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The deposition of carbon during catalytic reactions has a long history, with major
efforts initially focused towards their prevention rather than synthesis. However
the discovery of fullerenes and later that of carbon nanotubes by lijima, shifted
scientific focus towards the synthesis, characterization and application of carbon

deposits. This renewed interest in carbon based materials, has revealed a universe

ABSTRACT

of extraordinarily shaped carbon materials (SCMs) in the nano and micro range,
from tubes and helices to horns and most recently graphene. It has been noted that
there exists a relationship between the morphology of the carbon material and its
inherent properties, making them highly prized for numerous technological

applications. However before these carbon materials can be effectively exploited

control over their selective synthesis is necessary, a problem that has been solved
with only limited success. As such, there still exists a need to develop synthetic
strategies that would yield shaped carbon materials selectively. More importantly,
it is essential that a better understanding of the growth factors that lead to
differently SCMs is obtained. In this study we have highlighted the parametric
conditions for optimum growth of carbon helices, as well as that of carbon fibers
with unique structure. We have found that catalyst morphology and the carbon

source are key aspects, which control carbon material growth and morphology.

The synthesis of carbon materials using bi and tri-metallic supported catalyst
systems revealed that Cu was an effective promoter for obtaining helices,
particularly at low temperatures (< 550 °C). On further investigation, Cu was
shown to exhibit incredible carbon deposition capabilities at temperatures as low
as 200 °C. Adjustments of the catalyst preparation conditions (support, metal
counter ion, solvent and reduction temperature) and synthesis temperature,
revealed that the yield and morphology of the carbon deposit could be altered to

selectively produce both straight and helical carbon fibers.

A TEM tomography study revealed that the copper particles that gave distorted
decahedra formed helical fibers, while trigonal bi-pyramidal particles gave linear
fibers. Various plate-like particles revealed that as the number of sides of a

catalyst particle varied (3, 4, 5 or 6) there was a corresponding change in the




carbon fiber helicity. A relationship between catalyst particle morphology and
fiber morphology was thus established.

TEM analysis also revealed that catalyst particles underwent rapid reconstruction
during carbon fiber synthesis, and that the carbon source (gas environment) was
influential in this reconstruction event. A NiOy (unsupported) catalyst was
prepared and reactions with various substituted alkyne hydrocarbons were
undertaken. Analysis revealed that different alkynes produced carbon fibers with
varying morphologies. Using different alkynes in a sequential manner led to the
formation of ‘co-block’ carbon fibers with an A-B-A-B.. or A-B-C..
morphology. Using different alkynes followed by acetylene led to the selective
synthesis of straight, Y-junction or irregular carbon fibers. Accompanying these
results was the observation that in each case the catalyst particle morphology was
unique. Reaction of NiOy with trichloroethylene, in which trichloroethylene acted
as a source of carbon for fiber growth, also restructured the Ni catalyst into a
tetrahedral shape that gave tripod-like carbon growth. It was found that,
substituted alkynes (and alkenes) provided a means for controlling catalyst

particle morphology and hence carbon fiber morphology.

The study has highlighted the relationship that exists between catalyst and SCM
morphology, as well as the effect of hydrocarbons, not only as a source of carbon
for SCM growth but also as a means of controlling catalyst morphology and SCM

structures.
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CHAPTER 1

1.1 AIMS AnND OBJECTIVES

Control over the synthesis and morphology of shaped
carbon materials (SCMs) still remains a major challenge,
primarily due to the fact that current mechanistic models

are inadequate and require revision. As such it is necessary
to gain a better understanding of the parameters that affect
SCM synthesis. Of interest is the effect that the carbon
source has on SCM growth and the relationship that exists
between catalyst morphology and carbon nanomaterial
(CNM) morphology. It has been observed that different
carbon sources can produce different SCMs. Additionally,
regular facetted catalyst particles have been found to be
associated with the growth of SCMs. These issues
prompted us to investigate the effect of the carbon source
and catalyst morphology on CNM growth, and determine
if there existed a link between carbon source, catalyst
morphology and CNM structure. In particular, the focus of

the study was to consider the following issues:

1. Determine the optimum conditions (catalyst,
temperature and gas environment) for the selective
synthesis of SCMs.

ii. Understand the relationship that exists between
catalyst morphology and associated CNM
morphology.

iii. Determine and understand the relationship that
exists between the carbon source, catalyst

morphology and CNM structure.

Introductory chapter: Background into the scientific study

~—

Background
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1.2 BACKGROUND

In 1991, Iijima published his landmark paper entitled, ‘Helical microtubules of
graphitic carbon’,/") generating unprecedented interest in carbon nanomaterials
(CNMs) and carbon based nanotechnologies.”* However, before the *carbon age’
that was initiated by this study can truly take off, careful control over the selective
synthesis of CNMs is necessary. As such researchers have attacked this problem
by assessing the optimization of reaction conditions such as temperature, pressure,
carbon source, catalyst, etc. on CNM synthesis.[5'7] This has led to the synthesis of
a variety of shaped carbon materials (SCMs) from helices, horns, cones, buds and
spheres to the most recent graphene, with new discoveries still being made.®'” In
spite of the vast research endeavours that have taken place, a lack of mechanistic
understanding has frustrated efforts to selectively synthesize SCMs. To address
this issue researchers have begun to focus more attention on factors such as the
catalyst morphology and gas environment in a reactor in an attempt to gain greater

insight into the growth and selective synthesis of CNMs [

In order to characterize SCMs numerous techniques have been employed but the
most effective method for determining structure and morphology of SCMs has
been electron microscopy. The discovery of carbon nanostructures, i.e. carbon
nanotubes by lijima in 1991 would not have been possible without this technique
that today has become a standard for all working within the field of CNMs; this
technique is Electron Microscopy. Electron microscopy has evolved over many
decades into a highly sophisticated instrument that has been particularly effective

[14- 151 Not unexpectedly the electron microscope

for the characterization of CNMs.
has been used as a major characterization tool in this study. Structural information
related to both CNMs and the catalysts studied, has been obtained by transmission

: 16, 1
electron microscopy.!'® "]

Currently CNMs are produced worldwide using several different techniques. The
three most common methods are laser ablation, in which a carbon target doped
with catalyst particles is vaporised by a high powered laser; arc discharge, in

which a large current is applied through two carbon anodes resulting in carbon

Background
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vaporization; and chemical vapour deposition in which a hydrocarbon gas mixture
is reacted over a catalyst coated surface.!'™ The general consensus is that while
each technique has benefits and drawbacks, the most promising method is the
catalytic chemical vapour deposition (CCVD) method. In this method it is
possible to more accurately control reaction parameters.l'”?”! In CCVD a wide
variety of liquid, solid or gaseous carbon sources as well as a variety of catalyst

systems can be employed, making this a versatile technique.

Despite the wide range of both synthesis techniques and conditions that have been
used there are three common elements required to form CNMs: i. A source of
carbon, ii. a source of heat, and iii. the presence of a catalyst or template.
Temperature has a significant effect on CNM formation and growth. CNMs have
been observed to form at temperatures ranging from 180 °C to 3500 °C, using
different synthesis techniques.!"* 2"+ #*! The presence of metals such as Ni, Co and
Fe have been shown to play an essential role in producing structured CNMs, since
in the absence of the metals only carbon spheres and other carbon deposits are
formed.!'"* ' 2241t has also been shown that CNMs can be grown from templates

[23-26J CNMs  have also been observed to form from a wide range

and/or substrates.
of carbon sources, including amongst others, carbon monoxide, ethanol and
acetylene.””** For each carbon source favourable conditions for CNM growth are
dependent on temperature, pressure, co-reactor species and choice of catalyst. The
wide range of reactants that have been used to synthesize CNMs reported in the

literature, is also linked to the CNM formation parameters.

Of particular importance for making CNMs is the morphology of the carbon nano-
material produced since it is the morphology of the carbon material that affects its
properties and applications. Thus, designing and producing carbon materials with
unusual morphologies is a promising way to exploit the morphology-property

correlation of these carbon nano-materials.*”!

The study of helical carbon materials such as carbon micro-coils and nano-coils

has a relatively long history and has received increasing attention in recent

Background
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years.”" ' The carbon helices are of interest due to their novel physical and

chemical properties as well as their potential applications, in particular, their use

[32. 33 Nano-coils are scientifically interesting in that

as functional materials.
helices abound in nature e.g. in DNA, proteins etc. A connection is being
developed at the nano-scale to make a link between carbon based inorganic and
organic structures. The key to making carbon helices will be to control the carbon
coil morphology and geometry, and to date this has not been adequately achieved,
one reason for this lack of success is the incomplete understanding of the growth
mechanism. Recently significant experimental effort has focused on the controlled
synthesis of regularly coiled nanotubes. It is of the utmost importance to
understand the relation between the carbon structure and the growth mechanism of
these CNMs in order to fully exploit their potential benefits.!” !

An important question to be answered: is coiling of structural origin i.e. are coiled
nano-structures a class of structures distinct from the straight carbon nanotubes or
is coiling the result of external stresses that make straight carbon nanotubes adopt
a helical or curved structure? These external factors could be variable extrusion
rates of carbon from a catalyst particle, hindered growth, etc.l'”** **! By varying
the experimental conditions in CCVD it was established that it is possible to
produce carbon nano-structures with significant structural differences i.e. with

[13-17. 36) we have found that the growth

straight, curved or helical morphologies.
pattern and morphology of carbon deposits can be controlled by varying the
composition of alloy catalysts, the substrate as well as the reaction temperature.

All these variables lead to various coiling patterns.

In the current nanotechnology revolution that we are witnessing the shaping of
carbon nano-coils as well as the synthesis of carbon fibers with unique
morphologies has the potential to play a dominant role. It is felt that there are
many more interesting chemical and physical properties still to be discovered
within the world of SCMs. In this study we probe the optimum conditions used to
selectively grow SCMs, and attempt to rationalise the growth patterns based upon

catalyst morphology. We also reveal how the carbon source can be used to shape

Background
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catalyst particles and/or carbon nanofibers, and introduce the synthesis of a new

type of carbon fiber the ‘co-block’ fiber.

1.3 THESIS OUTLINE

This thesis has been written as a compilation of papers that have been published,

are in press or currently under review.

Chapter 1 - Provides an overview of the area under study, as well as gives a
justification for the study, highlighting the problems currently faced in SCM

synthesis and attempts to resolve these issues.

Chapter 2 - Gives a general literature review of shaped carbon nanomaterials,
focusing on the synthesis, characterization and application of these materials. This
chapter was published as, Neil J Coville, Sabelo D Mhlanga, Edward N Nxumalo
and Ahmed Shaikjee, A review of shaped carbon nanomaterials, South African
Journal of Science 107 (2011) 1-15 (Invited review to celebrate the International
Year of Chemistry 2011).

Chapter 3 - Is a brief overview of the studies performed in order to elucidate the
optimal reaction conditions for the synthesis of straight and helical CNMs. It
provides an overview as to why later studies focused primarily on low

temperature CVD synthesis of SCNMs using Cu and Ni as catalysts.

Chapter 4 - Gives a general literature review of helical carbon nanomaterials
focusing on their synthesis, characterization and application. This chapter is
currently in press as; Ahmed Shaikjee, Neil J Coville, The synthesis, properties
and uses of carbon nanomaterials with helical morphology, Journal of Advanced

Research 2011 (article in press).

Chapter 5 - Introduces the use of temperature programmed reduction (TPR) as a
means of determining the optimum reaction conditions for the synthesis of helical
CNMs. The chapter highlights the impact the support material can have on the
ease of reducibility of the active catalyst particle, and how reduction parameters of

a particular catalyst can affect the yield and morphology of carbon deposition.

Background
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This chapter was published as; A Shaikjee, N J Coville, The effect of copper
catalyst reducibility on low temperature carbon fiber synthesis, Materials

Chemistry and Physics, 125 (2011) 899-907.

Chapter 6 - This chapter focuses on the effect of catalyst morphology on the
growth of carbon fibers. Tomographic studies under transmission electron
microscopy revealed that the helical nature of carbon fibers is inextricably linked
to the shape of the catalyst particles from which they grow. This chapter was
published as; Ahmed Shaikjee, Paul J Franklyn and Neil J Coville, The use of
transmission electron microscopy tomography to correlate copper catalyst
particle morphology with carbon fiber morphology, Carbon 49 (2011) 2950-2959
(Featured on the cover of Carbon Issue 49, Volume 11, September 2011).

Chapter 7 - This chapter is a review of recent investigations made into
understanding the role of the carbon source for CNM growth. It highlights the
current challenges, models and understanding related to the way in which carbon
sources interact in the gas phase and how the catalyst plays a role in the reaction.
A new model for low temperature CNM growth from a catalyst particle is
proposed. This chapter has been submitted for publication as;, Ahmed Shaikjee
and Neil J Coville, The role of the carbon source on shaped carbon material

growth, Carbon 2011 (under review).

Chapter 8 - The study represents (to our knowledge) the first comprehensive
study of the effect of alkyne substituents on catalyst morphology and carbon fiber
growth. Different alkyne substituents were found to dramatically influence fiber
growth and this effect is tied to catalyst (Ni) restructuring. This chapter has been
submitted for publication as; Ahmed Shaikjee and Neil J Coville, The effect of
substituted alkynes on nickel catalyst morphology and carbon fiber growth,

Carbon 2011 (accepted, in press).

Chapter 9 - This chapter introduces the synthesis of a new form of carbon fiber,
the co-block carbon nanofiber a structure that is analogous to co-block living
polymers. The simple synthetic procedure employed to produce these novel co-

block carbon fibers provides for the tailored synthesis of a wide range of patterned
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materials with unique properties and applications. This chapter is currently in
press as, Ahmed Shaikjee and Neil J Coville, The facile synthesis of patterned 3-d
co-block carbon nanofibers, Small 7 (2011) 2593-2597.

Chapter 10 - This chapter describes the effect and the significance of the carbon
precursor on catalyst particle morphology. Trichloroethylene was found not only
to act as a source of carbon but also an active species in controlling catalyst
particle morphology during synthesis, leading to tripod-like carbon fibers. This
chapter is currently under review as;, Ahmed Shaikjee and Neil J Coville, Catalyst
restructuring studies: the facile synthesis of tripod-like carbon fibers by the
decomposition of trichloroethylene, Materials Letters 68 (2012) 273-276.

Chapter 11 - This chapter provides a summary and conclusion of the current

study highlighting advances made and challenges still faced.
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MORPHOLOGICALLY
DIVERSE CARBON NANO-
MATERIALS

‘There’s plenty of room at the
bottom’ Richard Feynman

Ever since lijima published his
landmark paper in 1991,
researchers have synthesized
carbon materials of various sizes

and shapes; tubes, buds, helices,

spheres, onions, horns, mats etc.

However before these materials can
achieve wide appeal, control over
their selective synthesis, purity and
yield needs to be resolved. Certain
advances in these areas have already
been achieved.

In this chapter the recent
advances made in carbon
nanomaterial synthesis,
characterization and application
are highlighted. The focus of this
chapter will be on work
conducted by the CATOMMAT
group, based at the Molecular
Sciences Institute

—
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CHAPTER 2

Materials made of carbon that can be synthesized and
characterized at the nano level have become a
mainstay in the Nanotechnology arena. These carbon
materials can have a remarkable range of
morphologies. They can have structures that are either
hollow or filled and can take many shapes,
represented by the well documented families of
fullerenes and carbon nanotubes. However, these are
but two of the shapes that carbon can form at the nano
level. In this review an overview of the types of shaped
carbons that can be produced by simple synthetic
procedures is outlined with focus on spheres,
tubes/fibers and helices. Their mechanisms of

formation and uses are also described.

Keywords: carbon nanotubes - carbon spheres - carbon helices

LITERATURE REVIEW: SHAPED CARBON NANOMATERIALS

graphene - carbon fibers

2.1 INTRODUCTION

Carbon is a remarkable element and has been described
as ‘the key element of living substances’.!' Tt is the
ability of carbon to bond to itself to form oligomers and
polymers that allows carbon to play this important role in
life processes. This property can also be used to produce
the myriad of structures that makes it such an important
commodity element; for example, the element that leads

to the basis of the Fischer-Tropsch process, used by Sasol

The review produced, was a joint effort. My contribution focused on helical structures, but | S AfrJ Sci 2011; 107: 1-15
was also involved in the entire process of data collection, proof reading and imaging. / :
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in South Africa, to make fuels and chemicals. But its ability to form strong bonds
to oxygen to generate CO, and lead to a carbon sink also reveals the ‘dark side’ of
carbon. The control and understanding of the bonding properties of carbon thus
becomes crucial if the chemistry of carbon is to be harnessed for the good of the

world’s peoples.

Carbon has four electrons that can be used for bonding and this determines the
structural chemistry that is associated with the element. In the classical valence
bond picture these four electrons (called sp® electrons) are used to form four
bonds to other atoms. In the simplest case, when the bonds only occur between
carbon atoms, C-C bonds are formed and the classical structure of diamond is
produced (Figure 2.1a). However, it is the ability of carbon to form multiple
bonds between elements that gives carbon many of its unique features. In this way
carbon can also link to another carbon atom to give C=C (found in graphite,
Figure 2.1b) and C=C bonds (found in acetylene, Figure 2.1c). The chemical and
physical properties associated with the C-C, C=C and C=C interactions are all
different and the ability to controllably synthesize structures containing these units
leads to an exploitation of the chemistry of carbon.

carbon alome

! v" : T :
—24f CPeA -

a. b. C.

Figure 2.1: Schematic diagrams of different carbon types: a. diamond,

b. graphite, and c. acetylene.

This ability to make all-carbon containing nanomaterials, in particular those
containing networks of C=C double bonds, has been one of the key events that has

led to the current nanotechnology revolution. The discovery of fullerene in 1985

S AfrJ Sci 2011; 107: 1-15
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1 on carbon nanotubes in

(Figure 2.2a)® and the subsequent studies by Iijima®
1991 were key events that have spurred the study of nanostructures in general and
nano-carbon structures in particular. Through these discoveries a third allotrope of
carbon, following from the graphite (sp> hybridized carbon) and diamond (sp’
hybridized carbon) allotropes, was recognized — this allotrope is based on a bent
sp® hybridized carbon. These discoveries coincided with attempts to miniaturize
devices (cell phones, computers, etc.) and the use and development of new
characterization tools (scanning probe microscopes, electron microscopes) to

visualize these new structures. The outcome has been the emergence of the field

of nanotechnology.

FIGURE 2.2

Figure 2.2: Schematic representation of: a. fullerene model and b. soot.

The most common form of oligomerized/polymerized carbon is soot (Figure 2b).

Soot, produced by burning carbonaceous materials, has an amorphous structure
with little long range order. But, by controlled decomposition of carbon
containing reactants under appropriate conditions it has been possible to make
these carbons with long range order. Control of the experimental conditions
permits morphology control (shape, length, diameter, etc.) of the carbon products
at the nano level and this has generated a wide range of variously shaped carbon
nanomaterials (SCNMs). The synthetic approach is based on templating and self-
assembly principles, similar to the processes used to grow NaCl (salt) crystals
from a salt solution, or rain-drops in clouds. Some of these SCNMs are shown in
Figure 2.3 and discussed in more detail below. As can be seen a wide range of

structures can be made (tubes, spheres, helices, Y-junctions). Each shape should

S AfrJ Sci 2011; 107: 1-15
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influence the property of the carbon material and it is this carbon shape-property

relationship that is the key to the manufacture of new devices. These new

properties will also be influenced by the size of the SCNMs.

FIGURE 2.3

Figure 2.3: Variety of shaped carbon materials: a. solid fiber growing
from catalyst particle, b. tubular structure with hollow inner, c. SEM
image of branched carbon fibers, d. SEM image of coiled carbon fibers,
e. TEM image of spring-like fiber and f. spherical carbon material.

The remarkable properties of nanocarbons include:

1. Carbon is a light element and structures made from carbon tend to be light
weight (C is ca. 6 x lighter than Fe)

i1. Carbon in tubular form has been shown to be the strongest material synthesized
to date (Young’s modulus for a single-walled carbon nanotube (SWCNT) is
ca.l TPa).¥

i1i1. Carbon can act as conductor, semi-conductor or insulator; this depends on the
carbon-carbon bonding and the carbon structure.

iv. Carbon in the form of diamond or SWCNTs is the hardest material known.

v. The optical studies of carbon have shown that SWCNTs have absorbances of
0.98 — 0.99 over a wide range of wavelengths, making them a near perfect

black body.

S AfrJ Sci 2011; 107: 1-15
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Vi. The thermal conductivity of carbon is variable. In SWCNTs the thermal
conductivity along the tube axis is ‘ballistic’ (10 x that of Cu) but perpendicular to
the axis, a SWCNT is an insulator."

vii.  The surface of carbon materials can be chemically modified
(functionalized) leading to a new generation of reagents that can be used in new

applications, for example, in composite materials.

Our own involvement in SCNMs dates back to the exploitation of using carbon as
a catalyst support i.e. a material used to spread a metal catalyst and increase the
number of metal atoms available at the surface for reaction. The finding that Au
supported on carbon could be used to catalyze the reaction between ethyne
(acetylene) and HCIl to give CH,=CHCI (vinyl chloride) as a monomer for
polyvinylchloride synthesis'® led us to investigate carbon nanotubes (CNTs) as
Au supports in the mid 1990s. This required that we develop a programme for the
synthesis of CNTs, studies that have since led us to investigate the synthesis of

other shaped carbons as generic catalyst support materials.

A consideration of work on carbons in SA (and in Africa) has revealed little
research in this area (with the exception of diamonds) prior to the mid 1990s. In
SA, the company SA Carbide (operating out of Newecastle), has made carbon
spheres for the battery market for decades. The carbon in pulp technology, for
concentrating Au, has also been exploited in the mining industry since the
1990s.") More recently, the possibility of making C@U core-shell spheres for a
proposed Pebble Bed Modular Reactor (PBMR) to generate nuclear energy in SA

has also seen an exploitation of the carbon market in the country.®!

Other than these examples the main development of carbons has been in the
research arena, with activities focused in SA Chemistry and Physics Departments.
For example, the CATOMMAT research group based in the School of Chemistry
at the University of the Witwatersrand is working on the synthesis of SCNMs and
their application as strong materials in sensors, as catalyst supports, and in solar

and fuel cells. Other groups at the University are working on new reactor designs

S AfrJ Sci 2011; 107: 1-15
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for making SCNMs (Chemical Engineering), and studying their physical
properties e.g. mechanical and electronic properties (School of Physics) or
exploring their use as neuropharmaceuticals (Medical School). Research is also
being performed on carbon nanotubes at many other SA Universities (University
of Johannesburg, Tshwane University of Technology, University of KwaZulu
Natal at Westville, Vaal University of Technology, etc.) as well as at other SA
research organizations (Centre for Nanostructured Materials, Council for
Scientific and Industrial Research and MINTEK). The programmes range from
pure synthesis to studies on the properties of SCNMs.

Research in SA in this area is largely funded by the South African Department of
Science and Technology while nanotechnology activities in SA are coordinated by
the South African Nanotechnology Initiative (SANi).

FIGURE 2.4

Figure 2.4: Graphene is a 2D building material for carbon materials of
all other dimensionalities. It can be wrapped up into 0D buckyballs,

rolled into 1D nanotubes or stacked into 3D graphite.”!

In the sections below a description of some of these new SCNMs that are being

studied in our group is given. The coverage has been broken down according to

the shape of the carbon material (tubes/fibers; spheres; helices; ‘other’ which

S AfrJ Sci 2011; 107: 1-15
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includes graphene). Indeed all the SCNMs to be discussed can be viewed as being
generated from a single graphene sheet. For example, Figure 2.4 shows how a
fullerene, a carbon nanotube or a graphite (layer/s) can be made from a graphene
sheet.””) The review should thus provide an introduction to this new area of solid

carbon chemistry.

2.2 CARBON NANOTUBES AND CARBON NANOFIBERS

Carbon has the ability to form CNTs and CNFs in which the diameters are
typically 1 - 100 nm while the lengths can range from 10 nm to a few cm’s.
Further, although typically represented as a material showing good alignment,
CNTs and CNFs are generally synthesised with an appearance more like ‘cooked
spaghetti’, made of interwoven strands of carbon as shown in Figure 2.5. It is also

possible to make carbon tubes that have Y- and T-junctions (Figure 2.3).

FIGURE 2.5

Figure 2.5: SEM micrographs showing: a. aligned CNFs and b. ‘cooked

spaghetti type’ CNFs.

S AfrJ Sci 2011; 107: 1-15
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Many variations of both filled and hollow tubes exist. Thus, the carbon tube/fiber
can be made of V-shaped cups stacked on top of each other, or of flakes that
generate a herring bone structure. Finally, the tubes can be partially layered in the
tube hollow, generating a bamboo structure. (Figure 2.6¢). The ability to visualise
the structures of carbon at the nano level has permitted the exploration of the
synthesis and morphology of nanocarbons. Clearly, variations in the structural

morphology must be related to the properties and uses of the tubes/fibers.

FIGURE 2.6

Figure 2.6: Animated representation of: a. CNTs, b. CNFs and c.

bamboo shapes.

CNTs can be described as seamless cylinders of rolled up graphene sheets of
carbon atoms.!'” Depending on the number of rolled up graphene sheets, three
types of CNTs have been observed, namely: single-walled CNTs (SWCNTs),
double-walled CNTs (DWCNTs), and multi-walled CNTs (MWCNTs). On the
other hand, CNFs are cylindrical nanostructures (Figure 2.6b) with graphene
layers arranged as stacked cones, cups or plates, as mentioned above. The history
of CNFs dates back to 1889!"] when CNFs were reported to be grown from
carbon containing gases using a metallic crucible as the catalyst. In contrast, the
history of CNTs dates to the 1950s!'?! but with the explosive study of these

materials only commencing in the 1990s.*! In general, CNFs tend to be wider (>

S AfrJ Sci 2011; 107: 1-15
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100 nm) than CNTs (typically with internal diameters of < 50 nm) and can be
synthesised at lower temperatures than required for CNT synthesis. Indeed fibers
can be formed at T <250 °C; these CNFs tend to be highly amorphous.

2.2.1 CNT and CNF synthesis

SCNMs are generally produced from the catalytic decomposition of hydrocarbon
gases over selected metal nanoparticles. This process produces black ‘soot’, and
when observed under an electron microscope, the tubular structures (tubes/fibers)
can readily be detected. Generally, CNFs and CNTs are fabricated using similar
synthetic approaches — heating a carbon source in the presence of a catalyst.
However, changes in the reaction conditions, catalysts and precursors, etc.
determine whether CNFs or CNTs are produced. There are three conventional
methods used to synthesize CNTs and CNFs: namely arc-discharge, laser ablation
and catalytic chemical vapour deposition (CCVD). The CCVD process is the
widely used technique to generate a relatively high yield of pure CNTs. Use of the
CCVD method can produce aligned and ordered CNTs that can be grown in a

controlled manner, which is not possible using the other conventional methods.

([
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Water cooled i = '
injectqy Heating jacket / Low tempetature tegion
-
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: &
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Figure 2.7: Floating catalyst CVD reactor for the synthesis of SCNMs.["”]

Typically, the CCVD approach requires a catalyst or template and a carbon source

to produce SCNMs, in particular CNTs. The reaction is generally performed in a

S AfrJ Sci 2011; 107: 1-15
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horizontal reactor such as that shown in Figure 2.7. The reactor can also be
arranged in a vertical geometry. The reactor system comprises of a quartz tube
inserted into a hot oven. The carbon source is then passed through the quartz tube
using an appropriate carrier gas at high temperature (typically 600 - 1100 °C)
resulting in the decomposition of the reactants and production of the SCNMs. The
reaction is usually performed in the presence of a catalyst. The catalyst can either
be placed in the reactor (typically supported on an inert carrier to increase surface
area)!'* or passed as a gas through the reactor (as a floating catalyst).!'¥ While the
supported catalyst method involves a catalyst dispersed on a support, the floating
catalyst method normally uses volatile organometallic compounds as precursors,
with Fe(CO)s and ferrocene typically being used in the catalytic synthesis
procedure. !> ') The latter method is advantageous because no support removal
procedures are required after the reaction and the catalyst can also be introduced

into the CCVD reactor as either a liquid or a gas.

2.2.2 Modification of the CNT structure

CNTs are polymers of pure carbon that can be reacted and manipulated using the
rich chemistry associated with carbon (sp® and sp® hybridization states of C). This
provides an opportunity to control the carbon nanostructure and also to optimise
the solubility and dispersion characteristics of CNTs. Further, modification can
enhance the chemical and physical properties (e.g. electronic and magnetic
properties, conductivity), etc. Several strategies have been employed to modify
the structure of the CNT both during and after synthesis. These methods include

surface functionalization and substitutional doping.

2.2.3 Functionalization of CNTs

Many applications of CNTs require them to be dispersible in solvents (water,
polar solvents) and to be compatible with polymer matrices. To achieve this,
surface functionalization, especially of the outer wall of the CNT, is necessary.

Functionalization modifies the physical and chemical properties of the CNTs.

S AfrJ Sci 2011; 107: 1-15
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CNT functionalization can be achieved by both covalent and non-covalent
interactions and indeed, reviews have summarized functionalization strategies for
CNTs. ' Most of the methods reported require the synthesis and reactions of
carboxylated CNTs, followed by covalent attachment of other functional groups
to the CNTs. ['¥!

Dispersion of CNTs can be achieved by sonication. The dispersion produced can
be very stable and the CNTs can remain in solution for weeks or months.
Functionalization methods such as oxidation of the CNTs can create more active
bonding sites on the CNT surface. For biological uses, CNTs can be
functionalized by attaching biological molecules, such as lipids and proteins, to
surfaces. The CNT/biomolecule materials can be used to mimic biological
processes, such as protein adsorption, the binding of DNA and drug molecules
and the fixing of red blood cells. These reactions are very useful in medicine (and

pharmaceutics), in particular in drug delivery systems.

2.2.4 Doping of CNTs

Doping is the intentional introduction of impurities into a material and the study
of the doping of SCNMs with foreign atoms has attracted considerable interest. In
the case of CNTs, this entails the inclusion of heteroatoms such as N and B into
the all-carbon lattice. The heteroatom can be introduced into the CNT during the
synthesis reaction (by using NH3), or by adding N atoms to the carbon source or

the catalyst ligand (if a floating catalyst is used).

The incorporation of heteroatoms (e.g. N) into a CNT modifies the tube
characteristics. Microscopy studies reveal that the nitrogen doped CNTs (N-
CNTs) are hollow inside with a likely occurrence of bamboo compartments ')
(Figures 2.6c and 2.8). Incorporation of N atoms favours the formation of
pentagons and heptagons and increases the reactivity of the neighbouring C atoms
resulting in a higher degree of disorder in a N-CNT relative to a ‘pure’ CNT.
Thus, considerable effort has been made to study the fabrication and the growth

mechanism of the related carbon nanostructures with nitrogen as the dopant.

S AfrJ Sci 2011; 107: 1-15
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Figure 2.8: TEM pictures of CNT grown from ferrocene/aniline mixtures.

Note the bamboo compartments and metal catalyst particle trapped in the

[19]

tube.

2.2.5 Growth mechanism

Many studies have reported the catalytic synthesis of CNTs and CNFs, in
particular using metals such as Fe and Co as catalysts. There are two major
mechanisms used to explain the catalytic growth of CNTs or CNFs that depend on
the position of the catalyst with respect to the substrate (Figure 2.9). These are 1.
the tip-growth mechanism (where the catalyst particle is located at the tip of a
growing tube) and ii. the root-growth mechanism (where the catalytic particle is
found at the bottom of the tube).!'**"! Thus, if the catalyst-support interaction is
strong the base growth mechanism results but if the interaction is weak, the tip
growth mechanism results. In both processes, the carbon reagent decomposes on
the metal particle under the reaction conditions. The carbon deposited on the
metal particle either dissolves in the metal and re-precipitates to form a CNT (or
CNF) or the carbon migrates over the metal particle to form the tube/fiber. If the
catalyst particles are small, SWCNTs are formed and if they are larger, MWCNTs
and CNFs are formed.

The use of a floating catalyst also generates metal particles leading to CNT (CNF)

growth similar to that described above. The type of carbon formed will depend on

the control of the catalyst particle morphology and catalyst particle size

S AfrJ Sci 2011; 107: 1-15
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distribution during the reaction. For instance, a low Fe/C ratio generates more
carbon spheres and less amorphous material, while a high Fe/C ratio produces
high yields of CNTs and less amorphous material.'*!! No spheres are formed when
the ratio is high, reflecting a strong Fe catalyst influence during the growth.
Further, large diameter CNTs originate from large-size catalytic nanoparticles and
small diameter CNTs originate from small catalytic species. To complicate
mechanistic studies for carbon growth, carbon structures can also be formed
without the use of a catalyst, although more typically carbon spheres (CSs) and

amorphous carbon are produced in this instance.

FIGURE 2.9

Figure 2.9: CNT mechanistic models: a. base growth and b. tip growth

mechanism.

2.2.6 Other types of tubular carbons

A few years after the discovery of straight tubular carbons, the synthesis of
branched nanotubes was achieved.”” These branched nanostructures (Figure
2.2c) can form when non-hexagonal C rings are incorporated into the nanotube
framework of the graphene sheet that builds the carbon nanostructure.
Experimental studies on the production of branched MWCNTs, such as Y-
branched CNTs (Y-CNTs), were first reported in 1995 using the arc-discharge

S AfrJ Sci 2011; 107: 1-15
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method. These experiments were carried out under quite specific conditions, using
a He atmosphere at 500 torr pressure and a hollow anode and Cu as a catalyst.
Most methods used to produce Y-CNTs usually take place at a relatively low
growth temperature (typically 650 - 1000 °C; even at RT). In our own studies we
have investigated the growth of branched CNTs using Cu as catalyst (arc-
discharge method) and also observed that reaction conditions significantly affect

the product obtained.*”

2.2.7 Properties and uses of tubular carbons

CNTs have been the focus of extensive studies because of their remarkable
properties. However, CNFs also possess some of these special properties
including among others: high electrical conductivity, high tensile strength, high
elasticity, high thermal conductivity, low thermal expansion coefficient, good
field emission properties and high aspect ratio.** Due to their extraordinary
properties, tubular carbons provide a wide spectrum of applications in industry as
well as in scientific research. Examples are field emission flat panel displays, field
emission lamps, polymer fillers, hydrogen storage systems, gas sensors, X-ray
sources, composite materials, electronics and gene or drug delivery.” CNTs and
CNFs are also being used as catalyst supports for heterogeneous catalytic
reactions. Due to their high surface area and diverse morphologies (sizes, shapes,
etc.), tubular carbons have been used as supports in various catalytic reactions.
For example, they have been explored as catalyst supports for Fischer-Tropsch

synthesis.*® 27

These metal/carbon materials display excellent activity and
selectivity when compared to conventional catalyst supports such as alumina or
silica. CNTs have high aspect ratios and small tip radii of curvature as well as a
two dimensional array which is suitable for their use in electron field emission.!*"
Because of their flexibility, SWCNTs are used in tips of AFM probes to make the
tip sharper which allows for an increase in the atomic resolution of the surface
being studied.’*”! The high strength of CNFs has promoted their incorporation in

polymer nanocomposites and their use as polymer fillers.*"!
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Doping of CNTs with N or B induces novel electronic properties into the CNTs,
and provides a means for tuning the field emission of CNT emitters. It has also
been shown that N doping can enhance the mechanical, conducting, energy

storage and electron transport properties of CNTs.

The branched CNTs have potential applications as building elements in
nanoelectronic devices. For example, they can be used in a nanoscale three-

terminal device or in other transistor applications.
2.3 SPHERICAL CARBONS

2.3.1 Fullerenes

The discovery of the fullerene molecule, Cgp, in 1985 is associated with the
emergence of the study of nanocarbons and more importantly its discovery gave

B The fullerene molecule

impetus to the emergence of the Nanotechnology field.
has a well known shape similar to that of the shape of a soccer ball. It is
comprised of 60 carbon atoms linked together to form a perfect one atom thick,
hollow sphere. This requires that the carbons (all sp” hybridized) be linked
together to form 12 pentagons and 20 hexagons. If the number of pentagons
remains constant and the number of hexagons is varied a family of differently
sized and shaped fullerenes (Cr,, Cgo, etc.) can be generated. Initially detected in
small quantities, a high yield synthesis of fullerene was reported in 1990 when
Kréatschmer and Huffman discovered a simple method to produce isolable

quantities of the Cg.””! The number of publications and patents relating to

fullerenes has increased ever since.

The fullerene molecule requires that the C-C bonds interact through bent sp’
hybridized carbon atoms. This leads to a strained structure with good reactivity.
For example fullerene can act as an electron acceptor. For this reason, many
derivatives of fullerene have been made. One example to make derivatives is by

use of the Prato reaction.”” This involves the reaction of azomethine ylides
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generated in situ by decarboxylation of ammonium salts derived from thermal
condensation of amino acids and aldehydes (or ketones).

In one of our own studies we have functionalized Cg using the Prato reaction and
reacted this functionalized Cgp with thiophene to generate Cgo-polythiophene

composites (via a ROMP reaction) for possible use in solar cell devices.**!

2.3.1.1 Growth mechanism

The mechanism for the formation of fullerene is still not known. A number of
proposals have been made in which carbon atoms coalesce to give small structures
which then grow into a fullerene by addition of more carbon atoms, dimers, etc.
Some possibilities include i. a graphene to fullerene transformation (see Figure
2.4); ii. the pentagon road mechanism based on growth from a curved small
carbonaceous material such as corranulene, iii. ring stacking in which rings of
carbons build a fullerene and iv. the fullerene road mechanism in which small

fullerenes grow into larger fullerenes by addition of mainly C, units. ]

2.3.1.2 Uses of fullerenes

Some potential applications of fullerenes include use in optical devices, hardening
agents for carbides, chemical sensors, gas separation devices, thermal insulators,
batteries, catalysts, hydrogen storage media, polymers and polymer additives, and
medical applications e.g. fullerenes and their derivatives have potential antiviral
activity, which has strong implications on the treatment of HIV-infection. Various
researchers in the US are manufacturing and developing proprietary fullerene

derivatives for use in diagnostics and therapeutics.
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2.3.2 Carbon spheres

A carbon sphere (CS) generally refers to a spherical form of carbon that can be
either semi-crystalline or crystalline (graphitic) and can have a solid, hollow or
core shell morphology (Figure 2.10). The carbon sphere differs from a fullerene in
that the outer carbon layer is more than one carbon layer thick. Solid carbon
spheres, especially with diameters < 100 nm tend to accrete and form bead or
necklace like structures (Figure 2.11) The spherical carbons include carbon black,

. . . 36
carbon onions, carbon microbeads, and mesoporous carbon microbeads.”%
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Figure 2.10: Cartoon of hollow, core shell and filled spheres.

