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1. Introduction

Carbon nanotubes (CNTs), ‘rediscovered” (Monthioux & Kuznetsov, 2006) by lijima as a
byproduct of fullerene synthesis (lijima, 1991), have attracted enormous scientific and
technological interest. Their myriad applications in various fields since their rediscovery are
no longer debatable. However, their commercial applications still depend on large scale
synthesis (several thousands of tons per year) and associated cost of production. Various
methods have been developed for the production of CNTs (Dresselhaus et al., 2001; Agboola
et al., 2007). However, the three very useful and widespread methodologies include arc
discharge, laser ablation and chemical vapour deposition (CVD) (Robertson, 2004; Agboola
et al., 2007). Two key requirements revealed in these methods are as follows, (i) a carbon
source, and (ii) a heat source to achieve the desired operating temperature (See & Harris,
2007). In the arc discharge, CNTs are produced from carbon vapour generated by an electric
arc discharge between two graphite electrodes (with or without catalysts), under an inert
gas atmosphere (Journet et al., 1997; Lee et al., 2002; Agboola et al., 2007). In the laser
ablation, a piece of graphite target is vapourised by laser irradiation under an inert
atmosphere (Journet & Bernier, 1998; Paradise & Goswami, 2007). As for the technique of
CVD, it involves the use of an energy source such as plasma, a resistive or inductive heater,
or furnace to transfer energy to a gas phase carbon source in order to produce fullerenes,
CNTs and other sp2-like nanostructures (Meyyappan, 2004). As would be expected, some of
these methods are more effective than others. The arc-discharge, though it produces CNTs
of high quality with fewer structural defects, uses high temperature of up to 1500°C, which
makes it difficult to be scaled up for commercial purposes. On the other hand, laser
vaporisation method is an expensive technique because it involves high purity graphite rods
and high power lasers. At the moment, the CVD methodology (or variations thereof) is the
only promising process for the production of CNTs on a reasonably large-scale compared to
arc-discharge and laser vaporization methods (Coleman, 2008). In addition, the process
tends to produce nanotubes with fewer impurities (catalyst particles, amorphous carbon and
non-tubular fullerenes) compared to other techniques (Esawi & Farag, 2007). The variants of
the CVD are as a result of the means by which chemical reactions are initiated, the type of
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36 Carbon Nanotubes - Growth and Applications

reactor used and the process conditions (Deshmukh et al., 2010). The CVD is simple, flexible
and allows high specificity of single wall or multi wall nanotubes through appropriate
selection of process parameters, e.g., metal catalysts, reaction temperature and flow rate of
feed stock (Nolan et al., 1995; Agboola et al., 2007; Moisala et al., 2006). Recently, a swirled
floating catalystic chemical vapour deposition (SFCCVD) reactor was developed with the
aim of up-scaling the production capacity (Iyuke, 2007). The simplified schematic
presentation of a SFCCVD is shown in Figure 1. Typically it consists of a vertical quartz or
silica plug flow reactor inside a furnace. The upper end of the reactor is connected to a
condenser which leads to two delivery cyclones where the CNTs produced are collected.
Feed materials including carrier gases are uniformly blended with the aid of a swirled coiled
mixer to give optimum catalyst-carbon source interaction.
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inlet for feed material |
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Fig. 1. Simplified schematic presentation of a swirled floating catalyst (or fluid) CVD

In this Chapter we discuss the continuous and large scale production of carbon
nanomaterials in an SFCCVD reactor using various carbon sources. This reactor was found
to be more successful than the microwave or the fixed-bed catalytic CVD modes (Iyuke et
al., 2009). Furthermore, our large-scale synthesis method is simple and easily accessible to
others with interest in this novel material. The chapter is divided into four themes covering,
(1) the growth mechanisms and kinetics (section 2), (2) synthesis of both ordinary CNTs and
carbon nanostructures (sections 3 and 4, respectively), (3) optimisation of the production
(section 5), and (4) conclusions, challenges, and future prospects (section 6).

2. Growth mechanisms and kinetics

2.1 Growth mechanisms

Information on the mechanism of CNT growth, though important, is very scarce. As a result,
more studies are needed to find out the characteristic mechanisms of CNT synthesis which
may in turn guide the design and operation of continuous and large scale production of
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carbon nanomaterials. Presently, various growth models based on experimental and
quantitative studies have been proposed (Agboola et al., 2007).

One very important factor in the formation of CNTs through the CVD is the catalyst.
Usually the vapor-liquid-solid (VLS) model is used to explain the growth of CNTs using
catalysts (Saito, 1995). The catalyst acts as a seed for nucleation and growth by controlling
the overall reaction with the hydrocarbon source (Yoon and Baik, 2001). The catalytic
graphitisation (CG) of carbon sources to carbon nanomaterials is a sequential process that
involves hydrocarbon decomposition, carbon dissolution, diffusion, adsorption and
precipitation of carbon atoms to produce graphitised material (Yoon and Baik, 2001; Iyuke et
al., 2007). However, the most accepted growth model suggests that after the decomposition
of the carbon source, carbon diffuses into the metal particles until the solution becomes
saturated. Carbon saturation in the metal occurs either by reaching the carbon solubility
limit in the metal at a given temperature or by lowering the solubility limit via temperature
decrease (Moisala et al., 2003). Supersaturation of the saturated solution then results in
precipitation of solid carbon from the metal surface (Moisala et al., 2003; See and Harris,
2007). In summary, the mechanism of the catalytic growth of CNT or carbon nanofibre
(CNF) is generally accepted as consisting of three steps (de Jong and Geus, 2000): The first
step is the decomposition of carbon containing gases on the metal surface, with carbon
atoms deposited on the surface. In the second step the carbon atoms dissolve in and diffuse
through the bulk of the metal particles. It must be noted, however, that it is still unclear
whether carbon atoms diffuse on the particle bulk (Ducati et al., 2004), on the particle
surface (Hofmann et al., 2005), or whether surface and bulk diffusion compete. The final
step is the precipitation of the carbon in the form of CNTs or CNFs at the other side of the
catalyst particle.

