Synthesis of Carbon Nanostructures by CVD
Method
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Abstract The field of nanotechnology continues to develop. Carbon based materi-
als with different structure and dimensions become increasingly important in the
field. Carbon nanotubes (CNTs) are particularly promising due to their anisotropic
extraordinary electrical, thermal and mechanical properties that have captured the
imagination of researchers worldwide. However, the complexity involved in
synthesis of nanotubes in a predictable manner has held back the development of
real-world carbon nanotube based applications. In this chapter the structure and
synthesis methods will be discussed of CNTs and other forms of nanostructures of
carbons. Furthermore, their structuring into macroscopic assemblies, like mats and
fibres will be presented as it has important role in future industrial applications of
these materials.

1 Introduction to Carbon Nanomaterials

In 1985 chemists created a new allotrope of carbon [1] by heating graphite to very
high temperatures. They named the allotrope buckminsterfullerene, after American
architect Richard Buckminster Fuller. The buckminsterfullerene is a molecule
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consisting of 60 carbon atoms only (with a molecular formula of Cgy). The
molecules are shaped like tiny soccer balls (therefore sometimes referred to as
buckyballs), with an atom at each point where the lines on a soccer ball would
normally meet. The 60 carbon atoms bond in 20 six-membered rings and 12 five-
membered rings. The discovery revolutionised the carbon field as researchers
became interested in this new allotropic form of carbon. The carbon field expanded
again in 1991 with Iijima’s report on the observation of carbon nanotubes [2], an
elongated version of buckminsterfullerenes. Carbon nanotubes, in particular, attract
attention of hundreds of research groups around the world (Fig. 1) and their
research still continues to grow.

The history of carbon nanotubes is much longer than 2 decades. In the 1950s and
1970s at least two groups synthesised and characterised carbon based nanotubes,
but their discoveries went largely unnoticed [3, 4]. The field of carbon nanotubes
has grown considerably with new, controllable production routes being developed,
unusual properties predicted and measured, and many intriguing applications sug-
gested.

The basic structure of a carbon nanotube is a hollow cylindrical tube of graphitic
carbon capped by fullerene hemispheres with nanometer size diameters and mac-
roscopic size lengths. The nanotubes may consist of one to hundreds of concentric
graphitic shells of carbons. According to Saito et al. [5] the inter-sheet distance in
multi-sheet nanotube is 0.344 nm. It is close to the distance between two layers in
graphite, which equals to 0.335 nm [6]. The carbon network of each shell can be
directly related to the hexagonal lattice of an individual layer of graphite. Nano-
tubes made of one hollow graphitic shell are called single wall nanotubes (SWNTs)
and have diameters typically 0.6-3 nm. Nanotubes made of two or more concentric
shells are called multi-walled nanotubes (MWNTSs) [7] (shown in Fig. 2). In reality
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Fig. 1 Number of papers and proceedings on nanotubes per year.
Source: ISI (Institute for Scientific Information) Web of Knowledge. In the search window a term
of “nanotub*” was used
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multi-walled nanotubes have different lattice orientations (described with chiral
vectors and angles) and defect concentration.

2 Structure of Carbon

There are several allotropes of carbon known in nature. The allotropes of carbon
differ in the way the atoms bond with each other and arrange themselves into a
structure (as shown in Fig. 3). As the structures of allotropes vary, they also have
different physical and chemical properties [8].

In the most commonly used form, graphite, atoms of carbon form planar layers
(graphene layers). Each layer is made up of rings containing six carbon atoms. The

e

Fig. 2 Examples of ideal, defect-free nanotube structures: (a) side view & end on view of a single
wall carbon nanotube, (b) end on view of a multi-walled carbon nanotube

GRAPHITE

CARBON NANOTUBE

Fig. 3 Three main naturally occurring allotropes of carbon: graphite, diamond and fullerene
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rings are linked to each other in a hexagonal structure. Each atom has three sigma
bonds (with an angle of 120° between any two of the bonds) and belongs to three
neighbouring rings. The fourth electron of each atom becomes part of an extensive
7 bond structure. Graphite conducts electricity due to the electrons in the m bond
structure, which can move around throughout the graphite. Bonds between atoms
within a graphene layer are strong, but the forces between the layers are weak, van
der Waals forces [9]. The graphene layers can slip past each other, a property of
graphite used in lubrication. Although graphite occur naturally, most commercial
graphite is produced by treating petroleum coke, a black tar residue remaining after
the refinement of crude oil, in an oxygen-free oven. Naturally existing graphite
occurs in two forms, alpha (hexagonal) and beta (thombohedral). These two forms
have identical physical properties but different crystal structures. The alpha form
can be converted to the beta by mechanical treatment, and the beta form reverts to
the alpha on heating it above 1,000°C. All artificially produced graphite is of the
alpha type.

Diamond, is one of the hardest substances known and naturally occurring form
of carbon. In diamond structure, each carbon atom bonds tetrahedrally to four other
carbon atoms to form a three-dimensional lattice. The shared electron pairs are held
tightly in sigma bonds between adjacent atoms. Pure diamond is an electrical
insulator. Due to its hardness, it is used in industrial cutting tools. The naturally
occurring diamond is typically used for jewellery. However most commercial
quality diamonds are artificially produced from graphite by applying extremely
high pressure (more than 100,000 times the atmospheric pressure) and temperature
(about 3,000°C). High temperatures break the strong bonds in graphite so that the
atoms can rearrange themselves into a diamond lattice [10].

There are also amorphous forms of carbon containing varying proportions of sp*
and sp> bonded carbon atoms. Amorphous carbon is formed when a material
containing carbon is burned without enough oxygen for it to burn completely.
This black soot is known as lampblack, gas black or channel black [10] and may,
in fact, contain other elemental impurities. Amorphous carbon is not generally
considered a third allotrope because its structure is poorly defined.