FIGURE 2.11

Figure 2.11: A TEM image of accreted filled CSs.
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Historically, carbon black is one of the oldest forms of the spherical carbons
known. Early documentation reveals that it was used for writing letters on papyrus
in ancient Egypt and writing on bamboo strips in ancient China.?”! Carbon black
is largely produced by the partial combustion and thermal decomposition of
hydrocarbons such as oil or natural gas. It is an important chemical commodity
used in various applications from the black colouring pigment of newspaper inks

to the electric conductive agent used in high-technology materials.*®

More recently there has been a renewed interest in the synthesis and study of
carbon spheres, with many being prepared under non-oxidative conditions. The
new synthesis procedures have generated spheres with an enormous range of sizes

and surface properties.

The CSs have been categorized in four different ways. Firstly, CSs, like all
spherical bodies can be classified as solid, core-shell or hollow (Figure 2.10). [38]
Secondly, they can be classified according to whether the spheres are made of
concentric, radial or random carbon layers (Figure 2.12)."! Thirdly, spheres can
be categorized in terms of their diameter.!*” In this method three types are
recognized i. well graphitized spheres (2 - 20 nm) and ii. less graphitized spheres
(50 - 1000 nm) and carbon beads (> 1000 nm). Fourthly, it is possible to classify

spheres in terms of strategies used in their synthesis.”®

Random orientation Concentricorientation Radial orientation

FIGURE 2.12

Figure 2.12: Cartoon indicating radial, concentric and random carbon

. . . 39
layer orientations in carbon spheres."*”!
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2.3.2.1 Synthesis of CSs

Recently, there has been a renewed interest in the synthesis and study of carbon
spheres, with many being prepared under non-oxidative conditions. The new
synthesis procedures have generated spheres with an enormous range of sizes and

surface properties.

CSs are synthesized using procedures similar to those that generate CNTs and
CNFs. Thus, CSs can be synthesized using arc discharge, laser ablation and
plasma processes, shock compression techniques, chemical vapour deposition
(catalytic and non catalytic), autoclave processes (catalytic and non catalytic), and
by carbonization routes.”® Their diameters can range from 10 nm to 10 microns
and their surface areas from 2 m’g”’ to > 1500 m’g". Key issues when making

CSs is to ensure monodispersity of size.

Structure

o)
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~
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=)
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o
=

Figure 2.13: The structure of carbon black showing some functional

groups on the surface of the spherical carbon structure.*®!

The rim of a CS with concentric structure is made up of carbon flakes. These
carbon flakes are comprised predominantly of aromatic structures, made up of
condensed benzene rings. These flakes can be small (< 10 nm) but after
graphitization at high temperatures these to grow in size leading to structures that
contain curved graphite planes. The sp® carbon atoms at the edge of the flakes will
react with other atoms such as H and O atoms to give OH and COOH groups to

satisfy valence requirements. The O content typically varies between 1 — 5 % for
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low surface area CSs. CSs like CNTs have curved structures due to the presence
of Cs and C7 rings. The CSs once formed can be characterized by "particle size",

"structure", and "surface chemistry" (Figure 2.13).

2.3.2.1 Hollow and core-shell spherical carbon spheres

Hollow spherical carbon spheres (carbon nanocages/calabashes) have been
extensively investigated in recent years. They can be made by a number of generic
approaches, the most popular being a templating process, whereby a spherical
material (metal nanoparticle, micelle, silica particle, etc.) is covered by a carbon
containing material that self-assembles on the template. The self assembly process
involves C-C bond formation on the surface of the spherical template to yield a
core-shell structure.*"! The components that make up the interior of the sphere
can be materials that have properties that may be exploited. For example, if the
core is made of a magnetic material then magnetic fields can be used to
manipulate the carbon spheres. It is also possible to remove the core, usually

thermally, to generate a hollow sphere.[*!)

2.3.2.2 Modification of the CS structure

The chemistry of CSs will be different from that of graphite and SWCNTSs, which
are dominated by reactions at the graphite edges of extended fused ring structures.
Much of the reported chemistry of carbon spheres relates to early extensive
studies on carbon blacks, dominated by acid and base reactions or oxidation

reactions.*”

The surface modification of CSs has been shown to increase the reactivity of these
materials (e.g. solubility and wetability), thus widening their applications. Many
chemical treatments have been performed on CSs such as oxidation with
potassium persulfate, severe air oxidation, halogenations and grafting reactions.
All the chemical procedures modify the CS surface properties and the structural

changes correlate with their reactivity.[* It was observed that carbon blacks have
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different behaviour depending on their mode of preparation but they generally

perform similarly, after a given modification procedure.

As with other forms of carbon, such as nanotubes, CSs can be doped with
heteroatoms such as nitrogen and boron.[** * As expected, the doping of CSs
with a heteroatom modifies their electronic and chemical properties making them

suitable for a wide range of applications.

2.3.2.3 Growth mechanism

The growth mechanism for CSs can be influenced by the synthesis process used
i.e. whether the reaction occurs in the presence of a catalyst/template or not.
Consequently, numerous mechanisms have been proposed for the synthesis of
CSs; mechanisms that appear to depend on the reaction conditions, carbon source,
catalyst, etc. In this chapter, we give a mechanism proposed by Lahaye et al.,[*"!
further explored by others, for the non-catalytic growth of CSs. The conversion
of a carbon source typically into C and H radicals (and O containing radicals if O
is present), and finally reaction to give the CSs was found to be the key feature in
the growth process. However five factors were considered to be crucial: carbon
black precursors and their formation; carbon black particle inception; the

agglomeration of nuclei into particles and of particles into aggregates; surface

growth, and post oxidation of the carbon black.[*!

Wang et al."*" also proposed that the sphere is nucleated from a pentagonal carbon
ring followed by a spiral shell growth (Figure 2.14). This type of mechanism was

proposed by Kroto and McKay to explain the formation of large fullerenes. 1*"!

2.3.2.4 Properties and uses of spherical carbons

As a result of their high surface area, thermal stability, unique electronic
properties, low density and most importantly their structure, CSs (e.g. carbon
blacks), have been used as catalyst support materials, as cathode materials for

field emission, as strong fillers for composites, in lithium batteries, capacitors and
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fuel cells, in drug delivery, for the encapsulation of active transition metals, as
lubricants, as injectable scaffolds for tissue regeneration, in heterogeneous
catalysis, in dye encapsulation, in the removal of contaminants from water,
enzyme and protein protection, and for magnetic data storage. Many excellent

books and reviews are available on the topic.®

CSs exhibit properties such as blackness and dispersibility when they are mixed
with inks, paints, or resins. Recent studies have shown that ‘ultrastrong’
spherically shaped materials can be made. Pol et al. synthesized CSs from PET in
an autoclave at 700 °C. The 2 - 10 mm solid spheres reportedly ‘broke one
diamond knife and damaged a second’ during microtome measurements. The
tensile strength of a CS was measured under a compressive load and showed

linear behaviour with time until the sphere fractured.*® %% 47!

Hollow spheres have also been exploited and have been used in rechargeable

batteries, protection of proteins and enzymes, gene and drug delivery, hydrogen

storage, catalysis, sensing, and fuel cell electrodes.!*"
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Figure 2.14: a. Nucleation of a pentagon, b. growth of a quasi-icosahedral

shell c. formation of a spiral shell carbon particle proposed by Kroto and

McKay?!! and d. growth of a large size carbon sphere.!*"
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2.4 CARBON HELICES

First observed as an ‘unusual form of carbon’ by Davis et al.™* in 1953, the study
and synthesis of carbon helices (CHs) has grown considerably within the past
decade. This is in part due to the development of new synthetic methodologies
and the unique properties and use of the helical carbons in versatile

applications.>* !

2.4.1 Synthesis of CHs

The synthesis of helical materials in the past generally occurred by accidental
procedures and reproducibility was often difficult to achieve. In order to fully
exploit these helical carbon materials, an understanding of the best ways of mass

(521 and co-

producing these structures was thus required. In 1990, Motojima
workers observed that carbon fibers with 3D-helical morphology were obtained in
high yields, by the pyrolytic decomposition of acetylene containing a small
amount of sulphur impurity over a transition metal catalyst. Further studies,
following Motojima’s discovery, led researchers to the understanding that the
morphology and quality of helical materials depended upon many factors:
catalyst, carbon source, reaction temperature and carrier gas.”>>*! Consequently, a
wide variety of experimental conditions have been used to synthesize carbon
structures with helical morphology. Most notably, it has been shown that the
CCVD method is the most efficient method for obtaining helical carbon materials.
The effectiveness of the CCVD method is based on the use of low temperature
procedures during synthesis (250 — 700 °C) which produce materials with poor
crystallinity, but with diverse morphologies.”'! It was also observed that the use
of metal promoters such as copper, chromium, tin as well as alkali metals aided
the synthesis of the helices.>® °”) How these impact on the preparation conditions,
growth mechanisms, structure and properties of helical carbon materials are still

under intense investigation.
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Several distinct forms of helical carbon can be produced by employing a specific
set of reaction conditions. The different individual structures and morphologies
(tubular, filamentous, graphitic or amorphous) are shown in TEM images (Figure
2.15) and reflect the morphological diversity of the family of helical carbon
materials: spring-like, single/double/triple helices, twisted belts, spirals, etc. The
shape and type of materials can be tailored by adjusting the temperature. For
example using an Fe/Cu catalyst supported on CaCOs, single helix multiwalled
carbon nanocoils (with tubular structure) can be grown at 750 °C (Figure 2.15a),
while at 650 °C twisted ribbons are formed (Figure 2.15b). Lowering the
temperature to 550 °C produces solid fibers with tight spirals (Figure 2.15¢). The
addition of Ag, to an Fe/Ni catalyst produces tightly twisted ribbons (Figure
2.15d). The current lack of understanding in regard to the mechanism of carbon
nanomaterial formation makes it difficult to propose a specific reason as to why

certain morphologies are preferred over others.

FIGURE 2.15

Figure 2.15: TEM images of helical carbon material: a. tubular spring-like
(Fe/Cu— 750 °C), b. twisted ribbon (Fe/Cu — 650 °C), c. spiralled solid
fibers (Fe/Cu — 550 °C), and d. tightly twisted ribbon (Fe/Ni/Ag — 650 °C).
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The dimensions of these materials are typically reported by measuring the pitch
and diameter of the helices or coils (Figure 2.16).”"! Such dimensional analysis is
used to determine the regularity, tightness as well as axial and radial diameters of
a helical material. It has also been suggested that a statistical study of these
dimensions can be used to indirectly determine whether the formation of helical

material correlates to internal or external stresses.”>"

Coll pitch

Coil chameter
FIGURE 2.16

Figure 2.16: Schematic representation of dimensions used to describe
51]

helical morphology: coil pitch and coil diameter.!

2.4.2 Growth mechanisms of CHs

It has been proposed that the curvature found in helical nanotubes can be due to
plane buckling and/or the regular insertion of pentagon-heptagon pairs at the coil
junctions. The presence of pentagon and heptagon rings (Figure 2.17a), as well as
plane buckling and deformation can cause curvature of the graphite sheet in
SWCNTs. It is unclear whether a similar mechanism could hold for MWCNTs or
coiled CNFs.[*”!

The morphology of the helical carbons formed should be related to the shape of
the catalyst particle used and this can be evaluated from the dimensions of the

regularly shaped metal particles found within or at the ends of the helical
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5233361 In order to investigate the growth mechanism, Qin et al.l’

products.!
carried out the synthesis of helical carbon at low temperature (220 °C) over a
copper catalyst. It was observed that two helical fibers grew symmetrically from
a single catalyst nanoparticle (Figure 2.18). These helical fibers had opposite
helical senses, identical coil pitch and diameter, and the fiber diameters were

approximately equal to the size of the nanoparticle.

Qin et al. concluded that the size of the metal particle played a key role, and that
catalyst particles with regular shapes and small sizes (< 50 nm) gave helical
material. However, Du et al.l% prepared copper particles with octahedral
geometry, and found no helical material formed, presumably because of the large
copper particle sizes (> 100 nm) used. On the contrary, helical material several
microns in diameter have been synthesized, indicating that metal particle size was

not the only factor that determined carbon morphology.*® !

FIGURE 2.17

Figure 2.17: Schematic representation of: a. coiled nanotube with
insertion of pentagon-heptagon rings,”” and b. catalyst particle with
different facets, showing curvature in extrusion.

The catalyst particle shape has also been proposed to control the carbon growth.
Motojima et al.°% showed that different crystal faces of a metal particle could
show variable coil growth. From those results it was proposed that coiling could

be related to unequal extrusion rates of carbon from different catalyst faces
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(Figure 2.17b). We have also investigated the effect of the shape of copper
particles on the carbons formed by analyzing TEM images of the Cu particles at
various tilt angles (Figures 2.18). It was observed that there exists a relationship

between the particle morphology and the type of helical carbon extruded.

Thus both size and shape of the catalyst particles impact upon the type of helical
material extruded. The stability of certain particle morphologies is only possible
under a certain set of conditions and this is a likely source of the variability in
carbon fiber morphology observed. The change in cross-section shape of a coil, as
reported by Cheng et al.l’*) and observations made by Hanson et al.!®"! suggest that

particle morphology can also be altered by the gas environment.

FIGURE 2.18

Figure 2.18: TEM images of: a. spiralled carbon fiber with symmetrical

growth from copper particle. Tilted TEM images of copper particle: b. A -
0°andB-0°,c. A-24"and B-29"andd. A -42° and B - 21°.

2.4.3 Properties and uses of CHs

Carbon materials with helical morphology have revealed a broad spectrum of
applications, from electromagnetic wave absorbers to bio-activators.”” Voloden
et al. conducted the first atomic force microscopy measurements of the

mechanical properties of carbon nanocoils.’? The force modulation
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measurements agreed with the elasticity theory and showed a Young’s-modulus of
~ 0.7 TPa. Studies performed by Chen et al. () showed that as-synthesized carbon
coils could be elongated to ~ 42% (Figure 2.19). Further studies by Motojima et
al.”" revealed that helical fibers with circular cross-section could be expanded 4.5
- 15 times that of the original coil length. By contrast a coil with flat cross-section
could only be extended to 1.5 times its original coil length. Motojima and co-
workers showed that the rigidity of circular and flat carbon coils were 22 - 46 GPa

and 22-32 GPa, respectively.

FIGURE 2.19

Figure 2.19: Coiled carbon material at various elongation percentages

(0 %, 20 %, 33 %) as reported by Chen et al. 1!

Given these properties it has been suggested that helical fibers could increase the
fracture toughness of polymer based nanocomposites. The coiled shape could
improve the problem of polymer reinforcement that exists with straight carbon
nanotubes, thus reducing the possibility of polymer fracture.”®® They can also be
incorporated into nanodevices that require nanosprings as resonating elements.
Voloden et al.l”! reported that when nanomaterials with helical morphology are
excited electrically or acoustically, they were able to detect resonances ranging
from 100 — 400 MHz. It has been suggested that such a device could detect mass
changes as small as a few attograms.

Given the helical morphology of carbon micro-coils (CMCs), Motojima et al.l#4
were able to show that when CMC-polymethylmethacrylate composite beads were
prepared and studied: a 1 - 2 wt.% addition of CMCs resulted in strong
electromagnetic wave absorbtivity. This absorbtivity was attributed in part to the

chiral character of the CMCs. Most recently Tang et al.l]

explored the electric
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properties of carbon nanocoils, by developing nanodevices based on these
materials. It was found that the conduction mechanism can be described as three
dimensional electron hoping with robust Coulomb interaction, with Coulomb gaps
ranging from several MeV to 20 MeV. Helical materials are also considered as a
promising candidate for making novel catalyst supports. It is expected that
bends/junctions in the carbon may be effective in stabilizing deposited metal
particles that could influence the selectivity of reactants due to possible steric

interferences.
2.5 OTHER SHAPED CARBON NANOMATERIALS

While the sections above have related to the three popular and common type of
SCNMs made and studied in laboratories throughout the world and also in SA,

carbon can also form other morphologies. Some of these are discussed below.

2.5.1 Nanocones and nanohorns

The ability of elemental carbon to form extended two dimensional sheet structures
with extremely strong bonds makes it a stable material to produce isolated objects
(graphene). The sheets can also be curved and this will yield cylindrical
geometries (nanotubes) or quasispherical geometries (fullerenes) where
pentagonal rings provide the required Gaussian curvature.!®® Further, just as a
sheet of paper with a wedge removed can be resealed to form a conical hat, a
graphene sheet with a wedge removed can be resealed, notionally, to form a cone

or horn.[%¢

Indeed single-wall carbon nanohorns (SWNHs), can be prepared
using a well-characterized high-yield synthesis route and form one class of such
conical structures, with a particularly sharp apical angle, and a distinct aggregate

microstructure (Figure 2.20).
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FIGURE 2.20

Figure 2.20: TEM image of single wall nanohorns.!*”!

FIGURE 2.21

Figure 2.21: SEM image of tubular graphite cones grown on Si
[68]

substrates.

Depending on the synthesis conditions (e.g. CO, laser ablation of graphite at room

temperature; °” low-temperature Ar + H, + CH,4 plasma enhanced chemical vapor

deposition;'*”! microwave plasma-assisted CVD,!®® etc.), carbon nanocones with
different opening angles with respect to the apex of the cone can be made. For

example, tubular carbon nanocones with single crystal nanotips were synthesized

by Shang et al.’® by means of microwave plasma-assisted chemical vapor
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deposition using in situ evaporated Fe catalysts (Figure 2.21). The nanocones
were stable even at high temperatures making them potential candidates for
scanning probes in high temperature oxygen-containing environments. Carbon
nanohorns also have potential applications in nanocage applications such as for

gas storage and as drug carriers.!®”!

2.5.2 Carbon nanofoam

Recently Rode and co-workers discovered a new form of carbon called carbon
nanofoam.’” Carbon nanofoam consists of a low-density cluster-assembly of
carbon atoms strung together in a loose three-dimensional web. Interestingly,
carbon nanofoam can be viewed as an incomplete carbon nanotube and can be
produced using similar conditions used to make carbon nanotubes (Figure 2.22).
7] The unusual property of carbon nanofoam is that it is attracted to magnets; a
feature not observed with other forms of carbon (e.g. carbon nanotubes, spheres,

etc.). It is believed that clusters of carbon atoms combine to form the spongy

nanofoam, a cross between diamond and graphite.

FIGURE 2.22

Figure 2.22: SEM images of carbon nanofoam produced at 700 °C. Both
straight and helical fibers can be clearly seen from the images.
Aggregation of the fibers became significant with increasing deposition
temperature. Carbon particles with a relatively uniform particle size,
produced at 700 °C, are bonded together, forming an interconnected

structure. [70]
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2.5.3 Graphene and other related carbons

Graphene is the basic structural element for many of the graphitic carbons
mentioned above (Figure 2.4).”! It is a one-atom-thick planar sheet of sp”-bonded
carbon atoms that forms a densely packed honeycomb crystal lattice. The
extraordinary mechanical, structural, electronic and thermal properties have
created a host of potential commercial applications for this material. Such
applications include the development of electronic devices (e.g. transistors,
integrated circuits, electrodes), sensors for single molecule gas detection, ultra

. 2
capacitors, etc.!” > 77

However isolation and production of graphene in
commercial quantities remains a challenge and is being explored by many
researchers all over the world. A number of procedures for producing graphite
have been developed including graphite exfoliation, epitaxial methods and CVD
procedures. The CVD method is the most widely used method wherein a
hydrocarbon gas (usually CHy) is added over a metal surface like nickel or copper

to deposit the graphene layers.

According to Geim and Novoselov, the study of graphene has led to the
emergence of a new paradigm of ‘relativistic’ condensed-matter physics, where
quantum relativistic phenomena, some of which are unobservable in high-energy
physics, can now be mimicked and tested in table-top experiments. This is

attributed to the unusual electron spectrum of graphene.!

Most recently, Li and co-workers have discovered a new form of carbon called
graphdiyne.!”*! This material was synthesized and predicted to be the most stable
of the non-natural carbon allotropes. It is a two-dimensional layer with one-atom
thickness and a strongly bonded carbon network that shows remarkable chemical
stability and electrical conductivity. In the report, a novel methodology was used
to generate large area graphdiyne films (3.61 cm?) on the surface of copper via a
cross-coupling reaction of hexaethynylbenzene. A device based on graphdiyne
films for measurement of electrical property was fabricated and exhibited semi-

conducting properties.[’*!
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2.6 TOXICITY ISSUES

Working at the nano level brings with it issues of health. Studies to investigate the
toxicity of these new SCNMs is in its infancy with the impact of the materials on
human cells being unknown. Studies are further complicated by the belief that
effects will be influenced by the size, shape, agglomeration, as well as the
concentration of the SCNMs. Care must thus be exercised by workers in this area

of nanotechnology.!””!

2.7 CONCLUSION

Although SCNMs have been known for many years, it is still difficult to
understand why different shapes of carbon can be formed under -certain
conditions. In this chapter, an overview of the types of shaped carbons that can be
produced by simple production techniques is outlined with focus on tubes/fibers,
spheres and helices and with more emphasis on the work carried out in SA. The
synthesis, properties/applications and mechanisms of formation of the different
shaped carbons were also described. Further, we demonstrated that it is possible to
manipulate the morphology/carbon nanostructure of SCNMs by functionalization
and doping which helps enhance the solubility and dispersion characteristics and
electronic structures of the new carbons. The last part of the chapter discussed

briefly the health implications associated with the use of the nanomaterials.
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IN ORDER TO PRODUCE
CARBON NANO-
MATERIALS IN HIGH YIELD
AND GOOD SELECTIVITY,
CONTROL AND
UNDERSTANDING OF THE
REACTION PARAMETERS
ARE NEEDED

" TYPICAL REQUIREMENTS
FOR CARBON NANO-
MATERIAL GROWTH

Catalyst/template

THESE PARAMETERS
WORK SYNERGISTICALLY
TO YIELD DIVERSE
CARBON NANO-
MATERIALS

This chapter gives a brief
overview of the studies
performed to elucidate the best
reaction conditions and catalyst
systems for the production of
straight, helical and other
shaped carbon nano-materials

The data from these
investigations provided the
basis for all subsequent
studies.

The data in this thesis led to
the exploration of low
temperature CVD synthesis of
shaped carbon
nanomaterials, as well as the
exceptional carbon
deposition capabilities of Cu

and Ni at low temperature.

CHAPTER 3

The growth of carbon nano-materials (CNMs) can be
achieved by careful control of temperature, gas
environment and type of catalyst. The alteration of any
of these variables will result in a significant change in
the type and amount of carbon recovered. Amongst the
various parameters that affect carbon nanomaterials
synthesis, catalyst composition and temperature have
been widely studied. Herein we describe the effect of
monometallic, bimetallic and multi-metallic supported
catalysts on various supported materials for the growth
of carbon nano-structures. We have found that the
growth pattern and morphology of carbon, in
particular carbon coils, can be controlled by varying
the composition of single or alloy catalysts, carrier

gases as well as temperature.

DETERMINING OPTIMUM REACTION CONDITIONS

3.1 INTRODUCTION

By means of synthesis processes, carbon can be tailored
into a myriad of structures, particularly those in the

nanometre region.!" 2

It is this diversity in the
morphology of carbon materials that provides the
flexibility to modify their properties for specific needs
and potential applications. Ever since the synthesis of

carbon nanotubes (CNTs) by Iijima, these materials have
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been intensively studied due to their very interesting electrical, mechanical and
optical properties.”! As such they have been incorporated and used in numerous
technologies ranging from water purification to energy storage, and in materials
ranging from polymer composites to catalyst supports.*” The unique and
versatile properties associated with CNTs has led researchers to consider the
properties of other types of carbon nanomaterials (CNMs), and the scientific
community has devoted much time and effort into understanding and harnessing

these versatile materials.!> %1%

However, before carbon nanomaterials can
achieve wide spread implementation, synthetic methods must yield products of
high quality and in high yield. The reactions must also be selective and the

synthesis should be achieved at low cost. These problems have yet to be resolved!

In principle, finely dispersed nanometre sized metal particle catalysts that preserve
their morphology at high temperatures are required for the growth of carbon
nanofibers and tubes (CNF/Ts).'” At the nanometre scale the large surface area to
volume ratio of the catalysts gives the catalysts a high surface energy due to the
large number of unsaturated surface bonds. These small particles thus have a
thermodynamic drive to agglomerate into bigger metal entities,"'' an effect which
is more pronounced at elevated temperatures. To prevent or hinder such
phenomena, support materials are used. A porous support can contribute
significantly to particle stabilization by preventing sintering and retaining the
structure of the particles.!"” **! In addition, a porous support, increases the number
of catalyst particles, which generates a higher yield of CNF/Ts. The choice of
catalyst support has been found to be important. Thus the nature of the support
e.g. AlbO3, SiO; or MgO, its surface area, porosity and the dispersion of the metal
particles on the support all influence CNF/T synthesis.'"? Another common
support material is calcium carbonate and studies in our laboratory have shown
that it is a useful support for the synthesis of CNF/Ts. Nanocrystalline calcium
carbonate is also anticipated to be an improved support, for metal particles to give

high CNF/T yields and it should also easily be eliminated by mineral acids.!"!

CNMs required for commercial applications demand a much better understanding

and control of their mechanism of formation. However, the complexity of the
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synthetic procedures has made experimental determination of the mechanism very
difficult and has thus frustrated progress in understanding the mechanism of
nanotube growth.''J The mechanism by which the CNMs are grown is generally
understood to involve a dissociation-diffusion-precipitation process. In this
process elemental carbon is formed on the surface of a metal particle followed by
diffusion of the carbon into or over the catalyst particle and finally precipitation of
the carbon in the form of cylindrical graphite.!'™ > ' The catalytic efficiency of
different metals to make CNMs has the order Ni > Co >> Pt >> Cu. Equally
significant are the synergetic effects of having two different metals present in a
catalyst. Carbon forming over Co combined with Bi or Pb gives CNTs with a
broader range of tube diameters; on the other hand the yield of nanotubes for Ni +
Co bimetallic catalysts improves the production of CNTs by 10 ~ 100 times
compared to using Ni or Co alone.!") However the roles played by the mixed
metals remain unknown, increasing the problem of catalyst optimization. Deng et.
al. have proposed two likely roles for CNM growth on the metal: i. nucleation;
formation of a structure from available precursors onto which carbon materials
and atoms can add to form tubes, ii. growth, with defect repair; building on the
nucleated structure by adding carbon atoms and molecules to generate the side
walls. It is assumed that the number of nanotubes is determined by the efficiency
of the nucleation stage, while the length of the nanotubes is determined by the

effectiveness of the catalytic growth. The yield is affected by both metal roles.

The first stage of this study was an overview of the decomposition of acetylene at
various temperatures (550 — 750 °C) over a range of catalysts on different
supports. The objective of the study was to obtain a general sense of the ability of
a wide range of metals/supports/reaction conditions to from CNMs, and in so
doing, determine systems of interest for further study. This led to a focus on
systems that yielded helical CNMs. However as will become apparent this
preliminary study led to the development of other carbon structures that are
discussed in later chapters. Herein we focus on the results obtained in the

preliminary study.

Foundation studies



Chapter 3 IUEECHIREL]

In this study combinations of bi-metallic and tri-metallic (Fe, Ni, Co, Cu, In etc)
catalysts were prepared and supported on several metal oxide supports. Reaction
variables were then changed until optimum conditions could be identified for each
catalyst in terms of CNM yield and morphology. It was observed that for the
systems studied; i. promoter metals, ii. the support material and iii. the reaction
temperature all had dramatic effects on CNM growth. These variables could also

be tailored to yield CNMs with desired morphologies.

3.2 EXPERIMENTAL
3.2.1 Catalyst preparation

The catalysts were prepared by a wet impregnation route using crystalline CaCOs,
ALO;, SiO; and TiO; as supports. Chemical reagents Co(NOs3),-6H,0,
Fe(NO3)3-9H,0, Ni(NOs),-6H,0, Cu(NOs),'3H,0, In(NO3)3-5H,0,
Zn(NO3),"6H,O and Cr(NO;);9H,O were all of analytical reagent grade
(purchased from Sigma-Aldrich) and used without further treatment. For the
preparation of the CaCOs; supported catalysts, selected metal nitrates were
dissolved in distilled water at room temperature to make a homogeneous solution
(3 wt%) using magnetic stirring. After 15 min stirring, the solution was added
dropwise to the CaCO; powder under stirring to make a suspension. After 90
minutes of stirring the suspension was heated to 363 K and isothermal evaporation
under stirring was carried out. The resulting product was then ground and placed
in an oven at 403 K for 12 h. Thereafter the material was sifted through a 150 um
mesh and placed in a calcination oven at 673 K for 16 h. The material was
subsequently resieved to yield the desired supported catalyst. Preparations of
other catalysts utilizing other supports were achieved in a similar manner.
Monometallic, bi-metallic and tri-metallic supported catalysts with various ratios

were also prepared by this method.

3.2.2 Nano-structure carbon synthesis

To grow the myriad of carbon nano-structures a typical CCVD method was

utilized. Typically, 500 mg catalyst was uniformly spread into a small quartz boat,

Foundation studies



Chapter 3 IUEECHEEE]

and placed approximately in the centre of the furnace, to ensure controlled
heating. A gas mixture of acetylene, hydrogen and nitrogen was introduced into
the reaction tube through the gas inlet and exhausted through the gas outlet. Gas
mixtures were of three types: C,H,/N,, C,Hy/H,, C,Hy/No/H, with flow rates
varying between 10-100 ml/min, 20-240 ml/min and 100-200 ml/min for C,H,, N,
and H, respectively, and reaction temperatures ranging from 200 — 850 °C. In
general the furnace was heated to the desired temperature in 70 minutes, during
which time either N,, H, or a mixture of both was passed through the system.
Once the desired temperature was reached acetylene was also passed through the
system, for approximately 60 minutes (or in some cases 10-40 minutes).
Thereafter the acetylene flow was stopped, while the furnace cooled under a flow
of N, or H,. The as-synthesized material was then harvested for further

characterization.

3.2.3 Characterization

Synthesized carbon materials were characterized by transmission electron
microscopy (TEM) using a Joel 100s electron microscope at 80 kV. Samples were
prepared by taking several milligrams and the sample was sonicated in methanol
for 10 minutes. The prepared samples are then transferred to holey Cu grids
coated with a carbon film. TEM allowed for the identification of carbon deposit

morphology and CNM size distribution.

3.3 RESULTS AND DISCUSSION

By varying the experimental conditions in the CCVD experiments it was found
that carbon nano-structures with significant structural differences such as straight,
curved or helical morphologies were produced. The growth pattern and
morphology of the carbon deposits could be changed by varying the composition
of the alloy catalysts, the substrate as well as the reaction temperature and these

variables led to the formation of CNM with various morphologies.
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Initial studies revealed that for the systems under study, the best gas phase
conditions that gave favourable yields, were obtained when a combination of H,
and N, were used. This combination is effective as H; reduces the metal catalyst
particles, thereby enhancing CNM growth (metallic particles are better catalysts
than their metal oxide equivalent). H, on its own proved ineffective, and dilution
with N, was required to achieve favourable results. Further, at low flow rates (<
100 ml/min) poor carbon deposition yields were obtained. Flow rates of 100
ml/min Hj, 100 ml/min N; and 100 ml/min C,H,, proved to be effective and were

used as standard flow rates for all studies.

200 nm

FIGURE 3.1

Figure 3.1: CNT/Fs (unpurified) produced from: a. Fe/CaCO; (750 °C),
b. Co/CaCOj; (750 °C) and c. Ni/CaCOs5 (750 °C).

We begin the discussion by first considering the three most effective metals that
generate CNMs i.e. Fe, Co and Ni (supported on CaCOs).*’) It was found, that
when these monometallic catalysts were used at 750 °C, ‘straight” CNT/Fs were
produced with similar diameters (30 = 10 nm) and in similar yields (Figure 3.1).
Furthermore bimetallic catalysts (Fe/Co, Fe/Ni and Co/Ni) revealed similar CNM
morphologies to that mentioned above. However in these instances the yields of

CNT/Fs were greatly improved (approximately twice as much), Table 3.1.
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200 nm

FIGURE 3.2

Figure 3.2: CNT/Fs (unpurified) produced from: a. Fe/Cu - CaCOs3 (750
°C), b. Co/Cu - CaCOs3 (750 °C) c. Ni/Cu - CaCOs (750 °C), d. Fe/In-
CaCOs3 (750 °C), e. Co/In - CaCOs3 (750 °C) and f. Ni/In - CaCOs3 (750 °C).

In an attempt to achieve different CNM morphologies with Fe, Co and Ni, the
promoter elements Cu and In were used.!>"” When these elements were added to
the catalyst there was an immediate change in the CNM quality (Figure 3.2). The
Fe/Cu catalyst (metal ratio 4:1) gave solid horn-like structures, whereas for Co/Cu
(metal ratio 4:1) short CNTs and braid-like fibers are formed (Figure 3.2a-b).
Ni/Cu (metal ratio 4:1) yielded irregularly shaped carbon fibers (Figure 3.2¢). On
the other hand, the In promoter yielded long fibers for Fe/In (metal ratio 4:1),
whereas Co/In (metal ratio 4:1) gave irregular, tangled fibers (Figure 3.2d-e).
Ni/In (metal ratio 4:1) did not yield any CNT/Fs (Figure 3.2f). It must be noted
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that for these promoted catalysts, the yields decreased on average by 50 %, as

compared to their monometallic catalyst counterparts.

Table 3.1: Description of morphology and yield of carbon deposits as obtained by various

metal catalysts.

Temperature
Catalyst e Yield (%)” Morphology
Fe 750 150 CNTs (with 10-20 % fibers)
Co 750 130 CNTs (with 10-20 % fibers)
Ni 750 155 CNTs (with 20-30 % fibers)
Fe/Co (1:1) 750 275 CNTs (with ~ 5 % fibers)
Fe/Ni (1:1) 750 310 CNTs (with 15 % fibers)
Co/Ni (1:1) 750 240 CNTs (with > 30 % fibers)
Fe/Cu (4:1) 750 60 Soild horn-like fibers
Co/Cu (4:1) 750 55 Short CNTs and braid-like fibers —
ool e
Q . =
< Ni/Cu (4:1) 750 75 Irregular shaped CNFs
&) ]
1 m
.E Fe/In (4:1) 750 90 Long CNFs (some CNTs, <10 %) ﬁ
g
£ Co/In (4:1) 750 75 Irregular tangled fibers
=
=
& Ni/In (4:1) 750 <15 No significant carbon deposit
=
W
Co/Ni/Cu 750 45 Short CNTs/Fs and other irregular carbon
deposits
Fe/Co/Cu 750 250 CNT/Fs
Fe/Co/Cu 650 175 CNFs (tubes <15 %)
Fe/Co/Cu 550 120 CNFs, with helical carbon fibers (20 %)
Fe/Ni/Cu 750 200 CNT/Fs, with helical carbon fibers (20 %)
Fe/Ni/Cu 650 150 CNFs, with helical carbon fibers (30 %)
Fe/Ni/Cu 550 120 CNFs, with helical carbon fibers (55 %)

“ Yield calculated on the basis of mass of carbon obtained from mass of catalyst used.

In an attempt to increase carbon deposition (yield) and vary CNM morphology,

tri-metallic catalysts of Fe/Co/Cu (metal ratio 1:1:0.25), Co/Ni/Cu (metal ratio

1:1:0.25) and Fe/Ni/Cu (metal ratio 1:1:0.25) were also investigated. It was found

that, as expected, carbon deposition increased, with Fe/Co/Cu producing high

carbon yields and excellent selectivity of CNT/Fs (Figure 3.3a). Co/Ni/Cu proved
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to be ineffective (Figure 3.3b) in generating carbon deposits. However Fe/Ni/Cu
yielded CNMs with helical morphologies (20 %), Figure 3.3c. The results
obtained for the CaCO; supported catalysts are tabulated in Table 3.1. The
promising results achieved from Fe/Co/Cu and Fe/Ni/Cu, prompted an
investigation into the use of alternative support materials (Al,03;, MgO and TiO,)

and other promoter elements (Cr, Ag and Cd).

A temperature study was also undertaken on a range of catalysts. As such the
various supported tri-metallic catalysts on different supports (Al,O3, TiO,, MgO
and CaCO;) were used at reaction temperatures of 550 °C, 650 °C and 750 °C.
The reactions were monitored by determining: i. the effect of the promoter on
coiling yield and ii. the yield of the carbon deposit. The results for the various

supports, temperatures and promoters are tabulated in Figures 3.4 and 3.5.

“a
e
=
&
=)
<
=

Figure 3.3: CNT/Fs produced from: a. Fe/Co/Cu - CaCO3 (750 °C), b.
Co/Ni/Cu - /CaCOj3 (750 °C) and c. Fe/Ni/Cu - CaCOs3 (750 °C).
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Figure 3.4: Amount of coiling present as promoter element (Cu, In, Ag,

Cr and Cd), catalyst support (CaCOs, Al,O3, TiO, and MgO) and
temperature (550 — 750 °C) is varied.
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Figure 3.5: Amount carbon deposited as promoter element (Cu, In, Ag,
Cr and Cd), catalyst support (CaCOs, Al,O3, TiO, and MgO) and

temperature (550 — 750 °C) is varied.

