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High purity DWNT by CCVD Method,
by M.Endo et al., Nature ,2005, 433, 476
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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

Fig. 12. (a) 00.2 lattice fringes of a constricted fibre, (b)
schematic drawing 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. 1¢)
which is probably due to an additional continuous py-
rolytic deposit on an ancient one, similar to the one
pictured in fig. 11. This mechanism is illustrated by
lattice-imaging in the case of figs. 12a and 12b.

2.2, Tip of the fibres

Most of the fibre extremities are broken, but some
of them are naturally terminated. In this latter case,




Exposed SWNT
during the growth of
crossing the tubes;




Double layered carbon nanotub
in the core of the VGCF

Fig. 12. (a) 00.2 lattice fringes of a constricted fibre, (b)
schematic drawing of (a).
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13. Bright-field images of fibre tips showing catalyst particles.

whatever the size and shape of the fibres are, each of to electrons (fig. 13). The size of these particles
them contains at its tip a very small particle opaque widely varies as it can bz seen in the figure; it ranges
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Fig. 21. Schematic illustration of fibre growth through cata-
lytic effect.

the droplet. The carbon thus tends to nucleate on the
side portions of the drop unprotected from carbon
deposition because of their contact with the furnace.
All these interpretations consider the diffusion of car-
bon atoms either through the metal or through the
carbide and do not take into account any possible dif-
fusion of metal into carbon. Moreover all of them do
not really satisfactorily explain anisotropy of the
growth and the occurrence of a central hollow tube.
An explanation which seems more satisfactory has
been proposed by Baird et al. [26] involving a surface
diffusion of “metal—metal hydrocarbon species” across
. the edge of the carbon layer planes. At the beginning
small “liquid-like” droplets of iron get fixed on the
wall of the furnace, resulting from the reduction by
hydrogen of iron oxide soots. On that clean surface
begins to nucleate an association of metal and hydro-
carbons which diffuses on the surface and dissociates
at the contact angle between the droplet and the wall
of the furnace acting as a substrate. The beginning of
a carbon shell is then produced. New metal hydrocar-
bon species dissociate on its edges and the carbon
layers develop by lateral growth following the external
surface of the catalyst (figs. 21a and 21b). Such a lat-
eral growth exerts a force strong enough to lift up the
catalyst particle above the surface of the substrate

(fig. 21c). Layers always progress laterally in the same
way and result in a filament. The hollow channel in the
centre is due to the fact that no carbon supply can
reach the back of the droplet, the surface of which is
protected from downward surface migration by the
lateral carbon layers. Growth of carbon layers would
continue as long as there is a supply of metal from
the top of the catalyst particle (the metal being pro-
gressively trapped between the carbon layers). When
the whole droplet is covered by carbon layers at the
tip, the diffusion stops and growth ends. This kind of
mechanism is strongly supported by the existing relics
of cementite found inside the carbon shell (see
fig. 20). It must be noticed that cementite crystals are
obviously formed only when cooling occurs. Such a
mechanism also well explains branching of the fibres.
Increase in thickness by pyrolytic deposit on the
primary thin fibres is a common phenomenon leading
to graphitizable carbon. The constricted aspects often
encountered at that stage of growth are probably due
to the temperature gradient created along the fibre
axis by a catalyst particle existing in that place. This
may also be due to fluctuations of the gas flow in the
reaction furnace. Anyway, such a deposit is similar to
pyrolytic carbon, i.e. it is strongly oriented with its
carbon layers approximately parallel to the substrate;
but it is made of small turbostratic stacks with tilt
and twist boundaries and thus looks more defective
than the catalytic carbon contained in the core.
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(b)

Figure 1. Historical growth models of carbon fiber from gas
phase; (a) spiral model; (b) impurity model (3)

Ar

®

Figure 2. for pr of VGCF. 1, hydrogen purification unit; 2, fl ;3 and 5, b 4, ther 3 5,

bath; 6, el furnace; 7, substrate; 8, observation window; 9, thermocouples; 10 and 11, temperature

controller and recorder; 12, gas exhaust

New electron microscopic analysis techniques have
allowed the detailed study of these carbon fibers.
Formation of mold-like or vermicular-like carbon fibers
grown at 300-900 °C had been frequently reported as an
abnormal phenomenon, particularly in the carbon
industry. At the same time, catalyst researchers had
collected detailed data relating various metallic impurities
and fibrous carbon (6). The tiny mold-like carbon fiber,
although noted as a product of interesting catalytic effects,
had not been applied commercially, such as in the
production of composite materials.

