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Abstract: Carbon nanotubes (CNTs) were synthesized by a Floating Catalyst (FC) chemical vapor deposition
(CVD) method in a horizontal reactor. This method led to achieve high vield synthesis of CNTs with controlled
structure. Present study showed that iron (IIT) chloride hexahydrate (FeCl,. 6H,0) was an efficient FC precursor
for CVD of methane into CNTs. The effects of different process parameters such as reaction temperature and
reaction time on the morphology of CNTs had been investigated. The deposited layers containing CNTs and
CNFs were analyzed by the Transmission Electron Microscopy (TEM) and the yield of the as-grown nanotubes
was 1nvestigated by the thermogravimetric analysis (TGA).

Key words: Floating catalyst, carbon nanotubes, reaction temperature, methane, catalyst particle

INTRODUCTION

Since the discovery by Iyuma (1991), carbon
nanotubes (CNTs) have been receiving much more
attentions for their unique structural, mechanical and
electronic properties. Extensive research work on the
synthesis of CNTs, mcluding laser-ablation (Thess et al.,
1996), electric arc discharge (Journet et al., 1997) and
Chemical Vapor Deposition (CVD) (Endo ef al., 1995) has
been carried out to produce high quality CNTs for the
applications m electronmic, mechanical and gas storage
fields. More research efforts have been put to reach the
economical ways of synthesis with much greater control
over the key characteristics such as length and diameter.
Among the distinguished variant techniques of CVD,
Floating Catalyst (FC) is considered to be the most
promising commercial method for producing high purity
CNTs because of the attribute of possible contmuous
producing by a sunple equipment set-up (Fan ef af., 2006).
Therefore, FC-CVD is a suitable approach for industrial
production of high purity CNTs at low cost. Besides
CNTs, carbon nanofibers (CNFs) can also be synthesized
by the FC-CVD process. CNFs are important materials that
can substitute CNTs in some applications in view of CNFs
are much easy to be commercially produced (Bai et al.,
2003). However, a systematic study of the process
parameters for FC-CVD needs to be developed. The yield,
length and purity of CNTs produced by this method have
been found to depend on the reaction temperature, type

of catalyst precursor, type of reactant, reaction time
and reactant flow ratio. Up to mnow, Ferrocene
(Yang et al., 2008, Cheng et al., 2008) and Fe(CO),
(Rao and Govindaraj, 2002; Andrews et al., 1999) are the
common FC precursors. On the other hand, FeCl,.6H,O
(the transition metal salts) has been explored to
synthesize CNTs m the CVD method. It was reported by
Hou et al. (2003) that a dilute solution of FeCl, in toluene
and N, N-dimethylaminoacetate shows high-efficiency for
CNTs synthesis.

In this study, we report a simple FC-CVD method to
prepare CNTs in a horizontal reactor, i.e., using iron (ITT)
chloride hexahydrate (FeCl,.6H,0) as the FC precursor
and methane as the carbon source. The main objective of
this study was to investigate the influence of reaction
temperature and synthesis time on the morphology of the
CNTs grown. CNTs with different diameters can be
prepared by carefully controlling the reaction temperature.
The as-grown CNTs were characterized by Transmission
Electron Microscopy (TEM), thermogravimetric analysis
(TGA) and Differential Thermal Analysis (DTA).

MATERIALS AND METHODS

CNTs synthesis through FC-CVD: The synthesis of
CNTs was carried out by the FC method in a horizontal
tubular reactor made of quartz tube with a diameter of 25
and 900 mm in length. The reactor was inserted into a
horizontal tubular furnace that can provide controllable
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heating temperatures up to 1200°C and a heating zone
(reaction zone) of 350 mm in length. A schematic diagram
of the FC-CVD apparatus 1s shown in Fig. 1. Methane was
used as the carbon source, FeCl,.6H,0 as the catalyst
precursor and nitrogen as the carrier gas.

Two series of experiments were conducted: 1) The
reaction temperatures were set at 1000, 1050 and 1100°C
for 30 min reaction duration; 2) The reaction durations
were set at 5 and 15 min for the reaction temperature at
1050°C.,

A typical FC-CVD synthesis consists of the following
apparatus and operations conditions:

* A quartz boat containing FeCl,6H,O catalyst
{(about 0.3 g, spread over 50 mm®) was placed at the
entrance of the tubular furnace (as shown n Fig. 1)

¢ The reactor was purged with nitrogen gas at
200 mL min~" for 10 min in order to evacuate air in the
reactor

*  After the temperature reached 1000°C, methane gas
was fed into the reactor at a volumetric flow rate of
200 mL min~" for 30 min

*  The temperature of preheated zone for FeCl,.6H,0
was measured by a set of K-type thermocouple
thermometer in a range of 280-300°C. At these
temperatures, the catalyst placed on the quartz boat
was vaporized and carried forward by the mtrogen
gas 1nto the reaction zone. Iron catalyst decomposed
from the FeCl, 6H,O was deposited on the wall of
quartz tube and this act as a base for the growth of
CNTs