It is evident that for optimal coiling conditions using the catalysts under study, a
temperature of 550 °C was favoured over other temperatures. Additionally Cu
appeared to the best promoter with Al,O; being the best support, followed by

CaCOs. However, it must be noted that the different promoter elements favoured
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Figure 3.6: Coiled CNFs produced from: a. Fe/Ni/Cu — Al,O3 (550 °C),
b. Fe/Ni/In - Al,O3 (550 °C) c. Fe/Ni/Cr - Al,O3 (550 °C), d. Fe/Ni/Ag-
Al,O3 (550 °C), and e. Fe/Ni/Cd - Al,O3 (550 °C).

different coiling morphologies. Catalysts composed of Fe/Ni, with promoters Cu,
In and Cr produce tight helices (Figure 3.6a-c), whereas Ag and Cd produced
spring-like fibers (Figure 3.6d-e), results are tabulated in Table 3.2. For Fe/Co
catalysts the carbons were similar to those made with Fe/Ni except, that in several
instances the amount of coiling decreased significantly. A feature observed for the
catalysts was that formation of the coiled and straight fibers, was accompanied by
formation of amorphous material, with the relative ratios of the types of materials
varying for each promoter. While 550 °C yielded optimal coiling conditions, at

this temperature the yield decreases from that at 750 “C. Of particular interest was
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the predisposition of Cu to yield helical fibers in high yield at low temperature.
This meant that further studies of Cu were needed to determine its effectiveness at

yielding carbon helices at low temperature.

Table 3.2: Description of morphology and yield of carbon deposits as obtained by various

metal catalysts and reaction temperatures.

Temperature a
Catalyst CO) Yield (%) Morphology
750 280 CNT/Fs (some helices)
Fe/Ni/Cu 650 175 CNT/Fs with some helical fibers (25%)
550 145 Helical CNFs (> 70 %), tightly coiled helices
750 240 CNT/Fs
Fe/Ni/In 650 130 CNFs (CNTs < 10%)
O"’ 550 100 CNFs of which 45 % tightly coiled helices ~
= :
< [ag}
: 750 25 CNT/F =
E ) =
=
g | <
g Fe/Ni/Cr 650 155 CNFs [
-
= CNFs (25 % tightly coiled helices) and some
= 550 100 .
= other carbon deposits
&
750 250 CNT/Fs
Fe/Ni/Ag 650 135 CNFs (15 % spring-like helices)
CNFs (35 % spring-like helices) and
550 100 significantamount of amorphous carbon
750 135 CNFs
Fe/Ni/Cd 650 100 CNFs and some amorphous carbon deposits
CNFs (25 % spring-like helices) and
550 60 L N
significant amounts of amorphous carbon
“ Yield calculated on the basis of mass of carbon obtained from mass of catalyst used.
3.4 CONCLUSION

By varying the CCVD experimental conditions it was shown to be possible to
produce carbon nano-structures with significant structural differences (straight,
curved or helical morphologies). Numerous experimental parameters were varied
during the synthesis. The studies revealed that the synthesis of structures with

non-linear geometry is particularly difficult due to the restricted conditions under
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which they occur. The composition of the catalyst, temperature range and gas

environment did not act independently of each other.

A key feature noted in this investigation was the unique role of copper in the
synthesis of carbon structures with diverse morphologies. Additionally, coiled
fibers predominated at low temperatures (for the systems studied). As such, it was
decided to investigate Cu as a promoter and as a catalyst at low temperatures for

the synthesis of helical fibers.
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HELICES, SPIRALS AND COILS;

NATURES AND HUMANITY’S

PREFERRED GEOMETRY

250 BC - Archimedes of Syracuse
wrote a definitive work on the
subject of spirals entitled ‘On
Spirals’. The Archimedes’ spiral,
as the name implies, is so named
in his honour

1493 - Leonardo da Vinci
sketched a spiral-shaped wing
which represented the first
vertical take-off flying machine.
From it, arose the term
helicopter

1831 - Faraday observed that
when he wrapped two coils of
wire around an iron ring and
passed a current through one, a
momentary current was induced
in the other coil, known as
mutual induction

1953 - James Watson and Francis
Crick described the geometric
shape of DNA, the molecule of
life. The molecule was, they said,
in the form of a double helix -
two helices that spiral around
each other (Receiving the Nobel Prize

for their discovery)
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CHAPTER 4

Carbon nanostructures have been widely studied due to
their unique properties and potential use in various
applications. Of interest has been the study of
carbonaceous material with helical morphologies, due to
their unique chemical, mechanical, electrical and field
emission properties. As such it is envisaged that these
materials could be excellent candidates for
incorporation in numerous nanotechnology applications.
However in order to achieve these aspirations, an
understanding of the growth mechanisms and synthetic
strategies is necessary. Herein we consider historical
and current investigations as reported in the literature,
and provide a comprehensive outline of growth
mechanisms, synthetic strategies and applications

related to helical carbon nanomaterials.

Keywords: coiled carbon nanotubes - coiled carbon nanofibers -

carbon coil - carbon helix - synthesis - properties

[ LITERATURE REVIEW: HELICAL CARBON NANOMATERIALS

4.1 INTRODUCTION

Carbon is an amazing element, not just because it is the

element required for all life processes, but also due to the

fact that it can exist in numerous allotropic forms.

Additionally, by means of synthetic processes, carbon
can be tailored into a myriad of structures, particularly

those in the nanometre range.*™"!
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In 1991, Jjima published his landmark paper which described the appearance of

(5 1 These carbon

carbon filaments with diameters in the range of nanometres.
materials would come to be known as carbon nanotubes (CNTs), and play a
fundamental role in leading scientific and industrial research endeavours in
nanotechnology. Indeed within a matter of years CNTs have taken centre stage in
the nano-science arena. It is no exaggeration to say that one of the most active
fields of research in the area of nanotechnology currently is the synthesis,
characterization and application of CNTs.”* > ¥ This has naturally led to a
renewed interest in the synthesis of other forms of carbon nanomaterials:
graphene, fibers, horns, buds, onions, helices, ete.® 1t is this diversity in the
morphology of carbon materials that provides the flexibility to modify the
properties of carbon. Thus, the design and production of carbon materials with

unusual morphologies is a promising way to exploit the morphology-property

correlation of carbon nano-materials.

FIGURE 4.1

Figure 4.1: Various types of helical carbon nanomaterials with non-
linear morphology.
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Of particular interest to scientists has been the study of carbon nanomaterials with
a helical or non-linear morphology shown in Figure 4.1. Helical carbon nano-
materials have a long history, having first been reported by Davis et al..'! in 1953,
However these fibrous materials were initially considered a curiosity and efforts

(13, 141 1t was not

were focused on their prevention rather than on their synthesis.
until the 1990s, stimulated by the discovery of CNTs, that there was a renewed
interest in carbon fibers and tubes, especially those with unusual (e.g.

helical/spring-like) morphology. **

The helical shape is a common form seen in the universe (from spiralling galaxies
to DNA) and it is thus not unexpected that this should also be a common motif
found in carbon nano-structures.'"” Indeed innumerable macro-devices have been
made based upon a helical design and used by humankind from ancient times (e.g.
the Archimedes water screw) to the present (e.g. support springs for cellular
keypads).!'® Tt is expected that nano materials with helical morphology should
possess both similar and unique physical and chemical properties to their macro
components. Nano helices should thus behave in a comparable manner to macro
materials with similar morphology. The ability of a macro scale spring to change
shape in response to an external force (compression, extension, torsion etc.), and
return to its original shape when the force is removed has made springs an
important component in cellular technology, time keeping, medical as well as
shock absorbing devices.''® 1t is expected that the same should also apply to

springs (helices) made from nanomaterials.

While mechanically useful, springs or coils have also been used in electro-
magnets, solenoids, inducers etc. This is due to the ability of coiled materials to
exhibit interesting electro-magnet properties since a current flowing through a
wire wound into a coil produces both electric and magnetic fields.!'® '™ This
property of electromagnetism has created a revolution in many fields from the

development of plasma televisions to memory storage devices. It is envisaged
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that carbon nano-materials with helical morphology could also be used as

. . [3.19,20
components in future nano-technology devices.* -2

OO0

Graphene sheetrolled  Number of sheets determine
intotube whether tubes are single,
double or multi-walled

FIGURE 4.2

Platelet-like Herringbone Tubular

Graphene sheets stack to yield structurally diverse
fibers

Figure 4.2: Arrangement of graphene sheets to produce carbon

nanotubes and fibers with various morphologies.

Macro sized coils and springs are manufactured by a top down process. While this
approach could also be used to form nano sized springs, the bottom up process
starting from atoms and molecules is expected to be the preferred procedure to
make the components needed to form helical nano-materials. The growth of
helical carbonaceous materials from carbon precursors via a bottom up approach
in the presence of a catalyst is expected to proceed by equivalent methods used to
synthesize straight fibers and tubes.>* 7 The mechanism commonly proposed for
carbon fiber growth involves adsorption and dissociation of a carbon precursor on
the surface of a catalyst particle and dissolution of carbon into the catalyst
particle. Once the catalyst particle has been saturated with carbon, the carbon
crystallizes out of the metal particle and is extruded to form a CNT or CNF.P> 2%
Typically CNTs exist as cylinder/s of rolled up graphene sheets [7], giving rise to

single walled, double walled and multi-walled entities, Figure 4.2. CNFs by
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contrast are composed of graphene sheets that stack upon each other, to produce
both hollow and solid carbon structures, Figure 4.2. These structures do not need
to be straight; they can take on a helical morphology. As such, two categories of
helical materials exist; 1. coiled fibers, Figure 4.3a, where the fiber is a dense
structure with no inner hollow and ii. coiled tubes, Figure 4.3b, where an inner

hollow exists throughout the length of the coil.

8 a

Solid coiled fiber Tubular coiled fiber

Coil pitch

Coil diameter
FIGURE 4.3

Inner coil
diameter

Outer coil diameter

|

i Inner tube diameter
Luhﬂ wall thickness
Figure 4.3: Schematic illustration: a. solid coiled fiber, b. tubular coiled
fiber and c. parameters used to define coil morphology.
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Helical carbon fibers and tubes can be divided into different categories based
upon the helical nature of the material: single helix, double helix, triple helix,
braid, spiral, coil, spring, etc.’* > ') The diversity of helical materials provides a
myriad of shaped carbons, Figure 4.1. The use of helical carbons in technological
applications will be dependent on our ability to control the coil morphology and
coil geometry of these materials. This includes control of the coil diameter, pitch
and fiber/tube thickness, Figure 4.3c. The growth of carbon nano-materials can be
controlled by varying temperature, gas environment and the type of catalyst. The
alteration of any of these variables will result in a significant change in the type
and amount of helical carbon nano-materials formed."*’ To achieve this control, an
understanding of the growth mechanism and the role played by the various
parameters is needed. To date control over the synthesis of a specific type of

helical carbon nano-material has been met with only limited success.

In this chapter we attempt to provide a summary of the various synthetic
procedures employed, the relevant mechanistic explanations that have been given
to explain helical growth patterns and the current technological applications
associated with the new generation of helical carbon nano-materials that have
been prepared. In so doing we provide a way forward for controlling the synthesis
of helical carbon materials and hence the manufacture of sophisticated and

economically viable nano-devices containing carbon nano helices.

4.2 STRUCTURAL ORIGIN AND GROWTH ASPECTS OF CARBON
HELICES

After the discovery of CNTs, researchers began to study other forms of carbon in
greater detail; in particular those that exhibited non-linear geometry. The use of a
graphene sheet or honeycomb network rolled into a cylinder (used to model
CNTs) could not be used to explain the geometry observed in non-linear carbon
structures. In early studies it was realised that fullerenes achieved their curvature
by the introduction of pentagonal rings into graphene (positive curvature) while

the insertion of heptagonal and/or octagonal rings led to ‘negative’ curvature.!*'*?
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Before long it was appreciated that a judicious insertion of a series of pentagonal
and heptagonal rings within a hexagonal matrix would yield helically coiled
carbon nano-materials. As such the issue of helical growth is then to achieve the

correct combination of polygonal rings (5, 6 and 7) that would generate a helix.[**"
25]

4.2.1 Structural origin of helicity in CNTs

In order to develop a model that can describe the helical nature of coiled CNTs,
carbon in the form of a fullerene or torus must first be considered. Dunlap!®" %%
showed that the insertion of pentagon and heptagon rings at the junction of two
CNTs can yield what he called a ‘knee structure’. A knee is formed by the
presence of a pentagon on the convex (positive curvature) side and of a heptagon
on the concave (negative curvature) side of a graphene plane, Figure 4.4. The
concept of carbon nanotube ‘knees’ proposed by Dunlap was extended by
Fonseca et al.'**! who showed that knee segments could be joined together to form
a toroidal structure (containing 520 carbon atoms, 10 knees). Additionally they

were also able to show that if the knees are joined in such a way that consecutive

knees are joined out of plane, a helix or coil will form instead of a torus.

FIGURE 4.4

]

Figure 4.4: Knee formed by pentagon/heptagon pair./**

J Adv Res 2011 (in press)




Chapter 4 IEECHIINE]

1.2 showed that structures that included pentagons and heptagons gave

Ihara et a
a variety of toroidal structures that were thermodynamically and energetically
stable, Figure 4.5. They were able to show that toroidal carbon structures could be
used to model helical CNTs. It was noted that the type of toroidal segment used
determines the coil pitch, diameter and cycle of the helix, Figure 4.5b (C;¢9) and
Figure 4.5c (Cs40). Additionally they concluded that the arrangement of heptagons
within the carbon matrix was instrumental in controlling the coil geometry. A

study by Setton et al.l*”

concluded that while toroidal segments could be used to
model helical CNTs, they could only be used to explain single shell helices or at
best two shell helices. They suggested that for multi shelled helices, pentagon and
heptagon pairs would have to be arranged along the helical path, or alternatively

other ‘defects’ would need to be considered.

FIGURE 4.5

Figure 4.5: a. Toroidal structure made up of pentagons and heptagons

(Cs60), b. helical coil made up of toroidal (Cse segments) and c. helical

coil made up of toroidal (Csag segments).m]

Most recently Liu et al.”® were able to demonstrate, using atomistic models, that
by introducing a pair of pentagons and a pair of heptagons into the structure of a
single walled CNT that a curved structure could be obtained. The pair of
pentagons forms a cone defect whereas the pair of heptagons results in a saddle
point. The incorporation of the pentagons/heptagons creates strain, which is
released when the CNT bends at the defect site. They suggested that by varying

the diameter of the nanotube and/or the length of the basic segment, the coil
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diameter, coil pitch and tubular diameter could be varied. Bir6 et al.*™) attempted
to explain the incorporation of pentagon/heptagon pairs by considering the
possibility that pentagon/heptagon pairs were not simply defects but were regular
building blocks for the helical CNT structure. They proposed that Haeckelite type
sheets, which are characterized by a high number of pentagon/heptagon pairs,
could be rolled like a graphene sheet to yield helical CNTs, Figure 4.6.
Furthermore experimental observations of Haeckelite type structures indicated
that they could be produced by procedures analogous to those used to generate
CNTs. Lu et al.®™ proposed that during the initial growth of helical CNTs,
prevailing reaction conditions would result in the nucleation of a pentagon, which
would result in the formation of a spiral shell around a catalyst particle, Figure
4.7 From this core structure, curved or straight segments emerge that depend
upon whether there are only hexagons (straight segment) or pentagon/heptagon
pairs (curved segments) present. As such, geometric parameters (coil pitch, twist
angle etc.) are determined by the frequency of pentagon/heptagon pair creation.
While these models are useful, they cannot explain how pentagon/heptagon pairs
can be incorporated in such a manner.

FIGURE 4.6

Haeckelite sheet leading to non-
linear carbon nanotubes

-am—_J

Figure 4.6: Haeckelite structure, graphite sheet composed of polygonal

rings, that can be rolled to form helical nanotubes (based on ref [25]).

J Adv Res 2011 (in press)



Chapter 4 IEECHINE]

() {b)

\\\.
() m\\\x\

FIGURE 4.7

Figure 4.7: Growth model for helical CNTs: a-c. development of

isocahedral shell, d. growth of straight segment followed by, e. helical

segment as pentagon/heptagon pairs are introduced into the growing

matrix and f. formation of coiled CNT.!'”!

Fonseca et al.*

attempted to explain the introduction of ‘knees’
(pentagon/heptagon pairs) by means of steric hindrance. They proposed that if the
growth path of a CNT was blocked, formation of a knee at the catalyst surface
would cause a bend in the tube before continued growth, Figure 4.8. As further
blockages were encountered further knees would be introduced, resulting in
regular and irregular helically coiled CNTs. However this model has met with
limited acceptance as blockages would have to be systematic (to ensure regular

coiling) and adjacent tubes would be expected to interfere with each other’s

helicity as they collided during growth.

While the concept of pentagon/heptagon pairs has been accepted as the best model
to explain helical growth, Ramachandran et al.”® have suggested that rotational
distortion of carbon fragments, that do not alter the hexagonal matrix is also
capable of yielding helical CNTs. They suggested that as a CNT grows, the
adjacent layers can undergo rotational distortion by some small angle from their
original position. This continued distortion of subsequent layers results in a coiled

nanotube. This mechanism eliminates the need for incorporation of
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pentagon/heptagon pairs, as the hexagonal matrix is maintained albeit in a

distorted geometry.

FIGURE 4.8

Figure 4.8: A growing nanotube encounters an obstacle it changes

direction (bends) so as to continue growth. Bends are thought to occur by
[24]

introduction of pentagon/heptagon pairs.

4.2.2 Structural origin of helicity in CNFs

While the helicity of CNTs has been modelled around the inclusion of
pentagon/heptagon pairs into a hexagonal framework, this approach cannot be
used to fully explain helicity in CNFs. Helical carbon fibers range from the
amorphous to highly crystalline, and vary from nanometre to micrometer sizes.
Attempts to relate helicity to the molecular structure of CNFs via a graphene sheet
(whether curved or not), have been made. Typically the helical nature of carbon
fibers is thought to be caused by the unequal extrusion of carbon from a catalyst
surface and this effect gives rise to the curvature, Figure 4.9.°" As such, external
stresses and catalyst composition should then impact directly on the helical nature
of carbon fibers. An alternative suggestion has been made by Zhang et al.”*! who
proposed that helical carbon fibers form from catalyst particles that are influenced

by van der Waals forces that exist between the fiber and surroundings. As these
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forces change with temperature, unequal extrusion coupled with other stresses

will lead to curvature of the fiber and ultimately helicity, Figure 4.10.

(@)

i 4 4 4

1 Equal extrusion | I Equal extrusion |
of carbon of carbon

(&)

FIGURE 4.9

A

| Unequal extrusion
of carbon

4

| Unequal extrusion
of carbon

Figure 4.9: a. Equal extrusion of carbon to yield straight fiber and b.

unequal extrusion resulting in non-linear fiber.

FIGURE 4.10

Figure 4.10: As van der Waals interaction changes (grey area), straight

fiber twists to form a coil.[*?
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From the above it is apparent that the structural origin of helical carbon nano-
materials still requires investigation as current models, while useful, do not fully
explain the diverse range or periodicity of helical structures, and most importantly

how or why pentagon/heptagon pairs form.

4.2.3 Growth aspects of carbon helices

Most researchers have considered the insertion of pentagon/heptagon rings within
the hexagonal lattice of a tube, or the unequal extrusion of carbon from a catalyst
particle to explain the origin of coiling or helicity of carbon nanomaterials.** 2>-3"]
However, the means by which these phenomena may be interlinked is not yet
fully understood. To date most efforts have focused on the effect that catalyst

morphology and composition have on the evolution of helical carbon materials,

with some interest dedicated to the effect of other external factors.

4.2.4 Effect of catalyst/graphite interfacial interactions

Various mechanisms have been proposed to explain the development of non-
linear or helical carbon nanostructures. Amongst the ideas currently entertained,
one proposal is that growth occurs due to the presence of wetting/non-wetting
catalyst particles that promote linear or non-linear growth respectively.’> ** A
second proposal is that growth occurs from bi-metallic catalysts that operate using

; 16
cooperatlve means.[ ]

Bandaru et al.’®! proposed that nanocoils are formed only by the use of certain
catalysts or substrates. They considered the interfacial tension that exists between
the metal catalyst particle and graphite surfaces. This interfacial tension, known as
wettabillity, is used as a criterion for coiling. Liquid metals such as In, Cu and Sn,
which are known to induce helicity have large wetting angles (> 150°), whereas
Ni, Fe and Co which predominantly produce linear carbon materials have smaller
wetting angles (< 75°). Small wetting angles result in a net attractive interaction
with the growing carbon surface resulting in linear growth, while large wetting

angles result in repulsive interaction that promotes non-linear growth (non-
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wetting). Bandaru et al. explained this concept by considering an In/Fe catalyst,
where Fe was thought to act as the growth point, and In as the promoter for
helicity. They observed that as the In content was increased, tighter coils (small
coil pitch) could be formed, whereas lower In content yielded coils with larger
pitches. A higher In content, results in a greater number of In particles that are
available to interact with the carbon structure, thereby inducing a greater number
of bends, and vice versa, Figure 4.11a. From their analysis they proposed that In
particles are indirectly responsible for coiling and can be considered as an external

stress.

FIGURE 4.11

Figure 4.11: a. Non-wetting catalyst particle (In) causes non-linear

deformation; as the concentration of the catalyst decreases coil tightness

[3

decreases,”*! and b. Co-operative wetting catalyst particle (K provides a

template onto which growing carbon coils can form) ¥

Liu et al.’¥ described the use of a K/Ag catalyst to form helical carbon fibers.
They observed that individually neither K nor Ag could yield coiled carbon fibers,
but that both acted co-operatively to decompose acetylene and promote growth. It
was proposed that the Ag particle acts as the seed for fiber growth and that K, in
addition to decomposing acetylene, acted as a template to facilitate coil formation.
Liu et al. suggested that the growing fiber curls along the carbon-K interface,
Figure 4.11b, a phenomenon attributed to the wetting capability of K (liquid K

can wet carbon effectively).
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The proposals made by Bandaru et al. and Liu et al., considered the interfacial
interactions of catalyst and carbon nano-material in two different ways. While
they may seem contradictory it must be noted that Bandaru et al. considered the
non-wetting catalyst particle (In) to be indirectly responsible, acting as only an
external stress. However Liu et al. suggested that K played an active and direct
role in coil formation, providing a template onto which the growing carbon fiber
can be formed. The different growth mechanisms, illustrate the complexity

involved in understanding the formation of helical carbon materials.

4.2.5 Effect of catalyst morphology

To date researchers have placed a great deal of emphasis on the relationship
between the nature of the catalyst used and the type of carbon nanostructure
produced.’” 3 1t has been observed that the growth point for helical carbon
nanomaterials is associated with a catalyst grain. Apart from the composition of
the catalyst used, two main issues have been identified: i. the relationship between
the size of the catalyst particle and the type of carbon associated with it and ii. the

regularly faceted shape associated with these catalyst particles.

Researchers have frequently suggested that the selective growth of helical carbon
materials can be achieved by the careful control of the catalyst particle size.

1.1 observed that for carbon nanofibers grown from nano Cu catalysts

Zhang et a
at 250 °C, coiled carbon fibers were obtained when catalyst particles were
between 30 and 60 nm in diameter. However, only straight carbon fibers were

3% Sshowed that

obtained when catalyst particles were > 120 nm. Hukoshin et al.|
for carbon nanocoils grown from an Fe/In/Sn catalyst at 700 °C, particles larger
than 200 nm were not active for the growth of carbon nanocoils. Carbon nanocoils
were only observed in large quantity for particle sizes ranging between 50 and
150 nm. The effect of particle size was further evidenced by Tang et al.,”” who
observed that for an Fe,O; catalyst, helical carbon nanomaterials with good

helical structure grew from catalyst particles with diameters < 150 nm. As the size

of the catalyst particle increased (150 and 200 nm) the helical structure was
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compromised by the appearance of straight segments. At diameters above 250 nm
only straight CNT bundles were observed. Similar observations have been made
by other researchers leading many to conclude that catalyst particle size was the
determining factor in controlling carbon fiber helicity.” ** **) However particle
size cannot be the only factor, as it does not explain the wide range of carbon
nano/micro-coil morphologies that have been synthesized, or how size relates to

helicity.” ' *?1 As such, in conjunction with size, one must consider the shape of

the catalyst particle as well.

FIGURE 4.12

Figure 4.12: a. Diamond shaped catalyst particles as reported by

Motijima et al.""and b. and faceted hexahedral particle as reported by

Chen et al.[*¥

I and Kawaguchi et al.!*’!

Dating back to the early 1990s, Motojima et al.l
reported that diamond shaped catalyst particles were associated with the
appearance of carbon micro-coils, Figure 4.12a. These observations were further
highlighted by numerous other researchers who reported on the presence of
regular and well faceted particles associated with other forms of helical carbon

H.19.43-47) These faceted particles provided for a plausible

materials, Figure 4.12b.!
mechanism by which carbon could achieve helical growth. It was postulated that
the faceted particles could provide surfaces (faces) with variable extrusion
characteristics that would lead to unequal carbon extrusion rates and curvature of
the extruded carbon fiber.'* ** 47 *8] This concept of variable extrusion based
upon different facets of a catalyst particle has gathered support over time and is

among the leading ideas currently proposed to explain the appearance of helicity.
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Xia et al.*” were able to demonstrate that carbon nano-helices grown from an
Fe;C catalyst particle, had catalyst particles that were hexahedra, i.e. made up of
six different crystallographic planes, Figure 4.13. They concluded that the
different crystallographic surfaces produce an anisotropic growth that caused the
particle to rotate as the fiber grew, thereby introducing helicity. Li et al.’%
showed that the geometric structure of the catalyst particle affected the type of

carbon extruded.

)

L o\> rie

9

FIGURE 4.13

[ §)

Figure 4.13: Hexahedral catalyst particle at different angles, showing

facets with different crystallographic indexes."””!
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They also suggested that these catalyst particles were made up of hexahedra that

contained two types of crystal facets, those with, and those without carbon

precipitation (extrusion). As the number of precipitation facets increased from two

to three, there was a corresponding change from a double to a triple type of helix.

Furthermore Li et al.’”

suggested that the bulk diffusion of carbon to the other

facets was anisotropic and it was this anisotropic diffusion that led to curvature of

the extruded fiber and formation of helices.

@
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FIGURE 4.14

Figure 4.14: Regular faceted particles giving rise to: a. helical nanofibers

. 52
and b. linear nanofibers.|

]
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However it has been observed by Qin et al.l*"! that regular faceted particles do not
necessarily yield helical carbon materials. They showed that Cu catalyst particles
associated with straight fibers were also regular and faceted, Figure 4.14a and
Figure 4.14b, albeit with a larger particle size than those associated with helical
fibers. As such, further examination of these particles is necessary. Recently we
have reported on the relationship between catalyst particle morphology and
corresponding fiber morphology.’*! It was observed by TEM tilting procedures
that a 3D model of the catalyst particles could be produced, and that the shapes of
catalyst particles that produced different helical morphologies were different. As
the number of facets changed from 4 to 6, there was a corresponding change from
a Fibonacci-like to a spiralled helix, Figure 4.15. The morphology of the catalyst
particle thus impacts on the type of carbon fiber extruded. Size and shape are thus

not mutually exclusive in determining carbon helicity

FIGURE 4.15

Figure 4.15: Morphology of catalyst particles associated with fiber

morphology: a. trapezoid giving rise to Fibonacci spiral, b. planar

pentagon associated with double helix and c. planar hexagon associated

with helical fiber.[**

4.2.6 Templates and other external stresses

While the exact mechanism by which helical carbon materials form still remains
unclear, researchers have been able to show that external stresses can be
manipulated into assisting with the formation of non-linear structures, regardless

of the composition or morphology of the catalyst particle.
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FIGURE 4.16

Figure 4.16: Types of non-linear carbon materials produced by external

. cq . . 54 .
stresses: a-c. rotation of substrate, with increasing speed,”*! d-e. change in

current direction, straight fibers becoming zigzag,"””! and f. Nanosteps of

crystal surface leading to serpentine structure.>®

In-Hwang et al.l’”

attempted to influence the growth of carbon micro-coils by
utilising a rotating substrate. They observed that when the catalyst substrate was
rotated there was a gradual loss of regular coiling with increased rotation speed,

1. [54]

Figs. 16a-c. AuBuchon et a were able to show that a change in the direction of

an applied electric field during carbon fiber growth was capable of altering the
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fiber morphology, Figs. 16d-e. As such they were able to synthesize CNTs with a
non-linear zigzag morphology. Joselevich?®”! described the growth of carbon
serpentines by the surface directed growth of carbon nanotubes. By utilising
patterned templates (SiO, with atomic steps) and directed flow rates, CNTs were
shown to grow and conform to the shaped nanosteps; as such serpentines and

15657 considered

other non-linear CNT’s were produced, Figure 4.16f. Akagi et a
the growth of helical polyacetylene (thin films) by using chiral agents, soft
templates and applied magnetic fields. While these polyacetylenes are considered
as polymers, they are composed in some instances of carbon fibrils that are less
than 100 nm in diameter. The methodology highlights an alternative route to make
carbon materials with helical morphology. These methods illustrate that while

catalyst composition and morphology play a dominant role in controlling fiber

morphology, growth can be altered by introducing certain external stresses.

4.3 SYNTHESIS OF HELICAL CARBON MATERIALS

Ever since they were first observed, researchers have generated a diverse range of
synthetic conditions and reactions that are capable of producing helical carbon
materials. While the different approaches used have benefits and drawbacks, the
most promising method appears to be the catalytic chemical vapour deposition
(CCVD) method. In the CCVD approach, reaction parameters can accurately be
controlled.”! CCVD allows for the use of a wide variety of liquid, solid or gaseous
carbon sources as well as a variety of reactor designs to be employed.
Additionally helical carbon materials are observed to form under a wide range of
temperatures and pressures, and in the presence of numerous reactive agents and
catalysts. These studies, listed in Tables 4.1 and 4.2, have revealed that typical
requirements necessary to form helical carbon materials include: i. impurity
elements such as P, S ii. promoter metals such as Cu, Sn, In and iii. catalysts such
as Ni, Fe, Co for the growth of the carbon material and iv. and an appropriate

carbon source. > 1581
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A summary of publications that have described the synthesis of helical CNTs and
CNFs are listed in Tables 4.1 and 4.2 respectively.t! 32 34 36. 37. 40,41, 43,45, 47, 30, 53-
11t can be concluded that helical materials obtained in high yield and selectivity,
Figure 4.17, are obtained by using catalysts composed of Fe, Ni or Cu, with
additives or impurity elements such as Sn and S. Based upon the type of catalyst
used and temperature employed, selectivity of helical, twisted or intertwined
carbon tubes/fibers can be manipulated by a range of parameters. It is also
observed, that for almost every instance the carbon source (precursor) used to
form helical CNTs, is acetylene. Currently there are limited reports on the
synthesis of single or multiwalled CNTs (highly ordered) with helical
morphology. However greater success has been achieved in making crystalline

and amorphous helical carbon fibers. Interestingly it is clear that there exists no

system that distinctly relates catalyst type with carbon morphology.

FIGURE 4.17

Figure 4.17: Types of helical carbon nanomaterials produced: a. twisted
[88]

helices,™ b. tightly coiled helices **! and c. spring-like coils.
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Chapter 4 IEEECIR]

4.4 PROPERTIES AND APPLICATIONS

CNFs with spring-like morphology are of great interest due to their unique 3-D
morphology. Researchers have often envisaged these materials as having the
potential to be incorporated in various nano-technology devices as mechanical
components in the form of resonating elements or nano-springs and in novel
reinforcement composites.” ' - *Y However, before these materials can be fully
utilized their physical, chemical and mechanical properties need to be examined
and understood. Much like a spring, factors such as elongation under strain,
changes in coil diameter and pitch, spring constants (the ratio of the force
affecting the spring to the displacement caused by it) as well as the Young’s (the
ratio of stress to strain, linear strain) and shear (the ratio of shear stress to the
shear strain) moduli need to be measured and calculated.!'® **! Additionally the
resistivity, conductance, electro-magnetic and electro-mechanical capabilities of

helical carbon materials also need to be understood and fine tuned.!'®)

4.4.1 Mechanical behaviour

Motojima et al."*!! were amongst the first (1991) to investigate the extension
characteristics of carbon micro-coils. They reported that carbon micro-coils with a
diameter of 0.5 um and a coil pitch of 5 pm could be extended up to 3 times their
original length, without deformation upon release. However upon extension to 4.5
times (almost linear) the coils did not recover to their original geometry. These

1.1 who showed that carbon

observations were later confirmed by Chen et a
micro-coils that were extended to 3.5 times their length could retain their
morphology once the extension force was released. Again, carbon micro-coils that
were extended to an almost linear state did not retain their original geometry. In
order to provide additional physical characteristics such as elastic spring constants
and the Young’s modulus for the carbon coils (grown over an iron and indium tin
oxide catalyst at 700 °C using C,H,), Hayashida et al.”” attached the edge of a
single coil to the tip of Si cantilever. The carbon nano-coil (tubular) was then

manipulated by moving the Si tip. It was found that these tubular carbon nano-

coils (double intertwined) could be expanded by 200 %, with measured elastic
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spring constants ranging from 0.01 to 0.6 N/m and a Young’s modulus of ~ 0.1

TPa (approx. 0.1 times that of CNTs).

1.1 further investigated the mechanical response of carbon coils under

Chen et a
direct tensile loading. The ends of a single carbon coil were attached to two AFM
tips; one was kept static and the other compliant, Figure 4.18. It was found that
the carbon coil could be extended to a maximum relative elongation of 33 %
without any plastic deformation after the tensile load was released. The nano-coil
spring constant, defined as the total applied load (determined from a cantilever
spring constant) divided by the total elongation was found to be 0.12 N/m. The
shear modulus, determined by fitting to equations that express the spring constant
in terms of the coil geometry and shear modulus, was calculated. It was found that
the theoretical analysis was consistent with the experimental data, Figure 4.19.

1.6l

Furthermore Chen et a were able to show that the shear modulus for coiled

nano-tubules (2.5 GPa) is much lower than that of CNTs (estimated at 400 GPa).

FIGURE 4.18

Figure 4.18: Carbon nanocoil clamped between two AFM cantilevers: a-d.

elongation of nanocoil upon tensile loading (relative elongation - 33%).°"
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Figure 4.19: Plots of relative elongation vs. spring constant: a.

experimental observations and b. theoretical analysis.”*!

More recently Bi et al.’®! considered the elastic properties of carbon coils with
circular cross-section grown over a Ni-P alloy catalyst at 700 and 750 °C using
C,H; as the carbon source and thiophene as an additive. It was observed that these
carbon micro-coils could be easily extended to an almost linear shape without any
noticeable damage to their fiber structure, even after one week of extension under
atmospheric conditions, Figure 4.20. It was also observed that as the coil was
stretched the pitch increased while the coil diameter decreased (became linear).
Based upon their experimental observations, Bi et al.”® were able to develop a set
of equations that could predict spring constants and load elongation responses for
carbon materials with spring-like structure, thereby producing a model that could

be used for the development of micro/nano-devices.

Poggi et al.””! were able to demonstrate that MWCNT coils, did not just exhibit
extension behaviour but compression behaviour as well. They showed that a 1100
nm length of coil could undergo compression/buckling/decompression repeatedly
with a limiting compression of 400 nm. However, when compared to modelled
data the nanotube spring stiffness was found to be 6x lower than that predicted
(0.7 N/M measured, 4 N/M predicted), which they attributed to experimental

1. [100]

interferences. Chang et a were able to confirm the compression and extension

behaviour of carbon coils, by exposing carbon micro-coils (CMCs) to lateral force
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FIGURE 4.20

Figure 4.20: Elongation of carbon coils: a-g. coil pitch increases while

o . . 100
coil diameter decreases until almost linear.!'*"!
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microscopy studies. By placing the AFM tip a certain distance along the CMC,
they were able to show that the spring constant for CMCs was dependent upon the
number of active coils. While researchers considered the mechanical response of
individual coils or springs (nano and micro), Daraio et al.®! examined the
response characteristics of a foam-like forest of coiled carbon nanotubes. By using
a drop ball test, Figure 4.21a, they were able to show that the coiled forest
revealed no plastic deformation when struck, and retained its original state when
the force was removed (elastic deformation). The total depth displacement into the
coiled forest was estimated at ~3 pm, with an interaction area of ~77 pm” and a
pressure estimated at ~16 MPa. The coiled CNTs appeared to act as a cushion
protecting the bottom wall (sensor). The coiled CNTs reduced the pulse amplitude

and increased its length as compared to a bare quartz substrate, Figure 4.21b.

B
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Figure 4.21: a. Schematic representation of device setup, with coiled
CNTs acting as shock absorber (between substrate and sensor), and b.
impact response with coiled CNTs (curve 1 — purple) and without coiled

CNTs (curve 2 — blue).[%!
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Furthermore they observed that the elastic behaviour persisted even after repeated
high velocity impacts, despite the appearance of cracks on the film surface. They
compared the elastic deformation characteristics of coiled carbon nanotubes with
that of straight carbon nanotubes (similar foam-like forest) and observed that the
straight CNTs showed permanent plastic deformation and densification around the
impacted area. They concluded that the elastic behaviour of coiled CNTs was
significantly superior to that of straight CNTs and could be an effective
component in nano scale systems.

The resonance capabilities of coiled CNTs were investigated by Volodin et al.['!)
using coiled CNTs as self-sensing mechanical resonators. Coiled CNTs were
attached to gold electrodes, and this device was then connected to a compact radio
frequency circuit (frequency range between 50 and 400 MHz), as well as an
ultrasonic transducer (for acoustic excitation). They observed that the resonance
frequency of these tiny mechanical devices were in the microwave GHz regime.
Furthermore, these sensors were found to be suitable for measuring small forces

and masses in the femtogram range.

