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Vapor-phase formation of single-helix
carbon microcoils by using WS, catalyst

and the morphologies

S. YANG, X. CHEN, S. MOTOJIMA

Department of Applied Chemistry, Faculty of Engineering, Gifu University,

Gifu 501-1193, Japan
E-mail: motojima@apchem.gifu-u.ac.jp

Very regular single-helix carbon microcoils of outer coil diameter 1-3 um, inner coil
diameter 0.5-2 um, and coil pitch 1-2 um were prepared by the WS,-catalyzed pyrolysis of
acetylene in the presence of thiophene impurity. The effects of reaction temperature and
thiophene gas flow rate on the growth of single-helix carbon microcoils and the
morphology were examined in detail. The optimum reaction temperature was 780°C, and
optimum gas flow rate of thiophene, acetylene, hydrogen and argon for obtaining regular
single-helix carbon coils with a constant coil diameter were 0.2, 40, 90, and 30 sccm,
respectively. The formation mechanism of the single-helix carbon microcoils is discussed.
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1. Introduction

In 1953, Davis and coworkers were the first to report
the vapor growth of thin carbon fibers twisted with
each other in the form of a rope [1, 2]. The obser-
vation of helical/spiral-coiled carbon nanofibers, with
a fiber diameter of several tens to several hundred
nanometers and coil diameter of several micrometers
to several nanometers by using a CVD process, were
then reported occasionally by some carbon filament re-
searchers. For example, from 1970 to 1980, Baker and
coworkers reported the observation of twisted-carbon
fibers among the straight carbon filaments obtained by
using Fe-group catalyst [3-5]. Furthermore, they ex-
tensively studied the effects of Fe, Cu, Pt, Sn and other
metal oxide catalysts on the growth of carbon filaments
and observed sometimes the growth of helical/spiral-
formed carbon fibers. Boehm also observed the growth
of braided carbon fibers from vapor phase [6]. How-
ever, the helical/spiral-formed carbon fibers grown by
the CVD process was extremely accidental and the re-
producibility was very poor. There has not been re-
searchers focused on the preparation of carbon micro-
coils until we found that regularly microcoiled carbon
fibers (abbreviated to as “CMCs” hereafter) with double
helix and chiral conformation could be obtained by the
Ni-catalyzed pyrolysis of acetylene containing a small
amount of sulfur or phosphorus impurity, and also re-
ported the morphologies, growth mechanism and some
properties of the products since 1990 [7-16]. Besides
Ni powders or plates as the catalyst, we also investi-
gated the preparation of CMCs by using various pow-
ders or plates of other transition metals such as Co, Cr,
Fe, Hf, Mn, Mo, Nb, Ta, Ti, V, and W [7-9] and metal
carbides as well as MoS, [11] as the catalyst. Except
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for Fe, all these catalysts were proved to be able to ob-
tain more or less CMCs, but the yields were lower than
using Ni. It was observed that hydrogen and a small
amount of sulfur/phosphorous-containing compounds
were indispensable for the growth of regular CMCs
with a constant coil diameter and coil pitch in high coil
yield. However, in the case of MoS;, CMCs can be ob-
tained without the addition of thiophene. So far, there
has not been any report on the growth of CMCs over
WS, catalyst.

Vapor grown CMCs take a special 3D-helical/spiral
morphology, which is the fundamental structure of all
objects, and their growth mechanism is very interesting
theoretically. Because of the intriguing micro-spring
and chiral conformation as well as the 3D-helical/spiral
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Figure 1 Effect of the reaction temperature and thiophene gas flow rate

on the coil yield. (@) Thiophene gas flow rate: 0.3 sccm, (O) reaction
temperature: 780°C.
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Figure 2 Representative double-helix carbon microcoils obtained by using Ni catalyst. A and B indicates different coils.

structure of the CMCs, they have many unique charac-
teristics, such as good chiral conductivity, high surface
area [15], and very high super-elastic property [16].
These unique and marvelous combination of proper-
ties makes the CMCs a very attractive material for mi-
cro/nanosensors and actuators, such as micro-magnetic
sensors [17], electromagnetic wave absorbers [18-20],
mechanical microsprings or actuators [21], high elastic
nano-electric conductors, etc. and thus have many po-
tential applications. These excellent characteristics are
mainly affected by the special chiral/coiling morphol-
ogy and the dimensions. Therefore, the development
of the controlling process of the special chiral/coiling
morphology and dimension, and also the effective pro-
duction process of the CMCs are very important.

