety of solvents. Hong et al.*®

successfully dispersed poly(2-ethyl-
2-oxazoline) functionalised MWCNTs in both aqueous and organic solvents such as
ethanol and dimethylformamide. The quality of these dispersions was excellent and the
stability could be maintained even after 642 hours. Similarly, Tang et al.** conducted

in situ polymerisation of MWCNTs with poly(phenylacetylene) and successfully

formed dispersions in tetrahydrofuran, toluene, chloroform, and 1,4-dioxane.
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Functionalisation of this type creates a possibility for macroscopic manipulation of
nanotubes, extends the list of potential applications, and thus opens a new area of
research. However, the number of polymers that can form efficient functionalisation
are limited, which poses a major limitation to this technique.

¢) Non-aqueous dispersions in organic solvents

The technique of forming nanotube dispersions in organic solvents avoids the
implementation of a third phase (such as a surfactant) in the system that can have a
detrimental effect on the final properties. It also prevents the alteration of the intrinsic
nanotube structure that affects its electronic performance. It is for these reasons that
this technique is of interest for this doctoral work. This section discusses the various
theories and possibilities for forming such non-aqueous nanotube dispersions.

A systematic study conducted by Landi et al.’® revealed the favourable
interactions between SWCNTs and alkyl amide solvents that allow dispersion forming.
These interactions can be attributed to the high polarisability of the nanotubes and their
suitable optical geometries such as bond lengths and bond angles. In addition to the
amides, aromatic solvents such as chlorinated®'~? and fluorinated> aromatic solvents,
have also been reported to efficiently disperse nanotubes. The effectiveness of these
solvents is determined from the dispersion states of the nanotubes, which in turn
depends on the intrinsic Van der Waals forces and the nanotube/solvent interactions.
These dispersion states can be explained using the Hildebrand and Hansen solubility
parameters. The Hildebrand solubility parameter () was proposed by Joel Hildebrand
and Robert Scott in 1950°* in their work on solubility of non-electrolytes. It gives a
numerical estimate of the degree of intermolecular interactions of a solvent and is
derived from the cohesive energy density of a solvent, which depends on its heat of

vaporisation. It can be described as:
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Equation 4-2

where: c is the cohesive energy density, AH is the enthalpy of vaporisation, R is the gas
constant, T is the temperature, and Vi, is the molar volume.

The total energy of vaporisation consists of several individual forces, i.e.,
dispersion forces between the molecules (6p), dipolar intermolecular forces (dp), and
molecular hydrogen bonding (6u). During a solvent/solute interaction, one or more of
these individual forces can be dominant. This means that two solvents can have similar
Hildebrand values but might show completely different solubility behaviour. Since the
total cohesive energy on its own cannot give an accurate idea of the solubility behaviour,
it is important to know which of the individual forces are dominant during such an
interaction. Hence, this restricts the universal applicability of the Hildebrand values.
This resulted in the three-dimensional Hansen parameters proposed by Charles Hansen
in 1967 in his doctoral dissertation®. Hansen’s parameters take into consideration all
the three energy components (Op, dp, On) and relate them to the total Hildebrand value

(01), which can be described as:
82 = 83 + 83 + 8% Equation 4-3

Materials having similar Hansen solubility parameters interact well with each
other and are expected to have high affinity. Therefore, by matching the Hansen
solubility parameters of the nanotubes with that of the solvents, one can predict the

suitable solvents for the nanotubes. However, the reports by Coleman et al.,*>

suggest
the possibility of the nanotube surface energy as a fundamental parameter for finding
suitable solvents. Coleman’s team used the thermodynamic theories of free energy of

mixing to explain the dispersibility of SWCNTs in solvents such as N-Methyl

Pyrrolidone. The free energy of mixing (AGmix) is given by:
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AGpix = AHpix — TASpix Equation 4-4

where: AHmix is the enthalpy of mixing, ASmix is the entropy of mixing, and T is the
temperature.

The solubilisation of the nanotubes in a particular solvent is thermodynamically
possible only if AGmix is negative, which is possible when AHmix is small. AHmix is
related to the balance of the surface energies of the nanotubes and the dispersing solvent
and is minimal when both the surface energies match!*»>. Furthermore, Coleman et
al.,> also reported that a number of solvents in the Hansen parameter region fail to
disperse nanotubes. Hence, it can be presumed that the Hansen solubility parameters
can sometimes be used for finding suitable solvents for the nanotubes but they cannot
be treated as fundamental parameters to understand the nanotube/solvent interactions.

Various studies have reported a variety of solvents suitable for dispersing
SWCNTs, some based on Hansen solubility parameters, and others based on surface
energy calculations, while some found through traditional trial and error. Some of these
solvents are N-Methyl Pyrrolidone®, Dimethylformamide®®, Cyclohexyl pyrrolidone®’,
1-Benzyl-2-Pyrrolidinone®’,  Hexafluoroisopropanol®®,  y-Butyrolactone®®, N,N-
Dimethylacetamide®’, 1,2-Dichlorobenze’!, Chloroform®!, and Toluene®. However,
the efficiency of the dispersing solvent depends on the type of nanotube, which varies
widely with different synthesis methods and precursors used (as discussed in Chapter
2)5061 ‘Moreover, the surface characteristics change completely for MWCNTSs and all
the solvents used for dispersing SWCNTs might not be suitable for MWCNTs.

Furthermore, very few reports!:6%63

address the dispersibility behaviour of conventional
and doped MWCNTs in organic solvents, therefore requiring further research into the

development of such techniques.
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4.3. Materials and equipment used

Conventional, N-, and B- MWCNTs produced by the AACCVD technique were
used for both studies I and II. For study I, 22 different organic solvents were used (see
Table 4-1) for dispersing the MWCNTs. Hielscher UP 100H (100 W, 30 kHz) US probe,
Ultrawave U1250D (200 W, 30—40 kHz) US bath, and Sciquip 1-6P centrifuge were
used for preparing the dispersions.

Based on the results from study I, selected solvents were used for dispersing the
MWCNTs in study II: N-Methyl Pyrrolidone (NMP; Sigma Aldrich 99.5%) for
dispersing conventional MWCNTs, Benzyl alcohol (Sigma Aldrich 99.0%) and
Dimethylacetamide (DMA; Sigma Aldrich 99.0%) for dispersing N-MWCNTs, and -
Butyrolactone (GBL; Fluka 99.5%) for dispersing B-MWCNTs. Upscale production of
the MWCNT dispersions was conducted at Bayer Technology Services, Germany
during my secondment programme. A Branson 450D (400 W, 20 kHz) US probe,
Bandelin Sonorex RK 510/H (400 W, 35 kHz) US bath, and Avanti J-301 centrifuge

were used for forming these dispersions.
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. . Retained final concentration,
Surface | Boiling Point
Solvent Energy | at 760 mm Hg c .Xretalined (%)
m.J/m?2 oC onventiona
(mJ/m?) °C) MWCNTs | N-MWCNTS
Diethyl Ether 45.8 34.6 0.5 0.4
(Romil 99.9%)
Iso-Propyl Alcohol 51 82.2 0.4 0.3
(Sigma Aldrich 99.5%)
Acetone 53 56.5 0.2 0.4
(Sigma Aldrich 99.0%)
Tetrahydrofuran 55.7 66 0.3 1
(Romil 99.9%)
Dichloromethane 57.19 38.7 0.6 0.3
(Sigma Aldrich 99.8%)
Chloroform 58.4 62 0.3 2
(Sigma Aldrich 99.8%)
Propionitrile 58.9 109 1.1 5
(Aldrich 99.0%)
Toluene 60.2 110.5 0.4 9
(Sigma Aldrich 99.9%)
Cyclopentanone 64.85 49.2 0.3 56
(Fluka 99.0%)
Dimethylacetamide 66 166.1 2 82
(Sigma Aldrich 99.0%)
Dimethylformamide (Romil 66.4 152.9 11 61
99.9%)
Benzyl alcohol 68.3 204.7 14 59
(Sigma Aldrich 99.0%)
Acetophenone 69.1 201.9 46 43
(Fluka 99.5%)
N-methyl-Pyrrolidone 70 202 56 41
(Sigma Aldrich 99.5%)
Dimethyl-imidazolidinone 71.8 220.3 52 11
(Aldrich 99.5%)
Dimethyl Sulfoxide 72.28 189 9 13
(Sigma Aldrich 99.9%)
Triethanolamine 74.54 335 4.8 6
(Sigma 99.9%)
Benzyl Benzoate (Sigma 75.25 323 1 5
99.0%)
v-Butyrolactone 75.8 205 14 8
(Fluka 99.0%)
Diiodomethane 80.1 182 0.8 0.1
(Sigma Aldrich 99.0%)
Formamide 87.5 210.5 0.2 0
(Sigma 99.5%)
Water 102.3 100 0.2 0.1

Table 4-1. List of the solvents along with their properties used for study I for dispersing conventional
and N-MWCNTs. Also listed is the percentage of retained MWCNT concentration in the supernatant

dispersion after CF (Yretained) calculated using UV-Vis-NIR studies.
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4.4. Experimental procedure and characterisation

4.4.1. Labscale production

In order to develop efficient non-aqueous MWCNT dispersions containing
pristine nanotubes, it was important to understand their dispersing mechanisms in
various solvents. Moreover, it was critical to choose the best suitable solvent that not
only dispersed maximum amount of MWCNTSs but also maintained the dispersion
stability for a long time. Therefore, the labscale production study was further divided
into two steps:

Step 1) Choosing the best solvent.

Step 2) Forming MWCNT dispersions.

Step 1: Firstly, 7 mg of each MWCNT was mixed with solvents from Table 4-1
(concentration — 1 mg/ml) and was sonicated for 2 minutes using the US probe in
continuous mode. The US probe aids in the disruption of the MWCNT bundles and
promotes intercalation of the solvent between the nanotubes. The dispersions were then
placed in the US bath for 30 minutes to further homogenise the mixture. The
dispersions were then centrifuged for 95 minutes at 5000 rpm. Finally, the supernatant
dispersion was carefully separated from its sediment. UV-Vis-NIR absorption studies
were performed on the dispersions using Varian Cary 5000 spectrometer before and
after centrifugation (CF) to estimate the final MWCNT concentration. It should be
noted that a summer student — Mr. Richard Franzese, conducted a part of the dispersion

preparation.

Step 2: Based on the results of step 1, 10 ml dispersions (concentration — 1 mg/ml) of
conventional MWCNTs in NMP, N-MWCNTs in DMA, and B-MWCNTs in GBL
were prepared using the sonication protocol proposed in Chapter 3, i.e., 2 minutes US

probe in continuous mode, 2 hours US bath, 2 minutes US probe in continuous mode,
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and 95 minutes CF. UV-Vis-NIR absorption studies were performed on the dispersions
before and after CF to measure the final concentration and the extinction coefficients
of the MWCNTs. Raman studies were also performed on the final dispersions for
understanding the defect densities in the MWCNTSs. The dispersions were monitored

visually to study their stability over time.