The driving force for carbon diffusion and for the global process of carbon nanomaterial
formation is the difference in solubility of carbon at the gas/catalyst interface and
the catalyst/carbon nanomaterial interface, which is determined by the affinity for carbon
formation of the gas phase and the thermodynamic properties of the carbon nanomaterial,
respectively (Snoeck et al., 1997). The above mechanism shows that the steady state growth
of CNT is a delicate balance between carbon source dissociation, carbon diffusion through the
particle, and the rate of nucleation and formation of graphitic layers (Yu et al., 2005). This
is illustrated by a simplified model shown in Figure 2. Tubule formation such as CNTs
is favoured over other forms of carbon such as graphitic sheets with open edges. This
is because a tube contains no dangling bonds and, therefore, is in a low energy form (Dai,
2001).

As illustrated in Figure 3, for the deposition of CNTs on a substrate, two general growth
modes are known; the nanotubes can either follow a base-growth mode (A) or tip-growth
mode (B) (Dai, 2001). Base-growth occurs when the catalyst remains anchored to the
substrate, while tip-growth mechanism happens when the particle lifts off the substrate and
is observed at the top of the CNTs. These growth modes depend on the contact forces or
adhesion forces between the catalyst particle and the substrate (Leonhardt et al., 2006).
While a weak contact favours tip-growth mechanism, a strong interaction promotes base-
growth (Bower et al., 2000; Song et al., 2004).

However, Gohier et al. (2008) dispute the notion of adhesion forces between the catalyst
particle and the substrate as controlling growth mechanism. Instead, they propose the
catalyst particle size, and the ‘carbon diffusion paths” during CNT nucleation as the main
determinants for controlling the growth mechanism. Their results showed that for the same
substrate/catalyst couples, single or few-wall CNTs follow the base-growth mechanism
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38 Carbon Nanotubes - Growth and Applications

while the tip-growth occurs only for the large multi-walled CNTs (MWCNTs). This
behaviour was observed for three different catalysts commonly used in CNT synthesis, i.e.,
nickel, iron and cobalt. Besides the conventional explanation for growth mode change on
catalyst/substrate interaction, Gohier and co-workers showed that growth mode can be
explained by interaction between small carbon patches (polyaromatic carbon or reticulated
carbon chains) and the catalyst. A strong interaction favours the formation of a graphene
cap on the catalyst and leads to the single wall CNTs (SWCNTs) or few walls CNTs
(FWCNT) growth via the base-growth mode. On the contrary, a weak interaction induces a
diffusion of the graphitic section to the catalyst/substrate interface which drives the tip-
growth mechanism.

200 O

support

Fig. 2. Schematic representation of the CNT growth mechanism, where @ represents surface
decomposition rate, @4 means carbon diffusion rate. If s > g4, encapsulating carbon forms
on the catalyst surface; if @ = Dy, the system is at balance and CNT grows at steady state
(Yu et al., 2005).
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Fig. 3. General growth model (Dai, 2001)
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Catalyst supports also play an important role. For example, in order to facilitate the large
scale production of CNTs, support material should have a threefold action: minimises the
formation of by- products (amorphous carbon, graphite nanospheres, etc), deters the
aggregation of catalytic centres, and allows its removal from the resulting CNTs using
simple chemical procedures (Tsoufis et al., 2007).

2.2 Kinetics

As already discussed mechanisms by which CVD occurs are very similar to those of
heterogeneous catalysis; the reactant(s) adsorbs on the surface and then reacts on the surface
to form a new surface (Fogler, 2006). Equation 1 represents the proposed mechanisms of
catalytic graphitisation of a hydrocarbon (e.g., C2Hz) to CNTs using a SFCCVD technique,
whereby under heat the hydrocarbon and possibly the cracked fractions are dissociated into
carbon atoms (Iyuke et al., 2007; Iyuke, 2007). The carbon atoms are deposited and adsorbed
onto the catalyst (e.g., Fe) surface, which in turn react with each other to form C-C bonds
thus producing graphene layers of CNTs produced.

C,H, — 2C+H,
C,H,+3H, — 2CH, )
2CH, — 2C+4H, c :l t C-C bond
nC Hgy C,-Fe —~—5n[CNT]+ Fe + mH, (1)
2
heat
heat
heat

Where the rate constants for the adsorption, desorption and reaction are k,, kq and k,
respectively; m and n are stoichiometric coefficients.

The rate of CG (illustrated in Equation 1), can be written as a function of dissolution,
adsorption and chemical reaction (Levenspiel, 1999; Iyuke et al., 2007).

