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Abstract

Helical carbon nanofibers (HCNFs), including carbon nanocoils (CNCs), carbon nanotwists,
and multi-walled CNCs, can be synthesized by chemical vapor deposition (CVD). HCNFs
are predicted to have a high mechanical strength and hence are expected to have a use in
nanodevices such as electromagnetic wave absorbers and sensors. For nanodevice applica-
tions, it is necessary to synthesize HCNFs in high yield and purity. In this chapter, I focus on
CNCs and describe its history, expected application, and synthesis method. Finally, I intro-
duce the author’s recent studies on the improvement of the purity of CNCs by improving
CVD conditions. A CNC layer with a thickness of larger than 40 pm was grown from a triple
layer of SnO,/Fe,O,/SnO, catalyst on a substrate, and the CNC purity increased to 81 +2%.

Keywords: helical carbon nanofibers, carbon nanocoils, electromagnetic wave absorber,
sensing devices, energy devices, binary catalyst, tetramethyltin, ferrocene, iron oxide
fine powder

1. Introduction

1.1. Helical carbon nanofibers and carbon nanocoils

Carbon is an element with various allotropes because of its variety of chemical bonding: sp’,
sp? and sp®. If we classify each carbon nanomaterial by its dimension, fullerene is a zero-
dimensional substance, carbon nanotube (CNT) is a one-dimensional substance, and graphene
is a two-dimensional substance. Helical carbon nanofiber (HCNF) is a helical-shaped carbon
nanofiber with coil and fiber diameters in the range of 20-1000 nm and 5-400 nm, respectively.
HCNFs are recognized as a three-dimensional substance according to the above definition.
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There are two types of HCNFs: the first type, called CNCs, has an inner diameter and the
second type does not have an inner diameter, and it is called carbon nanotwists. CNCs are
classified into two types by their size and crystalline structure: CNCs and multi-walled CNCs
(or coiled CNTs) which are the multi-walled CNTs with a coil geometry. In this chapter, I
focus on CNCs (Figure 1(a)).

1.2. History

As far as I know, Davis et al. are the group who discovered CNCs. They have found minute
vermicular growths of carbon through the experimental work on the deposition of carbon in
the brickwork of blast furnaces in 1953 [1]. Two years later from the discovery, Hofer et al.
reported the growth of carbon filaments with fiber diameters of 10-200 nm. They also found
that the filaments were extended in two directions from central catalyst particles [2]. They
used a catalytic chemical vapor deposition (CVD) technique of carbon from carbon monoxide.

After a while, Baker et al. developed a catalytic CVD using C H, gas over catalyst surfaces
and studied the effect of Sn on the growth of filaments from the Fe/C H, system. They found
that almost all the filaments had a spiral shape with a constant pitch and the Fe/Sn alloy
worked to form spiral filaments [3, 4]. At the same time as Bakers’ study, Boehm developed a
continuous process of carbon filaments by feeding metal carbonyl into a CO stream before it
passed a heated tube. He found that double or even triple helices were formed in the twisted
filaments [5].

Carbon nanomaterials have been discovered one after another since the 1980s. Although
fullerene [6], CNT [7], and carbon nanohorn (CNH) [8] were firstly synthesized by an arc dis-
charge, CVD became a dominant technique in the research of carbon nanomaterials including
HCNFs. In 1990, Motojima et al. have grown regularly coiled carbon filaments with a coil
diameter of several micrometer by a catalytic CVD at 350-750°C using C,H, gas feedstock
and Ni as a catalyst [9]. Concurrently, Ivanov et al. have grown multi-walled CNC (or coiled
CNT) which has a hollow structure with several concentric graphitic layers [10]. The CVD of
single-walled CNTs (SWCNTs) was successfully realized in 1998 [11].