4.4.2. Upscale production

150 ml MWCNT dispersions (concentration — 1 mg/ml) were prepared by
dispersing 150 mg each of conventional MWCNTs in NMP, N-MWCNTs in Benzyl
alcohol, and B-MWCNTs in GBL. It should be noted that due to the unavailability of
DMA at the time of preparation, Benzyl alcohol, which has a similar surface energy as
DMA, was used for dispersing the N-MWCNTs. Also, the high power of the Branson
450D US probe resulted in overheating of the dispersions, therefore the sonication
procedure was slightly modified for the upscale production. The procedure followed
was 2 minutes US probe treatment in pulsating mode, 2 hours US bath treatment at
room temperature, 2 minutes US probe treatment in pulsating mode, followed by 90
minutes of CF at 5000 rpm. UV-Vis-NIR absorption and Raman studies were
performed on the final dispersions to measure the final MWCNT concentrations and to

study the defect densities.

4.5. Results and discussion

4.5.1. UV-Vis-NIR spectroscopy of MWCNT dispersions

UV-Vis-NIR spectroscopy was used to determine the efficiency of the 22 organic
solvents (listed in Table 4-1) in dispersing the MWCNTs. It was also used to
understand the effect of nitrogen doping on the dispersing behaviour of the nanotubes.
Dispersions of higher concentrations tend to contain larger nanotube aggregates that

are usually removed after CF. Hence, the concentration of the nanotubes in the
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dispersions after CF is always less than the initial concentration. The UV-Vis-NIR
spectra at a particular wavelength can be used to calculate the retained nanotube
concentration in the final dispersions®. In this case the spectra at 660 nm were taken

before and after CF and the percentage of final retained nanotube concentration after

CF (Yretainea) Was calculated using:

A660,F

100 Equation 4-5

Xretained =
A660,I

where: Agso,1 and Agso,r are the absorbance at 660 nm before and after CF respectively.
Table 4-1 also lists the Yretainea for the conventional and N-MWCNT dispersions and
Table 4-2 lists the Hansen and Hildebrand solubility parameters of the 22 dispersing
solvents. A plot of the Yretained against the surface energy of the dispersing solvent

provides a better understanding of the efficiency of the various dispersing solvents and

the effect of nitrogen doping on the dispersion behaviour (Figure 4-5).
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Figure 4-5. Graphs showing the % of MWCNTs retained after centrifugation as a
function of the surface energy of the dispersing solvent. A Gaussian curve (in red) fitted
to the data clearly shows a shift in the dispersing ability of the N-MWCNTs towards
the lower surface energy solvents.!
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Solvent op op on oT
(mJ/m?) | (mJ/m?) | (mJ/m?) | (mJ/m?)

Diethyl Ether 14.5 2.9 5.1 15.8
Iso-Propyl Alcohol 15.8 6.1 16.4 23.6
Acetone 15.5 10.4 7.0 19.9
Tetrahydrofuran 16.8 5.7 8.0 19.5
Dichloromethane 18.2 6.3 6.1 20.2
Chloroform 17.8 3.1 5.7 18.9
Propionitrile 15.3 14.3 5.5 22.1
Toluene 18.0 1.4 2.0 18.2
Cyclopentanone 17.9 11.9 5.2 22.1
Dimethylacetamide 16.8 11.5 10.2 22.8
Dimethylformamide 17.4 17.4 11.3 24.9
Benzyl alcohol 18.4 6.3 13.7 23.8
Acetophenone 19.6 8.6 3.7 21.8
N-methyl-Pyrrolidone 18 12.3 7.2 23.0
Dimethyl-imidazolidinone 18.0 10.5 9.7 23.0
Dimethyl Sulfoxide 18.4 16.4 10.2 26.7
Triethanolamine 17.3 22.4 233 36.7
Benzyl Benzoate 20.0 5.1 5.2 21.3
y-Butyrolactone 19.0 16.5 7.3 26.2
Diiodomethane 17.8 3.9 5.5 19.0
Formamide 17.2 26.2 19.0 36.6
Water 15.5 16.0 42.3 47.8

Table 4-2. Hansen and Hildebrand solubility parameters of the 22 solvents used for

nanotube dispersibility test. The Hansen parameters were taken from the book -

Hansen'’s handbook on solubility parameters®*.
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It can be seen from Figure 4-5 that the solvents with surface energies in the range

of 69—72 mJ/m? effectively dispersed a large amount of conventional MWCNTs, with

the most efficient being N-Methyl Pyrrolidone (NMP; Yretained = 56%) and Dimethyl-

imidazolidinone (DMEU; Yretained = 52%). A number of reports have shown that

SWCNTs can be efficiently dispersed in amide solvents, such as NMP?3-36:65

Dimethylformamide®*>3%, and DMEU?. This behaviour can be attributed to their
high electron pair donicity, low hydrogen bond donation parameter, and a high
solvatochromic parameter. The same argument can be applied to the MWCNTSs due to
the similarity in their surface properties. Moreover, Coleman et al.,’ demonstrated that
the SWCNT/NMP interactions result in an extremely small or negative AHmix leading
to a negative AGmix, which is ideal for successful debundling and dispersion of
nanotubes. Additionally, NMP and DMEU have similar Hildebrand parameter — 23.0
mJ/m? and Hansen solubility parameters that approximately match with that of
SWCNTs (i.e., dp— 17.8 mJ/m?, 8p — 7.5 mJ/m?, and 8y — 7.6 mJ/m?). This explains
the successful dispersion of conventional MWCNTs in NMP and DMEU.

On the other hand, N-MWCNTs were effectively dispersed in solvents with

relatively lower surface energies (65-70 mJ/m?) and the most effective solvent being
DMA (Yretained = 82%). Such a high amount of dispersibility has not been achieved

before for pristine MWCNTs; the highest reported in the literature is 70% for SWCNTs
dispersions in NMP?, Fitting a Gaussian curve through the dispersibility data (red curve
in Figure 4-5) reveals a clear peak shift towards the lower surface energy solvents in
the case of N-MWCNTs. This is an interesting result that gives information of the effect
of nitrogen doping on the MWCNT surface properties. By applying the theory
discussed above for dispersing conventional MWCNTs in solvents with matching

surface energy, it can be deduced that the ability of N-MWCNTs to disperse in lower
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surface energy solvents is indicative of a lower surface energy of the nanotubes
themselves due to nitrogen doping. Therefore, it can be established that nitrogen doping
leads to the lowering of nanotube surface energy, which results in the successful
dispersion of N-MWCNTSs in lower surface energy solvents (65-70 mJ/m?).

From the above results the best dispersing solvents were selected: NMP for
conventional MWCNTs, and DMA for N-MWCNTs. Additionally, similar dispersion
tests were conducted for finding the best dispersing solvent for B-MWCNTs. However,
considering the number of experiments and characterisation time, only three solvents
(based on their high surface energy) were tested for dispersibility of B-MWCNT —
Dimethylsulfoxide (DMS; 72.28 mJ/m?), Benzyl benzoate (75.25 mJ/m?) and v-
Butyrolactone (GBL; 75.8 mJ/m?). Based on the structure of the B-MWCNTs derived
from their SEM and TEM images (as seen in Chapter 2 — §2.6.1 and §2.6.2), it was
suspected that boron doping could lead to an increase in the nanotube surface energy.
Therefore, the dispersion tests of B-MWCNTSs were conducted in high surface energy

solvents. It could be concluded that GBL was the most effective among the three
solvents for dispersing B-MWOCNTS (Yetained = 55.6%).

Once the best solvents for each type of MWCNT were established, further
dispersion tests were conducted to calculate the extinction coefficient of these
MWCNTs that are useful for calculating the nanotube concentration in the final
dispersions after CF. For this, varying concentrations of conventional, N-, and B-
MWCNTs (0.0003—-0.02 mg/ml) were prepared in NMP, DMA, and GBL respectively.
UV-Vis-NIR spectra were collected before and after CF and the data at 660 nm was
used for calculating the extinction coefficients using the Lambert-Beer law (Equation
4-6). According to the Lambert-Beer law, in an ideal molecular solution the absorbance

of a material (A) is proportional to the molar concentration (C), and the sample
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thickness (L; in this case the path length of the quartz cuvette used for UV-Vis-NIR

studies):
A= ¢CL Equation 4-6

where: € is the molar extinction coefficient that is wavelength dependent and is constant
for a given material.

Figure 4-6 shows the normalised absorption spectra of each MWCNT in its
respective best solvents in the UV-Vis-NIR region (300-1800 nm). It is usually
assumed that the peak intensity and sharpness are a measure of the extent of MWCNT
debundling. However, this has been contradicted by Coleman et al.,> who observed that
instead the peak width can depend on the interactions between the nanotube and
dispersing medium. Amidst these contradicting theories, it is difficult to entirely
confirm the debundling efficiency based on the peak sharpness. However, the former
theory of peak sharpness as a measure of debundling complies well with the data
reported in this work. Furthermore, a slight red shift (shift to longer wavelengths) of
the peaks, along with broadening can be observed in the S>> band for all the after CF
spectra. This could indicate the presence of debundled nanotubes after CF®’. A small
blue shift (shift to shorter wavelengths) in the Si1 band in the after CF spectra of all the
dispersions corresponds to the presence of nanotubes with different diameters.
Moreover, the fine and sharper structure of the peaks of the after CF spectra could
represent the presence of individual nanotubes and unbinding process of the bundles in

the isolated nanotubes?*-%®

. It can also be seen that a strong absorption peak at 1430 nm
is present in almost all the spectra, which possibly corresponds to the presence of
absorbed moisture in the dispersions® due to the hygroscopic nature of the solvents.

By comparing the before CF spectra of the conventional MWCNTs to that of the

N-MWCNTs, a slight blue shift in the S11 peaks can be observed at 1400 nm and 1720
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nm, which could be due to the smaller diameters of the N-MWCNTs’’. Also, on careful
examination, it can be seen that many peak positions of the conventional and N-
MWCNT dispersions (before CF) roughly match. However, the peaks of the latter are
sharper, which perhaps indicates effective debundling of the N-MWCNTs in DMA. On
the other hand, the absorption peaks of B-MWCNT dispersion before CF have no
significant peaks, which can be attributed to the presence of bundles that have a broader
range of absorption. It should be noted that a direct comparison between the absorption
spectra of different MWCNTSs might not be entirely logical due to the differences in

the dispersing solvents that give rise to different nanotube/solvent interactions.
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Figure 4-6. UV-Vis-NIR absorbance spectra of dispersions of MWCNTs in NMP, N-
MWCNTs in DMA, B-MWCNTs in GBL (concentration — 0.01 mg/ml). Spectra of the
dispersions before and after centrifugation (CF) are shown.

115



The extinction coefficients (€) of the MWCNTSs were calculated at A = 660 nm
from the slope of the absorbance per unit length (A/L) graph as a function of the initial
nanotube concentration (Figure 4-7). The extinction coefficients (€) of conventional,
N-, and B- MWCNTs (at A = 660 nm) was calculated to be 4903 ml mg™!' m™!, 4436
ml mg! m, 1903 ml mg! m! respectively. The & values of the conventional MWCNTs

1."', who reported € values of

comply well with the values reported by Foldvari et a
4900 — 5300 ml mg™! m™! for CVD produced MWCNTs. It should be noted that the
value of ¢ differs for every nanotube and is sensitive to various factors such as the
synthesis route, purity, chirality, and diameter of the nanotube. Hence, a single value
of € cannot be universally used for all the MWCNTs. Therefore, it is critical that the €
is calculated for each batch of nanotubes to accurately calculate the final concentrations
in the dispersions after CF. Furthermore, the extinction coefficients of N-, B-
MWCNTs in their pristine form have never been reported in the literature. Although
the values for ¢ reported for the doped MWCNTs in this work may not be applicable

for nanotubes produced through other synthesis routes, they can be certainly be used

as guidance for future work on doped MWCNT dispersions.
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Figure 4-7. Extinction coefficients of conventional, N-, and B- MWCNTs at 660 nm.