Icg= Ic,n, =fn (dissolution, adsorption, chemical reaction) (2)

At appropriate temperature, where carbon nanomaterials grow, the dissolution of the
hydrocarbon may be considered as complete, therefore, it becomes none rate limiting. As
shown in Equation 1, the decomposed carbon atoms adsorb onto the catalyst surface, where
adjacent carbon atoms react together to produce C-C bonds of graphene layers via a
complex mechanism, which in turn produce carbon nanomaterials. Such complex
mechanism can be expressed by rates of reactions catalysed by solid surfaces per unit mass
as follows (Levenspiel, 1997; Iyuke and Ahmadun, 2002; Fogler, 2006):

1 dnC n
Te,H, =W—T=kec ©)

cat

Where W, is the weight of catalyst used, nC is the number of moles of carbon, superscript n
is the order of the reaction, Oc is the fraction of catalyst surface covered by carbon atoms
(i.e., surface concentrations of adsorbed carbon, C), k is the reaction rate constant, and C is
either carbon or other graphitised carbon nanoparticles. Therefore, Equation 3 is the rate of
reaction occurring on the catalyst surfaces which is proportional to the concentration of
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carbon (C) present on the surfaces or the fractions of surfaces covered by the carbon atoms
of carbon nanomaterials (Iyuke et al., 2007). The commonly applied model, Langmuir-
Hinshelwood, for reactions taking place between molecules or fragments of molecules
adsorbed on the surface (Winterbottom and King, 1999) as shown in Equation 4 is adopted
to obtain the reaction rate and equilibrium constant (Iyuke et al., 2007).

__kC'
1+kC"

4)

rCZHZ
Equation 4 can be rearranged to give Equation 5.

e ©)
Te,n, KCU ok

Using Equation 1, the exact model for the rate of reaction was developed below.

nC+Fe = C,-Fe — CNT (6)
Equation 6 was modeled as:

A+B = AB — Products (7)

Therefore, using the Langmuir-Hinshelwood mechanisms, the final model was obtained as,

o kC}, exp(1-6)
k+1 kt

®)

Where C, is the concentration of reactant (e.g., CoHy), 0 is the surface coverage, k is the
reaction rate constant which is proportional to the diffusion coefficient of carbon (Kim et al.,
2005), n is the order of reaction, t is the time of reaction.

Using experimental data the value of n = 4 was obtained from a plot of 1/-rC;H, versus
1/Cn in Equation 5 (Iyuke et al., 2007). Consequently, the model in Equation 8 was used to
predict the rate of production of CNTs at various temperatures and acetylene
concentrations, and the results were compared to the experimental data (Table 1).
Experimental data and results from the predictive model show reasonable agreement, with
correlation coefficient ranging from 0.81 to 0.99 at various temperatures. The model
equation is, therefore, able to represent data for SFCCVD technique in the production of
CNTs. Both the experimental and predictive model results show that the concentration of
acetylene and reaction temperatures affect the rate of CNT production.

Acetylene Concentration  CNT production rate (mg/s); experimental versus computed ‘

(ppm) 950°C 1000°C 1050°C 1100°C
1985 1.6(1.2) 2.7(1.9) 2.5(1.8) 2.1(1.9)
2728 2.8(3.0) 3.1(3.0) 43(3.0) 4.2(3.0)
3379 3.0(4.7) 4.0(47) 4.9(4.7) 3.8(4.7)
4058 45(5.8) 4.8(5.8) 42(5.8) 5.1(5.8)

Table 1. Experimental and computed production rate of CNTs at different temperatures
(Iyuke et al., 2007).
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3. Synthesis of ordinary carbon nanotubes

The production of CNTs in terms of the type and quality (for example) is controlled by
several factors including carbon source. The commonly used gaseous carbon sources
include carbon monoxide (CO) and hydrocarbon feed stocks such as methane, acetylene,
ethylene, and n-hexane (Agboola et al., 2007). More recently, carbon dioxide (CO.) has also
been used in the synthesis of these carbon nanomaterials (Simate et al., 2010). There are
typically two forms of CNTs according to the number of rolled up graphene layers that form
the tube (as illustrated in Figure 4), i.e., SWCNTs and MWCNTs. A SWCNT is a graphene
sheet rolled-over into a cylinder with typical diameter of the order of 1.2-14nm in
magnitude (Journet and Bernier, 1998), while a MWCNT consists of concentric cylinders
with an interlayer spacing of about 0.34nm (3.4A) and a diameter typically of the order of
10-20 nm in magnitude (Dai, 2002).

Jf roll-up

Fig. 4. Models and representation of multi-walled CNT and single-walled CNT (Merkoci,
2006; Liu, 2008).

In addition, there are two models which can be used to describe the structures of MWCNT.
In the Russian doll model, a certain number of SWCNT with growing diameters are
arranged in concentric cylinders. In the parachute model, a single graphite sheet is rolled in
around itself. In MWCNTs, the nanotubes are typically bound together by strong van der
Waals interaction forces and form tight bundles (Dai, 2002).

It seems likely that two different mechanisms operate during the growth of MWCNTs and
SWCNTs, because the presence of a catalyst is absolutely necessary for the growth of the
later (Ajayan, 2000). Furthermore, a key factor of CNT growth is the kinetics of carbon
supply. An over-supply of carbon causes the formation of MWCNT rather than SWCNT
because excess carbon activity allows the nucleation of extra nanotube walls (Wood et al.,
2007). The stability of the double shell MWCNT is higher than SWCNTSs on their own as the
number of atoms increase (Sinnott et al., 1999). This is because the van der Waals
interactions between the shells in the MWCNT increase as the nanotube gets longer. It is
also observed that there is little difference in the stability of MWCNTs as a function of the
helical arrangements of the shells (Sinnott et al., 1999). Compared to MWCNTs, one of the
most significant features of SWCNT is the uniformity of size and the relative lack of any
defects in the later. This explains the fact that methods to produce SWCNTs in significant
large quantities developed rather quickly.
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42 Carbon Nanotubes - Growth and Applications