Fullerenes (buckyballs and carbon nanotubes) can be considered as a closed,
zero and one dimensional carbon structure. They are the only allotrope of carbon
existing in the pure form (without hydrogen terminations). Treated with hydrostatic
pressure (at a level of 25 GPa) they can be converted into a hard and transparent
form of amorphous carbon [11]. In comparison to atomistic crystals of graphite or
diamond, fullerenes form molecular crystals. Due to the high aspect ratio of carbon
nanotubes, the quasi-one-dimensional structure, and the graphite-like arrangement
of the carbon atoms in the shells, nanotubes exhibit very broad range of unique
properties. The properties of nanotubes can change depending on the different kinds
of nanotube (defined by the diameter, length, and chiral angle) and quality (defined
by defect concentration). Large increases in strength, toughness, superior electrical/
thermal properties and their combination, are potential benefits of using nanotubes
as the filler material in polymer-based composites as compared to traditional
carbon, glass or metal fibres.
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3 Synthesis Methods of Carbon Nanotubes

There is a huge demand for quality nanotubes both as research materials and for
large scale industrial applications. The main problem with the currently available
nanotubes is the heterogeneity of the sample, in terms of dimensions, chiral angles
and purity. The nanotubes examined by lijima in 1991 were synthesized by arc-
discharge method [2], but since then several other production methods have been
developed. A group led by Smalley [12] has used oven laser evaporation to
produce carbon vapour, with nanotubes again observed in the condensed soot.
Both arc-discharge and laser ablation techniques have the advantage of producing
high quality nanotubes but at the same time relatively high amount of impurities
(around 30%). Unfortunately, evaporation of carbon atoms from solid targets at
temperatures above 3,000°C is neither economical and nor convenient. Synthe-
sised CNTs may also be entangled, hindering purification steps and further
application of the samples. Baker and co-workers [13, 14] demonstrated in early
seventies growth of nanotubes, described at that time as carbonaceous deposits,
from decomposition of acetylene. In 1976 Endo and co-workers [15—18] have also
shown that CNTs can be synthesised by pyrolysis of benzene, followed by
subsequent heat treatment.

Currently, the common method widely accepted in the synthesis of nanotubes,
due to its simplicity and low cost, is the chemical vapour deposition (CVD) method.
This method was originally developed in the 1960s and 1970s and has been
successfully used in the production of carbon fibres and carbon nanofibres for
more than 20 years [19-25]. Using this method, CNTs are produced from the
carbon containing source (usually gaseous form) as it decomposes at elevated
temperature and passes over a transition metal catalyst (typically Fe, Co or Ni)
[26, 27]. A high yield of nanotubes can be achieved by this method, but the
nanotubes are more structurally defective than those produced by arc or laser
evaporation methods. There are several advantages of the CVD method, which
make it preferred to other available synthesis methods. Firstly, the product tends to
be purer (far fewer impurities in the form of nanoparticles of graphite or metal).
Secondly, the growth occurs at a lower temperature (550-1,000°C) [26, 27],
making the process both cheaper and more accessible for lab applications. Finally,
the metal catalyst can be held on a substrate, which can lead to the growth of aligned
nanotubes in a desired direction with respect to the substrate.

There are two basic mechanisms proposed for the growth of nanotubes by CVD
method related to substrate bound catalyst (shown in Fig. 4), which are now widely
recognised [9, 13, 14].

Top carbon diffusion through catalytic particle (tip growth model).

The decomposition of the carbon source on the exposed surface of the metal
catalyst results in the formation of hydrogen and carbon species. The carbon
dissolves in the particle and diffuses through it until it precipitates at the end in
the form of graphene filaments. The catalytic particle sits always on the top of the
growing nanotube.
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Fig. 4 Schematic diagram
representing top carbon
diffusion (upper row) and
bottom carbon diffusion
(lower row) growth
mechanisms. (a) Pyrolysis of
the hydrocarbon gas into
carbon species which then
dissolve in the catalyst metal
particle, (b) precipitation of
carbon in form of carbon
filament

Bottom carbon diffusion through catalytic particle (base growth model).

In this model, the catalytic particle stays on the growth substrate. The carbon
species dissolve in the particle and diffuses through it until they precipitate on
top of the metal particle in the form of graphene filaments. The carbon diffusion
parameter depends on the dimensions of the particles, the characteristics of the
metal used as a catalyst, the temperature and the hydrocarbons and gases involved
in the process.

When the substrate-catalyst interaction is strong, a CNT grows up with the
catalyst particle rooted at its base (base growth model). When the substrate-catalyst
interaction is weak, the catalyst particle is lifted up by the growing nanotube and
continues to promote CNT growth at its tip (tip growth model) [23]. Formation of
SWNTs or MWNTs is governed by the size of the catalyst particle. If the particle
size is a few nanometers, SWNTs form, whereas particles a few tens of nanometers
wide favour MWNTs formation.

The growth mechanism suggested above is quite similar to the one proposed
for the vapour grown carbon fibres (VGCF), again dating 20 years back (shown
in Fig. 4). Growth of these fibres occurs by a dehydrogenation reaction of a
hydrocarbon gas in several steps. In this mechanism, pyrolysis of the hydrocar-
bon gas occurs on the surface of the catalyst particle, releasing hydrogen gas
and carbon, the later dissolving into the catalyst. The dissolved carbon then
diffuses through the catalyst particle and is precipitated at the trailing edge of
the particle. This step possibly relies on the presence of a temperature gradient
across the particle, which is often created by the exothermic nature of the
hydrocarbon decomposition. This gradient causes carbon to be precipitated at
the cooler trailing edge of the catalyst particle, and therefore causing the elonga-
tion of the fibre. Below is a brief summary of three main methods, by which
nanotubes are produced: arc-discharge, laser ablation and chemical vapour depo-
sition (CVD).
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3.1 Arc-Discharge

The arc-discharge method is the one by which CNTs were produced by lijima [2].
CNTs can be synthesized in the arc-discharge AC/DC system (Fig. 5). DC provides
higher yields of CNTs, which are deposited on the cathode. One important condi-
tion of stabilization of arc-discharge is maintaining a constant distance between the
graphite electrodes, of around 1 mm [28]. Grams scale synthesis of MWNTs by arc
discharge has been achieved in He gas [29, 30]. When a graphite rod containing a
metal catalyst (Fe, Co, etc.) is used as the anode with a pure graphite cathode,
single-walled carbon nanotubes (SWNTs) are generated in the form of soot
[31, 32].