4.4.2 Electrical behaviour

The unique properties associated with coiled carbon materials were further
investigated by Kaneto et al.'®”! who showed as far back as 1999 that carbon
micro-coils displayed intriguing electrical behaviour. By conducting a set of
elegant experiments they were able to show that CMCs possessed electrical
conductivities of 30-50 S/cm, and that the conductivity increased by 5-20 % upon
evacuation of the atmosphere. A 1-2 % increase in conductivity was noted upon
exposure to iodine gas (oxidative atmosphere) but the value was unchanged when
exposed to ammonia gas (reductive atmosphere). They were also able to conclude
that the conductivity temperature dependence indicated both conductive and semi-
conductive behaviour, and shows a mechanism for electron transport
(conductivity) that was indicative of a 3D variable range hopping model. The 3D

103]

electron hopping model was supported by Chiu et al.l'”! who showed that the

temperature dependant resistance analyzed by the Efross-Shklovskiu VRH
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conduction model, was indicative of 3D electron hopping conduction, with an

1.7 confirmed this

electron hopping length of ~ 5 nm. Studies by Tang et a
proposal and demonstrated a possible electron hopping length of 5-50 nm. Their
studies also showed an effective route to improve electrical contacts in
nanodevices, Figure 4.22, by focused laser annealing, providing for an ideal route

to single-nano-wire devices.

FIGURE 4.22

P i R AP

Figure 4.22: Electrical nano-device with carbon coil providing electrical
[78]

contact.

Liu et al.['%

considered the electrical conductivity of mats made of coiled carbon
fibers impregnated with Pd metal clusters, and found that they showed variable-
range hopping characteristics and thermo-power behaviour reminiscent of some

conducting polymers. Hayashida et al.””!

were able to show, by bridging a single
coiled carbon nano-tubule between two tungsten needles, that the degree of
graphitization affected the conductivity. It was observed that the coiled carbon
nano-tubule exhibited electrical conductivities of ~ 180 S/cm (less than the
conductivity of a CNT), whereas the amorphous carbon micro-coil was found to

[105]

have conductivities of ~ 100 S/cm. Fujii et al." - were able to demonstrate that as

the annealing temperature of the carbon micro-coils was increased (from 2000 °C
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to 2500 °C and 3000 °C) resistivity decreased, Figure 4.23. They postulated that
this was due to the increased number of mobile carriers due to the increased
graphitization of the materials at higher temperature. However the annealing
temperature not only affected the resistivity but also the magnetoresistance, which
decreased with increasing annealing temperature. Furthermore they were able to
show that the difference in magnetoresistance under a parallel and/or transverse
magnetic wave was due to the morphology of the carbon material, and that this
meant current flowed helically along the carbon fiber (micro-coil). Kato et al 1100
observed that when CMCs were exposed to alternating currents of different
frequencies, the CMCs expanded and contracted as the current flowed through.
They also observed that for a clockwise coil, the CMC expanded when the
negative amplitude reached a maximum and contracted when the positive
amplitude reached a maximum (the reverse was seen for an anti-clockwise coil).

This phenomenon was attributed to the electromagnetic properties of the CMC

owing to its spiral morphology.
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Figure 4.23: Temperature dependence of the resistance for carbon coils
[107]

annealed at various temperatures.
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4.4.3 Field emission behaviour

In order to determine the field emission properties of thin film carbon micro/nano-
coils, Banerjee et al.l”*! carried out field emission measurements using a diode
configuration consisting of a cathode (the thin film) and a stainless steel anode.
By varying the inter electrode distance, they were able to show that coiled carbon
structures showed moderately good field emission properties with a turn on field
of 1.96 V/um (defined in terms of current density increasing by a significant value
of 2 pA/cm?) for an inner electrode distance of 220 pum. They also showed that,
when compared to other studies, Table 4.3, carbon coils have a comparable turn-
on field similar to that of other carbon based nanostructures. Zhang et al.l'”)
considered the field emission properties of carbon nano-helices, and found that a
field emission current density of 1 mA/cm? is achieved at ~1700 V and a current
density of 10 mA/cm” at ~2100 V. They concluded that the carbon nano-helices
show excellent field emission properties (which can be attributed to the large

number of emission sites formed by the tips and edges of the carbon nano-helices)

and are comparable to those of carbon nanotubes.

Table 4.3: Comparison of field emission characteristics of different

carbon structures as reported by Banerjee et al.l’¥

Type of carbon field emitter Turn on field (V/pm)
Horizontal aligned CNT 22
CNT films treated using H, plasm 1.2-0.5
Horizontal aligned CNT 2.0-1.8 B
CNT pillar arrays 2.9-0.9 E
Aligned CNF 5.1-2.6 ﬁ
Branched CNT film 8.1-6
Carbon nanoneedle 17.1-3.8
Triode-type CNT emitter arrays 20-164
Vetically aligned carbon nano-rope 15
Fe-core CNT 9-5
Carbon coil 4.5-1.96
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Zhang et al.l'®! were able to show that compared to straight CNTs, coiled carbon
nanostructures showed higher field emission properties. Figure 4.24 shows that at
the same applied voltage straight CNTs have a lower current density as compared
to the coiled carbon nanostructures. Furthermore at the same applied electric field
the coiled carbon nanostructures have more electron emission sites and higher
luminance, Figure 4.25. They attributed this superior emission behaviour to the
larger number of defect sites that exist in coiled carbon nanostructures, a

phenomenon that is brought about by the non-linear morphology.
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Figure 4.24: Field emission properties of coiled carbon nanomaterials

and straight (wirelike) CNTs.!''"]

FIGURE 4.25

Figure 4.25: Electron emission images of: a. straight CNTs and b. coiled

carbon nanomaterials at the same applied electric field.[''”!

J Adv Res 2011 (in press)



Chapter 4 IEECIEEN]

4.4.4 Gaseous ad/desorption behaviour

Hydrogen storage by carbon based materials has become an important area of
research and the potential use of carbon micro-coils as a hydrogen storage

material has been investigated. Furuya et al.l'®”

determined the absorption
behaviour of as-grown CMCs (and those heat treated) and compared the results
with those of multi-walled carbon nanotubes and activated carbons. They found
that as-grown carbon micro-coils were capable of desorbing three to four times as
much hydrogen as did multi-walled CNTs and active carbons, Figure 4.26. When
CMCs were heat treated at 850 °C there was a 20 % increase in hydrogen
adsorption. However when heat treated at 1000 °C there was a significant decrease
in hydrogen adsorption. From activation energy calculations they concluded that

desorption of hydrogen originates in the hydrocarbons formed on the as grown

CMC:s during the growth or cooling processes.
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Figure 4.26: Hydrogen desorption behaviour of various carbonaceous
materials: a-b. two types of CMC, c-e. carbon powders of wood, coal and

coconut, and f-g. MWNT and graphite fibers.!''!
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Raghubanshi et al.!''"

considered the use of helical CNFs as a catalyst for
improving the hydrogen desorption from NaAlH4. They compared the desorption
capabilities of pristine NaAlH4, 8 mol % as-synthesized helical CNFs admixed
with NaAlH4 and 8 mol % as-synthesized planar (straight) CNFs admixed with
NaAlHs. They found that helical CNFs desorbed ~5x more hydrogen than pristine
NaAlH4 and ~30 % more than planar CNFs, Figure 4.27. Additionally they were
able to show that for rehydrogenation studies pristine NaAlH4 showed almost no
re-adsorption whereas 8 mol % as-synthesized helical CNFs admixed with
NaAlH4 was capable of re-adsorbing 1.8 wt % H,. However it must be noted that
purified helical CNFs showed lower re-adsorption behaviour as compared to the

as-synthesized (unpurified) helical CNFs. Nevertheless helical materials, due to

their unique structure, offer an interesting device to store hydrogen.

Desorption Time (hours)
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Figure 4.27: Desorption kinetics, indicating desorption of hydrogen for

helical CNFs admixed with NaAlH4 (curve A), straight (planar) CNFs

admixed with NaAlHy4 (curve B), and pristine NaAlH, (curve C )12
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4.4.5 Polymer composites

Carbon materials with spring-like geometry are considered a fascinating carbon-
based material that can be used as carbon fillers in reinforcement composites. The
effectiveness of CMCs as a reinforcing material was investigated by Yoshimura et
al.l""l They showed that when CMCs were embedded in epoxy resin the
mechanical properties of the composite could be altered. The Young’s modulus as
well as the tensile strength of the epoxy resins could be improved by the addition
of just 2% CMCs. When compared to carbon fiber reinforced resins, the
CMCl/epoxy resin showed better reinforcement capabilities. Yoshimura et al.
attributed the enhanced abilities to the large specific surface area of the spring-
shaped CMCs. They also suggested that the carbon micro-coils tended to extend
with the polymer matrix and break only when an excessive load was applied. In
contrast carbon fibers can be pulled out of the matrix due to the lack of interfacial

adhesion.

In another study, Yoshimura et al.!''

considered the electrical properties of these
composites and the effect that tensile and compressive strains have on the
electrical resistivity. At low volume fractions (2% carbon content) CMC/silicon-
rubber, carbon nano-fiber/silicon-rubber and carbon black/silicon-rubber all
showed similar resistive behaviour. However, as the volume fraction was
increased (6%) there was dramatic decrease in resistivity for the CMC/silicon-
rubber (100 Qcm at 10% carbon content) and carbon nano-fiber/silicon-rubber
composites, which was not observed for a carbon black/silicon-rubber composite.
A significant decrease in resistivity was only seen after 15-25 % carbon content.
When exposed to a compressive or tensile strain, the resistivity of the
CMC/silicon rubber composites increased considerably, whereas the carbon nano-
fiber/silicon-rubber and carbon black/silicon-rubber composites showed only
slight changes, indicating that CMCs show greater sensitivity to strain, Figure
4.28. They attributed this increase in resistivity to a change in the geometric

structure of the CMCs upon strain.
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tensile strain.!"'¥

Chen et al.l'""* were able to show that tactile sensor elements of a very small size
(80x80x80 um’), composed of carbon micro-coils in polysilicone were capable of
showing a very high sensitivity of 0.3 mgf. Additionally they found that tactile
sensors incorporating carbon micro-coils had better discrimination abilities when

compared to conventional sensors, making CMCs novel tactile sensors.

Katsuno et al.l''* showed that for CMC/silicone-rubber composites, the CMC
content (%) affected various electrical properties viz. impedance, resistance and
capacitance. The percolation paths (the critical transition which separates the
dielectric state from the conductive one) were observed at 3 % carbon micro-coil
content. Above the percolation threshold, the resistance decreased while the
capacitance increased, providing insight into possible reasons as to why sensor

size and carbon content affect electrical signals. Park et al ']

compared the
electromagnetic properties of straight single/multi-walled CNTs with that of
coiled CNTs in polymer composites (reactive ethylene ter-polymer, constituted
from polyethylene, polarmethyl-methacrylate and an epoxide). They found that
the coiled or helical structure affected the electromagnetic properties of the
polymer composite. Polymer composites with coiled carbon nanotubes showed a
higher conductivity (and dielectric permittivity; two times larger than that

obtained for straight tube composites) as well as enhanced electromagnetic
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interference shielding efficiency. They postulated that the increased conductivity
related to the increased number of parallel resistors and capacitors due to the
coiled morphology, which also makes available several alternative electrical

6l considered the use of

conduction paths. Motojima et all
CMC/polymethylmethacrylate (PMMA) composites for the absorption of
electromagnetic waves in the high GHz region. The motivation for micro-coil use

"7 Who showed that

was intiated from studies conducted by Varadan et al.l
conductive chiral (helical) polymers possessed excellent absorption properties.
When Motojima et al.l''® compared the absorbtivity of PMMA (without CMCs),
ferrite powder and carbon powder to that of a CMC/PMMA composite, they
found that only the CMC/PMMA composite could absorb in the high GHz region.
It was observed that the CMC/PMMA composite strongly absorbed
electromagnetic waves with different absorption bands; greater than -30 dB at 81,
91 and 102 GHz. However at higher CMC content (5-10 wt. %) there was a
decrease in the absorbtivity, probably due to increased electrical conductivity.
Zhao et al.l'"® considered the microwave absorption properties of CNC/paraffin
wax composites and compared the composites with CMC composites. They found
that composites incorporated with carbon nano-coils showed enhanced microwave
absorption capabilities (90% absorption at 8.9-18 GHz) as compared to CMC
composites. Wang et al."®*! showed that the electro-chemical properties (especially
specific capacitance) could be determined from cyclic voltammetry and
galvanostatic charging/discharging experiments. They prepared their electrodes as
pellets by pressing together a mixture of CNCs (95%) and polytetraflouroethylene
(5%). It was observed that the specific capacitance was ~ 40 F/g, which is three
times higher than that of carbon micro-coils and six times higher than CNFs. They
associated this remarkable observation with the open mesopores formed from the
interconnected network and coiled (nano) structure.

Greenshileds et al.l''”!

showed that there is a noticeable difference in the vapour
sensing capabilities of polyvinyl alcohol (PVA) composites incorporating multi-
walled CNTs (MWCNTs/PVA), nitrogen-doped CNTs (N-MWCNTs/PVA) and

coiled CNFs (CCNFs/PVA). It was observed that CCNF/PVA composites while
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ineffective for the detection of ethanol vapour, showed better performance and
detection capabilities for methanol and toluene vapours (when compared to
MWCNTs/PVA and N-MWCNTs/PVA composites). This study demonstrated
that the three carbon nanostructure based composites (viz. MWCNTs/PVA, N-
MWCNTs/PVA and CCNFs/PVA) show different responses when exposed to
ethanol, methanol or toluene, and that, CCNFs are a unique and alternative

material for incorporation in sensor devices.

4.4.7 Metalized carbon composites

120] showed that the properties of CMCs could be altered by

Motojima et al.l
vapour phase metallization to give SiC, TiC and ZrC. These novel metal carbides
are potential candidates for use as conductive fillers, reinforcing fibers,
electromagnetic shielding/absorber materials, etc. For TiC (made from CMCs) it
was observed that as the ratio of Ti/C was increased there was a corresponding
decrease in the bulk resistivity of the materials. Furthermore, they found that
when compared to TiC micro-tubes, TiC micro-coils did not attenuate the
irradiated EM wave. In a later study Motojima et al..'"! observed that CMCs
could act as a template for the selective preparation of TiO, micro-coils
(polycrystalline anatase phase). This possibility of using carbon coils as a
substrate was further extended by Bi et al.'”*! who showed that the
electromagnetic properties of carbon coils could be altered by coating them with
Ni and P, thereby enhancing the microwave absorption ability of carbon coil
composites. Perfect microwave absorbers can be obtained by optimizing the
permittivity and permeability of a material, which is related to the magnetic and
dielectric properties; these properties have also been investigated for coated and
uncoated carbon micro-coils. Bi et al.'** found that coated carbon micro-coils
showed distinct variability when compared to uncoated CMCs. Their results
indicated that by coating carbon micro-coils with Ni and P, they could control the
magnetic and dielectric losses, thereby substantially increasing the
electromagnetic energy dissipation. The effectiveness of carbon coils could be
optimized by using specific materials that were capable of further modifying the

magnetic and dielectric properties of the material. Recently Zhang et al.['*’]
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showed that nano-coiled and micro-coiled carbon fibers could act as promising
catalyst supports, offering superior electrooxidation of methanol when compared
to a commercial carbon black. Pt particles supported on CMCs showed the highest
electrocatalytic activity, with a fourfold enhancement when compared to that of Pt
supported on carbon black. They were also able to deduce, from cyclic
voltammetry, that CMCs and CNCs allowed for the Pt (110) crystallite phase to
predominate, whereas carbon black allowed for the Pt (111) crystallite phase to
predominate. They attributed the enhanced activity and selectivity (Pt phases) to

the unique helical structure and composition of the carbon supports.

4.4.8 Biological applications

Motojima et al.” reported that CMCs have the ability to inhibit the breeding of
keloid fibroblast, i.e. cancer cells associated with leukaemia of the uterus. This
was motivated in part by studies conducted by Komura who observed that CMCs
generated hydroxyl radicals in aqueous solution when exposed to ultrasound, and
could be used for sonodynamic cancer treatments. When CMCs were added to
skin cells (Pam 212) and collagen (mRNA), skin cell formation was promoted 1.6
times, whereas collagen formation increased 1.14 times (versus controls without
CMC:s). Currently CMCs have been commercialised as an additive in the cosmetic

industry due to its collagen generating capabilities.!'**!

4.5 SUMMARY

Carbon materials with helical morphology are considered in some cases to be
superior alternatives to other linear carbon nanomaterials, a relationship that is
said to be associated with the shape of the carbon material. However it must be
noted that when one considers the electrical conductivity, field emission or the
ad/desorption capabilities of helical carbon nanomaterials, their performance may
be due to specific chemical and physical properties associated with the surface of
the carbon helix rather than to the absolute structure of the material (coil, spring

111, 112]

or helix).! If helical carbon nanomaterials are compared to other non-helical
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carbon materials with a similar amorphous nature and content, there should be
similar performances of the materials under investigation (this still needs to be
assessed). Other than the mechanical behaviour of helical carbon nanomaterials,
other properties associated with helicity require further investigation to ascertain
whether helicity determines a property or if it is the fine structure of the material

that is the determining factor.
4.6 CONCLUSION

The unique 3D morphology and associated properties of helical CNTs and CNFs
has led many researchers to consider their use in various nano-technology
applications. While there have been numerous synthetic procedures described in
the literature to make helical carbon materials, absolute control over the coil
morphology and yield still remains a challenge. However, it is expected that a
better understanding of the growth mechanisms would ultimately aid in the design
of improved systems, for the selective synthesis of helical materials in high yield.
The unique electrical, mechanical, chemical and absorbance properties of carbon
materials with helical morphology make them an ideal component for

incorporation in numerous technological devices and optical properties.
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DETERMINING THE
OPTIMUM CATALYST AND
REACTION CONDITIONS FOR
HELICAL CARBON FIBER
SYNTHESIS

Reduction from:
M* > M* > m°

TPR profile of metal oxide (M**)

Temperature-programmed
reduction (TPR) is a widely used
tool for the characterization of

metal oxides, mixed metal

oxides, and metal oxides
dispersed on a support. The TPR
method yields quantitative
information of the reducibility of
the oxide’s surface, as well as the
heterogeneity of the reducible
surface

It has been noted, that for the
synthesis of carbon
nanomaterials, the most efficient
catalysts are those that are in
their metallic (M°) state as
opposed to their oxides (M,0,)

As such, knowledge of the
optimum reduction conditions
of a catalyst can lead to an
improvement of the synthesis
conditions for carbon
nanomaterials
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CHAPTERS

A temperature programmed reduction (TPR)
investigation of copper supported catalysts was
undertaken to establish the role of reduction temperature
on copper and its effect on the synthesis of shaped
carbonaceous material (spiral, straight or formless
carbon nanofibers produced) by the CCVD method.
Catalyst reducibility was found to be strongly related to
the type of support used (TiO,<MgO<CaQO), the copper
precursor (Cu(NO3),<CuCl,, <Cu(acac),) and to a lesser
extent solvent utilized. The most favorable yields of
carbon fibers were obtained by reducing catalysts at
temperatures inferred from TPR data. The reduction
temperatures used impacted upon the morphology of the
carbon fibers produced (straight, spiral or curled). We
have found that carbon fibers synthesized from copper
catalysts at low temperature (250 °C) utilizing
Cu(NO3)»/TiOywater gave the best mass yield (340 %)
and selectivity towards carbon material with helical

morphology (70%).

Keywords: nanostructures - chemical vapour deposition -

temperature programmed reduction - copper

EFFECT OF CATALYST REDUCIBILITY ON CARBON FIBER SYNTHESIS

5.1 INTRODUCTION

The scientific and commercial importance of carbon

nano-materials has grown considerably over the past few
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decades.!'™ This is in part due to the realization that carbon nano-materials are an
important component in advancing the next-generation scientific and
technological revolution.” ® This interest has led to increased attention being paid
to carbon nano-materials that exhibit a variety of unique morphologies, that

4.7-
4791 such as super-

influence their novel physical and chemical properties.
elasticity and electrical conductivity amongst others."” Of particular interest in
recent years has been the study and controlled synthesis of helical carbon nano-

11-15]

materials,! owing to their facile synthesis, unique properties and

applications,[i 6,10, 16]

Factors such as catalyst composition, carbon source, temperature, impurity
elements and pre-treatment conditions,”'' ' have been previously investigated and
shown to have an impact on the structure, yield, purity and crystallinity of the
carbon helices produced. However a lack of understanding of the relationship of
the role that each variable plays in the synthesis of carbon nano-materials has
often led to controversy. This is particularly true of the influence of the gas
environment used prior to and during the carbon nano-structure synthesis, where
some researchers have observed significant differences in the materials obtained
using different gas mixtures.!'’ ") The observation that catalyst pre-treatment in a
hydrogen rich atmosphere influences the synthesis of carbon material has been

noted.*!

In this study we report on the synthesis of carbon nanostructures produced by the
decomposition of acetylene over copper supported catalysts at 250 °C.1'"> 2% 1 [y
order to control the synthetic conditions the effect of hydrogen pre-treatment on
the metal catalyst was investigated by considering the Temperature Programmed
Reduction (TPR) profiles of the catalysts employed. It is well known that
temperature programmed data under different gas environments (O,, H,, NH3, etc)
can be used to evaluate the reduction /oxidation /acidic behavior of a catalyst. The
TPR data obtained from a catalyst under a H, environment generates information
on the reducibility of a catalyst.!'”! In this study TPR profiles of a range of copper
supported catalysts have been recorded. The results demonstrate that from

knowledge of the TPR profiles of copper supported catalysts an understanding of
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synthetic conditions that tailor a particular morphology of copper particles is
possible, and this leads to improved yields of carbonaceous materials with specific

morphologies.
5.2 EXPERIMENTAL

5.2.1 Catalyst Preparation

The catalysts were prepared by wet impregnation routes using TiO, (Degussa
P25), MgO (Sigma-Aldrich) and CaO (Sigma-Aldrich) as supports. The copper
salts Cu(NO;);:3H,0O, CuCl,:2H,O and Cu(acac),, (Sigma-Aldrich) all of
analytical reagent grade, were used without further treatment. For the preparation
of 5% copper supported catalysts, selected copper precursors were dissolved in
either distilled water, methanol or acetone to form a homogeneous solution (0.262
M). The solution was then added dropwise (5 ml/min) to the selected support
powders under stirring to form a suspension. After 90 minutes of stirring the
suspension was heated to 90 °C and isothermal evaporation under stirring was
then carried out. The resulting product was finally ground and sieved using a 500
um mesh sieve. The catalyst was then placed in an oven at 120 °C for 12 h and

calcined at 400 °C for 16 h in air.

5.2.2 Carbon nanofiber synthesis

The carbon nanofibers were obtained by the catalytic decomposition of acetylene
over the supported copper catalyst. A standard set of reaction conditions [metal
loading (0.262 M), reaction temperature (250 °C), gas flow rates (100 ml/min) and
reaction time (1 h)], were used to permit a direct comparison of the various carbon
morphologies made using the different catalysts. In each synthesis run
approximately 500 mg of catalyst material was uniformly spread onto a small
quartz boat, and placed in the centre of a horizontal furnace. The catalyst was then
activated by heating at 10 °C/min in H, at 100 ml/min to an appropriate reduction
temperature as inferred from TPR data. The furnace was then cooled to 250 °C at

which time acetylene (100 ml/min) was introduced for 1 h. Thereafter the flow of
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acetylene was stopped and the reactor was cooled under H, to ambient
temperature. The resultant material was then harvested for characterization. The
yield of carbon material produced was calculated based upon the mass of carbon
obtained from the mass of catalyst utilized. Catalyst particles and carbon fiber
distributions for each catalyst (and synthesis procedure) was determined by direct
measurement techniques, examining 50 — 100 particles and 300 — 400 fibers

respectively from TEM imaging for each reaction.

5.2.3 Characterization Techniques

Carbon materials and catalysts were characterized by transmission electron
microscopy (TEM) using a FEI Tecnai G Spirit electron microscope at 120 kV.
Temperature programmed reduction (TPR) experiments of the prepared catalysts
were carried out using an ASAP 2920 (Micrometrics) analyzer in a 5% Hj/Ar gas
mixture. Samples were pretreated with Ar at 150 °C for 2 h. The hydrogen
consumption was recorded with a TCD cell while the sample was linearly heated
from 50 to 800 °C at 10 °C/min. Surface areas, pore volumes and pore size
distributions of the catalysts were obtained through N, adsorption using a
Micrometrics TRISTAR 3000 surface area analyzer. The thermal stability of the
carbon materials was investigated by thermogravimetric analysis (TGA) using a
Perkin Elmer Pyris 1 TGA. A 3-5 mg sample was heated to 800 °C at a rate 10
°C/minute under air. Raman spectra were obtained using a SENTERRA
Dispersive Raman Microscope at A = 532 nm, and scanning range from 50 to 3700

-1
cm .

5.3 RESULTS AND DISCUSSION

It is generally recognized that the synthesis of carbonaceous materials that are
initiated by catalysts occurs on a reduced metal catalyst particle. The initiation of
carbon growth should thus correlate with the reducibility of a metal particle.
Further, it is expected that the reducibility characteristics should impact on the
morphology of the metal particle and hence influence the morphology of the

carbon product. In order to demonstrate the importance of copper reducibility in
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relation to carbon coil synthesis, catalysts and synthetic procedures were selected
with the objective of emphasizing the role of H, reduction on the optimization of

carbonaceous material production.

5.3.1 Optimization by TPR studies
5.3.1.1 Effect of support

Metal oxide supports have been shown to play an important role in carbon shaped
material synthesis using the CVD process by affecting the metal-support
interaction and ultimately the carbonaceous material produced.” ') Analysis of
the same metal on a variety of supports allows for the exploration of metal support
interactions which affect properties such as metal reducibility and ultimately
activity.[24’ 21 n this study, copper based catalysts were prepared by deposition-
precipitation of Cu(NO;), on TiO,, MgO and CaO and selected H,-TPR profiles
for the samples recorded (Figure 5.1).
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Figure 5.1: TPR profiles of prepared CuOy on various metal oxides.

— TiO,

The shape and position of the reduction peaks varied significantly with the
supports. Cu/TiO, reveals reduction peaks at temperatures of 155 °C and 235 °C.
By comparison Cu/MgO and Cu/CaO shows peaks at much higher temperatures
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(Figure 5.1). Cu/CaO shows the most dramatic shift with an initial peak at 500 °C
and a more pronounced peak at 700 °C. The first peak is attributed to Cu(II) that
is easily reduced and the second to less easily reducible copper oxide, which may
be related to larger particles®® or to copper oxide species with lower oxidation
states’?” 2*) As can be seen from the similar surface area data (Supplementary,
Table S5.1), the difference in reducibility is not related to the support surface. The
reducibility of the supported catalysts does not have a direct correlation with the
size of the copper particles (Figure 5.2); however there is a correlation between

particle size and carbon fiber diameter (discussed later).
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Figure 5.2: Copper particle size distributions for the three catalysts after
reduction, prepared from supports, Cu/TiO, (250 °C), Cu/MgO (550 °C)
and Cu/CaO (700 °C).
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For Cu/TiO,, Cu/MgO and Cu/CaO, optimal reduction temperatures were inferred
to be 250 °C, 550 °C and 700 °C respectively (Figure 5.1). The effect of reduction
temperature on the synthesis of carbon materials was investigated by comparing
the catalytic activity and fiber yield produced after treatment at three different
conditions. These three conditions were: catalyst reduction at 250 °C (carbon
synthesis temperature), reduction at 550 °C and reduction at a temperature as
inferred from TPR data. It is observed that when the supported catalysts are
reduced at temperatures above or below their optimal, the yield and selectivity of
the carbonaceous materials produced is altered. Cu/TiO, when reduced at 250 °C,
results in formation of a high yield of carbonaceous material with enhanced
selectivity towards spiral fibers (Figure 5.3a). However when reduced at 550 °C,
there is a dramatic decrease in yield and the emergence of straight fibers, and a
corresponding loss of materials with spiral morphology. Cu/MgO on the other
hand showed optimal activity at 550 °C, producing carbon materials with helical
morphology (Figure 5.3b). Cu/CaO showed no activity unless reduced at a
temperature of 700 °C (Table 5.1), where it produced a morphologically diverse
material, particularly the presence of curled fibers with large diameters (Figure
5.3c). To ensure that all catalysts were completely reduced, TPR data was
collected on the reduced catalysts (Supplementary, Figure S5.1), and no H; uptake

was observed, indicting efficient reduction.

Table 5.1: Percentage yield and morphology of carbon fibers produced from pre-treated and untreated

catalysts as well as that from treatment conditions inferred from TPR data, on various supports (using
Cu(NO;), as metal salt and water as solvent)

% Yield Morphology
Support Pre-treated (550 Treatment (inferred Treatment (inferred
Un-treated 0) from TPR data) Un-treated Pre-treated (550 °C) from TPR data)
-
Spirals, Straight Spirals, Straight i
TiO, 300 85 300 P e & Straight Fibers P o ¢ -
2
Formless carbon Double helix spirals, Double helix spirals, [
MgO 10 100 100 denosit Formless carbon Formless carbon
P deposit deposit
Spirals, Curled loops
CaO 0 0 146 - - Formless carbon

deposit

Yield calculated on the basis of mass of carbon obtained frommass of catalyst used. At optimal conditions Cu/TiO, was reduced at
250 °C, Cu/MgO was reduced at 550 °C, Cu/CaO was reduced at 700 °C. All synthesis reactions were run at 250 °C.
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These results, when compared to work reported by Ren et.al., indicates the
importance of determining optimal reduction conditions for supported Cu
catalysts. Ren et. al. concluded that Cu/MgO was a better catalyst for obtaining
carbon material with helical morphology as compared to Cu/TiO,. Indeed our
studies reveal that when Cu/TiO; is reduced at 550 °C an inferior catalyst is
produced in agreement with that reported in the literature.l'"! This is due to the
reduction temperature lying beyond the optimal as indicated from TPR data

(Figure 5.1).

NE
w
=
&
=)
O
=]

Figure 5.3: TEM images of: a. Cu/TiO; (catalyst reduced at 250 °C), b.
Cu/MgO (catalyst reduced at 550 °C) and c. Cu/CaO (catalyst reduced at
700 °C). All carbon synthesis carried out at 250 °C.
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5.3.1.2 Effect of metal salt precursor

As Cu/TiO; proved to be the most active and selective catalyst for the synthesis of
coiled carbon fibers, further studies on this system were undertaken. The effect of
the copper counter ions on the reducibility behaviour was explored by TPR

studies for Cu(NOs3),, CuCl,, Cu(acac),, (Figure 5.4).
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Figure 5.4: TPR profiles of prepared CuOy from various metal salt

precursors on TiO; support. — Cu(NO3), ----CuCl, ---- Cu(acac)s.

The Cu(NO;3); salt produced two distinct peaks at low temperature as discussed
previously. The CuCl, and Cu(acac), showed reduction profiles with peaks shifted
to higher temperatures. The TPR profile of CuCl, exhibited three peaks at 250,
350, 400 °C, with Cu(acac), also exhibiting three peaks but at even higher
reduction temperatures (400, 700, 800 °C). Copper particle size distributions for
the three different Cu/TiO, catalysts after reduction, are shown in Figure 5.5,
Cu(NOs), gives particles that have a narrower size distribution with a majority of
particles having diameters of around 55 nm. CuCl, and Cu(acac), however
stabilize particles with a broad range of particle sizes that are also larger than
those formed from Cu(NOs),. Counter ions are instrumental in altering (or
interacting) with the support material or the copper particles, thereby affecting the
reducibility of the catalyst. The copper catalysts were investigated under different

reduction conditions (Table 5.2).
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Figure 5.5: Copper particle size distributions for the three catalysts after
reduction, prepared with counter ions, Cu(NOs3),/TiO; (250 °C),

CuCl,/Ti0; (400 °C) and Cu(acac),/Ti0, (700 °C).

Table 5.2: Percentage yield and morphology of carbon fibers produced from pre-treated and untreated

catalysts as well as that from treatment conditions inferred from TPR data, with various metal salt
precursors (using TiO, as support and water as solvent)

% Yield Morphology

Counter ion Treatment Treatment
Un-treated P(rg:—st(r)efi (t:e;d (inferred from Un-treated Pre-treizge)d (530 (inferred from
TPR data) TPR data) ~
w
NOy 300 85 300 Spirals, Straight Straight Fibers Spirals, Straight E
fibers fibers =
- <
. Formless carbon Straight fibers, Straight fibers,
Cl 5 42 86 . Formless carbon . .
deposit . Spirals, Junctiond
deposit
Acetylacetonate 0 0 8 - Spirals, Formles

carbon deposit

Yield calculated on the basis of mass of carbon obtained from mass of catalyst used. At optimal conditions Cu(NO;),/TiO, was reduced
at 250 °C, CuCl,/TiO, was reduced at 400 °C, Cu(acac),/TiO, was reduced at 700 °C. All synthesis reactions were run at 250 °C.
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As can be seen, when the acetate and chloride counter ions are present, poor
yields are obtained. The chloride ion gives enhanced activity at 400 °C (optimal
reduction temperature), but decreased activity at reduction temperatures below or
above this value. The copper acetylacetonate complex shows only a slight
increase in activity at the high reduction temperatures. Figure 5.6 shows TEM
images of the carbonaceous materials produced. The nitrate salt of copper
demonstrates enhanced selectivity towards coiling, when compared to the chloride
and acetylacetonate salts where many different structures can be observed. It is
clearly evident that the type of metal salt precursor has an impact on catalytic
activity and reducibility, and hence the carbon products produced an effect not

previously discussed in the literature.

FIGURE 5.6

Figure 5.6: TEM images of a. Cu(NO3),/Ti0; (catalyst reduced at 250
°C), b. CuCl,/TiO; (catalyst reduced at 400 °C), formless carbon material
indicted c¢. Cu(acac),/Ti0O, (catalyst reduced at 700 °C). All carbon
synthesis carried out at 250 °C.
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5.3.1.3 Effect of solvent

Figure 5.7 shows TPR profiles for Cu/TiO; catalysts prepared from Cu(NOs), in
water, methanol and acetone. Solvents used for the catalyst preparation, were
selected based upon copper salt solubility. It is evident that there are no striking
differences in TPR peak positions or shape for the materials produced from
different solvents. Figure 5.8 indicates slight variations in the TPR profiles; these
cannot be attributed to particle size effects in an obvious manner. Table 5.3
summarizes the results obtained using the various solvents. There is a significant
solvent effect on the yield of carbonaceous materials produced with acetone (346
% yield) showing the greatest activity as compared to methanol (166 % yield).
When the catalysts were reduced at a temperature of 550 °C the yield decreased
and coiling was lost. There is also a slight variation in the morphology of the
carbon fibers produced using the different solvents (Figure 5.9, Table 5.3).
Further the use of acetone favoured the formation of large fibers whereas the use
of methanol gave no preference for either coils or straight fibers with equal ratios
of both detected. Acetone gives larger copper particles (and fibers) when

compared to methanol.
°
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Figure 5.7: TPR profiles of prepared Cu(NO3),/TiO, from various

solvents. Water - --- Acetone Methanol.
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Figure 5.8: Copper particle size distributions for the three catalysts after
reduction, prepared with solvents, Cu/Distilled Water/TiO,,
Cu/Methanol/Ti0O, and Cu/Acetone/T10;.

Table 5.3: Percentage yield and morphology of carbon fibers produced from pre-treated and
untreated catalysts as well as that from treatment conditions inferred from TPR data, on various
supports (using Cu(NO3), as metal salt and TiO, as support)

% Yield Morphology
Solvent
Un-treated Pre-treated (550 °C) Un-treated Pre-treated (550 °C)
Water 300 85 Spirals, Straight Straight Fibers ;
fibers 2
[=a]
Spirals, Straigh Straight Fib ﬁ
Acetone 346 110 pirals, tra?g t traig t. ibers,
fibers, Junctions Junctions
Methanol 166 35 Spirals, Straight Straight Fibers

fibers

Yield calculated on the basis of mass of carbon obtained from mass of catalyst used. All synthesis
reactions were run at 250 °C
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Figure 5.9: TEM images of a. Cu/Ti0, /Acetone (catalyst reduced at 250
°C) b. Cu/TiO, /Methanol (catalyst reduced at 250 °C).

5.3.2 Analysis of carbon material

It was found (Table 5.4) that Cu(NOs), supported on TiO, proved to be the best
catalyst in terms of activity and selectivity (Figure 5.3a and 5.4a). Investigations
revealed that for Cu(NO3),/Ti0O,, the morphology of carbon fibers produced was
either straight or helical, with two helical fibers growing from a single copper
nanoparticle (Figure 5.10a); straight carbon fibers also showed this bimodal
growth. The two helical fibers had opposite helical senses, where one coiled
clockwise and the other anti-clockwise. However they both had identical coil
diameter (75 nm), pitch (115 nm) and fiber diameter (50 nm). By comparison
Cu/MgO produced helical fibers where the helices were predominantly double
helices (Figure 5.10b). These double helices grew from a single copper
nanoparticle, but wound around each other forming tightly coiled double helices,
with fiber diameters of 80-250 nm. Apart from these double helices, Cu/MgO
formed a significant amount of amorphous carbon material, with no identifiable
structures. Cu/CaO produced carbon material that can best be described as
incomplete loops (Figure 5.10c). These loops varied significantly in size and fiber

diameter (50-500 nm).
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Table 5.4: Approximate percentage yields of carbon nanofiber morphologies as obtained by

varying catalyst support, copper salt precursor and solvent utilised.”

Support Metal Precursor Solvent
<
TiOo, Mg0O CaO NO;~ cl Acac” Water ~ Methanol Acetone g
=
Helical 70 70 50 70 50 50 70 50 40 é
<
Straight 30 20 20 30 30 40 30 50 40 =
Formless 10 30 0 20 10 0 0 20
carbon
*Percentages were determined statistically by analysis of TEM images.
[ 4
a. ; b.
«+—— Cu particle
T particle
200 nm 100 nm
 Sre— e —
=)
-
v
=
C. =4
=]
Qo
o
€3

Figure 5.10: a. Cu/TiO, — single helix and straight fiber, b. Cu/MgO —

double helix, c. Cu/CaO — incomplete loops.