In this study, we prepared the single-helix CMCs by
the WS,-catalytic pyrolysis of acetylene containing a
small amount of thiophene. We examined the coiling
patterns, morphologies, and microstructure of the ob-
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tained CMCs in detail and also proposed the growth
mechanism. It was observed that by using WS, as the
catalyst, single-helix CMCs with a constant coil diame-
ter of submicrons and large coil pitch could be obtained.

2. Experiment

The vertical reaction tube (quartz, 600 mm length,
40 mm i.d.) was heated from the outside by nichrome
elements. The graphite plate, on which the WS, pow-
der catalyst (5 um) was dispensed, was used as the
substrate, and was set on the central part of the reac-
tion tube. A gas mixture of acetylene, thiophene, hy-
drogen and argon was introduced into the reaction tube
through the upper gas inlets. The flow rate of acetylene,
hydrogen and argon were set in 40, 90 and 30 sccm, re-
spectively. For the reference catalysts, Ni and W metal
powders was also used as the catalyst for comparing the
preparation conditions and morphology of the grown
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Figure 3 (a) Representative single-helix carbon coils obtained by using WS, catalyst and (b) the enlarged view.

coils. The schematic diagram of experimental appara-
tus can be cited in Ref. 8.

3. Results and discussion

3.1. Preparation conditions

The CMCs grew on the substrate surface as blanket-
like appearance. The effects of reaction temperature
and gas flow rate of the thiophene impurity on the coil
yield are shown in Fig. 1, in which the coil yield was
estimated from the ratio of the obtained CMCs against
introduced acetylene. It can be seen that the coil yield
was significantly affected by the reaction temperature
and the optimum reaction temperature, at which the
maximum coil yield was obtained, for the growth of
the CMCs was about 780°C. When the reaction tem-
perature was lower than 760°C or higher than 800°C,
almost no carbon coils grew. Hereafter the reaction tem-
perature was fixed at about 780°C. Without the addi-
tion of thiophene as an impurity, only carbon powder
deposited, probably caused by higher thermal decom-
position rate of acetylene without the poisoning effect

by sulfur. The coil yield increased sharply with increas-
ing thiophene gas flow rate, and attained a maximum
coil yield of 1.4 mol% at the flow rate of about 0.2 sccm
(about 0.13 mol% in total gas flow), and then steeply
decreased with a further increase in the flow rate. At
this optimum thiophene gas flow rate, regular and long
single-helix CMCs, as will be shown later, grew on the
substrate surface. That is, single-helix CMCs can be
obtained in the maximum coil yield of about 1.4 mol%
against introduced acetylene when reaction tempera-
ture and thiophene gas flow rate are the most suitable
values.

3.2. General morphologies of double-helix
carbon coils prepared by conventional
Ni catalyst

When using a conventional Ni powder as the catalyst,

under the reaction temperature range of 760-790°C,

acetylene gas flow rate of 30-50 sccm, thiophene gas

content in total gas flow of 0.6-0.8 mol%, and gas flow

ratio (Hy/CyHy) of 3—4, regular CMCs without coil gap
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Figure 4 (a) Left-clockwise coiled single-helix carbon coil and (b) the enlarged view. Arrow in (b) indicates a deep gutter.

grew perpendicularly on the graphite substrate pointing
in the direction of the source gas inlets and the high coil
yield as high as 10-15 mol% was obtained [15]. Using
W metal powder as the catalyst, with the same reaction
condition as that using Ni or WS, catalyst, double helix
carbon coils which have same morphology with those
grown over Ni powder were generally obtained [22].