It is commonly accepted in CVD process that hydrocarbon precursors dissociate on catalyst
particles, and the formed carbon species dissolve into catalyst particles and recombine to form
carbon filaments. Models have been proposed to explain the formation of a helical structure
in CNCs. Baker et al. postulated a bulk-diffusion model of carbon through catalyst particles
based on the temperature gradient through a catalyst particle [3]. Another model was pro-
posed by Amelinckx et al. and Fonseca et al. [12, 13]. The mismatch between extrusion veloci-
ties of different faces of a catalyst particle results in the deformation of carbon deposits.

1.3. Expected applications

Because of the structure of a solenoid coil, the application of electromagnetic wave absorber
using CNCs [14-18] has been studied for the longest as an application of CNC. This is an
application as a structural material with excellent electromagnetic wave absorption character-
istics by mixing CNC with resin. It is comparatively easy and feasible for CNC application.



Chemical Vapor Deposition of Helical Carbon Nanofibers 139
http://dx.doi.org/10.5772/intechopen.81676

(a)

Figure 1. Scanning electron micrograph of HCNFs: (a) CNC, (b) carbon nanotwist, and (c) multi-walled CNC.
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As a similar example, there is a fabrication of a sensing device in which plural CNCs are
randomly integrated [19]. CNC-based biosensors [19], thermal sensors [20], and pressure and
strain sensors [21-23] are reported one after another, and further development is expected.

On the other hand, there is no movement to use a single CNC as a nanospring or a nanoinduc-
tor, and it remains within the scope of basic research that it measures the spring constant [24]
and estimates the inductance by simulation [25]. This is considered to be attributable to the
fact that it takes a lot of trouble to arrange a single CNC in a desired place and direction and
suitable application is not developed.

I am currently paying attention to the application of CNC to energy devices such as fuel
cells [26-32] and electric double layer capacitors [33-37]. In this field, although carbon black
and activated carbon, whose mass-production processes have been established, are used as
a major carbon material, the applications of carbon nanomaterials including CNCs are pro-
gressing little by little. It is difficult at present to produce CNC at the same cost as these
materials; its electrochemical properties higher than existing materials are however reported
at the laboratory level. Future application of CNC is greatly expected.

2. Growth method

As fullerenes and CNTs were initially synthesized in high density plasmas such as laser
vaporization and arc discharge, plasma processes have been used for synthesis of carbon
nanomaterials. Meanwhile, CVD method is the mainstream of CNC since it was introduced
in the 1970s. From the viewpoint of the carbon species to be supplied as a raw material, the
method using plasma and the CVD method are summarized; a major difference is in between
atomic and/or molecular carbon and hydrocarbon molecules.

Most hydrocarbons and alcohols are gaseous or liquid at ordinary temperature and normal
pressure and can be easily introduced into the reaction furnace by using differential pressure
or carrier gas. The hydrocarbon molecules supplied into the reactor are thermally decomposed
by the catalytic reaction to change to the desired carbon nanomaterial. This process is called
CVD method. Since synthesis of CNC by CVD method has much in common with synthesis of
CNT, synthesis of CNT will be described first. As common to both materials, it is very impor-
tant to arrange the supply of carbon feedstock and the synthesis site: catalyst and substrate.

In 1998, Dai’s group succeeded in synthesizing single-walled CNTs by fixing Fe, O, nanopar-
ticles on a substrate and using CH, gas as a raw material [11]. This is explained by that
hydrocarbon molecules are decomposed on the surface of Fe nanoparticles reduced in a
high-temperature CH, atmosphere, carbon dissolves inside the nanoparticles (or diffuses
on the surface), and carbon segregates from the nanoparticles to form CNT. This concept is
basically the same as the synthesis process of carbon fiber, which was known before the dis-
covery of CNTs [38]. Dai’s group realized the growth of single-walled CNTs by maintaining
the size of Fe nanoparticles to a minimum. On the other hand, in the synthesis of graphene,
Cu in which the solubility of carbon is low is used as a catalyst. In this way, new catalysts
have been developed.
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Now, in order to synthesize CNC, the element which does not dissolve carbon inside such
as Sn is mixed with Fe. The author tried various binary catalysts and showed that CNC can
be synthesized from Fe/Sn catalyst with high efficiency [39]. Pan et al. synthesized CNC with
high efficiency using a mixed catalyst of Fe and indium tin oxide (ITO) and proposed a model
that the coil shape is formed due to the nonuniformity of the segregation speed of carbon
from the catalyst nanoparticles [40]. There are several catalysts suitable for CNC growth, and
there is a possibility that new combinations can be found in the future.