3.1 Use of acetylene

Acetylene has been the most widely used hydrocarbon in the production of CNTs by many
researchers. Acetylene is more reactive than other hydrocarbons at the same reaction
temperature, leading to CNTs of good quality and probably hinders the formation of carbon
nanoshells which poison catalytic centres (Soneda et al., 2002). Furthermore, even molecular
beam experiments have shown that acetylene is the most active growth precursor (Eres et
al., 2005), and that it is the primary growth precursor in both hydrocarbon and alcohol feed
stocks (Xiang et al., 2009; Zhong et al., 2009). Here, we discuss the results of using acetylene
carbon source and organo-metallic ferrocene catalyst. Ferrocene was found to be a better
catalyst precursor in the studied conditions since iron pentacarbonyl decomposes at lower
temperatures resulting in the excessive growth of catalyst particles. Furthermore, its other
advantages as an iron precursor include its innocuity and low cost (Barreiro et al., 2006).

The CNTs (and other nanomaterials to be discussed in section 4.1) were synthesized in a
mixture of gases of acetylene, hydrogen and argon at the substrate temperature of 900-
1050°C. Figure 5 shows typical transmission electron microscopy (TEM) images of CNTs
grown in the temperature range of 1000 - 1050°C. The images reveal that each of the
structures is hollow with inner diameter and length of several nanometers which confirm
the presence of CNTs (Afolabi et al., 2007).

L ]

Fig. 5. TEM images of pure CNTs produced at (a) 1000°C and (b) 1050°C (Afolabi et al., 2007).

The diameter distribution of the CNTs based on the measurements from the sufficiently
enlarged TEM images (results not shown in this Chapter) indicated that the diameter of the
CNTs increased with increase in temperature (Afolabi et al., 2007). This was attributed to
high rate of acetylene decomposition which maximised carbon generation leading to more
CNT wall formation (Kumar and Ando, 2005; Afolabi et al., 2007).

The X-ray diffraction (XRD) pattern of the sample (Figure 6) reveals the characteristic
pattern of graphitised carbon. The graphitic line (002) of this sample was observed at
diffraction peak of 25.8° corresponding to inter-planner spacing of about 0.343 nm which is
usually attributed to CNTs. This pattern also indicates high degree of crystalinity which
suggest low content of amorphous carbon and impurities from catalysts (Afolabi et al.,
2007). This observation is a marked difference from the results of many other CVD processes
where impurities from catalyst employed in the pyrolysis process are always associated
with the CNTs such that they have to be removed through various purification processes.
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These multi-step purification processes can destroy the product. It is suggested that effective
utilisation of the ferrocene catalyst during the decomposition process could have been
responsible for the low content of iron impurities in the CNTs (Afolabi et al., 2007).
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Fig. 6. XRD pattern of raw CNTs sample (Afolabi et al., 2007)

Table 2 shows the compositions of carbon nanomaterials at various conditions. These results
indicate that accurate regulation of carbon source flow rate, hydrogen flow rate and
temperature, which is a simple and versatile method, enables selective synthesis of various
types of carbon nanomaterials. As can be seen from Table 2, CNTs were predominantly
produced at very high temperatures (1000-1050°C). However, at temperatures above 1100°C
there was decrease in production rate (Iyuke et al., 2007). The reduction in production at
high temperature might have been due to the deactivation of the catalyst by carburization
(Yamada et al.,, 2008) or sintering (Amama et al., 2009). Furthermore, low values of
amorphous carbon were observed as the temperature increased as a result of amorphous
carbon burning off at high temperatures (Iyuke et al., 2007).

Gas flow rate (mlmin?) Carbon nanomaterials at various temperatures (°C)
Hydrogen Acetylene 900 950 1000 1050
118 181 CNBas+CNTs CNBas+CNTs CNTs CNTs
118 248 CNBas+CNTs CNTs CNTs CNTs
118 308 CNBas+CNTs CNTs CNTs CNTs
118 370 CNBas CNTs CNTs CNTs
181 370 CNBas CNTs CNTs CNTs
248 370 CNBas CNTs CNTs CNTs

Table 2. Compositions of carbon nanomaterials at various conditions (Afolabi et al., 2007)

Similar studies on the SFCCVD reactor in the absence of hydrogen gas showed the
production of CNTs and several other carbon nanomaterials at lower temperatures of 750°C
to 900°C (Iyuke et al., 2009). For example, (1) a mixture of carbon nanoballs (CNBas),
MWCNTs and CNFs at 750°C, (2) MWCNTs at 800°C, (3) a mixture of MWCNTs, SWCNTs
and helical carbon nanofibres (HCNF) at 850°C, and (4) large quantities of HCNFs and
strands of bamboo-like CNTs at 900°C. These results are different from the ones shown in
Table 1 where high temperatures were needed for the production of carbon nanomaterials.
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This can be attributed to the suppressing effect of hydrogen on the production of CNTs. The
suppressing phenomenon was observed by several researchers as reviewed by Simate et al.
(2010). The suppressing effect is due to the surface dehydrogenation of carbon to form
methane. In fact, it has been observed that the presence of hydrogen can either accelerate or
suppress the synthesis of CNTs (Yang and Yang, 1986; Endo, 1988; Ci et al., 2001) depending
on the thermodynamics (Ci et al., 2001).