However copper nanoparticles could not be detected within these loops. Single
and double helices along with straight fibers and amorphous carbon could also be

detected. Cu/TiO, shows the greatest uniformity with Cu/CaO showing the least.
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The non-uniformity of the Cu/CaO may be the cause of the morphological
diversity. CuCl,/TiO, and Cu(acac),/TiO, produced carbon fibers that resembled
those obtained for Cu(NOs),/Ti0; (Figure 5.6); however the selectivity and yield
differed significantly (Table 5.4). Interestingly whereas solvents did not
dramatically alter catalyst reducibility, they did affect carbon selectivity and yield.
Cu/TiOy/acetone, showed decreased selectivity towards single coiled fibers and
favored straight fibers with diameters of 250-400 nm (Figure 5.9), along with
increased amorphous material. By comparison Cu/TiO,/methanol showed
equivalent selectivity towards both straight and helical fibers. In summary this
study clearly reveals the importance of copper reducibility on the carbonaceous
material produced, with those reduced at temperatures inferred from TPR data
generating improved yields of product.

It can be observed (Figures 5.5, 5.6 and 5.7) that catalyst particle size may be
influential in controlling the carbon fiber morphology. Zhang et. al. demonstrated
that smaller particles are apt to synthesize carbon fibers with helical morphology,
whereas larger particles tend to form straight fibers.!'"! However, work conducted
independently by Qin et. al. and Zhou et. al. revealed that carbon fiber
morphology cannot be related solely to catalyst particle size.'*> **! Furthermore the
formation of helical carbon material with diameters ranging from nanometer to

12611 (Oin et. al. concluded that

micrometer diameters has also been reported.!
catalyst preparation could produce meta-stable catalyst particles, which could
change from irregular to regular faceted shapes during CVD synthesis, and it is
these regular shaped particles that control carbon fiber morphology. However
determining which irregular shapes favour certain carbon fiber morphologies is
difficult and could not be elucidated in this study. The effect of catalyst
preparation (support, metal salt precursor or solvent) on catalyst particle

morphology and resultant carbon morphology is still not obvious and further

studies to correlate these parameters are currently under investigation.

The carbon fibers produced in this study were also examined by Raman
spectroscopy and TGA analysis. A typical Raman spectrum of as-obtained carbon
nanofibers (synthesized from Cu(NO;),/TiO,/water) is shown in the
supplementary material (Supplementary, Figure S5.2), with ID/IG > 1 indicating
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low graphitic content. The nanofibers do not exhibit any long range structure as
detected by HRTEM (Supplementary, Figure S5.3). Thermogravimetric analysis
of selected samples (Supplementary, Figure S5.4) indicated that as compared to
carbon nanotubes or other carbonaceous material, these nanofibers (synthesized
from Cu(NO3),/TiO;) showed decreased thermal stability as compared to other

. 131, 32
carbon nanomatenals,[ > 3

I with decomposition commencing at 350 °C. The
residual mass (20 %) shown in the TGA profile (Supplementary, Figure S5.4) is

attributed to copper and TiO,.

5.4 CONCLUSION

In this study, we have successfully synthesized carbon nanofibers with diverse
morphologies (straight, single helix, double helix or looped). The morphology and
selectivity of the carbon nanofibers was as expected found to be strongly
dependant on the type of catalyst support, copper salt precursor and solvent
utilized during catalyst preparation. Our study reveals that a knowledge of the
reduction temperature of the copper catalyst provided an explanation for
improvements in carbon fiber yield. Cu(NO;),/TiOy/water under the correct
reduction conditions proved to be the most effective catalyst. It is evident that
relatively simple and routine catalyst characterization techniques viz. TPR can
assist in the establishment of viable synthetic strategies for optimal carbon coil

synthesis.
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TOMOGRAPHIC STUDIES
REVEAL THAT CARBON FIBER
MORPHOLOGY CAN BE
LINKED TO CATALYST
PARTICLE MORPHOLOGY
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information. However by
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CHAPTER 6

In this study carbon fibers of various morphologies
have been synthesized by the decomposition of
acetylene over copper supported catalysts
(Cu(NO3),/TiO;, at 250 °C). In order to investigate
the relationship between the morphologies of the
copper catalyst particle and that of the carbon fiber
extruded, tilting procedures (£ 60 A axis and £30 B
axis) under TEM (120 kV) were performed. In this
way a 3-D (rather than a 2-D) image of the Cu
crystallites were obtained which permitted for the 3-D
shape of the Cu catalyst particle to be linked to the
morphology of the extruded carbon fiber. Whereby
copper particles that give distorted decahedra are apt
to form helical fibers, while trigonal bi-pyramidal
particles give linear fibers. Various plate-like
particles were also investigated, and it was observed
that as the number of sides varied (3, 4, 5 or 6) there
was a corresponding change in the carbon fiber
helicity. Herein we report on our findings that reveal
the geometric structures involved in controlling the
shape of morphologically diverse carbon coils,
illustrating the influential role catalyst particle shape

plays in carbon fiber synthesis.

Keywords: tilting - tomography - carbon fiber - catalyst particle -
morphology

[ TOMOGRAPHY: CORRELATION BETWEEN CATALYST AND CARBON FIBER MORPHOLOGY
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6.1 INTRODUCTION

For decades the catalyst community has considered filamentous carbon to be an
unwanted by-product of catalytic reactions, with all efforts focused on how to
prevent its formation.!") However, the study of carbon nanotubes by Ijima in 1991
marked a shift in effort, with carbon nanofibers (CNFs) attracting considerable
interest in their own regard due to their unique properties and potential for use in

diverse applications.”) As such the synthesis of many new and previously

overlooked types of carbon nano-materials have since been reported: braids,?!

(4]

junctions,! octopit® and helices!® to mention a few.!”) Amongst this diversity,

carbon fibers with helically coiled or spring-like morphologies have attracted

. . 2,6,8,9
increased attention and have become one focus area of carbon research.! ]

Due to their unique morphologies, coiled carbon nano-fibers (CCNFs) possess

remarkable elasticity,"'” mechanical strength!'! as well as electro-magnetic

[12]

properties,” = and have been investigated for use in electromagnetic wave

absorbers, reinforced composites, electrical circuits and tactile sensors amongst

» & 1314 Eor these applications it is necessary to have control over the

others.?
morphology and geometry of the coiled carbon fiber, which to date has not been
adequately achieved, partly due to an incomplete understanding of the growth

mechanism that links fiber shape to catalyst particle morphology.!'¥

It is generally recognized that carbon filaments are formed as a result of the
interaction of carbon containing compounds with metal catalysts,!"*! and that the
morphology, size and yield of the obtained carbon nanofibers are determined by
the type of metal catalyst used.”) To rationalize the formation of coiling or non-
linear growth in carbon fibers, several proposals have been made that considers
growth occurring from different crystalline faces of a catalyst leading to non-

[10, 16]

uniformity of carbon extrusion rates, the presence of non-wetting catalyst

12, 17

particles that promote non-linear growth!'> ' or the use of bi-metallic catalysts

that operate via cooperative means.!'®

The CCNFs usually grow from a faceted catalyst grain. Chen et al.l'”) proposed

that Ni catalyzed carbon coils with circular cross section grow from cubic shaped
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Ni catalyst grains, whereas flat coils grow from slender shaped rhombus
hexahedral Ni catalyst grains.*” Yu et al.”! reported that carbon coils could be
grown from rhombic Cu particles, as well as from a variety of triangular and

quadrangular faceted shapes.!) Most recently Li et al.l*’)

reported the growth of
helical carbon from faceted polyhedral Fe/Sn catalyst particles, most of which
were hexadron and were observed at the tips of coiled nano-carbons. However the
2-D TEM images from which the conclusions were drawn led to correlations
between catalyst particle and carbon fiber morphologies that are inconclusive and

debatable.

Another issue associated with CCNF growth relates to the relationship of particle
morphology prior to carbon fiber synthesis and subsequent to carbon fiber
extrusion. The possibility of surface reconstruction in the presence of the carbon

reagent has been noted.” ** !

Hanson et al. showed that by varying the
composition of the gaseous environment (H,, H,/H,O, CO), the shapes of copper
particles can be controlled.”” Chen et al have also proposed that carbon absorbed
by the catalyst facilitates the structuring of faceted particles,''” while Qin et al.!"!
have suggested that during catalyst treatment meta-stable particles of irregular
morphology are formed and that these are later stabilized to form regular faceted

particles. (!

Studies by Zhang et al.” have also indicated that the catalyst particle size (e.g.
for Cu catalyst particles) is also an important parameter when exploiting the
relationship between fiber growth and catalyst morphology. Later studies by Du
et. al.”® further highlighted this concept, suggesting that smaller particles are apt
to produce coils, whereas larger particles generally result in the synthesis of
straight fibers (400-500 nm). However, this explanation of the dominant role
played by catalyst particle size on carbon fiber morphology appears inadequate,
since particles with diameters ranging from several nanometers to several microns
can also yield coils/helices.”*”

We have undertaken a study to add further information on the issue of the

relationship between particle morphology and carbon fiber structure.*® ! To

Carbon 2011; 49: 2950-2959




Chapter 6 UEECH IEE]

achieve this we have investigated Cu catalysts by means of tomography under
TEM, obtained by tilting series. In this way a 3-D (rather than a 2-D) image of the
Cu crystallites has been obtained. This has permitted the 3-D shape of the Cu
catalyst particle to be linked to the morphology of the extruded carbon fiber
generated from acetylene (C,H,).”" *!! The concept of catalyst particle modeling
has been further underscored by Shukla et al., whereby the morphology of Pt
particles was resolved by TEM tomography.®” Herein we report on our findings
that reveal the geometric structures involved in controlling the shape of
morphologically diverse carbon coils, illustrating the influential role catalyst

particle shape plays in carbon fiber synthesis.
6.2 EXPERIMENTAL

6.2.1 Catalyst preparation

For the preparation of 5% copper supported catalysts, the selected copper
precursor (Cu(NOs),-3H,0, Sigma-Aldrich) was dissolved in distilled water to
form a homogeneous solution (0.262 M). The solution was then added dropwise
(5 ml/min) to the support powder (TiO,, Degussa P25) under stirring to form a
suspension. After 90 minutes of stirring the suspension was heated to 60 °C and
isothermal evaporation under stirring was then carried out. The resulting product
was finally ground and sieved using a 500 um mesh sieve. The catalyst was then

placed in an oven at 100 °C for 12 h and calcined at 400 °C for 16 h in air.

6.2.2 Carbon nanofiber synthesis

The carbon nanofibers were obtained by the catalytic decomposition of acetylene
over the supported copper catalyst at 250 °C for 1 h. In each synthesis run
approximately 500 mg of catalyst material was uniformly spread onto a small
quartz boat, and placed in the centre of a horizontal furnace. The catalyst was then
activated by heating at 10 °C/min in H; at 100 ml/min to an appropriate reduction
temperature as inferred from TPR data (Cu/TiO; reduced at 250 °C). The furnace

was then cooled to 250 °C at which time acetylene (100 ml/min) was introduced
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for 1 h. Thereafter the flow of acetylene was stopped and the reactor was cooled
under H, to ambient temperature. The resultant material was then harvested for

characterization. No purification procedures were used.

6.2.3 Characterization Techniques

Carbon materials and catalysts were characterized by transmission electron
microscopy (TEM) using a FEI Tecnai G Spirit electron microscope at 120 kV.
Tilting experiments were carried out using a zero background beryllium double
tilt holder. Samples were tilted around both A and B axes, with a maximum tilt of
120° upon the A axis and 60° around the B axis. This allowed for a critical

reconstruction on the individual catalyst particle.

Further studies were carried out on the FEI Tecnai F20 X-Twin at 200 kV. In
these studies Xplore3D was used to obtain a full rotation tomogram with images
recorded at every 1° and with a tilt series from around —70° to 70°. In some cases
the TEM support interfered with the collection angle and so small series were
collected. But a minimum of 120 images were added for each series.

Reconstruction was carried out using Etomo with a weighted back-projection.

6.3 RESULTS AND DISCUSSION

The carbon nanofibers investigated in this study were obtained by the catalytic
chemical vapor deposition of acetylene over copper supported catalysts at 250 °C.
The catalyst consists of particles with variable sizes and shapes (Figure 6.1) and
produces a high yield of carbon nano-fibers with a range of morphologies (Figure
6.2). This rich range of structures provides an opportunity to correlate a wide
spectrum of Cu particle morphologies with the corresponding fiber morphologies:
helical, straight, Fibonacci-like, spring-like, intertwined helix and curled fibers
that are all obtained from the same experimental sample (Figure 6.2b-6.2g).
Furthermore it was commonly observed that these fibers grew symmetrically from

a single copper catalyst particle, to give two straight or helically coiled nanofibers.

Carbon 2011; 49: 2950-2959




Chapter 6 IUEECHIEER)

FIGURE 6.1

Figure 6.1: Irregularly shaped Cu supported catalyst particles prior to
synthesis of carbon fibers.

FIGURE 6.2

Figure 6.2: TEM images of as-synthesized carbon fibers using Cu/TiO, as
the catalyst. a. Carbon fibers with diverse morphology. Within this
mixture of carbon a range of fiber morphologies can be detected b. Helical
fiber showing symmetric growth from a Cu catalyst particle c. Straight
fiber with Cu particle d. Fibonacci-like fiber e. Spring-like fiber f.
Intertwined helical fiber g. Curled fibers.
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In all cases these catalyst particles are located at the node or central part of the
fiber and are generally faceted with regular shapes. The TEM images show that

the fiber diameter is closely related to the diameter of the catalyst particle.

FIGURE 6.3

Figure 6.3: TEM images of Cu catalyst particles of regular shape after 30
seconds of introduction of acetylene: a. polygonal b. pentagonal and c.
cubic.

FIGURE 6.4

Figure 6.4: TEM images of Cu particle showing bimodal growth of

carbon from regularly shaped particle after 1 minute of reaction (uneven

growth of carbon indicated).

Prior to the synthesis of carbon fibers, catalyst particles are generally irregularly
shaped (Figure 6.1), with little or no resemblance to the regular faceted particles
observed after carbon fiber synthesis. Following introduction of acetylene for ~30

seconds, these irregular Cu particles undergo rapid reconstruction and become
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regular and faceted (Figure 6.3), with various shapes (polygonal, cubic and
pentagonal) and sizes (50-200 nm). After approximately 2 min of reaction (in
acetylene), bi-directional growth of carbon is already apparent (Figure 6.4,
indicated by arrows) from the reconstructed Cu particle. This phenomenon of
catalyst particle re-structuring has been observed and discussed in detail by Qin et
al.l'"! and Hansen et al.*” We have also reported that the type of support, counter
ion and pre-treatment conditions can be varied to influence the type of geometric
structure adopted during synthesis and ultimately the type of carbon fiber

extruded.*?

We begin our discussion of the morphological relationship between catalyst
particles and carbon fibers by considering the 2-D TEM images of different fiber
structures (helical and straight) seemingly grown from the same shaped Cu
particle. By considering Figures 6.5a and 6.6a it can be seen that Cu particles
located within the carbon fibers appear to be of similar morphology (size 50 nm,
shape rhombohedra) but, the types of fibers grown from these particles are
different (helical or straight). This initial visual analysis would suggest that there
is little or no relationship between carbon fiber morphology and the shape or size
of the catalyst particle (see catalyst particles, Figures 6.5a and 6.6a). Tilting
experiments using TEM were thus performed on the above samples to generate a
more accurate 3-D representation of these catalyst particles (A axis £60° and B
axis £ 30°). These images were also simulated using computer models and a
particle shape based upon the best fit between the raw and simulated data was
determined. An analysis was performed on Cu particles associated with straight
fibers (Figure 6.5a). TEM images of these catalyst particles obtained after tilting
of one of these particles are shown in Figures 6.5b-6.5g, and revealed that the
particle has a trigonal bipyramidal structure. Computer simulations of particles
generated from a trigonal bipyramid (Figure 6.5b-6.5g), reveal excellent
correspondence with the TEM data and suggest that this is the structure upon
which the straight fibers grow (Figure 6.5h). Carbon growth in this case leads to
linear/non-helical fibers. These fibers can have variable diameters (100-500 nm),

and simulations with similar but different sized particles in every case gives
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particle shapes based on a trigonal bipyramid. Fiber growth occurs symmetrically
from a set of 3 faces of the trigonal bipyramidal crystal and hence the two fibers
that grow from a single Cu particle must be identical. In summary the symmetrical
growth of the carbon fibers is attributed to the highly symmetrical Cu catalyst
particle, with the linear morphology associated with equal growth from all 3 faces

of one half of the trigonal bipyramidal structure.

FIGURE 6.5

Figure 6.5: TEM images of straight carbon fibers generated from Cu/TiO,
as the catalyst. a. Straight carbon fibers with symmetrical growth mode
and centrally located Cu catalyst particle; b-g. TEM images of catalyst
particle tilted at various angles and related computer simulated images h.
Simulated particle shape (trigonal bi-pyramidal) that relates to straight
fiber growth.
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A similar tilting procedure using TEM was performed on Cu crystallites that
generated helical carbon fibers (Figure 6.6a). Again the tilting procedure showed
changes in the shape of the Cu catalyst particle under investigation and revealed a

particle consisting of a distorted decahedron (pentagonal bi-pyramid).

FIGURE 6.6

Figure 6.6: TEM images of helical carbon fibers generated from Cu/Ti0,
as the catalyst. a. Helical carbon fibers with symmetrical growth mode
and centrally located Cu catalyst particle; b-g. TEM images of catalyst

particle tilted at various angles and related computer simulated images h.
Simulated particle shape (distorted decahedron) that relates to helical fiber

growth.
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Computer simulations of a particle based on a distorted decahedron (Figure 6.6h)
led to representations shown in Figures 6.6b-6.6g). A good match between the
TEM images obtained experimentally and those obtained by simulation can be
seen. In this instance a rhombohedral catalyst particle (Figure 6.6a) as it was tilted
upon its axes, revealed a change in shape from rhombohedral to polygonal and
finally pentagonal (Figure 6.6b-6.6g). Similar results were found with several
other sized Cu particles (not shown). Accompanying videos (see online
publication, Multimedia files 1 and 2) of the tilting of the Cu particles around the
A and B axis, reveals the various face morphologies and that growth of a fiber
occurs from one side of the particle containing the 5 faces (distorted pentagon).
This growth occurs from the 2 sets of distorted pentagons to yield two helical
fibers that show identical symmetry. As the orientation of the particle is changed
the orientation of the fibers change and the angles between two helical fibers also
varied. The extrusion/growth of carbon from the two pentagonal faces leads to
two fibers with similar morphology growing from the front and back faces of the

distorted decahedron Cu particle.

Coiling relates to growth from the 5 facets being unequal in activity. This uneven
growth, leads to non-linear carbon formation that then assumes a coil-like
morphology (Supplementary, Figure S6.1). The coil diameter is related to the
particle size. The coil pitch and coil diameter relates to the variability of extrusion
rates, such that as the difference in growth rates decreases there is lack of coiling
with fibers becoming more linear (Supplementary, Figure S6.1). Attempts have

however not been made to relate coil pitch/amplitude to the copper structure.

The difference between the two particles that lead to either helical or non-helical
growth of fibers, thus relates to the shape of the pyramidal structure. A pyramidal
particle with 3 equal facets on either plane leads to linear growth whereas that

with 5 unequal facets leads to helical growth.

If shape were to play a dominant role in determining carbon fiber morphology

then the relationship between catalyst particle shape and fiber morphology should
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extend to other morphologically diverse carbon fibers as well. Further examples
of the influence Cu particle morphology on carbon growth are shown in Figures
6.7a-6.10a. In these instances the four Cu particles appear to be rod—like, but each
leads to carbon fibers with very different morphologies. 3D tilting experiments
were again performed on these Cu particles. As previously, the TEM images
(tilted) were compared to simulated data and a 3-D model of the catalyst particle
was but each leads to carbon fibers with very different morphologies. 3D tilting
experiments were again performed on these Cu particles. As previously, the TEM
images (tilted) were compared to simulated data and a 3-D model of the catalyst
particle was developed. In this instance the 2-D rod-like images generate quite
different 3-D particle shapes. Thus, the disc-like particles when tilted are
polygonal and give variable facial geometries i.e. triangular (Figure 6.7b-d),
trapezoidal (Figure 6.8b-d), pentagonal (Figure 6.9b-d) and hexahedral (Figure
6.10b-d) structures.

§ R W
)
J <P
)

FIGURE 6.7

Figure 6.7: TEM images of helical carbon fibers generated from Cu/Ti0,
as the catalyst. a. Straight carbon fibers with symmetrical growth mode
and centrally located Cu catalyst particle. TEM images of catalyst particle
tilted at various angles: b. 0°, 0° c. 41°, 20° d. 41°, -20°. e. Simulated
particle shape (triangular) that relates to straight fiber growth.
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FIGURE 6.8

Figure 6.8: TEM images of helical carbon fibers generated from Cu/TiO,
as the catalyst. a. Fibonacci-like carbon fibers with symmetrical growth
mode and centrally located Cu catalyst particle. TEM images of catalyst

particle tilted at various angles: b. 0°, 0° c. 0°, 28" d. 58°, 28° e. Simulated

particle shape (planar trapezoid) that relates to Fibonacci-like fiber growth.

FIGURE 6.9

Figure 6.9: TEM images of helical carbon fibers generated from Cu/TiO,
as the catalyst. a. Intertwined carbon fibers with symmetrical growth
mode and centrally located Cu catalyst particle. TEM images of catalyst
particle tilted at various angles: b. 0°, 0° c. 35°, 0° d. 46°, 17° e. Simulated
particle shape (planar pentagon) that relates to double helix fiber growth.
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FIGURE 6.10

Figure 6.10: TEM images of helical carbon fibers generated from Cu/Ti0,
as the catalyst. a. Helical carbon fibers with symmetrical growth mode

and centrally located Cu catalyst particle. TEM images of catalyst particle
tilted at various angles: b. 0°, 0° c. 35°, 0° d. 50°, 12° e. Simulated particle
shape (planar hexahedron) that relates to helical fiber growth.

Carbon fibers with linear morphology tend to form from triangular plates, whereas
fibers with non-linear morphology form from polygonal particles where the plates
have more than three sides (Figure 6.7e-6.10e). As the number of sides increase,
the type of carbon fiber extruded differs; trapezoidal particles lead to Fibonacci-
like spirals, pentagonal particles lead to intertwined double helices and hexahedral
particles tend to form helical spirals. These results indicate that the type of carbon
fiber extruded or type of coiling is related to the polygonal nature of the catalyst
particle face. Furthermore particle dimensions (length and width) can be related to

the diameter of the carbon fiber.

While it is clear that shape plays a significant role in governing the morphology of
carbon fibers we cannot eliminate the role of particle size on fiber morphology.
The majority of helical fibers have diameters between 50-100 nm, whereas
straight fibers generally have larger diameters. This change must be affected by

the number of atoms that will arrange in such a way as to achieve the most
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energetically favourable form (of the particle). As the number of atoms increase
(or decrease) the geometric arrangement of the atoms will change
(Supplementary, Figure S6.2) resulting in particle shapes that form carbon fibers
with specific morphologies and in some cases morphological distinct particles
may extrude/grow carbon in a similar manner due to growth rate similarities.
However a change in size does not necessarily correlate to a change in shape

(Supplementary, Figure S6.2).

A key issue relates to the dynamic restructuring of the catalyst particle
(Supplementary, Figure S6.3) that can result in a change in the morphology of
carbon fibers during synthesis (Zhang et al.”” and Qin et al.*®!). This suggests
that attempts to generate catalyst particles by synthetic procedures that lead to
specific carbon fiber morphologies will not necessarily generate the morphology
that will be involved in the catalytic reaction. However control of the carbon fiber

3. 34 The critical issue is that the type of

diameter by such methods is possible.!
reagent introduced during carbon fiber synthesis is capable of particle
restructuring, and control of this step is critical in controlling carbon fiber

morphology.

FIGURE 6.11

Figure 6.11: TEM images indicating presence of divergent morphological
growth from the same fiber: a. Helical fibers becoming linear-like b.
Helical fibers becoming intertwined coils.
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TEM images (Figure 6.11) reveal segments of linear growth within a helical fiber.
Since the diameter of the fiber remains constant this change must be due to a
change in particle shape. More dramatic changes can also be observed whereby
segments of helical fibers can be observed at the ends of double helices (Figure
6.11). Furthermore changes in fiber morphology are symmetrical, suggesting that
the entire particle undergoes restructuring (symmetrically) and not just one or a

few facets.

In summary irregular catalyst particles are structured by the gaseous environment
of the system. After structuring, carbon fibers are extruded/grown from
catalytically active sites. Non-linear growth is believed to occur by uneven growth
of carbon from a faceted catalyst particle, due to catalytic sites that vary in
activity. This growth pattern of carbon is asymmetric and results in one side of the
fiber growing faster than the other producing curvature or non-linear growth.
Further details of the mechanism are not yet fully understood and further
investigations to correlate these relationships are underway. These investigations
entail an analysis of the crystallographic orientations of the Cu particles by

HRTEM and the influence of the TiO; support on Cu.

6.4 CONCLUSION

An investigation of Cu catalyst particles located at the nodes of carbon fibers
revealed that the shape of the particle plays a key role in determining carbon fiber
morphology. Tilting procedures performed under TEM analysis allowed for the 3-
D reconstruction of the catalyst particles. It was observed that during synthesis
catalyst particles adopted various geometric shapes that were faceted and regular.
Cu particles with a decahedra (asymmetrical) shape favoured the growth of
helically coiled fibers while trigonal bi-pyramidal (symmetrical) shaped Cu
particles grew straight fibers exclusively. Furthermore as the number of sides of
planar catalyst particles increases there is a corresponding change in morphology
of the carbon fibers extruded, from linear to helical. Our results provide greater

insight into the factors that govern carbon fiber morphology.
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CARBON PRECURSORS NOT
ONLY ACT AS A SOURCE OF
CARBON BUT ALSO AFFECTS
CATALYST AND CARBON
MATERIAL MORPHOLOGY

It has been observed that the
manner in which different carbon
sources break down in the gas
phase or on the catalyst surface
is unique for each source and
that different carbon sources can
produce morphologically diverse
carbon materials

In this chapter we highlight the
effect of the carbon source in
determining catalyst
morphology and carbon material
structure and review the current
models used to explain carbon
nanomaterial growth and
propose a new model based
upon the polymerization/
oligomerization of carbon
fragments on the surface of the
catalyst particle.
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CHAPTER 7

The unique properties associated with carbon nanotubes
has led to the synthesis and characterization of numerous
other shaped carbon nanomaterials. However, control over
the selective morphologies of carbons has been met with
limited success, due in part to an incomplete understanding
of the growth mechanisms and reaction parameters
associated with these shaped materials. Of recent interest,
has been reports on the effect of the carbon source on
carbon nanomaterial morphology. The current
understanding related to carbon nanomaterial growth
suggests that the carbon source should have limited impact
on carbon growth. In the current model the carbon reagent
simply decomposes (in the presence or absence of a
catalyst) predominantly into C; species, that then combine
or extrude into carbon nanotubes, fibers or spheres. While
the evidence for this mechanism is convincing at high
temperature, low temperature formation of carbon appears
to suggest other mechanisms in which the carbon source
plays a more significant role in carbon material growth.
An examination of the literature shows that at lower
reaction temperatures the carbon sources decompose into
a myriad of light hydrocarbons and other compounds
(fragments and radicals) and that these species affect the
growth behaviour of the carbonaceous material. In this
paper we show that different carbon reagents modify both
the catalyst morphology and the carbon nanomaterial
morphology in different ways. A new model is presented

that proposes carbon growth from carbon fragments via a
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polymerization/oligomerizaton process, particularly in the

low temperature regime i.e. below 500 °C.
Keywords: shaped carbon nanomaterials - growth mechanism -

carbon source - catalyst - restructuring

7.1 INTRODUCTION

During the past two decades there has been a significant amount of research
directed at the synthesis and application of carbon materials that are in the nano
and micrometer size range.'™ This interest was sparked by Iijima’s landmark

paper in 1991,

in which he described the synthesis and structure of carbon
nanotubes (CNTs). Interest in the unique physical and chemical properties
associated with CNTs have since focused attention on the synthesis and
manipulation of other forms of carbon nanomaterials.” > ! As such, researchers
have now developed an array of synthesis procedures tailored to specifically yield
carbon onions, fullerenes, spheres, tubes, fibers, helices, buds etc (Figure 7.1),[]0'

' and most recently, graphene.!'”

SHAPED CARBON NANOMATERIALS

N ;

FIGURE 7.1

Figure 7.1: Variety of shaped carbon nanomaterials produced by
manipulation of reaction conditions.
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This diversity of shaped carbon nanomaterials provides an avenue for studying the
relationship that exists between carbon morphology and the physical and chemical
properties of the carbon materials. In general any synthesis to produce shaped
carbon materials (SCMs) requires three main components viz. a source of energy,
a source of carbon and usually a catalyst (or template) with each component
working synergistically with the others to form the desired SCM.[ > 1620
Numerous studies have been dedicated to understanding the influence that each
parameter has on the yield and morphology of the SCMs produced. The typical
focus has been on the role of the catalyst (or template) and the determination of
the physical parameters that will optimize the yield and morphology of the carbon
nanomaterials produced.!'® ' 2!l However, less research has been devoted to the
importance of the carbon source and the interactions between the carbon source

and catalyst on the development of SCM morphology.!?*™>"]

i. Replacement of C; é
rings by C. or C, O '

ii. Replacement of
C atom with
heteroatomatom
| D

FIGURE 7.2

iii. Replacement
of sp2 C with sp3C

Figure 7.2: SCMs based upon graphene sheets (sp” hybridization) that
can be altered by replacement of; i. C¢ rings with Cs and/or C; rings, ii. C
atoms with heteroatoms, or iii. sp” hybridized C with sp® hybridized C.
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Carbon nanomaterials are composed of flakes, sheets or particulates that can
stack, bend, twist and fold to achieve diverse morphologies. The manner in which
carbon atoms bind to each other influences the eventual physical and chemical
properties of the carbon nanomaterials that are formed. The hybridization state of
the carbon atoms affects the type of material formed. When sp® hybridization is
dominant, diamond-like structures are formed. Similarly when sp hybridization
dominates, linear structures are formed. In contrast, when carbon atoms with sp2
hybridization assemble, a wide range of shapes, modelled upon a graphene sheet
are possible (Figure 7.2).1*®! The SCMs formed that are based upon sp” bonding
contain C¢ rings. These materials can be divided into four broad categories:
carbon nanotubes (CNTs), carbon nanofibers (CNFs), carbon spheres (CSs) and
fullerenes (Figure 7.3). CNTs are described as graphene sheets that roll up along a
particular axis to yield single or multi-walled CNTs. CNFs consist of graphene
sheets that stack upon each other to yield plate-like, herringbone or tubular

structures.
®

CARBON MATERIALS BASED UPON
ARRANGMENTS OF GRAPHENE SHEETS

FULLERENES SPHERES

Closed ol (cage Balls of carbon (solid,
Bh) shictive hollow, core shell)
composec:l of C;and Cg composed of layers of -
rings grapt NE
=
&
=)
FIBERS T
=

Soems e

Stacked graphene Rolled up graphene
sheets (plate-like, sheet (single, double
hemingbone or tubular) or multi-walled)

Figure 7.3: Carbon nanomaterials comprised of four main categories (viz.
fullerenes, spheres, fibers and tubes) based upon the manner in which
graphene sheets are orientated.
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The graphene sheets that make up CNTs and CNFs can have defects. These
defects can include; 1). the replacement of C¢ rings typically by Cs, C; and Cg
rings (topological defects), ii). the replacement of a carbon atom within the
graphene matrix by a heteroatom (e.g. N or B atoms; incomplete bonding defects),
or iii). the replacement of sp® hybridized carbon atoms with sp> hybridized carbon
atoms (rehybridization defect), Figure 7.2.*7 These defects lead to twisted and
curved surfaces providing for the development of non-linear structures (helices,

buds, horns, etc.).

Fullerene structures are closed (hollow) structures built upon only sp® hybridized
carbon atoms in hexagon and pentagon arrays in which curvature is generated by
the presence of Cs rings.l> ** These spherical carbons are regarded as being one
layer thick. CSs encompass all carbon materials that are spherical or partially
spherical in morphology. They are composed of layers of carbon (pieces of
graphene) that form from broken concentric layers emanating from a core. CSs
can be solid, hollow or core shell in morphology, can be doped with heteroatoms

(11,29, 3% The manner in which the

and can have variable diameters or sizes.
graphene sheets are orientated in a tube, fiber or sphere affects the manner in
which electrons can flow or move through the material. The shape thus impacts on
the physical properties of the SCM such as their thermal capacitance and

mechanical stability properties.

In this chapter emphasis will be given to the role that the carbon source and gas
intermediates have on the formation of the varied SCMs that have been made.
Focus will be given to SCMs that are produced at low temperatures (200 — 1000
°C) and in which the carbon is sp” hybridized (CNFs, CNTs and CSs; fullerenes
will not be discussed). The types of carbon sources that have been used to make

SCMs will also be described.

In order to control carbon nanomaterial morphology, an understanding of the
growth mechanism/s to produce SCMs is necessary. Currently the growth of

CNT/Fs in the presence of a catalyst is thought to occur via the dissociation of a

Carbon 2011 (submitted)
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carbon precursor into carbon atoms, the diffusion of these carbon atoms into or
over the surface of a catalyst particle, followed by extrusion of carbon in the form
of a tube or fiber.!'® >3 Carbon spheres are thought to be produced via the
nucleation of carbon species in the gas phase, or by growth from a template (often
a metal).l"> ** 31 A5 such, these mechanisms for growth imply that the type of
carbon precursor used should have limited impact on the type of carbon
nanomaterial formed. However numerous recent studies have now shown that the
carbon source can dramatically affect the morphology of the SCM as well as that
of the catalyst particle associated with the carbon deposit.l> 2 2> 3¢ 37 These
effects could relate to the differing abilities of the various carbon sources to
generate carbon containing species that are made of atoms or collections of atoms
that are the primary building blocks of the SCMs. The key issues are: i) do all
carbon precursors break down to give the same carbon building blocks?; ii) if the
above holds true, then is the reaction rate and final SCM determined by the
concentration or diffusion characteristics of these species?; iii) what are the most
efficient carbon building blocks to form SCMs?; iv) which carbon precursors are
capable of producing them? and v) if the building blocks are the same, how are
the shapes of catalyst particles influenced differently by the different carbon

precursors?

7.2 CARBON SOURCES

Studies carried out in the last century on carbon deposits in catalytic (and other)
reactions, considered the formation of the carbon materials formed during
chemical reactions as an unwanted product that deactivated catalysts and
interrupted desired reaction pathways."** To control this decomposition, numerous
studies were conducted to understand and manipulate the carbon deposition.***!
These studies eventually led to an understanding and control of the carbon
deposition reactions, and led to the directed production of carbon fibers. Since
these early studies, a proliferation of studies has been reported that have described

methods used to produce SCMs in a controlled manner.!'"'” Traditional carbon

sources used to synthesize SCMs include acetylene, ethylene, carbon monoxide

and methane (Figure 7.4).1>242% 4241 Other carbon sources derived from synthetic

Carbon 2011 (submitted)
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and natural products have also been used viz. hydrocarbons (saturated,
unsaturated, substituted, etc.), polymers (polyethylene, polypropylene, etc.) and
natural products (oils, plant fibers, etc.).**! It is well established that simple
hydrocarbons, are effective for the synthesis of SCMs and therefore offer an

important source of carbon for the synthesis of many different SCMs. "%

([ 4
T TRADITIONAL SOURCES TT T
H>=<H H——=—=—-H O~ P NO,
H H

°
F A Bat
N J% N

FIGURE 7.4

Figure 7.4: Various types of carbon sources used for the synthesis of
SCM.

A list of ‘non-traditional’ carbon sources and reaction conditions (variable

temperatures and catalyst systems) that have been used to produce SCMs

(spheres, tubes and fibers) is given in Table 1 (Supplementary material).[** 23637

#3-49. 3L 33881 This brief listing (no means comprehensive) indicates the wide

variability of non-traditional carbon sources that can be used to make SCMs. The

examples listed are merely indicative of the range of materials that have been
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used, and suggests that the C/H ratio, the functionality, the structure and physical
properties of the carbon sources at first glance do not seem to impact on the
formation of carbon. However as will be discussed later, these issues do influence

the morphology and yield of carbon products (Figure 7.5).

It is noted that a great deal of research has been conducted on the use of benzene
and toluene as carbon sources (considered nucleation species) to produce carbon
nanomaterials, ranging from spheres to SWCNTs. Other compounds that have
been found to be interesting carbon sources are trichloroethylene (and other chloro
hydrocarbons) and 1,3-butadiene, in which bamboo-like and helical structures can

be produced respectively (Figure 7.5).

FIGURE 7.5

Figure 7.5: Variety of carbon materials produced from diverse range of
hydrocarbon sources: a. camphor (tree-like)[xz] b. 1,3-butadiene (helical
fibers)!®® c. styrene (spheres)™ d. polypropylene (tubes/fibers)*¥ e. palm

oil (aligned CNTs)* f. trichloroethylene (bamboo-like).”>!

Carbon 2011 (submitted)
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Apart from unsaturated hydrocarbons, other compounds such as polymers and
non-olefinic (natural products) have also been investigated. Polymeric compounds
which are produced from various alkenes and alkynes are thought to be useful,
showing that waste materials (packaging) can be recycled to produce valuable

[75-80] Indeed these waste materials

carbon nanomaterials for various applications.
are effective at producing spheres and multiwalled CNTs with various diameters.
Additionally natural compounds when combusted yield soot-like deposits,
suggesting that under appropriate conditions they should yield structured carbon
nanomaterials. Natural products have also been used as a carbon source since they

1 [82-86

are less toxic and to some extent more economica 11t is also evident that

transition metal catalysts (Fe, Ni and Co) aid in the formation of SCMs.

In summary it is evident that a wide range of hydrocarbon sources can be used
either as a carbon precursor (or as an accelerant; see below) to produce carbon
nanomaterials using a variety of experimental conditions and reaction systems.
However, the studies do not, in general, provide information as to whether all the

carbon reactants react in a similar fashion.

