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ABSTRACT

Effects of various factors affecting the rate of Carbon Nanotubes (CNTs) produced in a Swirled Floating Catalyst
Chemical Vapour Deposition (SFCCVD) reactor were investigated. This study was performed in a vertical silica
tube plug flow reactor developed by lyuke at this University. Transmission Electron Microscopy (TEM) images
revealed that both Single—Walled and Multi-Walled Carbon Nanotubes were produced continuously by this
method. Experimental results also showed that pyrolysis/reaction temperature, acetylene flow rate, hydrogen
flow rate and ratio of acetylene to hydrogen flow rate affect the rate of production of carbon nanotubes.
Maximum production rate of 0.31g/min was obtained at operating conditions of acetylene flow rate of 370ml/min,
hydrogen flow rate of 180ml/min and pyrolysis temperature of 1000°C. It is worth mentioning that to the best of
our knowledge such CNTs production rate and technique have not been reported in the open literature

1. INTRODUCTION

An enormous interest has been directed towards the synthesis, characterisation and application of carbon
nanotubes (CNTs) since their discovery by lijima in 1991 (lijima, 1991). This is due to their unique and
extraordinary mechanical and electronic properties which make them versatile in many applications such as
batteries (Che et al, 1999); flat panel display (Wilder et al, 1998); composites (Shaffer, 2004); chemical sensor
(Kong et al, 2000); transistor and catalyst support in fuel cell (Li et al, 2004; Chan et al, 2004; Matsumoto et al,
2004 and Rajesh et al, 2002). This has necessitated their commercial production to meet this increasing
demand. Among many other production methods, Catalytic Chemical Vapour Deposition (CCVD) has been
identified as the best method for mass synthesis of these materials (Couteau et al, 2003; Kathayini et al, 2004
and Goddard et al, 2003).

Various catalysts and carbon sources have been employed in CCVD production of CNTs (lyuke and Danna,
2005; Mitri and Sotirchos, 2005; Unalan and Chhowalla, 2005; Kuwana and Saito, 2005 and Wang et al, 2002).
This work reports the synthesis of CNTs from acetylene source and using ferrocene as the catalyst (Fe) source.
The effects of change in reaction temperature and the flow rates of the carrier and carbon source gases on the
production rate of CNTs are also studied. This CNTs production technique is continued in this laboratory into
mass production of CNTs for synthesis of great performance Membrane Electrode Assembly (MEA) for Proton
Exchange Membrane (PEM) fuel cell application.

2. EXPERIMENTAL
The apparatus used for the CNTs production is the one developed by lyuke (2005), presented schematically in

Figure 1. It consists of a vertical silica plug flow reactor [1] immersed in a furnace [2] with a sensitive temperature
regulator. A system of rotameters, pressure controllers and valves controls the flow of hydrogen, nitrogen, argon
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and acetylene gases into the reactor. The upper end of the reactor is connected to a condenser [3] which leads
to two delivery cyclones [4 &5] where the CNTs produced are collected. The ferrocene catalyst used was poured
into a silica vaporiser [6] placed on a heater with a sensitive temperature regulator. This catalyst vaporiser is
connected to the swirled mixer [7] which in turn leads into an inlet leading into the reactor.

Exhaust
L

Cyclones

(1li

[2] Furnace
800-1000°C

[7] swirled mixer

CoHy =y (6]
H, —3 Ferrocene
Ar vaporiser

Figure 1: Schematics of swirled floating catalyst chemical vapour deposition reactor
(lyuke 2005)

Nitrogen was first turned on to purge the system of any impurity. The reactor and ferrocene heater were
switched on while the nitrogen was running. At reactor temperature of about 300°C, nitrogen was turned off to
prevent it from reacting with oxygen. Argon was then turned on at prescribed flow rate to continue purging and
act as a carrier gas. At reactor temperature of 900°C, 950°C and 1000°C and catalyst heater at 150°C, 5 grams
of ferrocene was charged into the heater at intervals while hydrogen and acetylene gases were turned on at
specified flow rates. The system was allowed to run for 10 minutes after which the ferrocene had been
exhausted. The smoky products or carbon vapour evolved from the reactor was cooled at the condenser and
collected in the cyclones. The wall of the reactor was also scrapped clean of CNTs.

3. RESULTS AND DISCUSSION

CNTs were synthesized at different pyrolysis/reaction temperatures, flow rates of acetylene and hydrogen.
Acetylene was used as carbon source and CNTs produced were collected at different points of the equipment
namely: Cyclone [4], Cyclone [5] and Reactor. Figures 2-3 show the TEM micrographs of CNTs produced. The
images reveal that the products in cyclone [4] is a mixture of Single-Walled Carbon Nanotubes (SWNTs) and
Multi-Walled Carbon Nanotubes (MWNTs) as shown in Figures 2 a and b respectively while the samples from
cyclone [5] and reactor only confirm the presence of MWNTs as observed in Figures 3 a and b. However, the
CNTs collected at all the points are free of iron particles and contain less amorphous carbon as revealed in
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Figures 2-3. This could be attributed to the nature of catalyst used and the starting pyrolysis temperature as
explained by Lewis and Smith (1984) cited by Kuwana and Saito (2005).

