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A. Oberlin et al. | Filamentous growth of carbon through benzene decomposition

Fig. 11. Bright-field image of branched inhomogeneous fibres.

carbon atoms in a single carbon layer. Fig. 10c also
shows that, near the hollow tube, the 00.2 fringes, i.e.
the carbon layers, are very long, straight and perfectly
parallel. The parallelism of the layers is so perfect in
the vicinity of the tube that they always seem to form
only one stack, thus explaining the 00.2 Bragg fringe
production (which is not necessarily related to any
three-dimensional order but only due to the perfect
parallelism of the layers). The length of the fringes is
usually more than 1000 A. On the contrary, fig. 10d
corresponding to the external part of the fibre only
shows short fringes (less than 10 A) piled up by two or
three. The misorientation of one stack relatively to its
neighbour ranges from 20 to 30°. This value satisfac-
torily agrees with the results deduced from SAD pat-
terns. Sizes of the carbon layer stacks obtained from
fringes are also in good agreement with those deduced
from dark-field pictures.

The above results strongly support the occurrence
of two growth processes. The first one is responsible

straight and parallel carbon layers cylindrically rolled

around a hollow tube. The secondary process is the

thickening of the fibre by a pyrolytic deposit. Some

12. (a) 00.2 lattice fringes of a constricted fibre, (b)
schematic draw of (a).

examples may be found where the internal core is
only present in some part of a given fibre (see arrow
in fig. 11). The same figure shows that some secondary
deposit has been formed from place to place. This fact
explains the conical shape of some fibres (see fig—T
which is probably due to an itie ntinuous py-
rolytic deposit on asamicient one, similar to the on:

i m fig. 11. This mechanism js i
lattice-imaging in the case-efTfigs. 12a and 12b.

Z2.2. 1ip of the fibres

Most of the fibre extremities are broken, but some
of them are naturally terminated. In this latter case,
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the growth of
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Fig. 12. (a) 00.2 lattice fringes of a constricted fibre, (b)
schematic drawing of (a).
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Double layered carbon nanotube in
the core of the VGCF
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Figure 3. Temperature program (a); fiber growing in the I'umaue at 1100 °C (b)

Figure 2 depicts VGCF production e
mixture of hydrogen anc rocarbon is admitted into a
tube in an electrical furnace and kept around
1100 Carbon fiber forms over a strate in the
reaction tube.

radial d1rn~ctmn. resu Itme: in f1br=rs several decimeters lon
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controlled throu

eals a unique structure in which
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Figure 6. Subsirate seeding methods
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Figure 6. Substrate seeding methods

® growth of fine precursor fiber, and
e deposition of the thermally decomposed hydrocarbons
over the precursor fiber to increase its radial size.

The dispersion of the fine catalyst particles, such as those of
iron, is the key process for the mass production of VGCF.
The seeding step largely determines the density of the
growing fiber, i.e., the number of fibers per unit area of the
substrate, and hence the productivity (7).

Figure 6 shows the three seeding approaches currently
available. Approach 1 involves preparation of superfine
particles of iron or other metals of 50 nm or less in size by
an appropriate method such as evaporation in inert gas; the
iron particles are suspended in aleohol to be sprayed and
dried over a substrate. Particles having a magnetically or
chemically active surface must independently
dispersed to achieve a dense growth of the fibers. Use of
surfactants can promote uniform dispersion. Approach 2
attempts to spray a solution of a metal compound, such as
iron nitrate, over a substrate; when heated to about 1100
°C in an electric furnace, ultrafine metal particles form.
Approach 3 represents the direct seeding, in which
ferrocene or other organic, metal-containing compounds
are thermally decomposed and deposited over a substrate.
This approach allows integration of the seeding with the
subsequent fiber formation processes (9).

The seeded substrate is then heated in an electric
furnace and a hydrogen-hydrocarbon mixture is passed
over the substrate in a programmed process (Figure 3) to
form VGCF (10 pm in diameter, 50-60 mm long). The
density of the fiber formed in this manner will be about

Figure 5. Hollow tube (a)
and two different structures (b, c)
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Figure 7. Efiects of catalyst particle size on VGCF yleld;
catalyst with narrow (a) and broad (b) size distribution

600-1200 fibers,/mm?.

Fiber yield increases with smaller catalyst particle size
(Figure 7). Growth rate of VGCF in the axial direction is
1-50 mm /min, which is 3—4 orders of magnitude higher
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Fiber yield increases with smaller catalyst particle size
(Figure 7). Growth rate of VGCF in the axial direction is
1-50 mm/min, which is 3-4 orders of magnitude higher
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Pﬁnnmmmuvmm
fluldizing catalyst particles by direct (a) and Indirect {b) methods

than those of conventional metallic or nonmetallic
crystalline whiskers. This is largely due to the actions of the
superfine catalyst particles.

We have developed fluidization seeding in which the
initial fibers are formed over fluidized catalyst particles
(Figure 8). It is much more efficient than substrate seeding
for fiber formation (9).