7.3 COMPARATIVE STUDIES

Many unsaturated hydrocarbons are capable of selectively producing carbon
deposits. However in order to determine which are the ‘best’ carbon sources, a
comparison of the carbon materials produced from them (yield, morphology,
purity, etc) needs to be considered. Due to the wide range of reaction conditions
and systems reported in the literature, it is often difficult to make direct
comparisons between the carbons producing capabilities of different carbon
sources. Below are listed some studies that have attempted to make such

comparisons.

Hernadi et al.’*” considered the growth of carbon nanotubes (reaction temperature
700-800 °C, catalysts Fe, Ni or Co) from acetylene, ethylene, methane and

propylene. They observed that while propylene was not as reactive as acetylene

and ethylene, it was however much more reactive than methane. When the
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structure and quality of the carbon nanotubes grown from the various sources
were compared, it was found that there was no significant difference in the quality

of CNTs formed (all produced CNTs, except methane).
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Figure 7.6: Dispersion histogram of inner and outer diameter (darker
columns) of carbon nanotubes: a. from acetylene b. propylene and c.
ethylene, as adapted from Hernadi et al.[?4]
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Figure 7.7: Comparison of carbon deposition with time from carbon
[62]

sources: a. methane and b. butadiene.

However, structurally it was observed that there were slight differences in the
inner and outer wall diameters (Figure 7.6). The diameter analysis suggested that
propylene, while not as reactive, could be utilized to produce CNTs of particular
uniformity. On the other hand, Otsuka et al.l*” observed that over Ni/SiO, at 500

°C, propylene was more reactive than acetylene but less reactive than ethylene,
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methane and propane, and that the degree of graphitization for propylene was
greater than that of acetylene. Chesnokov et al.!® observed that when butadiene
was compared to methane, butadiene was capable of producing a greater yield of a
carbon deposit. However this was limited to a reaction time of 40 min, after which
carbon deposition from butadiene decreased while carbon deposition from
methane continued to increase (Figure 7.7). Of interest is the structure of the
carbon deposits; butadiene formed tubular carbon fibers, whereas methane formed
fibers with a stacked cone-like structure. In another study Hernadi'®' compared
methylacetylene and acetylene and concluded that while the two compounds
differed by only a single methyl group, there was nonetheless substantial
differences in the quality and quantity of CNTs formed from the two sources. In a
recent study, Koprinarov et al.””! compared the effectiveness of various cyclic
hydrocarbons (toluene, benzene, xylene and naphthalene) in producing carbon
spheres. They concluded that while the different carbon sources did not produce
carbon spheres with different properties, they did however produce carbon
spheres with different sizes (Figure 7.8). A possible reason as to why compounds
containing sp (or sp”) carbon atoms are more reactive than those containing sp’
carbon atoms has been given by Lee et al.* They were able to show that for
ethane and acetylene, carbon formation over a Ni mesh catalyst was dependent
upon the gas flow rates. They observed that when the flow rates of acetylene and
ethane were increased, carbon formation increased for acetylene, but decreased
for ethane. They concluded that the radicals formed from these gases (acetylene;
H, C,H or CH and ethane; C,Hs and H) contributed to this effect, such that in the
case of ethane, C,Hs desorbed rapidly leaving a hydrogen rich surface that did not
favour carbon deposition and growth. For acetylene, hydrogen was desorbed
faster than the other species and therefore carbon growth was favoured for

acetylene.

Li et al.l’!l compared the effect of aliphatic (methane, hexane, cyclohexane) and
aromatic (benzene, anthracene and naphthalene) compounds on the growth of
SWCNTs and MWCNTs. They observed that when hexane, cyclohexane and

benzene were used as carbon sources all three produced CNTs. However, by
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considering their Raman spectra it was observed that CNTs produced from

benzene showed a spectrum with significantly different profile intensities when

compared to the other two (Figure 7.9).
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Figure 7.8: Diameter distributions of carbon spheres produced from
benzene, naphthalene, xylene and toluene.!”
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Figure 7.9: Raman spectra, comparing degree of graphitization of carbon
[71]

nanomaterials produced from hexane, cyclohexane and benzene.

They attributed this to the fact that the Raman spectroscopy profile for benzene
was typical of SWCNTSs, whereas the other two were typical of MWCNTs.
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Thermogravimetric analysis (Figure 7.10) showed that materials produced from
benzene decomposed at a lower temperature (598 °C) than those from hexane and
cyclohexane (638 and 618 °C). Furthermore they were able to show that
naphthalene and anthracene were also efficient at producing SWCNTSs, and that
Raman analysis revealed a shoulder peak at 1559 cm™, indicative of metallic
CNTs. They concluded that it may be possible to selectively synthesize SWCNTs

or MWCNTs by the correct choice of carbon precursor.
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Figure 7.10: Thermogravimetric analysis of carbon nanomaterials

[71]

produced from hexane, cyclohexane and benzene.

Nieto-Marquez et al.’)  compared the reactivities of ethylene and
trichloroethylene for the synthesis of carbon spheres and fibers. By gravimetric
analysis they observed that carbon deposition from trichloroethylene exceeded
that of ethylene, suggesting that the chlorinated compound was the more effective
reagent (Figure 7.11). Additionally they were able to show that as the reaction
temperature increased from 550 °C to 750 °C, the reactivity of ethylene decreased
dramatically, whereas trichloroethylene reactivity increased and then stabilized.

More importantly they observed that ethylene formed a fibrous ordered material

with an inner hollow, whereas trichloroethylene formed less ordered solid fibers
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with some bamboo-like features. Temperature programmed oxidation studies
revealed that carbon materials prepared from trichloroethylene were less
structured than those made from ethylene, since the former oxidized at a lower
temperature (Figure 7.12). It was observed that for trichloroethylene an increase in
reaction temperature from 500 to 750 °C, resulted in carbon products changing
from fibers to spheres. Interestingly they observed the presence of small amounts
of Cl on the surface of the carbon spheres. In a recent study we have found that
when trichloroethylene was used in conjunction with a Ni xerogel catalyst,
trichloroethylene not only acted as a source of carbon, but actively restructured
the catalyst to give tetrahedron particles leading to tripod-like carbon fibers. These
studies reveal that chlorinated alkenes could be a potentially useful carbon source

and an alternative to ethylene in making SCMs.[**->!
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Figure 7.11: Specific gravimetric yield showing higher carbon deposition
for trichloroethylene (a) than for ethylene (b).">”!

Otsuka et al."** considered the use of CNFs prepared from various hydrocarbons

(methane, ethene, n-butane, 1-butene and n-octane) as possible Ni catalyst
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Figure 7.13: Comparison of methane decomposition and catalyst lifetime

of Ni supported on carbon fibers prepared from methane, ethylene,

n-butane, 1-butene and n-octane.!*’!
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supports for the decomposition of methane. They observed that the carbon fibers
(used as catalyst supports) prepared from higher hydrocarbons (1-butene,

n-octane) prolonged the catalyst life (Figure 7.13). They proposed that the surface
structure of the carbon fiber supports were unique for each hydrocarbon and as
such affected the catalytic activity. Furthermore, an examination of the size of the
Ni particles stabilized on the carbon fibers indicated that CNFs grown from
methane were the largest whereas CNFs grown from butene were the smallest.
They suggested that carbon fibers produced from butene are capable of stabilizing
smaller Ni particles, making them better supports as smaller particles are more
effective at methane decomposition. It is evident from their studies that the carbon
source affects the surface structure of carbon fibers, and that the carbon fibers
produced from butene were better materials for use as supports than those
prepared from methane and ethylene. These studies show that by altering the type
of carbon precursor it is possible to produce CNTs with different surface

properties.

Given these findings it appears that the choice of carbon source impacts upon the
structure and properties of SCMs. In order to gain control over SCM synthesis it
is necessary to understand the manner in which these materials form from the

various carbon precursors.

7.4 GROWTH MECHANISMS AND GAS PHASE STUDIES

Despite the concerted efforts that have gone into the controlled synthesis of SCMs
over the past two decades, there is still limited information regarding the
mechanisms of carbon nanomaterial growth. While numerous models have been
proposed, a common thread that links the current understanding of carbon growth
is that the carbon source must decompose and be converted into intermediate
species at high temperatures either in the presence or absence of a catalyst. It is
proposed that these intermediate species then react/combine in the presence (or
absence) of a catalyst to yield the carbon deposit. These intermediate species not

only yield solid carbons but also polyacetylenes, polyaromatic hydrocarbons and

numerous radical species (C;, C,, C; etc.). The identity and concentration of the
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intermediate species formed are determined by the type and amount of carbon
material used. A better insight into the identity of these intermediate species and

how they react and combine to form the desired materials is still needed.

7.4.1 Growth mechanisms

We begin our discussion by considering the most important mechanistic models
that have been used to explain the formation of carbon spheres, tubes and fibers.
In order to understand the gas phase growth of SCMs at elevated temperatures in
the absence of a catalyst we must first consider the most common form of
pyrolytic carbon, soot. Soot has been studied for several centuries, particularly in
regards to its formation and prevention.”’"°" As such, numerous studies have been
dedicated to understanding its structure and formation.”>**! It is widely accepted
that soot is first formed from radicals that generate larger species in the gas phase
that eventually form particles by the agglomeration of large polyaromatic
hydrocarbons (PAHs) during the pyrolysis of carbonaceous materials (Figure
7.14).°1 PAHs are considered the building blocks of soot due to the high
concentration of these species detected in the gas phase during pyrolysis.
Typically the growth of PAHs are initiated by the nucleation of benzene rings,
which react via gas phase processes with other species to yield polyaromatic
structures whose growth depends upon reaction conditions. Several key steps have
been proposed for the growth of PAHs: i). hydrogen abstraction/acetylene
addition; 1ii). ring-ring condensation; iii). aryl-aryl combination; iv). phenyl
addition/cyclization; v). methyl addition/cyclization; vi). radical/small molecule
combination, etc. It has been suggested that these steps act together to yield the

909 Furthermore, it has been observed that the carbon precursor and

growth path.!
reaction conditions greatly affect the identity of the gas phase intermediates, and
that this is capable of impacting upon the growth mechanism and growth rate of
PAHs. The implication is that for the synthesis of soot as well other related carbon
materials the type of carbon precursor used is a determining factor in the

nucleation and growth of PAHs and resulting graphitic sheets.”*”
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FIGURE 7.14

Figure 7.14: Growth of spherical soot particles from radical species; in the
[95]

presence and absence of oxygen.

The formation of CSs, is expected to follow a similar formation mechanism to that
of soot (Figure 7.15), due to the fact that soot particles are typically observed to
be spherical in nature. Several other mechanisms for CS formation have also been
proposed. Wang et al.l'"! suggested that the formation of carbon spheres from the
gas phase occurs by the formation of a pentagon ring which acts as a nucleation
site to grow an isocahedral shell that spirals to form a solid carbon sphere. The
size of the carbon sphere is then determined by the deposition of graphitic carbon
flakes around this solid core. The building blocks for the spiral core and graphite
flakes are considered to consist of hexagons which act as the typical graphitic
matrix, with pentagons and heptagons providing curvature to the graphitic
flakes.** *°! Other related models have considered the growth of disordered
carbon graphitic layers around a metal particle which rearranges to form ordered

graphitic shells. These shells are then covered by discontinuous graphitic carbon
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layers generated by deposition of carbon species from the gas phase. It is not
known whether the dominant or exclusive growth of the carbon layers occurs

from single atoms, radicals or larger species (including PAHs).!'!+3% %]
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Figure 7.15: CS growth model as proposed by Wang et al. CS nucleated

by pentagonal ring which grows into isocahedral shell, forming spiral
shell. CS grows larger by deposition of graphitic flakes onto the CS.

A mechanism for the formation of carbon fibers on a catalyst particle was

proposed by Baker and co-workers (Figure 7.16).°" 3% °%

In their model,
dissociation of carbon precursors on the catalyst surface was followed by

diffusion of carbon into the metal catalyst particle. Once the catalyst was saturated
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with carbon, the carbon precipitated in the form of a fiber that continued to grow
as more carbon dissociated and precipitated from the catalyst particle. The growth
of carbon nanotubes is usually proposed to follow a similar mechanism. As with
carbon spheres, the growing carbon fibers and tubes can also be covered by
disordered graphitic flakes that are generated by gas phase carbon species that do

not interact with the catalyst particle.

C,H, C,H,

!

C

/\

Support Support

FIGURE 7.16

TIP GROWTH BASE GROWTH

Figure 7.16: Growth mechanism of a carbon fiber/tube as postulated by
Baker et al. The model proposes that carbon is cracked on the catalytic

particle and diffuses through the metal, precipitating at the other end in the
form of graphite, Growth can occur whereby the metal particle appears at

the tip of the growing fiber or at the bottom of the growing fiber.

This concept of carbon dissolving into a catalyst has been probed further by
Rinaldi et al.® who have suggested that carbon dissolution into a catalyst is a

1001 have

key step in the initiation of SCM growth. Additionally Young et al.l
reviewed the dissolution of carbon into a metal in the so called metal dusting
reaction. In their studies they were able to show that indeed carbon dissolves into
the metal surface, forming carbides which then lead to coke formation (possibly in
the form of CNT/Fs). These studies indicate that at elevated temperatures carbon

dissolution does occur and can be considered a plausible mechanism for high

temperature SCM growth.
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However, alternative suggestions involving the importance of intermediates rather
than surface carbon in CNT/F growth have been put forward. For example, Reilly
and Whitten'’") have proposed that free radical condensates (FRCs) or PAHs are
the building blocks of SCMs. The FRCs are considered to be an agglomeration of
carbon species with varying amounts of hydrogen atoms. They argued that, FRCs
are capable of rapid rearrangement (at high temperatures) and due to the manner
in which hydrogen is abstracted by radical recombination, various types of SCMs
can be produced. Most importantly, for catalytic reactions, the metal catalyst

particle merely acts as a template for CNT/F growth.

In the discussion so far, focus has been on the growth of carbon nanotubes and
fibers from metal based catalysts. It must be noted that several researchers have
reported on the growth of carbon nanotubes and fibers from non-metallic and

102194 These studies add to the complexity of carbon

catalyst free systems.
fiber/tube growth, suggesting that metal catalysts (Ni, Fe, Co) are not a necessary
requirement for SCM growth. Materials such as SiO,, Al,Os;, MgO, diamond,
sapphire, etc, are capable of acting as templates upon which carbon fibers/tubes

[104198] Under high temperature conditions carbon sources can be

can grow.
converted to species that assemble to form carbon fibers and tubes, in the absence
of any metal catalyst or template (SiO,, ALO;3, diamond etc).'** %! The manner
in which these materials, typically supports, can accomplish CNT/F growth can be
explained by a new CNT growth model proposed by Magrez et al.''” They have
suggested that the support (metal oxide) plays a dominant role. In their model the
surface basicity or acidity of the support assists in assembling polyaromatic
fragments which are integrated into a CNT by the metal particle (Figure 7.17).

This model implies that metal particles are not a necessary condition for the

dissolution and extrusion of graphitic structures.

Based upon the CS growth mechanism studies it can be hypothesized that for the
growth of carbon nanomaterials, such as carbon fibers and nanotubes the manner
in which the hexagonal lattice nucleates and grows could also relate to soot

forming mechanisms. Thus, the decomposition of a carbon source into other
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species, the manner in which the carbon species recombine at the catalyst surface
or in the gas phase and what species activate or deactivate growth could provide a
more holistic model for carbon nanomaterial growth. Thus the standard Baker
growth mechanism may be only part of the mechanism via which SCMs are
produced, especially at low reaction temperatures. The currently accepted model
for carbon fiber/tube growth, cannot account entirely for all the experimental
observations, and this leads again to the importance of the gas phase constituents

on carbon growth.

2. Integration by the nanopaiticle
of the polyaromatic hydrocarbons into the nanotube structure

1. Polyaromatisation of the carbon source molecules
on t@e support

FIGURE 7.17

Figure 7.17: CNT growth model as proposed by Magrez et al. For

supported metal catalysts, polyaromatic fragments are formed on the

support and integrated into a CNT by the metal particle.!''”

7.4.2 Gas phase studies

To understand the effect of a carbon precursor on the structure of carbon
nanomaterials, studies of reactions in the gas phase and that of the exhaust gases
formed in SCM synthesis, during or following the decomposition of hydrocarbons
have been reported. Some recent publications that indicate the importance of gas

phase species for SCM synthesis are described below.

Three broad approaches have been utilized for the study of the effect of the carbon

precursor in the gas phase on carbon nanomaterial growth; (i) a direct study of the
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gas phase intermediates, by in-situ spectroscopy techniques; (ii) pre-treatment of
carbon precursors by either heating them at temperatures above or below that of
the reaction zone (pre-treatment is thought to alter the gas phase constituents and
ultimately the growth rates of the graphitic carbon species) and; (iii) the
introduction of unsaturated hydrocarbons, water, oxygen, carbon dioxide, etc. as

additives to the carbon reactant to modify the gas phase intermediates produced.

A complete study of the species present in the gas phase at high temperature is
difficult to achieve, as decomposition of the carbon precursor involves several
steps. Additionally the recombination and reactivity of the initial species makes it
difficult to know which species are in fact the true gas phase intermediates that
actively take part in the growth of carbon materials. Several researchers have
attempted to explain the growth of carbon nanomaterials from the decomposition
of carbon precursors by analyzing the mass spectra of in-situ gases produced.

Two relevant studies, conducted by Shukla et al.>"!

were used to explain gas phase
growth of carbon nanomaterials by considering the reactivity of the carbon
precursor that correlated with the growth of single-walled carbon nanotubes
(SWCNTs). Several substituted aromatic carbon sources were selected, differing
in terms of their carbon sp hybridization states: phenylacetylene (sp), styrene (sp°)
and toluene (sp”). They found that for SWCNTSs, the deposition efficiency varied
with the type of sp hybridization present in the reactant viz. sp> > sp > sp” (Figure
7.18). This led them to consider the decomposition pathways that each aromatic
compound would undergo. They concluded that for SWCNTs, C,H3/C,H, (sp”
carbon) species were necessary for the synthesis of SWCNTs, and that carbon
precursors that more easily produced these intermediates had greater carbon
deposition efficiencies. To test this claim, Shukla et al. added controlled amounts
of C,H4 to reactions where sp> carbon precursors (toluene, p-xylene and
ethylbenzene) were used, and found an enhanced growth of SWCNTs (Figure
7.18). Precursors that easily produced C,H3/C,Hy species did not require as much
C,H4 addition in order to produce comparable amounts of material. However they
did note that for sp carbon precursors, addition of C,H4 did not significantly

increase production rates. They attributed this finding to the presence of C,H
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species that they believed passivated the catalyst. These results suggest a strong
link between carbon precursor and resultant carbon material formation, and
importantly the role played by the intermediate gas phase species in determining
the growth rate of SWCNTs.

FIGURE 7.18
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Figure 7.18: Carbon deposition from different aromatic compounds as

estimated by TGA. Black and grey bars represent carbon deposition
]

without and with addition of ethylene.

1.521 considered the

To provide greater insight into their findings, Shukla et a
synthesis of SWCNTs by the decomposition of C;He and C,H4. They selected
these two carbon precursors to determine the role played by methyl radicals, as
well as to further reveal the importance of sp” hybridized species relative to sp’
species for SWCNT growth. They observed that, under identical experimental
conditions, both sources produced a comparable quantity and quality of SWCNTs.
However, the flow rates at which each carbon source produced optimum product
yields differed. The ethane optimum yield was achieved at a higher flow rate than
ethylene. They assumed that this difference was due to the difference in the gas

phase species produced by each, and not due to the number of carbon atoms

available. Shukla et al. studied the intermediate gas phase species by in-situ mass

spectrometry. The mass spectra revealed that the number of products produced by
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C,Hg and C,Hy are the same, but their concentrations differed (Figure 7.19). The
presence of C,Hy, identified in the mass spectra of both precursors, suggested that
C,Hg was converted to C,Hy4, and that the lower yield of SWCNTs observed for
C,Hg can be attributed to the lower concentration of C,H4 produced in the
reaction. Further evidence for the active role played by sp” species was revealed
by the presence of C4Hg, C4H; and C4Hg species in the gas phase. This led them
to conclude that those hydrocarbons capable of producing sp® gas phase
intermediates are capable of efficient carbon material growth. As such compounds
that contain or can readily be converted into species containing sp> carbon atoms
should be effective for carbon nanomaterial growth. This makes alkenes and

alkynes particularly useful carbon sources.
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Figure 7.19: Mass spectra of gas phase species as produced from ethane
and ethylene, showing no significant difference in the number of species

produced by each hydrocarbon.>!

It is known that temperature affects the decomposition and reactivity of carbon
precursors. Thus, the effect of thermal pre-treatment of carbon precursors on the

gas phase species formed during carbon nanomaterial growth has been explored.

111]

Meshot et al.'"! considered the effect of the gas phase on the controlled synthesis

of carbon nanotube forests using a two oven system in which the carbon source
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was pre-heated in the first oven prior to introduction into the second oven. The
carbon precursor was pre-heated at temperatures ranging from 675-875 °C while
the catalyst was heated at temperatures of 900-1120 °C. Their results showed that
the temperature of the first oven influenced the carbon product morphology. Mass
spectral analysis of the gases from the preheating zone and from the growth
substrate zone, suggested that the preheating zone had the greater impact on the
gas phase chemistry (Figure 7.20a). They observed that the preheated gas

contained a broad spectrum of compounds in various amounts ranging from
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Figure 7.20: : a. Mass spectra (in-situ) showing the relative abundances of
compounds at various pre-treatment and reaction conditions. b. Thermally
treated gas mixture of ethylene contains a broad range of compounds with

variable abundances.!''"!
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ethylene to pyrene (Figure 7.20b). The temperature of the pre-heating oven
affected CNT growth rate and forest height, but not the CNT diameter. This
observation suggests that the identities of the gas phase species are important in
the nucleation and growth of ordered and amorphous carbon materials. Moshet et
al.l'"" were not able to determine which species were necessary for the growth of

specific carbon nanomaterials.

Of particular interest is the effect that the catalyst had on the generation of
intermediate gas phase species. Shukla et al.’% considered the gas phase analysis
of toluene and of toluene/ferrocene, and observed that the number of products
produced by both systems were the same (Figure 7.21). This supports similar

" that the catalyst is not necessarily involved

observations made by Moshet et al.!
in producing the gas phase intermediates. It must be noted that at the high
temperatures used in these studies, decomposition of the hydrocarbons in the gas

phase is expected.
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Figure 7.21: Mass spectra of gas phase products: a. toluene b.
toluene/ferrocene c. toluene/ferrocene/thiophene. Showing that the gas

phase products are not affected by the catalyst.”
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A recent study by Nessim et al."'? considered the effect of gas pre-heating on the
fine structure of carbon nanotubes. They concluded that pre-heating affected the
gas phase intermediates which in turn determined the type and structure of carbon
nanotubes produced. They studied two systems viz. a hot-wall (two heating zones
before the reaction zone) CVD system and a cold-wall (single heating zone before
the reaction zone) CVD system. For hot-wall CVD they found that pre-heating the
carbon source at 730 °C resulted in the production of CNFs, whereas pre-heating
at 770 °C yielded CNTs (the reaction zone was maintained at 475 °C, Figure
7.22).

Preheat =T730°C Preheat = 750°C Preheat = 770°C
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FIGURE 7.22

Figure 7.22: TEM images for carbon fibers produced from preheating of
carbon gas. Crystalline structure observed for preheating carried out at 770

°C as compared to more amorphous structure obtained at 730 °C.!"'%!

An analysis of the gas phase, after using the various pre-heating conditions,
revealed the presence of a broad distribution of volatile organic compounds and
polyaromatic hydrocarbons. They also noted that at the highest temperature used,
the presence of large polyaromatic hydrocarbons (2-4 rings) and acetylene based
species increased (Figure 7.23), leading them to conclude that these species are
important in determining the crystallinity of carbon nanomaterials. For cold-wall
CVD studies they observed that as the pre-heating conditions increased (from 0-

1000 °C) there was an increase in the proportion of crystalline CNTs that were
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produced (Figure 7.24). They further observed that as the gas pre-treatment

temperature increased, the abundances of many VOCs and PAHs increased as

well. Their study revealed that highly ordered/crystalline CNFs/CNTs can be

synthesized at low temperatures (475-525 °C) by decomposing the carbon source
at high temperatures (700-1000 °C).

Moshet!"'!) and Nessim!"'? et al. reveal that the gas phase chemistry has a major

These pre-treatment experiments by

influence on carbon nanomaterial structure.
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Figure 7.23: Partial pressures of volatile organic compounds (top) and
polycyclic aromatic compounds (bottom), showing change in amount and

types of compounds with change in temperature.

[112]

The studies reported above point to the importance of intermediate species that

either promote or decrease carbon growth. Currently there is no evidence as to
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what these actual species are. An approach that has been utilized to gain
information on these species is to add additive/promoter gas compounds to the
carbon reactants (oxygen, water, carbon dioxide, hydrogen sulphide, etc).l''*!']
Use of these additives, modifies the yields and structures of the carbon materials
produced. Surprisingly, little work has been carried out that involves using

possible carbon gas phase intermediate species as promoter compounds.
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Figure 7.24: TEM images of CNTs grown from gases heated at different
pre-treatment temperatures, amorphous structure formed at lower pre-

heating temperature with increasing crystallinity at higher pre-treatment

‘[emperatures.[1 12]

Studies have been reported on the role and importance of acetylenes in SCM
production. Shukla,”"->* Moshet!"'" and Nessim!''? et al. observed that acetylene,
vinyl acetylene and methyl acetylene (amongst other sp> and sp species) were
present in high abundance during the gas phase analysis of reaction systems. They
hypothesized that these reactants are essential for the formation of high yield,
good quality carbon nanomaterials. Indeed numerous studies have shown that
acetylene is effective as a carbon source for the growth of many types of carbon
materials.”” *°% Xiang et al. !"'"! have shown that for the synthesis of SWCNTs
from ethanol, the addition of small amounts of acetylene to the reaction greatly
accelerated the growth of vertically aligned SWCNTs. Similar studies using

ethylene and methane, two other common carbon sources, did not show any
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noticeable change in growth rates. It was observed that while addition of
acetylene to ethanol accelerated growth, pure acetylene gave negligible carbon
growth. To understand the effect of acetylene, several tests were performed in
which SWCNTs were firstly grown from ethanol. This was followed by
introduction of isotopically enriched acetylene with/without ethanol. The aligned
nanotubes thus had sections where only ethanol was used and sections where
ethanol/acetylene was used. Raman spectra for these two regions showed almost
identical G-band and breathing mode peaks (Figure 7.25), suggesting that the
structure of the SWCNTs was the same whether acetylene was used or not. The

acetylene thus behaved as an accelerator for CNT growth.
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Figure 7.25: a-b.SEM images of vertically aligned CNTs prepared from
ethanol with acetylene ('*C and "°C) as accelerant c-d. Raman spectra taken
at different positions of acetylene accelerated growth, showing almost
identical G bands and radial breathing mode peaks. Indicating that acetylene

did not alter the CNT structure, but acted purely as an accelerant.!''”!

The authors also observed that when SWCNTs were grown using ethanol only,

followed by the introduction of acetylene only, the growth stopped rather quickly,
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suggesting that pure acetylene deactivated the catalyst. However, reintroduction of
ethanol prompted growth once more. Isotopically enriched ethanol was used to
determine whether ethanol decomposed into more reactive species (acetylene and
ethylene) or directly interacted with the catalyst to grow SWCNTs. It was found
that from the isotopic distributions that ethanol both decomposed and interacted
directly with the catalyst. Furthermore it was observed that the degree of ethanol
decomposition greatly affected the type of carbon produced, such that at fast flow
rates (decreased decomposition time) more ordered material was formed as
compared to that formed at slow flow rates (increased decomposition time) when
more amorphous material was produced. The results indicate that in limited
amounts acetylene can act as an excellent promoter for SWCNT formation. The
exact mechanism by which this occurs is still under investigation. It is interesting
to note that in this study the addition of ethylene did not improve the growth rate
of SWCNTs. This result differs with that reported by Shukla et al.’" *% and

suggests that competing reactions in the gas phase still needs investigation.

Studies have been performed on a range of alkynes that have been identified as
common gas phase intermediates.''™ To investigate the effectiveness of these
alkynes, two strategies were carried out. In the first strategy the carbon precursor
(ethylene) was pre-heated (at 1000 °C) to produce the desired gas phase species
followed by growth of carbon material. In the second strategy the carbon
precursor was not heated, but small amounts of selected carbon compounds
(acetylene, methyl acetylene and vinyl acetylene) were introduced into the
reaction zone with ethylene. It was observed that for the pre-heated ethylene, the
concentrations of benzene, methyl acetylene and vinyl acetylene increased with
pre-treatment temperature. A positive correlation between the growth rate of
carbon material and the concentration of these species was noted. Plata et al.l''®]
also performed reactions in which the carbon source was not pre-treated thermally
while different alkynes were introduced along with the carbon source (ethylene).
It was found that even without the pre-treatment, the CNT yield could be
increased by the addition of small amounts of acetylene, vinyl acetylene and

methyl acetylene (Figure 7.26). In order to determine which group on the vinyl
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acetylene was required for the accelerated growth, the authors also used ethyl
acetylene and 1,3-butadiene as additives. It was found that ethyl acetylene did not
promote growth to a greater extent than when vinyl acetylene was used. This
suggested that the alkene group is important in promoting CNT growth. The
alkyne group also appears to be important, as 1,3-butadiene was shown to be an
inefficient promoter when compared to vinyl acetylene. Thus, both alkenes and
alkynes are important promoters for CNT growth. It can be concluded that the
addition of small amounts of specific alkynes is an effective means of enhancing
CNT growth. Plata et al. proposed that this procedure could be used as an efficient
method to produce high quality and high yield CNTs.
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Figure 7.26: Graph showing improved carbon conversion yields and
catalyst efficiencies by introduction of various alkynes, alkenes and
alkanes for assisted CVD growth of CNTs from ethylene.!''®

119]

Most recently Hall et al.l'"' showed that the flame synthesis of SCMs was

influenced by the feedstock decomposition products. They compared the
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efficiencies of ethylene, ethyl alcohol and ethyl benzene, and observed that ethyl
alcohol and ethylene were capable of producing large amounts of tubular SCMs
under varying conditions whereas ethyl benzene was only capable of producing
small amounts of SCMs. The better performance of ethyl alcohol and ethylene
were attributed to the higher concentrations of aliphatic hydrocarbons produced,
which are considered to play an active role in SCM generation. Ethyl benzene did
not produce such hydrocarbons. It was concluded that the composition of the
combustion products (light hydrocarbons, CO and H,) was instrumental in the
synthesis of SCMs, and that carbon sources that did not yield the appropriate
decomposition products are unlikely to yield high quality and large quantities of

SCMs.

These studies indicate that gas phase entities influence the amount and crystalinity
of carbon nanostructures. Most importantly the studies reveal that the major
species produced in the gas phase and involved in carbon nanomaterial synthesis
contain sp” and sp carbon atoms. Carbon compounds that possess such functional
groups that are capable of producing alkenes and alkynes in the gas phase are

considered potentially efficient sources for carbon material growth.

7.5 CARBON SOURCE AND CATALYST MORPHOLOGY

It is generally accepted that CNT/Fs grow from active metal particles, with the
morphology of the particle impacting upon the structure of the CNT/F. Studies
have shown that the diameters of the CN'T/Fs are related to the size of the catalyst

1201211 Most recently it has also become evident that the shape of the

particles.!
catalyst particle is also important in controlling CNT/F morphology. As such
researchers have attempted to synthesize specifically shaped catalyst particles to
produce morphologically specific CNT/Fs. However, this has proven problematic
due to catalyst particle reshaping that occurs during CNT/F growth. Huang et
al.l'*?! showed that at different temperatures (600 to 850 °C), Ni catalyst particles
associated with CNF growth had different morphologies (Figure 7.27). At 600 °C,

the catalyst particles were irregularly shaped with rough surfaces and this led to

turbostratic CNFs (disordered stacking of graphite).
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FIGURE 7.27

Figure 7.27: CNF and catalyst morphology affected by reaction
temperature; a. 600 °C turbostratic CNF, b. 750 °C plate-like CNF, c. 850 °C
tubular CNF, d. irregular catalyst particle associated with turbistratic CNF
growth, e. cubic catalyst particle associated with plate-like growth, and f.

truncated cone-like catalyst particle associated with tubular CNF growth.!'*]

At 750 °C, cubic-like catalyst particles were present that led to plate-like CNF
growth, whereas at 850 °C the catalyst appeared as truncated cone-like particles
that gave rise to tubular CNFs. They concluded that the surface roughness and

shape of the catalyst particles determined the type of CNF produced. On the other

Carbon 2011 (submitted)



Chapter 7 IUEECH IPAL]

hand, He et al."* showed that CNF structure was influenced by variably shaped
conical Ni particles. In their study they showed that the choice of etchant gas
(H,O, NHs, H»/H,O and H,/NH3), affected the shape of the catalyst particles.
Treatment with H,O resulted in the formation of a well faceted conical catalyst
with low cone angles. This resulted in a more active catalyst particle. However,
when treated with NHj, the particles appeared rounder with larger cone angles,
leading to less active catalyst particles. It was observed that a correlation existed
between the inner diameters of the CNFs and the cone angle of the catalyst
particles, such that as the cone angle decreased there was a corresponding increase
in the inner diameter of the tubular CNFs and vice versa. These studies, along
with other studies (not discussed here) have shown that it is possible to adjust
reaction parameters to yield specifically shaped catalyst particles and ultimately

the morphology of the SCMs.

Of interest has been the control of the catalyst morphology by the use of inorganic
gases; addition of PH3, H,S, CO,, H,O, etc. have been shown to influence product

morphology.t''*1%!

Little work has been done to investigate the effect of the hydrocarbon source on
the gas environment and catalyst morphology. While most studies have focused
on the carbon precursor as a means of producing diverse carbon materials, we
have recently found that the carbon precursor can dramatically influence catalyst
morphology.””) Most notably we have reported on the effect of trichloroethylene
on Ni catalyst restructuring and CNF growth.™ In that study it was shown that
trichloroethylene actively restructures an agglomeration of Ni crystallites into a
tetrahedron that results in a tripod-like CNF growth. Additionally, the same Ni
catalyst when treated with methylprop-2-ynoate leads to a plate-like particle
followed by bi-modal striated CNF growth. We have also found that other
substituted alkynes and alkenes are capable of yielding differently shaped Ni
catalyst particles, that affect CNF morphology (Figure 7.28).°" '** Thus, carbon
precursors are not only a source of carbon for SCM growth, but their effect on

catalyst morphology has to be considered.
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FIGURE 7.28

Figure 7.28: CNF growth from various carbon sources (under identical
reaction conditions) illustrating unique CNF and catalyst morphologies; a.

2-pentyne, b. 1-heptyne, c. methylpropiolate, and d. trichloroethylene.*% "]

7.6 CARBON GROWTH: THE WAY FORWARD

Currently the mechanism for CNT/F growth from a catalyst particle at high
temperature (> 500 °C) is based on the Baker proposal®" ** (Figure 7.10):
interaction of a carbon source with the catalyst, dissolution of the carbon into the
metal (or possibly creation of carbon atoms/groups on the catalyst surface),
precipitation of the carbon to generate the CNF/CNT structures. However, as
Baker himself noted, this concept is not absolute and various modifications to the

98,100, 101, 109
process have been proposed by other researchers.*® %0 101- 109

Notwithstanding this mechanism, details at the atomic/molecular levels are still
sparse. While direct modelling and observation at the atomic scale is still to be
achieved, numerous attempts have been made to understand growth via alternative
mechanisms. These studies, discussed in this review, reveal that the
decomposition of the carbon source and the resultant gas phase entities formed

provides data to further elaborate on CNT/F formation. An analysis of in-situ gas
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phase studies has revealed; i. different carbon sources decompose to yield
different gas environments, ii. carbon sources that yield hydrocarbon species
(such as vinyl acetylene, ethylene, acetylene, butadiene, etc) in high yields give
larger carbon deposit yield iii. the gas phase affects the type and structure of the
SCM produced and iv. different carbon species give catalysts with different
morphology. These observations suggest that, the interaction of carbon species

with the catalyst surface impacts on CNT/F formation.

At lower temperatures (200-500 °C) the mechanism for CNF/CNT growth faces
even greater challenges. This is due to the low solubility of carbon into a metal
(e.g. carbon fibers grown from Cu at 200 °C), the limited presence of PAHs in the
gas phase to initiate any type of SCM growth (as proposed by Harris et al.) and
the unlikely production of large amounts of C; species from hydrocarbons. Thus,
the manner in which a carbon source fragments or reacts to forms radicals and
light hydrocarbons must impact on the development of a model for CNT/F
growth.

A summary of the steps that need to be investigated to generate a more complete
mechanism is indicated in Figure 7.29. The first part of the mechanism that needs
to be considered is whether the reactant interacts directly with the catalyst particle
(i.e. is unchanged) or alternatively fragments in the gas phase into radicals and
other light hydrocarbon compounds that then interact with the catalyst.
Regardless of the above route, the sequence of reactions required for carbon
growth from the metal particle that follow are: i. after reactant interaction with the
catalyst the reactant can dissociate unchanged and return to the gas phase, ii. the
reactant can fragment (C-C and C-H bond cleavage reactions) on the catalyst and
the fragments can return to the gas phase, iii. the reactants/fragments can fragment
further on the catalyst to generate C; species or iv. the reactant/fragments can

oligomerize/polymerize on the particle surface.

The key reactions that need to be considered are the C-C and C-H bond
forming/cleavage reactions on the catalyst surface. Since the products are C-C

containing products, C-H bond cleavage must occur requiring H; elimination from

the catalyst surface. If total reactant fragmentation does take place this would lead
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to the presence of C atoms on the catalyst surface that could now form

CNTs/CNFs via the classical high temperature (Baker) mechanism.
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Figure 7.29: Proposed mechanism for CNT/F growth via carbon
fragments; i. carbon source adsorbs onto the surface of the catalyst particle,
ii. carbon source is fragmented on the catalyst and released into the gas
phase, ii. gas phase fragments are readsorbed onto the catalyst surface, iv.
growth of CNT/F from adsorbed carbon fragments. Alternatively the
carbon source can be fragmented in the gas phase and then adsorb onto the
catalyst followed by CNT/F growth.
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An alternative reaction is a reactant oligomerization/polymerization process - this
will involve classical organometallic chemistry reactions in which the metal
surface induces C-H and C-C bond cleavage/formation reactions.!''”) These
reactions will be influenced by the carbon reactant that generate the CNFs/CNTs.
It is possible that at low temperature the latter scenario is a plausible route. If
oligomerization of carbon entities are to take place then the mechanism to produce
a 3D network of C atoms in a CNF needs to be determined. This must also take
into account the ability of the carbon reactants to diffuse to all the metal sites on a
catalyst particle to provide for fiber growth with a diameter limited by the size of

the particle.