The extinction coefficients were further used to calculate the concentrations of
the dispersions using Equation 4-6. The concentrations at the time of manufacture and
after a period of 3 years were compared (Table 4-3) to evaluate the sedimentation in
the dispersions, evaporation of the dispersing solvents, and the dispersion stability. It
can be seen from Table 4-3 that there was minimal sedimentation in all the dispersions
over the 3 year duration. However, the stability of the B-MWCNT dispersions seemed
to have reduced much faster than the conventional and N- MWCNT dispersions. This
could be due to the ability of B-MWCNTs to easily agglomerate compared to the other
MWCNTs (as discussed in Chapter 2). Furthermore, the N-MWCNTs dispersion in
Benzyl alcohol completely sedimented after 3 months. It should be noted that NMP,

DMA, GBL and Benzyl alcohol are all hygroscopic solvents and exposure to moisture
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can potentially alter their surface energies and render them unsuitable for dispersing
the nanotubes. Except the N-MWCNTs dispersion in Benzyl alcohol, no other
dispersions exhibited such behaviour despite being exposed to atmosphere occasionally.
Additionally, the cause of destabilisation in this case could have also been due to any
contamination during sample transport or due to the presence of residual chemicals in
the glass container prior to cleaning. Nonetheless, it can be confirmed that the
concentration of the nanotubes in the dispersions was fairly consistent over the 3 year

duration, implying the high stability of these dispersions.

Concentration on .
Concentration
. . . the date of
Technique Dispersion after 3 years
manufacture (mg/ml)
(mg/ml) 8
Conventional
MWCNTs in NMP 0.58 0.45
N-MWCNTs in
Labscale DMA 0.82 0.69
B-MWCNTS in
GBL 0.58 0.42
Conventional
MWCNTs in NMP 0.50 0.46
N-MWCNTs in
Upscale Benzyl alcohol 0.52 )
B-MWCNTS in
GBL 0.56 0.50

Table 4-3. Concentrations of the labscale and upscale MWCNT dispersions over a
period of 3 vyears.
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4.5.2. Defect density characterisation using Raman

Raman spectroscopy was used to analyse the defect densities of the MWCNTs in
their dispersed form. The main objective was to understand if any new defects were
induced in the nanotubes due to the labscale and upscale sonication treatments. Table
4-4 lists out the Raman intensity ratios (Ip/Ig, I2p/lg) of the pristine and dispersed
MWCNTs. It can be seen that the intensity ratios of the pristine MWCNTSs used for
preparing the dispersions were similar to the results from Chapter 2, though they
belonged to different batches. This confirms the homogeneity in the nanotube quality
used in this work. It can be seen from Table 4-4 that the sonication treatment in either
case did not cause any major changes in the intensity ratios compared to their pristine
counter parts, therefore it can be confirmed that a minimal damage was caused to the
nanotubes. Such a result was anticipated from the labscale dispersions due to the low
power sonication treatment. However, a similar result from the upscale dispersions was
unexpected due to the high-power sonication treatment, especially the powerful
Branson W-450D US probe. This could have been possible due to’*:

1) Limitation of the sonication parameters to minimal values that caused successful
scission and debundling of the MWCNTs but did not cause damage to them.

2) Ability of the dispersing solvents to transfer sufficient energy to overcome the
binding energy of the MWCNT aggregates, but restrict excessive nanotube fracture.
The Raman spectra of the labscale and upscale are shown in Figure 4-8 and Figure 4-9
respectively. It can be seen that although a significant change in the intensity of the
peaks could not be observed, a small shift of the peaks in the dispersed MWCNTs to
lower wave numbers was observed. This effect was more pronounced in the case of
upscale dispersions, which is an unusual result because the Raman peaks of dispersed

MWCNTs generally shift to higher wave numbers due to fewer tube-tube
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interactions’>’*. The unusual shifting of the Raman peaks in this case can be attributed

to the following factors:

1) Loss of the Van der Waals interactions that are responsible for causing a frequency

upshift due to the changes in the tube-tube interactions in the dispersed MWCNTs™.

2) Thermal effects induced by irradiation of the incident laser that can occasionally

cause frequency downshifts’.

Pristine Dispersed
Technique Type of
Dispersion In/Ic Lp/Ic In/Ic Lp/Ic
Conventional
MWCNTsin | 056+0.1 | 0.44+0.07 | 0.53+0.05 | 0.45+0.11
NMP
Labscale N'M‘gﬁfs 10934007 | 0.07+0.02 | 0.89+0.04 | 0.03+0.02
B-MWCNTsin | g ¢7 1 004 | 0274003 | 0944021 | 0.27 = 0.04
GBL
Conventional
MWCNTsin | 0.44+0.09 | 0.48 +0.08 | 0.36+0.08 | 0.48 + 0.04
NMP
Upscale | NMWENTSIn |6 )0 0,04 | 0.13£0.02 | 0.79%0.15 | 0.18 % 0.05
Benzylalcohol
B'M\gSETS N 0754005 | 026+0.03 | 0.87+0.11 | 0.25 +0.02

Table 4-4. List of the Raman intensity ratios of labscale and upscale dispersions and their

respective pristine counterparts.
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Figure 4-8. Raman spectra of the pristine MWCNTs and their respective labscale
dispersions. All spectra are normalised with respect to the G band intensity.
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Figure 4-9. Raman spectra of the pristine MWCNTs and their respective upscale
dispersions. All spectra are normalised with respect to the G band intensity.
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4.5.3. Visual inspection of MWCNT dispersions

AIl MWCNT dispersions (both labscale and upscale) were monitored visually for
sedimentation and photographs were taken periodically to evaluate the quality.
Minimal sedimentation was observed for most of the dispersions over a period of 2.5—
3 years with no evident solvent evaporation. The stability of the labscale dispersions
was fairly high (Figure 4-10) over the 3-year duration, and among the upscale
dispersions (Figure 4-11), conventional MWCNTs in NMP and B-MWCNTs in GBL
were stable for at least 2.5 years, however the N-MWCNTs dispersion in Benzyl
alcohol showed sedimentation after 3 months (as discussed in §4.5.1). It should be
noted that the labscale stability test samples were sealed throughout the testing period.
However, the upscale dispersions were used for composite processing and were
therefore constantly exposed to atmosphere. Despite this, the conventional and B-
MWCNT upscale dispersions maintained their stability. However, the N-MWCNT
dispersion in Benzyl alcohol seems to have suffered from the atmospheric exposure.

The visual analysis in combination with the UV-Vis-NIR studies confirms that
the general stability of these dispersions in their respective best solvents was excellent
over a period of at least 2.5-3 years. It has to be noted that such long-term stability for
pristine MWCNT dispersions has never been reported before. This allows batch
preparation of conventional and doped MWCNT dispersions for composite forming

and aids in fabrication of composites with uniform concentration.
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Figure 4-10. Photographs of the lab scale dispersions: a) Conventional MWCNTs in NMP,
b) N-MWCNTs in DMA, c) B-MWCNTs in GBL. The stability of the dispersions over a
period of 3 years can be observed. Volume of the dispersions - 10 ml.

Figure 4-11. Photographs of the upscale dispersions on the date of manufacture: a)
Conventional MWCNTs in NMP, b) N-MWCNTs in Benzyl alcohol, c) B-MWCNTs in GBL.
Volume of the dispersions - 150 ml.

124



4.6. Summary

The sonication protocol established in Chapter 3 was used for understanding the
dispersibility behaviour of conventional, N-, and B- MWCNTs in different organic
solvents (surface energies: 45.8—10.3 mJ/m?). It was observed that the alterations in the
nanotube structure arising from doping greatly affected their dispersibility behaviour.
N-MWCNTs could be dispersed in solvents possessing lower surface energies, while
B-MWCNTs could be dispersed only in higher surface energy solvents. UV-Vis-NIR
spectroscopy results showed that 82% of the initial nanotube concentration could be
retained for N-MWCNT dispersions in DMA. This is the highest level of concentration
ever attained for pristine MWCNTs in common organic solvents. Based on
thermodynamics theories it was confirmed that MWCNTSs could be successfully
dispersed by matching the surface energy of the solvent with that of the nanotube, i.e.,
by maintaining the AGnix < 0. Stable and homogeneous dispersions of conventional
MWCNTs in NMP, N-MWCNTs in DMA and Benzyl alcohol, and B-MWCNTs in
GBL were prepared both at labscale and upscale. The dispersions appeared to have
stability of more than 2.5 years, except the N-MWCNT dispersion in Benzyl alcohol
which sedimented after 3 months. Raman characterisation of the dispersions confirmed
minimal damage to the MWCNTs after the dispersion treatments.

These results open opportunities for new techniques to tune the surface energy
of the MWCNTs through doping in order to achieve high quality dispersions in chosen
solvents with minimal damage. Furthermore, the expansion of the number of efficient
solvents for dispersing MWCNTs is crucial to allow a much wider choice for
experimentation towards application that require specific solvents. These results could
also be useful for in situ manipulation of the surface chemistry of nanotubes to allow

spontaneous dispersibility in aqueous solutions. The list of the 22 solvents studied in
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this work include both high (> 200°C) and low (< 70°C) boiling point solvents, which
add versatility to the range of possible applications.

It should be noted that an analysis of the dispersion behaviour of AACCVD
produced pristine MWCNTs (both conventional and doped) has not been looked into
before. Researchers have mainly studied the applications of functionalised nanotube
dispersions or surfactant aided dispersions. However, such treatments usually degrade
the nanotube properties, especially when used in composites. Hence, the actual
potential of the nanotubes in improving the composite properties could not be clearly
understood so far. However, the dispersion studies reported in this dissertation can help
in exploiting the full potential of the intrinsic properties of conventional and doped

MWCNTs towards various composite applications.
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Chapter 5. MWCNT/polymer dielectrics

The current catastrophic climate change calls for a pressing need for the
development of greener technologies. Unquestionably, the next few years will see a
significant transformation from the conventional form of energy consumption, such as
fossil fuel-run automobiles to fully electric powered!. This means that there is a
massive demand for new energy storage materials that can store large amounts of

3

energy and efficiently release it, i.e., we need new generation capacitors®. It is not

just the high efficiency that is required in these new capacitors, but also a smaller size®.
Therefore, research and money are being invested to develop nanomaterials to match
these requirements.

Carbon nanotube/polymer composites are one such class of attractive materials
for this purpose. Polymers are one of the best dielectric materials with low density,
high durability and flexibility, and easy processability’. However, their low dielectric
constants impede their potential dielectric applications®’. Hence, reinforcing them with
nanomaterial fillers is an ideal way of achieving the required blend of properties.
Nanotubes present superior combination of strength, Young’s modulus, thermal and
electrical conductivities along with high aspect ratios and low densities and have
proven to be potential reinforcements for polymers®'?. Experimental studies have
demonstrated that relatively low nanotube loadings can result in a significant
improvement in the mechanical and electrical behaviour of the polymers!'"'; giving
rise to highly efficient, yet light weight composites for both structural and electrical
applications. Both SWCNTs!* and MWCNTs!? have been realised to be useful for
improving the properties of polymer composites. However, SWCNTs are more

efficient in improving the mechanical properties due to their larger aspect ratios that

aids in better stress transfer'>. On the other hand, MWCNTs are better for electrical and
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thermal properties due to their larger diameters, relatively lower specific surface area,
and higher phonon scattering ability!®.