It was found that presence of hydrogen gas in the growth region gives the
optimum synthesis of MWNTs with high crystallinity (having regular graphene
sheets at an interlayer spacing of 0.34 nm) and few coexisting carbon nanoparticles
[2, 33-39]. In contrast, fullerenes could not be produced in gas atmosphere which
included hydrogen atoms, essential difference between CNT and fullerene produc-
tion [40].

3.2 Laser Ablation

The laser vaporization method was developed for fullerene and CNT production by
Smalley’s group [41]. First used for fullerene synthesis [1] and further applied to
produce CNTs [42] in 1996, especially SWNTSs. The synthesis system consists of a
furnace, quartz reactor tube and laser beam source (Fig. 6). It can also consist of a
reactor chamber and a laser source. A laser beam (typically a YAG or CO, laser) is
focused onto the graphite rod target located inside the reactor tube. The target is
vaporized in high-temperature argon buffer gas and carried to the copper collector
cooled down with coater. The deposit is rich in SWNTs and MWNTs (Fig. 7a, b).
The method has several advantages, such as high-quality SWNT production,

Inert
atmosphere

nanotube
Fig. 5 Schematic diagram of deposition

the arc discharge apparatus
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Fig. 6 Schematic diagram of
the laser ablation method ” furnace n
( \ oraphite target ¥
laser carbon

nabotubes
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Fig. 7 (a) Transmission
electron microscopy (TEM)
image of CNTs (b) Scanning
electron microscopy (SEM)
image of carbon nanotube
web structures. Both images
show CNTs produced by
pulsed laser ablation method
(Nd:YAG laser with 532 nm
wavelength was employed in
this work)

diameter control, investigation of growth dynamics, and the production of new
materials. High-quality SWNTs with minimal defects and contaminants, such as
amorphous carbon and catalytic metals, can be synthesized using the laser-furnace
method followed by suitable purification processes [43—45].

The laser has sufficiently high energy to vaporise the graphite target at
the atomic level, which is then used as the material for synthesis of SWNTSs
[46—-48]. SWNT diameter can be controlled by changing the furnace temperature,
catalytic metals, and flow rate [47, 49, 50]. Raising the furnace temperature
results in SWNTs with larger diameters [49]. Depending on the choice of the
catalytic metals, the diameter of the SWNTSs can either be increased or reduced
[50, 51].
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3.3 Thermal Catalytic Chemical Vapour Deposition

This method involves pyrolysis of hydrocarbons (acetylene, ethylene, propylene,
methane, benzene, toluene etc.) or other carbon feedstock (polymers, carbon
monoxide) diluted in the stream of inert gas in the furnace system over the surface
of metal catalysts [15, 52-55]. The evaporation of a solid hydrocarbon can be
conveniently achieved in another furnace at low temperature before the main, high-
temperature reaction furnace [56—61]. The catalyst material may be solid, liquid, or
gas and can be placed inside the furnace or fed in continuously from outside.
Decomposed carbon species dissolve in the metal nanoparticles but, due to a finite
solubility of carbon in the metallic particles, supersaturation will be reached
followed by carbon precipitation out in the form of a fullerene dome extending
into a carbon cylinder [19, 62]. Typical temperature range for the synthesis is 500—
1,200°C at atmospheric pressure [6, 52].

Typical system used in the thermal CVD method of making carbon nanotubes,
with horizontally positioned reaction tube is shown in Fig. 8.

The CVD method allows CNT growth in a variety of forms, such as powder, thin
or thick films, aligned or entangled, straight or coiled, or even a desired architecture
of nanotubes at predefined sites on a patterned substrate. It also offers better control
over growth parameters in comparison to other synthesis methods. The three main
parameters for CNT growth in CVD are the atmosphere, carbon source, catalyst,
and growth temperature. Low-temperature (600-900°C) yields MWNTs, whereas a
higher temperature (900—1,200°C) reaction favours SWNTs growth [63—68].

The most commonly used catalysts for CNT growth are the transition metals (Fe,
Co, Ni) from sources like organometallocenes (ferrocene, cobaltocene, nickelo-
cene), nitrates and others [69, 70]. A correlation was found between the size of
catalyst particles and the nanotube diameter. Hence, metal nanoparticles of con-
trolled size can be used to grow CNTs of controlled diameter [71].

The CVD process has been scaled up onto a large scale commercially, especially
for MWNTs [72—-74]. Smalley’s lab developed a mass production of SWNTs by the
so-called high pressure carbon monoxide (HiPco) technique [75]. Currently also

carrier/carbon source furnace with reaction tube

A \
\ \

injection of catalyst catalyst as powder
as aerosol or thin film

exhaust

Fig. 8 Schematic design of a thermal CVD system with a tube furnace
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kilograms scale of MWNTs per hour can be produced [76, 77] even with the control
over the diameter of nanotubes.