3.2 Use of ferrocene

This was an attempt to explore the use of organometallic complexes in the synthesis of CNT and
other carbon nanomaterials. In particular, we explored the use of ferrocene both as a carbon
source and the ‘carrier’ of elements to catalyst sites in CNT synthesis in our reactor. At a
temperature above 500°C, ferrocene decomposes as given in Equation 9 (Leonhardt et al., 2006),
and its unimolecular gas-phase decomposition is given in Equation 10 (Lewis and Smith, 1984).

Fe(CsH;), — Fe+H, + CH, + CH, + ... )

Fe(Cs;H;5), — Fe + C5H; (10)

This means that at a temperature higher than 500°C, solid or liquid-like iron particles and
different kinds of hydrocarbons exist in the reaction zone of the SFCCVD equipment. Upon
these particles, acting as catalyst nuclei, CNTs nucleate and grow with the carbon atoms
provided solely by the ferrocene. This means that thermal decomposition of ferrocene
provides both catalytic particles and carbon sources.

We investigated the production of CNTs from 800°C to 950°C by flowing a gas mixture
consisting of argon and sublimated gaseous ferrocene through the reactor. Results showed
that CNTs could be produced at all the temperatures with no significant difference in the
amount of CNTs produced (i.e., p > 0.05). However, at higher reaction temperatures, there
was less adherence of the product to the walls of the reactor. Therefore, for industrial
processes, higher temperatures would need to be used.
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Fig. 7. Raman Shifts for the Products formed at different temperatures.

In contrast to results obtained by Barreiro and co-workers (Barreiro et al., 2006), where they
predominantly produced SWCNT in a higher pressure horizontal CVD reactor using only
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ferrocene, the Raman spectroscopy of our samples showed that MWCNTs were produced as
shown in Figure 7. As can be seen from the figure, the Raman spectra of CNTs produced
show similar intensities for both the dispersive disorder-induced D-band (1353.1 cm) and
its second-order related harmonic G-band (1580.3 cm!). This strongly supports the fact that
MWCNTs were produced.

3.3 Use of xylene/ferrocene mixture

This section reports the continuous and large scale production of MWCNTs from
xylene/ferrocene mixture in the presence or absence of hydrogen (Yah et al., 2011). Xylene
was used as the solvent for the catalyst and also acted as the main carbon source. In other
words, xylene was used as a solvent to dissolve the ferrocene for easy transportation into
the reactor and also functioned as a CNT growth promoter. It was selected as the
hydrocarbon source since it boils (boiling point ~ 140°C) below the decomposition
temperature of ferrocene (= 190°C).

Just like other work already described, it was found that an increase in temperature
increased the amount of CNTs produced (Table 3). While at 800°C there were no CNTs
produced, (other than amorphous carbon) a very small amount of CNT was produced at
850°C. The non-production of CNTs at low temperatures (i.e., < 850°C), was due to the low
diffusion rates of iron and carbon which prevented the CNTs from nucleating and growing
from the iron particles, but resulted in the formation of amorphous carbon (Kunadian et al.,
2008). This implies that below 850°C, the production of CNTs from xylene/ferrocene
mixture is unfavourable. However, above 1000°C there was a decrease in the amount of
CNTs produced as a result of short reaction time caused by the deactivation of catalyst sites
which occurs at such high temperature (Yu et al., 2005).

The present findings showed that between 900 and 1000°C, with an optimal production at
950°C (Table 3), MWCNTs were well aligned. This differs from earlier reports by Jacques et
al. (2000) where they also described the production of MWCNTs at 725-775°C, with an
optimal production at 725°C. Their product had more nanoball-like (100 nm long) structures
at 750°C. Our results were similar to those previously reported by Vivekchand et al. (2004)
where they produced MWCNTs from the mixture of xylene and ferrocene by pyrolysis at
furnace temperature in the range of 800-1000°C.

950°C (double o /1. )
Reactor | gorc  850'C  900°C  950°C  1000°C  reactor feed -0 - (7 HEAT
Conditions carrier gas feed)
volume)
Observable
number of
CNTs per Cu 0 2 8 16 13 18 47
grid square

Table 3. Effect of temperature on the amount of CNT formed (Yah et al., 2011).

With the introduction of hydrogen as one of the carrier gases, the amount of CNTs
produced increased in the reactor by more than twice the amount produced at double
reactor volume feed (see Table 3). Kunadian et al. (2008) also made similar observation
when they prepared MWCNTs from xylene using the fixed bed CVD mode. This is because
hydrogen has a strong influence in the gas-phase decomposition rate of ferrocene (Equation
11). This is an accelerating effect of hydrogen as stated in section 3.1.
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Fe(C,H;), —2— Fe + 2C,H; (11)

In the absence of hydrogen, ferrocene dissociation does not occur until about 1100-1200 K,
while its reduction occurs at temperatures as a low as 673 K in the presence of hydrogen
(Kuwana and Saito, 2007).

3.4 Use of acetylene and xylene/ferrocene mixture

This experimental work employed acetylene as the carbon source, hydrogen as a carrier gas,
ferrocene dissolved in xylene as the catalyst precursor and the reactor operated from 900-
1100°C in order to produce CNTs on a continuous basis. The results showed that CNTs
produced at high ferrocene concentrations were riddled with high levels of iron impurities,
while those at low ferrocene had only small traces of iron impurities. This was attributed to the
limitation in the solubility of ferrocene in xylene at room temperature (Liu et al., 2002). In fact,
Liu et al. (2002) observed that at low ferrocene concentrations, the catalysis efficiency of
ferrocene is high. Though the quantity of CNTs produced at lower ferrocene concentrations
was small, the low amorphous carbon and iron particles in the samples resulted in the
formation of clean CNTs.

