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ABSTRACT

A simple, low cost microwave plasma enhanced chemical vapour deposition (PECVD)
technique for the production of carbon nanostructures has been developed in the School’s
Materials Science Laboratory. The technique utilises a conventional microwave oven as an
energy source, various hydrocarbons as a carbon source, a metallic aerial as a catalyst and
hydrogen to support the process. The input hydrocarbon and the hydrogen flow rate are
independently varied to investigate their effect on the resultant nanostructures. This technique
allows for the production of carbon nanotubes (CNTs), onion-like nanostructures structures
(ONSs) and amorphous carbon, which has been verified via transmission and scanning electron
microscopy. A change in input parameters results in the controllable yield of CNTs versus
ONS:s. The formation of amorphous carbon is reduced by controlling the hydrogen flow rate. In
further experiments, the thermal conductivity of the ONSs is investigated using the ,Lee’s Disk’
method. It was observed that bulk ONS specimens exhibit a thermal conductivity above that of
amorphous carbon powder. Insufficient quantities of CNTs were grown using this method to

facilitate a comparable thermal conductivity investigation.
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CHAPTER 1. INTRODUCTION TO CARBON NANOSTRUCTURES

An unpublished, novel microwave plasma enhanced chemical vapour deposition (PECVD)
technique to produce carbon nanotubes has previously been developed by a Masters student in
the Materials Science Laboratory at the University of KwaZulu-Natal [1]. The concept that
carbon nanotubes (CNTs) could be produced in a domestic microwave oven was proved in the
previous student’s work. The work described herein arose from the desire to further explore the

original findings to determine the optimal conditions for CNT growth.

This exploration required a number of alterations, such as the addition of flow meters and the
redesign of a borosilicate tube and stainless steel aerial, to be made to the original design. A
thorough investigation of the effect of various hydrocarbon sources on the quality and yield of
CNTs was also conducted. In the course of this investigation [2], however, it was observed that
onion-like nanostructures (ONSs) could be grown using this technique; with the quantity of

ONSs growth far exceeding the quantity of CNTs.

ONSs are a lesser studied carbon nanostructure and the growth of a decent quantity of these
structures presents the opportunity to investigate them further. To this end, an investigation of
the thermal conductivity of ONSs, embedded in an epoxy-resin matrix was conducted. The

thermal conductivity was measured using the well-known Lee’s disk method.

1.1 Organisation of this dissertation

Before delving into the details of this project, it is sensible to first describe the layout and

structure of this document.

Chapter 1 takes a detailed look at carbon nanostructures: their structure, properties, uses and the

three major methods used to synthesise these structures.

In Chapter 2, the experiments conducted in this project are described in detail;, from the

equipment used, to the planning of the experiments themselves.

Chapter 3 presents the analysis of the experiments, making use of transmission and scanning

electron microscopy as tools to provide visual analysis of the grown structures.

Thermal conductivity is discussed in Chapter 4, along with two methods used to measure the

thermal conductivity of materials.

Chapter 5 presents the experimental work on the thermal conductivity of ONSs and carbon

powder, the production of the samples and a look at the equipment utilised, followed by a



discussion of the results of the thermal conductivity measurements made on ONS and carbon

samples.

Chapter 6 concludes this dissertation and incorporates a few suggestions for future work.

1.2 Carbon nanotubes

Numerous carbon nanostructures have been documented — ranging from the quasi-one-
dimensional carbon nanotube (CNT) and fullerenes to structures such as carbon nano-necklaces,
nano-chains and onion-like nanostructures (ONSs) [3-12]. CNTs have been studied intensively
since their seminal report describing these structures in 1991 [3]. Indeed, CNTs have already
been utilised in various applications [13]. Investigations of other carbon nanostructures,

however, are still in their infancy and there remain numerous avenues for research to follow.

1.2.1 Structure

Carbon nanotubes may be described as quasi-one-dimensional structures due to their high
length-to-thickness ratio. The CNT is essentially a rolled up sheet of graphene — a single layer
of hexagonally arranged carbon atoms (depicted in Figure 1-1).The bonding of this sheet is
strong as a result of the sp® bonding between atoms. A carbon nanotube may consist of a single
layer of graphene, described as a ,single-walled carbon nanotube’ (SWNT), or many layers of

graphene rolled up to form a ,jnulti-walled carbon nanotube’ (MWNT).

When a single sheet of graphene rolls up the resultant tube resembles a seamless cylinder as
shown in Figure 1-2. If we imagine cutting the tube shown in Figure 1-2 along the dashed line
and then unrolling it into the sheet form, the carbon atom (indicated by the blue dot) appears
twice as a result of the seamless nature of the tube (as shown in Figure 1-3 - with the atom seen
at (0, 0) and ,again’ at (8, 4)). When unrolled, the dashed line in Figure 1-2 becomes the ,tube
axis’ (indicated by dashed lines in Figure 1-3). The vector which begins at first ,jmage’ of the
carbon atom (i.e. the origin) and terminates at the second “image” is termed the ,chiral vector’,
R, and is defined as R = ng; + ma,, where a; and a, are the unit vectors as defined in Figure 1-3.

The chiral vector shown in Figure 1-3 corresponds to R =8 a; + 4 a,.



Figure 1-1: The hexagonal structure of graphene. A carbon atom lies at each of the vertices - as
indicated by the dark dots.

Figure 1-2: The cylinder-like structure of a carbon nanotube. The blue dot indicates a single carbon
atom that may be found on the surface of the tube.
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Figure 1-3: An ‘unwrapped’ carbon nanotube. The unit vectors and the chiral vector, R, are shown.

It is intuitive that R lies perpendicular to the tube axis and that the length of R is the tube
diameter. In order to characterise a CNT, the manner which the graphene sheet rolls up - known
as the ,chirality’ of the tube - must be identified. There are three types of chirality: ,armchair’,
,zigzag’ and ,chiral” which are indicated in Figure 1-4 by Rumcnairs Riigzagy a0d Repira
respectively. It is the integer pair (n, m) that determines the chirality of the tube. When m = n,
the chiral vector lies in the direction of the green line shown in Figure 1-4 and the resulting tube
is called an ,armchair’ tube. When m = 0, the chiral vector - indicated by the red line in Figure
1-4 - is purely in the g; direction and the resulting tube is termed ,zigzag’. For any other
combination of n and m, the tube is called ,chiral’. An example of the chiral vector
corresponding to a chiral tube is the blue line in Figure 1-4 which begins at (0, 0) and terminates

at (8, 4).

The wrapping angle, ¢, is the angle between the chiral vector and the armchair direction (that is,
the direction corresponding to n = m) and is defined as 0° < ¢ < 30°. 0 is the angle between the
chiral vector and the zigzag direction. As the angle between the zigzag and armchair directions

is 30° 0 =30° - ¢.
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Figure 1-4: The chiralities of the carbon nanotube. The chirality is determined by the indices m and
n of the vector R, which begins on a carbon atom and terminates on its ‘replica’. The three types of
wrapping — zigzag, armchair and chiral are shown.

The vector, H (indicated in Figure 1-4), lies perpendicular to the armchair direction and is used
to identify the ,nearest-neighbour’ carbon hexagon rows [14]. The chirality and tube diameter
are important because they determine many of the properties of the tube — such as whether
individual tubes are conducting or semi-conducting. It has been observed that the armchair
tubes are conductors, while the chiral and zigzag tubes being either conductors or

semiconductors [4,5,15].

Occasionally, a carbon nanotube will be enclosed at one end by a hemispherical structure. This
hemisphere is essentially ,half” of either a Cg, or Cgy fullerene. Fullerenes may be described as a
spherical arrangement of carbon atoms (unlike the tubular arrangement of the carbon nanotube).
The carbon atoms that compose the fullerene do not always form hexagons, but a combination
of hexagons and pentagons. The combination of hexagons and pentagons is essential to the
formation of the spherical shape (and, in fact, resembles the manner in which old-fashioned

football outer-layers were constructed). The structure of a Cg fullerene is shown in Figure 1-5.

The formation of the semi-fullerene cap is a result of the method of synthesis - and is not
guaranteed to form on every nanotube. Figure 1-6 shows three tubes with the different charities

and capped ends.



Figure 1-5: C60 Fullerene [16] Note the hexagonal and pentagonal arrangement of carbon atoms
that make up the fullerene

armchair  zigzag chiral

Figure 1-6: The fullerene caps on the ends of the carbon nanotube. The different chiralities are also
shown [17].



1.2.2  Properties

It has been discovered that CNTs are semi-metals — occupying the space between a conductor
and a semi-conductor — depending on the chirality of the tube. What is remarkable is that a CNT
can change from conducting to semi-conducting with the addition or removal of just a few
carbon atoms. All armchair tubes are conducting while chiral and zigzag tubes are either
conductors or semi-conductors. When n-m = 3/ (where / is an integer) tubes are metallic while
for all other cases the tubes are semi-conducting [14]. In addition to being a conductor or a

semi-conductor, CNTs have also been shown to superconduct [6,18].

CNTs exhibit a high degree of flexibility and stiffness and, as such, have a high Young’s
modulus. Materials like silicon carbide have high Young’s moduli (approximately 400 GPa).
Due to the sp® bonding of the carbon atoms in a nanotube, the Young’s modulus of a CNT is far
greater. Indeed, Treacy ef al. [19] found through their experiments that the Young’s modulus for
an individual MWNT lies between a minimum of 0.4 TPa (equal to that of silicon carbide) and a
maximum of 4.15 TPa. These values, however, are anticipated to be an underestimate due to the

difficulties in accurately determining the tube length.

Nanotubes also have a large tensile strength — approximately 22.2 GPa for an individual SWNT
[20]. This value is about seven times larger than the tensile strength of boron and four times

greater than the tensile strength of carbon fibres.

It has been observed that semiconducting SWNTs, when isolated from the metallic nanotubes,
exhibit photoluminescence. The light emitted is in the near infra-red and the wavelength may be
tuned by carefully selecting the diameter and chirality of the tube [21,22]. Field emission in
CNTs has also been observed [23].

The list of properties above is by no means exhaustive, but merely touches the surface of the
properties of these remarkable structures. A wide range of applications for these structures have
been suggested based on properties that have already been experimentally verified; and there are
even more applications mooted for properties that are predicted to exist. Some of these vary

from the mundane to the fantastical. A few of these applications are now considered.

1.2.3 Possible applications

It has been suggested that bundles of CNTs could be used for hydrogen storage [24]. Early work
revealed that the uptake of hydrogen is about 4.2% by weight and more than 75% of the
adsorbed hydrogen may be released at room temperature [25]. It has also been found that the

quantity of hydrogen stored may be increased to as much as 20% (by weight) by doping the



CNTs with lithium or potassium [26]. That CNTs are able to store and subsequently release
hydrogen is a promising development for high-capacity but light-weight hydrogen fuel cells.

In addition to the adsorption of hydrogen, it has also been shown that open-ended CNTs, with
diameters larger than 4 nm, may be filled with liquids by use of capillary forces. This has been
shown by Ugarte et al. [27], who utilized a four-step procedure to fill CNTs with liquid silver

nitrate.

A research group at Delft University of Technology in The Netherlands fabricated a field effect
transistor (FET), using a single carbon nanotube and two metal electrodes. In their calculations,
the group estimate that the maximum switching speed of a carbon nanotube FET could be as
high as 10 THz [28]. In addition to the potential for incredible switching speeds, it is anticipated
that FETs based on CNTs will also consume far less power than their silicon counterparts

despite populating integrated circuits far more densely than silicon based devices [29].

In 2000, Rueckes et al. [30] developed a conceptual charge storage device which would act as a
non-volatile electromechanical random access memory (RAM) module. Their concept utilises
CNTs laid out to form a grid. It is the intersection of the tubes that are the ,elements’ of this
memory. The manipulation of electrostatic forces is used to switch device elements between the
ON and OFF states (that is, the tubes either touch or not) at a potential frequency greater than
100 GHz. Not only would this device have great speeds, but it would also have an incredible

density — estimated to be approximately 10'* elements/cm’.

Recently, a Finnish group [31] developed a different version of nanotube-based memory, where
a charge is stored in a single nanotube based on current flowing through the tube. This version
has a write/erase time in the region of 100 ns, but is restricted by the short-term storage of the

charge (about 42 hours).

As has already been discussed, CNTs are photoluminescent and the emitted wavelengths may
be tuned by careful control of CNT diameter. This has raised the possibility of manufacturing
thin display panels. Indeed, a flat panel display was demonstrated as early as 2000 using the
field emission properties of CNTs [32].

Carbon nanotubes are now utilised in the manufacture of some sporting goods, like bicycle
frames, golf clubs, tennis racquets and tennis balls to improve balance and mechanical strength.
[33]. CNTs may be spun into thread and imbedded into composites and then utilised in the
manufacture of protective military gear, as demonstrated by a group at Cambridge University in

2007 [34]. The performance of the protective gear made from the nanotube threads by this



group is already comparable to the performance of the high-strength, bullet-resistant fibre

Kevlar.

There are a myriad of current and potential applications for carbon nanotubes. Even more
applications are suggested as more is learnt about the properties. We have looked both at
applications that are ready for commercial exploitation and applications that require varying
levels of refinement before they are market ready. It is now natural to analyse the processes

used to create these remarkable carbon nanostructures.

1.3 Synthesis methods

As revealed in the review of properties and applications, there is tremendous potential for
carbon nanostructures, but in order to exploit this potential, there is a need for suitable, low-cost
and large scale production of these structures. Currently, there exist numerous techniques to
produce various nanostructures and each technique has different results in terms of quality,
yield and even the properties of the resultant structures. Each of these techniques is, however,
merely a variant of one of three elementary techniques: arc discharge, laser ablation and

chemical vapour deposition.

The initial choice of technique is important as each has its own benefit in terms of cost,
simplicity, and the type of nanostructure(s) produced. Arc discharge at first appears to be the
simplest technique. It produces the best quality CNTs, but at low yields (typically about 30% by
weight of source material) [13]. The technique itself is also difficult to scale up for industrial-
scale production of CNTs. On the other hand, a CVD process produces a copious quantity of
CNTs and other nanostructures and allows for industrial-scale production, but suffers from
poorer quality CNTs. Laser ablation produces high quality SWNTs at high yields. Laser
ablation, however has low growth rates and is difficult to scale up for industrial production. The
advantages and disadvantages of each of these techniques pose the question to researchers:

,»Which is the best technique to produce the nanostructures required for the task at hand?’