3.3.1 Synthesis of Aligned Carbon Nanotubes

Generally, it is hard to grow aligned CNTs (SWNTs or MWNTs) by arc discharge,
although partial alignment of the nanotubes can be achieved by convection [78] or
directed arc plasma [79]. The CVD method is ideally suited to grow aligned CNTs
on desired substrates for specific applications. Li et al. [80] have grown dense
MWNTs arrays on iron-impregnated mesoporous silica prepared by a sol-gel
process, Terrones et al. [81] have produced CNTs on Co-coated quartz substrates,
while Pan et al. [82] have reported the growth of aligned CNTs of more than 2 mm
in length over mesoporous substrates from acetylene. Depending on the preferred
application highly aligned nanotubes were synthesised with different catalysts [83]
or on different substrates [73, 84—86]. Using the CVD method it is also possible to
grow aligned nanotubes in a desired direction with respect to the growth substrate.
It was also found that not all materials can be active in the growth of aligned
nanotubes. Metal, graphite or silicon used in the process would not yield any
nanotubes. Substrates made of silica or alumina would generate nanotubes. Addi-
tionally it has been demonstrated that the growth of CNTs depends on the thickness
of the oxide layer on silicon wafer surface [84]. Below 6 nm no detectable growth of
the nanotubes was observed. Above 50 nm thick oxide layer gives saturation and
growth dependence only on CVD time. However between 6 and 50 nm the growth
of aligned nanotubes seems to be depended on both CVD time and SiO, layer
thickness.

It has been shown that full control over the length of CNTs could be achieved
and aligned, densely pack nanotubes produced (as in Fig. 9). The inhibition of
CNTs growth at low SiO, thickness is explained by partial deactivation of catalyst

Fig. 9 Electron microscope
images of highly aligned

carbon nanotube car pets, at
low and high magnifications

108pm
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particles due to their reaction with the silicon substrate. Iron from ferrocene (source
of metal) diffuses through SiO, layers thinner than ~5 nm and reacts with the
silicon substrate, leading to formation of FeSi, and FeSiO,, neither of which
catalyses CNTs growth. The layer of SiO, with thickness above 5 nm is sufficient
enough to keep the active metal particle and promote the suitable metal structure
conducive to CNTs growth.

3.3.2 Synthesis of Nitrogen Doped Nanotubes

Shortly after the synthesis of carbon nanotubes, a quest of substitution of carbon
atoms in the graphene network with heteroatoms such as boron, nitrogen, sulphur,
phosphor and silicon begun. The intensive work on heteroatomic doping was
aiming to alter some of the important properties of nanotubes, including electrical
(electron density and semiconducting character), mechanical (improvement of
Young’s modulus), and chemical (change of reactivity, creation of catalytically
active centres etc.) [87].

There are three basic ways that nitrogen can be incorporated into the graphene
CNTs structure. (1) Substitution, where N is coordinated to three C atoms in sp2 like
fashion, which induces sharp localized states above the Fermi level associated with
the injection of additional electrons into the structure. (2) Pyridine-like substitution,
where N is arranged around a vacancy, since the valency of the nitrogen can be
satisfied by two sp? bonds, a delocalised p-orbital, and a lone pair in the remaining
sp orbital, pointing at the vacancy. (3) Chemical adsorption of N, molecules.

Nitrogen contains one electron more than carbon; therefore, substitutional
doping of nitrogen within graphene will n-dope the structure, enhancing the number
of electronic states at the Fermi level depending on the location and concentration
of dopant. Hernandez et al. calculated the mechanical properties of nitrogen and
boron doped nanotubes [88, 89], demonstrating that high concentrations of N within
SWNTs lower the Young’s modulus. Nevertheless, the Young’s modulus values
still remain on the order of 0.5-0.8 TPa. This behaviour has been experimentally
confirmed in pristine and N-doped MWNTs [90]. Unfortunately, the Young’s
modulus for pristine and N-doped MWNTs were 0.8—1 TPa and ~30 GPa, respec-
tively. The decrease in mechanical strength of N-doped nanotubes could be
explained by the nitrogen induced defects due to the relatively high N concentration
(2-5%) within the tubes. If the N concentration is below 0.5%, it is expected that the
mechanical properties will not be substantially altered [91].

Results from other theoretical studies demonstrated that relative position of
nitrogen and carbon affects not only electronic properties but also their thermody-
namic stability [92].

Studies using ab initio density functional theory have shown that the nitrogen
substitution into zigzag and armchair SWNTSs can cause a junction of separate tubes
by the formation of covalent bonds [93]. If two neighbouring tubes have their
nitrogen impurities facing one another, inter-tube covalent bonds could potentially
be formed. If the density of inter-tube bond is high enough, a highly packed bundle
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of interlinked single-walled nanotubes can form, substantially enhancing the
mechanical properties.

There are two main routes used to synthesis the N-CNTs: (1) direct delivery of
heteroatoms with the carbon source stream, during the growth of the nanotubes (2)
substitution of carbon atoms by heating the nitrogen containing compound with
CNTs. The most common is the first route.

Similar methods as in the case of pure carbon nanotubes are used in the synthesis
of nitrogen-doped nanotubes. In the arc-discharge method the atmosphere sur-
rounding electrodes must contain nitrogen. Depending on the percentage of nitro-
gen in the growth atmosphere, different nitrogen doping levels have been recorded
[94]. The doping level was up to 14 %wt (as determined by XPS) when 50 %vol of
atmosphere was substituted by nitrogen. The resulting N-CNTs had diameters of
about 20 nm and were coated with a thick layer of amorphous carbon. Computa-
tional calculations showed that incorporation of nitrogen atoms lead to distortion in
graphite plane [94].

Arc experiments using pure graphite electrodes in an NH; atmosphere indicated
that it was difficult to produce N-doped SWNTs and MWNTs, possibly because N,
molecules are easily created and do not react with carbon [91]. N-doped SWNTs
could be produced by arcing composite anodes containing graphite, melamine, Ni,
and Y [95].

The laser ablation method was not fully explored in the synthesis of doped
nanotubes. In 1997, Zhang et al. [96] reported that sandwich-like C-B-N nanotubes
could be produced by laser vaporisation of graphite-BN targets. However it is likely
that a large N content will result in the inhibition of SWNT growth. More energetic
lasers were proposed in order to generate N- or B-doped SWNTs.