3. Recent improvement on CNC growth technique

It is now possible to produce 2-3 g of HCNFs on a catalyst-supported graphite substrate
within an hour, using C H, feedstock [39]. However, problems of low CNC purity remain.
The main problem of CNC synthesis is that CNCs can grow with high purity on the surface
of carbon deposits, but interlayers with very low CNC purity are present inside the carbon
deposit [39, 41, 42]. Here I introduce two techniques to improve CNC purity in CVD and the
evaluation method of CNC purity. The CNC purity in most reports was evaluated by observ-
ing the surface of the carbon deposit. The variations in the CNC purity inside carbon deposits
have not been yet understood completely.

3.1. Supplying catalyst molecules from the vapor phase

In this study, the Sn/Fe catalysts were supplied using the following four materials: a thin Sn
film, a drop-coated solution of Fe,O,, tetramethyltin (TMT) vapor, and ferrocene vapor. The
CNC purity averaged over the overall carbon deposit was increased 1.5-fold by the TMT sup-
ply. A maximum CNC purity of 72% using a combination of TMT and ferrocene vapors was
obtained, with Sn/Fe deposition on the substrate [43].

Various experimental methods have been proposed for the production of high-purity CNCs
[44-47]. However, the supply of vapor-phase catalysts during the synthesis of CNCs has been
reported in only a few previous studies [48, 49]. In this study, we performed experiments in
which different catalyst metal vapors were supplied successively in a CVD reactor.

3.1.1. Experimental setup and procedure

The experiments were performed in a horizontal CVD reactor using the following steps: (1)
vacuum-evaporating Sn on the SiO,/Si substrate, (2) drop-coating an Fe,O, solution on the
Sn-coated SiO,/Si substrate and performing calcination, (3) mounting the Sn/Fe-coated SiO,/Si
substrate in the CVD reactor, (4) performing CVD using a C,H,/N, gas mixture, and (5) inves-
tigating the effects of changing the catalytic vapor supply, adding tetramethyltin (TMT) and/or
terrocene to C,H,/N, gas mixture during CVD.

Sn and Fe vapor catalysts were introduced into the CVD reactor using a tube pump and
a vaporizer. TMT (Sn(CH,),, purity: >96%, CAS No.: 594-27-4, Tokyo Chemical Industry
Co., Ltd., Tokyo, Japan) and ferrocene (Fe(C,H,), purity: > 95%, CAS No.: 102-54-5, Tokyo
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Chemical Industry Co., Ltd., Tokyo, Japan) were used as the feedstocks for the Sn and Fe
catalytic vapors, respectively. These catalyst molecules were mixed in ethanol, supplied to a
vaporizer via a tube pump, and vaporized in a vaporizer. The CVD experimental conditions
and catalytic vapor supply conditions are listed in Tables 1 and 2.

The synthesized CNCs and the catalyst nanoparticles were observed using SEM (S-450011
and SU8000, Hitachi High-Technologies Corp., Tokyo, Japan). The CNC purity was evaluated
by analyzing SEM images of (1) the top surface and (2) the cross section of the samples. The
carbon deposit was solidified by dropping a Nafion® solution onto the samples; then, the
carbon deposit was cut to observe the cross section.