3.5 Use of carbon dioxide and methane

Though the pyrolysis of hydrocarbon precursors for synthesizing CNTs is very useful and is
used widely, there are some disadvantages associated with these methods. Most
hydrocarbons used in these methods are hazardous chemicals, and for most cases, the
pyrolysis temperatures are around 1000°C, which are impractical for large scale industrial
production (Qian et al., 2006). One approach to tackling this problem is by the use of CO;
which is a cheap, non-toxic, low-energy, and abundant molecule on the earth (Qian et al.,
2006). The CO; is easily formed by the oxidation of organic molecules during combustion or
respiration. Furthermore, CO; can be acquired from natural reservoirs or recovered as a by-
product of industrial chemical processes, so, no new production of CO, is necessary and
there will be no addition to greenhouse gases (Young et al., 2000).

This work presents the successful production of CNTs and CNFs by catalytic decomposition
of methane (CH4) and CO, over an unsupported nickel alloy catalyst (LaNis) in a “modified’
SFCCVD reactor (Figure 8) at temperatures ranging from 650-850°C (Moothi, 2009;
Maphutha, 2009).

quarlz or
— [urnoc '/ silica tube
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{” 3 nickel alloy
/ catalyst
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silica tube \\‘

Fig. 8. Modified SFCCVD by attaching quartz wool as support for unsupported catalyst.
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It was observed that CHs produced well defined CNTs at all the tested temperatures (650-
850°C) as shown in Figure 9. A mixture of CNFs and CNTs was produced at lower
temperatures (650-700°C) using CO,, whereas at higher temperatures (750-850°C) only
CNFs were produced as shown in Figure 10. The CNFs are cylindric nanostructures with
graphene layers arranged as stacked cones, cups or plates. Furthermore, CNFs with
graphene layers wrapped into perfect cylinders are called CNTs. In summary, this work has
shown that the LaNis catalyst is capable of decomposing CO, into CO and CNTs both of
which are useful compounds. The CNTs produced are not entangled like other catalysts
making it easier to separate them for further studies or used as nano-resistors.

100nm

5nm

Fig. 9. (a) CNT produced at 650°C, (b) CNT produced at 750°C,with inside diameter and
outside diameter of 6.6 nm and 16.6 nm, respectively (c) CNT produced at 750°C,with
inside diameter and outside diameter of 10 nm and 23.2 nm, respectively, and (d) CNT
produced at 850°C (Moothi, 2009; Maphutha, 2009)
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Fig. 10. (a) CNF/CNT produced at 650°C, growing from the large catalyst particles, (b)
CNF/CNT produced at 700°C, (c) CNF produced at 750°C, with catalyst particles attached
at ends, and (d) CNF produced at 850°C, with a circular structure and no catalyst embedded
(Moothi, 2009; Maphutha, 2009)

4. Synthesis of other carbon nanostructures

As alluded to earlier, the nature of carbon nanomaterials produced by CVD method
including SFCCVD depends on the working conditions such as temperature and pressure of
operation, the volume and concentration of carbon source, the size and pretreatment of
metallic catalysts, and the time of reaction (Paradise and Goswami, 2006). As a result, in the
ambit of CNT production several other carbon nanomaterials may be produced in the CVD
depending on the conditions. Some of these nanomaterials are CNBas (Zhong et al., 2000),
CNFs (Endo et al., 2001), carbon nanorods (Liu et al., 2000) and even diamond particles
(Zhang et al., 2006; Afolabi et al., 2009).

4.1 Carbon nanoballs

The CNBas are a group of shaped carbon materials with a spherical or near spherical shapes
under 100 nm diameter. They include balls, spheres, microbeads, carbon blacks, onions and
mesoporous micro-beads (Caldero-Moreno et al., 2005; Deshmukh et al., 2010). The spheres and
balls can be hollow or solid and in this Chapter, spheres and balls will mean the same thing.
This is a continuation of the experimental work discussed earlier in section 3.1. As can be seen
in Table 2, the higher acetylene flow rate and low temperature (900°C) tend to favour
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production of CNBas. Figures 11 shows a TEM image of CNBas obtained at hydrogen flow
rate of 118 ml/min and above, and constant acetylene flow rate of 370 ml/min at the
decomposition temperature of 900°C as shown in Table 2. The CNBas, instead of CNTs, were
formed because of low residence time and scattered catalyst particles resulting from high
gaseous flow rates. Scattered catalyst particles led to ‘growth-sites starvation’. These CNBas
were also found to contain negligible traces of amorphous carbon and catalyst.

. — - h g—-& . v . . :
Fig. 11. TEM images of pure CNBas produced at (a) 900°C, C;H> = 370 ml/min, Ho= 181
ml/min (b) 900°C, C;H = 370 ml/min, Hy = 248 ml/min (Afolabi et al., 2007).

In other related work, CNBas were only formed at temperatures of 1000°C and above in the
absence of catalysts (Iyuke et al., 2009). This shows that temperature was paramount in the
production of CNBas without the use of catalysts. The sufficiently enlarged TEM images
showed that the diameter of the CNBa depended on gas flow rate ratios (i.e., acetylene:
argon). Higher ratios tended to synthesise CNBas with smaller diameters while lower ratios
produced CNBas with larger diamters. In other words, as the flow rate of acetylene
increased, the size of CNBas decreased, and vice-versa. This observation relates the size of
the CNBas to the residence time of acetylene in the reactor. The residence time of acetylene
will be higher at the lower flow rate of acetylene and this will allow the products to grow
further before exiting with carrier gas into the cyclones. Results also showed that the CNBa
size increases as the pyrolysis temperature increases (Mhlanga et al., 2010).