In the CVD method the usual approach relied on the pyrolysis of hydrocarbons
or other carbon feedstock with the addition of a nitrogen source (e.g. nitrogen,
ammonia, amines, nitriles) diluted in the stream of the inert gas in the furnace
system over the surface of metallic catalyst particles (such as Fe, Co or Ni). The
catalyst can be provided with the stream of starting materials or deposited
directly onto the growth substrates. The differences between the reported pro-
cesses arise from the application of different nitrogen sources, catalysts and
pressures. Depending on the conditions and parameters of the synthesis, differ-
ent quality of growth products was reported. It has been suggested that only
small concentrations of nitrogen (below 15%) can be introduced into MWNTSs
[97]. The results demonstrated that it is extremely difficult to generate crystalline
and highly ordered structures containing large concentrations of N within the
hexagonal carbon network. The doped nanotubes with low N concentrations have
been subsequently generated via pyrolysis of pyridine and methylpyrimidine
[98]. Unfortunately, these nanotubes are easily oxidized in air. The degree of
perfection within graphene sheets changes rapidly with different N concentration
used. Keskar et al. prepared isolated N-doped SWNTs from thermal decomposi-
tion of a xylene-acetonitrile mixture over nanosized iron catalyst particles. The
N dopant concentration was controlled by the amount of acetonitrile in the
mixture [99].
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Liang et al. reported that using ferrocene and ethylenediamine as a source of
catalyst and nitrogen resulted in increased of the diameter of nanotubes with
increasing growth temperature. The majority of the material containing nitrogen
was formed as MWNTs in the bamboo-like structure. The N-doping level also was
dependent on growth temperature. With increasing temperature from 780 to
1,080°C the amount of nitrogen decreased from 24 to 18 %wt. N-doped CNTs
grown at lower temperatures have shown much higher degree of disorder and
higher N-incorporation [100].Wang et al. shown that the longer the time of synthe-
sis, the higher the length and diameter of nanotubes produced, which was suggested
to correlate with the grain size of catalyst particles (the longer the growth time, the
larger the iron catalyst particles). The bamboo-like morphology of nanotubes was
again observed. The doping levels of nitrogen were estimated by EELS at 9% [101].
Lee et al. used acetylene and ammonia in argon and varied the growth temperature
from 750 to 950°C. When increasing the amount of nitrogen source an increase in
doping level from 2.8 to 6.6 %wt was observed by elemental analysis [102]. Again
bamboo-shaped morphology of nanotubes was present. Additionally using ammo-
nia as a source of nitrogen caused decrease in the growth rate of N-CNTs.

Two different bamboo-type morphologies of nanotubes were reported by Glerup
et al. One type with a very frequent, regular compartments and another with
irregular structure with fewer, longer and uneven compartments. Chemical analysis
showed presence of molecular nitrogen trapped inside the nanotubes. It is not clear
if the nitrogen is homogeneously distributed along the length of the nanotube or
whether it is segregated into regions with higher and lower concentrations [103].
Jang et al. demonstrated that an increase in the flow rate of nitrogen yielded in more
defective graphene sheets and higher doping levels [104]. Lee et al. used acetylene
and ammonia as a source for synthesis and presented microscopy and spectroscopy
evidence revealing consistently that as the nitrogen source increases the degree of
crystallinity (nanotube structure perfection) decreases. Again the N-content varied
in the range 2—-6 %wt depending on the ammonia flow rate. It was found that the
higher the nitrogen incorporation the more curved and thicker bamboo-like com-
partments appear [105].

In 2005, Koziol et al. demonstrated completely different outcome, to what was
already reported, by using specific nitrogen precursors in CVD synthesis of nano-
tubes. In this case hydrocarbon feedstock containing diazine, aromatic compound
with nitrogen, at a critical level, was injected to the reactor at 760°C. The nanotubes,
which they synthesised, were multiwalled but found to be extremely straight and had
unprecedented degrees of internal order [106]. Furthermore, electron diffraction
patterns from individual nanotubes, revealed that all of the walls had the same chiral
angle, which is not possible in concentric cylindrical nanotubes, due to a geometric
constrains but possible in conical nanotubes (Fig. 10). The adjacent nanotube walls in
these nanotubes were in crystallographic register with one another, with ABAB
stacking sequences of layers [106]. Finally, and most importantly, the chiral angles
seen in electron diffraction patterns were of the simple achiral forms and nanotubes
were consistently either armchair or zigzag, as seen in Fig. 10 (middle and left) [106].
Very low conical angle was measured in these nanotubes, between 0.5° and 5° and
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Fig. 10 Electron diffraction patterns from individual multiwalled nanotubes. Standard mix chiral-
ity (left), armchair (middle), zigzag (right) [106]

nitrogen was detected in two forms, as substitution in the lattice and as N, gas in the
core of every tube [107-109]. Higher diazine concentrations in the feedstock seemed
to allow the formation of shallower cones [108].

3.4 Plasma Enhanced Chemical Vapour Deposition

Carbon nanotubes and nanofibres can be synthesised using plasma enhanced CVD
(PECVD) where the hydrocarbon gas is in an ionised state over the transition metal
catalyst (nickel, iron, cobalt, etc.). The carbon nanotube and nanofibre aligned
growth perpendicular to the substrate can be achieved using the electrical self-
bias field from plasma (Fig. 11). PECVD systems are characterised primarily by the
plasma energy sources used, and the most commonly used include: hot filament
PECVD, direct current PECVD, radio-frequency PECVD, microwave PECVD.
Hot filament PECVD uses thermal energy for plasma creation and has been
used successfully for carbon nanotube production by Ren and co-workers [110].
Microwave PECVD, widely used for the preparation of diamond films, has also
been successfully used in the production of carbon nanotubes and nanofibres
[111-115]. Synthesis of vertically aligned CNTs and CNFs requires electric
field normal to the substrate, and dc PECVD is the most suitable method to
achieve this [116, 117]. Inductively coupled plasma PECVD [118, 119] and
radio frequency PECVD [120, 121] methods have also been used successfully
for carbon nanotubes and nanofibres synthesis. Ren et al. in 1998 [110] reported
first successful growth of large-scale well-aligned carbon nanofibres on nickel
foils and nickel-coated glass at temperatures below 666°C. Bower et al. [114]
have grown well-aligned carbon nanotubes using microwave PECVD with addi-
tional radio frequency graphite heater. They found that switching the plasma
source off effectively turns the alignment mechanism off leading to the thermal
growth of curly nanotubes. Merkulov et al. [116] reported synthesis of vertically
aligned CNFs on patterned catalyst using dc PECVD. The catalyst patterns were
fabricated using conventional electron beam lithography. The shape of CNFs
depends on how much growth occurs at the tip by catalysis and now much by
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Fig. 11 Schematic design of a parallel plate PECVD system