3.1.2. Results and discussion

In the experiment, the Fe catalyst was formed on the substrate before CVD and TMT vapors
were supplied during CVD. The authors confirmed the growth of CNCs in all of the TMT con-
centration conditions (0.1-2% in ethanol) used in this study. The CNC number density was
evaluated from the SEM images obtained at each TMT concentration, as shown in Figure 2.
The CNC number density was highest at a TMT concentration of 0.2%. As the TMT concen-
tration was higher than 0.2%, the CNC number density tended to decrease. The amount of
carbon deposits showed the same tendency as the CNC number density.

By the above experimental results, the TMT concentration in ethanol was fixed at 0.2%, and
the thickness of the Sn thin film was changed. CNC grew with all the Sn film thicknesses.
Particularly, high-purity CNCs were obtained with the thicknesses of 40 and 60 nm. The CNC
purity reached maximum (about 62%) for an Sn film thickness of 40 nm.

Figure 3 shows the as-grown carbon deposits on the substrate with a Sn film thickness of
40 nm and SEM micrographs of their cross sections. It was shown that the CNC purity inside

Flow rates of C,H,/N, gases 50/1000 mL/min
Total gas pressure 1.013 x 10° Pa
Synthesis temperature 700°C

Growth time 30-600 s
Substrate SiO,/Si

Sn film thickness on substrate 0-60 nm
Amount of Fe,O, solution (3% concentration) dropped on substrate 10 pL

Table 1. CVD conditions.

TMT concentration in ethanol 0.1-2%
Flow rate of TMT solution 0.144 mL/min
Temperature inside the carburetor 80°C

Table 2. Catalytic vapor supply conditions.
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Figure 2. Dependence of the CNC number density (open squares) and amount of carbon deposits (open triangles) on the
TMT concentration in ethanol. No Sn film was deposited on the SiO,/Si substrates. The growth time was 600 s. The other

growth conditions were the same as described in Tables 1 and 2.

(@)
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Figure 3. Photographs of as-grown carbon deposits and SEM micrographs of their cross sections: (a) with and (b) without
TMT. The TMT concentration in ethanol, Sn film thickness, and growth time were 0.2%, 40 nm, and 600 s, respectively.
The other growth conditions were the same as described in Tables 1 and 2.

the carbon deposit was lower than that of the surface from the SEM observation, regardless
of TMT supply. The average CNC purities (average over the total carbon deposit) evaluated
from the SEM image of the cross section of the carbon deposit were 42% for TMT and 28%
without TMT. The CNC purity increased by 1.5 times by TMT supply. As shown in Figure 4,
by the energy dispersive spectroscopy (EDS) analysis of the cross section of the carbon deposit,
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Figure 4. Relationship between the Sn/Fe ratio at the cross-sectional surfaces of the carbon deposits and the height
from the substrate. The TMT concentration in ethanol, Sn film thickness, and growth time were 0.2%, 40 nm, and 600 s,
respectively. The other growth conditions were the same as described in Tables 1 and 2.

every 100 pm from the substrate surface to a height of 1000 pm revealed that the molar ratio of
Sn to Fe (Sn/Fe ratio) obtained with TMT supply was always higher than those without TMT
supply. This suggests that Sn catalyst could be supplied by TMT to the interior of the carbon
deposit as well as the substrate surface.