*  The methane gas was switched off after the reaction
duration and the reactor was cooled down to the
room temperature under the nitrogen flow

¢+ Some of the grown nanotubes were transported out
of the reaction zone by the flowing reacted gases.
The nanotubes were collected from the end of the
quartz tube. A water bubbler was also placed at the
end of the fumace to capture the CNTs and iron
catalyst

Nanotubes characterization: The morphology of FC-CVD
synthesized products was analyzed with a Phulips XL 20
Transmission Electron Microscope (TEM). For the TEM
analysis, a drop of a sonicated acetone suspension of
CNTs (0.1 mg mL™") was deposited on a holey carbon
TEM copper grid. The product purity and the yield of
CNTs were determined by the thermogravimetric analysis
(TGA) using SDT Q600 TA instruments Differential
Thermal Analysis (DTA). The ramping was set rate to
10°Cmin~' from rcom temperature to 900°C under
100 mL min~" of nitrogen. Analysis was performed using

Furnace
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N, flow : 3 gg\%‘i ey T0 bubbler
CH . flow ] A P

w /w [\

FeCls. 6H,0 CNT Quartz tube

Fig. 1: Experimental set-up of horizontal reactor to
synthesis of CNTs

the TGA data to estimate the relative amount of CNTs in
the products. The parameter, onset temperature, oxidation
temperature and end temperature were determined from
the TGA and DTA curves by the commercial software
package.

RESULTS AND DISCUSSION

The reaction temperatures were conducted according
to the reported by Kuo et al. (2005). In the present study,
conducted at the starting
temperature of 1100°C. This is to ensure the complete
decomposition of methane in the reactor. It 1s believed
that the Fe catalyst was reduced by the methane gas as
well as the hydrogen produced from the methane
decomposition. The observations of TEM show that
CNTs synthesized with different reaction temperatures
have different outer and inner diameters as shown in
Table 1.

The degree of graphitization of the CNTs was studied
using TGA/DTA (Chen et al., 2006) and the results are
shown in Fig. 2. The onset, oxidation and end
temperatures are listed in Table 2, representing the maitial
weight loss, the maximum weight loss and the final weight
in the TGA/DTA graphs. Firstly, the sharp weight loss
between onset and end temperature is due to the
formation of CO and CO, by oxidation of CNTs.
Chen et al. (2006) proposed that the higher oxidation
temperature indicates a better graplitized CNTs.
According to the results shown in Fig. 2b, the highest
oxidation temperature (643.88°C) was observed for the
sample prepared at the reaction temperature of 1050°C.

There 1s no or slightly weight loss in the temperatures
between 300 and 400°C as shown in Fig. 2a. This indicates
that the content of amorphous carbon in the samples was
very low. The weight loss occurred very gently before
300°C could be assigned to the moisture content of the
carbon samples. The highest purity of CNT, being 80.96%
was obtained at the reaction temperature of 1100°C. In
every instance a black powder was obtained in yields of
»74% CNTs.

the experiments were
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Fig. 2: TGA/DTA results of CNTs growth with various reaction temperatures (a) TGA and (b) DTA

Fig. 3: TEM micrographs of samples obtained after 30 min reaction at different temperatures®C (a) 1000, (b) 1050 and (¢)

1100
Table 1: Effect of the reaction termperature on the outer and inner diameter of
the CNTs
Diameter (nm)
Reaction Reaction
Temp. (°C) Time (min) Tnner Outer
1000 30 8 27
1050 30 21 35
1100 30 20 71

Table 2: The TGA/DTA results of CNT growth at different reaction

temperatures
Reaction Onset Oxidation End Weight
----------------------------- Temp. (°C) mm=m=mmmmmmmmmmmmmnma e loss (%0)
1000 396.49 640.33 742.90 74.69
1050 466.48 643.88 751.15 79.15
1100 489.17 587.43 T04.74 80.96

Reaction temperatures greatly affect the yield of
CNTs from the FC-CVD. As previously-mentioned, the
maximum yield was obtained at 1100°C. Figure 3 (a-c)
shows the morphologies of the CNT grown at
temperatures 1000, 1050 and 1100°C, respectively.

As shown in Fig. 3a, amorphous carbon was also
found for the samples synthesized at reaction temperature
1000°C. This probably due to the activities of the wron
catalyst particles decreased at low temperatures in which
the, therefore decomposition of carbon reagents was
poorly interacted with the iron catalyst. At higher
temperatures (1100°C), amorphous carbon was again
formed, but this time the formation of amorphous carbon
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was due to the decomposition of carbon on the CNTs, as
can seen from the TEM images shown in Fig. 3¢. At high
temperatures, ron particles were aggregated because of
the decrease in the density distribution of the won
particles. Probably this is the main reason to cause the
formation of amorphous carbon on the nanotubes
samples (Nyamori and Coville, 2007). It 1s important to
note that three different types of carbon shaped
observed, including were CNFs, CNTs and amorphous
carbon.