However, to date, commercial fabrication of such composites, especially as
dielectric thin films, has been challenging due to the nanotube agglomeration'’ ! that
arises from their high aspect ratios and the strong intrinsic Van der Waals forces. Their
inability to disperse homogeneously within a polymer matrix in its pristine form is an
additional challenge®®. Furthermore, the difficulties in forming strong interfacial bonds
and load transfer between the nanotubes and the polymer matrix, and the uniaxial
alignment of the nanotubes cause further complications. Examples of some of these
issues are shown in Figure 5-1. Although various techniques have been proposed in the
literature for overcoming these challenges, no single technique has been able to solve
all the issues and form large area nanotube/polymer films with good homogeneity®*22.
This chapter presents the various techniques used in this doctoral work to form uniform

and homogeneous MWCNT/polymer dielectric films, and the steps that were

undertaken to select the best technique to form such films at a larger scale.

Figure 5-1. TEM images showing the nanotube agglomerations in various polymer
composites: a) MWCNTs/epoxy*’, b) MWCNTs/poly(vinyl alcohol)**, and ¢) MWCNTs/
polycarbonate®*.
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It should be noted that the homogenecous MWCNT dispersions discussed in
Chapter 4, along with aqueous MWCNT dispersions with SDBS surfactant were used
for forming the composite films. A strategic approach was followed for identifying the
best technique, and this is discussed in detail in this chapter. The structural and
electrical characterisation of the composite films, especially analysis of their dielectric

properties is also discussed in this chapter.

5.1. Capacitors and current technologies

5.1.1. Capacitors

Capacitors are used in electronic applications for storing, filtering, and regulating
electrical energy and current flow. They basically consist of two conducting metal
electrode plates separated by a non-conductive medium (known as dielectric), as seen
in Figure 5-2. When a voltage is applied across the capacitor, positive and negative
charges form on the plates and an electric field is created in the dielectric medium, and

energy is stored in it.

==

Conducting electrode

> Dielectric
e ol ol ol wille ol wle i ol il ulle B

Conducting electrode

Figure 5-2. Schematic of a traditional parallel plate capacitor showing the charge
accumulation when a voltage is applied.

The efficiency of a capacitor can be represented by capacitance (C); in a simple
scenario where the capacitor comprises of two parallel conducting plates separated by

a dielectric medium, the capacitance can be described as:
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C= d Equation 5-1

where: A is the area of the plates, d is the distance between the plates i.e., the thickness
of the dielectric, and ¢ is the dielectric permittivity of the dielectric material.
¢ of the dielectric material can also be described as:

€ = g, XE&f Equation 5-2
where: &, is the permittivity of free space (vacuum) and is 8.854 x 1072 Fm™!, and &; is

the relative permittivity or the dielectric constant of the material and gives the extent
to which the material can be polarised.

It can be seen from Equation 5-1 that capacitance can be improved by:

1. Increasing the area of the plates.

2. Reducing the distance between the plates, i.e., by using thin dielectric materials.

3. Using materials that inherently possess high dielectric constants.

Ideally, the new generation capacitors would combine all these three points. They are
similar to a conventional capacitor in structure but have plates with higher surface area,
and employ extremely thin dielectrics. The plates of these capacitors are surface treated
such as an activated charcoal coating to maximise the surface area. On the other hand,
the conventional plastic dielectrics are replaced with new nano-composites that can
significantly decrease the distance between the plates and possess inherently superior
dielectric properties. This enables the capacitors to store much more charge than the
conventional ones. Also, dielectrics of composite materials such as polymers with
nanomaterials (such as SWCNTs!'*?°, MWCNTs!'??° and barium titanate?’®) have
proven to significantly improve the capacitance. This is because the nanomaterial
reinforcements within the polymer matrix act as micro-capacitors within the dielectric

(Figure 5-4), which drastically increases the amount of energy storage'>.
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Figure 5-3. Schematic of a new generation capacitor with a composite dielectric
containing aligned MWCNTs showing increased charge accumulation on application of
voltage.

5.1.2. Capacitor technologies

Based on the dielectric film, capacitors can be broadly classified into three
categories:

1. Electrolytic capacitors (such as aluminium oxide and tantalum pentoxide).
2. Ceramic capacitors (such as titanium oxide, barium titanate).

3. Film capacitors (such as paper, mica, polymers such as polypropylene, and
polyethylene terephthalate).

The selection of a certain type of capacitor mostly depends on the application
requirements. However, the common criteria for selection are: small size, low
dissipation factor, good capacitance stability, cost, and low temperature and frequency
dependence. Film capacitors, especially polymer films, are considered well-suited for
various applications due to their low cost, low densities, high stability over a range of
frequencies, high capability for handling higher current per unit volume, low ageing
rate, and ability to resist mechanical stress™?°. A general comparison of some common

capacitors is shown in Table 5-1.
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The current day microelectronics industry demands miniaturised dielectrics that
can be manufactured economically and can store a large amount of energy relative to
their volume?3¥. Such requirements put pressure on the dielectric material to inherently
possess high dielectric constants and efficiently function at high stresses at minimal
thickness and with minimal losses. The conventional dielectrics are unsuitable for this
purpose due to the high temperature processing conditions (in the case of ceramic
capacitors’?®), low dielectric constants (in the case of film capacitors’), and high charge
leakage and polarity sensitive nature (in the case of electrolytic capacitors®’). Therefore,
new materials need to be formulated to comply with the current market requirements.
Polymer film dielectrics reinforced with high dielectric constant materials combine the
advantages of the high dielectric values of the fillers with the flexibility and high
dielectric strength of the polymers. Research has confirmed that carbon nanotubes and

27,28

ceramic materials”’®, especially ferroelectric ceramics such as barium titanate

(BaTiO3) and lead zirconium titanate are effective fillers for improving the dielectric
properties! 32340,

Choi et al.*! reported a dielectric constant of 19.03 (100 kHz, 50 vol.% ceramic
filler) with a loss of 0.0109 in BaTiOs/polyimide composites by treating the ceramic
particles with isopropyl tris(N-amino-ethyl aminoethyl) titanate. However, an
agglomeration of the BaTiO3 was observed in these composites that can potentially
result in a weak interfacial interaction. Ding et al.’ tried to address the issue of
agglomeration by combining several techniques such as electrospinning,
electrospraying, and hot pressing. They developed homogeneous BaTiOs/polyimide
composites with improved dielectric constants from 3.71 to 28.13 (100 kHz, 50 vol.%
ceramic filler) with a low dielectric loss of 0.0053. However, the electric breakdown

strength and the tensile strength of these composites were low due to the presence of

the ceramic phase. Several other reports similar to these studies have reported improved
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82842 However, the amount of

dielectric properties in ceramic/polymer systems
ceramic fillers required to achieve these values is high, making it difficult to process
such composites due to the brittle nature of ceramics. Moreover, electromechanical
effects such as piezoelectric effects arising from the ferroelectric ceramics induce a
mechanical resonance in the system that limits its reliability®. Arbatti et al.® instead
incorporated a semiconductor like ceramic — calcium copper titanate (CCTO) in
irradiated poly(vinylidene fluoride-trifluoroethylene) and achieved significantly high
dielectric constants of 240 with a dielectric loss of 0.32 at room temperature at 1 kHz.
The CCTO unlike conventional ceramics does not exhibit piezoelectric effect, hence
improving the breakdown strength of the system. However, the dielectric properties of
such composites are highly temperature dependent.

On the other hand, conductive fillers such as MWCNTs can significantly improve
the dielectric constants at relatively low loading due to their exceptionally high aspect
ratios. Therefore, the flexibility of the composite can be maintained unlike the ceramic
reinforced polymer composites. The improvement in the dielectric properties in the
nanotube/polymer composites is associated with interfacial polarisation, also known as
Maxwell-Wagner-Sillars effect!®**% In a multiphase system that consists of
electrically heterogeneous materials with different dielectric properties and relaxation
times, charge storage occurs at the interfaces, in this case the nanotube/polymer
interface**. When the concentration of nanotubes approaches a critical value (generally
referred to as percolation threshold), there is an increase in the nanotube/polymer
interfaces that leads to an increase in the interfacial polarisation resulting in a sharp
improvement in the dielectric constant. At the percolation threshold, the naturally
conducting nanotubes are in very close proximity to each other and are separated by
fine regions of the insulating polymer, thereby creating several micro-capacitors within

the film. Hence, the cumulative polarisation effect from all the micro-capacitors results

141



in a significant increase in the dielectric constants'®>. However, when the nanotube
concentration is below the percolation threshold, this phenomenon becomes obscure

due to insufficient number of interfaces. Wang et al.'

reported an improvement in the
dielectric constant from 10 to 300 at 1000 Hz in poly (vinylidene fluoride) polymer, by
incorporating as little as 2.0 vol.% pristine MWCNTs with a high dielectric loss of 0.4
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along with low dielectric breakdown strength. On the other hand, Li et a
extremely high dielectric constants of 1700 and 3600 at 1 kHz in the same polymer by
incorporating 6.0 vol.% of pristine MWCNTs and 8.0 vol.% acid-functionalised
MWCNTs respectively. The improvement in the dielectric constants of such
composites is attributed to the interfacial polarisation between the nanotubes and the
polymer matrix. However, the excessive improvement in the case of acid-
functionalised nanotubes in the work of Li et al*® resulted from the increased
interfacial polarisation due to the presence of relatively shorter nanotubes resulting
from the acid treatment, and the presence of electron withdrawing carboxylic groups
in the functionalised nanotubes. However, the improvement in the dielectric constant
of these composites is always coupled with an increase in the dielectric loss and
degradation in the dielectric breakdown strength. The conducting nature of the
nanotubes and the close proximity to each other at the percolation threshold can allow
electron hopping between the nanotubes (also known as tunnelling effect), and cause a
leakage of current®®. Moreover, the efficiency of these fillers is optimal only when they
are uniformly dispersed in the polymer matrix. If the nanotubes are individually
separated and homogeneously aligned in the polymer matrix, then significantly higher
dielectric constants with very low dielectric losses can be achieved at low percolation
thresholds. Moreover, MWCNTs containing hetero-atoms (such as nitrogen and boron

doped MWCNTs) that possess inherent electrical properties (as discussed in Chapter

2) could further alter the dielectric properties of these composites. However, the use of
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doped MWCNT containing polymer composites as dielectric films has received less
attention due to the technical difficulties with creating large amounts of uniformly

doped MWCNTs, and dispersing them homogeneously in the polymer matrix.

5.2. Introduction to composite film forming techniques

Although nanotube/polymer composites are promising dielectrics, the
development of such composites, especially as films, has always been associated with
certain challenges:

(1) Separation of individual nanotubes.
(2) Production of uniform and reproducible dispersions.
(3) Orientation/alignment of the nanotubes in the polymer matrix.