There may often be the situation where high quality CNTs are required at high yields and cost is
irrelevant — in such situation laser ablation would be the method of choice. In another situation
high yield may be required, but the purity of nanostructure is irrelevant — in this scenario arc
discharge or chemical vapour deposition would be ideal. In order to understand the
compromises required when embarking on carbon nanostructure synthesis, a closer look at the

techniques follow.
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1.3.1 Arc Discharge

In the arc discharge method, a large current (typically between 50 and 100 A at a voltage
between 10 and 20 V, either AC or DC [35]) is made to arc between two electrodes located a
short distance from each other (this gap is usually approximately 1 mm). Due to the high
temperatures during the arcing process, carbon sublimes and then reforms on the cathode (the
reformation resembles carbonaceous ,soot’) and the anode is depleted. It is in this soot that the
carbon nanostructures are found. The arc discharge method is, in fact, the method used by lijima
[3] in his work which sparked the widespread interest in carbon nanotubes. Typically, the
electrodes would be made from high purity graphite, but a recent trend has seen work with
electrodes manufactured from more impure sources, like coal [36]. MWNTs are formed when
the two electrodes are made only from a carbon source, but SWNTs can be preferentially
produced by adding a metal to the anode as a catalyst [7]. Another consideration in the arc
discharge method is the atmosphere in which the process occurs. Typically the process will take
place in an inert atmosphere such argon or helium. The pressure of the inert atmosphere,
typically between 100-700 Torr, has an effect on the nanostructure yield. The basic arc

discharge setup is shown in Figure 1-7.

Graphite electrode

/4

Metal or metal-containing
powder

" |

Inert atmosphere

Figure 1-7: Setup of a basic arc discharge method.
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1.3.1.1 Catalyst

A metallic catalyst may be added to the anode to promote the growth of SWNTSs. This may be
done by either placing a piece of metal in a ,dimple’ created on the anode or by packing a
powder comprising metal and graphite into a hole drilled through the electrode, as seen in
Figure 1-7. Cobalt, nickel, molybdenum and iron are typically used for SWNT production [37].
Other metals, and combination of metals — such as NiY, NiCo, FeNi and PtRh [38-41] have also
been found to produce SWNTs via this method. MWNTs, fullerenes, amorphous carbon and

other nanostructures may still be found in the soot which collects on the cathode.

1.3.1.2 Temperature

The temperature of the arc discharge method, in the neighbourhood of the electrodes where the
localised plasma forms, is around 4000 K [42]. This leads to a situation where a large
temperature difference exists between the plasma and the chamber wherein the reaction occurs.
This large temperature gradient results in an uneven CNT distribution within the reaction
chamber; with the bulk of the CNT growth occurring around the cathode and a small quantity
collecting around the chamber walls. The large temperature gradient also accounts for the

formation of a variety of nanostructures.

To investigate the effect of the temperature of the environment, Zhao and Liu [43] used a
temperature-controlled chamber to vary the ambient temperature between 25 °C and 900 °C.
The results of their work was telling: by increasing the ambient temperature from 25 °C to 300
°C the CNT yield increased from 25.9 g/h to 33.2 g/h; with purity increasing from 20% to 30%.
Increasing the chamber temperature even further to 600 °C resulted in the yield and purity
increasing to 64.7 g/h and 70%, respectively. Further increases in temperature to 700 °C led to a
decrease in both yield and purity. It was thus determined that the optimal chamber temperature
for the process was 600 °C. Additionally, it was found that as the temperature increased from 25
°C to 600 °C, the diameters of SWNT bundles decreased — from 10-50 mm at 25 °C to between
7-20 nm at 600 °C. Zhao and Liu [43] postulated that “The environmental temperatures preheat
the catalyst, which leads to the shorten of the time for catalyst to activate and accelerates the
growth of carbon nanotubes. When the temperature is 700 °C or higher, the yield decreased,
which may be explained by the thermal decomposition of SWNTs or a decrease of catalytic

activity”.

Nishio et al. [44] determined that the highest yield occurred at the highest arc-plasma
temperatures — around 6000 K for their work. Colbert et al., [45] however, report that sintering

of the CNTs occurred when the electrode itself became too hot. If the temperature was high
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enough, then the sintering could result in the reflectivity of the sintered tubes resembling that of
graphite. By water-cooling the electrodes, they were able to reduce the sintering of the CNTs

and eliminate the production of the ,graphite-like’ product.

1.3.1.3 Atmosphere

The atmosphere wherein the process occurs plays an important role in the production of carbon
nanostructures via the arc discharge method. Typically, the process will occur under a helium or
argon atmosphere, but hydrogen and methane have also been successfully used [46,47]. When
the arc discharge method occurs in a gaseous atmosphere, it has been determined that helium is
more effective than argon for the growth of fullerenes [8]. It was later determined by Hinkov et
al. [48] that the same applies for CNTs. Specifically, Hinkov et al. observed (through the
development of a model and measurement) that (i) helium is more efficient than argon in the
production of nanotubes and fullerenes and (ii) that fullerenes are preferentially formed at
higher pressures (of either gas). Figure 1-8 shows the plot of nanotube growth rate versus argon
and helium pressure obtained from their calculations. It is quite clear that the expected CNT

growth is far higher for helium than for argon.

Figure 1-8: Nanotube growth rate versus pressure calculated for helium and argon. I =100 A [48].

The arc discharge method has also been conducted in a liquid environment such as water or
liquid N,. Water or liquid N, not only acts as the atmosphere, but also serves to cool the
electrode preventing sintering of the product and eliminates the need for the pressure regulators
and related equipment needed for argon or helium. In addition to the production of CNTs, other
nanostructures, such as onion-like structures, may be produced in the liquid environment [9].

Ishigami et al. [49] claimed that their liquid N, technique could be scaled-up to provide
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continuous production of high quality MWNTs — all that is required is a constant liquid N,
supply and a continuous feed of a graphite cathode. Another group reported a yield of up to
70% MWNT in a liquid N, atmosphere [50].

The drawback of the liquid nitrogen atmosphere, however, is the cost related to liquid nitrogen
itself. Water, therefore, provides an interesting avenue of exploration. CNTs have been
produced in water [51], but they are of low purity and are produced at slow rates (approximately
7 mg/min). It was also discovered that the production time had to be limited to approximately 2
minutes because the water began to etch the nanotubes — this compares unfavourably to the

continuous method proposed by Ishigami ef al. [49].
1.3.1.4 Growth mechanisms

1.3.1.4(a) Vapour-phase growth model

The vapour-phase growth model is based on the assumption that the nucleation and growth of
carbon nanotubes and other carbon nanostructures occurs as a result of carbon vapour (which is
produced due to the high plasma temperatures produced during arcing) condensing [52]. In their
analysis of the arcing process, Gamalay et al. [53] found that, during the discharge process,
there is a layer of carbon ,vapour’ which forms near the surface of the cathode. This layer,
which is suitable for the growth of the various nanostructures, contains two groups of carbon
particles with differing velocity distributions. One group, consisting of carbon evaporated from
the cathode, has a temperature-dependant, isotropic distribution (dictated by the temperature of
the inter-electrode plasma). The other group consists of ions being unidirectionally accelerated.

The ,competing velocities’ are thought to be the mechanism behind the nanostructure growth.

As the arc discharge begins, the ,jsotropic group’ dominates, resulting in the formation of
asymmetric 3-D nanostructures. As the arcing continues the ,directed ions’ begin to increase,
resulting in the formation of open-ended structures. These open-ended structures are effectively
the seeds for CNT growth. As the arcing process continues and stabilises, carbon ions collide
with the cathode and these collisions result in the formation of CNTs in a particular direction.
Eventually, instabilities in the arcing process will begin and this leads to the formation of caps

at the end of the structures and thus terminates growth [53].

A different version of the vapour-phase growth has been proposed by Louchev [54]. In this
model, Louchev suggests that the growth of the tubular structures occurs due to the surface
diffusion of carbon atoms (which had been adsorbed on the surface of the growing structure)

towards the open ends.
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1.3.1.4(b) Liquid-phase growth model

de Heer et al. [55] observed that MWNTSs grown in the arc discharge method appeared as
though they had “been dipped in a viscous liquid’ and that there were beads present in their
sample. One can see from the TEM micrograph (Figure 1-9), that the tube seems to be ,threaded
through’ the bead — like a necklace. The bead was found to have a density very similar to that of
liquid carbon (1.4 g/cm® compared to 1.5 g/cm’). In addition, a meniscus is seen at the bead-
tube interface. This evidence leads to the conclusion that the beads are formed as a result of a
previous liquid phase, and that the formation of the ,hardened’ beads is similar to the manner in
which glass solidifies from its molten state. de Heer ef al. explain that, during the arcing
process, the anode is locally heated by the electrons from the cathode. This area of the anode is
liquefied as a result of the heating and liquid carbon is ejected from the anode. Due to the high
vapour pressure of the liquid carbon, the globule’s surface cools quickly far quicker that the
core of the globule does. The disparity in the cooling rates leads to the liquid carbon beginning
to supercool. Carbon nanostructures are believed to nucleate, and then grow, within these

supercooled cores [55].

1.3.1.4(c) Solid-phase growth model

The solid-phase growth model was suggested by Harris et al. [S6]. Once fullerenes - which were
grown via the arc-discharge method - were removed, the soot which remained was heated to
3000 °C. When analysed, it was observed that carbon ,nanocones’ and tubular structures were
grown. This led that group to conclude that, during the arc discharge, fullerenes and fullerene-
like structures will first form. These structures are subsequently subjected to the intense
temperatures of the discharge process. The structures then begin to form seeds from which the
nanotubes will begin to grow. Growth will continue until there is insufficient carbon to continue

or the arcing process is terminated.

1.3.1.5 Summary

The arc discharge method remains an attractive, and relevant, option for nanostructure synthesis
due to its simplicity and the availability of a wide range of input parameters in addition to
producing the most graphitised tubes. The current density, the size and shape of the electrodes
may be varied — either independently or even in tandem. That there exists a large ,state space’
means that there is still the possibility that yield, purity and continuity of the method may be

improved sufficiently to make arc discharge the foremost option for industrial-scale synthesis.
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Figure 1-9: Carbon nanotube with the ‘beads’ which form in the arc discharge method [55].

1.3.2 Laser Ablation

The laser ablation method is primarily used for the production of SWNT, although there have
been reports of the production of MWNTs [57] and other nanostructures via this method
[57,58]. A laser is directed at a metal-doped carbon target, which is then locally vapourised. It is
in this vapourisation process that the SWNTs form. The laser may be either continuous [59],
pulsed [58] or ,dual-pulsed’ [60]; and is typically a Nd:YAG laser (although other types like an
XeCl laser have also been used [61]). The entire process usually occurs in an inert atmosphere

within a furnace. The process is schematically depicted in Figure 1-10.

Early work by Guo et al. [58] showed that the nanotube yield increases with an increase in
furnace temperature (up to the limit of their furnace — 1200 °C) ; and that changing from a
,single-metal’ catalyst to a bimetal catalyst increases yields by up to 100 times (yield has been
estimated at about 50%). The SWNTs produced by laser ablation appear to be ,cleaner’ than the
SWNTs produced via arc discharge. Usually SWNTs produced by arc discharge will be coated
with a layer of amorphous carbon, but there is less coating observed on tubes produced by laser

ablation [58].

SWNTs produced by laser ablation occasionally organise themselves into a rope-like structure,
consisting of a few hundred tubes. This occurs because of van der Waals force experienced

between tubes [60].
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Figure 1-10: Schematic of the laser ablation method utilised for SWNT synthesis.

1.3.2.1 Effects of temperature

As mentioned earlier, SWNT yields could be increased by increasing the furnace temperature
[58]. Under similar conditions, it has been observed that increasing the furnace temperature
above 1350 °C results in a decrease in yield with the Co-Ni catalyst [62]. When the catalytic
source is changed from Co-Ni to Rh-Pt, the yields continue to increase even at temperatures
greater than 1350 °C. It is thought that the growth of SWNTs is suppressed once the furnace

temperature has increased past the eutectic point of the alloyed catalyst [62].

1.3.2.2 Effect of gas environment

Kataura et al. [62] observed that, under typical laser ablation conditions (i.e. the process occurs
with a heated furnace and in an argon atmosphere at 500 Torr), lower argon flow rates produce
SWNTs of smaller diameter. Mufioz et al. [S9] investigated the effect of varying the conditions
of the atmosphere wherein the process occurs and found that argon and nitrogen provide a
suitable atmosphere between 200 and 400 Torr. Furthermore they found that helium produced a
minimal quantity of SWNTs. The Mufioz group attribute the poor SWNT growth to the low
mass of the gas and the subsequent larger cooling rates and temperature gradient. Argon and
nitrogen also have a poorer SWNT growth at pressures outside the 200-400 Torr boundary —

and this is also attributed to an accelerated cooling rate [59].
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1.3.2.3 Summary

Laser ablation is suitable for high-yield, high-purity production of CNTs but is no longer seen
as a viable option for up-scaling for industrial-level production of CNTs because of the high
cost associated with the required apparatus. In addition, while yields may be good (up to about
70%) the actual growth rate is poor (around lg/day [63] compared with 25.9g/hr in arc
discharge [43]). The growth mechanisms of the arc discharge and laser ablation methods are

thought to be similar and have been presented earlier.

1.3.3 Chemical Vapour Deposition

The basic Chemical Vapour Deposition (CVD) method, occasionally referred to as ,thermal
decomposition” involves the application of energy to dissociate a gas' into its constituent atoms.
These atoms may then combine with atoms from other gases (this depends, of course, on the
desired product) and then nucleate onto a substrate located within the system. The CVD process
is perhaps the simplest of all the carbon nanostructure production methods to upscale and, as
such, presents an exciting avenue for researchers of carbon nanostructure production. In
addition to the ,easy upscaling’, there are also numerous parameters (such as input gas, the
introduction of catalysts, process pressure, etc) that may be varied in order to modify desired

properties of the resultant structures.

The CVD process typically occurs within a chamber, such as a vacuum furnace or within an
enclosed quartz tube (a number of groups utilise a quartz tube within a vacuum furnace) [10, 64-
66]. A carbon-carrying gas, such as vapourised ethanol, toluene or carbon monoxide is
introduced into the chamber where it is energised (by the application of a large quantity of heat
or by plasma) until it dissociates. This dissociation occurs in the presence of a substrate and a
catalyst and, if the conditions are suitable, the carbon atoms nucleate on the substrate surface

and begin to form the carbon nanostructure.

