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We have studied the effect of temperature on the
growth and crystallinity of carbon nanotubes (CNTs), synthesized by a vapor-phase growth method using a catalytic reaction
of iron pentacarbonyl (Fe(CO)5 ) and acetylene (C2 H2 ) gas.
By increasing the growth temperature from 750 ◦ C to 950 ◦ C,
both the growth rate and the diameter of the CNTs increase.
Moreover, the crystallinity of the graphite sheets improves progressively with increasing growth temperature. Adjustment of
the growth temperature gives potential for controlled growth of
CNTs in a large-scale synthesis of CNTs.
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Introduction

Since the first discovery of carbon nanotubes
(CNTs) in 1991 [1], CNTs have attracted much attention because of many potential applications in field emission displays
(FEDs) [2], as tips for scanning probe microscopy [3], hydrogen storage [4], chemical sensors [5] and high-strength
composites [6].
For the production of CNTs, various synthetic methods
such as arc-discharge [7, 8], laser vaporization [9], pyrolysis [10], plasma-enhanced chemical vapor deposition
(CVD) [11, 12], thermal CVD [13, 14] and vapor-phase
growth [15–20] have been developed. Among the various
growth techniques, the vapor-phase growth method especially
has the advantage of mass production of CNTs. In the vaporphase growth method, the growth temperature is one of the
crucial parameters for the growth rate and the crystallinity of
the CNTs. There are some reports about the temperature effect on the CNTs synthesized by CVD on silicon or silicon
oxide substrates. Lee et al., using thermal CVD, reported that
the growth rate, diameter and crystallinity of CNTs were effectively controlled by the growth temperature [21]. Li et al.
also showed that the growth and the structure of CNTs are
strongly affected by the growth temperature [22]. Recently,
using Raman spectroscopy, Nerushev et al. revealed that the
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crystallinity of CNTs produced by thermal CVD was improved by increasing the growth temperature [23]. In previous
work, we reported that the growth rate and the crystallinity of
CNTs could be adjusted by an Ar flow rate and an C2 H2 direct bubbling process [24]. But there were few reports on the
systematic study of temperature effects on the growth and the
crystallinity of CNTs synthesized by the vapor-phase growth
method.
In this paper, we report the effect of temperature on the
growth and the crystallinity of CNTs produced by the vaporphase growth method using a simple catalytic reaction of
the mixture of Fe(CO)5 and C2 H2 gases. Scanning electron
microscopy (SEM) was used to measure the length and the
diameter of the CNTs and transmission electron microscopy
(TEM) was used to evaluate the structure and the crystallinity
of the CNTs. In order to obtain overall information on the
crystallinity of specimen, we investigated thermo-gravimetric
analysis (TGA) and Raman spectroscopy of CNTs.
2

Experimental

The vapor-phase growth system is described elsewhere [24]. In order to synthesize CNTs, C2 H2 gas was directly bubbled through a liquid Fe(CO)5 source maintained at
room temperature, and Ar gas was used as a carrier gas. All
the gases were directly introduced into a reactor, consisting
of a horizontal quartz tube with an inner diameter of 20 mm
and a heating zone of 200 mm. Ar carrier gas of 500 sccm was
flowed into the reactor while arriving at the preset temperature. The CNTs was synthesized by supplying C2 H2 and Ar
carrier gases with flow rates of 20 sccm and 1500 sccm, respectively, in the temperature range 750 – 950 ◦ C for 30 min.
After the reaction, 500 sccm of Ar gas was flowed into the
reactor while cooling to room temperature.
An SEM (Hitachi S-800, 30 kV) was used to measure
the length and diameter of the CNTs. We measured both the
length and the diameter of CNTs using SEM images, and calculated the average value of those CNT parameters from eight
experimental runs.
An TEM (Philips, CM20T, 200 kV) was used to investigate the structure and the crystallinity of the CNTs. The deposits were separated from the quartz tube and then dispersed
on a carbon TEM microgrid. Thermo-gravimetric analysis
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(TGA) (SDT 2960, TA instrument) and Raman spectrometry (Renishaw micro-Raman 2000) were used to evaluate
the overall crystallinity of the CNTs. An TGA was used for
temperature-programmed oxidation at a constant heating rate
of 10 ◦ C/min in ambient air. The weight loss of the CNTs
was recorded as a function of temperature and time. For Raman analysis, the 632.8-nm line of a He-Ne laser was used for
excitation.
3

Results and discussion

Figure 1 shows the SEM micrographs of carbon
materials synthesized at 750 – 950 ◦ C. Large amounts of carbon deposits were produced using the Fe(CO)5 -C2 H2 system
and the products were densely packed and accumulated on
the surface of quartz tube inside. The products were homogeneously deposited everywhere on the inner surface of the
reactor regardless of the position inside the reactor. In our experiments, we used a high Ar flow rate to obtain a uniform
distribution of catalyst within the quartz tube [17, 25].
Magnified SEM images show that the carbon deposits
were of high-purity CNTs without carbonaceous particles on
the surface. From SEM observation, the lengths of CNTs
were in the range 130–142, 200–240, and 260 – 290 µm at
the growth temperature of 750, 850, and 950 ◦ C, respectively. After several experiments, we calculated that the average lengths of CNTs were 140, 220, and 280 µm, respectively, at the growth temperatures of 750, 850, and 950 ◦ C.
The length of the CNTs, which is proportional to the productivity of the carbon deposits, was increased by increasing the growth temperature. This result is probably caused
by enhanced diffusion and reaction rates of carbon within
Fe catalyst particles. Further study is necessary to obtain
quantitative kinetic information. In this work, the diameter
distribution of the CNTs was in the range of 20–30, 28-38,
and 36 – 50 nm at the growth temperature of 750, 850, and