Almost all film forming techniques follow the solution processing route that
helps in overcoming some of these issues. The first step in this route is the preparation
of the nanotube dispersions in solvents via energetic agitation (mechanical stirring or
sonication). This helps in breaking the nanotubes from their agglomerates or bundles,
and disperses the individual nanotubes in the solvent. The next step is mixing of the
polymer with the nanotube dispersions either in their pure form or already dissolved in
the same solvent to facilitate intercalation of the polymer chains with the nanotubes.
The final step is the formation of composite films and evaporation of the solvent.
Although the dispersion-forming step is common for all techniques, depending on the
techniques used for forming the final film, they can be broadly classified into the
following categories®’:

e Pre-metered: Film quality is controlled by regulating the amount of material

delivered to the applicator. E.g., extrusion, spray coating.
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e Self-metered: Film quality is predominantly controlled by the process parameters
(such as viscosity and processing speed). E.g., dip coating, direct rolling of hot
melt.

e Doctored: A post-coating technique (such as a blade) is used to control the film
quality. E.g., tape casting, doctor blade.

e Hybrid: Combination of the techniques from the above categories. E.g., meniscus
coating, gravure coating.

There are more than 30 different film-forming techniques that fall in the above-listed

categories. However, in the last 5 years much attention has been given to spray coating

techniques*>’ due to their ability to precisely control the parameters affecting the film.

Some of these techniques are discussed below.

5.2.1. Drop casting and spin coating

Drop casting and spin coating of thin (thickness > 200 nm) and ultra-thin
(thickness < 200 nm) polymer composite films from dilute polymer solutions are the
most common traditional film forming techniques. Drop casting is the simplest of the
film forming techniques in which a required amount of the dispersion is dropped
carefully on a flat substrate and allowed to dry at a desired temperature to evaporate
the solvent (Figure 5-4a). Despite its low complexity, drop casting is not the most
chosen technique for developing films commercially as it has a low reproducibility
factor and no precise control on the film thickness.

Spin coating, on the other hand, involves depositing the dispersion on a flat
substrate and rapidly rotating the substrate at a certain speed. Due to the centrifugal
force arising from the rotation, the dispersion flows radially, and any excess dispersion
is spun off at the substrate edge, resulting in a thin film. Rotation is usually continued

till the desired film thickness is achieved. Finally, the solvent is evaporated from the
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film leaving behind a dry polymer film (Figure 5-4b). Regulating the rotation speed
and evaporation temperature, and altering the substrate surface can usually control the
film thickness. Spin coating results in a significant amount of wastage of the solution
due to the radial spinning and cannot be upscaled due to the inconsistencies in the
solvent evaporation. This is a bigger problem especially in the case of solvents with
higher boiling points. Moreover, understanding the effect of process parameters on the
film quality is extremely challenging due to the complex interactions between the

dispersion rheology and the solvent evaporation.

" | p
- Evaporation
IR ()
~ SUBSTRATE - SUBSTRATE
Deposition Spin-off Evaporation
b)
=  Radial liquid Radial liquid ==
flow flow
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Figure 5-4. Schematic showing the various stages of: a) Drop casting, b) Spin coating.

5.2.2. Electrospraying

Electrospraying is mostly used industrially for dispersing paints and agricultural
pesticides. It has also been applied for mass spectrometry of large biomolecules*s,
protein viability studies*’, and for depositing nanoparticles®’. This technique has the
ability to form ultra-thin films that can be as thin as 300 nm>!. Over the recent years
there has been interest in this technique for spraying nanotube films because of its

ability to spray individual nanotubes and avoid post-spraying agglomeration.
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The process of electrospraying can be better understood by considering a
spherically charged liquid droplet held in vacuum, as shown in Figure 5-5. The liquid
droplet is affected by the electrostatic repulsive forces and the surface tension that tries
to hold the droplet within the spherical shape. These two forces balance each other in

equilibrium and can be described by:

1 Q? Equation 5-3

where: Q is the electrostatic charge on the surface of the droplet, R is the radius of the
droplet, &, is the dielectric permeability of vacuum, and o; is the coefficient of surface
tension.

As the strength of the electric field increases, the charge on the surface of the
droplet increases too until it reaches a critical point when the electrostatic force
overcomes the surface tension. At this point, the droplet disintegrates into fine droplets

forming an electrospray.

Electrostatic
repulsive forces

\ l/ Increasing ® & O
electric field O
— — —— g 00 ®
/S ® o ®
l '\ Surface tension Electrospray of fine droplets

Figure 5-5. Schematic of the electrospray principle”’.

Due to the controlled deposition in electrospraying, it can produce consistent and
highly homogeneous films, which can be used for numerous applications: CdS films
for solar cells®?, Y203 -doped ZrO thin films for fuel cells>?, cathode layers of LiCoO»

for lithium batteries®®, and dielectric Al,Os layers®. It is particularly useful for
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synthesising MWCNT/polymer films, allowing simultaneous alignment of the
nanotubes along a single axis. However, the properties of these films can be maintained
only when they are nano-fabricated through electrospraying i.e., by forming a nano-
electrospray. This is possible only by precisely maintaining the flow-rate of the system
in nano-litres per minute, which impedes industrial scale film forming. Moreover,
additional problems of nano-fibre formation exist for nanotube/polymer composites
due to the entanglement of polymer chains with the nanotubes. Moreover, the voltage
required for the formation of the nano-electrospray is high (2-3 kV); requiring
additional safety precautions. Therefore, this technique has received less attention for
the purpose of forming nanotubes/polymer films, but it provides scope for further
investigation. If one were to overcome the nano-fabrication and fibre formation issues
by altering the design and tuning the electrospray parameters, this technique certainly
has the possibility to emerge as a potential technique for forming nanotube/polymer

films.

5.2.3. Aerosol spray deposition technique

Aerosol spray forming is a simple technique that allows formation of controlled
films through solution processing in a safer environment, and therefore is of interest as
a manufacturing technique. Unlike electrospraying, which requires high voltages to
form droplets, this technique atomises a liquid stream into fine droplets by using inert
gases. These droplets are then propelled away from the region of atomisation by the
atomising gas and collected by a substrate, which solidifies them into a coherent and
dense preform. The substrate can be pre-heated and/or post-heated as per the
requirement of the sample. In a basic aerosol spray forming system developed by Dr
Hinchliffe?’, aqueous BaTiOs suspensions in polymers were sprayed from a

hypodermic needle at a high velocity (> 10 m/s), and the resulting droplets were
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deposited onto heated substrates to produce uniform films. The thickness of these films
varied from a few hundred nanometres to microns and the films presented porosity in
some cases. This is one of the major issues in this technique, as it is critical to
understand the spraying and curing parameters for forming high quality films. Zhao et
al.®* used a modified version of this setup for forming good quality
SWCNT/polyelectrolyte and BaTiOs/polydiacrylate films of thickness 150 nm — 5 pm

and 5-30 um respectively. A schematic of the setup along with an optical photograph

of the SWCNT/polyelectrolyte film developed by Zhao et al.’ is shown in Figure 5-6.

Compresscd air
a) Syringe containing

the dispersion
Spray nozzle ——

&

\

Hypodermic Syringe pump
needle

Atomised spra\

Substrate

Hot plate with
X - Y modulators

-—

b)

Figure 5-6. a) Schematic of a basic aerosol spray deposition technique, b) An optical
photograph of a high quality SWCNT/polyelectrolyte film®.
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The main advantages of this technique are flexibility and scalability, elimination
of macro-segregation and multiple processing steps such as heat treatment, refined
microstructure, and formation of non-equilibrium phases (that in some cases can
enhance mechanical properties)?’. Despite this, the control on the atomisation
parameters (including deposition height, surface chemistry of the substrate, and flow
rate) that can significantly influence the film quality is a major concern. Moreover, the
surface roughness of the films that can arise when spraying is conducted on heated
substrates, and which can have detrimental effects on the final properties of the film is
also an issue. Additionally, the efficiency of this technique to convert 100% feedstock
to final product is usually low, which means that a considerable amount of the
feedstock is wasted.

Spray techniques have the flexibility of forming films of a variety of materials
(including polymers, polymer composites, and nanomaterials) provided they can be
brought into a dispersion medium. Moreover, with substantial optimisation, these
techniques can form large area films (20x20 cm) with uniform thickness (ca. 75 nm —
30 um)**3¢ and homogeneity at a low cost, hence outdoing the conventional spin
coating or drop casting techniques. Furthermore, with additional modifications it can
also be used for forming patterned films or multi-component layered films, which

makes it versatile.

5.3. Materials used for composite fabrication

Based on the film forming technique applied, two different polymers were used:
1) Polyester polyurethane elastomer (PU) — Poly(4,4'-methylenebis(phenyl isocyanate)
alt-1,4-butanediol/poly(butylene adipate), Sigma Aldrich; Melt index — 224°C/1.2 kg,

Density — 1.19 g/ml at 25 °C.
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2) Perfluoro alkoxy fluoroplastic polymer (PFA), Dyneon™ PFA 6910GZ water based
dispersion; Viscosity — 12 mPa.s, Melting point — 306 °C.

The PU polymer was chosen for its mechanical toughness, wear resistance, and
flexibility>”>8, whereas the PFA polymer was chosen for its large operating temperature
range and aqueous dispersibility!3-°.

The as-received PU polymer was in the form of pellets that readily dissolved in
the same organic solvents as those suitable for conventional, N-, and B- MWCNTs.
Therefore, 500 ml batch dispersions of PU in NMP, DMA, and GBL were prepared
(concentration — 10 mg/ml) by sonicating the mixtures in an US bath (U1250D) for 5
hours. The batch was subsequently diluted and required quantities of the batch were
then added to the nanotube dispersions as described in Chapter 4, i.e., conventional
MWCNT in NMP, N-MWCNTs in DMA, and B-MWCNTs in GBL. The mixtures
were then used to form composite films. The dispersions for film forming were
prepared one day before the experiments and were mixed on a roller mixer overnight
for better homogeneity.

On the other hand, the as-received PFA polymer was a transparent water-based
dispersion. Hence, the nanotube dispersions in organic solvents as mentioned in
Chapter 4 could not be directly mixed with PFA as this resulted in phase separation.
Therefore, aqueous nanotube dispersions were prepared using sodium
dodecylbenzenesulfonate surfactant (SDBS, Aldrich; Molecular weight — 348.48
g/mol). For this, firstly a 500 ml batch of 0.1 wt.% SDBS was prepared in deionised
water and was sonicated for 3 hours in an US bath (U1250 D), resulting in full
dissolution of the SDBS. 500 mg of pristine MWCNTs (conventional and B- doped) in
powder form were then added to the aqueous SDBS mixture and were further sonicated

in the US bath for 8 hours. The dispersions were centrifuged (Rotanta 460R) at 3250

rpm for 95 minutes and the supernatant was carefully separated. The sediment was
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further diluted and the sonication process was repeated. The aqueous MWCNT
dispersions with the SDBS surfactant were dark, homogeneous mixtures with no

visible aggregates.

5.4. Experimental procedure and characterisation

5.4.1. Fabrication of MWCNT/polymer composite films

a) Spin coating and drop casting

60,61 62,63

Spin coating”™*" and drop casting’>" are the most commonly used techniques for
producing polymer and polymer composite films due to their simple set-up and
fabrication process. Moreover, it has been seen that spin coating allows alignment of
nanotubes due to the hydrodynamic flow®!**. Hence, they were the first techniques to
be studied to assess their suitability for this work. Dispersions of PU in NMP, DMA,
and GBL with and without the nanotubes were used for preparing the films.

Drop Casting: 5 drops of the dispersion (ca. 1 ml) was put on a clean microscopy glass
slide that was on a hotplate (IKA® Ret basic) at 100 °C (Figure 5-7a) and was allowed
to dry for 2 hours. Samples of similar composition were also prepared at room
temperature and were allowed to dry for 48 hours.