3.3. Morphologies of regular single-helix
CMCs prepared by WS, catalyst

The CMCs, which were obtained by using a conven-
tional Ni or MoS, catalyst, were usually double-helix
coiled forms, in which two fibers entwined with each
other such as the double-helix of a DNA, and generally
with fiber diameter 0.5-0.8 pum, coil gap zero, outer
coil diameter 3—7 pm, inner coil diameter 2—6 pm, and
coil length 1-10 mm as shown in Fig. 2. The CMCs
with coiling-chirality of right-clockwise (R) and left-
clockwise (L) coiling directions were observed and the
numbers of the R and L were almost the same.
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We found that the coiling morphology of the CMCs
obtained by using WS, catalyst were different from
those prepared over the Ni or MoS, catalyst. Fig. 3
shows representative SEM images of the CMCs ob-
tained by using the WS, catalyst. The CMCs obtained
by using WS, catalyst was generally regular single coil,
which was formed from a piece of carbon fiber and coil,
with an outer coil diameter 1-6 pm, inner coil diameter
0.5-2 pm, coil gap 0-2 pm, and the coil length 0.5—
Imm. The coiling direction of the single coil was either
right-clockwise (R) or left-clockwise (L) directions and
the numbers of the R and L were almost same as that of
the double-helix CMCs obtained by using Ni or MoS;
catalyst. Fig. 4 shows the left-clockwise single coil. It
can be seen that a deep gutter is formed in an inner side
of the coil. These gutters also observed on the right-
clockwise single coil as shown in Fig. 5. Furthermore
shallow striation can be seen on the outer surface of the
coils (arrow in Fig 5c¢). Fig. 6 shows the ruptured part
of a single coil. It can be seen that an apparent gutter
(arrowed) exists on the outer surface of the coil, and
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Figure 5 (a) Right-clockwise coiled single-helix carbon coil and (b and
c) the enlarged view. Arrow shown in (b) indicates a deep gutter observed
in the inner part of the coil, Arrow in (c) indicates a striation observed
on the outer part.

that the single coil is composed of two parts (A and
B). Fig. 7 also shows the ruptured cross section of the
single coil. These results suggest that the carbon fiber
and coil is composed by two pieces of a carbon fiber
and a coil.

Sometimes, the CMCs with densely coiled tube-like
forms (arrow) grew among the single-helix CMCs with
different coil gaps as shown in Fig. 8. It can be seen
from Fig. 8b that the tube-like coil is a single coil with
the outer coil diameter of 2 um and inner pore diam-
eter of 1 um. The densely coiled tube-like single coil

is also considered to be formed from two pieces of a
carbon fiber in which two fibers are densely coalesced
with each other to form a single fiber, as can be seen
in the ruptured cross section of Fig. 9. Fig. 10 shows
another type of the densely coiled CMCs in which the
coil composed of two coils with smaller coil diameter
(A) and larger coil diameter (B).

Using the WS, catalyst, the growth of coiled or
twisted ribbon-like carbon fibers with a fiber width of
5-6 pm, thickness of 0.5-1.5 um and twisting gap of
10-15 um were also sometimes observed among the
single coils as shown in Fig. 11, while the growth of
these ribbon-like coils was rarely observed using Ni or
MoS; catalyst.

These observations of morphology indicate that
the conformation of the single-helix CMCs is quite
different from double-helix CMCs obtained by using
Ni or MoS; catalyst and suggest a different growth
mechanism.