FIGURE 1

950 ◦ C, respectively. We also calculated average diameters of
the CNTs to be 25, 34, and 40 nm, at the growth temperature of 750, 850, and 950 ◦ C, respectively. The diameter of
the CNTs increases due to the size increase of catalyst particles with increasing the growth temperature. The catalyst
particles have a larger diameter and a broad size distribution because more significant agglomeration occurs at higher
growth temperatures.
Figure 2a, b and c shows low-magnification TEM images
of CNTs grown at 750, 850, and 950 ◦ C, respectively. The
CNTs have a multiwalled structure with a hollow inside and
have no carbonaceous particles on the surface. To investigate an effect of the growth temperature on the crystallinity
of graphite sheets, high-resolution TEM (HRTEM) images
of CNTs were investigated. Figure 2d, e and f shows typical HRTEM images of CNTs grown at 750, 850, and 950 ◦ C,
respectively. The HRTEM image of a CNT grown at 750 ◦ C
shows the waving structure of graphitic sheets at a short range,
as shown in Fig. 2d. It is well known that the waving structure is caused by a defective structure in the graphite sheet.
In this experiment, the defective graphite sheets result from
insufficient reaction energy. The HRTEM image of a CNT
grown at 850 ◦ C reveals a more crystalline structure compared
with CNTs grown at 750 ◦ C, as shown in Fig. 2e. The HRTEM
image of a CNT grown at 950 ◦ C shows well-ordered and
straight lattice fringes, as shown in Fig. 2f. The crystallinity
of the graphite sheets improves at higher growth temperatures. However, the surface walls of the nanotubes, which
correspond to the outer graphite sheets, have incoherent crystal structures due to defective carbon network formation.
The temperature-programmed oxidation technique is
a useful method for investigating the overall crystallinity of
CNTs. Figure 3 is a plot of weight loss in percentage vs
oxidation temperature, measured by heating the CNTs in
a TGA. The percentage-weight-loss curve between 200 ◦ C
and 800 ◦ C is plotted by adjusting to 100% the weight loss

SEM images of CNTs synthesized at 750–950 ◦ C for 30 min. SEM image of CNTs grown at 750 ◦ C (a, d); 850 ◦ C (b, e); and 950 ◦ C (c, f)
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FIGURE 2 TEM images of the CNTs a, b and c at low magnification and d, e and f at high magnification, grown at different temperatures: 750 ◦ C (g, d);
850 ◦ C (b, e); and 950 ◦ C (c, e)

of CNTs excluding the catalyst. In this work, we evaluated
the weight of residual catalyst for each growth temperature
after burning the CNTs perfectly at 800 ◦ C, which was less
than about 10% of the product weight of CNTs. For the
CNTs synthesized at each growth temperature, an TGA measurement was conducted separately. Figure 3 shows that the
gasification of CNTs grown at 750, 850, and 950 ◦ C starts at
approximately 370, 460, and 490 ◦ C, respectively. This result
indicates that the overall crystallinity of CNTs improves by in-

creasing the growth temperature, which is consistent with the
TEM analysis.
Figure 4 shows the first-order Raman spectra of the asgrown CNTs. The Raman spectra show two main bands
at approximately 1335 cm−1 (D-band) and approximately
1580 cm−1 (G-band), which indicates multiwalled CNTs. The
G-band reveals a typical graphite structure, but the D-band
indicates the defective feature of graphite sheets [26]. The
peak intensity ratio of D- and G-bands decreases with in-
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Summary

We have investigated the effect of temperature on
the growth and the crystallinity of CNTs using a catalytic reaction of a C2 H2 and Fe(CO)5 mixture at 750 – 950 ◦ C. The
growth rate, the diameter and the crystallinity of the CNTs increase with increasing the growth temperature. Especially, the
crystallinity of CNTs is largely dependent on the growth temperature during vapor-phase growth. It is suggested that the
growth rate, the diameter and the crystallinity of CNTs grown
by a vapor-phase growth method can be easily controlled by
growth temperature.
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FIGURE 3 TGA data of weight loss in percentage vs oxidation temperature
for the CNTs grown at: a 750 ◦ C; b 850 ◦ C; and c 950 ◦ C

Raman spectra of CNTs grown at: a 750 ◦ C; b 850 ◦ C; and
c 950 ◦ C. The peak intensity ratio of D- and G-bands decreases with increasing the growth temperature
FIGURE 4

creasing the growth temperature. This result means that the
crystallinity of the graphite sheets increases at higher growth
temperatures.
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