Spin coating: Clean microscopy glass slides were fixed onto the vacuum plate of the
spin coater (assembled model from Headway Research Inc.) to facilitate a firm grip. 1
ml of each dispersion was dispensed drop by drop onto the glass substrates that were
rotating at 200 rpm. Figure 5-7b shows the set-up used for spin coating. Two samples

of each composition were prepared and dried at room temperature and 100 °C for 24

hours to remove the residual solvent.
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Figure 5-7. Experimental set-up used for: a) Drop casting, and b) Spin coating.

b) Electrospraying

The next technique that was studied for assessing the suitability for this work was
electrospraying. A customised electrospray kit designed by Dr Peter Rockett at the
Department of Engineering Science, University of Oxford was used for this purpose
(Figure 5-8). The kit was modified to facilitate the spraying of MWCNT/PU
dispersions in NMP, DMA, and GBL. Its special design consisted of a microscope and
a camera system that provided comprehensive imaging of the fluid emission at the
nozzle tip that was used for characterising the spraying mode, which is vital for an
effective deposition process. The test chamber was designed to allow a controllable gas
environment (in this case nitrogen) during spraying. Due to the reactive nature of the
solvents used in this work, only glass syringes and PEEK capillary tubing (100 pum)
were used for feeding the sample into the kit. Silica tip nozzles (New Objective; 30
um) were found to be best suited for the flow rates used in this work.

An initial assessment was conducted with ethanol/water mixtures (50/50, 60/40,
70/30) to make sure that the modified version of the kit was fully functional and to
deduce process windows. Once this was established, dispersions of MWCNT/PU
dispersions were electrosprayed onto silica wafers. Before every spray run, 50/50
ethanol/water mixture was firstly sprayed for at least 20 minutes to clear residual debris

from previous experiments and to detect blockages in the system. The operating
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conditions usually varied for different dispersions based on their surface tensions,
however the typical range is listed in Table 5-2. Figure 5-9 shows the stable Taylor
cones of some of the dispersions; similar images were taken throughout every

experiment and the voltage was tweaked until a stable spray was achieved.

a) MICROSCOPE

CAMERA

EPISCOPIC LIGHTING

b) BACKLIGHTING
OPTICS

MICROSCOPE
OBJECTIVE

ION
COLLECTOR

Figure 5-8. Photograph of the electrospray system as set-up in the lab: a) Details of
the associated electronics and instrumentation, b) Capillary illumination. (Photo
courtesy: Dr Peter Rockett)
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50/50 EtOH/Water Pure NMP
3 wl/min, 2.95 kV 2.5 pl/min, 2.22 k
12.03 nA 26.60 nA

Polyurethane in NMP (1.5 mg/ml)  0.001wt% MWCNTs/Polyurethan

2 pl/min, 3.68 kV in NMP
37.71 nA 2 pl/min, 2.96 kV
33.32 nA

Figure 5-9. Photographs of stable electrospray cone jet modes of different types of
dispersions along with their respective flow rates, applied voltages and collected
currents.

Electrospray Parameter Typical range
Flow rate 2.0-3.2 pl/min
Applied voltage 2.2-3.5kV
Extraction gap 810 mm

Table 5-2. List of typical parameters used for electrospraying.

¢) Aerosol spraying

Aerosol spraying was the last technique that was studied for the technique
assessment. A basic aerosol spray kit developed by Dr Hinchliffe?’ at the Department
of Materials, University of Oxford was modified to match the requirements of the

materials used in this work. The set-up (Figure 5-10) consisted of a precision controlled
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syringe pump (KDS Legato 200), which delivered the MWCNT/polymer dispersion to
a customised nozzle (Viscomist 176 series, Lechler). The nozzle consisted of several
inlets for atomising air and fluid injection and was designed in such a way that the
atomising air was directly above the injection compartment filled with the dispersion.
Therefore, when the compartment was filled with the required dispersion, by adjusting
the pressure of the atomising air a fine aerosol was generated. This fine spray was
collected onto substrates on a hot plate that was mounted on an X-Y-Z manipulator.
This feature of the system allowed development of films in a 3-D manner. The spray

experiments were conducted on 12 x 12 cm area.

Figure 5-10. Photograph of the modified aerosol spray set-up used for forming
nanotube/polymer composite films.

Due to the harsh nature of the dispersing solvents used in this work, proof of
concept studies were conducted using aqueous MWCNT/polymer dispersions. Since
PU was not soluble in water, the matrix polymer was changed to PFA that was readily

available in an aqueous medium from the manufacturer. Aqueous dispersions of

155



conventional MWCNT/PFA and B-MWCNT/PFA were sprayed onto two different
substrates: 1) Gold-coated glass slides and, 2) Plain microscopy glass slides.

Both substrates were firmly fixed to the hot plate at 100 °C using vacuum and
the spraying was conducted. The sprayed films were cured in a belt furnace at 380 °C
for 30 minutes. Once the films were cured, a masked top layer of gold was formed on
substrate 1, which facilitated in forming model capacitors of the film. The gold coating
was thermally evaporated onto the substrates using Edwards 306 (Moorfield) and Nano
36™ (Kurt J. Lesker) thermal evaporators; extreme care was taken to make sure that
both top and bottom gold layers were roughly 70 nm thick. The gold layers on either
side of the composite film acted as conductive electrodes for forming model capacitors
and facilitated in electrical characterisation. On the other hand, films on plain glass
slides were used for surface and microstructural characterisation. Figure 5-11 shows
the procedure followed for film forming. The key parameters used for forming the films
are as follows:

e Spray distance = 14 cm

e Flow rate = 1 ml/min

e Atomising air pressure = 2 bar

e Hot plate temperature = 100 °C
e Hot plate speed = 10 mm/min

e Belt furnace speed = 40 mm/min
e Curing temperature = 380 °C

e Curing hold time = 30 min

e Number of spray runs = 1-7 runs
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Figure 5-11. Flow chart showing the steps involved in the aerosol spraying for forming
nanotube/PFA films. Also shown are optical photographs of the samples at every step.

5.4.2. Characterisation of MWCNT/PU and MWCNT/PFA films

a) Surface characterisation

Macroscopic and microscopic surface characterisations of the films were
conducted using optical photography and SEM respectively. The optical photographs
were taken with an 8 megapixel Samsung Galaxy S3 phone camera in a regular flash-
free mode. SEM studies were conducted using a Jeol JSM-840F SEM in secondary
electron mode at 3 kV over a range of magnifications. The glass-coated films were line-
marked on the backside of the glass with a diamond pen and dipped in liquid nitrogen
for 10 minutes to effectively fracture the film and form smaller pieces for cross-section
analysis using SEM. The films were coated with 4 nm platinum to facilitate conduction

and reduce charging during SEM studies.
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b) Thickness analysis

The film thickness was calculated using a Veeco Dektak I1A surface profilometer
using the step height method. Line scans were conducted across each film in 8 different
places and the values were averaged. The thickness of the film at various places gave
an idea of the uniformity of the film and also helped in understanding the dielectric
behaviour of the films in various locations.

¢) Impedance spectroscopy

Dielectric studies were conducted on the films using impedance spectroscopy for
which a Solartron SI 1260 impedance analyser was used at different frequencies (100
Hz — 1 MHz) at an applied voltage of 1 V. The films were heated at 40 °C for 24 hours
prior to testing to remove any absorbed moisture. Measurements were conducted on at
least 6 model capacitors of every film, and the basic parallel plate capacitor formula as

shown in Equation 5-4 was used for calculating the dielectric constants (k) of the films:

£, A Equation 5-4

where: C is the effective capacitance of the capacitor that was directly obtained from
the instrument, &, is the permittivity of free space (8.854 x 102 F/m), A is the cross-
sectional area of one capacitor plate that was calculated using the dimensions of the
capacitor, and d is the distance between the plates (i.e., the thickness of the dielectric
film) that was calculated using surface profilometry.

The dissipation factor, real and imaginary permittivities were calculated from the

following equations:

DF = Tan 6 Equation 5-5

e =kg, Equation 5-6
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e’ =¢ Tan 6 Equation 5-7

where: DF is the dissipation factor, d is the loss tangent that was directly obtained from
the equipment, €' is the real dielectric permittivity, and €" is the imaginary dielectric

permittivity.

5.5. Results and discussion

5.5.1. Optical characterisation of composite films

Optical characterisation was the first characterisation test conducted to assess the
film quality. It was realised that the high boiling points of the dispersing solvents (NMP
—202 °C, DMA - 166 °C, GBL — 204-205 °C, and Benzylalcohol —203-205 °C) made
it difficult to remove the solvent from the drop casted and spin coated films, resulting
in poor quality and inhomogeneous films. Figure 5-12a,b shows the 0.01 wt.%
conventional MWCNT/PU drop casted films dried at room temperature and at 100 °C.
The drop casted film dried at room temperature appeared to be better than the film dried
at 100 °C that showed a coffee stain effect. However, areas of dark and light regions
existed in both the films signifying inhomogeneity within the film. On the other hand,
0.01 wt.% conventional MWCNT/PU spin coated films (Figure 5-12c,d) were of
extremely poor quality and formed islands rather than a continuous film. In addition to
the high boiling points of the solvents, the poor quality of the drop casted and spin
coated films can be attributed to the inability of the dispersions to wet the glass surface.
Dispersion interaction with the glass surface can usually be improved by surface
treating the glass, such as salinisation, however salinisation did not prove useful either
for these mixtures. Therefore, drop casting and spin coating proved to be unsuitable for
this work.

Figure 5-12e,f shows the 0.1 wt.% conventional MWCNT/PU electrosprayed

film before and after heating at 50 °C for 120 hours. Since the film was formed on a
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silicon wafer, it was difficult to judge its optical quality due to reduced contrast from
the background. Nevertheless, the film appeared to be optically uniform and had an
average thickness of 10+4 um. Despite the ability of electrospraying to form acceptable
films, the set-up was incapable of forming large area films, hence this technique had to
be ruled out too. The last technique that was explored was aerosol spraying, which
produced high quality films, as shown in Figure 5-12g,h. The aerosol sprayed films
appeared to be homogeneous, uniform and had an average thickness of 20-30 pm.

Hence, this technique was chosen as the best suitable technique for this work.

a) b) B ) d)
SO i 3- w
A
) (
2) h)

Figure 5-12. Optical photographs of composite films synthesised through different
techniques:

a) Drop casted 0.01 wt.% conventional MWCNT/PU films dried at room temperature,
b) Drop casted 0.01 wt.% conventional MWCNT/PU films dried at 100 °C,

c¢) Spin coated 0.01 wt.% conventional MWCNT/PU films dried at room temperature,
d) Spin coated 0.01 wt.% conventional MWCNT/PU films dried at 100 °C,

e) Electrosprayed sample of 0.1 wt.% conventional MWCNT/PU film before drying,

f) Electrosprayed film of 0.1 wt.% conventional MWCNT/PU film after drying,

g) Aerosol sprayed plain PFA film after curing, and

h) Aerosol sprayed 0.5 wt.% conventional MWCNT/PFA film after curing.
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5.5.2. Surface characterisation using SEM

SEM studies were conducted on the surface of electrosprayed and aerosol
sprayed films to understand the distribution of nanotubes in the film. Ideally, cross-
sectional analysis would have given a better idea of the nanotube distribution, however,
attempts for perfectly fracturing the films cross-sectionally failed due to the elasticity
of the polymer. Hence, only surface analysis of the films was conducted. The 0.1 wt.%
conventional MWCNT/PU electrosprayed film (Figure 5-13a) showed no signs of
MWCNTs on the surface. It could be that the MWCNTs were trapped within the film;
however, the precise distribution of the nanotubes within the polymer matrix was
unclear. Moreover, the electrosprayed films seemed to be porous and microscopically
non-uniform. Therefore, electrospraying was decided to be unsuitable for this work.
On the other hand, the presence of individual and separated nanotubes on the surface
of 0.5 wt.% aerosol sprayed conventional MWCNT/PFA film (Figure 5-13b), confirms
the ability of this technique to form agglomerate free films. However, it was difficult
to understand the uniformity of the nanotubes within aerosol sprayed film from the
SEM images. Nevertheless, aerosol spraying seemed to be the best suited film-forming

technique for this work.
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Figure 5-13. SEM images of:

a) 0.1 wt.% MWCNT/PU electrosprayed film that had no evident nanotubes on the
surface,

b) 0.5 wt.% MWCNT/PFA aerosol sprayed film that shows the presence of individual
nanotubes on the surface of the film.