The CNBas were also observed in experimental test-works performed in section 3.4. The
CNBas were obtained at very low concentrations of ferrocene (e.g., 2%) and a pyrolysis
temperature of 900°C. These CNBas were formed due to a low content of ferrocene at low
pyrolysis temperature, as reported by Liu et al. (2002). The xylene might have assisted in the
formation of these CNBas since low catalyst content at high temperature is known to result in
CNTs with a high content of amorphous impurities (Afolabi et al., 2009).

4.2 Diamond films

The production of diamond films followed the experimental procedure in section 3.4. At an
acetylene flow rate of 248 ml min-!, hydrogen flow rate of 181 ml min-! and pyrolysis
temperatures between 1000°C and 1100°C, diamond particles as well as glassy carbon were
produced alongside CNTs (Afolabi et al., 2009). The diamond films were, however,
thermodynamically unstable as they disappeared after a few minutes. The production of these
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diamond particles (Figure 12) could be attributed to the nucleation by already produced CNTs
in the reactor. This can be explained as follows (Hou et al., 2002); first it must be noted that
diamond and CNTs - both being allotropes of carbon - have some structural resemblances.
Under the conditions that were prevailing in the reactor, especially in the presence of
hydrogen, the CNTs were broken into pieces lengthwise forming carbon nano-onions. The sp3
bonds at the broken ends of the tubes turn to dangling bonds. Furthermore, due to the action
of hydrogen and high temperature, the sp2 bonds at the middle of the tubes between two ends
can open and turn into sp? dangling bonds, and finally turn into sp3 bonds again (Meilunas et
al., 1991; Gruen et al., 1994). This results in countless heterogeneous nucleation sites, and the
improvement of nucleation and growth for diamond.

Fig. 12. Photographic images (EuroTEK 10 Megapixels) of diamond films obtained at (a)
10% ferrocene, 1000°C and a hydrogen flow rate of 118 ml min-1, and (b) 10% ferrocene,
1100°C and a hydrogen flow rate of 181 ml min-! (Afolabi et al., 2009).

In the case of seeding with the low quality CNT mixture, the percentage of CNTs is very low
(Hou et al., 2002). The separation action of hydrogen on CNT is weak. There are only few
nano anion ends. So it is difficult for diamond to nucleate and grow while graphite film can
grow and develop easily.
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Fig. 13. X-ray diffraction analysis of a sample produced at 10% ferrocene, 1100°C, acetylene
flow rate of 248 ml min-!, and a hydrogen flow rate of 181 ml min-!, confirming traces of
diamond films (Afolabi et al., 2009).
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Figure 13 shows the XRD analysis of the samples obtained at a temperature of 1100°C, an
acetylene flow rate of 248 ml min-!, hydrogen flow rate of 181 ml min-l, and 10wt%
concentrations of ferrocene, respectively (Afolabi et al., 2009). The analysis confirms the
presence of diamond flakes and glassy carbon identified as graphite nitrate; the nitrogen in
the nitrate may have been from the traces contained in the argon and hydrogen gases from
the supplier, which were 4 and 2 volume per million (vpm), respectively. It was observed
that the rate of production of diamond films increased with increases in the concentration of
ferrocene, hydrogen flow rate and pyrolysis temperature.

5. Optimisation of the production of carbon nanomaterials

For practical commercial applications of CNTs, one would need quantities in the kilogram
range (Subramoney, 1999). As a result, there is still a need to develop and optimise
processing routes for the production of uniform and well defined carbon nanostructures in
large quantities (Yu et al., 2005). We have seen in this Chapter that the production of carbon
nanomaterials is variable, depending on interrelated controllable factors. Therefore, growth
and optimisation of carbon nanomaterials need a targeted approach whereby parameters
are tuned based on the type of nanomaterials required.

The huge number of parameters required in the growth process is a big challenge in the
optimisation of as-produced carbon nanomaterials. However, we have seen that
temperature and carbon source quantity are the important determinants in the production
of carbon nanomaterials.

Figure 14 shows the effect of decomposition temperature and acetylene flow rate on the
quantity of nanoparticles produced. The figure reveals that the quantity of nanoparticles
produced increased with temperature and the flow rate of acetylene at constant flow rate of
argon carrier gas of 181 ml/min. This indicates that at higher temperature, there is
enough heat to effect the pyrolysis of acetylene leading to the formation of CNTs. The
highest quantity of nanoparticles produced was obtained at temperature of 1050°C and
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Fig. 14. Decomposition temperature versus quantity of nanoparticles produced at different
flow rates of acetylene and constant hydrogen flow rate of 181 ml min-(Afolabi et al., 2007).
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acetylene flow rate of 370 ml/min. Even in the case of CNBa, the rate of production
increased with increase in the feed stock flow rate at all pyrolysis temperatures (Mhlanga et
al., 2010). However, at very high temperatures (results not shown here) there was a decrease
in production rate. Furthermore, low values of amorphous carbon were observed as the
temperature increased as a result of amorphous carbon burning off at high temperatures
(Iyuke et al., 2007). In general, a higher temperature results in a modest increase in yield.
Raman spectroscopy results presented in Figure 15 at different temperatures also shows that
the crystallinity of CNTs produced depends on the pyrolysis temperature. The higher the
temperature, the better the crystal structure of the CNTs.
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Fig. 15. Raman spectrometra of the CNTs sample produced (Abdulkareem et al., 2007; Iyuke
et al., 2007).