The CVD method is very flexible, with a great degree of control of the input parameters
available to researchers. As briefly mentioned earlier, the carbon carrying precursor, the catalyst
and process pressure (to name just a few of the parameters), may be varied (either individually
or all at once) and this, in turn, allows the purity, yield and morphology of the resultant structure
to be controlled. Indeed, the degree of control extends as far as being able to grow the carbon
nanostructures in a predetermined pattern by careful catalytic-doping of the substrate. In

addition to the large degree of control, the CVD method allows for the use of cheap, abundant,

' Liquids may also be used, but they are usually introduced into the system as a mist or by evaporation of
the source.
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yet highly pure carbon precursors like ethanol. It is for these reasons that the CVD method

quickly became the most frequently cited technique for the production of carbon nanostructures.

There are, inevitably, a number of variants of the CVD process as a result of the endless
combinations of input parameters, but all maintain the basic concept outlined above. We will

now study these process parameters in greater detail.

1.3.3.1 Growth mechanisms

In the CVD method, once the carbon-carrying precursor has been dissociated into its constituent
atoms by the application of energy, the carbon atoms adsorbs onto a nano-sized metallic
catalyst. The adsorbed carbon then diffuses through the catalyst and, subsequently, a carbon
nanostructure (CNTs, onion-like structures or beaded nanotubes) precipitate out of the catalyst
[11, 67-70]. The role of the catalyst here is rather important as it not only decomposes carbon
compounds, but also forms metastable metal-carbides and facilitates the diffusion of carbon into
and over the carbides [67]. Carbon nanostructures always grow out of the catalytic particles and,
depending on the strength of the bond between the nano-sized catalyst and the substrate, the
metal particle will either (a) remain rooted to the substrate and the carbon nanostructure grows
out of it in what is known as the ,base-growth’ or ,root-growth’ mechanism or (b) break its
bond with the substrate and move upward as the carbon nanostructure grows in what is known
as the ,tip-growth’ mechanism [68, 70-72]. Both of these growth mechanisms are illustrated in
Figure 1-11.

As the growth of the carbon nanostructure occurs from the metallic catalyst, it is logical to
assume that the size of the catalytic particle would have an effect on the size of the resultant
carbon nanostructure. This assumption, which has its foundation on the growth mechanism

outlined above, has been modelled or verified experimentally by various groups [67,73,74].
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(a) ) (b)

Figure 1-11: Two growth mechanisms for carbon nanotubes. (a) is the base or root growth
mechanism, (b) is the tip-growth mechanism. Whether root or tip-growth occurs is a result of the
strength of the bond between the catalyst particle and the substrate.

1.3.3.2 Precursor

Unlike the laser ablation and arc discharge method, where only a few carbon sources have been
used for the growth of carbon nanostructures, the CVD method has seen a multitude of carbon

precursors used.

Sources such as hexafluoroethane (C,F¢) or tetrafluoroethylene (C,F,) [75], produce two-

dimensional structures termed “carbon nanowalls” which stand vertically from the substrate.

Carbon monoxide (CO) has been utilised in a thermal CVD method, along with iron
pentacarbonyl (Fe(CO)s) [76]. Here, iron pentacorbonyl is thermally decomposed into iron
clusters which form nucleation points for the growth of carbon nanotubes. Carbon is produced
through the Boudouard reaction (that is, CO + CO 2 Ci,ug) + CO,). Highly pure SWNTs with
diameters between 0.7 nm and 2.4 nm were grown via this method, with weight yield near 40%.
The authors, Nikolaev ef al., did note, however, that the thermal decomposition of hydrocarbons
is far quicker than the disproportionation of CO at the same pressure; this results in greater yield

for hydrocarbon-based CVD processes.

Camphor (C,oH;s0), was found to produce carbon nanotubes — aligned perpendicular to the
substrate surface, at low yield (25% by weight), but with negligible formation of amorphous
carbon — with purity around 90% [77,78]. Other carbon sources, such as coal-gas [79],
dichloromethane (CH,Cl,) [80], iron carbonyl [81] and tetraethoxysilane (Si(OC,Hs)4) [82] have

been utilised to grow carbon nanotubes in a variety of CVD methods.

Hydrocarbons are, however, the most commonly used precursors. Indeed, ethanol (C,H¢O)

[64,68.83], xylene (CgHio) [69,70], toluene (C,Hy) [72,73], hexane (C¢H,,) [84], methane (CH,)
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[11,85,86], turpentine (CioHj6) [87] and acetylene (C,H,) [71,88] have all been successfully

used to grow CNTs and related structures.

In their work on CNT production, Smiljanic et al. suggested that hydrocarbons with higher
hydrogen to carbon ratio appear to yield better results — with ethylene (C,Hy) and methane

(CH,) performing better than acetylene (C,H,) [89].

It is noteworthy that ethanol is not a pure hydrocarbon because of the oxygen component.
Murayama et al. found that the performance of ethanol and methanol (CH;0) is somewhat
superior to the performance of pure hydrocarbons; this was explained by the oxygen
component, or more specifically the OH radical, attacking ,nearby carbon atoms with a dangling
bond to form CO’. This process then halts the formation of unwanted amorphous carbon at an
early stage [90]. A similar effect is suggested to be observed in the production of nanotubes by

the thermal decomposition of camphor [77].

1.3.3.3 Catalysts

Similar to the arc discharge and laser ablation methods, the CVD method utilises metallic
catalysts to promote the growth of carbon nanostructures (especially carbon nanotubes).
Catalysts may be introduced either on a substrate (supported catalyst) or in particle form in a

stream of gas (floating catalyst).

Nanoscale iron particles deposited on a substrate are typically used as catalysts
[11,70,74,85,88]. Other metals, such as nickel and cobalt may also be used [68,73,91]. In the
case of a supported catalyst method, there is a great deal of pre-processing that occurs before the
substrate is ready for use. ,[Doping’ of the substrate with a catalyst may be done in a number of
methods: the substrate may be dipped in an aqueous solution containing the catalyst [66,68],
nano-sized catalysts may be embedded into a porous substrate [88], or a pre-deposited catalyst
may be exposed on a substrate in a pre-determined pattern by lithography [86,92]. It is also

possible introduce the catalyst as an electrode [93].

It is possible to introduce the catalyst without a substrate. This could be done by injecting the
catalyst as a solid into the reaction chamber, or by introducing both the precursor and the

catalyst as a single stream — as is often the case with ferrocene (C;oH;oFe) [69,70,83,84,89].

The choice of the type and size of catalyst is, of course, very crucial to the process (recall that
carbon first diffuses through the catalyst and then precipitates into the nanostructure; and that
the catalyst determines the diameter of the grown nanostructure). It is for this reason that a lot of

research of the CVD method focuses on the selection of catalyst and methods to selectively
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pattern catalytic sites for in situ growth of nanotubes for commercial uses such as the field

emission display proposed by Ago et al. [94].

1.3.3.4 Gas

Usually the CVD process has to be supported by the introduction of a gas into the system.
Argon is one of the common support gases [66,70]. However, hydrogen is the most utilised gas
of all. Hydrogen may be explicitly added as a support gas [65,86], or included as part of the
chemistry of the precursor [89]. Indeed, it appears that hydrogen actually has quite a
pronounced effect on the CVD growth of carbon nanostructures - with some CNT production

processes being completely unsuccessful without the addition of hydrogen [83].

Li et al. [83] reported that a high hydrogen flow rate suppressed the formation of carbon, but the
removal of hydrogen altogether resulted in the formation of particulate carbon instead of
nanotubes. Li et al. also state that SWNTs may be preferentially grown, rather than MWNTSs, by
increasing the hydrogen flow rate. A similar trend is by Zheng et al. [65]. In their work, Zheng
et al. combined hydrogen with carbon monoxide as a precursor for the growth of CNTs. They
found that there was little or no nanotube growth when carbon monoxide was used alone, and
that the highest SWNT yield was obtained between 35% and 65% of hydrogen in the H,-CO
mixture. They propose two interpretations for this effect in the CO-H, system. Firstly, the
carbon deposition is accelerated by the hydrogenation of CO (through the reaction CO + H,= C
+ H>0). The second interpretation is that the adsorption of H, on the catalyst surface catalyses
the disproportionation of CO (through the reaction 2CO = C + CO,). These interpretations are
also proposed by Kim et al. [86] who state that the flow of the precursor and hydrogen enables
the continuous feeding of carbon for the growth of tubes whilst preventing the catalyst from
being ,poisoned’ by amorphous carbon and that hydrogen sustains the growth of nanotubes.
Endo et al. [69] who favour the first interpretation with the claim that “Hydrogen scavenges for

oxygen and prevents the loss of carbon to carbon dioxide”.

Regardless of the exact mechanism through which hydrogen affects the production of
nanotubes, the effect is clear to see. There exists an ideal ratio of hydrogen-to-carbon for the
grown of carbon nanotubes. Too little hydrogen will result in the formation of no nanotubes.

Too much hydrogen will suppress nanotube growth.

1.3.3.5 Promoters

A promoter is typically added to the precursor in order to modify the structure of the grown
nano-product. Sulphur, bismuth and lead have been used as promoters [95]. The nature of the

promoter is rather different from the catalyst in that it does not provide nucleation sites for the
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growth of nanostructures - even in the case of metals like bismuth. The promoter, rather,
improves the yield of the carbon nanostructure and increases the diameters of carbon nanotubes,
often resulting in the formation of double-walled nanotubes [96]. The promoter stabilises the
intermediate species during nucleation and that sulphur promotes the growth of large carbon

clusters which eliminate dangling bonds and extend the carbon lifetime [95].

Thiophene (C4H4S) is commonly used as a promoter [70,71,73,84], but may also be added to the
CVD process as a precursor as a result of the carbon content. It has been observed that the
sulphur content of thiophene results in the growth of SWNTs and the removal of amorphous
carbon. A further increase in sulphur content, however, results in the growth of MWNTs [97].
Any further increase in the sulphur content results in the destruction of the catalytic effect of
metals present in the system [98], suppressing the growth of carbon nanotubes. The trend is thus

to add only a small quantity of sulphur or thiophene to the system.

1.3.3.6 Effect of temperature

As mentioned in the discussion on the laser ablation and arc discharge methods, the temperature
at which carbon nanotubes are grown plays an important role in the quality of the structure. Due
to the crystalline nature of carbon nanostructures, it is expected that the same also applies to the
CVD process. The attraction of the CVD process is the possibility of decreasing the growth
temperature of the reaction to the point where nanotubes may be grown in situ for certain
commercial applications like field emission displays, especially if the CVD process utilises a

plasma to dissociate the carbon precursor [85].

In their detailed analysis of the effect of temperature on the formation of carbon nanotubes, Li et
al. [99] state that “NTs can not grow at either low (600 °C) or high (1050 °C) temperature”.
Further reading reveals, however, that it is not uncommon to see the successful growth of
nanotubes outside of this range. Indeed, van Quy et al. [84] state that the precursor conditions
could be optimal for one temperature but out of range for another. Further, Wang et al. [85]
grew a variety of carbon nanostructures using a plasma-enhanced CVD (PECVD) method at a
reaction temperature below 520 °C, while Smiljanic et al. [89] estimated that the growth of

SWNTs in their plasma-enhanced CVD method occurred at a temperature in excess of 1300 K.

It has been observed that an increase in temperature leads to an increase in both the yield of
nanotubes [99] and an increase in tube diameters [72,89,99], but this could come at the cost of
the graphitisation of the tubes [70,84]. An increase in temperature will, in some experimental
setups, change the structure of nanotubes grown from MWNT to SWNT. Li Y.-L. et al. [83]

observed this change of structure when they went from synthesising MWNTs at a temperature
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between 1100 °C and 1180 °C to synthesising SWNTs at 1200 °C in their work. Li W. et al.
[99] reported that they achieved well-structured nanotubes at 700 °C, but bamboo-like tubes
began to form at 750 °C. At 800 °C, bamboo-like tubes dominated the sample.

It is noted that nanotubes will usually only form at temperatures above 550 °C, with growth near
this temperature characterised by low yields. An increase in temperature may result in increased
yield but with a simultaneous increase in diameter. Elevated temperatures (beyond 1000 °C)
will begin to suppress the growth of nanotubes and promote the growth of related structures.
There are exceptions to this general trend and it is difficult to pinpoint the exact cause due to the
disparity in process conditions from between different research groups. These variations may
not just be due to temperature, but also the nature of the energy source, the type of precursor,
catalyst and support gases. What is definite is, for a given process, a change in temperature does

play a vital role in determining the morphology of the carbon structures formed.

1.3.3.7 Variants of the method

There exist many variants of the CVD method, separated by process parameters. The two major
methods are thermal CVD - where the reagents are dissociated by the application of high
temperatures, and PECVD - where energy is used to generate plasma which is responsible for
the dissociation of the reagents. Each of these methods are then further differentiated by certain
characteristics, such as pressure (for example atmospheric pressure thermal CVD or low-
pressure CVD), and the method of introducing the reagents into the system (such as aerosol
assisted CVD or direct liquid injection CVD). A general representation of both the thermal and
the plasma-enhanced CVD methods are presented in Figure 1-12.

Thermal CVD is relatively straightforward compared to PECVD, and the actual application only
occasionally varies from that shown in Figure 1-12. Plasma-enhanced CVD, however, differs in
that there are numerous methods to generate the plasma. The remainder of this section is

therefore devoted to the discussion of the PECVD method.

In the PECVD method, the plasma may be generated by any energy produced by a number of
sources, including hot-filament [100], DC discharge [101], microwave radiation [102-104],
inductively coupled RF [105] or capacitively coupled RF [66,75]. One of the noteworthy
aspects of plasma-enhancement is that the reaction temperatures may be lowered significantly —

even compared to thermal CVD [105].
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Figure 1-12: Illustrations of the two major types of CVD processes. (a) is the thermal CVD process,
where the reagents are subjected to high temperatures within a furnace. (b) shows a plasma-
enhanced CVD process, where the reagents are exposed to a plasma.

PECVD has also shown remarkable capacity to grow CNTs in alignment, something which is
particularly useful for the development of nanotube-based field emissive devices [106]. The
alignment of the nanotubes is a result of the electric field that the growing tubes are exposed to
[105]. Aligned tubes may also be grown in the thermal CVD method if the tubes are exposed to
an electric field [107]. The electric field that the growing structures are subject to is a result of
the electrical self-bias field on the substrate surface as a result of the plasma [108]. A

micrograph of such aligned growth in a microwave PECVD method is presented in Figure 1-13.