Growth model and mechanism

As mentioned earlier, VGCF grows much faster than
conventional whiskers, which grow at about 50 pm/s.
VGCF having an aspect ratio (lmgthfdiameter) of 100 can
be produced in several seconds. This ratio is equivalent to
that of commercial whiskers like SiC. A reaction time of
several seconds is sufficient for fine fibers to grow in a
hydrocarbon atmosphere with virus-size or smaller
catalyst particles. In the fluidization seeding process, the
catalyst may be introeduced into the reactor either directly
or indirectly (Figure 8). The indirect method, by which
the catalyst particles and VGCF form simultaneously, is
based on Approach 3 (Figure 6). It can efficiently produce
fine particles of several tens of angstroms, which, by
fluidizing ultrafine metal particles introduced into the
reactor in a controlled manner, greatly promotes fiber
growth in the three-dimensional space of the reaction
chamber. Fluidization seeding permits better control of
the catalyst-feed ratio and the product aspect ratio.
Fluidization-produced VGCF has a crystallographic
structure similar to that of substrate-produced YGCF, but
with much smaller hollow tubes of 2-3 nm (Figure 9).

It is interesting to note that the {luidization method can
produce carbon fibers ranging from carbon black-like
fibers with an aspect ratio of about 1 to ordinary
continuous fibers, in which the aspect ratio is essentially
infinite. Produets having low aspect ratios can be used as
reinforcing agents for various matrices, such as rubber,
plastics, and cement.

Figure 10 shows the tip of a growing fiber with a crystal

572 CHEMTECH SEPTEMBER 1988

of iron carbide at the end of the hollow tube. The iron
le—which is either deposited on the substrate or
uidized—remains as it is while the fiber is growing but
might react with the cementite particles when cooled.
High-resolution transmission electron microscopy (TEM)
has revealed that catalyst particles found at the fiber ends
have fairly uniform sizes, mostly below 20-30 nm. Many
fluidization-seeded particles are around 5 nm, which
agrees with the observation that the fiber forms more
dﬁiienﬂfhwﬂ%wﬁckm Bakerandtel:
workers have reports t a finer particle grows
filamentous carbon faster (10), which may support our
results for the ultrafine catalyst particles.
The fiber will continuously grow nsiangas th
dispersed on the substrate or the fluj £
particles are active; the fiber ceases g
particle sn'fmes are covered wzlh ca

tnnd'l:lon metal such as iron, or clmm its s-urfaoe w]udl
promaotes the polymerization and condensation of the
hydrocarbon to develop onal planar networks of
carbon. They grow perpendi to the substrate surface
in the space between the particle and the substrate. The
particle is driven upward, away from the substrate—
presumably by osmotic pressure, surface tension, or




The Floating Seeding Method (Vertical type)
M. Endo; American Chemical Society, CHEMTECH, September, pp.568-576, (1988).

Hydrocarbon (benzene) +
catalytic particles
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Cyclic characteristics of synthetic graphite anode

as a function of weight percent of MWNTSs
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M. Endo, Y. A. Kim, T. Hayashi, K. Nishimura, T. Matsushita, K. Miyashita and M. S.
Dresselhaus, Carbon, 39, 1287-1297 (2001).



Superelasticitly of carbon nanotube; Effect of nanosize

M. Endo, K. Takeuchi, K. Kobori, K. Takahashi, H. W .Kroto and A.
Sarkar, Carbon, 33, 873-881 (1995).
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Super tweeter of Carbon N T / C composite




Paﬁgénd Mormobu Endo Mildred S Dresselhaus
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Histopathological Aspects after Subcutaneous Implantation of Various
Carbon Nanotubes in Mice

MWCNT, 4 weeks after Implantation

g -
-, o z 3 -’
. T e

This tube induced cell infiltration without an edemoutous aspect at 1 week
post-implantation. A granulomatous tissue becomes compact and tight
between agglomerates of nanotubes with time.

Finally, several particles were phagocytozed over 3 weeks post-
Implantation.



SuperQr handing performances

Caterer based on CNT/Nylon 12

M. Endo et al., Thrombogenicity and Blood Coagulation of a Micro-Catheter Prepared
from Carbon Nanotube-Nylon Based Composite
Nano Letters, 5(1), 101-106 (2005)
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Selective formation by Catalytic CVD Method
Possibility and Potential for Controllability of
MW- ,DW- and SW-NT Structure



"y o
gt Lot
o -
A T A

e

i il




I

Jor e PRQU Mg = L - R, e e



ol - Vool e l-." %
L _;f.:h‘-'." % &
3 " 7 High-resolution

PERE R 2 transmission

AR LS N electron microscope
SRR RS image of a small

R R SWNIT. Inserted

‘ LA RS images are the model
¥ ' > SRS of (5,1) tube and the

N _ FEEEREEY  TEM simulated image,
% A o T which is in good
e, S ¥ A agreement with the
578 observation.
B
1V =
* -4

R A F LR "}‘.“- _.,"

tobaiM. Esakar K. .Mshim W “ kada M. Endo and M.S.
' LU A\h;} rh"ﬂpr 7}1' e

reesk agle-walleBCarbon nanotube,

et
) -‘



M'Endo - Muramatsu ' Hayashl andY AKlm M. Terrones M. S.
Dresselhaus, Nature 433, 476 (2005). |




High purity DWNTs by CCVD Method,
by M. Endo et al., Nature 433, 476 (2005).




Raman Scattering of B-doped DWNTSs
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Miracles of Nano

Comparison of running m

speed and body length

4

(10mm/min,83pm/s)

8,000 times of catalytic particle size
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Large-scale production of carbon nanotubes by a catalytic
chemical vapor deposition (CVD) method has been
widespread in a worldwide level, and their practical
applications are going to expand In a wide range of fields.

With respect to scientific and engineering issue, new
breakthroughs including more effective and controllable

synthesis of carbon nanotubes are critically required when

considering wide range of huge markets in the range from

energy device, composite to electronic device. Giga-level of

1rganomaterials-based market will be opened in the near
uture.
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