Results obtained on the effect of temperatures on the rate of production of CNTs at different
flow ratios of acetylene and hydrogen is shown in Figure 16 (Iyuke et al., 2006;
Abdulkareem et al., 2007). It can be observed from the figure that the rate of production of
CNTs at different flow ratios of acetylene and hydrogen is influenced significantly by the
temperature. As the temperature increases, the rate of production of CNTs also increases as
well as the quantity produced.
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Fig. 16. Rate of production of CNTs at different temperatures and, flow ratios of acetylene to
hydrogen (Iyuke et al., 2006; Abdulkareem et al., 2007).
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Figure 16 also shows the effect of different flow ratios of acetylene to hydrogen at different
temperatures. The figure shows that the rate of production initially increases with increase
in CHy/Hp ratio at all temperatures. Different CNTs production rate peaks were observed
for different CoHy/H> flow ratios at different temperatures. However, the highest CNTs
production rate was observed at 1050°C and this corresponds to CoHy/H, flow ratio of
approximately 3 while the minimum CNTs production rate was obtained at flow ratio of 1.5
at 900°C. High quality and long CNTs were also obtained at C;H»/H> ratio of approximately
equal to 3 and CNT production rate of 0.31 g/min (Iyuke et al., 2006; Abdulkareem et al.,
2007). This shows the important role of the ratio of carbon source to hydrogen for good and
high quality production of CNTs.

The effect of hydrogen flow rate on the rate of production of CNTs was also evaluated. At low
flow rates (e.g., 118 - 181 ml/min), increases in flow rates increased the rate of CNT
production (Abdulkareem et al., 2007; Iyuke et al., 2007). Here, hydrogen is not only required
to create velocity profile in the reactor, but also takes part in the pyrolysis of acetylene.
According to Kuwana et al. (2005), the three stages of reaction during pyrolysis of acetylene to
give CNTs confirm the major role of hydrogen as shown in the equations below:

C,H, — 2C+H, (12)
C,H, +3H, — 2CH, (13)
2CH, — 2C+4H, (14)

It can be observed from Equation 14 that the methane produced in Equation 13 decomposed at
reactor temperature to produce CNTs and hydrogen. This reveals the positive influence of
hydrogen in the production of CNTs.

However, it was seen that an increase in hydrogen flow rate above 181ml/min decreased
the production rate monotonically from 4.2mg/s to zero (Abdulkareem et al., 2007; Iyuke et
al., 2007). Reduction in rate of production of CNTs at higher hydrogen flow rate could
be attributed to low residence time of acetylene in the reactor as a result of high velocity profile
created by high hydrogen flow rate thereby suppressing the formation of CNTs. In other
words, at high flow rate of hydrogen, the residence time of acetylene in the reactor becomes
low because the hydrogen flow creates high velocity profile and push off the acetylene
at a faster rate from the reaction zone. Singh et al. (2003) also made similar observations about
the effect of hydrogen concentration on the production of CNTs using CVD technique. Apart
from creating a velocity profile in the reactor, hydrogen may have also reduced ferrocene to
atomic iron clusters or nanoparticles (Abdulkareem et al., 2007), thus making ferrocene
inactive.

6. Conclusions, challenges and future prospects

CNTs (and other carbon nanomaterials) have reached the forefront of many industrial research
projects since their rediscovery. However, there is still a great deal of work to be done for the
full potential of CNTs to be fully realised. We have seen in this Chapter that various carbon
nanomaterials can be prepared in an SFCCVD by careful controlling of parameters such as
temperature and flow rates of carbon source and carrier gas. More importantly, the studies in
this Chapter have clearly demonstrated that the SFCCVD method could be scaled up for
continuous or semi-continuous production of carbon nanomaterials.
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Though we have managed to produce CNTs and various other carbon nanomaterials in
larger quantities, there are several challenges which need to be overcome before they can be
widely used. They need to be synthesized in longer lengths, and improved techniques are
required to align and evenly distribute them. Commercially available nanotubes are usually
0.5-5 pm long. In the design of conventional composites, for example, it is well known that
the fiber length has a major influence on strengthening and stiffening of the matrix. For
effective load transfer, the fiber length has to exceed a certain critical length, 1., given by the
following equation (Esawi & Faragi, 2007):

l.=0.d/2t, (15)

Where o, is the ultimate or tensile strength of the fiber, d is the fiber diameter and 7. is the

fiber-matrix bond strength. If the fiber length is less thanl., the matrix cannot effectively

grip the fibers and as a result they will slip.

The difficulty of dispersing the CNTs due to the fact that they tend to stick together and the
difficulty of aligning the tubes are also major challenges. Although such issues have not yet
been completely resolved, extensive efforts are underway to overcome them.

Researchers also agree that one of the major obstacles to using CNT is cost (Breuer &
Sundararaj, 2004). Generally, the synthesis techniques used for making nanotubes are
expensive. High quality/high purity CNTs could cost $800/g and even ones with defects
and impurities (metal catalyst and amorphous carbon) could cost $5-35/g (Esawi & Farag,
2007).

Due to the great importance of CNTs, it is clear that novel technologies will emerge in
future. It is also expected that more applications of CNTs will be found as some of their
unknown unique properties are discovered.
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