Next, the result of adding ferrocene to the TMT solution is explained. The molar ratio of Fe:
Sn in the solution containing ferrocene was set to 3: 1. As shown in Figure 5, the CNC purity
on the surface of carbon deposits obtained with different Sn film thicknesses was evaluated.
It was clearly shown that the supply of ferrocene increases CNC purity. When the Sn film
thickness was 40 nm, the purity of CNC reached a maximum (72%).
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Figure 5. Purity of CNCs grown on the surface of carbon deposits under a supply of TMT and ferrocene. The TMT
concentration in ethanol and growth time was 0.2% and 600 s, respectively. The other growth conditions were the same
as described in Tables 1 and 2.
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When ferrocene is added, not only Sn but also Fe is supplied as steam. Then, it is possible that
these catalysts will grow CNC in the gas phase. In order to confirm this, carbon deposits on
the inner wall of the CVD apparatus were analyzed after the CVD experiment. Several CNFs
were observed by SEM, but the presence of CNC was not confirmed. Since ferrocene and TMT
could be decomposed at the CVD growth temperature used in this study [50, 51], it seems
reasonable that CNFs were grown from catalyst nanoparticles in the vapor phase. Li et al.
however argue that it is necessary for the CNC catalyst nanoparticles to be fixed on a substrate
to form the CNCs’ helical structure [41].

3.2. Using iron oxide fine powder as a catalyst

In this section, the experimental results that increase the purity of CNC by improving the
structure of the catalyst layer and CVD conditions are introduced [52]. By forming a triple-
layer structure of SnO,/Fe,O,/SnO, catalyst on the substrate and optimizing the CVD condi-
tions, a CNC layer with a thickness of 40 pm or more was grown, and the CNC purity inside
this layer successfully raised to 81 +2%.

There is a carbon layer that does not contain CNCs between the upper and lower CNC
layers; this was called the carbon layer. Both the CNC and carbon layers were grown from
a catalyst that was deposited on the substrate. In the author’s experiment, when this car-
bon layer was taken into account, the CNC purity over the whole deposits grown became
almost 55%, very low compared to the purity of the CNC layer. Yokota et al. [39] reported
that the thickness of the carbon layer depends on the thickness of the catalyst film on the
substrate.

In order to increase the CNC purity and reduce the thickness of the carbon layer, formation of
the catalyst layer by using a spin coating method and Fe fine powder was attempted. CNCs
were synthesized using an automatic CVD apparatus.

3.2.1. Experimental setup and procedure

The CVD conditions in this study are listed in Table 3. The detail of the automatic CVD
apparatus is described elsewhere [53].

In this experiment, the authors replaced a Fe powder (diameter: 1-3 pm) with a Fe fine
powder (diameter: 20 nm) and used the spin coating method for coating Fe on the sub-
strate in order to reduce the catalyst film thickness. Solution of Fe,O, (0.1 M) and SnO,
(0.13 M) was separately coated on the Si substrate. The spin coating speed was varied
between 1000 rpm and 2500 rpm. After coating one kind of solution, the substrate was
dried at 80°C for 5 minutes to suppress mixture of the solutions. The following three kinds
of catalyst structures were formed: (a) Fe203/SnOZ, (b) SnOz/FeZOS, and (c) SnOZ/FeZOS/
SnO,. By observing the catalyst structure with SEM, the optimum catalyst structure for
CNC growth and the influence of this structure on the thickness of the carbon layer were
investigated [52].

The purity of CNCs over the entire deposit was evaluated. As illustrated in Figure 6, the
carbon deposit is sheet-like in shape, and CNCs were grown on both sides of the carbon layer.
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Catalyst precursor Fe,O, fine powder (diameter: 20 nm, Nilaco, Tokyo, Japan)

SnO, drop-coating solution (0.13 M, Kojundo Chemical Laboratory, Sakado, Japan)

Spin coating velocity 1000-2500 rpm
Catalyst structure Fe,0,/5n0O,, SnO,/Fe,0,/Sn0O,, SnO,/Fe,O,
Catalyst molar ratio Fe:Sn=1:2.6-1:13

Feedstock gas (flow rate) C,H, (100-400 mL/min)

Dilution gas (flow rate) N, (1000-1800 mL/min)
Synthesis temperature 780°C

Synthesis time 0.5-30 min

Annealing temperature 780°C

Annealing time 5 min

Table 3. Catalytic CVD conditions.

Carbon
layer

il
Substrate

Figure 6. Illustration of the carbon deposit.

