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Growth of carbon micro-coils by pre-pyrolysis
of propane
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Carbon micro-coils were obtained by the Ni catalyzed pyrolysis of propane as a carbon
source which was pre-heated and pre-pyrolyzed at 1000-1100°C. The obtained carbon
micro-coils were mostly irregular double coils with a larger coil pitch of 1-5 xm and larger
coil diameter of 5-20 um than that obtained using acetylene. © 1999 Kluwer Academic
Publishers

1. Introduction for obtaining carbon coils has a large cost merit, if the
The helical morphology of proteins or DNA as well same amount of carbon coils as that using acetylene is
as some vine plants provides living bodies with essenebtained.
tial and critical functional roles. Thus, we could ex- In this study, we prepared carbon coils by the Ni-
pect that such 3D-helical-coiled materials may have nocatalyzed pyrolysis of propane which was pre-heated
ble and unique functional properties. However, we carat high temperatures, and examined the effects of pre-
not find materials with a 3D-micro-helical-coiled struc- heating conditions on the growth of the carbon coils
ture among industrially available materials. In 1953,and the morphologies.
Davis et al. were the firsts to report the vapor growth
of thin carbon fibers twisted together in the form of
a rope [1]. Since then, other researchers have also r@. Experimental
ported the growth of micro-coiled carbon fibers from A schematic of the reactor used is shown in Fig. 1. The
the vapor phase [2-9]. Furthermore, the vapor growthhorizontal quartz reaction tube (23 mmi.d. and 40 mm
of helically coiled SiC [10-12], SiN [13-16], etc. were long), which has a upper source gas inlet and lower gas
also reported. However, the growth of such coiledoutlet, was heated by nichrome elements from the out-
fibers from the vapor phase was extremely accidenside. The source gas inlet was separately pre-heated for
tial and poorly reproducible. We have found that regu-pre-pyrolyzing of the propane source gas. The graphite
larly micro-coiled carbon fibers (referred to as “carbonplate (15x 50 mn?, on which the Ni powder was dis-
coils” hereafter) were obtained with high reproducibil- persed by smearing), was used as the substrate. The
ity by the catalytic pyrolysis of acetylene with a small gas mixture of propane, hydrogen and thiophene was
amount of sulfur or phosphorus impurity, and reportedintroduced via the upper gas inlet, maintained at a given
the preparation conditions, morphology, growth mechpre-heating temperature, into the reaction tube. Propane
anism and some properties [18-26]. can undergo pre-pyrolysis by pre-heating before reach-
Many carbon compounds other than acetylene [3, 5]ing the substrate surface.
such as CO [2], methane [7], ethylene [4-5], propylene
[4], 1-butene [4], cis-2-butene [4], 1,3-butadiene [4],
and allene [17], were also used as the carbon sourc® Results and discussion
for growing carbon coils. However, when using hy- Many experiments were carried out without the pre-
drocarbons other than acetylene, the carbon coils wereeating of propane under the following reaction con-
rarely obtained under any reaction conditions. Metal-ditions: reaction temperatusge700-950C; reaction
catalyzed hydrocarbons usually decompose to forntime=5-180 min; propane flow rate5-100 sccm
some amounts of acetylene, which are effectively avail{standard cubic centimeter per minute); hydrogen flow
able for growing carbon coils as already reported byrate=10-500 sccm; thiophene gas flow rat@.1—
us. Among the many hydrocarbons, propane is veryl.5 sccm; nitrogen flow rate 100 sccm. However, no
advantageous against acetylene from a cost point afarbon coils could be obtained under these conditions,
view; the cost of propane is about one tenth of acetyand only carbon powder and/or straight carbon fibers
lene. Accordingly, the use of propane as a carbon sourcgeposited as shown in Fig. 2A. When using acetylene
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amount of the deposits is shownin Fig. 2B, inwhich the
reaction temperature was fixed at 750=Z7 Straight
carbon fibers were deposited at a pre-heating tempera-
ture between 900-100C€. A small amount of carbon
coils mixed with straight carbon fibers were deposited at
the pre-heating temperature of 1000—120irectly
onto the substrate under the source gas inlet within the
region of 6—=9 mm diam.

According to Feron [27], when propane undergoes
pyrolysis, various chemical species, such as ethylene,
acetylene, benzene, etc., can be produced as a function
of temperature and residence time. The reactions that
occur are as follows:

H
Fl CsHg — CoHs - +CHgs -

Figure 1 Schematic apparatus: (A) reaction tube (quartz), (B) heater, CHs - +H.-— CH,
(C) substrate (graphite plate), (D) CA thermocouple, (E) source gas inlet CoHe - — CoHut+H -
(CsHs, Hy, thiophene), (F) gas outlet, (G:Nand (H) susceptor. 215 2hat

CoHs+R-— CoHs - +RH

A— - ; ; CoHs- — CoHp+H -
~0ra, b ,c. T
R i A |
o 40r P Acetylene is formed within 0.3 s by the pyrolysis of
2 80; / 1 propane [27]. On the other hand, it was reported that
o 20F o 1 22% of the propane was pyrolyzed to form acetylene at
P 10+ o/ 4 903°C [28], and that the amount of acetylene formed at
‘1:) 0b o~ ) , . 1100°C s larger than that at 100C [29]. Propane can
= B Qe not be decomposed to form a large amount of acetylene
S 40t ’ e~ at750-770C atwhich carbon coils can be most effec-
g ° / tively obtained from acetylene as the carbon source.
o 30r i We pre-heated the propane, mixed in a gas mixture
% 20} / 4 of hydrogen and thiophene in the temperature range of
5 ® 900-1200C with and without the substrate, and the
g 10¢ / 1 formed (exhausted) gases were then analyzed by gas
a —® chromatography. The propane and methane as well as