5.5.3. Impedance spectroscopy of aerosol sprayed films

The Cole-plots of the conventional MWCNT/PFA composite films (Figure 5-14)
showed that the films mostly behaved as lossy capacitors, however at higher nanotube
concentrations (weight % > 0.5%) a resistive behaviour was observed. This could have
been due to the contribution of the pure capacitive elements for nanotube
concentrations up to 0.5 wt.%. However, at 0.5 wt.% nanotube concentration there is

perhaps a contribution from both the resistive and capacitive elements of the capacitor
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due to an increase in the number of individual nanotubes that form micro-capacitors

within the film.
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Figure 5-14. Cole-plots depicting the change from lossy to resistive behaviour in the
capacitor containing conventional MWCNT/PFA dielectric films containing different
nanotube concentrations.

Figure 5-15 shows the dielectric constants of conventional MWCNT/PFA and B-
MWCNT/PFA films at varying nanotube concentrations at 10 kHz. The dielectric
constant of plain PFA film at 10 kHz was measured to be 2.4 and an increase in the
dielectric constant was observed with increasing nanotube concentration. This can be
attributed to the interfacial polarisation* due to the difference in dielectric relaxation
of the nanotubes and the PFA matrix. Since the charge storage occurs at the interfaces,
the high aspect ratios of the nanotubes lead to a significant increase in the number of
nanotube/PFA interfaces in both the conventional MWCNT/PFA and B-MWCNT/PFA
films*. This contributes towards the overall increase of the dielectric constants of the
films. Usually, when the amount of nanotube concentration approaches the percolation
threshold, each nanotube surrounded by the insulating PFA matrix acts as a micro-
capacitor. Hence, there is a cumulative polarisation contribution from all the micro-

capacitors in the film that results in a sudden and sharp increase in the dielectric
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constant of the system!3. However, the concentration values reported in this dissertation
were less than the percolation threshold values, hence such a sharp increase in the
dielectric constants could not be observed in these samples.

It can also be observed in Figure 5-15 that for the same nanotube wt.%, films
containing B-MWCNTs showed better improvement in dielectric constants compared
to that containing conventional MWCNTs. Boron doping induces substantial number
of defects in the nanotubes and hence significantly alters the nanotube structure (as
discussed in Chapter 2). These defects, at room temperature, may not necessarily alter
the electronic band structure of the nanotube but can act as polarised centres that
contribute towards an improvement in the dielectric properties®. Similar results were
reported by Son et al.,® who proposed theoretically that the presence of such defects
in metallic SWCNTSs improves the resistance of the nanotubes threefold. However,
their study only looked into calculations with transverse electrical fields for metallic

nanotubes. Nevertheless, it is reasonable to extend their theory to all types of nanotubes.
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Figure 5-15. Dielectric constants of conventional MWCNT/PFA and B-MWCNT/PFA
films as a function of nanotube wt.% at 10 kHz that show an improvement in the
dielectric constant with increasing nanotube concentration.
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Figure 5-16a,b shows the dielectric constants of both conventional
MWCNT/PFA and B-MWCNT/PFA films with varying nanotube concentration as a
function of frequency (100 Hz — 1 MHz). The dielectric constants of both the films
increased with increasing nanotube wt.%, although for a given amount of nanotubes
the dielectric constants of most of the films were fairly uniform over the entire
frequency range. The 0.5 wt.% conventional MWCNT/PFA film showed an initial
decrease followed by a subsequent increase in the dielectric constant with increasing
frequency. This could be due to the predominant influence of interfacial polarisation at
lower frequencies that is discussed later in this section. Furthermore, the dielectric
constants were an averaged from 6 different locations from the films and the deviation
in the values measured from different locations was < 0.5. This indicates a uniform
distribution of nanotubes within the film, thereby confirming the efficiency of the
aerosol spray technique in forming homogeneous films. However, the 0.001 wt.% B-
MWCNT/PFA film (Figure 5-16b) exhibited dielectric constants lower than the plain
PFA film along with an unusual increase at 1 MHz. This behaviour is perhaps not a
real change in the dielectric nature of the film, but could be associated with external
parasitic effects that can cause erroneous results. The parasitic effects can occur either
due to contact electrification from contact between materials with dissimilar work
functions, or gas discharge within the capacitor that can cause charge deposition on the
dielectric material®’. However, this is only a speculation and it is difficult to prove this

result as no other samples exhibited similar behaviour.
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Figure 5-16. Dielectric constants of: a) Conventional MWCNT/PFA films, and b) B-
MWCNT/PFA films with varying nanotube concentrations as a function of increasing
frequency that show the stability of the dielectric values over a range of frequencies.
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To understand the exact effect of the nanotubes on the dielectric properties, it is
important to look into the individual components of the complex permittivity, i.e., the
real and imaginary permittivities. Figure 5-17a,b shows the real permittivities of PFA
films containing conventional and B-MWCNTs as a function of frequencies for
increasing nanotube concentrations. The real permittivities were mostly independent
of the frequencies at lower nanotube concentrations for conventional MWCNT/PFA
films, however an increase in the real permittivity was observed at concentrations >
0.08 wt.%. The 0.5 wt.% conventional MWCNT/PFA film showed a significant
increase in the real permittivity at lower frequencies that decreased gradually with
increasing frequency. The decrease in real permittivity with increasing frequency is
expected in composite films due to the dielectric relaxation at higher frequencies®, i.e.,
at lower frequency the charges, accumulated at the nanotube/PFA interface, can readily
redistribute in the applied electric field direction. However, at higher frequencies the
charges cannot easily re-orient themselves in the direction of the electric field and get
less time for re-orientation. Hence, the applied electric field tends to periodically alter,
resulting in a reduction of dipole diffusion in the direction of applied electric field and
accumulation of space charges that causes a significant decrease in the polarisation and
the permittivity. Furthermore, the significant increase in real permittivity could signify
the onset of the percolation threshold in the case of conventional MWCNTs at 0.5 wt.%.
It can be expected that a further increase in the conventional MWCNT concentration
could have led to an outstanding improvement in the real permittivity'>. Additionally,
for the same nanotube concentration, the improvement in the real permittivity for B-
MWCNTSs/PFA films was slightly higher than those with conventional MWCNTs. This
could imply that for the same nanotube concentration the charge storage was much

better for films with B-MWCNTs. For the same reason, it can also be expected that the
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B-MWCNT/PFA films might have higher dielectric constants at relatively lower

nanotube concentrations compared to conventional MWCNT/PFA films.
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Figure 5-17. Real permittivities of: a) Conventional MWCNT/PFA films, and b) B-
MWCNT/PFA films with varying concentrations of CNTs as a function of increasing
frequency. The change in dielectric behaviour of the B-MWCNT containing films
relative to films with conventional MWCNTs can be clearly observed.
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Figure 5-18a,b show the imaginary permittivities of PFA films containing
conventional and B-MWCNTs as a function of varying frequency at different nanotube
concentrations. The imaginary permittivities remained fairly constant for most of the
films indicating no significant dielectric losses. However, an increase in the imaginary
permittivity at higher frequencies can be observed for all the films. It should be noted
that the plain PFA film also followed the same trend, which indicates that this
behaviour could have been contributed by the PFA rather than presence of nanotubes.
A significant increase in the imaginary permittivity for the 0.5 wt.% conventional
MWCNT/PFA film signifies the increase in the dielectric losses due to the increased
number of nanotube/PFA interfaces. As discussed earlier, this concentration could be
the onset of the percolation threshold in the conventional MWCNT/PFA films. The
conventional MWCNTs are electrically conductive by nature; at higher concentrations
(such as 0.5 wt.%) there exists a significantly higher number of individual nanotubes
within close proximity to each other. This can induce a tunnelling effect and cause an
increase in the dielectric losses?®. Based on the earlier argument for real permittivities
in the PFA films containing B-MWCNTs, if the presence of B-MWCNTs can improve
the dielectric properties at low percolation threshold, then lower dielectric losses can
also be expected from the B-MWCNT containing films at the percolation threshold.
However, this cannot be confirmed from the current results as the percolation threshold
could not be achieved in these samples, but hopefully will be confirmed in the future

experiments.
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Figure 5-18. Imaginary permittivities of: a) Conventional MWCNT/PFA films, and b)
B-MWCNT/PFA films with varying concentrations of CNTs as a function of increasing
frequency. It can be seen that the imaginary permittivity was independent of nanotube
concentration and frequency for most of the films.

The dissipation factors of the PFA films with conventional and B-MWCNTs at
10 kHz (Figure 5-19) showed a gradual decrease in the values with increasing nanotube
concentration. A strong interfacial interaction between the fillers and the polymer

matrix usually hinders the relaxation of the polymer chains and interferes with the
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energy dissipation that can cause a decrease in the dissipation factors in polymer nano-
composite systems®®. A similar behaviour can be seen in Figure 5-19, which confirms
the interfacial interaction between the nanotubes and the PFA matrix. However, an
increase in the dissipation factor at 0.5 wt.% conventional MWCNTs indicates the start
of formation of a conductive path between the nanotubes, and can be indicative to the
onset of the percolation threshold. It can also be seen that the dissipation factors of PFA
films with B-MWCNTs were relatively higher than those of conventional MWCNTs,
which could be due to the additional defects in B-MWCNTSs®. The dissipation factors

at the percolation threshold could reveal interesting information.
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Figure 5-19. Dissipation factors of PFA films containing conventional and B-
MWCNTs as a function of nanotube wt.% at 10 kHz. A decrease in the values with the
increasing nanotube concentration signifies a strong interfacial interaction of the
nanotubes with the PFA matrix.
The dissipation factors of the composite films over the entire frequency range
(100Hz — 1 MHz) (Figure 5-20a,b) showed a similar behaviour to the imaginary

permittivity. It was observed that the dissipation factors of the all the films remained

fairly constant up to 100 kHz and gradually increased with the frequency thereafter. As
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discussed earlier in the chapter, at lower frequencies the charges accumulated at the
nanotube/PFA interface can easily redistribute, however at higher frequencies
dielectric relaxation occurs due to the shorter re-orientation time*. Furthermore, a
significant increase in the 0.5% MWOCNT-PFA film could indicate the onset of
percolation threshold. Nevertheless, the dissipation factors of all the films over the
entire frequency range were still very low i.e., < 0.2, which indicates improved

efficiency over the films reported in literature.
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Figure 5-20. Dissipation factors of: a) MWCNT/PFA films, b) B-MWCNT/PFA
films with varying nanotube concentration showing the consistency of the values
with increasing frequency.
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5.6. Summary