The CNC purity was defined by Eq. (1) under the assumption that the CNC purities in the
CNC and the carbon layers are 100% and 0%, respectively.

Thickness of CNC layer
Thicknesses of CNC and carbon layers

CNC purity = x 100 (%) 1)
The assumption is consistent with the SEM observations of the deposits. The thickness of the
CNC layer was obtained as the summation of the upper and lower layers.

3.2.2. Results and discussion

Firstly, the effect of flow rates of C,H, feedstock and N, dilution gases on CNC growth was
examined. The conditions in this experiment are as follows: catalyst structure, triple layer
(SnO,/Fe,0,/Sn0O,); Fe/Sn molar ratio, 1:2.6; spin coating velocity, 1000 rpm; and synthesis
time, 10 min. The other conditions are the same as the conditions shown in Table 2. In the
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experiment in which the gas flow rate was varied, the flow rate of C H, gas was fixed at
250 mL/min, and the flow rate of N, gas was varied. Similarly, the flow rate of C,H, gas was
changed by fixing the flow rate of N, gas to 1400 mL/min.

The thickness ratio of the CNC layer and the carbon layer was examined by changing the
flow ratio between C,H, gas and N, gas. As a result, the thickness of the CNC layer as well as
that of the carbon layer was maximized with a C,H,/N, gas flow ratio of 0.18 and decreased
when the Csz/Nz gas flow ratio was greater than 0.18. Also, the difference in thickness
between the CNC and the carbon layer was maximized at a C,H,/N, gas flow ratio of 0.18.
When the C,H,/N, gas flow rate ratio was in the range of 0.15-0.25, the purity of CNC in the
CNC layer was 95% or more.

Then, the influence of the spin coating velocity was investigated. The experimental condi-
tions different from the experiment of the gas flow rate dependence are as follows: catalyst
structure on substrate, two layers (Fe,O,/SnO,); C,H, gas flow rate, 250 mL/min; and N, gas
flow rate, 1400 mL/min. Other conditions are the same as those shown in Table 2. The thick-
nesses of the CNC layer and the carbon layer with respect to the spin coating velocity are
shown in Figure 7. The thickness of the carbon layer decreased with increasing spin coating
velocity. It is believed that the amount of liquid remained on the substrate was reduced by
increasing the spin coating velocity from 1000 to 2500 rpm. Since the CNC layer was hardly
formed at a spin coating rate of 1500 rpm or more, the upper limit of the spin coating veloc-
ity seems to be 1000 rpm. From the experimental results, the optimum spin coating velocity
was 1000 rpm. At this velocity, the CNC purity became highest, but the thickness of the
carbon layer was also highest.

The effect of synthesis time on CNC growth was also examined. As synthesis time increased from
30 s to 10 min, the CNC purity increased constantly. However, the CNC purity remained almost
constant at 75% for synthesis times between 10 and 30 min, indicating saturation tendency.

Next, the influence of the catalyst structure on carbon deposition was investigated using three
types of catalyst structures. Different conditions from the above two experiments are as fol-
lows: spin coating velocity, 1000 rpm and synthesis time, 30 min. Other conditions are the
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Figure 7. Thicknesses of CNC and carbon layers vs. spin coating velocity.
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same as those listed in Table 2. Cross-sectional SEM micrographs of carbon deposits contain-
ing CNC and carbon layers grown from three types of catalyst structures and SEM micro-
graphs of the surface of the CNC layers are shown in Figures 8 and 9, respectively.

As shown in Figure 8, a CNC layer was formed on the catalyst structures of (a) Fe,0,/SnO, and
(b) SnO,/Fe,0,/SnO,. The purities of CNCs in (a) and (b) were estimated to be 69% + 2% and
81% + 2%, respectively, according to Eq. (1). The reason for that the CNC purity differs depend-
ing on the catalyst structure was examined using a CNC growth model as shown in Figure 10.