Carbon fiber can be made from various compounds,
including benzene, hexane, allenes, and carbon monoxide.
Macroscopic and microscopic characteristics of these
fibrous carbon products depend on the carbon source.

We have studied schemes to mass produce carbon fibers
by growing them in the vapor phase, analyzed their
properties and structures, and examined applications of
them. VGCF has desirable properties and is potentially
competitive with PAN- and pitch-based carbon fibers (7-
9). VGCF may be a product that “carries knowledge into a
new field.”
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Figure 3. Temperature program (a); fiber growing in the furnace at 1100 °C (b)

Figure 2 depicts VGCF production equipment. A
mixture of hydrogen and hydrocarbon is admitted into a
reaction tube in an electrical furnace and kept around
1100 °C. Carbon fiber forms over a substrate in the
reaction tube.

VGCF thus formed is grown in two steps: the fiber first
forms over fine catalyst particles of iron or other relevant
metals dispersed over the substrate; it then grows in the
radial direction, resulting in fibers several decimeters long
and about 10 pm in diameter. Temperature and timing are
controlled throughout the process. Figure 8 shows
temperature profiles and the fibers growing in the furnace.
Note that VGCF is produced by a relatively simple system.

A scanning electron microscope (SEM) photograph of
the fiber cross-section reveals a unique structure in which
layers like growth rings lie concentrically on top of each
other (Figure 4). VGCF has a circular cross-section and a
preferred orientation in which networks of carbon planes
are placed parallel to one another along the direction of the
fiber axis. The orientational alignment is greater than
those of conventional carbon fibers prepared in the same
temperature range, which might account for the higher
electrical conductivity and modulus of elasticity of VGCF.

One of the distinguishing structural features of VGCF is
the presence of a hollow tube, about 10 nm or less in
diameter, along the fiber axis (Figure 5a). The tube wall is
composed of linearly extended, single-crystalline-like
carbon layers, as shown in Figure 5c. Each layer, however,
has a turbostratic stacking structure (i.e., is not a three-
dimensional crystal) and does not form a three-
dimensional graphite structure. The fiber periphery, on
the other hand, is microcrystalline, in which two or three
carbon basal networks are layered. This structure is
common with thermally decomposed carbon films (Figure
5b). Thus it is apparent that the VGCF is composed of two
different structures formed by different mechanisms: the
catalytic growth of the fine, precursor fiber consisting of
the hollow tube and linearly extended, parallel carbon
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Fibers

Substrate

Figure 4. SEM image of VGCF cross-section

layer faces near the fiber core; and the subsequent thermal
decomposition of the hydrocarbons introduced by
chemical vapor deposition that allows the fiber to grow in
the radial direction. The physical properties of the
resultant fibers are largely determined by the structures of
the exterior region in thermal decomposition of
hydrocarbons.

Mass production
The VGCF production process consists of three steps:
e seeding, in which ultrafine metallic catalyst particles
serving as nuclei for the fiber growth are dispersed
over the substrate surface,
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Figure 6. Substrate seeding methods

A3

e growth of fine precursor fiber, and
© 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 alcohol to be sprayed and
dried over a substrate. Particles having a magnetically or
chemically active surface must be 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 séeding 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 8) to
form VGCF (10 pm in diameter, 50-60 mm long). The
density of the fiber formed in this manner will be about

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

600-1200 fibers/mm?2.