Of further interest in the work by the Bower group [108], was the effect that the plasma had on
the tubes themselves. They found that, when subjected to the plasma, the tubes would grow
straight (which also assisted in the alignment). However, when the plasma was stopped and the
process changed into a thermal CVD process, the tubes began to ,curl’. The growth rate, in
terms of length of the tubes, slowed from approximately 100 nm/s to approximately 150
nm/min. This curling effect occurred towards the bottom of the CNTs, which suggest a base-
growth for this process. This curling effect was interpreted as confirmation that the alignment
was an effect of the plasma. Had the alignment been a result of van der Waals force experienced
between the tubes then the alignment and ,straight-tube’ growth would have continued once the

plasma was discontinued [108]. The ,straight-curl’ growth is illustrated in Figure 1-14.

Kinoshita et al. [102] found that the length and growth rate of CNTs is improved by placing the

substrate so that it is located slightly away from the plasma zone. This was attributed to the
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irradiation of the substrate by the plasma disturbing the synthesis of the tubes by either etching

the growing tubes or by reducing the reaction paths.

As can be seen in the work by Bower et al. [103,108], it is possible to combine the PECVD and
thermal CVD method. A similar method is also employed by Smiljanic et al. [89]. The
difference with the technique employed by the Smiljanic group is that the plasma is at an
unusually high temperature for a PECVD technique which they estimate to be in excess of 1300
K. The ,thermal CVD component’ of their technique is added to ensure that the formation of
amorphous carbon as a result of a large temperature gradient is curtailed. Such a technique may

be referred to as a ,thermal plasma torch’.

Figure 1-13: ‘Forest’ of vertically aligned carbon nanotubes grown via microwave plasma enhanced
chemical vapour deposition by Kinoshita ez al. [102].

1.3.3.8 Summary

As seen with the other synthesis methods discussed thus far, the CVD method has many
procedural variations as well as parametrical variations (catalysts, precursors, support gases,
etc.) that provide for a large research space. This great degree of variance in the research space
also results in a large variance in the yield, quality and morphology of the resultant carbon
nanostructures. The benefits of the CVD method are manifold: the temperature of the growth

process may be lowered by the introduction of plasma; growth may be done in predetermined
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patterns by using a catalytic masking process on substrates; nanotubes may be grown in
alignment via the introduction of an electric field; the process may be made continuous by
exploiting the possibility of introducing a floating catalyst; the process allows for low-cost
growth of carbon nanostructures through the use of nothing more than cheap, yet highly pure
precursors (like ethanol, for example) and a furnace. That the CVD process appears simple to
scale-up for industrial scale production of carbon nanostructures makes it a viable method for

the continued research and application of this method.

PECVD

Thermal CVD

Figure 1-14: Illustration of the curling of carbon nanotubes when plasma is discontinued and a
thermal CVD process is subsequently used [108].

1.3.3.9 CVD Summary

As seen with the other synthesis methods discussed thus far, the CVD method has many
procedural variations as well as parametrical variations (catalysts, precursors, support gases,
etc.) that provide for a large research space. This great degree of variance in the research space
also results in a large variance in the yield, quality and morphology of the resultant carbon
nanostructures. The benefits of the CVD method are manifold: the temperature of the growth

process may be lowered by the introduction of plasma; growth may be done in predetermined
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patterns by using a catalytic masking process on substrates; nanotubes may be grown in
alignment via the introduction of an electric field; the process may be made continuous by
exploiting the possibility of introducing a floating catalyst; the process allows for low-cost
growth of carbon nanostructures through the use of nothing more than cheap, yet highly pure
precursors (like ethanol, for example) and a furnace. That the CVD process appears simple to
scale-up for industrial scale production of carbon nanostructures makes it a viable method for

the continued research and application of this method.

1.3.4 Summary of synthesis methods

The diversity amongst the three main techniques methods (arc discharge, laser ablation and
CVD) for the production of carbon nanostructures has been discussed, along with the large
variations in parameters within these methods themselves. From method-to-method, the carbon
source, catalysts, environment, synthesis temperature and energy source may be changed to
produce a host of carbon nanostructures, from nanotubes, onion-like nano-structures, Y-
branched tubes, nano-horns, beaded tubes and so on. The myriad of choice available in the
production of carbon nanostructures leads to a rather difficult situation where comparison and
analysis of results within an individual method is problematic; and the difficulty in inter-method
comparison is even more distinct. As such, determining the exact effect of a single parameter is

a complex task.

CVD certainly provides a low-cost and relatively simple entry-point for the production of
carbon nanotubes. This presents a research group such as ours with the opportunity to
participate in research that would otherwise require tremendous initial expenditure (on
specialised equipment) to establish. In the previous study [1] it was found that all that was
required for the production of carbon nanotubes was a domestic microwave oven, some ethanol
and other items that would normally be found in laboratories such as a rotary pump and relevant

glassware.

The earlier work explored the concept of producing carbon nanotubes using a microwave
PECVD process within a domestic microwave oven®. The motivation for the work presented
within this document arose from a desire to further characterise and find an optimal point for the
process formerly developed by our group and additionally perform measurements of some of
the properties of the grown structures. Added to the initial investigation is the determination of

the effect of the composition of the precursor, the flow rate of support gases and promoter

> This method was initially used for experimental work on the production of MgB, thin film
superconductors in the Hybrid Physical-Chemical Vapour Deposition technique, demonstrating the
versatility of this low-cost apparatus [1].
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concentration has on the growth of carbon nanotubes. Some elements of the earlier work have
now been redesigned, with other elements reconfigured in order to streamline the pre-
experimental process. A detailed description of the apparatus and experimental method utilised

for this investigation is provided in the next chapter.
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CHAPTER 2. EXPERIMENTAL: PRODUCTION OF
NANOSTRUCTURES

2.1 Introduction

The method used to produce the carbon nanostructures is a microwave PECVD method which
utilises a domestic microwave oven as an energy source. To briefly describe this method, the
reactions take place within a chamber placed within the microwave oven. This chamber has
tubes attached to allow the process inputs into the chamber and also for the out-gassing of the
chamber. The substrate, in the form of an aerial is also located within this plasma chamber. The

experimental set-up will now be described in detail.
2.2 Apparatus

2.2.1 Microwave Source

The microwave source is a Samsung M1977NCE 1000 W microwave oven, like those found in
many homes across the world. The only modification made to the microwave was the
replacement of the standard hinged door with an aluminium sheet. The new aluminium door is
secured to the chassis of the microwave oven with 3 mm stainless steel screws. The safety
switches for the door were bypassed to enable the operation of the microwave oven with the
aluminium door. The aluminium door has three holes punched in its surface for the inlet and

outlet tubes to pass through.

2.2.2 Plasma Chamber

The plasma chamber consists of a standard 1000 mL borosilicate laboratory flask with two glass
inlet tubes attached tangentially to the sides. A laboratory standard 24/25 outlet, through which
a tube is inserted — leading to a rotary pump, is located at the bottom of the flask. This

configuration is shown in Figure 2-1.

The plasma chamber, with the glass tangential attachments, has been designed so that the gases

that enter the chamber swirl around and mix prior to — and during — the plasma process.

As mentioned earlier, a hollow borosilicate glass tube is inserted into the outlet of the plasma
chamber and acts as an interface between the plasma chamber and a rotary pump — in addition,
the tube also acts as a stand for an aerial which is placed within the plasma chamber. An earlier
design of the tube proved cumbersome and impractical and was abandoned in favour of a

second design. This favoured design of the tube consisted of a hollow 8 mm (outer diameter)
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borosilicate tube approximately 30 cm in length. One end of the tube had glass ,plives’, around
which rubber piping could be securely fitted. The other end of the borosilicate tube was made
into a stopper, and further extended into a stand for an aerial. The stopper section consists of a
standard 24/25 borosilicate stopper — with its upper and lower surfaces removed. The portion of
the tube, which forms the stand, has holes made on the surface to allow gas to be drawn into the
hollow section of the tube by a rotary pump, via the rubber tubing. The stopper section of the

tube is shown in Figure 2-2.

Figure 2-1: Image of the plasma chamber. The glass tubes attached tangentially to the sides of the
chamber are used as inlets, with the opening at the bottom used as an outlet.

2.2.3 Aerial

The aerial’s purpose is twofold; firstly to induce breakdown of the gas in the immediate vicinity
of the point of the aerial (thus confining the plasma to the neighbourhood of the aerial), and
secondly to act as a nucleation point for the growth of the carbon nanostructures. As the
chamber is constructed from borosilicate glass, it is important that the plasma is located away
from the chamber walls as the plasma can become hot enough to cause the melting of the
chamber (borosilicate glass softens around 820 °C). The aerial itself comprises two parts: the
base and the tip. The base, made from stainless steel, is 25 mm high, with a diameter of 10 mm
in its middle section. The upper and lower sections have differing diameters and these are 16
mm and 6 mm respectively. The base has a 2 mm diameter, 15 mm deep hole wherein the aerial

tip fits. The aerial tip is a 20 mm long piece of 2 mm diameter Nilo K wire. Nilo K is a metal



31

composite, comprised of 53% Fe, 29% Ni, 17% Co with the remaining 1% made up of sulphur
and other metals. Guo et al. [58] noted, for the laser ablation method, that the presence of a bi-
metallic catalyst resulted in an increase in yield by up to 100 times. There is thus sufficient
reason to explore the use of this composite. Once the sharpened aerial tip is inserted into the
base, the total height is 30 mm, which is approximately one quarter of the wavelength of the
microwave radiation. The aerial base is shown in Figure 2-3; with the composite aerial shown in

Figure 2-4.

2.2.4 Process control elements

The inlet and outlet tubes are interfaced to the process control elements via rubber LPG tubing.

The control elements are, specifically:

e An Edwards ,,18’ two-stage rotary pump

® A Techfluid variable area flowmeter, calibrated so that 100% corresponds to 10 Lt/min

of hydrogen

Figure 2-2: Tube to be inserted into the opening of the plasma chamber. Shown, is the hole on the
surface to allow gases to be drawn into the hollow core of the tube; the 24/25 stopper section and
the 8 mm extension. At the very top of the tube, there is a surface which acts as a stand for an aerial
to be placed.
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Figure 2-3: Stainless steel aerial base. This aerial has been blackened from multiple uses. The three
sections, of differing diameters are clearly visible. The aerial tip is inserted into the hole at the top if
the aerial base.

Figure 2-4: The stainless steel aerial with Nilo K tip. The aerial tip is sharpened to aid the
breakdown of the electric field.

2.3 Process inputs

The precursors used in the synthesis of the nanostructures are all liquid hydrocarbons. The
hydrocarbon is introduced into the plasma chamber in its gaseous form by opening the

appropriate valve and pumping on the liquid.

The hydrocarbons for use were selected based on the hydrogen-carbon ratio. A high hydrogen-
carbon ratio is thought to better promote the growth of CNTs [89]. The selected hydrocarbons
precursors used in these experiments are: 99.5% purity ethanol (H-C ratio of 3:1), 99% purity
toluene (H-C ratio of 8:7) and 98.6% purity xylene (H-C ratio 5:4).
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The catalyst is included in the system as the aerial tip whereon the plasma is focussed. This
aerial is made from Nilo K, which is a composite of iron, nickel, cobalt and sulphur. Recall that
iron, nickel and cobalt are the preferred catalysts for nanotube growth in the CVD process, and

that sulphur leads to improved structure and the growth of nanotubes of larger diameters.

In addition to the Nilo K aerial, ferrocene is also used as an additional catalyst in selected

experiments. In these experiments, ferrocene is added to the hydrocarbon solution.

Thiophene is used as the promoter for these experiments. Thiophene contains sulphur and
sulphur improves the structure of the nanotubes grown in a CVD process. Varying quantities of
liquid thiophene (from 0% up to 1.5% thiophene by weight) is added to ethanol in order to study
the effect of the thiophene concentration on the production of carbon nanostructures in this
process. It is important to note, however, that although the thiophene is added to the ethanol in a
specific proportion, the evaporated hydrocarbon gas entering the plasma chamber may not
contain that same ratio of thiophene-to-ethanol. The ethanol-thiophene solution is agitated to aid

the proportional transfer of the thiophene and ethanol in the gas drawn into the plasma chamber.

The support gas utilised in these experiments is hydrogen. A variable area flow meter is used to
control the hydrogen input between 0 Lt/min and 10 Lt/min. The hydrogen used for these
experiments is Afrox 99.999% purity H,. As mentioned earlier, hydrogen has been shown to
play an important role in the growth of CNTs in a CVD process. It is hoped that the range of 0
Lt/min to 10 Lt/min if hydrogen flow is large enough to facilitate the determination of the

optimal hydrogen point for this process.

2.4 Physical setup

The microwave oven is mounted with the door facing toward the ground. The outlet and two
inlet tubes protrude from the door and are connected to the appropriate source via rubber LPG

tubing.

The outlet tube is connected to the rotary pump with LPG piping which is clamped onto a brass
flange. The flange is coupled to the inlet of the pump with the appropriate seals and clamps. The
outlet tube of the plasma chamber lies directly above the inlet of the pump to ensure that there is

minimal bending of the LPG tubing.

One inlet is connected, via the LPG piping and a valve, to a borosilicate flask containing the
liquid hydrocarbon precursor. When the valve is opened, and the pump switched on, the liquid
hydrocarbon is evaporated and drawn in to the plasma chamber. The other inlet tube is
connected, via LPG piping and a variable area flow meter, to the support gas source. The setup

is shown, schematically, in Figure 2-5.
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Figure 2-5: Schematic representation of the plasma system.

2.5 Experimental process

In order to determine the effect the different inputs have on the type of nanostructure formed,

the experiments have been divided into numerous experiment sets. There are six sets, labelled

from A to F, separated by the hydrocarbon precursor choice. Each set is further divided into

subsets — each subset having a different hydrogen flow rate — these are allocated a number for

identification.

The main experiment sets are:

A.

mmo 0w

Ethanol only

Ethanol with 0.5% thiophene (by weight)

Ethanol with 1.5% thiophene (by weight)

Xylene only

Toluene only

Ethanol with 1.5% thiophene (by weight) and 2.5% ferrocene (by weight). This
experiment was conducted after the analysis of experiment sets A to E was conducted.
Experiment set F, therefore, consists of just the single experiment — which was based on

what was deemed to be the ,most successful’ experiment, based on CNT production.
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The main sets are divided, and numbered, accordingly:

0 Lt/min hydrogen
1 Lt/min hydrogen

0
1
2. 5 Lt/min hydrogen
3. 7.5 Lt/min hydrogen
4

10 Lt/min hydrogen

Each synthesis process followed a particular order. Firstly, the rotary pump was switched on to
pump out the plasma chamber, after a brief wait (typically 30 seconds or so), the microwave
oven was turned on and the plasma thus ignited. The valve controlling the flow of the
hydrocarbon vapour into the plasma chamber was then fully opened. Once all of the above had
been done, the hydrogen flow (if required) was regulated. Typically, the period from the
ignition of the plasma to the regulation of the hydrogen flow would take no longer than 10
seconds. It should be noted that in all experiments the precursor solution was agitated

throughout the duration of the experiment to ensure proper mixing of the solution.

