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In order to investigate the catalytic mechanism for the growth of carbon nanotubes (CNTs)., a comprehensive
study was conducted using carbon materials synthesized at 680 °C with a gas mixture of CO-I1 after reduction
at 800 °C by H; gas from iron oxide, and metal Pt. The resulting material was observed by scanning electron
microscopy (SEM) and X-ray diffraction patterns (XRD) after a variety of reaction times. The carbon materials
synthesized by metal Pt were little affected by reaction time and the sintered particles did not form CNTs. X-
ray analysis revealed that metal Fe was completely converted to iron carbide (Fe;C) without Fe peaks in the
early stage. After 5 min, iron carbide (FesC) and carbon (C) phases were observed at the beginning of CNTs
growth. It was found that the intensity of the carbon(C) peak gradually increased with the continuous growth
of CNTs as reaction time increases. [t was also found that the catalyst of growth of CNTs was metal carbide.
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Introduction

Carbon nanotubes (CNTs) have been the subject of
comprehensive research due to their unique mechanical and
electronic properties. Carbon nano-materials have been used
in many technological applications such as electromagnetic
interference, efficient field emitters, nano-probes. quantum
wires, reinforcing components for composite materials, and
methane and hydrogen storages.'™ Several methods have
been used to synthesize CN'I's; these include arc discharge
(AD). laser vaporization (LV). chemical vapor deposition
(CVD). and vapor phase growth (VPG) by hydrocarbon and
Cco™’

[n the previous study. the nickel oxide and iron oxide act
as catalyst particles for the growth of CN1s%’ Baker
reported that CN'ls are grown by diffusion of the carbon
precursors through the catalyst particles and nucleation of
the CNTs on the particle surface.'” A few research results
have reported that catalysts of the growth of CN'ls are
mainly transition metals such as Fe, Ni, and Co, and several
models have been suggested to explain the growth of CNTs
prepared by the thermal CVD method.”!

However, it has not yet been identified, and the detailed
mechanisms involving iron oxide use are still not well
understood.

Theretore, to clarity the growth mechanism of CNTs, the
vapor phase growth (VPG) method was used with iron oxide
and Pt using CO-H> gas mixture. The shape and crystal
structure of the synthesized carbon materials were evaluated
by SEM. TEM. and XRD techniques.

Experimental Section

The samples were reduced and synthesized using a
horizontal tube turnace. Figure | details the experimental
apparatus. The major equipment consists of SiC electric tube
furnace 6 cm in diameter and 100 em in length. and a gas flow
control system. In addition, the experimental apparatus
includes a gas mixing chamber. an alumina boat. and
thermocouples. Both iron oxide and metal Pt samples were
used in a comparison study of the growth behavior and
mechanism of CNTs. The iron oxide is hematite ore (Fe;O3)
imported from Australia. [t was crushed by ball mill and
passed through a sieve shaker to obtain a desired size
distribution. The particle diameters of samples were 45-65 tan
and 2-3 um for iron oxide and metal Pt respectively. The
amount of total Fe, FeQ, SiO-, Al:Os and other elements in the
samples were chemically analyzed. The chemical composi-
tions and physical properties of iron oxide are shown in Table 1.
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Figure 1. Schematic diagram of tubular reactor system.
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Table 1. Chemical compositions and physical propertics ol iron
oxide

Chemical Fe  Si0: ALO: Mn  TiO, S P
compositions _
(Wi%) 623 445 271 008 012 0.02 007

Phvsical True density (giem') : 4,43

propertics

Particlc size : 45-63 ¢m

Before charging samples, N» gas with a flow rate of 1 1L
L/min at 800 °C was circulated through the reactor for 10 min,
and the reduction of iron oxide was carried out in a H: gas
atmosphere with a flow rate of 1.2 L /min for [5 min at 800
’C. The gas mixture, for the synthesis of metal Fe after
reduction and metal Pt, was composed of 75% H; and 25%
CO gases. The total gas flow rate was maintained at 1.2 L/
min. Synthesis was conducted at 680 "C with reactions times
varying between 2 and 150 min, Samples of metal Pt were
directly synthesized without a reduction procedure. The
shapes and crystal structures of the synthesized carbon
materials were analyzed using SEM, TEM and XRD
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Table 2. Experimental conditions for reduction and synthesis

Conditions

Reduction : 800 °C. 15 min
Synthesis ; 680 °C. 2-150 min

Varigbles

Reaction temperature
and time

Reactor cleaning — Na( 1.0 L/min)

Reduction » Hz (1.2 Limin)

Synthesis  » CO—H: (1.2 L/min)
H+CO =3

Cias {low rate and ratio

Sample charging weight 025 ¢

techniques. The experimental conditions are summarized in
Table 2.

Results and Discussion

Surface morphologies of samples. Figure 2 shows the
SEM morphologies of the iron oxides before and after
reduction in the Ha gas atmosphere for 15 min at 800 °C. The
particle size before reduction was in the range of 30 to 60
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Figure 3. SEM morphologics ol iron oxides after synthesis at 680 °C with a ratio ol 11/CO = 3 at various reaction times ol (a) 2 min, (b) 3
min. (¢} 10 min. (d) 30 min. (¢) 70 min. and () 130 min. respectively.
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Figure 4. TEM morphologies of carbon nanotubes after synthesis
tor 70 min at 680 °C with a ratio ol 1 1/CO 3.