It is evident from this chapter that a more detailed mechanism for CNF/CNT
growth is needed wherein a greater emphasis is placed on the manner in which the
carbon reactants decompose in the gas phase as well as the means by which the
carbon species decompose or interact with a catalyst particle, particularly in the
low temperature regime. Moreover it is evident that: 1. different carbon precursors
breakdown differently, ii. the most efficient building blocks are those that contain
sp and sp” carbons and carbon precursors that can readily produce these carbons
are considered the ‘best’ carbon sources, and iii. the carbon gas phase species
influence catalyst morphology. Much effort is still required to probe the finer

details of carbon nanomaterial growth in the low temperature regime.

7.7 CONCLUSION

It been shown that compounds that can readily decompose into sp” and sp carbon
species are essential for the growth of carbon nanomaterials. Amongst the vast
array of carbon sources currently available for carbon growth, the most obvious
choices are alkenes, alkynes, aromatics, etc. It is expected that such compounds
readily decompose to sp® and sp species, making them ideal candidates for SCM
growth. Apart from acetylene and ethylene, there are only a limited number of
synthetic studies that have considered the use of other unsaturated carbon sources

to make SCMs. Given the large number of unsaturated hydrocarbon compounds

available, there is a vast array of compounds that have yet to be tested for the
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controlled synthesis of carbon nanomaterials. It is evident from the limited
investigations reported here that hydrocarbon structure and bonding greatly
affects the reactivity, carbon deposition and catalyst lifetime of these materials.
The structure and properties of carbon nanomaterials synthesized from different
hydrocarbons generates a wide array of carbons with different shapes and sizes.
This approach could offer researchers an alternative route (other than variation of
temperature and catalyst) for the selective synthesis of carbon materials. Given
that different carbon reactants decompose both in the gas phase and on catalyst
particles, the reactants should generate different
ions/radical/fragments/compounds. It is clear that these species should lead to: i.
catalyst restructuring and ii. a wide range of C-C and C-H bond forming and
breaking reactions. This should impact on the morphology of the carbon
produced. A more detailed mechanism entailing the construction of carbon

products from carbon fragments is still needed.
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CHAPTER 8

The growth of shaped carbon nanomaterials from a range
of substituted alkynes over a reduced NiO xerogel catalyst
was investigated. It was found that the structure of the
substituted alkyne affected both catalyst morphology and
carbon fiber growth. For linear alkynes (1-pentyne to 1-
octyne) the fiber morphology varied with the type of
alkyne used, while the carbon fiber yield generally
increased with increasing chain length but decreased as
the position of the triple bond changed: 1-hexyne > 2-
hexyne > 3-hexyne. It was also found that hetero-atoms
(Cl, Br, OH and NH,) greatly impacted upon carbon fiber
growth and structure. An analysis of the catalyst particles
associated with the carbon fibers grown from various
alkynes, showed that different alkynes gave differently
shaped Ni catalyst particles. It was found that pre-
treatment of the catalyst with an alkyne such as
trimethylsilyl acetylene or ethynyl aniline (that did not
give fiber growth), followed by treatment with acetylene
initiated fiber growth morphologies (Y-junction, helical
or straight fibers) different from observed after direct
treatment with acetylene. Further, sequential fiber
growth from two alkynes that were both capable of
producing fibers (e.g. methyl prop-2-ynoate followed by
prop-2-yn-1-amine) resulted in ‘co-block’ fiber growth.
These results highlight the dynamic relationships that
exists between carbon source, catalyst morphology and

carbon nanomaterial growth.

Keywords: carbon fibers - alkynes - catalyst restructuring
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8.1 INTRODUCTION

Shaped carbon nanomaterials (SCMs) have attracted tremendous interest within
the last two decades, with efforts focused on their synthesis, characterization and

(121 Of particular interest has been the study of carbon fibers

applications.
(CNFs).”! Once considered as an unwanted by-product, their unique physical
and chemical properties have made them potential candidates for incorporation in
several technologies.!®”’ However, before CNFs (or any other SCMs) can gain
wide-spread use, careful control and understanding of the growth mechanisms and
synthesis procedures to make them is needed. To make SCMs, three components
are needed: 1) an energy source, ii) a catalyst or template and iii) a source of
carbon.’*'”) While many comparative studies have been performed to elucidate the
role/s played by the first two components in SCM generation, less emphasis has
been placed on the role of the carbon type on SCM synthesis. In particular, the
relationship that exists between the carbon source and the catalyst, as well as the

carbon source and fiber morphology has been little studied.!"' ™'

It is widely believed that during SCM growth that the carbon source adsorbs onto
the catalyst surface, fragments into carbon atoms that dissolve into the catalyst
and finally the carbon precipitates from the catalyst in the form of a SCM (fiber or
tube).!"! This mechanism suggests that: i. carbon sources should have very little
impact on SCM growth (other than providing a source of carbon) and ii. different
carbon sources should have a similar impact on the catalyst morphology. Not
unexpectedly this has led to limited studies of the role of the carbon source in
SCM synthesis. However, some recent studies have suggested that the carbon

1-141 and that this

source does influence the morphology of the SCMs produced,

could relate to the type and amount of carbon radicals/compounds/species formed

[15, 16

in the reaction zone. ] Further, a correlation between catalyst morphology and

gas phase carbon species has been noted, i.e. the shape of a catalyst particle can be

(17181 1t is also known that catalyst

altered by different gas environments.
morphology can influence the morphology of a resultant SCM;!" 2! a link

between different carbon sources and carbon morphology through the catalyst
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morphology is hence apparent. Thus, the choice of the carbon precursor could be

an important step in determining carbon synthesis strategies.

In this study an attempt has been made to explore the relationship between the
carbon source and carbon growth (and catalyst morphology) using substituted
acetylenes over a Ni catalyst. Substituted alkynes containing different functional
groups offer a simple procedure to explore the relationship between carbon
precursor and carbon growth. Acetylene is an excellent source (as well as a
promoter)i*' ¥ for carbon nanomaterial growth, but to date, there have been few
systematic investigations performed in which substituted alkynes have been used

2241 T this end acetylenes with hetero atom substituents (1-

to generate SCMs.|
propyne-3-ol, prop-2-yn-l-amine, 3-chloroprop-1-yne, 3-bromoprop-1-yne),
acetylenes with different alkyl chain lengths (1-pentyne, 1-hexyne, 1-heptyne, 1-
octyne, 3-chloroprop-1-yne, 3-bromoprop-1-yne) and acetylenes in which the
position of the triple bond was varied (2-pentyne, 2-butyne, 2-hexyne, 3-hexyne)
have been used to study the effect of alkyne substituent on SCM synthesis. The
results of the investigation are described below. It was observed that the different
alkynes could be used to; i. produce carbon fibers with varying morphologies, ii.

initiate selective fiber growth from acetylene after initial reaction with a

substituted alkyne, and iii. synthesize ‘co-block’ carbon fibers (Figure 8.1).1*"]

P I
e I |
HELICALCARBON FIBERS, |, MORPHOLOGICALLY TIVERSE CARBON .
UISING ACETYLENE MIATERIALS GROWN FROM VARIOUS ALKYNES R #

4

S

N =7

1i. CATALYST PRE-TREATRENT WITH
SELECTED) ALKYNES X
N z
[ [
>N
FOHLOWED BY CARBON, GROWTH
FROM ACETYLENE, VIELDING
UNIQUE FIBER GROWTH

N\

FIGURE 8.1

ili. SEQUENTIAL ADDITION OF SELECTED
ALCYNES, 70 FORM "CO-BLOCK" CARBON FIRLRS

Figure 8.1: Alkynes used to produce diverse carbon materials by several
methods.
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8.2 EXPERIMENTAL
8.2.1 Catalyst preparation

A xerogel catalyst was prepared by dissolving NiCl,.6H,O (0.03 mol) and citric
acid monohydrate (0.045 mol) in 100 mL absolute ethanol. The solution was then
stirred and heated to 60 °C for 4 h, followed by evaporation of ethanol at 80 °C.
The resultant solid was then calcined at 400 °C in air for 4 h, and ~ 1.5 g of

catalyst was produced.*> %]

8.2.2 Synthesis of carbon materials
8.2.2.1 Carbon deposition from linear alkynes

Carbon materials were obtained by the catalytic decomposition of selected
substituted alkynes over the NiO xerogel catalyst (all carbon precursors and
reagents were obtained from Sigma-Aldrich and used as purchased). In each
synthesis approximately 50 mg of catalyst material was uniformly spread onto a
small quartz boat and placed in the centre of a horizontal furnace (200 mm x 25
mm). The catalyst was then activated by heating at 10 °C/min in H, at 100
mL/min to 450 °C and reduced in H, for a further 3 h at 450 °C. This treatment

(261 The substituted alkynes (2-butyne, 1-pentyne,

converted the NiO catalyst to Ni.
2-pentyne, 1-hexyne, 2-hexyne, 3-hexyne, 1-heptyne, 1-octyne, 3-chloroprop-1-
yne, 3-bromoprop-1-yne, I-propyne-3-ol, prop-2-yn-l-amine), were then
introduced into the reactor by bubbling N, (100 mL/min) through the alkyne. To
provide a measure of product yield ~ 1 g of alkyne was used in every reaction.
This was achieved by bubbling N, through the different alkynes heated to
temperatures ~ 15-30 °C below their boiling point. The temperatures and reaction
times were varied to ensure similar amounts of alkyne were used in each synthesis
run. The yields were calculated from the amount of alkyne used and the total

amount of carbon deposited for the same amount of catalyst (yield: g of reactant/g

of product x 100 %; see supplementary material for further details).
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8.2.2.2 Carbon deposition from acetylene after pre-treatment of catalyst with

selected alkynes

Reduced Ni catalysts were pretreated in the presence of selected alkynes
(trimethylsilyl acetylene, ethynyl aniline or ethynyl thiophene). In each reaction,
N, was bubbled through the alkyne (100 mL/min) for 45 mins (ca. 1 ml of alkyne
was evaporated). No substantial carbon deposit was observed during this Ni pre-
treatment. The alkyne addition was halted and acetylene (100 mL/min) was
introduced into the reactor for 30 min. The black carbonaceous material produced

was collected for analysis.

8.2.2.3 Growth of co-block carbon fibers by sequential addition of alkynes

The co-block CNF’s were prepared by the sequential addition of two different
alkynes. Methyl prop-2-ynoate was first used to generate carbon fibers on the
reduced Ni catalyst at 450 °C (~10 min). This was followed by reaction with 2-
pentyne,'”! 1-heptyne!®! or prop-2-yn-1-amine for a ~10 min period. This
procedure of selective introduction of different acetylenes was repeated several

times. The resultant products were then harvested for characterization.

8.2.3 Characterization

Carbon materials and catalysts were characterized by transmission electron
microscopy (TEM) using a FEI Tecnai G* Spirit electron microscope at 120 kV.
Thermal stability of carbon materials were determined by thermo-gravimetric
analysis (TGA) using a Perkin Elmer Pyris 1 TGA. In the TGA experiments a 3-5

mg sample was heated to 900 °C at a rate 10 °C/minute under air (20 ml/min).

8.3 RESULTS

We begin our discussion by first considering the effect of H, reduction on the NiO
xerogel catalyst. The catalyst was reduced at a temperature of 450 °C and this
produced agglomerates of cubic Ni particles, ~ 50-100 nm in diameter

(Supplementary, Figure S8.1).
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After NiO reduction, acetylene (C,H,) was passed over the catalyst and a black
carbonaceous sooty material was formed. TEM analysis of the soot revealed that
carbon fibers had been produced with a helical morphology (90 %) and an average
pitch size of 100-150 nm and diameters of 50-100 nm (Figure 8.2). The remaining
material (~ 10 %) consisted of straight fibers (bidirectional growth from the
catalyst) with average diameters of 100-150 nm. Catalyst particles associated with
these helical carbon fibers were shown to be faceted rhombohedra, diamond-like
in shape, with particle diameters related to the fiber diameters (50-100 nm).
Similar results have been reported by Tang et al.l*®!

FIGURE 8.2

Figure 8.2: Helical carbon fibers grown from acetylene over NiO catalyst
at 450 °C.

The facile acetylene decomposition reaction at 450 °C (20 % yield, relative to the
amount of acetylene used) and the unique helical morphology of the carbon fiber
growth suggested that the Ni catalyst would be effective for the growth of carbon
fibers from substituted alkynes. A comparative study of the reaction of a range of
substituted alkynes was thus undertaken to determine the effect of various alkyne
substituents on the morphology of the carbon materials. The relatively low

reaction temperature used (450 °C) should limit the competing reactions and
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decomposition pathways for the substituted alkynes that may occur at higher
temperatures. TEM analysis of the products produced from the different
substituted alkynes revealed that the alkynes gave carbon fibers with different

morphologies (Table 8.1; Figures 8.2 and 8.3). The results are discussed below.

Table 8.1: Comparison of yield and morphology between various selected substituted alkynes

Morphology
Alkynes Yield (%)* ;
Type of fiber Growth mode Diameter (nm)
Helices: 50-100
Acetylene 20 Helical bidirectional Straight fiber: 100-
150
Helices: 100-150 nm,
Heli traight ’
2-Butyne 12 clical, straight, bidirectional, tip growth Straight fibers: 100-
amorphous
200
Small length fibers, as well ~ Tip growth (smaller
1-Pentyne 7 as larger more orderred fibers), bidirectional 50-70 and 100-200
fibers growth (larger fibers)
Small length amorphous- .
b -
2-Pentyne 4 like fibers Tip growth 30-50
1-Hexyne 9 Straight fibers bidirectional 100-150
Stubby fibers, with some .
2-He e 2 T th 15-
e amorphous carbon deposits b grow 5-35
3-Hexyne -1 Arnorphous. carbon _ _
deposits
Straight fibers, stacked- Lo . .
- B 11 ’ tional, t th 100-1
I-Heptyne like, roughened edges bidirectional, tip grow 00-150 -
oo
No fiber growth, catalyst E
1-Octyne <1 coverred with carbon - Variable, 20-250 =

deposits

3-Chloroprop-1-yne 13 S"hfozzzl:r’f;:l:i‘:e;”h bidirectional 150-220

Striated fibers, with

1-P, =5 idirectional 2
ropyne-3-ol 5 taperred ends bidirectiona 00
Prop-2-yn-1-amine 2 Stubby fibers Tip growth 40-80
Fibers, spheres and
3-Bromoprop-1-yne <1 encapsulated catalyst Tip growth Variable
particles
Bt diopiee 9 Straight fibers bidirectional 100-150
acetylene
iline € R struct b
Ethynyl aniline®, 4 ough, unstructure carbon Tip growth 70-150
acetylene fibers
Trimethylsilyl Helical, straight, Y-shaped  bidirectional and tri
- tri-
i 8 cfical, straight, Y-shaped  bidirectionaland tri- oo 50 . 4 350500
! (dominant) fibers directional growth
acetylene
Methyl prop-2- . . .
13 Striated fibers bidirectional 200-400

b
ynoate

¢ Yield calculated on the basis of amount of carbon precursor used, and amount of carbon deposited (for 50 mg of
catalyst)
b As discussed in an earlier publication [25]

¢ No carbon growth; used to restructure catalyst particles for growth from acetylene
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8.3.1 Linear alkynes
The use of linear alkynes in which the carbon length and positional substitution
was varied (2-butyne, 1-pentyne, 2-pentyne, 1-hexyne, 2-hexyne, 3-hexyne, 1-

heptyne, 1-octyne) revealed variations in carbon yield, carbon structure and

morphological change in the Ni catalyst particles for each alkyne used.

FIGURE 8.3

Figure 8.3: Carbon fibers grown from; a. 1-pentyne, b. 1-hexyne, c. 1-
heptyne and d. 1-octyne, showing diversity in the carbon materials
formed (arrows indicate representative catalyst particles for carbon

growth).

1-Pentyne produced two types of fibers. Both types of fibers were straight; one
type grew from the tip of a catalyst particle (short fibers, average diameters of 50-

70 nm), and the other showed bidirectional growth from a catalyst particle (longer
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fibers, average diameters of 100-200 nm) situated at the centre of a fiber (Figure
8.3a). The catalyst particles for the smaller fibers were irregular in shape, while
the larger fibers grew from rhombohedra (see arrows, Figure 8.3a). Clearly
present are large agglomerates of the Ni catalyst from which the smaller catalyst

particles and fibers originated.

1-Hexyne yielded relatively well structured fibers that showed bidirectional
growth from catalyst particles, with average fiber diameters of 100-150 nm
(Figure 8.3b). In this instance the fibers grew from disc-like catalyst particles that
originated from the agglomerated catalyst particles (see arrows, Figure 8.3b). 1-
Heptyne yielded fibers that are solid, stack-like with roughened edges and with
average fiber diameters of 100-150 nm (Figure 8.3c). These fibers showed either
mono or bidirectional growth from catalyst particles that appeared spherical, with
diameters of 100-150 nm. 1-Heptyne yielded long fibers and the initial
agglomerated catalyst particles from which growth occurred were not visible.
When 1-octyne was employed as a precursor, carbon deposition decreased
dramatically and it was observed that catalyst particles appeared to be coated with
carbon with no fiber growth (Figure 8.3d). In summary; i. as the alkyne chain
length increased, the carbon fiber yield and length increased (1-heptyne > 1-
hexyne > I-pentyne); l-octyne yielded no fiber growth and ii. the catalyst
morphology varied with the type of alkyne used.

The synthesis of carbon fibers from linear alkynes in which the position of the
triple bond was varied was also investigated. 2-Butyne yielded a variety of shaped
carbons with variable structures (helices, straight fibers, unstructured carbons) in
good yield (12 %) (Figure 8.4a). By comparison 2-pentyne appeared to be less
active (yield 4 %) but mainly produced straight carbon fibers that were all similar
in morphology and diameter (Figure 8.4b). TEM analysis revealed that the fibers
were not well structured with average diameters of 30-50 nm. They were shorter
in length when compared to those formed from 1-pentyne (Figure 8.3a and 8.3b).
2-Hexyne yielded fibers in low yield (2 %; unstructured, stubby) with average

diameters of 15-35 nm together with large amounts of amorphous carbon (Figure
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8.4c). In summary, for 2-butyne, 2-pentyne and 2-hexyne, carbon yields decreased

with increasing carbon chain length and the Ni morphology varied with the

alkyne.

FIGURE 8.4

Figure 8.4: Carbon fibers grown from; a. 2-butyne, b. 2-pentyne and c. 2-
hexyne showing diversity in carbon materials formed (arrows indicating

representative catalyst particles from which carbon growth occurs).

Growth of carbon from positional isomers (1-hexyne, 2-hexyne, 3-hexyne) was
also investigated. As mentioned above, 1-hexyne and 2-hexyne produced carbon
from catalyst particles that had spherical to irregular shapes. 3-Hexyne, in contrast
showed almost no reactivity (yield < 0.1 %; amorphous carbon, see

supplementary Figure S8.2a) from large agglomerates of catalyst particles.

8.3.2 Alkynes with hetero-atoms

The decomposition of a series of alkynes containing hetero atom substituent’s (1-
propyne, 3-chloroprop-1-yne, 3-bromoprop-1-yne, 1-propyne-3-ol, prop-2-yn-1-
amine) over the Ni catalyst was examined. The product yields were found to
decrease in the order; 3-chloroprop-1-yne > 1-propyne-3-ol > prop-2-yn-1-amine

> 3-bromoprop-1-yne. The structures of the products are shown in Figure 8.5.

3-Chloroprop-1-yne led to the formation of well structured carbon fibers with
bidirectional growth from plate-like single catalyst particles (Figure 8.5a). The
carbon fibers appeared solid with slightly roughened edges, and had an average
diameter of 150-220 nm, similar to the diameter of the catalyst particles from

which they grew. 1-Propyne-3-ol tended to form striated carbon fibers that also

Carbon 2011 (accepted)




Chapter 8 IEECHIRZL)

showed bidirectional growth from a single (plate-like) catalyst particle (Figure
8.5b). The fibers had a peapod type structure with tapering tips and a wide base
with diameter similar to that of the catalyst particle (average diameter 200 nm).
This structure suggests that catalyst restructuring has occurred during fiber
growth, confirmed by temporal studies (Supplementary, Figure S8.3). Prop-2-yn-

I-amine yielded fibers that appeared as solid stubby outgrowths, with a slender

catalyst particle at the fiber tip (Figure 8.5¢).

FIGURE 8.5

Figure 8.5: Morphologically diverse carbon deposits produced from 1-
propynes with heteroatoms; a. 3-chloroprop-1-yne, b. 1-propyne-3-ol
(inset, striated structure), c. prop-2-yn-1-amine and d. 3-bromoprop-1-yne
(arrows indicate representative catalyst particles from which carbon
growth occurs).

On the other hand, 3-bromoprop-1-yne yielded a variety of carbon materials but

predominantly encapsulated catalyst particles (70 % selectivity, Figure 8.5d). A
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carbon shell formed around the spherical and elliptical catalyst particles. These
shells have diameters of 100-200 nm and are easily damaged during sonication,
allowing for the release of catalyst particles, leaving behind hollow shells
(Supplementary, Figure S8.2d-e). Other structures observed were fibers and
spheres (Supplementary, Figure S8.2b and S8.2c¢). The fibers were very small and
solid, with a catalyst particle at their tips (Supplementary, Figure S8.2b). It is to
be noted that the catalyst particle diameter is nearly 3 times as small as the fiber
diameter. Auger and XPS analysis of the products, revealed little if any halogen

content (< 1 %).

8.3.3 Relationship between substituted alkynes and catalyst morphology

TEM analysis of the catalyst particles associated with the various fibers after
reaction, revealed that the catalyst particles acquired unique morphologies that
varied with the different alkynes used. A selection of the particle morphologies
formed is given in Figure 8.6. The average size of the Ni particles varied from
150-200 nm for 2-butyne to 30 and 15 nm for 2-pentyne and 2-hexyne
respectively. Line spectrum EDS analysis of catalyst particles confirmed the

presence of Ni.

The use of 1-pentyne and 1-hexyne revealed catalyst particles that are much larger
than those produced from 2-pentyne and 2-hexyne. As expected, as the size of the
particles varied so did the shapes of the particles. Catalyst particles appeared
spherical and/or irregular (Figure 8.6a and 8.5b) when 2-pentyne and 2-hexyne
were used, rhombohedral for 2-butyne and 1-pentyne, (Figure 8.6c and 8.5d) and
plate-like for 1-hexyne and 1-propyne-3-ol were used (Figure 8.6e and f). These
observations indicate that alkynes are not only a source for carbon fiber growth

but are also associated with catalyst particle restructuring during fiber growth.

This ability of the carbon source to restructure the Ni particles suggested that
sequential growth of a carbon fiber from two different acetylenes could yield

carbons with unexpected growth patterns. To test this, the Ni catalyst was first

reacted with a substituted alkyne that did not give fiber growth followed by
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FIGURE 8.6

Figure 8.6: Morphologically diverse catalyst particles associated with
fiber growth from; a. 2-pentyne, b. 2-hexyne, c. 2-butyne, d. 1-pentyne,
e. I-hexyne, f. 1-propyne-3-ol (arrows indicating representative catalyst

particles from which carbon growth occurs).
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FIGURE 8.7

Figure 8.7: Ni catalyst morphologies after pre-treatment with; a. ethynyl
thiophene, b. ethynyl aniline and c. trimethylsilyl acetylene. Fibers grown
from acetylene after pretreatment with: d. ethynyl thiophene (straight
solid fibers), e. ethynyl aniline (amorphous—like small fibers) and f.
trimethylsilyl acetylene (Y junction-like fibers). Arrows indicate catalyst
particles and fibers (tip growth, bidirectional or tri-directional).
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treatment with acetylene that would normally produce carbon helices. The overall
growth process thus consisted of two steps; catalyst pre-treatment by a selected
alkyne (with little detectable carbon deposition) followed by carbon fiber growth

from acetylene that resulted in carbon deposition.

Three alkynes were selected to act as pretreatment sources viz. ethynyl thiophene,
ethynyl aniline and trimethylsilyl acetylene. No significant carbon deposits were
formed when the Ni catalyst was treated with these alkynes. TEM images of the
catalysts after reaction of the Ni catalyst with these alkynes revealed that the
catalyst morphology had, in all instances been altered (Figure 8.7a — ethynyl
thiophene, 8.7b — ethynyl aniline, and 8.7c — trimethylsilyl acetylene). The
catalysts appeared as large (> 150 nm) irregular particles with a range of
morphologies. Ethynyl thiophene yielded catalyst particles that appeared rod-like
(average length 200-400 nm and average diameters of 20-70 nm). Ethynyl aniline
and trimethylsilyl acetylene yielded catalyst particles that appeared as large
irregular particles with particle diameters between 150-400 nm. After this
pretreatment of the Ni catalyst by the selected alkyne, acetylene was then
introduced over the catalyst (t = 30 min), and in every instance a carbon deposit
was formed (Table 8.1). TEM analysis of the carbon deposits revealed that several

new carbon fiber morphologies could be identified.

Treatment of the Ni catalyst with ethynyl thiophene/acetylene, gave carbons with
predominantly straight fibers (Figure 8.7d). These fibers showed bidirectional
growth from a single regular faceted rhombohedral particle, with average diameter
of 100-150 nm. The solid fibers had slightly roughened edges, and diameters
related to the size of the catalyst particles. When the catalyst was treated with
ethynyl aniline/acetylene a dramatic difference in the quality of carbon deposits
was noted with formation of rough, slightly unstructured carbon fibers (Figure
8.7e). The fibers grew in only one directional from spherical catalyst particles
with average diameters of 35-50 nm, which were located at the tips of the fibers.
The fiber diameters were 2-3 times larger than the catalyst particles. Pre-treatment

of the Ni catalyst with trimethylsilyl acetylene/acetylene gave a variety of shaped
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fibers (helical, straight, Y-shaped; Figure 8.7f).*>) Of particular interest was the
presence of Y-shaped fibers (55 % of the carbon deposits). These fibers grew
from a single catalyst particle that appeared triangular in morphology. The fibers
were solid, well structured and with diameters of 350-500 nm, and were related to

the catalyst particle diameters from which they formed.

8.3.4 Co-block fibers from substituted alkynes

An extension of the concept described above, is the sequential growth of fibres
from two alkynes that both give carbon growth. This would in principle, lead to
the growth of co-block fibers.”” We found that, sequential addition of methyl
prop-2-ynoate (A) and prop-2-yn-1-amine (B) produced A-B ‘co-block’ fibers
(Figure 8.8).

[

FIGURE 8.8

Figure 8.8: Carbon fiber with ‘co-block’ morphology grown by sequential
addition of methyl prop-2-ynoate (A) and prop-2-yn-1-amine (B).

In this instance the striated segment formed by methyl prop-2-ynoate (A) was
followed by a thinner more solid type of fiber produced from prop-2-yn-1-amine.
In an earlier publication we reported that, if 2-pentyne or 1-heptyne were used

(instead of prop-2-yn-1-amine), in combination with methyl prop-2-ynoate then
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A-B ‘co-block’ fibers were also formed. In these instances a more amorphous
type of A-B ‘co-block’ fiber was identified.”*™ In principle any pairing of alkynes
in the correct combinations could be used to form other A-B ‘co-block’ fibers

with unique structures.

8.4 DISCUSSION

In the reactions discussed above, a Ni catalyst made from NiO was reacted with
different alkynes to produce carbon fibers. It was observed that the carbon fibers
grew outwardly, from large agglomerates of Ni particles (Figure 8.3a and 8.2b)
that broke down into smaller Ni particles in the presence of the alkynes. The
different substituted alkynes affected the Ni catalyst particles differently and
produced differently shaped carbon fibers. This suggests a relationship between

carbon source, catalyst morphology and carbon fiber growth.

Attempts to modify the Ni particles by adding Ni to a support (SiO; or Al,O3) led
only to carbon fiber formation with catalyst particle at the tip of the fiber and little
restructuring of the Ni particle (catalyst particles appear similar). The carbon
fibers grown from 1-heptyne over Ni/SiO, and Ni/Al,O; are similar
(Supplementary, Figure S8.4) and quite different to that grown from the
unsupported Ni catalyst (Figure 8.3c). This suggests that it is the ability of the Ni

to restructure that is a defining feature for the reactions under study.

This link between carbon fiber and catalyst morphology has profound
implications for any mechanism of carbon growth. If the only role of the carbon
precursor is to supply C; or C, species then the only factor that should influence
fiber growth would be the carbon content of the carbon source. However, as seen
for 1-hexyne, 2-hexyne and 3-hexyne or for 1-pentyne and 2-pentyne, there is a
significant change in fiber and catalyst morphology after exposure of the Ni to the
different alkynes. This suggests that a key feature in the reaction must be the
interaction between the catalyst particle and the carbon source. It is this

interaction that leads to the catalyst particle restructuring process. The key

questions that arise from this study are: i. what is the role of gas phase
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intermediates in the reaction? ii. once the carbon precursor interacts with the Ni
particle, how do carbon atoms rearrange and combine to form the fiber? It is
unlikely that these intermediate species diffuse within the catalyst particle; iii. do
C-C bond forming reactions occur on the surface of the catalyst particle ?

The implication from this study is that the catalyst particle can readily restructure
and that the synthesis of particles of specific morphology to produce CNFs with a
known morphology is an exciting new alternative in making ‘carbons with a
particular morphology’. Methods or procedures to ensure that the catalyst
particles retain their desired shape throughout a fiber forming reaction will be
needed. Furthermore the structurally diverse fibers produced, particularly the co-
block CNFs, should in principle exhibit different properties and thereby offer
exciting new materials for various applications. Thus the varied surface
morphology of the CNFs could be used to bind metals differently for use in
catalytic reactions. This varied morphology should also lead to surfaces with
different functional groups that would bind to atoms (and molecules) differently

for use in solar cells, batteries or for drug delivery.®”!

8.5 CONCLUSION

The reaction of substituted alkynes over a NiO xerogel catalyst at 450 °C offers
new and alternative routes for the preferential growth of unusual carbon fibers and
suggests a novel approach to carbon material synthesis that should apply to other
catalysts and carbon sources. Moreover, this study shows the dramatic effect a
carbon source (substituted alkyne) has on catalyst morphology, an implication
which must be considered for the development of any synthesis strategy and

impact on proposals for future growth mechanisms of carbon fibers.
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A NOVEL APPROACHTO
SYNTHESIZING MULTI-
COMPONENT CARBON

NANOFIBERS -
“CO-BLOCK CARBON
NANOFIBERS”

A new range of CNFs (patterned
co-block CNFs) has been
synthesized using an approach
analogous to that used in
polymer synthesis. Moreover the
facile synthesis of these co-block
CNFs allows for the controlled
synthesis of selectively patterned
CNFs

This approach of synthesizing
“multi-component” CNFs
introduces a new dimension to
CNF synthesis, and will provide
materials with novel physical and
chemical properties

It is believed that these
materials have the potential to
play an important role in
catalysis, sensors and fuel cells
as well as being incorporated
into fiber composite materials
and other technologies
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CHAPTER 9

To date all carbon nanofibers (CNFs) grown in a
controlled manner have been observed to consist of a
single morphology.!"™" Herein we show for the first
time that indeed co-block CNFs can be synthesized
using an approach analogous to that used in co-block
polymer synthesis. Passage of a range of acetylenes
(methylpropiolate, 2-pentyne, 1-heptyne, etc.) over a
NiO, xerogel catalyst at 450 °C was found to yield
CNF's with various morphologies. Acetylenes that
showed the greatest difference in CNF morphology
were selected to build CNFs with sections (blocks) of
alternating patterned morphology. This process of
alternating acetylene precursors, allows for the
synthesis of patterned CNFs, such that the number
and length of alternating morphological diverse
blocks can be controlled by the exposure of different
acetylenes and the time of reaction for each. This
approach of synthesizing “multi-component” CNFs
introduces a new dimension to CNF synthesis, and
will provide materials with novel physical and

chemical properties.

Keywords: carbon nanofibers - co-block - patterned

A NOVEL TYPE OF CARBON: THE SYNTHESIS OF PATTERNED CO-BLOCK CARBON

9.1 INTRODUCTION

The study of CNFs has been developed into an important
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area of research ever since they were first synthesized and observed in the early
20th century.”) Numerous efforts have since been devoted to understanding their
formation and also importantly, their prevention.”® However since the reports on
carbon nanotubes (CNTs) by Ijima, CNFs and CNTs have attracted interest due to
expectations that these materials, which possess unique physical and chemical
properties, can be applied in various technologies.™ "

It has been reported that the unique properties associated with CNFs (much like
CNTs) are determined by the fiber structure (shape and crystallinity) and their
dimensions (micro vs. nano).*'%” Thus it has been the goal of researchers within
the past two decades to achieve control over the synthesis of CNFs.!''
Typically CNFs are produced by the decomposition of a carbon containing

compound over a metal catalyst particle.!!

By modifying the chemical
composition and morphology of the catalyst, as well as the carbon source, it is
possible to synthesize CNFs with variable degrees of crystallinity, size and
shape.l" ') The primary structure is thought to occur via the anisotropic
alignment of graphene layers; these graphite layers lead to structures that have
different shapes (straight, helical, branched, etc.) developed by the growth from

(.2 13141 This diversity of

the different crystal faces of the catalyst particle.
morphologies makes CNFs an attractive material for studies that investigate the

relationship between structure and function.

To date all fibers grown have been observed to consist of a single morphology.
While their shape may change from helical to straight, the underlying structure
remains unchanged i.e. either plate-like, tubular or herringbone.!"™ It is well
established that the morphology of 1-D carbon chains can be readily modified by
varying the carbon source to yield carbon chains with variable morphologies.
Indeed this phenomenon of forming chains of carbon with sections of distinct
structure from different monomers is a well developed area in polymer chemistry
and generates block co-polymers.'> ' Block co-polymers are based on the
phenomenon of a living polymer, whereby a carbon chain is capable of growing
‘indefinitely’.!"® Since CNFs can be viewed as a carbon “polymer”, it should be

possible to synthesize CNF’s with a co-block polymer structure analogous to co-
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block polymers. This should be possible by simply varying the carbon reagent,
thereby creating a “living polymer” or more accurately a “living CNF” analogous
to a living polymer. Based upon this concept we have been able to produce in a
controlled manner novel co-block CNFs that to the authors’ knowledge have not

been reported previously.

9.2 EXPERIMENTAL

The xerogel catalyst was prepared by dissolving NiCl,.6H,O (0.03 mol) and citric
acid monohydrate (0.045 mol) in 100 mL absolute ethanol. The solution was then
stirred and heated to 60 °C for 4 h, followed by evaporation of ethanol at 80 °C.

The resultant precipitate was then filtered and calcined at 400 °C in air for 4 h.

Carbon fiber synthesis: The carbon nanofibers were obtained by the catalytic
decomposition of selected acetylenes over the NiO xerogel catalyst. In each
synthesis approximately 10 mg of catalyst material was uniformly spread onto a
small quartz boat, and placed in the centre of a horizontal furnace (200 mm x 25
mm). The catalyst was then activated by heating at 10 °C/min in H, at 100
mL/min to 450 °C and reduced in H, for a further 3 h at 450 °C. The acetylenes
(methylpropiolate, 2-pentyne, 1-heptyne) were then introduced into the reactor by
bubbling of N, (100 mL/min) into an acetylene at 50 °C, for about 30 min. The
co-block CNF’s were prepared by the sequential addition of two different
acetylenes i.e. methylpropiolate/2-pentyne and methylpropiolate/1-heptyne. Thus
methylpropiolate was first decomposed at 450 °C for a period of 10 min (0.1 ml)
followed by 2-pentyne or 1-heptyne for a 10 min period (0.5 ml and 0.1 ml
respectively). This procedure of selective introduction of different acetylenes
could be repeated several times. The resultant material was then harvested for

characterization.

Carbon materials and catalysts were characterized by transmission electron

microscopy (TEM) using a FEI Tecnai G Spirit electron microscope at 120 kV.
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9.3 RESULTS AND DISCUSSION

We begin our discussion by first considering the growth of CNFs from the
acetylenes, methylpropiolate, 2-pentyne and 1-heptyne. It was observed from
TEM images that the acetylene reactant used (Figure 9.1) influenced the structure
of the CNF produced. Methylpropiolate tends to form CNFs that grow
simultaneously in a bidirectional manner from a platelet like catalyst particle

(Figure 1a), to give a regularly striated CNF.

]
;’/j‘
Ni -1
catalyst particle P
L} G N

D G i

" wcatalyst particle
& ystp

FIGURE 9.1

Figure 9.1: CNFs grown over Ni catalyst particles using different

acetylenes: a. methylpropiolate b. 2-pentyne c. 1-heptyne.

The diameter of the CNF is determined by the diameter of the catalyst particle

(200-400 nm). This structure stands in stark contrast to CNFs grown from 2-

pentyne, in which the CNF grows from the tip of smaller, irregularly shaped
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catalyst particle (Figure 9.1b). The CNF structure is a solid “amorphous-like”
strand (d = 20-150 nm) with no striations (Figure 9.1b). Additionally 1-heptyne
produced CNFs that grow both bidirectional as well as mono-directional from
semi-regular particles (Figure 9.1c). These CNFs are solid strands (d = 50-200
nm) with highly roughened ends that give a stack-like appearance to the CNF.
These observations reveal that the different acetylenes preferentially grow from
differently sized and shaped catalyst particles, with fibers of unique morphologies.
Our ability to produce visually distinct CNFs (under identical conditions of
temperature, atmosphere and catalyst), led us to envisage the possible growth of
patterned CNFs by the singular adjustment of the acetylene source. Furthermore it
is clear that the CNFs grown from the various acetylenes are ‘living’ i.e. can be
lengthened indefinitely by the continuous supply of reagent (analogous to polymer

growth).