Four different techniques were studied in order to understand their suitability for
forming large area nanotube/polymer dielectric films. The techniques used (in the order
of study) were drop casting, spin coating, electrospraying, and aerosol spraying.
Uniform and homogeneous MWCNT dispersions in organic solvents reported in
previous chapters were used for forming the composite films. MWCNT dispersions in
NMP, DMA, and GBL mixed with PU polymer were used as feedstock for the first
three techniques. After conducting several experiments with drop casting and spin
coating, it was realised that these techniques were unsuitable for the nature of the
material used in this work. This was due to the high boiling points of the dispersing
solvents, which made the solvent evaporation difficult. On the other hand,
electrosprayed films were an improvement over the drop casted and spin coated films.
However, due to the harsh nature of the dispersing solvents that caused damage to the
internal parts of the electrospray system, and the complexity of the apparatus, which
prevented it to be modified for large area film forming, the electrospraying technique
was ruled out too. Aerosol spraying seemed to overcome the challenges of the first
three techniques and proved to be the best. Initial testing of the aerosol set-up was done
with surfactant assisted aqueous MWCNT dispersions mixed with PFA polymer. PFA
films containing varying concentrations of MWCNTs and B-MWCNTs were
developed and characterised for dielectric properties. The films were 20-30 um thick
and looked optically homogeneous. The dielectric constants of the films improved with
increasing nanotube concentration as a result of interfacial polarisation induced by the
nanotubes. Presence of conductive MWCNT fillers with high aspect ratios resulted in
an increased interfacial polarisation at the nanotube/polymer interfaces and also
increased the density of the interfacial polarisation. Moreover, for the same nanotube

concentration, PFA films containing B-MWCNTs showed better dielectric properties
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than those containing conventional MWCNTs. This was related to the increased defect
density in B-MWCNTs that can potentially act as polarised centres and contribute
towards an improvement in polarisation. Therefore, behaviour of B-MWCNT/PFA
films at percolation threshold values could be of high interest for future work.

It was observed that the dielectric values recorded from different locations of the
films deviated by a small number (< 0.5), which indicated a homogeneous distribution
of the nanotubes within the polymer films. The presence of MWCNTs seemed to have
affected the real permittivity more significantly than the imaginary permittivity. This
is due to the fact that the real permittivity is related to the polarisation but the imaginary
permittivity is related to the electric loss/dissipated energy. Therefore, whilst the
increase in interfacial polarisation resulted in an increase in real permittivity, the low
dissipation factors of these films caused no significant changes in the imaginary
permittivity. A striking improvement in dielectric properties of 0.5 wt.% conventional
MWCNT/PFA film was observed, which could signify the onset of the percolation
threshold. However, the exact percolation threshold values could not be identified for
these films.

The results reported in this chapter prove that it is critical to understand various
film forming techniques, before choosing any particular technique for forming
composite films, especially for films with nanomaterial fillers. Moreover, the
suitability of any technique with respect to the nature of material is essential. This
becomes even more important when considering upscaling. Additionally, the
characterisation tests of nanotube/PFA films show a clear evidence of improvement in
dielectric properties for films with B-MWCNTs. This creates new possibilities for
doped filler materials in dielectric composite films. The simplified set-up of the aerosol
spraying provides an additional option of studying the effects of pristine MWCNTs on

dielectric properties, as it can allow spraying of MWCNT dispersions in organic
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solvents. Consequently, this technique allows easier processing of a wider choice of

nanomaterials for thin films.
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Chapter 6. Summary and future work

6.1. Summary

A spray process for forming MWCNT/polymer dielectric films was
successfully developed. The role of MWCNTs, especially doped MWCNTs, as fillers
in dielectric films has been studied in this research work. The importance of well-
defined MWCNT fillers in composites and homogeneous solution-based feed
materials for forming composite films was realised early in this study. Due to the
inferior quality of commercially available MWCNTs, the nanotubes required for this
study were synthesised in-house using AACCVD. Novel nanotube-dispersing
methods for forming dispersions of pristine MWCNTs in organic solvents were
developed by avoiding nanotube surface treatments and without the aid of any third-
phase materials such as surfactants. Also, the dispersibility behaviour of different
MWCNTs (conventional, nitrogen doped, and boron doped) in a range of organic
solvents was studied. The structural changes induced in the nanotubes due to doping
played a key role in the dispersibility behaviour of the nanotubes. Understanding this
behaviour helped in developing techniques for forming uniform, homogeneous, and
stable dispersions of MWCNTs in organic solvents, which were directly mixed with
polymers and processed into composite films. Studies were conducted on different
film-forming techniques and aerosol spraying was chosen as a potential technique for
forming high quality films with a uniform nanotube distribution. Preliminary film
forming experiments with conventional and boron doped MWCNTs gave promising
results and indicated the scope for developing nanotube-filled polymer films for
dielectric applications. It was also observed that the B-MWCNT fillers performed

better than the conventional MWCNTs for improving the dielectric properties.
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The methods reported in this work help in overcoming the current processing
issues associated with doped MWCNTs and help in their successful incorporation as
fillers in composite films. Moreover, these techniques help to fully exploit the
potential of conventional and doped MWCNTs in their pristine form, which till date
could not be achieved successfully.

6.1.1. MWCNTs

The AACCVD produced MWCNTs were of a fairly good quality with
moderately uniform nanotubes and were free of carbonaceous by-products. They
presented characteristics of standard CVD produced nanotubes, such as
agglomeration into bundles and entrapped catalyst particles. It was observed that
nitrogen and boron doping resulted in significant structural changes in the nanotubes.
N-MWCNTs exhibited relatively decreased lengths and diameters along with a
bamboo-like internal structure due to the edge saturation effect by nitrogen atoms. On
the other hand, boron acted as a surfactant during the nanotube growth, which
resulted in relatively long and large diameter B-MWCNTs. Additionally, both
nitrogen and boron doping induced additional defects in the nanotubes relative to
their conventional counterpart. However, a relatively higher amount of disorder was
observed in N-MWCNTs. It was also observed that the oxidation resistance of the
nanotubes decreased with nitrogen doping and increased with boron doping.
Furthermore, considering the implications of the inherent conducting nature of
MWCNTs on the dielectric applications, a small amount of the produced MWCNTSs
was processed for an insulating silica coating through sol-gel technique. A fibrous,
non-uniform SiO; coating (ca. 5 nm thick) was successfully formed on the surface of

the MWCNTs.
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6.1.2. MWCNT dispersions

Studies to understand the effects of sonication on the structure of MWCNTSs
were conducted, which aided in developing a ‘destruction reduced’ sonication
protocol for forming MWCNT dispersions. Firstly, the effect of different US probes
(UP 100H, UP 200S, Branson 450D) on conventional, and N-, B- MWCNTSs was
studied. It was observed that the US probe treatment of 1, 2, and 5 minutes resulted in
a decrease of 1-4% and 5-15% of original lengths in conventional and N-MWCNTs
respectively. Due to the agglomeration in B-MWCNTs, it was difficult to calculate
the decrease in lengths in their case. The US probe treatments resulted in effective
debundling of the nanotubes, but no particular effect on the diameters could be
observed. Moreover, no new defects or major structural damage was observed in the
nanotubes even after 5 minutes of the US probe treatment. Using these results a
‘destruction reduced’ sonication protocol was developed by combining US probe, US
bath, and centrifugation. This protocol involved a mild sonication regime that aided
in retaining the structural characteristics of the original nanotubes during processing.
The sonication protocol was further used to understand the dispersing behaviour of
conventional and doped MWCNTs in 22 different organic solvents with a range of
surface energies (45.8-10.3 mJ/m?). It was observed that the structural alterations in
the nanotubes arising from doping significantly affected their dispersibility
behaviour. N-MWCNTs could be dispersed in solvents of lower surface energies (65—
70 mJ/m?), while B-MWCNTSs could be dispersed only in higher surface energy
solvents (75-76 mJ/m?). The study revealed that the suitable dispersing solvent varied
with the surface energy of the nanotube. In this case the suitable dispersing solvents
were: NMP for conventional MWCNTs, DMA and Benzylalcohol for N-MWCNTs,
and GBL for B-MWCNTs. Furthermore, 82% of the initial N-MWCNT concentration

could be retained in DMA; this is the highest concentration ever attained for pristine
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MWCNTs in common organic solvents. Results of the first and second dispersion
studies were further combined to develop labscale (ca. 10 ml) and upscale (ca. 150
ml) nanotube dispersions in their suitable solvents. These dispersions were visually
monitored for stability and appeared to be stable with a minor sedimentation over a
period of 3 years, except for the N-MWCNTs dispersion in Benzylalcohol that
sedimented after 3 months.

6.1.3. MWCNT/polymer dielectric films

Drop casting, spin coating, electrospraying, and aerosol spraying were studied
for forming MWCNT/polymer films. Drop casting and spin coating were found to be
unsuitable for this work as the produced films presented inhomogeneity and poor
quality due to issues associated with wetting of the glass substrates by the dispersions
and the evaporation of the high boiling point solvents from the final film. However,
electrospraying produced films that appeared homogeneous and were ca. 10 = 4 pum
thick. But the complexity in modifying the electrospray setup for large area film
forming and the high boiling points of the dispersing solvents made it unsuitable for
this work. On the other hand, aerosol spraying produced homogeneous and uniform
films on a relatively larger area in safer conditions and proved to be a suitable choice
for the nature of the materials used in this work. Preliminary aerosol spraying tests
were conducted using aqueous nanotube dispersions containing SDBS surfactant.
MWCNT/PFA and B-MWCNT/PFA films of thickness ca. 20-30 um with 0-0.5
wt.% nanotube concentrations were formed. Impedance spectroscopy studies revealed
that the dielectric properties from various locations on individual samples showed a
very small deviation, which confirmed the homogeneity in the aerosol sprayed films.
It was observed that for the same nanotube concentration, B-MWCNTs presented
better dielectric properties than the conventional ones. The real and imaginary

permittivities of the films seemed to be mostly independent on the frequency at room
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temperature. Low dissipation factors of < 0.025 were recorded for all the samples for
frequencies up to 100 kHz, after which an increase in the dissipation factors with the
frequency was observed. However, the percolation threshold of either the

conventional MWCNTs or the B-MWCNTs could not be determined.

6.2. Future work

It was observed in the current work that B-MWCNTs are instrumental as fillers
for dielectric films. Hence, the dielectric properties of B-MWCNT/PFA films at the
percolation threshold can be of significant value. Moreover, N-MWCNT and silica-
covered MWCNT fillers can have a major impact on the dielectric properties;
especially the silica covered B-MWCNTs can help in significantly improving the
dielectric properties. This is an area that needs further investigation. Additionally, the
effect of temperature on the dielectric properties of the films could not be studied in
this work and is an important aspect that requires further studies.

The preliminary film forming experiments using aqueous MWCNT/PFA
dispersions resulted in good quality composite films in this work. Therefore it is only
logical to extend these results for forming films using the dispersions of pristine
MWCNTs and polymers in organic solvents. This is an area that needs to be studied
in the future. Moreover, the flexibility of the aerosol spray technique allows large-
area film forming and offers the opportunity of upscaling. Additionally, variation of
the nanomaterial filler and the polymer matrix can allow fabrication of composite
films for a variety of applications such as flexible electronics and light weight

protection coatings.
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