The carbon nanostructures usually coated the Nilo K aerial; this meant that a small quantity
could be scraped off for analysis. All samples were analysed using a JEOL JEM 1010
transmission electron microscope (TEM), with selected samples analysed under a LEO 1450

scanning electron microscope (SEM).

The flow rates of the hydrocarbons precursors have been calculated. These, along with the

experiments conducted, are summarised in Table 2-1.



Table 2-1: Table of Experiments for Nanostructure Production.
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SET NUMBER ETHAI\!OL I;ffh:il;lf XYLENE TOLUI—;NE HYDROFSEN
(Lt/min) weight) (Lt/min) (Lt/min) (Lt/min)
0 0
1 1
A 2 0 0 0 5
3 7.5
4 10
0
! S
B 2 § 0.5 0 0
3 o 7.5
4 10
0 0
1 1
C 2 1.5 0 0 5
3 7.5
4 10
D 0 0 0 0.00310 0 0
1 1
0 0
1 1
E 2 0 0 0 0.00985 5
3 7.5
4 10
F 2 0.00320 1.5 0 0 5
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CHAPTER 3. PRODUCTION OF NANOSTRUCTURES

This chapter documents the transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) analysis of the experiments conducted. TEM analysis was conducted first,
with SEM analysis performed on selected samples. The analysis revealed that CNTs were only
grown in the ethanol-based experiments. The quality of CNTs initially improves with the
addition of hydrogen and thiophene. It has been observed, however, that the addition of too
much hydrogen or thiophene adversely affects the quality of the CNTs and deformations such as
uneven tube walls and branching have been noted. ONSs were found regardless of input
hydrocarbon while no CNTs were synthesised when toluene or xylene were used as the input
hydrocarbon. The presence of ONSs could be prevented in the ethanol-based experiments by an
increase in hydrogen or thiophene content in. Large quantities of ONSs were synthesised when
toluene and xylene were used. Analysis of the nanostructures found in each experiment is now

presented in detail.
3.1 Experiment Set A (Ethanol; 0% Thiophene)

3.1.1 Results of Experiment A0 (0 Lt/min Hydrogen)

This experiment was conducted with ethanol as the hydrocarbon source, no hydrogen support
gas and the Nilo K aerial as the catalyst. When observing the flask containing the ethanol, with
the pump switched on and the valve controlling the ethanol vapour flow, the ethanol bubbled
furiously - indicating good flow of ethanol vapour to the plasma chamber. The plasma itself
converged well on the aerial tip and started as a bright purple glow, and progressively turned
orange as more ethanol was introduced to the system. The purple glow is indicative of low
pressure and the colour change is related to the change in pressure as more ethanol is drawn into

the plasma chamber. Each experiment ran for a duration of 5 minutes’.

The results from this experiment were predictably poor. The absence of hydrogen meant that
negligible quantities of carbon nanostructures were formed. From TEM measurements, only two
CNTs were found in the sample examined, as shown in Figure 3-1. The sample produced

appears to have a large content of amorphous carbon as shown in Figure 3-2.

3 The first two experiments were done as a single 5 minute run. This was changed in further experiments
to prevent the melting of the plasma chamber.
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Figure 3-1: TEM micrograph of two carbon nanotubes found in Experiment A0 - these tubes are
approximately 40 nm in diameter and were the only such tubes found in this sample

Figure 3-2: TEM micrograph of the amorphous carbon which dominated this sample.
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3.1.2 Results of Experiment Al (1 Lt/min Hydrogen)

The hydrocarbon source is pure ethanol with 1 Lt/min flow of hydrogen as a support gas. The
Nilo K aerial was used as the catalyst. This run was also timed for five minutes. Here, the
ethanol again bubbled furiously. The resulting plasma was again a bright purple turning orange.
The plasma, however, was rather unstable and not well confined to the aerial tip. Within two
minutes of plasma ignition, the plasma chamber had ,ynelted’ indicating a plasma temperature in
excess of 1000 K had been achieved. The plasma chamber (with the hole formed by the
,melting’) is shown in Figure 3-3. The increased pressure as a result of the addition of hydrogen
increases the possibility of the chamber melting. To prevent this undesirable event, experiments
were, from this point onward, no longer conducted as a single 5 minute run, but were divided

into ten segments of 30 seconds each.

When first analysed using TEM, negligible amounts of tube-like structures were found, with
large quantities of amorphous carbon dominating the sample. The few tube-like structures that
were found, however, were poorly formed and exhibited defects like branching as can be seen in
Figure 3-4. Further analysis from SEM measurements, revealed a quantity of onion-like
nanostructures. These ONSs are rather large, around 2 um in diameter, but do exhibit the

expected structure [12]. A SEM micrograph of these ONSs is presented in Figure 3-5.

Figure 3-3: Image of a hole formed in the plasma chamber as a result of the chamber side softening
due to the high temperature plasma touching the side of the plasma chamber.
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Figure 3-4: Poorly focussed TEM micrograph of tube-like structures found at 1 Lt/min H2. The
dark spot towards the top of the structure is indicative of an growth site.
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Figure 3-5: SEM micrograph of onion-like nanostructures found in the A1 sample.
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3.1.3 Results of Experiment A2 (5 Lt/min Hydrogen)

Here, ethanol was used as the hydrocarbon source with 5 Lt/min of hydrogen as the support gas.
The ethanol did not bubble as furiously as it did in the previous experiments, and the plasma
remained bright purple — rather than changing to a bright orange glow. The plasma was,

however, small and confined to the aerial tip

Again, this experiment was noted for the lack of carbon nanotubes and the appearance of onion-
like nanostructures. The quantity of amorphous carbon decreased significantly; perhaps as a
result of the increase in the hydrogen flow rate. The ONSs found in this sample (shown in

Figure 3-6.) are considerably smaller than those found in Experiment Al.

3.1.4 Results of Experiment A3 (7.5 Lt/min Hydrogen)

In this run a small, but bright purple, plasma was well confined to the aerial tip. From the TEM
analysis, there appeared to be no CNTs at all, but rather an abundance of ONSs and a further

reduction of amorphous carbon.

3.1.5 Results of Experiment A4 (10 Lt/min Hydrogen)

The plasma, in this experiment, was again small, bright purple and well confined to the aerial
tip. CNTs were found in abundance in this sample — with a further reduction in the quantity of
amorphous carbon. No ONSs were found in this sample. Here, the CNTs are mainly smooth-
walled, but with a variation in tube diameter from tube-to-tube (Figure 3-7 and Figure 3-8).
There does exist, however, a small number of jagged-walled tubes in this sample — as shown in

Figure 3-9.

-
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Figure 3-6: Onion-like nanostructures formed in Experiment A2. Note the reduction in size of the
nano-onions from Experiment Al.
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Figure 3-7: Carbon nanotubes produced in experiment A4. The tube diameters differ from tube-to-
tube, but the nanotubes appear to have smooth walls. The darker area is a result of the density of
the sample, rather than a collection of amorphous carbon.

Figure 3-8: TEM micrograph of carbon nanotubes from Experiment A4. Here, the walls of the
tubes are not as smooth as the nanotubes shown earlier.
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Figure 3-9: Rough walled tube-like structures. Examples like this may be found scattered sparsely
around the sample.

3.2 Experiment Set B (Ethanol; 0.5% Thiophene)

3.2.1 Results of Experiment B0 (0 Lt/min Hydrogen)

The process input for this experiment was ethanol with 0.5% thiophene added to it. No
hydrogen is added for this experiment. TEM analysis revealed that the addition of this small
quantity of thiophene results in the formation of CNTs — even without hydrogen. A group of
tangled CNTs are shown in Figure 3-10.

3.2.2 Results of Experiment B1 (1 Lt/min Hydrogen)

This experiment replicates the input parameters of B0, but with the introduction of 1 Lt/min of
hydrogen. In this experiment, the plasma was bright white but not well confined to the aerial tip.
Here, TEM analysis shows that neither CNTs nor ONSs are found, but rather a mass of jagged-
walled structures which resemble CNTs. These jagged-walled structures are shown in Figure

3-11. There is also a small quantity of amorphous carbon present in this sample.
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Figure 3-10: Tangled group of carbon nanotubes formed with the addition of 0.5% thiophene - but
without hydrogen. Tube diameters are approximately 25 nm.

Figure 3-11: TEM micrograph of jagged-walled structures formed in Experiment B1. A quantity of
amorphous carbon is observed in the bottom left corner of the image.



45

3.2.3 Results of Experiment B2 (5 Lt/min Hydrogen)

Here, the hydrogen flow rate is increased to 5 Lt/min. The other process inputs remain as in
Experiment B1. Again, a bright white plasma was not well confined to the aerial tip. TEM
analysis of the sample showed that the structures formed in this experiment (Figure 3-12) are a
closer resemblance to CNTs than those from Experiment B1l. Smooth-walled CNTs, with
diameters of approximately 100 nm were found when the sample was analysed under SEM

(Figure 3-13).

The formation of CNTs in this experiment is significant when compared to the experiments
where ethanol alone was utilised as the precursor (Experiment set A). In set A, the CNTs were
only found — in significant quantities — at a hydrogen flow rate of 10 Lt/min, compared to 5
Lt/min in this experiment. The trend thus far is noticeable: the addition of hydrogen removes
amorphous carbon and the addition of thiophene seems to promote the growth of CNTs at lower

hydrogen levels.

3.2.4 Results of Experiment B3 (7.5 Lt/min Hydrogen)

With the hydrogen flow rate increased to 7.5 Lt/min, the formation of ONSs is observed. It is
noted that the formation of ONSs (Figure 3-14) is ,delayed’ (with respect to hydrogen flow rate)

when compared to the ethanol only experiments of set A.

Small quantities of amorphous carbon are found in this sample (as can be seen in the lower
right-hand corner of Figure 3-14). It is evident, from the trend observed in experiment set A,
and the trend thus far in experiment set B, that increasing the hydrogen flow not only reduces

the quantity of amorphous carbon, but also delays the formation of ONSs.

3.2.5 Results of Experiment B4 (10 Lt/min Hydrogen)

When the hydrogen flow rate is increased to 10 Lt/min, there is no amorphous carbon present in
the sample. ONSs (Figure 3-15) are once again found in this experiment, along with poorly
formed tube-like structures. It is certainly possible that, with our selected hydrogen source for
this set of experiments (namely ethanol with 0.5% thiophene), the optimum hydrogen flow rate

has been exceeded — resulting in these poorly formed ,tubes’.
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Figure 3-12: TEM micrograph of tube-like structures from Experiment B2.
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Figure 3-13: SEM micrograph of carbon nanotubes from B2; a small quantity of amorphous
carbon is seen in the upper right corner of the micrograph. The scale bar is 2pm.
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Figure 3-14: Onion-like nanostructures from the B3 experiment.
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Figure 3-15: Onion-like nanostructures formed in Experiment set B4, at a hydrogen flow rate of 10
Lt/min.



48

Figure 3-16: Poorly formed tubular structures formed in Experiment B4.

3.3 Experiment Set C (Ethanol; 1.5% Thiophene)

3.3.1 Results of Experiment C0 (0 Lt/min Hydrogen)

In this experiment, the thiophene content of the hydrocarbon solution has been increased to
1.5% by weight. The plasma is found to be small and well confined to the aerial tip and is a
bright orange. As with Experiment BO (Figure 3-10), TEM analysis reveals that poorly formed
CNTs are present in the sample (Figure 3-17) — with uneven tube walls and numerous branching
deformities present. SEM analysis (Figure 3-18), however, reveals that there are numerous well
formed CNTs (along with some ,branched’ tubes) amongst a large quantity of amorphous

carbon.

3.3.2 Results of Experiment C1 (1 Lt/min Hydrogen)

In this experiment, the hydrogen flow rate is increased from 0 Lt/min to 1 Lt/min. Again, the
plasma is small, orange and well confined to the aerial tip. It is also apparent from TEM
analysis that there is a reduction in the quantity of amorphous carbon present in the sample. The
quality of the carbon nanotubes found in this sample is much improved from those present in
Experiment CO — exhibiting smoother wall and fewer branching deformities. The CNTs present,

however, do exhibit variable tube diameters. This may be observed in Figure 3-19.
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Figure 3-17: Poorly formed CNTs present in the CO sample (Ethanol - 1.5% Thiophene; no
hydrogen).
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Figure 3-18: Scanning electron micrograph of well formed carbon nanotubes amongst amorphous
carbon in the C0 sample. Scale bar is 1pm.
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Figure 3-19: Smoother nanotubes found from Experiment C1. The tubes have variable diameters,
but generally smoother walls than the tubes found in Experiment C0.

3.3.3 Results of Experiment C2 (5 Lt/min Hydrogen)

In this experiment, the H, flow rate was increased to 5 Lt/min. The plasma was large and purple,
appearing almost column-like above the aerial tip. The plasma gradually changed to the familiar
orange as it did in Experiment CI1. In this experiment, the product was only found along the
length of the Nilo K aerial tip. TEM analysis shows that the product formed in Experiment C2
resembles that of Experiment C1 closely. There are smooth-walled CNTs interspersed amongst
poorly formed tubular structures and some amorphous carbon, as shown in Figure 3-20 and

Figure 3-21.

3.3.4 Results of Experiment C3 (7.5 Lt/min Hydrogen)

With the H, increased to 7.5 Lt/min, the plasma begins bright purple, turning a dark orange; the
plasma was small and well confined to the aerial tip. As with all experiments thus far, the
product only formed on the Nilo K aerial tip. TEM analysis of the product shows that, unlike
Experiments C1 and C2, smooth-walled CNTs do not form. Instead, there are numerous thick
(almost 100 nm) tubular structures. There is, however, an absence of amorphous carbon in the
sample. Compared to Experiment B3, there is no evidence of ONSs in this experiment. This is
perhaps due to the effect of the increased thiophene content. The poorly formed tubular

structures are shown in Figure 3-22
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Figure 3-20: A smooth-walled carbon nanotube from Experiment C2.
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Figure 3-21: SEM micrograph of carbon nanotubes amongst some amorphous carbon grown in
experiment C2.
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Figure 3-22: Poorly formed tubular structures formed in Experiment C3. This experiment has no
amorphous carbon present; with the darker area in the bottom right corner resulting from an
increased density of tubular structures.