deposition of a-C from the plasma along the sidewalls [122]. This ratio is
controlled by the catalyst activity and by the balance of deposition and etching
of a-C. The balance between deposition and etching depends on the plasma and
the etchant (NH3) and hydrocarbon gas (C,H,). This balance has been studied by
Merkulov et al. [116] and Teo et al. [123].

In plasma enhanced CVD systems, plasma energy sources substitute for the
thermal energy in a furnace, and provide the energy required for decomposition of
hydrocarbon feedstock and allow growth of carbon nanostructures at much lower
temperatures.

The PECVD method allows growth of carbon nanotubes and nanofibres at low
temperatures suitable for use of temperature sensitive substrates. A radio frequency
PECVD carbon nanofibres synthesis at room temperature has been reported by
Boskovic et al. [121]. A room temperature growth of carbon nanofibers using
PECVD was subsequently demonstrated by Minea et al. [124]. Using dc PECVD
Hofmann et al. [125] demonstrated synthesis of aligned carbon nanofibres at
temperatures as low as 120 °C and on plastic substrates [126].

Although MWCNT and nanofibers synthesis have been achieved through
PECVD at low temperature [121], SWCNT synthesis still remains largely a high
temperature process (800—1,200°C) produced in arc-discharge, laser ablation, or
tube furnace. Cantoro et al. [127] recently reported thermal CVD synthesis of
SWCNT at temperature as low as 350°C in very low pressure (10 °~10~2 mbar)
of pure acetylene in a cold-walled system.

4 Other Forms of Carbon Nanostructures

Besides the carbon nanotubes, other interesting carbon nanostructures have been
sythesised using CVD. The carbon nanohorns, carbon nanowalls and graphene have
received considerable interests. The radial packing of single-walled tubular carbon
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Fig. 12 Carbon nanowalls
grown in the MW PECVD as
described by Chuang et al.
[138, 139]

nanohorns resembles a dahlia flower. Iijima et al. [128] described the growth
mechanism of carbon nanohorns: In a high energy and low diffusion rate condition
carbon species forms graphene sheets, and collide to form horn structures as
predicted by tight-binding molecular-dynamics simulations [129].

Carbon nanowalls (CNWs) are networks of vertically aligned graphitic walls.
They share similar morphology with other carbon nanomaterials such as carbon
nanoflakes [36, 130, 131], and nanosheets [132, 133], and nanoflowers [134]. Two-
dimensional CNWs, first reported by Wu et al. [135], are promising materials for a
number of applications, and have been demonstrated as an efficient material for
backlights of liquid crystal displays by field emission in the form of a nanodiamond/
carbon nanowalls composite [136], also as high-brightness lamps based on CNW-
coated nickel wires [137]. High surface area also makes CNW suitable for electro-
chemical applications, such as batteries and fuel cells.

Carbon nanowalls was first reported as a surface-bound material, by Wu et al.
[135], synthesized in an attempt to produce CNT in PECVD environment. Chuang
et al. [138, 139] reported the first successful synthesis non-surface bound free-
standing macroscopic structure of CNW aggregates by microwave PECVD in
various ammonia/acetylene gas mixtures (Fig. 12). This process is extremely
efficient, and neither catalyst nor a flat substrate was needed. Carbon nanowall
aggregates extrude from plasma sites induced by a growth stage and grow freely
into three-dimensional space. The overall length can reach centimeters in 10 min
of deposition time.

4.1 Carbon Nanotube Fibres

Significant attention was devoted into development of methods for manufacture of
carbon nanotube based fibres. CNTs were used as the main constituent material in
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fibres or in combination with a polymeric matrix. In each case the aim was to take
advantage of the spectacular axial properties of nanotubes. Carbon nanotube fibres
would be an ideal system to translate the fabulous properties of individual nano-
tubes into real macroscopic use. One challenge in the fibre system is to achieve
nanotube-nanotube bonding to get good load transfer and contact free flow of
electrons. Second challenge is to find a convenient and economical way to manu-
facture CNT fibres.

First CNT fibre with a polymeric matrix was reported by Vigolo et al. [140].
Single wall nanotube dispersion was co-extruded with polyvinyl alcohol (PVA)/
water through a long syringe into a rotating water/PVA coagulation bath. The
coagulation method used produced long fibres and ribbons. The diameter of the
fibres could be adjusted by changing the injection rate, flow conditions, and
dimensions of the capillary tube that affect the thickness of the ribbons. Authors
have demonstrated the flexibility of the carbon nanotube fibres by making knots and
they showed the fiber can be curved through 360° without breaking. The elastic
modulus of SWNTs fibres was an order of magnitude higher than the modulus of
high-quality bucky paper.

With long-range directional order, liquid crystals have long been used as precur-
sor solutions for spinning high performance fibres. With lengths on the order of
nanometers, and typical lengths in microns, CNTs have approximately the same
shape as small molecules like tobacco mosaic virus, which readily form liquid
crystalline phases. Liquid crystalline behaviour in CNTs was predicted by Somoza
et al. in 2001, based on a computational model using continuum-based density-
functional theory [141]. Somoza analyzed the different possibilities for tailored
liquid crystalline CNT phases, predicting the formation of a columnar liquid
crystalline phase. However liquid crystallinity in aqueous carbon nanotube suspen-
sion was first reported by Song et al. [142]. It opened a possible route for drawing
fibres from liquid crystalline suspensions of carbon nanotubes.