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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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).
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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 séeding 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 8) to
form VGCF (10 pm in diameter, 50-60 mm long). The
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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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fluidizing caialys! 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 um/s.
VGCF having an aspect ratio (length/diameter) 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 =
hydrocarbon atmosphere wlth v1rus-s1ze or

or indirectly (Flgure 8). The indirect method M5y
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

structure similar to that of substrate-produced VGCF, but
with much smaller hollow tubes of 2-3 nm (Figure 9)
1t is interesting to note that the Huidization method ca
roduce carbon fibers ranging from carbon black-lik
Abers with an aspect ratio of about 1 to ordinar
fibers, in which the aspect ratio is essentially
ite. Produets having low aspect ratios can be used
ing agents for various matrices, such as rubber,
and cement.
~ Figure 10 shows the Tip of a growing fiber with a crystal
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of iron carbide at the end of the hollow tube. The~+
particle—which is either deposited on the subs
fluidized—remains as it is while the fiber is gge

might react with the cementite particle

disprsed on the substrate or the flyj
particles are active; the fiber ceases
particle surfaces are covered with ca;
or other impurities, thus retardin,
carbon species. It is therefore v

when the
€rs, oxygen,
ent of the
to control the

i 00 uces the article

transltlon metal such as iron, or cleans 1ts surface, Whlch
promotes the polymerization and condensation of the
hydrocarbon to develop hexagonal planar networks of
carbon. They grow perpendicular 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

CHEMTECH, September, pp.568-576,

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
bstrate-produced VGCF, but
with much smaller hollow tubes
of 2-3 nm (Figure 9).

e

The TEM 1mage shows the

ca catalyst particle at the end of the

growing precursor fiber; it is not
yet covered with hard, graphite-
like carbon layers and can still
actively assist fiber growth in the
longitudinal direction. The
resultant thin fibers have a
continuous, thin, hollow tube as
shown in Figure 11b.




100 nm
[ E——

]

Figure 10. Microparticle (cementite) at the tip of

the hollow tube

Carbon
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Substrate
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Figure 12. Prop:

growth

of VGCF ( 11)

Figure 9. VGCF produced by the
fluidized seeding method;

| siraight (a) and vermiculate

= (b) fibers

[ SO0
Figure 11. Seeded microparticle at the end of the growing
VGCF (a) (from a collaboration with A. Oberlin) and a thin
fiber with continuous hollow tube (b)

diffusion—and the precursor fiber formation is continued
to elongate the fiber. The reactions occur in selective
regions such as the surface of the catalyst particle or in
some direction of the crystal. As the particle moves, it
leaves behind the hollow tube. The carbon molecules
within the particle move more briskly near the melting
point of the catalyst, thus greatly contributing to the rapid
growth of VGCF. It should be noted that the intraparticle
temperature gradient provides an important force that
drives the carbon species. This force, which consists of the
net heat generated by the thermal decomposition of the
hydrocarbon and the subsequent formation of solid
carbon, promotes fiber formation. On the other hand, no
fibrous carbon has been observed in net endothermic
systems, such as those involving the decomposition of
paraffins.

We don't yet clearly understand the extent to which
intraparticle diffusion affects the overall reaction rate.
Substrate seeding and fluidization seeding share common
growth conditions and product structures, and, hence,
growth mechanisms. If that is the case, the carbon layer
plane should grow with a selective orientation for the
fibrous matter to be formed over the fluidizing catalyst
particles. It is therefore interesting to examine whether the
catalytic effects show anisotropy. Audier (12) has studied
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Floating Catalyst System




The Floating Seeding Method (Vertical type)

M. Endo; American Chemical Society, CHEMTECH, September, pp.568-576,
(1988).
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Li-Polymer Battery (LIB)

Polymer electrolyte

Collector

Anode (Carbon) Cathode Bisiters cap

Battery cap Collector

MWCT is an essential “LIPB”
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Mlcro gear made by CNT composite
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light weighting and recycling in motor vehicle industry
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1n vitro Experiment

Control | MNew Tuhe

Comparison of blood reaction (coagulability and fibrin deposition) to control
tube and new tube, when those were lifted up 60 min after immersion in canine
blood.
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