3.4. Growth mechanism

Using the Ni catalyst, a fine Ni catalyst grain with cubic
form, from which two carbon fibers grew to the opposite
direction and curling and then entwining each other to
form double-helix CMCs, was always observed on a tip
of the CMC:s. It is considered that the driving force of
the formation of double helix CMCs is the anisotropic
properties between three or four crystal faces of Niz;C
catalyst grain [23-25]. On the other hand, using the
WS, catalyst, a catalyst grain as shown by arrow in
Fig. 11a and in the enlarged view in Fig. 12, from which
only a piece of CMCs grew, was observed on the tip of
the single-helix CMCs as shown in Fig. 12. The WS,
has a layer structure of C7 type and shows preferential
crystal faces of (000n), and thus have large anisotropic
properties between respective crystal faces. Based on
the above observation, we proposed the growth model
of the single-helix CMCs from the WS, catalyst as
shown in Fig. 13. On the front surface of the WS, cat-
alyst grain as shown by C face in Fig. 13, acetylene is
decomposed to from tungsten carbide phases and this
tungsten carbides diffuse to the two rear faces (A and
B) and decompose to form fine carbon grains and grow
into a carbon fiber. The presence of W, C, S and O was
identified by electron probe microanalysis on the sur-
face of the catalyst grain. Accordingly, thin layer com-
posed of W-C-S-O quadruple elements may be formed
on the surface of the catalyst grain as in the case of
Ni catalyst [24, 25]. The anisotropy of the carbon de-
position on the respective crystal faces of the catalyst
grain may be caused by the different contents of ele-
ments on the respective crystal faces. Without addition
of thiophene in the reaction atmosphere, no carbon coil
was obtained, probably caused by the decrease of sulfur
component from the thin surface layers, as aresult of the
decomposition of W-C-S-O and vaporization of sulfur,
or inclusion of sulfur into the carbon fibers. Because of
large anisotropic properties of the WS, crystals, once
one fiber grew from the catalyst grain, the growth of
another fiber may be suppressed, thus formed a single
coil. The particle diameter of the WS, powder catalyst
is several microns, but the grain size observed in the
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Figure 6 Ruptured cross-section of a single-helix carbon coil (1). A and B shown in (b) indicates different part of the coil, and arrow is a striation.

growth tip is several hundred nm. It is well known that
the form and size of the catalyst particle is ultimately
responsible for determining the diameter of the grown
carbon fibers. That is, the active catalyst grain actually
used for the growth of carbon coils was considerably
smaller than those of the source (starting) catalyst metal
powders, suggesting the fragmentation of the starting
catalyst grain occurred prior to the growth of the carbon
fibers.

Variations in the chemical nature of the gas environ-
ment can have a dramatic influence on the prevailing
crystallographic characteristics of the catalyst particles.
It has been shown that the introduction of controlled
amounts of sulfur in the reaction atmosphere promotes

baKU  188KX < 180n 721 WS2-2 the reconstruction of the metal catalyst surface and en-
hances the catalytic conversion of hydrocarbons toward
Figure 7 Ruptured cross section of a single-helix carbon coil (2). the formation of carbon nanostructure [26, 27]. The coil
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Figure 8 (a) Densely-coiled tube-like carbon coil (arrow) and the enlarged view.

20KU 30.0KX 333n 7202 WS2-2

Figure 9 Densely-coiled tube-like carbon coil. A and B indicates different part of the coil.
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Figure 11 Helically-coiled or twisted ribbon-like carbon fibers.
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Figure 12 (a) Tip part of s single-helix carbon coil and (b) the enlarged view.

Figure 13 Growth model of the single-helix carbon coil A—C indicates
different crystal faces of (000n).

yield was as small as 1.4 mol% by using WS, cata-
lyst while as high as 10-15 mol% by using Ni catalyst
as shown already. This may be caused by the differ-
ent chemical activity of thiophene to different metal
catalysts.

4. Conclusions

Very regular single-helix CMCs with a constant coil
pitch and coil diameter were prepared by using WS,
catalyst from gas mixture of acetylene, hydrogen and
t hiophene as an impurity The optimum reaction tem-
perature and thiophene gas flow rate was 780°C and
0.2 sccm. The fact that the coils are composed of two
parts and the tip morphology indicate that only two rear
crystal faces dedicate for the deposition of carbon.
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