Davis et al. at Rice University announced realization of nematic phases of
SWNTs in superacid solutions. The SWNTs were produced using their high-
pressure carbon monoxide (HiPco) process [143, 144]. Up to 10 wt% of SWNTs
were dispersed in a superacid solution of sulphuric acid, chlorosulfonic acid, and
triflic acid. Such a high concentration represents a tenfold increase over previous
dispersions of SWNTSs, and is due to the protonation of the nanotubes and the
formation of an electrostatic double layer of protons and counter ions [145]. This
charged layer surrounding individual nanotubes both encourages solubility in
water, as well as preventing aggregation due to the repulsive force felt by like-
charged nanotubes. Ericson et al. used sulfuric acid to promote the alignment of
SWNTs and extruded fibres consisting entirely of SWNTs [146]. The purified
SWNTs were mixed with 102% sulphuric acid and the mixture was extruded
through a small capillary tube into a coagulation bath after its viscosity has reached
a steady state. Fibres were obtained under different conditions, such as coagulants,
different dope temperatures and coagulation bath temperatures. These fibres
showed good alignment, with XRD analysis showing a mosaic angle of 31° at
full width at half maximum (FWHM), and Raman spectroscopy showing a Raman
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ratio greater than 20:1. Additionally, fibres coagulated in water had a density that
was 77% or the theoretical close packing density for 1.0 nm nanotubes. These fibres
possess good mechanical properties, with a Yong’s modulus of 120 £ 10 GPa and
a tensile strength of 116 + 10 MPa [146].

A simple and alternative route to spin CNT fibres directly from their lyotropic
liquid crystalline phase consisting of multiwalled carbon nanotubes was shown by
Zhang et al. [147]. The nanotubes were highly aligned within the fibres due to the
combination of shear forces and the liquid crystalline phase. Fibres spun with
carbon nanotubes and nitrogen-doped nanotubes (N-MWNTSs) were both examined.
High resolution transmission electron microscope shows N-MWNTs were much
straighter than the MWNTs. Ethylene-glycol was used as a matrix to disperse
nanotubes, with the concentrations between 1 and 3 wt%. A low power ultrasonic
bath was used to assist the nanotubes dispersion process. The dispersion went from
isotropic to biphasic to nematic phase with increasing concentration. The disper-
sions were then extruded out of the syringe through a needle with diameter less than
130 pm and transfer directly into a bath containing diethyl-ether. A syringe pump
was used to control the extrusion rate of the dispersions and they were collected on
a spindle outside the bath at the rate of 0.03-0.3 m/min. Young’s modulus of
MWNT fibres was found to be 69 £ 41 GPa. On the other hand, N-MWNT fibres
had much higher stiffness of 142 £+ 70 GPa, more than twice of the MWNT fibres
[147]. The different mechanical properties between two types of fibres were
believed to be the different interaction between individual nanotubes. The straighter
N-MWNTs were thought to have less defects and a higher packing density, i.e.
better interactions between the tubes. The electrical properties were measured by
the two-probe method and both fibers were found to have ohmic behaviour, but N-
MWNTSs showed higher conductivity.

Direct spinning of CNTs into fibres is one method that can offer advantages over
post-processing methods. Fewer processing steps lead to simpler and cheaper
synthesis, and ease of scaling and commercialization. Jiang et al. have spun fibres
directly from dense forests of MWNTs [148]. These CNT forests, grown by
chemical vapour deposition (CVD), enable the continuous drawing of nanotubes
due to van der Waal interactions between the nanotubes. Zhang et al. [149]
introduced twist during spinning of multiwalled carbon nanotubes from nanotube
forests to make multi-ply, torque-stabilized yarns. The yarn diameter was set by
controlling the width of the forest sidewall that was used to generate an initial
wedge-shaped ribbon and they have made singles (unplied), two-ply and four-ply
MWNT yarns. The unplied yarn had diameters between 1 and 10 pm. The twist was
typically 80,000 turns/m, versus 1,000 turns/m for conventional textiles (with much
higher diameter). Single twisted fibres showed tensile strengths between 150 and
300 MPa. These single fibres were then spun into multi-ply yarns, with the two-ply
having tensile strengths between 250 and 460 MPa. Later Zhang et al. made carbon
nanotube sheets by rotating carbon nanotubes in vertically oriented nanotube arrays
[150]. This method combines the dry-state spinning of nanotube yarns from forests
and the introduction of twist. They demonstrated the thickness of the sheet
depended on the forest size and increased with increasing the forest height. These
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transparent sheets have been used for the planar sources of polarized broad-band
radiation and flexible organic light-emitting diodes. Zhang et al. at Los Alamos
National Laboratory demonstrated the spinning of fibres from CNT arrays of 300,
500, and 650 pm in length and they found the tensile strengths for those as-spun
fibres were 0.32, 0.56, and 0.85 GPa, respectively [151]. The work indicated that
the fibre strength increased with increasing CNT length.

The most direct technique for spinning of CNT fibres was developed by
Windle’s group at University of Cambridge. This method relies on drawing carbon
nanotube fibres directly and continuously from the CVD synthesis zone of a furnace
[152]. Any type of hydrocarbon can be used as a source of carbon, injected at one
end of the furnace together with thiophene (used as synthesis enhancer) and
organometallic precursor, typically ferrocene, which after the decomposition
forms iron nanoparticles allowing the formation of CNTs. These CNTs form an
aerogel in the furnace hot zone, and due to their intermolecular interactions, as
“elastic smoke” can be drawn from the furnace (as shown in Fig. 13) and wound
onto a rotating spool [152]. There appears to be no limit to the length of the fibres
drawn, presenting a truly continuous process. The continuous spinning process
relies on two critical factors. One is to have sufficient high-purity nanotubes to
form an aerogel in the furnace hot zone and the other is the forcible removal of the
material from reaction by continuous wind-up. Different carbon sources and fur-
nace temperature will produce CNT fibres with varies structures and properties. The
composition of the fibres, in terms of double walled or multiwalled nanotubes could
be controlled by changing the reaction parameters.