Figure 8. Cross-sectional SEM micrographs of carbon deposits grown with different catalyst structures: (a) Fe,0,/SnO,,
(b) SnO,/Fe,0,/SnO,, and (c) SnO,/Fe,0,. The red and blue arrows represent the thicknesses of the CNC and carbon
layers, respectively.

(b)

10 um
I

VRS vt
10.0um

Figure 9. SEM micrographs of the surfaces of CNC layers grown from different catalyst structures: (a) Fe,0,/SnO, and
(b) SnO,/Fe,0,/SnO,. No CNCs were observed on the SnO,/Fe,O, catalyst structure.
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thin

Figure 10. Growth models of (a) Fe,0,/SnO, and (b) SnO,/Fe,0,/SnO, catalyst structures.

When C,H, source gas molecule is supplied on the Fe,O,/SnO, catalyst, Fe,O, in the catalyst
forms nanoparticles ((1) in Figure 10a). A part of C,H, molecule passes through the Fe O, to
5n0O,, and S5nO, is partially reduced by C,H, molecules. Since the melting point of Sn is 232°C.,
which is much lower than the CVD temperature, a part of the reduced Sn stays as a liquid
phase, and the other part diffuses inside the catalyst ((2) in Figure 10a). This phenomenon is
explained by previous research results that molten Sn diffuses through the pores in the Fe,O,
thin film by capillary action [43]. However, since the amount of the Fe-Sn alloy formed on
the surface of the Fe,O,/SnO, structure is limited ((3) in Figure 10a), a lot of sheets of carbon
deposits are formed inside the Fe-Sn structure ((4) in Figure 10a). From the above, in the
Fe,0,/SnO, catalyst structure, C,H, molecules are directly supplied to Fe O, having a strong
ability to decompose C,H

,» and a very thick carbon layer is formed.

On the other hand, the amount of C,H, molecules reaching the Fe,O, catalyst nanoparticles in
the SnO,/Fe,0,/Sn0O, catalyst structure is limited ((1) in Figure 10b). By supplying more C,H,
molecules, an Fe-Sn alloy is formed on the upper and lower surfaces of SnO,/Fe,O,/SnO,,
the same as in the case of the Fe, O,/SnO, catalyst structure ((3) in Figure 10b). However, the
thickness of the layer is greater than the thickness of the layer formed from the Fe ,O,/SnO,
catalyst structure due to the much amount of Sn on the surface. Since CNC grows from the
Fe-Sn alloy ((4) in Figure 10b), the thickness of the carbon layer grown inside the SnO,/Fe,O,/
SnQO, catalyst structure becomes thinner than in the case of Fe,0,/5SnO,. This consideration
explains the experimental results shown in Figure 8.

In the both models described above, the diffusion of C,H, in the catalyst film is an important
process for the growth of the CNC layer. This leads to a difference in thickness between the
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upper and lower CNC layers. As the experimental results show, the thickness of the upper
CNC layer was always thicker than the thickness of the lower CNC layer. This also explains
the reason for that CNC hardly grows on the SnO,/Fe,O, catalyst structure. This indicates
that when the SnO, layer is too thick, the amount of C H, supplied to Fe O, is appreciably
limited. Based on the above experimental results, the authors concluded that the optimum
catalyst structure for growing CNC in high yield and high purity is the SnO,/Fe O,/SnO
catalyst structure.

2

4. Summary

CNC, one type of HCNFs, is introduced. CNC has a coil diameter of 20-1000 nm, and a length
of several tens of pm and has mainly been synthesized by a CVD method. Although it is very
small, CNC is predicted to have a high mechanical strength and an electrical property and
hence is expected to have a use in nanodevices such as electromagnetic wave absorbers and
material in energy devices. The history, expected application, and synthesis method were
described. The authors’ recent studies on the improvement of the purity of CNCs by improv-
ing CVD conditions were summarized.
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