The sizes of the CNTs were strongly governed by the
variation in temperature. The change in temperatures from
1000 to 1100°C formed CNTs with larger diameters. This
was mainly due to the extensive aggregation of the iron
particles at high temperatures, leading to the formation of
larger catalyst particles and hence contributing to grow
CNTs of larger diameters. However, outer diameters of
CNTs were found to be smaller at 1000°C as compared to
those synthesized at 1050 or 1100°C. In Fig. 3a and b, one
can note that the CNTs consist of the aggregated
graphitic tubes with the average inner diameters of 8 and
21 and outer diameters of 27 and 43 nm, respectively.
Figure 3 ¢ shows the CNTs of the average imner and outer
diameters of 20 and 71 nm, respectively grown at 1100°C.
CNFs, amorphous carbon and residual catalytic metal
particles are also present in the samples.

In the second series of experiments, the influence of
synthesis time on the morphology of powder deposits
was studied using TEM. From the TEM images shown in
Fig. 4 (a-c), it can be revealed that the nanotubes
diameters vary from 33 to 50 mm. Apparently, the average
diameter of CNTs was not affected by increasing the
reaction time. The images also show numerous elongated
encapsulated particles seated within the tube cavities.
This means that the reaction time has no influence on the
CNT diameter supports the idea that the nanotube
diameter is dependent only upon the catalyst cluster size,
but not the reaction time (Barreiro et al., 2006).
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Figure 5a shows a catalyst particle encapsulated in
the tips of the CNTs. Tts diameter was a little larger than
the mnner diameter of the CNTs. The mner part of the wall
of the CNTs became thimer towards the tips of the
particle. The outer part of the wall was also larger at the
end of nanotube. The degree of hollowness of the CNTs
increased due to the existence of Cl content n the catalyst
precursor, hence it provides a convement way to control
the morphology of CNTs (Lv ef al., 2007). As shown in
Fig. 5b it was frequently observed the sitting of the
catalyst particles inside the CNTs thus connected to the
immer tube cavity.

The imer part of CNTs growth process obeys the
vapor-liquid-solid (VL.8) growth mechanism. Firstly, the
wronatoms decomposed from FeCl, 6H,0 formed small iron
particles in the fumace. Transition metal catalyst
especially iron has the best solubility of carbon atoms
(Moisala et al., 2003). Thus, after decomposition of
FeCl,.6H,0 the wron atoms n the gas phase will collide
with carbon atoms which decomposed from methane.
Then the aggregation from this collision is the main
reason of the aggregation and condensation of the iron
catalyst particles (Nyamori et af., 2008). Hence, gaseous
phase of won catalyst will be change to liquid particles
floating in the reaction zone. Compared with the growth
mechanism in that suggested that the carbon atoms
diffused from the surface of the solid form catalyst
particles (Renshaw er al., 1970), the carbon atoms diffused
through the liquid catalyst particles in present
experiments. When the catalyst particles
supersaturated, the mner core of the CNTs began to
precipitate on one side of the particles because of the
gradient in chemical potential (Bai et al, 2003). CNTs
could grow with their tips open during their growth
process. Once an iron catalyst particle falls on the tip, the
nanotube begin to grow and grab the iron particles inside
the narrow cavity of CNTs as shown in Fig. 5b. Also
during the growth of CNTs, the iron particle is deformed

CH

became

e

.500nm |

Fig. 4: TEM micrographs of samples synthesized at 1050°C for (a) 5 min, (b) 15 min
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Fig. 5: TEM image of catalyst particle encapsulated (a) in the head of the CNTs and (b) inside of the CNTs

due to the squeeze of the nanotube tip. A new circulation
of growmg CNTs starts, until one new won catalyst
particle falls on the open tip. Finally the particle stops
rising and 1s circled by the nanotube wall. The reason
maybe that the iron catalyst particle loses its catalytic
activity, and/or the adherence strength between the
particle and the wall is higher than the push force of the
nanotube tip (Zhang et al., 2002). The catalyst particles
would be mactivated when their temperature was low and
the inner core growth process stopped.

CONCLUSION

CNTs synthesis was carried out at 1000, 1050 and
1100°C in a horizontal quartz reactor via FC-CVD
approach, using methane and mtrogen as the
hydrocarbon source and carrier gas, respectively. This
studv shows that applying FeCl,.6H,O as FC could
produce high purity CNTs of narrow diameter distribution.
In general, the diameters of the nanotubes fall in the
range of 30-50 mm but most of the tubes having the
diameters of ca. 40 nm. FeCl,.6H,O has some advantages
for the synthesis of CNTs, such as easily volatilization,
easily attainable, less toxicity and low price. The results
showed that the reaction temperatire and synthesis time
have a great influence on the yield of CNTs produced
from the FC-CVD process. Tt was also found that the
reaction temperature plays a key role in the growth of
CNTs, governing both the diameter and the yield of
CNTs.
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