Lm, and a dense surface was observed, as shown in Figures
2a and 2b, respectively. After reduction the surface
transformed into a porous sponge-iron, as shown in Figure
2¢. Increasing the specific surface area by reduction was
hvpothesized to facilitate the synthesis of CN'Is because of
the high possibility of forming site for CN'I's growth.

Figure 3 shows the SEM morphologies of iron oxides after
synthesis under CO-H2 gas mixture, in a ratio of Y'Y=
3, with reaction time of 2 to 150 min at 680 °C. A crack
formed in the surface of sample after 2 min of synthesis
(Figure 3a), and particles were degraded by the carburi-
zation.'? After 5 min (Figure 3b), CNTs were partly formed,
but their shapes were not clear. 'Ihe shapes of the carbon
material synthesized for 10 and 30 min (Figures 3¢ and 3d)
were a zigzag pattern, and the formation of CN'ls was clear.
‘The continuous growth of CN'ls was observed over a period
of 70 min (Figure 3e). The shapes were thinner and more
obvious than before.

As shown in Figure 3f, the growth of CNls slowed
(synthesis time, 150 min) and CN'Ts had nearly the same in
shape as those in Figure 3e (70 min). T'he retardation on the
growth of CN'ls after 70 min could have resulted from a
difficulty in diffusion of carbon through the surface of the
dense iron carbide that thickened during the longer time
periods and the generation of methane {CH.) resulting from
the reaction between carbon (C) and hydrogen (Ha) gas (C +
2H> > CHy).
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Figure 6. X-ray diftraction patterns ot iron oxides (a) after reduction
for 15 min at 800 °C and after synthesis at 680 °C in times of (b) 2 min,
(¢) 5 min, (d) 10 min. (e) 70 min. and () 150 min, respectively.

Figure 4 shows the TEM morphology of synthesized
CN'ls under the optimal conditions: for 70 min at 680 “C.
Linear multi-wall CN'ls of 30-50 nm in diameter were
observed.

Figure 5 shows the SEM morphologies of metal Pt before
and after synthesis. The particle size before the experiment
was about 2-3 gm (Figure 3a), and they directly synthesized
without reduction procedure. As shown in Figures 5b and
Sc. the sintered particles did not form CN'ls.

X-ray observation. The reduced and synthesized samples
were examined with XRD and their diffraction patterns are
shown in Figures 6 and 7. After reduction, as shown in
Figure 6(a), the iron oxides were completely converted to
Fe. The phases of samples synthesized for 2 min (Figure 6b)
were completely converted to FexC. After 5 min (Figure 6¢).
the Fe;C and C phases were observed. and C peak had
formed at the beginning of CN'Is growth. As synthesis time
increased, as shown in Figures (6d) to {6f). the intensity of
the carbon (C) peak graduvally increased due to the
continuous growth of CN'I's. After 70 min, reaction time had

(b)

Figure 5. SEM morphologies of Pt (a) betore and (b. c) after synthesis.
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Figure 7. X-ray dittraction patterns of Pt (a) betore synthesis, and
(b) alier synthesis for 70 min at 680 °C.

little effect on growth. [t can be illustrated by the retardation
of CNTs growth as mentioned in Figure 3. The Fe;C peaks
after 70 min were broad. it was estimated that amorphous
carbon (C) on the Fe;C surtace could be coated, or Fe;C was
degraded to fine Fe;C particles with the passage of time, [t
was found that CN'l's were grown from Fe;C.

Figure 7 shows the X-Ray diffraction patterns of metal Pt
before and after synthesis. Without Fe;C, T'e. and C phases,
only the peak intensity of the sample was increased.
Therefore, CN'ls were not formed. It was found that the
materials synthesized from metal Pt were amorphous, and
this result was comparable with results observed in Figure 5.

These X-ray results agreed with the SEM and TEM
analyses as shown in Figures 3 to 5. From SEM, TEM and
X-ray results, it was also determined that a catalyst to the
growth of CN'Ts was metal carbide.

Conclusions

Partial CNIs were observed in the carbon material
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synthesized in the early stage of reaction. The formation of
CNTs was clear after 10 min, and their shapes were a zigzag
pattern. As synthesis time increased, the intensity of C peaks
increased gradually along with the continuous growth of
CNTs, but their peaks were little affected by reaction times
longer than 70 min. The growth of CN'ls with longer
reaction time could be demonstrated by a repeated diffusion
between Fe;C formed by carbide reaction and carbon
produced by carbon deposition reaction ( CO > C + COs).
The shape of CNTs observed under optimal conditions. 70
min at 680 “C. was a lineal multi-wall CNTs 30-50 nm in
diameter.

The Pt particles was sintered as synthesis time increased
without formation of CN'Ts. The peak of metal Pt after 70
min of synthesis was the same as that before synthesis
excluding an increase of peak intensity. It was found that the
carbon materials synthesized from the metal Pt were
amorphous. The X-ray results were comparable with the
SEM analyses. T'he catalyst of CN'l's growth was determined
to be metal carbide, not metal.
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