3.3.5 Results of Experiment C4 (10 Lt/min Hydrogen)

Here, the hydrogen flow rate is increased to 10 Lt/min, and the resulting plasma begins as a
large, bright purple glow, gradually changing to the familiar small, orange glow focussed on the
aerial tip. In this experiment, the dominant carbon nanostructure present is uneven-walled
carbon nanotubes (as shown in Figure 3-23). There is neither any amorphous carbon nor onion-
like nanostructures present in the sample. It was observed, when comparing Experiment Set A
and Experiment Set B, that the increase in thiophene content seems to delay the growth of
ONS:s. It is therefore unsurprising that there is no ONS growth in Experiment Set C. Note that a
bamboo-like tube, similar to those found in the work by Li et al. [99] is found in the upper half
of Figure 3-23. This is an indication that the reaction temperature may be too high in this

particular experiment.
3.4 Experiment Set D (Xylene)

3.4.1 Results of Experiment D0 (0 Lt/min Hydrogen)

In this experiment, the hydrocarbon precursor was changed from ethanol to xylene and no

hydrogen was introduced into the system. The plasma began as a bright purple glow, changing
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to a brilliant orange. The orange glow appeared to darken during the ten 30s runs which make
up the experiment. It was found that the darkening occurred as a result of a tremendous build up
of product on the walls of the plasma chamber. In addition to the customary growth on the Nilo
K aerial, the product also formed on the edges of the tube exposed to the plasma unlike

experiments A, B and C where the product was only formed at the tip of the aerial.

Samples of the product, from both the sides of the chamber and the aerial, were analysed using
TEM (Figure 3-24 and Figure 3-25) and it was found that the only nanostructure formed were

onion-like nanostructures, along with a small quantity of amorphous carbon.

3.4.2 Results of Experiment D1 (1 Lt/min Hydrogen)

The input parameters for Experiment D1 are: xylene as the hydrocarbon source, 1 Lt/min of
hydrogen as the support gas and the Nilo K aerial as the catalyst source. Much like Experiment
DO, the plasma began bright purple, changing to a dark orange as the xylene entered the
chamber. Again, the walls of the chamber and the portion of the tube were coated with the
carbon product. A sample of the product formed on the aerial was taken and analysed utilising

TEM. This is shown in Figure 3-26.
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Figure 3-23: Uneven-walled carbon nanotubes formed in Experiment C4. These uneven-walled
tubes are found across found throughout the sample.
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Figure 3-24: TEM micrograph of ONSs formed on the tube in Experiment D0.

Figure 3-25: ONSs formed on the aerial in Experiment D0. Some amorphous carbon is observed in
the upper section of the micrograph.
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Figure 3-26: Transmission electron micrograph of onion-like nanostructures formed on the aerial
in Experiment D1 (scale bar represents 1pum).

3.5 Experiment Set EO (Toluene)

3.5.1 Results of Experiment EO — (0 Lt/min Hydrogen)

The hydrocarbon precursor for this experiment is toluene and no support gas is added to the
system. Here, the plasma begins bright purple, quickly changing to a dark orange as toluene

enters the plasma chamber.

The aerial, plasma chamber and the portion of the tube exposed to the plasma is quickly covered
in the product. Transmission electron microscopy reveals that the structures formed are onion-
like nanostructures — similar to those found in Experiment set D. These are shown in Figure

3-27. A small quantity of amorphous carbon is found in the sample.

3.5.2 Results of Experiment E1 (1 Lt/min Hydrogen)

1 Lt/min of hydrogen is introduced in the experiment; with the other inputs remaining as in
Experiment EQ. The plasma again begins as a bright purple, turning dark orange as the hydrogen
and toluene enter the system. The plasma is well confined to the aerial tip, but again, the
product forms on the aerial, the portion of the tube exposed to the plasma and the side of the

plasma chamber.
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For this experiment, only the product formed on the aerial tip was analysed (the product from
the other parts were not analysed in the interest of saving analysis time as experience showed
that there was no discernable difference in the structures collected from Experiments DO, D1
and E0). The TEM analysis showed that, much like Experiments DO, D1 and EO, the only
structures formed were ONSs, with a negligible quantity of amorphous carbon. The ONSs

formed in this experiment are shown in Figure 3-28 below.

3.5.3 Results of Experiment E2 (5 Lt/min Hydrogen)

The hydrogen flow rate is increased to 5 Lt/min and, once again, the plasma starts bright purple
— quickly turning a dark orange. The tube, aerial and plasma chamber is rapidly coated with the
product. Analysis of the product formed on the aerial shows that ONSs are again produced in

abundance, as shown in Figure 3-29.

Figure 3-27: Transmission electron micrograph of onion-like nanostructures found in Experiment
E0.
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Figure 3-28: Transmission electron micrograph of onion-like nanostructures found when toluene
and 1 Lt/min of hydrogen are used as the inputs.

Figure 3-29: Onion-like nanostructures produced in Experiment E2.
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3.5.4 Results of Experiment E3 (7.5 Lt/min Hydrogen)

In Experiment E3, the hydrogen flow rate is increased to 7.5 Lt/min. Here, again, the plasma
begins as a bright purple glow, before turning a dark orange. The tube, aerial and the sides of
the plasma chamber is quickly coated in the deposit, turning the plasma chamber black. TEM
analysis of the product formed shows, once again, that ONSs are produced in abundance. The

ONSs formed are shown in Figure 3-30.

3.5.5 Results of Experiment E4 (10 Lt/min Hydrogen)

Here, the hydrogen flow rate is increased to 10 Lt/min. Like the other experiments in Set E, the
plasma begins bright purple before turning orange. The tube, aerial and plasma chamber are

once again coated with the deposit. TEM analysis (Figure 3-31) shows the formation of ONSs.
3.6 Experiment Set F (Ethanol-1.5% Thiophene-1.5% Ferrocene)

3.6.1 Results of Experiment F1 (1 Lt/min Hydrogen)

As discussed earlier, the addition of iron particles in the form of ferrocene is common in the
literature. Once the initial analysis was completed, it was decided that the effect of ferrocene on
the experiment which ,most successfully’ produced carbon nanotubes should be investigated.
The most successful nanotube experiment, without ferrocene, was Experiment C1 (that is an
ethanol-thiophene (1.5% by weight) precursor and H, input of 1 Lt/min). Added to these inputs,
for this experiment, was 1.5% (by weight) of ferrocene. A typical TEM micrograph of the

product formed in this experiment is shown in Figure 3-32.

The tubes, which exhibit uneven walls and variable diameters, are clearly capped by the iron

particles. It is apparent, however, that the nanotube yield has increased significantly.

3.7 Summary of Carbon Nanostructure Results

It is evident from the results of the experiments conducted that there exist optimal process
inputs for the growth of carbon nanotubes utilising this method; namely the conditions of
Experiment C1 (that is, a precursor solution of ethanol with 1.5% thiophene by weight and 1
Lt/min hydrogen). It was observed, in Experiment C1, that smooth-walled carbon nanotubes

grow in abundance with significantly reduced quantities of amorphous carbon.



Figure 3-30: Onion-like nanostructures produced with Toluene and 7.5 Lt/min of hydrogen.

Figure 3-31: Onion-like nanostructures produced in the E4 experiment.
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Figure 3-32: Nanotubes grown using ferrocene. The iron particles from the ferrocene are evident
on the tips of the poorly formed nanotubes.

In the ethanol based experiments, it was observed that the introduction of an increasing quantity
of hydrogen delays the formation of onion-like nanostructures. This could be a result of an
increased hydrogen content combining with the oxygen component of ethanol, which then
prevents catalytic poisoning by carbon (as suggested by Endo et al. [69] and Kim ef al. [86]). It
was found there was an optimal hydrogen point for the growth of carbon nanotubes (especially
in Experiment Sets B and C), beyond which the quality of the grown tubes would suffer. This
result is certainly not unexpected as the literature does suggest that too much hydrogen would

suppress nanotube growth [83] .

Despite increasing the hydrogen flow rate, the toluene and xylene experiments did not show this
delaying trend in the formation of onion-like nanostructures. This may be a result of the lack of
the removal of the oxygen component in the experiments. It is interesting to note, from the
literature, that xylene and toluene have been shown to grow CNTs [69,70,72,97] but there had
been some additive, such as a species containing oxygen, which could lead to the preferential

formation of nanotubes rather than onion-like structures.

The progressive reduction of amorphous carbon by hydrogen was observed across all five
experiment sets. This was because hydrogen prevents ,poisoning’ of the catalyst by carbon and

promotes the precipitation of graphitised structures from the metallic seeds.
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The addition of thiophene in the ethanol-based experiments did indeed promote the growth of
carbon nanotubes. This effect was most prominent in Experiment B0, where carbon nanotubes
were grown without the explicit addition of hydrogen. Again this was not unexpected from the

literature.

The production of a vast quantity of onion-like nanostructures in the toluene and xylene
experiments was, however, not anticipated. Especially remarkable was that deposition of the
onion-like structures also occurred on the sides of the plasma chamber — unlike the ethanol-
based experiments. It has been noticed that although groups have noted the production of ONSs
(also referred to as carbon nano-onions), the properties and potential uses of these structures
have not been investigated as intensely as CNTs. It was thought that, as there was a vast
quantity of onion-like structures produced in this work, there should be some further
investigation into these structures. The remainder of this document is, therefore, dedicated to the

investigation of the thermal conductivity of onion-like nanostructures.
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CHAPTER 4. THERMAL CONDUCTIVITY

4.1 Introduction

Thermal conductivity is a measure of the ability of a material to conduct heat from one part of
its body to another. A thermal conductor, such as diamond or carbon nanotubes, is characterised
by a high thermal conductivity and is able to quickly conduct heat from its ,hot end’ to its ,cold
end’, while an insulator, such as a ceramic will conduct heat at a much slower rate. The manner
in which heat is conducted through a material depends on the phase of the material. In the solid
phase, the energy is transferred via the movement of free electrons and the vibrations of

molecules in the lattice structure. In fluids, heat also is transferred by the diffusion of molecules.

There are many applications where the knowledge of the thermal conductivity of a material is
required. Such applications are those that require the addition or removal of heat, such as boiler
applications, heat exchangers in aerospace vehicles or heat sinks for electronics. Indeed, the fact
that more and more components may fit onto electronic circuit boards presents a challenge to
systems designers who have to ensure that heat-related failure of components is kept to a

minimum or completely eliminated [109].

Another application where the thermal conductivity of materials is relevant is that of the
development of safe and efficient hydrogen fuel cells for vehicles. It has been observed that, in
metal-hydride fuel cells, heat is dissipated during the process of hydrogen uptake and that heat
is absorbed as hydrogen is released. Finding materials with good thermal conductivity and
hydrogen storage capabilities is, therefore, highly desirable in order to satisfy the needs of the
transport industry [110].

4.2 Fundamental law of heat transfer

Before discussing the potential application of the knowledge of thermal conductivities relating
to carbon nanostructures, it is practical to first consider, briefly, the fundamental law of heat
conduction. This law states that the instantaneous rate of heat flow is equal to the product of
area, A4, of the sample (perpendicular to the flow of heat), the temperature gradient, d7/dx, along
the length of the sample and the thermal conductivity, x, of the sample. These parameters are
depicted graphically in Figure 4-1, with the discussion that follows based on the text books by
McAdams [111], Zemansky [112] and Cheremisinoff [113].



63

Thot

Qin

W

Figure 4-1: Illustration of the parameters relating to the fundamental law of heat conduction.

The fundamental law of heat conduction is also known as Fourier’s Law and is mathematically

expressed as

dQ ar @-1)
-

In the illustration, heat flows in the direction of increasing x, but the temperature of the sample
will actually decrease along this path. The negative sign in the equation is thus introduced to

ensure that the constant, x, representing thermal conductivity is positive.

Rearranging Equation (4-1) to make the thermal conductivity, x, the subject, we obtain:

dQdx 1 4-2)

Equation (4-1) refers to heat conduction in the unsteady state - where either the temperature
gradient or the heat flow (or both) may be time-dependant. For the steady state, where heat flow
and the temperature gradient are independent of time, the heat flow component, dQ/dt, is

reduced to O/t and the temperature gradient, d7/dx, reduces to (T>- T)/Ax2- x;).

Equation (4-1) thus becomes, in the steady state:

T, —T. -
e__ =N, 4-3)
t Xy — Xq
Equation (4-2) in the steady state then becomes:
Qxz—x1 (4-4)

T, —T, A
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4.3 Thermal conductivity applications of nanostructures

4.3.1 Thermal management

Carbon nanotubes have been added to materials like epoxy or silicone elastomer to form
composites with improved thermal conductivity for potential use in thermal management
systems [114,115]. It has been shown that the addition of just a small quantity of SWNTs can
increase the thermal conductivity of the interface material considerably. Biercuk et al. [114]
added 1% SWNT (by weight) to an epoxy and found that the thermal conductivity increased by
70% at 40 K to 125% at room temperature. Biercuk et al. also found that the addition of
SWNTs is far more effective at increasing the thermal conductivity of the epoxy than carbon
fibres; that the nanotubes have larger aspect ratios than the carbon fibres — thus forming an
improved ,heat-percolation network’ which accounted for this increased effectiveness. It has
also been shown that an aligned array of CNTs increases the thermal conductivity of an epoxy-
nanotube composite significantly when compared to a randomly arranged epoxy-nanotube
composite [116,117]. Similar work has been conducted on micro- and nanostructured diamond

fibres [118-120].

4.3.2 Hydrogen storage

High thermal conductivity is also desirable for materials used in hydrogen storage [110]. To
gain a better understanding of why a high thermal conductivity is desirable, hydrogen storage

will be briefly discussed.

Carbon nanotubes, which exhibit good thermal conductivity, have been shown to store
hydrogen [121-123]. There is, however, much variance in the reported hydrogen uptake perhaps
as a result of the presence of impurities in the form of amorphous carbon or other carbon
nanostructures, such as fullerenes. Hydrogen uptake as high as 60% H, by weight has been
reported [124]. However, this amount is really anticipated to be much lower at somewhere

between 1 and 6% by weight [110,122,125].