900 800 900 1000 1100 1200 hydrogen and nitrogen were observed in the exhaust
Temperature (°C) gas. The dependence of the concentration of acety-
lene and methane in the exhaust gas at the pre-heating
Figure 2 Effect of temperature on the amount and kind of deposits. (A) temperature with and without the substrate are shown
Without pre-heating, (B) with pre-heating, reaction temperatré0— in Fig. 3. With the substrate, the maximum acetylene

780°C, (a) and (c) carbon powder, (b) carbon powder and straightcarborboncemration in the exhaust gas was obtained at the
fibers, (d) straight carbon fibers, (e) straight carbon fibers and carbon

coils. Gas flow rate: gHg =10 sccm, H: 60-150 sccm, thiophene:
0.3 sccm.
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as the carbon source, the optimum reaction temperature
for growing carbon coils is 750—85C which depends
on the kind of catalyst and impurity [26]. For example,
using a Ni catalyst and thiophene impurity, the opti-
mum reaction temperature is about 750-7C0Cat-
alytic anisotropy, which is the driving force of coiling
of the carbon fibers, between the Ni-C-S-O quatenary
compound layers on the surface of the respective crystal § 4
faces of the Ni catalyst is considered to be the largestin ©
this temperature range. Accordingly, it may be reason- 20 . L . : : .
ably considered that the reaction temperature must be 900 1000 1100 1200
maintained within this temperature range for obtaining Temperature (°C)
carbon coilsirrespective of the carbon source. However,
propane can not be effectively pyrolyzed in this tem_Figure 3 Effect of pre-he_ating temperature on the concentration of
. acetylene and methane in the exhaust gas.e) Without substrate,
pgrature range. Accordlngly, propane_ was pre—heated , A) with substrate,®, A) acetylene,®, A) methane. Reaction tem-
high temperatures for the pre-pyrolyzing. The effects o perature= 750—780°C, gas flow rate: Hg= 30 sccm, H: 500 sccm,
the pre-heating temperature of propane on the kind andiophene: 1 sccm.
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pre-heating temperature of about 10@) while with-  eter ofabout 2xm and fiber diameter belowdm were

out the substrate the temperature was TID0This  obtained atthe pre-heating temperature of XD he
lowering effect of acetylene formation with the sub- amount of carbon coils obtained at 1X@was larger
strate, on which the Ni catalyst was dispersed, mayhan that obtained at 100C€. Almost all of the car-

be caused by the catalytic effect of the Ni catalystbon coils obtained were double-helical coils with ir-
on the decomposition of propane. It is considered thategular shape and large coil pitch as shown in Fig. 5A.
when using propane as the carbon source for obtairSometimes regular carbon coils with a small coil pitch
ing carbon coils, the pre-heating of propane is indis-were obtained foa 2 hreaction time and these repre-
pensable and the optimum pre-heating temperature sentative coils are shown in Fig. 5B. Fig. 6 shows the
about 1000C for the acetylene formation. That is, the tip part of the carbon coils obtained with propane and
growth of carbon coils using propane as a carbon sourcacetylene as the carbon source. Using propane as the
mainly proceeds via the catalytic pyrolysis of acety-carbon source, the representative shape of a Ni cata-
lene formed by the pre-heating and pre-pyrolyzing oflyst grain observed on the coil tip was hexagonal as
propane. The SEM image of carbon coils obtained ashown in Fig. 6A. On the other hand, using acety-
different pre-heating temperatures are shown in Fig. 4lene as the carbon source, a rhomb Ni grain, which
A small amount of very irregular carbon coils having is a NsC (rhombohedral) single crystal [26], was com-
larger coil diameters of 40—0m and larger fiber diam- monly observed on the coil tip as shown in Fig. 6B,
eters of 1-2.m than that obtained using acetylene waswhile the hexagonal shaped one was never observed.
obtained at the pre-heating temperature of 1@An  The reason for the catalyst shape difference is not yet
the other hand,irregular carbon coils having a coil diam-known.

Figure 4 Carbon coils grown at pre-heating temperatures of 2@0(A) and 1100C (B).
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Figure 5 Double helical coils with irregular shape (A) and regular shape (B). (a) and (b) in Fig. 5A indicate two single coils from which double
helical coils are formed.

20KV 18.8KX 1.0806M 1288

Figure 6 Tip part of the carbon coils. (A) Carbon source: propane pre-heated at €10€action temperature: 75Q, (B) carbon source: acetylene.
Arrow indicates a Ni catalyst grainCpntinued
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Figure 6 (Continued.

4. Conclusions 13
Propane can be used as the carbon source for obtainin
the carbon coils if it is pre-heated and pre-pyrolyzed a
1000-1100Ctoform acetylene. The growth ofthe car-
bon coils is considered to occur via the catalytic pyrol-

ysis of acetylene which was formed by the pre-heatingé
and pre-pyrolyzing of propane. The obtained carbon

coils obtained were mostly irregular double coils with 17
18.

a large coil pitch of 1-5um and coil diameter of 5-
40 um.
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