Additionally, Koziol et al. developed a controlled method for continuous
spinning of fibres from the CVD reactor with different nanotube orientation based
on the liquid condensation and drawing from the CVD reactor [153]. The mechani-
cal data obtained demonstrate a considerable potential of carbon nanotube assem-
blies in the quest for maximal mechanical performance. The strength values
measured in these fibres up to 10 GPa exceed any known available high perfor-
mance material.

FEEDSTOCK FEEDSTOCK

FURNACE
FURNACE
FURNACE
FURNACE

Fig. 13 Schematic of the
direct aerosol spinning
process (left); The wind-up
procedure is operated outside
the furnace hot zone at room
temperature (right)
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The development of continuous fibre drawing methods represents an enormous
leap forward in the attempt to scale CNT properties for use in macroscopic
applications. Now that researchers have realized success in spinning such fibres,
attention must turn to designing processes that will provide increased tensile
strength and modulus, approaching that of individual nanotubes. Better control of
the underlying chemistry will allow experimentalists to fine-tune the nanotube
properties, including length, axial alignment and surface functionalization.

4.2 3D Carbon-Carbon Nanomaterials

Three-dimensional (3D) nano-carbon structures that can transfer exceptional
properties of carbon nanomaterials to meso- and micro-scale engineering materi-
als are essential for development of many applications [154]. Tennent et al. [155]
at Hyperion Catalysis in 1998 patented a method of preparing 3D microscopic
structures by dispersing carbon fibrils (nanotubes or nanofibers) in a medium and
separating them from the medium by filtration and evaporation to form a porous
mat or sheet. Carbon nanotubes and nanofibers synthesized using CVD are
usually in the form of a powder or a thin film on a flat substrate and direct
synthesis of 3D carbon nanotube and nanofiber macroscopic structures are still
challenging.

Well known engineering materials like carbon, ceramic or glass fibres could be
exploited as a support for the formation of 3D nano-structures. Growth of CNTs and
CNFs on the surface of carbon fibres was first reported to improve composite shear
strength [156, 157] and load transfer at the fibre/matrix interface [158]. The high
surface area of carbon and ceramic fibres coated with nanotubes and nanofibres is
important for use in electrochemical applications [159-161]. Jo et al. [162] reported
excellent field emission properties of CNTs grown on the surface of carbon fibres in
carbon cloth, which could potentially be used in flat panel displays. Boskovic et al.
[163] reported low temperature DC PECVD synthesis of carbon nanofibres on the
surface of carbon fibres (Fig. 14) using Co colloid catalyst. It was also demonstrated
that using the same Co colloid catalyst and the same PECVD method it is possible
to grow carbon nanotubes and nanofibres on arbitrary micro-machined silicon
three-dimensional “micro-grass” surfaces [164]. Hart et al. [164] demonstrated
that conventional metal deposition techniques can be used to obtain uniform
SWCNT and DWCNT film growth by atmospheric pressure thermal CVD on
arbitrarily micro-structured silicon “micro-grass” surfaces, where the surfaces
face the deposition source in any orientation from vertical to horizontal. These
principles can be applied to grow a wide variety of nanostructures on microstruc-
tures having arbitrary 3D topography, extending the fabrication capability for
hierarchically micro-structured and nano-structured substrates. Carbon fibres bun-
dles, woven and non-woven carbon fibre cloth can be used as a three-dimensional
scaffold for carbon nanotube synthesis on surface of carbon fibres and in the empty
space between them. Boskovic has found [165] that when the catalyst is
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Fig. 14 Carbon nanotubes
synthesised on the carbon
fibre surface using thermal
CVD

impregnated and dispersed within a fibrous matrix (carbon or ceramic fibre cloth
or felt), rather than being left on the surface, a more efficient deposition of
nanofibres and/or nanotubes results. Fine iron powder catalyst dispersed in iso-
propanol was impregnated within a 2.5 mm thick VCL N carbon cloth, obtained
from Morgan Specialty Graphite, Fostoria, OH, USA using an ultrasonic bath.
The samples were then dried producing a fibrous matrix with an impregnated
finely dispersed metal powder. Carbon nanotubes and nanofibres were grown
using an ethylene and hydrogen mixture at 650°C. The nanotubes/nanofibres are
produced in clumps originating from the surface of the catalyst particles. The
amount of produced carbon nanomaterials could be controlled using variation of
catalyst loading.

Veedu et al. [166] reported that well-aligned CNTs grown perpendicular to 2D
woven fabric of SiC fibres improved significantly the mechanical and thermal
properties. Interlaminar fracture-toughness of the resulting 3D composite has
shown an improvement of 348% compared with the base composite without
CNTs. The interlaminar shear sliding fracture toughness was improved by about
54%. It is also reported that addition of carbon nanotubes has significantly
improved dissipation of vibration energy under cyclic loading — damping (514%).
The coefficient of thermal expansion was reduced to 38% of the original value and
thermal conductivity was improved by 51%. Three-dimensional composite materi-
als containing carbon nanotubes and carbon fibres are good candidate for many
potential applications. High thermal conductivity of these materials may be of use
in automotive and aerospace applications and for heat distribution or hot spot
control. Recently, Boskovic patented use for aircraft brake applications [167].
The high electrical conductivity of these materials could be used for example in
electronic components packaging, as gas diffusion layers in fuel cells or in electro-
magnetic shielding. The carbon fabric impregnated with carbon nanotubes could be
used for lightweight structures and for bulletproof vests.
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5 Conclusions

In this chapter we presented different carbon nanostructures but the focus was
particularly on carbon nanotubes, their methods of synthesis, heteroatomic doping
and exquisite properties. The processing of nanotubes and macroscopic realisation
of the properties through the fabrication of fibres and 3D structures is further
presented and compared.
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