Adsorption of hydrogen may occur as a result of chemisorption, where hydrogen is stored
within the structure of the nanomaterial by the formation of C-H bonds [122], or by
physisorption, where the hydrogen molecules are weakly attracted to the surface of the storage
material [110,126]. Molecular mechanics and molecular dynamics modelling [127,128] has
indicated that physisorption of hydrogen is most likely to occur at low temperatures, either near
the surface of a carbon nanotube in the interstitial sites in bundles of nanotubes or within the
,hollow” of open tubes. The H, molecules surrounding the material in these models resemble a

cloud (Figure 4-2), at low temperatures [24,129]. Wu er al. [128] performed molecular
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dynamics simulations on Y-junction tubes at temperatures from 80 K to 300 K and found that
an increase of temperature leads to the kinetic energy of hydrogen overpowering the attractive,
non-bonding interactions between H, and the Y-junction tubes. The hydrogen is thus desorbed
from its location near the carbon nanotube. A similar result was obtained by Dodziuk and
Dolgonas [127] in their models of H, physisorption on more conventional nanotubes. In the case
of chemisorption, C-H bonds are stable at intermediate temperatures, but these bonds begin to

break at higher temperatures (around 600 °C), leading to hydrogen desorption [122].

@
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Figure 4-2: A nanotube bundle with hydrogen molecules physisorbed near the surface, within the
tube hollows and between adjacent tubes [127].

As has been noted above, the temperature has an effect on the adsorption and desorption of
hydrogen on carbon nanotubes. If a technique can be found to increase the hydrogen uptake
above the 6.5% by weight threshold stipulated by the US Department of Energy for mobile
application (lithium doping of graphitic nanofibres has been shown to increase hydrogen uptake
of graphitic nanofibres significantly [130,131]), then the high thermal conductivity of carbon
nanotubes certainly make them commercially attractive as the reduced cooling times will lead to
faster refuelling. The higher thermal conductivity of carbon nanotubes will also lead to a shorter
heating period to facilitate the quicker application of a power boost from the release of extra

hydrogen.

It is interesting that, apart from carbon nanotubes, hydrogen storage in a few other carbon
nanostructures has been investigated. These structures include the Y-junction tubes [128] and
graphitic nanofibres mentioned earlier [130,131]. Also investigated were the ,herringbone’

fibres [110,132] and fullerenes [133]. The potential use of ONSs for hydrogen storage has,
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however, not been thoroughly investigated as yet despite having some desirable properties As a
result of the spherical structure, onion-like carbon nanostructures have a relatively large surface
area which, in nanotubes, correlates to the quantity of reversibly adsorbed hydrogen [125]. In
addition to the relatively large surface area, ONSs also have great curvature which is preferable
in the physisorption of hydrogen as the curvature of the structure leads an increase in the
potential field experienced by the hydrogen molecules when compared to an open, flat surface
[125]. A study on the catalytic effect that carbon nanomaterials have on hydrogen storage in
sodium alanate (a metal-hydride) suggested that the curvature of fullerenes make them a better
catalyst for hydrogen storage than other carbon nanostructures like nanotubes and graphene

[133].

4.4 Measurement methods

There are a few methods used to determine the thermal conductivity of materials, two of which
are the ,Searle’s bar’ technique and the ,Lee’s disk’ method. In order to effectively utilise either
method, one has to anticipate whether the material under test is either a good or a poor
conductor of heat. Searle’s bar is suited to the investigation of good conductors, whereas Lee’s

disk is used to determine the thermal conductivity of poor conductors.

There is, of course, some intuition used when determining which method is suitable for the
investigation at hand. A new metal alloy is almost certain to be a good conductor of heat,
requiring the use of the Searle’s bar method. Ceramics and materials like glass or epoxies will

have poor conductivity, thus requiring the Lee’s disk method.

4.4.1 Searle’s bar

Searle’s bar is a useful steady-state technique for determining the thermal conductivity of good
thermal conductors. The sample, in the Searle’s bar technique, is in the form of a bar which is
typically encapsulated by a good thermal insulator to ensure that heat loss to the environment by
radiation is limited. The temperature gradient is usually determined by using two thermocouples
embedded some distance apart in the bar and the cross-sectional area of the bar is determined by
measuring the diameter, d, of the bar. An example of the Searle’s bar technique is illustrated in

Figure 4-3.

One end of the bar will be heated up, either resistively or by some other means such as steam.

The other end is left to heat up as a result of the conduction. It is necessary, regardless of the
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method of heating4, to calculate the heat, O, that flows through the bar in time, ¢. This may be
done by introducing a passing a quantity of water, from a constant-head device, through tubing
coiled around the unheated side of the bar. If the flow rate of the water is known then the mass,
m, flowing through the tubing in time, ¢, may be calculated [134]. Two additional
thermocouples are then used to determine the increase in the temperature of the water as it

enters and exits the tubing around the end of the bar.

water in
T insulation T2 i
I l Il
(| [ e — — — T3
- g g -
o | |
QO - \ \
X1 X2
Y e
water out

Figure 4-3: lllustration of the Searle's bar technique for good conductors.

Once the system has reached steady-state, the temperatures at thermocouples T, T, T; and T4 are
recorded. Q is calculated from the mass of the water and the temperature difference, 7, — 73, by

the equation

Q =mc,, (T, — T3) (4-5)

where ¢, is the specific heat capacity of water.

The determined values for 4, x;, x,, T}, T, QO and ¢ are then substituted into Equation (4-4) to

determine the steady-state thermal conductivity of the material.

4.4.2 Lee’s disk

In the Lee’s disk method, which is illustrated in Figure 4-4, the sample is in the form of a thin
disk which is sandwiched between two more disks known to be good conductors such as brass

disks. One of the good conductors will, in turn be sandwiched by the sample and a very good

* In the case of resistive heating, one may use the power, P=FR, but one would have to ensure that there
is no heat lost from the resistor to the environment.
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thermal insulator, while the other conductor will be in contact with a heat source. Occasionally,
the heater itself will also be in contact with a third disk made from the good conductor which is
capped with a good thermal insulator. All of the brass disks used in the Lee’s disk method
should be identical. The ,apparatus’ may be held together with a long, thin bolt, to keep all the
components in good contact. The entire apparatus may be encapsulated within thermal
insulation, but if the thickness-to-area ratio of the sample is kept low then the heat lost to the

environment may be assumed to be negligible [135-137].

As the sample is usually very thin, the thermocouples are usually embedded in the brass disks —
as close to the sample as possible. It would be possible to insert the thermocouples between the
sample and the brass disks, but this would introduce small air-gaps which would reduce the
quantity of heat flowing from the brass pieces to the sample. It is therefore assumed that the
temperatures determined by the thermocouples approaches that of the sample surfaces. Once the
apparatus has been assembled, the heat source is activated and heating continues until the

steady-state is reached.

Material under test

insulation
heater T l T i

DC C) Vv ©

<

A P a

known good conductor e.g. brass

Figure 4-4: Illustration of the Lee's disk technique. Note that the thicknesses of the disks are
exaggerated for the purposes of this illustration.

.The area of the disk is calculated from the diameter of the disk, which is easily measured. The
temperature gradient across the disk is determined from the thermocouples by 7, — 7; and the
thickness of the disk, dx (which is x; — x;). It is now left to determine the heat flow, O/, which
flows through the system. This is done by first considering the system again at steady-state. The
heat flowing from the heater towards the sample through brass disk 2 equals the heat flowing
out of brass disk 3 into the insulation. The heat that flows through brass disk 3 is determined in

the following manner:
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The sample and the other brass disks are removed, leaving just the insulation, the heater and
brass disk 3 as shown in Figure 4-5. This solitary brass disk is now heated and the temperature
of the disk is monitored using a thermocouple. Once this assembly has reached steady state and
the temperature of the disk no longer increased over a period, the heater is removed. The rate at
which the disk cools, that is d7/dt, is recorded and plotted. A typical plot of temperature versus

time is shown in Figure 4-6.

The slope of the temperature versus time plot is determined at the relevant temperature for use
in the calculation of the thermal conductivity. The quantity d7/d¢ is thus known, and the heat

flow can thus be determined by

dT| (4-6)

[l -
arl = " e

where m is the mass of the brass piece and ¢, is the specific heat capacity of brass.

Figure 4-5: Setup used to determine the heat flow in the Lee's disk method.

4.5 Summary

The thermal conductivity of a material is certainly an important and useful property, and carbon
nanomaterials with high thermal conductivities may have an important role to play in solving
some of the pertinent problems facing the world of electronic manufacturing and equipment, or
the world of hydrogen storage for mobile applications. Indeed, it has been observed that carbon
nanotubes greatly increase the thermal conductivity of epoxies and silicone elastomers,
especially so if the nanotubes are aligned in the direction of the heat flow. The potential for

hydrogen storage in carbon nanostructures has also been noted in the preceding discussion.
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dT/dt
dT

dt

Time (s)
Figure 4-6: Typical shape of the plot of temperature versus time for the cooling of a brass disk.

While numerous investigations have been conducted on carbon nanotubes, fullerenes and
graphitic nanofibres, ONSs have, in contrast, not been as thoroughly investigated. It is perhaps a
bit fortunate, then, that the PECVD technique discussed in the earlier chapters of this document
grows copious quantities of ONSs and therefore presents the opportunity to investigate ONS

further, beginning with the thermal conductivity of these structures.

It is anticipated that although the addition of onion-like nanostructures to thermal interface
materials, such as thermal grease, will increase the thermal conductivity of the thermal interface
material. This increase will is not expected to be as significant as the increase seen with carbon
nanotubes. The reason for this anticipated poorer increase is that the ONSs will populate the
interface material’s matrix in a very different manner. Rather than long, thermally conductive
,strands’ or ropes, the ONSs will tend to be randomly located throughout the matrix offering
local increases in thermal conductivity. Determining the thermal conductivity of ONSs may aid
the process of gauging the usefulness of ONSs for use in hydrogen fuel cells compared the

CNTs.

A version of the Lee’s disk method, similar to that used by Hickson [135] and has been used to
measure the thermal conductivity of ONSs added to epoxy resin to form a disk. Varying
quantities (% wt.) of ONSs was added to the epoxy resin and the thermal conductivities
measured. The thermal conductivity of ONSs was compared against similar disks made from
the epoxy resin and carbon dust. Further comparisons were made against a control sample made

entirely from the epoxy resin.
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CHAPTER 5. THERMAL CONDUCTIVITY OF ONION-LIKE
NANOSTRUCTURES

A Lee’s disk method, similar to that described in Section 4.4.2, was set up to determine the
thermal conductivity of ONSs. ONSs were added to a resin-epoxy to produce the sample disks
for these experiments. Thermal conductivity measurements were also made on disks made from

carbon powder in order to provide a comparison with ONSs.
5.1 Experimental

5.1.1 Samples

The samples, in the form of disks, were prepared by first measuring the required mass of the
relevant carbon ,additive’ and the required mass (4 g) of resin epoxy. The carbon additive was
then added to the resin epoxy and stirred thoroughly until a uniform consistency was achieved.
Once consistent, eight drops of hardening catalyst (methyl ethyl ketone peroxide) were added to
the mixture. The mixture was again thoroughly stirred. The mixture was only transferred to a
ring-mould once the viscosity of the mixture had noticeably changed. This was done to reduce
the possibility of the carbon species from settling toward the bottom of the mould due to
gravity. Once in the ring-mould, the samples were allowed to cure for at least 24 hours.
Following removal from the ring-mould, the samples required filing to remove the meniscus

that forms during the transfer of the mixture.

Once the processing of the samples was completed, the diameter and the thickness of the
samples were measured using a vernier calliper and a micrometer respectively. One of the

samples is shown in Figure 5-1.

5.1.2 Setup

The heater is 40 gauge tungsten wire wrapped around a mica disk with a diameter of
approximately 30 mm. This wire-wrapped disk was, in turn, sandwiched between two identical
mica disks to provide electrical insulation from the rest of the experimental assembly. The
heater had a resistance of 10 Q and was connected to a Topward dual-tracking 6303D DC

power supply. An image of the tungsten heater is shown in Figure 5-2.

A solid 30 mm diameter brass cylinder was cut into three 5 mm thick disks, shown in Figure

5-3, weighing 26.81 g. A hole is drilled on the edge of the disk, extending to the centre, for the
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thermocouple. Brass has a specific heat capacity of 0.370 J/g-K [135] and a thermal
conductivity of 109 W/m-K [138].

The temperatures at the relevant locations were measured with type T thermocouples (copper-
constantan). Type T thermocouples produce an output of 40 uV/K, and this signal requires
amplification and cold-junction compensation, for which an AD595AQ thermocouple amplifier,
which includes built-in cold-junction compensation is used; each thermocouple is connected to
its own ADS595AQ [139]. The connection of a thermocouple to an AD5S95AQ is shown in
Figure 5-4.

Figure 5-1: Image of an epoxy-carbon sample after curing and filing.

Figure 5-2: Image of the heater, made from tungsten wire wrapped around a mica disk. Two more
mica disks, also shown in the image, provide electrical insulation from the rest of the experimental
assembly.
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Figure 5-3: Brass disk used in the Lee's disk experiments. The hole for the thermocouple, drilled
onto the side of the disk, is shown.
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Figure 5-4: Thermocouple interface to AD5S95AQ thermocouple amplifier. The required voltage
supply to the thermocouple amplifier is also shown.
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The output from the AD595AQ integrated circuit is 10 mV/°C and connecting the thermocouple
to the AD595AQ as shown in Figure 5-4 does not require any further circuitry — providing a
simple method to measure the temperature. The output (pin 9) from the AD595AQ and the
common (pin 4) is connected to a voltmeter, on which the output is observed. The temperature

measured by the thermocouple is simple to calculate from the voltmeter’s output display.

The Lee’s disk apparatus for these experiments is shown in Figure 5-5. Three identical brass
pieces have been used, with the sample sandwiched between the two brass disks towards the left
in Figure 5-5. The heater is also sandwiched between two brass disks and shares a brass disk
with the sample. In turn, the brass, sample and heater assembly is capped with two pieces of
insulting white firebrick. The apparatus is clamped tightly together, firstly to hold everything in
place and secondly to provide good thermal contact between the brass, heater and sample. The
thermocouples (not shown in Figure 5-5) are inserted into the brass disks that sandwich the
sample. The non-junction ends of the thermocouples are connected to the relevant pins of the

ADS595AQ thermocouple amplifier. The heater is connected to the DC power supply.

Once the apparatus has been installed, the power supply is turned on to a constant 1 A at 9 V.
The temperatures of the disks are observed from the AD595AQ voltage output, displayed on the

voltmeters. Heating continues until the system has reached steady state determined by no

change in temperature of both disks for a period of 15 minutes. The process of heating the
system to steady state usually takes in excess of 4 hours. Once steady state was reached, the

temperatures were recorded and the thermal conductivity calculated.