Figure 3: TEM images (a) MWCTs in cyclone [5], (b) MWCTs on reactor [1] wall

Figure 4 shows the effect of acetylene flow rate on production rate of CNTs at various temperatures. It is
observed from the Figure that the CNTs production rates increase with increase in acetylene flow rate at
temperatures 900°C and 950°C while a slight decrease in CNTs production rate was observed at acetylene flow
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rate of 370ml/min at 1000°C. The Figure also reveals that the maximum CNTs production rate was obtained at
the acetylene flow rate of 370ml/mi and temperature of 1000°C when hydrogen flow rate was 118ml/min. This is
in contrast to the report of Liu et al, (2002) when no CNTs were found at such a temperature though these
authors used Fe(CO)s as catalyst and pentane carbon source. The figure also indicates that the higher the flow
rate of carbon source the more the CNTs quantity produced at a given time. This also disagrees with the findings
of Unalan and Chhowalla (2005) where CNTs production rate was not enhanced at higher flow rate of ethanol
carbon source due to introduction of more oxygen. These discrepancies could be attributed to the different types
of reactors used by these authors as compared to this work. Liu et al, (2005) and Unalan and Chhowalla (2005)
used horizontal semi-continuous reactor for CNTs synthesis while a vertical swirled floating catalyst continuous
reactor was used in this work.

The effect of different flow rates of acetylene: hydrogen ratio on production rate of CNTs at different temperature
range of 900-1000°C is shown in Figure 5. The Figure shows that the rate of production initially increases with
increase in C,H./H, ratio at all the temperatures. Different CNTs production rate peaks were observed for
different C,H,/H, at different temperatures. However, the highest CNTs production rate was observed at 1000°C
and this corresponds to C;H./H, of 5 the flow ratio of while the minimum CNTs production rate was obtained at
flow ratio C,H,/H, of 1 at 950°C and 1000°C. This reveals the influence of hydrogen in the production of CNTs.
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:

CoH, - 2C + H, (I)
CoH, + 3H, — 2CH, (il
2CH; — 2C + 4H, (i)

The overall reaction is therefore:

2C,H, —&lle) 5 4C 4+ 2H, (iv)

It could be observed from equation (iii) that the methane produced in equation (ii) decomposed at reactor
temperature to produce CNTs and hydrogen. The above also confirms the important role of the ratio of carbon
source to hydrogen for good and high quality production of CNTs. The inset is a high quality, long and pure CNT
obtained at C,HJ/H, ratio equal to 5 and CNT production rate of 0.32 g/min.

From the experimental results shown in Figure 6, at various hydrogen flow rate, constant acetylene flow rate and
temperature range of 900-1000°C. It is observed from the Figure that the highest production rate of CNTs was
obtained at hydrogen flow rate of 181 ml/min for 900 and 1000°C, while the maximum rate was obtained at
hydrogen flow rate of 118 ml/min when the pyrolysis temperature is 950°C. At higher flow rate of hydrogen, the
rate of CNTs produced decrease, this could be attributed to low residence time of the reactant in the reactor
because hydrogen will create high velocity profile and thereby push off the acetylene away at a faster rate from
the reaction zone of the reactor.

The effect of temperature on CNTs production rate at various ratios of acetylene and hydrogen is presented in
Figure 7. The results show that at flow ratio of 1.492, 2.102 and 2.61 the rate of CNTs produced increased
linearly with temperature, while at flow ratio of 2.044, the rate of CNTs produced decreased as the pyrolysis
temperature changes from 900 — 950°C and increases again at pyrolysis temperature above 950°C. When the
flow ratio of acetylene and hydrogen is 1.534 and 3.136, the rate of CNTs increases between temperatures
range of 900 — 950°C and decreases above 950°C. This is an inverse of the results obtained when the flow ratio
is 2.044 at same temperature range of 900 — 950°C.
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Figure 4:Effect of acetylene flow rate on CNTs production rate
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Figure 5: Effect of ratio of acetylene and hydrogen at various temperature on CNTs production rate [inset is CNT]
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Figure 6: Effect of hydrogen flow rate on CNTs production rate.
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Figure 7: Effect of temperature on CNTs production rate at various ratios of acetylene and
hydrogen
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4. CONCLUSION

The studies conducted on the operating parameters on production rate of CNTs from acetylene using ferrocene
as catalyst show that reactor temperature, acetylene (carbon source) flow rate and ratio of acetylene to
hydrogen flow rate and hydrogen flow rate affect the production rate of CNTs and hence the final yield of the
products. TEM images also reveal that the products synthesized by SFCCVD method are a mixture of Single-
Walled Carbon Nanotubes and Multi-Walled Carbon Nanotubes. The maximum production rate of 0.31g/min was
obtained at operating conditions of acetylene flow rate of 370ml/min, hydrogen flow rate of 180ml/min and
pyrolysis/eaction temperature of 1000°C. The CNTs production rate observed in this technique would enhance
the global efforts to produce CNTs in mass and in turn produce MEA for better performance and cheaper PEM
fuel cell.
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