O 3

Ni catalyst

particle —&F Agetylene B

fo— Acetvlene A

FIGURE 9.2

Figure 9.2: TEM images showing co-block growth using two different
acetylenes: a. change in CNF morphology after introduction of different

acetylene sources (A-B) and b. methylpropiolate (A) followed by 2-
pentyne (B).

Addition of methylpropiolate (20 min) followed immediately by the addition of 2-
pentyne or 1-heptyne (5 min) yielded a black powder that was analyzed by TEM.
The TEM analysis revealed a range of products predominantly made up of the co-
block fibers (60 %) as well as some other fibers and amorphous material. It is

observed (Figure 9.2) that there is: i. symmetrical bi-directional growth of the

Small 2011 (in press)




Chapter 9 IEECH Py

CNF from the Ni catalyst particle and ii. a corresponding change in CNF
morphology upon introduction of a different acetylene. It is evident that co-block
fibers are being grown with different morphologies. The striated morphology
typical of methylpropiolate is followed by the solid “amorphous-like” growth
associated with 2-pentyne or 1-heptyne (Figure 9.1b). This initial observation
indicated that it was thus possible to grow a carbon fiber with variable carbon

morphologies in a single fiber.

[2]

FIGURE 9.3

Figure 9.3: CNFs grown by sequential addition of acetylenes: a.
methylpropiolate followed by 2-pentyne (A-B-A-B) b. growth of co-
block CNF by varying reaction time for 2-pentyne from 10 min to 20 min
and c. growth of CNF by addition of three different acetylenes
[methylpropiolate (A), 2-pentyne (B) and 1-heptyne (C)].

Several cycles of sequential acetylene addition using methylpropiolate and 2-

pentyne were performed. The TEM images (Figure 9.3a) reveal a patterned CNF
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determined by the number of repeat cycles (methylpropiolate/2-pentyne: A-B, A-
B-A-B, A-B-A-B-A-B, etc can be produced, Figure 9.4). These results indicate
that it is possible to grow a CNF (indefinitely) with alternating morphology,
producing a “living CNF” or co-block CNF. Figure 9.3b (methylpropiolate/2-
pentyne, cycle x2) shows that when the reaction time is increased in the second
cycle for 2-pentyne (20 min versus 10 min for first cycle) there is a lengthening in
that block of the CNF. This increase in length correlating with increased acetylene
exposure (1-pentyne 20 min vs. 10 min, Figure 9.3b) further illustrates the control
that one can achieve in synthesizing these co-block CNFs, and reveals the living

nature of the CNF.

i
=)
=
&
=)
O
=]

Figure 9.4: The TEM images of patterned CNFs determined by the
number of repeat cycles [methylpropiolate (A) / 2-pentyne (B)]: a. 1x
cycle (A-B) b. 2x cycles (A-B-A-B) c. 3x cycles (A-B-A-B-A-B).
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The length of each block is also determined by the reactivity of the acetylene used
viz. methylpropiolate tends to be more reactive and forms longer blocks (~ x2
longer) than 2-pentyne for a similar amount of acetylene used. This process of co-
block growth (methylpropiolate, 2-pentyne and 1-heptyne) can also produce a
CNF with three different blocks (A-B-C). Figure 9.3¢ shows the CNFs formed
with three distinct carbon blocks, providing an additional dimension to patterned
CNF co-block growth. Once again the length of each block is determined by the
time of reaction and the reactivity of the acetylene. In this instance 1-heptyne
(Figure 9.3c, C) is more reactive than 2-pentyne (Figure 9.3¢, B) and a longer
block is formed in the growth period. In order to achieve co-block growth, the
order of acetylene introduction has been found to be crucial; this relates to the
effect of the catalyst restructuring on fiber growth. It has been observed that some
fibers grow from small catalyst particles (50-150 nm) while others grow from
large catalyst particles (200-400 nm), depending on the type of acetylene used (2-
pentyne vs. methylpropiolate). In particular, growth of co-block fibers from
methylpropiolate (A) followed by 2-pentyne (B) produces well formed co-block
fibers (A-B-A-B...), whereas 2-pentyne followed by methylpropiolate does not
form co-block fibers (B-A-B-A...). This suggests that 2-pentyne can effectively
grow from the large catalyst particles restructured by methylpropiolate (leading to
co-block growth), whereas methylpropiolate cannot grow effectively from the

small catalyst particles that are favoured by 2-pentyne.

In an earlier study we reported that the catalyst particle from which CNFs grow,
takes its shape after interaction of the catalyst with the carbon reagent.'”’ This
would then suggest that if the carbon precursor is varied, catalyst particles should
restructure accordingly. Thus, in making block CNFs it can be anticipated that the
catalyst particle will restructure as the carbon source is changed. As such we must
consider two competing processes that can affect the Ni catalyst particle during
co-block growth. After the initial addition of an acetylene (methylpropiolate),
followed by introduction of an alternate acetylene (2-pentyne or 1-heptyne) a
restructured catalyst particle can: i. undergo nominal restructuring leading to co-

block fiber growth (Figure 9.2 and 9.3) or ii. restructure leading to disintegration
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of the catalyst particle, terminating the possibility of further co-block growth
(Figure 9.5). For example a catalyst particle initially grown under
methylpropiolate can break into a range of smaller particles under the influence of
1-heptyne (Figure 9.5a) or 2-pentyne (Figure 9.5b). In synthesizing co-block
CNFs the initial particle morphology appears to be relatively stable and thus
changing the acetylene source does not initially impact on particle morphology to
a large extent. However after single or multiple cycles of acetylene introduction
the catalyst particle can, under some conditions, break down. Furthermore it must
be noted that due to these and other issues, only limited control over the preferred

type of CNF (co-block) is currently possible (~60 %).

FIGURE 9.5

Figure 9.5: Change in Ni catalyst particle upon introduction of different
acetylenes after using methylpropiolate: a. disintegration by 1-heptyne b.
disintegration by 2-pentyne.
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A mechanism can be proposed to explain the formation of these new block CNFs.
It is generally accepted that carbon from the gas phase interacts with the surface
of a catalyst particle, to reconfigure the carbon reactant to make CNFs and
CNTs.> '8 At high temperature this occurs by breakdown of the reactant such
that carbon atoms typically dissolve into the catalyst particle and are re-
precipitated to regenerate the new carbon structure. The idea is that C, species are
the only decomposition products that actively participate in growth. While this
may be true at high temperatures at lower temperatures this may not apply.
Further, it is becoming more apparent especially from recent studies, that the
precursor plays a substantial role beyond creating C, species.["*?! Indeed many

19200 Many other species

studies have now shown that C, species are critical.l
(particularly PAHs and volatile organic compounds) have also been detected in
the gas phase analysis of numerous reaction systems, and greater investigation in
this area is needed and currently underway. At lower temperatures an alternative
growth mechanism is required that relies on carbon fragments rather than carbon
atoms, with the implication that the growth process may occur via polymerization

. - 212
processes involving carbon species.!*' !

The different blocks (segments) of the co-block CNF should in principle exhibit
different properties. Indeed this was revealed by reaction of co-block CNFs
(methylpropiolate/2-pentyne) with a solution of H,PtCle. The reaction generated a
Pt supported fiber in which the Pt nanoparticles preferentially deposited on the 2-
pentyne generated segment of the co-block fiber (Figure 9.6). Analysis of the Pt
distribution of many fibers consistently revealed the preferential placement of the
Pt on the 2-pentyne block of the co-block fiber. The ability to preferentially react
nanometer length segments of a co-block CNFs indicates the potential uses of
these fibers in catalysis, sensors and fuel cells. Thus, in the same way in which the
study of co-block polymers has led to novel materials with properties different
from a mixture of two separate polymers, the same effects can be expected for the

co-block fibers. Further, studies will be needed to provide greater insight into the

Small 2011 (in press)



Chapter 9 IEECH IRV

physical and chemical properties of these unique materials, as well as their

incorporation into fiber composite materials and technologies.

FIGURE 9.6

Figure 9.6: Co-block carbon fiber (methylpropiolate (A) and pentyne (B)
decorated with Pt particles. Block B (pentyne) shows a higher

concentration of Pt particles as compared to Block A (methylpropiolate).

9.4 CONCLUSION

Herein we show for the first time that a new range of CNFs (patterned co-block
CNFs) can be synthesized using an approach analogous to that used in polymer
synthesis. Moreover the facile synthesis of these co-block CNFs allows for the
controlled synthesis of selectively patterned CNFs. In conclusion co-block CNFs
can be synthesized by the addition of methylpropiolate followed by 2-pentyne or
1-heptyne (Scheme 9.1).
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Growth of CNF with Growth of CNF with Sequential growth of

Methylpropiolate 2-Pentyne CNF with acetylenes

(Acetylene A) (Acetylene B) Aand B

Scheme 9.1: Schematic illustration of development of patterned co-block

CNF, by sequential addition of different acetylenes (A and B) over Ni
catalyst particle.
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TRICHLOROETHYLENE IS
CAPABLE OF ACTING AS
BOTH A SOURCE OF CARBON
FOR NANOMATERIAL
GROWTH, AS WELL AS
PLAYING A ROLE IN
CATALYST RESTRUCTURING

Catalyst restructures
to yield tripod like

. fibers

It has been observed that when
trichloroethylene is used as a
source for the growth of
carbon fibers, it actively
restructures a reduced NiO
xerogel catalyst to form
tetrahedrally shaped catalyst
particles

These tetrahedrally shaped
catalyst particles, give rise to
tripod-like carbon fibers

Ahmed Shaikjee and Neil J Coville

Catalyst restructuring studies: the
facile synthesis of tripod-like
carbon fibers by the de-
composition of trichloroethylene

Materials Letters
68 (2012) 273-276

CHAPTER 10

Carbon fibers with tripod-like morphology have been
synthesized over a NiO xerogel catalyst using
trichloroethylene as the carbon source. TEM analysis
revealed that trichloroethylene causes the catalyst to
continuously restructures to a tetrahedrally shaped
catalyst particle, during carbon fiber growth, to give
carbon tripods. Trichloroethylene not only acts as a
source of carbon but actively controls the catalyst

morphology during synthesis.

Keywords: carbon fibers - catalyst restructuring - tripod -

trichloroethylene

CATALYST RESTRUCTURING STUDIES

(

10.1 INTRODUCTION

Ever since their rise to prominence at the end of the
twentieth century, the study of carbon nanomaterials has
become an active field of research, with great efforts
and

on their characterization

[1-3]

focused synthesis,

applications. It is widely accepted that for the
synthesis of structured carbon nanomaterials (tubes,
fibers, spheres, etc) three components are necessary, viz.
a source of heat, a catalyst or template and a carbon

[1,2,4,5

containing precursor. 11t has been observed that the

choice of catalyst (active metal and support) greatly
affects the structure and yield of the resultant carbon

2, 6-8]

nanomaterials formed.| The role of the carbon

precursor could be to generate different gas phase species,
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or to restructure the catalyst particle to give carbons with different
morphologies.® " 1t is also possible to generate coils, striated and amorphous
fibers from different carbon precursors even under similar reaction conditions
(viz. temperature, catalyst, etc) using the same catalyst.'> 'Y The mechanism by

which this is achieved is still not understood.

In this study we have investigated the role of trichloroethylene on catalyst particle
morphology and carbon fiber growth using an unsupported NiO xerogel catalyst.
Chlorinated compounds have been reported to be effective carbon precursors,
often producing better yields of materials when compared to their equivalent non-

chlorinated compounds.!**!

TEM analysis revealed that trichloroethylene
yielded tripod-like carbon fibers (~60 % selectivity), associated with a
tetrahedrally shaped catalyst particle. While numerous studies have been

[20-21]

dedicated to Y and hetero junction carbon nanotube and fiber synthesis, there

is only one other study reported by Zhang et al. that describes carbon materials

similar to these tripod-like structures.'*”

We propose that trichloroethylene
interacts with the catalyst particle, restructuring it into a more stable and active

catalyst, that eventually generates tripod-like carbon fiber growth.

10.2 EXPERIMENTAL

A xerogel catalyst was prepared by dissolving NiCl,.6H,O (0.03 mol) and citric
acid monohydrate (0.045 mol) in 100 mL absolute ethanol. The solution was then
stirred and heated to 60 °C for 4 h, followed by evaporation of ethanol at 80 °C.
The resultant precipitate was then filtered and calcined at 400 °C in air for 4 h.
Catalytic decomposition of trichloroethylene over the NiO xerogel catalyst
yielded carbon fibers. Approximately 10 mg of catalyst material was uniformly
spread onto a small quartz boat, and placed in the centre of a horizontal furnace
(200 mm x 25 mm). The catalyst was then activated by heating under H, at 100
mL/min to 450 °C (heating rate 10 °C/min) and reduced in H; for a further 3 h at
450 °C. Trichloroethylene was then introduced into the reactor by bubbling of N,
(100 mL/min) into trichloroethylene that was maintained at 60 °C, for 30 min (1.3
mL of trichloroethylene used) to give a black powder. Thereafter the flow of N,
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was halted and trichloroethylene sealed off from the reaction chamber, as the
reactor was cooled to room temperature. The resultant material was then harvested
for characterization. Carbon materials and catalysts were characterized by
transmission electron microscopy (TEM) using a FEI Tecnai G* Spirit electron

microscope at 120 kV.

10.3 RESULTS AND DISCUSSION

Previous studies related to the growth of carbon nanomaterials from the
decomposition of trichloroethylene over Ni/SiO, at 400-750 °C, have revealed the
growth of carbon spheres and bamboo-like carbon nanofibers (Figure 10.1).l'% 1!
In contrast, the decomposition of trichloroethylene over an unsupported NiO
xerogel catalyst at 450 °C yields tripod-like fibers (and bimodal fibers) , which

grow symmetrically from a single Ni catalyst particle (Figure 10.1).

[
CARBON SPHERES . s
Nieto-Marquez etal.
SUPPORTED Applied Catalysis A:
CATALYST General 332 (2007)
and 352 (2009)
\ 7 f—
, VE
TRIPOD-LIKE CARBON CARBON FIBERS WITH E
Cl Cl FIBERS BIMODAL GROWTH =)
4
£
\ 7

Figure 10.1: Types of carbon materials produced from trichloroethylene

using supported and unsupported NiO catalysts

The tripod-like structures constitute 60 % (non-optimized) of the sample with the

rest comprised of fibers with a bimodal growth pattern (Figure 10.2). The tripod-
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like fibers have a relatively narrow diameter distribution with a mean value of 187
+45 nm. It has been found that, the angle formed between two adjacent fibers is
~120° (for fibers orientated at optimal conditions under TEM). Furthermore it is
apparent that the fiber diameters are determined (as expected) by the dimensions
of the catalyst particle (Figure 10.2). The length was determined by the duration
of the reaction time and the amount of trichloroethylene utilized, [7 min (~400
nm) vs. 15 min (~600 nm), Figure 10.4]. However it must be noted that there does
not exist a linear relationship between reaction time and fiber length, due to
variability in growth during the initiation, decomposition and restructuring stages
(see below). These carbon fibers appear solid with roughened edges (no spheres,

amorphous or bamboo-like fibers were observed!'® '),

FIGURE 10.2

Figure 10.2: Carbon fibers grown over NiO catalyst using
trichloroethylene as carbon precursor, showing tripod-like growth.
Catalyst particles associated at the nodes of the tripods appear triangular
(inset).
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It is known that catalyst morphology determines the fiber morphology,"* **! and
this implies that the tripod-like structures must relate to the morphology of the Ni
catalyst particle (Figure 10.2, inset). In order to determine the actual morphology
of the catalyst particle, tilting experiments under TEM were performed and the
catalyst particle reconstructed from the tilt series (Figure 10.3). By tilting the
sample at various angles in both the A (£ 50°) and B (+ 20%) axes (Figure 10.3b-
d), the triangular structures (Figure 10.2, inset) were indeed shown to be
tetrahedral in shape. Thus the fibers grow from three similar catalyst faces,
producing three similar fiber strands linked through a single catalyst particle
(Figure 10.3e). We are unable to provide a reason as to why the fourth face does
not form a carbon fiber, other than the possibility that it could be a point of carbon
precursor decomposition on the catalyst particle. However, given the large size of
the catalyst particles (>150 nm) and the almost symmetrical carbon fiber growth,

this is unlikely.

FIGURE 10.3

Figure 10.3: a. Tripod-like carbon fiber with triangular catalyst particle.
Tilting of catalyst particle around A and B axes; b. 0° and 0° ¢. 35° and
8°d. 50° and 12°, e. reconstruction of catalyst particle resulting in a Ni

particle with a tetrahedral morphology with carbon fiber growth from

three equivalent faces.

TEM analysis of the catalyst prior to introduction of trichloroethylene reveals that
the catalyst consists of small cubic structures formed by the agglomeration of Ni
crystallites (Figure 10.4a). The reaction of trichloroethylene with the Ni catalyst

was studied by time lapse using TEM. Thus trichloroethylene was introduced into
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the reaction chamber containing the catalyst and the resultant material analyzed

after 0, 2, 7 and 15 minutes (Figure 10.4).

b. 2 min

d. 15 min

FIGURE 104

Figure 10.4: Time lapse studies showing change in catalyst morphology
and fiber growth with time; a. 0 min (no trichloroethylene introduced)
catalyst appears as cubic crystallites b. 2 min, appearance of larger
particle with some fiber growth c. 7 min, particle begins to take on
triangular morphology with continued fiber growth with tripod-like

morphology d. 15 min, particle appears triangular with tripod-like fiber

growth.

After 2 min the Ni crystallites (Figure 10.4a), have agglomerated into larger
particles with some carbon growth appearing on the catalyst (Figure 10.4b). After
7 min reaction, the catalyst particle appears to have an irregular triangular shape
(Figure 10.4c) with distinct carbon growth appearing from the sides of this
triangular particle. After 30 min of growth, the catalyst particle now appears as a
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well formed triangle (correct morphology - tetrahedral), with tripod-like fiber
growth (Figure 10.4d). Thus the ad/absorbed species produced by the thermal
decomposition and reaction of trichloroethylene in the gas phase, generates in the
agglomerated Ni crystallites with this particular size and shape. The morphology
is determined by the gas phase chemistry in the reaction chamber, which is in turn
dependent upon the carbon source used. In the case of trichloroethylene,
tetrahedrally shaped catalyst particles are favoured which produce tripod-like
carbon fibers. Further support for the restructuring is given by instances in which
one of the fibers appears shorter than the other two. This is attributed to the initial
restructuring of the catalyst particle, in which growth initially occurs bi-
directionally. With time the catalyst restructures further and a third fiber begins to
grow (Figure 10.5). It is evident that the diameter of two of the fibers narrows,
whilst the third widens. As the initial catalyst morphology is altered, the length
and width of the growing fibers change to accommodate the new catalyst
morphology. These observations highlight the dynamic morphology of the
catalyst particle.

Third fiber grown

Change in fiber
morphology
during dynamic

growth

FIGURE 10.5

Figure 10.5: Tripod-like carbon fiber growth showing; the growth of
third fiber at a later stage, after initial bimodal growth, fiber is shorter and
morphological distinct.
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The ability to alter the morphology of the Ni catalyst in the presence of a carbon
reagent is further highlighted by the stepwise reaction of two different carbon
sources. In earlier work we reported that methylpropiolate is capable of growing
bimodal carbon fibers from a single Ni catalyst particle. If trichloroethylene is
capable of restructuring catalyst particles, then the bimodal growth caused by
methylpropiolate should change to tri-modal growth when trichloroethylene is
added after methylpropiolate addition. Indeed symmetrical bi-directional growth
of carbon fibers occurs from a Ni catalyst particle when methylpropiolate is used
(Figure 10.6a). When trichloroethylene is introduced immediately after the
methylpropiolate a corresponding change in catalyst particle and carbon fiber
morphology is noted (Figure 10.6b). We observe that the bimodal growth of
methylpropiolate changes to tri-modal growth under the influence of
trichloroethylene. This is clearly seen by: i. differences in fiber structure
(methylpropiolate - wider and denser vs. trichloroethylene - narrower, less dense
and rougher) and ii. changes in catalyst morphology from plate-like to a more

condensed structure.

Trichloro Methy Iprop

FIGURE 10.6

Figure 10.6: a. Carbon fiber grown (bimodal) from methylpropiolate as
carbon source. b. Carbon fiber grown from methylpropiolate followed by

trichloroethylene, shown differences in fiber and catalyst particle

morphology.
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The exact role played by the chlorine substituents and the composition of the gas
phase is still unknown, and studies of the gas phase and catalyst interactions are
currently underway in our group. Studies carried out using 1,1-dichloroethylene,
1,2-dichloroethylene, tetrachloroethylene and propargyl chloride did not yield
similar results (<10 % tripods) to that of trichloroethylene, suggesting that the
mere presence of chlorine is not sufficient to synthesize these tripod-like
structures in high yield. These new tripod-like structures are similar to Y-junction
carbon materials and could be used in electronic devices, composite materials and

as unique catalyst supports.

®
.

NTINUOUS SUPPLY
-
(—]
—
cl cl =
N =
cl &=
an
Q
STRUCTURED il CATALYST UNDERGOES n
REDUCED Ni CATALYST PARTICLE WITH UNIQUE FURTHER RESTRUCTURING UNTIL
CONSISTING OF DIMINUTIVE MORPHOLOGY, DESIRED MORPHOLOGY IS ACHIEVED,
CRYSTALLITES ACCOMPANIED BY CARBON ACCOMPANIED BY TRIPOD-LIKE CARBON

Scheme 10.1: The effect of trichloroethylene on the structure of the Ni

catalyst, resulting in continuous restructuring of catalyst particle,

accompanied by carbon fiber growth.

10.4 CONCLUSION

Carbon fibers with a tripod-like morphology have been synthesized using
trichloroethylene as a carbon source. Trichloroethylene not only acts as a source
of carbon but also alters the catalyst particle morphology, causing continuous
restructuring of a catalyst until the most stable and active catalyst morphology is

achieved (Scheme 10.1).
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CHAPTER 11

In this study, a parametric investigation into the synthesis of SCMs has

CONCLUSION

revealed that careful control over catalyst composition and morphology,
temperature and notably carbon source is necessary in order to achieve the
selective synthesis of CNMs. We have noted that catalyst particle morphology
(size and shape) impacts upon and ultimately determines carbon fiber
morphology. Close examination of the catalyst particles during carbon fiber
growth, revealed that catalyst particles undergo dramatic reconstruction to
well faceted particles from which the SCMs grow. Examination of the
parameters related to CNM growth revealed that the restructuring event of
catalysts particles (particularly unsupported catalysts) was influenced by the
type of hydrocarbon source used. This prompted further investigations into
the control of catalyst particles and fiber structure using substituted alkynes.
It was observed that these alkynes could be used to produce carbon fibers
with varying morphologies, initiate morphologically selective fiber growth
from acetylene and synthesize ‘co-block’ carbon fibers. Accompanying these

results was the observation that in each case the catalyst particle morphology

was unique. As such, substituted alkynes provided a means for controlling —
catalyst particle morphology and hence SCM morphology. The studies
conducted revealed that catalyst morphology was influenced by the gas phase
(unique decomposition of the carbon source) and CNM structure was affected
by catalyst morphology and carbon source. As such new insights into CNM
synthesis and growth models have been highlighted, and innovative synthetic

methods have been developed for the synthesis of novel CNMs.

11.1 GENERAL CONCLUSIONS

From the literature it is evident that a variety of SCNMs can be produced and

that certain structures are found to occur only under very restrictive reaction
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conditions. However, the innumerable combinations and nuances associated
with the parameters that control CNM growth means that synthetic conditions
can always be tailored to yield specific CNMs under varying conditions. As
such it is necessary to perform parametric studies on new systems in order to
determine optimum reaction conditions. In this study it was found that for
promoted Fe/Ni catalysts, the best conditions to obtain helical materials (55 %,
selectivity) was at 550 °C using Al,O3 as the catalyst support and Cu as the
promoter. Our investigations established that for the high yield growth of
helical CNFs, low temperatures (< 600 °C) were favoured, and metals such as
Ni and Cu were essential in producing helical CNMs. However it must be

noted the low temperature synthesis, resulted in reduced carbon deposition.

The effect of Cu as a promoter for the synthesis of helical CNFs, prompted an
investigation into the possibility of using Cu as catalyst for helical CNM
growth. From the literature it was observed that Cu catalysts were highly
reactive with acetylene, producing CNFs of various morphologies at
temperatures between 180-350 °C. Indeed our results confirmed this, and
optimization studies, related to producing helical CNFs in high yield and
selectivity, were undertaken. It was found that the morphology and selectivity
of the carbon nanofibers was, as expected, found to be strongly dependant on
the type of catalyst support, copper salt precursor and solvent utilized during
catalyst preparation. Of particular interest was the observation that reduction
profiles of each of these catalysts were unique, and that by considering the
optimal reduction temperatures for catalyst pre-treatment, conditions could be
varied to optimize CNF yield and morphology. As such it was found that
Cu(NOs),/TiO,/water under the correct reduction conditions, proved to be the
most effective catalyst for producing carbon helices (70 % selectivity). This
catalyst system under different pre-treatment conditions is ineffective at

producing helices (as reported in the literature).

Of interest to us and other researchers was the fact that these CNFs had regular

faceted Cu particles associated with the fibers. In order to gain greater insight
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into the growth mechanism of these fibers, an examination of these particles
and fibers was conducted. It was determined that a 3D reconstruction of
particles associated with straight, helical or other CNFs was necessary to
determine if a link existed between catalyst particle morphology and CNF
morphology. TEM tomography revealed that copper particles that give
distorted decahedra are apt to form helical fibers, while trigonal bi-pyramidal
particles give linear fibers. Various plate-like particles were also investigated,
and it was observed that as the number of sides varied (3, 4, 5 or 6) there was a
corresponding change in the carbon fiber helicity. Additionally it was also
observed that irregular Cu catalyst particles underwent rapid reconstruction by
gaseous environment during synthesis to give regular well faceted particles that
grew CNFs with morphologies that could be related to the shape of the

reconstructed catalyst particle.

This phenomenon of reconstruction and the relationship between catalyst
morphology and CNF morphology led us to investigate the effect of the gas
environment on catalyst morphology and use it as a means to control both
catalyst and CNM morphology. From the literature, and earlier work conducted
by us, it was envisaged that one way to alter catalyst morphology and/or CNM
morphology was to use varying hydrocarbons. Since acetylene proved the most
effective carbon source for the growth of CNFs by Cu, it was envisaged that
substituted acetylenes compounds could be used to produce CNMs. As such
various alkyne compounds were investigated. At low temperatures (200-450
°C) Cu supported catalysts proved ineffective at synthesizing CNMs from these

acetylenes. New catalysts and reaction systems were thus investigated.

It was found that Ni xerogel catalysts were capable of producing helical CNFs
from acetylene at 450 °C, and that the Ni catalyst particles associated with CNF
growth were regular and well faceted. Moreover Ni was capable of
decomposing the alkyne compounds at this low temperature producing

significant yields of carbon deposits that could be analyzed.
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It was found that the structure of the substituted alkyne affected both catalyst
morphology and carbon fiber growth. For linear alkynes (1-pentyne to 1-
octyne) carbon fiber yield increased with increasing chain length but decreased
as the position of the triple bond changed: 1-hexyne > 2-hexyne > 3-hexyne. It
was also found that hetero-atoms (Cl, Br, OH and NH,) greatly impacted upon
carbon fiber growth and structure. An analysis of the catalyst particles
associated with carbon fibers grown from various alkynes, showed that
different alkynes gave differently shaped catalyst particles. It was found that
pre-treatment of a catalyst with an alkyne such as trimethylsilyl acetylene or
ethynyl aniline (that did not give fiber growth), initiated different fiber growth
morphologies (Y-junction, helical or straight fibers) after the Ni was
subsequently treated with acetylene. On the other hand, initiation of fiber
growth from alkynes that are both capable of producing fibers (e.g. methyl
prop-2-ynoate followed by prop-2-yn-l-amine) resulted in ‘co-block’ fiber
growth. Indeed the alkynes showed that catalyst morphology and/or CNF

morphology can be controlled by the carbon source.

This led to investigations into the synthesis of co-block fibers and the
restructuring of catalyst particles by the carbon source. This process of
alternating acetylene precursors, allowed for the synthesis of patterned CNFs,
such that the number and length of alternating morphological diverse blocks
could be controlled by the exposure of different acetylenes and the time of
reaction for each. Co-block CNFs can be synthesized by the addition of
methylpropiolate followed by 2-pentyne or 1-heptyne or propargyl amine. This
approach of synthesizing “multi-component” CNFs introduces a new
dimension to CNF synthesis, and this approach provides materials with novel
physical and chemical properties. It was also observed, in certain instances,
that the catalyst particle could disintegrate into smaller particles. This suggests
that the alkyne is capable of massive catalyst restructuring when different
alkynes are added sequentially to the Ni catalyst. To further investigate this
effect other carbon sources were studied. From the literature it was gleaned that

trichloroethylene would be an excellent candidate for such a study. It was
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observed that when trichloroethylene was used as a carbon source tripod-like
CNFs were formed. Using TEM tomography it was concluded that these
tripod-like CNFs grew from tetrahedral Ni catalyst particles. Time-resolved
studies revealed that trichloroethylene not only acted as a source of carbon but
also altered the catalyst particle morphology, causing continuous restructuring
of the catalyst until the most stable and active catalyst morphology was
achieved. These results highlighted the unique use of hydrocarbons (alkynes
and alkenes) as carbon sources and as a means of controlling catalyst and SCM

morphology.

Our investigations revealed that while great effort has been devoted to
understanding, synthesizing and characterising SCMs, there still exists a great
deal of undiscovered and overlooked phenomena that need to be recognized to
permit understanding and control of SCMS morphology and yield. One such
aspect is that of the growth mechanism of CNMs at low temperature (< 550
°C). We propose that carbon sources impact upon both catalyst and CNM
morphology, and propose a new model and outlook towards the growth of
CNMs that reflects growth occurring from carbon fragments via a
polymerization/oligomerizaton process (particularly in the low temperature

regime, < 550 °C) and not from C, species.

Indeed this study has highlighted the relationship that exists between catalyst
and SCM morphology, as well as the use of hydrocarbons as not just a source
of carbon for SCM growth but also as a means of controlling catalyst
morphology and SCNM structure. We are confident that these new avenues of
CNM synthesis will lead to other unique materials for use in components for

nanotechnology devices and applications.

11.2 RECOMMENDATIONS

It is evident from the current study that investigations into other carbon sources

to make SCMs may prove useful, particularly alkene compounds. Current
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reports suggest that alkenes may be better building blocks for CNMs than
alkynes (see Chapter 7). Additionally it is worthwhile considering the growth
of carbon fibers from mixtures of alkynes and alkenes, as well as the growth of
other ‘co-block’ CNFs from alkenes or alkenes and alkynes. Indeed
preliminary studies (conducted by us), have shown that alkenes are indeed very

effective for SCM growth.

Of further interest is the restructuring of the catalyst particle and the effect of
the gas phase on the reaction. It is necessary to gain greater insight into how
this is accomplished at the atomic and micro scales. As such it is suggested that
in-situ  experiments (X-ray diffraction, Raman spectroscopy, mass
spectroscopy, etc.) be conducted particularly in an environmental TEM so that
the restructuring event and the effect of the gas environment can be studied in

greater detail.

It is also important to consider other catalyst systems and reaction parameters.
For example, two-stage CVD reactors, where carbon sources can be
decomposed at higher or lower temperatures than achieved in the synthesis
zone, will permit the determination of the effect of the gas phase and catalyst

on SCM growth.

Most importantly, it is necessary to gain higher selectivity to the required novel
materials, so that their physical and chemical properties can be better
understood. Additionally better selectivity is needed in order to test the
performance of the SCMs in solar cell, water filtration, sensor and catalytic

technologies.
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Figure S5.1: TPR profiles of reduced Cu catalysts (at optimal conditions)
on various metal oxides. —Ti0,, ---MgO, --- CaO, reflecting efficiency of

reduction.
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Figure S5.2: Raman spectrum of carbon nanomaterials as synthesized
from Cu/Ti0,, using Cu(NO3); salt and distilled water.
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SUPPLEMENTARY FIGURE S5.3

Figure S5.3: HRTEM image of carbon material, reflecting absence of
graphitic order.
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Figure S5.4: TGA profile of carbon nanomaterials as synthesized
from Cu/TiO,, using Cu(NO3); salt and distilled water.
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Table S5.1: Specific surface areas, pore volumes and average pore diameters of catalysts under -
w
investigation. :
2
Support Metal Precursor Solvent <
|
Tio, Mg0 Ca0 NOy a Acac’ Water ~ Methanol ~ Acetone ;
=
)
Surface Area 29 30 4 ) 25 4 45 48 z
(m°/g) =
Pore Volume E
3 038 021 0.14 038 025 0.25 038 0.23 024 [
(em’fg) &
i 5
Pore Size 35 29 19 35 31 34 35 2 0 g
(nm)
[ CHAPTER 6 J

Q

(a) Large difference (b) Minimal difference (c¢) No difference in
in growth rates in growth rates growth rates

SUPPLEMENTARY FIGURE S6.1

Figure S6.1: Regular faceted particles showing effect of differing growth

rates on carbon morphology. As the growth rates become similar there is
loss of coiling leading to straight fibers.
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Particle shape
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SUPPLEMENTARY FIGURE S6.2
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Figure S6.2: As the number of atoms in a particle increase or decrease

there can be a change in particle morphology, whereby both size and
shape can be altered or in some cases only size or only shape.
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SUPPLEMENTARY FIGURE S6.3

Figure S6.3: Illustration indicating proposed catalyst particle formation:
Prior to synthesis of carbon nanofibers catalyst particles are irregular,
after introduction of carbon source (acetylene) adsorbed carbon causes

restructuring of catalyst into a regular faceted particle, followed by
growth of the carbon fiber from faceted particle.
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[ CHAPTER 8 ]

8306 13KV

Figure S8.1: Catalyst morphology after reduction of NiOy xerogel catalyst

SUPPLEMENTARY FIGURE S8.1

Ni. a. SEM image (low mag.) showing clusters of catalyst particles and b.
TEM image (high mag.) showing catalyst clusters composed of Ni cubic-

like crystallites.
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Figure S8.2: Morphologically diverse carbon materials made from a. 3-
hexyne and b-f. 3-bromoprop-1-yne. For 3-bromoprop-1-yne: b. fibers, c.
spheres, d. encapsulated Ni particle, e. empty shell (after removal of Ni
particle by sonication) and f. Ni particle alongside empty shell.
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SUPPLEMENTARY FIGURE S8.3

Figure S8.3: Evolution of catalyst particle morphology with time.
Temporal study, showing catalyst restructuring with time by 2-butyne; a.

reduced Ni catalyst, b. 1 min reaction with 2-butyne, and c. 5 min reaction

with 2-butyne.

SUPPLEMENTARY FIGURE S8.4

Figure S8.4: TEM images of carbon fibers/tubes grown from 1-heptyne

over: a. Ni/Al,O3 and b. Ni/Si0,.

Supplementary Material




Appendix IEECHERED

S8.1 Determination of product yield

The yield of a carbon producing reaction should relate to the carbon produced
from a carbon containing reactant. The determination of a product (carbon) yield
in a fiber forming reaction is a non-trivial exercise. This arises since the fiber is
not made purely of carbon. Typically fibers made at low temperature can contain

from 3% - 10 % by mass of O and H atoms.

The second factor that affects yield is the amount of catalyst used. This affects the
reaction productivity. The simplest procedure is to assume that all catalyst atoms
are available for a reaction and to normalise the yield to the mass of catalyst used
(methods such as chemisorption can be used to obtain the actual number of

surface atoms used in the reaction).

The methods commonly used in the literature to define CNF/T product yield have

been based on:

1. total yield of product (gcarbon deposit) divided by the amount of catalyst
used (Zeatalyst), typically in a given time period [Some e.g.’s from the

literature using this approach are listed in refs 1-3].

1. total yield of product (Zcarbon deposit) divided by the total amount of
reactant used (greactant) for a given amount of catalyst [e.g. from the
literature; ref 4]. (These yields should be normalised to the mass/moles
of catalyst used; this is rarely if ever done in carbon forming

reactions).
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1il. use of TGA analysis where amount of residue is assumed to be catalyst

mass (Leatalyst) and mass loss corresponds to carbon loss [5, 6].

The above methods will give estimates to the true carbon yield. In this study, the
reactants (which were liquids) have been varied. Yields in this study have been
determined as grams of carbon deposited (Zcarbon deposit) divided by grams of
carbon used (geactant). (This has been normalised by taking into account the
number of carbon atoms in a molecule of reactant). Approximately equal amounts
of reactant (~ 1g) were used to obtain a measure of product yield. An alternative
methodology using vapour pressures was not used here. Clearly the flow rate of
the reactant will also affect the product yield. However by using a controlled flow
rate of N, and vaporising the reactants at an appropriate temperature (related to
the b.p. of the reactant), similar amounts of reactant could be used in a similar

reaction time.
An example of the yields obtained by the three methods is shown below.

. . o o
1. Yleld - [(gtotal mass of product ~ Zmass ofcatalyst) / Zmass of catalyst] x 100 A)

.. . _ 0
ii. Yield = [(glotal mass of product ~ Emass ofcatalyst) / EZmass of reactant used] x 100 %

1v. TGA — residue mass calculations.

In every calculation the carbon atoms in the reactant have been used to determine

the ‘g reactant’ used.

As will be seen from the results — similar trends are noted for all methods.
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Table S8.1: Carbon deposition as determined by relative amount of carbon reactant used, amount of

catalyst used and from normalised TGA analysis. =
»n

Yield (%) =

Alkynes - =
greactant/ Ecarbon deposit Zcarbon deposit/ Eeatalyst Normalised from TGA ﬁ

>

[-Pentyne 7 96 132 %
e

g

I-Hexyne 9 142 181 E
s

&

1-Heptyne 11 220 270 2

Carbon deposition carried out over 50 mg of catalyst
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