5.1.3 List of experiments

Eleven samples were made for these investigations: a control made entirely from resin; five
samples made from as little as 3.5% (by weight) carbon powder content up to 25% carbon
powder content and five ONS samples in the same ratios as the amorphous carbon powder

samples. The properties of the samples used are summarised in Table 5-1.
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Figure 5-5: The Lee's disk setup for these experiments. The 3 brass disk and the sample can be
clearly seen. The heater is connected from this assembly to the power supply via the black and red
wires which can be seen.

Table 5-1: Sample properties for the thermal conductivity experiments.

Mass — Carbon
Sample/Experiment Carbon Mass — Total
Carbon Species:Resin
Number Species resin (g) Mass (g)
Species (g) (%)
Control - 4.00 0.00 0.00 4.00
GO 4.00 0.13 3.25 4.13
E
Gl g 4.00 0.25 6.25 4.25
=
8
G2 5 4.00 0.38 9.50 4.38
2
G3 @ 4.00 0.50 12.50 4.50
=]
=
G4 < 4.00 1.00 25.00 5
HO 4.00 0.13 3.25 4.13
H1 4.00 0.25 6.25 4.25
H2 z 4.00 0.38 9.50 438
o
H3 4.00 0.50 12.50 4.50
H4 4.00 1.00 25.00 5
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5.2 Results

Analysis of thermal conductivity experiments revealed that an increase in either the carbon
powder or the ONSs content to a resin disk results in the increase of the thermal conductivity.
Indeed, the addition of merely 3.25% (by weight) of ONSs to the epoxy resin results in a

thermal conductivity increase of almost 20% when compared against the control sample.

In this chapter, the calculation of the heat flow, dQ/dt, and thermal conductivities of the samples

are presented.

In order to calculate the thermal conductivity of the samples, the heat flow through the brass
disk has to be known. This was done by heating up a single brass disk until it reached the steady

state temperature and recording the rate at which the disk cooled.

In the ,Lee’s disk experiment’, the temperature of the cold disk, 7., is considered to be the
working temperature and the heat flow is thus determined at this temperature. For this, the
gradient, d77/dt, of Figure 5-6 is determined at that point (7). It should be noted that once all the
experiments were completed there was an obvious variance in 7.. The gradient was therefore
determined across the range of 7, rather than at the specific point for each experiment. The

region over which d7/dt has been determined for these experiments is shown in Figure 5-7.

Figure 5-6: Plot of temperature versus time for the cooling of the brass disk from steady state. The
plot was generated from the data captured from the data acquisition card, with the sample
temperature recorded every 0.1 seconds.
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Figure 5-7: Plot of temperature versus time of the brass disk over the range of T, values obtained
from the experiments. The fitted line is used to determine the gradient dT/dt.

A linear fit to the data in Figure 5-7 has a gradient of -0.452+0.001 °C s™".

The mass of the brass disk, m, weighed on a Mettler Toledo PB3002-S digital mass balance is
26.810+0.005 g. The specific heat capacity, c;, of brass is is 0.370 J/g-°C [135].

These values for ¢,, m and d7/dt are substituted into Equation (4-6) to give dQ/dt = 4.48 W.

This calculated ,absolute’ value for dQ/dt has been used in all the experiments.
The measurements for the control sample were:

X, —x; =197x1073m

A=683x10"*m?
At steady state, the temperature difference was dT = —65.7 K.
Substituting all of these values into Equation (4-4) reveals that x ono 18 0.197 £ 0.007 W/m- K.
These calculations were repeated for the remaining samples, and the data plotted in Figure 5-8.
The results are summarised in Table 5-2.

Table 5-2 lists the results of all eleven thermal conductivity experiments, and it is immediately
apparent that the thermal conductivity increases with even as little as 0.13 g of carbon powder

or ONS. As may be expected, the addition of onion-like nanostructures to resin results in a
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greater increase in thermal conductivity than the addition of carbon powder. The data for
thermal conductivity listed in Table 5-2 is plotted in Figure 5-8 (the solid lines in Figure 5-8 are
included merely to guide the eye and do not represent a fitted or theoretical curve). Again, it is
clear from the data in Table 5-2 and the plots of Figure 5-8 that the thermal conductivity of the

samples increases with an increase in the additive carbon powder or ONSs content.

Table 5-2: Summary of Thermal Conductivity Results.

Experiment X;-X; (M) A (m?) dT (°K) x (W/m-K)

+0.007

Control 1.97E-03 6.83E-04 65.7 0.197
GO 2 09E-03 6.88E-04 66.0 0.206
Gl 2 08E-03 6.77E-04 58.8 0.234
G2 2 18E-03 6.83E-04 58.8 0.243
G3 2.14E-03 6.88E-04 53.4 0.261
G4 2.14E-03 6.79E-04 46.1 0.306
HO 2 05E-03 6.97E-04 56.9 0.232
HI 1.98E-03 6.79E-04 50.1 0.261
H2 1.97E-03 6.83E-04 48.1 0.269
H3 2.14E-03 6.79E-04 49.1 0.288
H4 2.04E-03 6.97E-04 38.8 0.338
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Figure 5-8: Plot of thermal conductivity versus additive content. The data points are joined by solid
lines for each carbon species in order to guide the eye.

An almost a constant offset between the thermal conductivities of the carbon powder and the
ONSs at corresponding content levels is observed in Figure 5-8. The actual differences are listed

in Table 5-3. It is seen that there is a small variance of this ,offset’.

The behaviour of the ONS conductivity compared to the conductivity of the carbon power is
revealed by analysing the percentage increase in the thermal conductivity of ONS compared to

carbon powder at the same carbon loading levels.

From the data listed in Table 5-3 and Figure 5-9, it is seen that the percentage increase in the
thermal conductivity of the ONSs compared to carbon powder shows an initial decrease from
12.62% at level 0 to 10.34% at 12.5% at level 3 before a slight increase (from 10.34% to
10.46% between levels 3 and 4). The percentage increase in « is listed in Table 5-3 and plotted
in Figure 5-9 for each additive level. The solid line in the figure serves only to guide the eye and

does not represent a fit.
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Table 5-3: Table Showing the Calculation of the Difference between x gns and K carbon_powder

Increase of
Level Additive
. K oNs K Carbon_powder K oNs - kCarhon_powder Kons versus
Identifier | Content
5 (W/m-K) (W/m-K) (W/m-K) Kcarbon_powder
Number’ | Level (%) -
(%)
0 3.25 0.232 0.206 0.026 12.62
1 6.25 0.261 0.234 0.027 11.53
2 9.50 0.269 0.243 0.026 10.70
3 12.50 0.288 0.261 0.027 10.34
4 25.00 0.338 0.306 0.032 10.46

Figure 5-9: Percentage increase in thermal conductivity of ONS compared to carbon powder versus
the additive content of the sample.

> Level identifier numbers have been introduced to ease the comparison of the percentage increase
analysis.
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It certainly would be interesting to obtain a few more data points between additive levels of
12.5% and about 50% to determine if this increasing trend is a behavioural trend or merely the

result of potential anomalies in either of the level 4 samples.

Figure 5-10 shows the percentage increase for both carbon species compared to that of the
control sample. Again, the solid lines merely provide a guide for the eye. With regard to the
ONSs, there is a 20% increase in the thermal conductivity, when compared to the control
sample, with the addition of as little as 4% (by weight) of ONSs to the resin, and a 50% increase
in the thermal conductivity with the addition of just a little less than 15% (by weight) of ONSs.

To roughly predict the thermal conductivity of a disk made entirely of ONSs, the contribution of
the ONS to the total mass of the sample has been calculated (Table 5-4) and « plotted in Figure
5-11. The solid line is a fit to the data points and is extrapolated to reveal that the expected

thermal conductivity of a disk made entirely from ONSs to be 0.740 W/m-K.

Figure 5-10: Plot of the percentage increase in thermal conductivity of ONSs and carbon powder
versus the additive content.



Table 5-4: Contribution of ONSs to the Total Mass of the Samples.
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Contribution of

Total Sample
Experiment Mass ONS (g) ONS to Total k (W/m-K)
Mass (g)
Mass (%)
Control 0.00 4.00 0.00 0.197
HO 0.13 4.13 3.15 0.232
H1 0.25 4.25 5.88 0.261
H2 0.38 4.38 8.68 0.269
H3 0.50 4.50 11.1 0.288
H4 1.00 5.00 20.0 0.338

Figure 5-11: Linear fit for ONS thermal conductivity versus percentage content.
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This predicted value of 0.740 W/m-K is, however, most likely to be a lower limit for the
thermal conductivity of an ,ONS only’ sample as the thermal conductivity is likely to increase
further as more-and-more ONSs replace the epoxy-resin in the matrix, resulting in a decrease in
the influence of the resin on the thermal conductivity of the sample. For this particular
investigation, it would have been best to keep the mass of the entire sample constant at 4 g,
rather than keeping the resin content constant at 4 g, but unfortunately, the viscosity of the resin
meant that as more of the ONSs were added the resin-ONS mixture became almost impossible

to stir to achieve any form of consistency.

It is evident that the thermal conductivity of the resin-epoxy is increased by the addition of
carbon powder, but an even more significant increase is observed by adding ONSs to the epoxy-
resin. The thermal conductivity of the ONSs initially increases by more than 12% when
compared to carbon powder, but this percentage increase itself starts to decrease as the loading
levels increase. The thermal conductivity of an ONS-loaded disk increases by as much as 20%
at a loading level of 3.23% by weight and by as much as 70% at a loading level of 25% by
weight. This is quite a significant increase and actually lends some support to the suggestion
that ONSs could be used to improve the thermal conductivity of thermal interface materials. The

thermal conductivity of a pure ONS disk has been predicted to be about 0.740 W/m-K.
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK

It was the intention of this work to go some way in characterising the PECVD method that had
been developed in-house in terms of mapping the optimal points for given inputs for the
production of carbon nanotubes. Most of the experiments on the production of carbon nanotubes
showed that although this method can produce carbon nanotubes, the grown structures are
typically affected by poor structure or the proliferation of amorphous carbon. Onion-like carbon
nanostructures were found to form by changing the carbon precursor, with the growth of these

onion-like far exceeding that of carbon nanotubes.

In determining the optimal points for the production of carbon nanotubes, it was clear that the
inputs would have a tremendous effect on the output structures. The introduction of hydrogen to
the ethanol based experiments first removed amorphous carbon and delayed the growth of
onion-like nanostructures. However, too much hydrogen, lead to a decrease in nanotube quality.
The growth of carbon nanotubes was certainly promoted with the addition of just a small
quantity of thiophene to the ethanol. The best results for carbon nanotubes were obtained in
Experiment C1, where smooth-walled carbon nanotubes grow in abundance with significantly

reduced quantities of amorphous carbon.

Unfortunately, however, the mass of carbon nanotubes grown is rather minute. A 5 minute long
run of Experiment C1 may have produced sufficient tubes to visibly coat the aerial, but because
nanotubes are so light the mass could not be determined. Ultimately, it would appear that this
technique may not be suitable for the growth of abundant quantities of carbon nanotubes. It
would be interesting to observe the effect of increasing the area of the catalyst exposed to the
plasma. This would require some redesign of the plasma chamber and the aerial stand. This will

most likely cause an increase in the quantity of carbon nanotubes grown.

The onion-like structures, on the other hand, grew in relatively copious quantities. A single
experiment would typically produce a few hundred milligrams of onion-like structures (which is
certainly remarkable when compared to the mass of nanotubes grown). It is somewhat fortunate
that this method does produce such a generous quantity of onion-like structures as it presents the

opportunity for the investigation of their properties.

It is evident from the data obtained from the Lee’s disk technique that the addition of ONSs to
an epoxy-resin results in a significant increase in the thermal conductivity even at levels as low
as 3.25% ONS by weight. The thermal conductivity of the ONSs has been predicted to be 0.740

W/m-K. This is suspected to be a lower limit as the thermal conductivity is expected to increase
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as the resin-epoxy ceases to occupy the space between the ONSs. The thermal conductivity of
the ONSs is nowhere nearly as high as that of CNTs measured at 3000 W/m-K for a single
MWNT [140].

When assessing the PECVD process used here, one must consider that just a few of the
parameters have been analysed and ,optimised’ and there remain other parameters that should

also be looked at before we can draw firm conclusions of the process.

Firstly, a quartz plasma chamber and tube were procured but initial attempts to incorporate them
into this system were unsuccessful as a result of a few leaks here and there. If these leaks can
be fixed it would be possible to run the experiments for a far longer duration than is currently

possible.

One parameter is certainly the effect of the temperature of the plasma, which may be controlled
by adjusting the power of the microwave oven. The suspicion is that, in Experiments C2 to
Experiment C4, the reaction temperature is perhaps a bit too high — which results in the
deformation of the tubes. Attempts to construct a Langmuir probe to measure the temperature of
the plasma were made, but were ultimately beset with problems such as the introduction of air-
leaks into the system which had a knock-on effect on the plasma itself. Proper integration of the
Langmuir probe would require some redesign of the plasma chamber and tube, but the results

may justify the expended effort.

Another parameter would be the effect of pressure — while the pressure is directly affected by
the flow rates of hydrogen and the precursor, there is currently no measure of the pressure
within the plasma chamber. The pressure itself may also be adjusted by controlling the pumping
speed, or even including more pumping stages (such as adding a diffusion or turbo-molecular
pump to drive the pressure down even further). As with temperature, is would certainly be
interesting to observe the effect that pressure has on the output structures of this particular

PECVD system.

It would also be interesting to investigate whether the nanotube yield could be increased by
exposing a larger area of catalyst to the plasma and dissociated precursor, although this may
require the redesign of the aerial or this could be accommodated in the redesign of the tube and
chamber when incorporating the Langmuir probe into the system. This investigation looked at
just a few parameters and there are many changes that could be made to provide a more
comprehensive look at this system. A hydrogen-argon mixture may be introduced as the support
gas, it may be worthwhile looking at the effect of adding thiophene and/or ferrocene to toluene
and xylene has on the nanoproducts and, even further, hydrocarbons other than toluene and

xylene may be used. One could even try to slightly heat the precursor in its container prior to the
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introduction into the plasma chamber. There remain numerous experimental scenarios that

could be modified which could have a significant impact of the products of this PECVD system.

The investigation of the thermal conductivity of ONS is merely the first step in investigating the
properties of these structures. It may be worthwhile for other pertinent properties of these
structures to be investigated such as the electrical conductivity, the thermoelectric properties of

a bulk sample of ONSs.
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