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Large amount of vertically aligned carbon nanotube (CNT) arrays were grown among the
layers of vermiculite in a fluidized bed reactor. The vermiculite, which was 100-300 pm
in diameter and merely 50-100 pm thick, served as catalyst carrier. The Fe/Mo active phase
was randomly distributed among the layers of vermiculite. The catalyst shows good fluid-
ization characteristics, and can easily be fluidized in the reactor within a large range of gas
velocities. When ethylene is used as carbon source, CNT arrays with a relatively uniform
length and CNT diameter can be synthesized. The CNTs in the arrays are with an inner
diameter of 3-6 nm, an outer diameter of 7-12 nm, and a length of up to several tens of
micrometers. The as-grown CNTs possess good alignment and exhibit a purity of ca.
84%. Unlike CNT arrays grown on a plane or spherical substrate, the CNT arrays grown in
the fluidized bed remain their particle morphologies with a size of 50-300 ym and the good

fluidization characteristics were preserved accordingly.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The synthesis of vertically aligned carbon nanotube (CNT) ar-
rays has been a flourishing area in carbon material research
since 1996 [1]. Their advantages include large aspect ratio,
good orientation, and high purity. CNT arrays are attractive
for their wide potential applications in field emission devices
[2], anisotropic conductive materials, filaments [3], membrane
[4], super springs [5], etc. The CNT arrays are with strong
shear binding-on and easy normal lifting-off properties [6].
Meanwhile, the nitrogen-doped CNT arrays are with high
electrocatalytic activity for oxygen reduction [7]. Compared
with agglomerated single-walled CNTs (SWCNTs) and multi-
walled CNTs (MWCNTs), CNT arrays are more readily dis-
persed into fluffy CNTs [8]. They can easily be constructed
into CNT network/paper/film by evaporated filtration [9].
Moreover, there have been significant improvements in the
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electronic, mechanical, and thermal properties of polymers
after CNT reinforcement. Apparently, the mass production
of desirable CNT arrays is the stimulus to their applications
and commercial uses [10].

Generally, as the main product, CNTs grown on a catalyst
are not easily to be separated from catalyst. This is obviously
different from most heterogeneous reactions in which the
reactants absorbed on the surface of the catalyst, and the
products desorbed from the active sites, generating the prod-
ucts in gaseous phase. In the situation for CNTs, the catalyst
and product are in solid state. They are continuously trans-
ported through the reactor for CNT production. Up to now,
vertically aligned CNT arrays are mainly synthesized on a flat
substrate packed in a furnace [1,2,11-18]. The quantity of the
CNT array is proportional to the surface area of the substrate.
The CNT array is obtained in small amounts because of the
limited surface area of the flat substrate. Moreover, this kind
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of substrate is difficult to suspend or move because of the
anisotropic morphology, exhibiting poor mobility. These dis-
advantages made the growth of CNT array over a flat sub-
strate difficult to scale up. Only 1.0g/h CNT arrays were
obtained with a flat quartz plate as substrate [13]. If a sub-
strate with a larger surface area is employed, more CNT arrays
can be obtained. Thus, the substrate with a larger surface area
and a round shape (i.e., sphere or sphere-liked particles)
would be favorable for the radial growth of CNT arrays in large
quantities and would facilitate easy collection. Recently, we
successfully obtained several grams of CNT arrays per hour
using ceramic spheres via floating catalyst process [19-21].
We found many carbon sources including xylene, cyclohex-
ane, benzene, hexane in liquid state, or ethylene, propylene,
and liquefied petroleum gas, can be used for large scale syn-
thesis of CNT array [19-21]. This strategy provided a potential
way for large scale growth of CNT array on spheres with a low
cost.

Until now, it is commonly believed that the most efficient
way for mass production of CNTs is fluidized bed catalytic
chemical vapor deposition (CVD) [22-24]. In a fluidized bed,
the solid particles (such as catalyst and the as-grown prod-
ucts) transformed into a fluid-like state through suspension
in gas or liquid [24]. The fluidized bed reactor has great advan-
tages in terms of enough growth space, excellent diffusion
and heat transfer, easiness in scaling up and continuous oper-
ation for CNT production. A pilot mass production of agglom-
erated MWCNTs with high yield (15 kg/h) was realized in a
fluidized bed reactor in 2002 [25]. The CNTs entangled to-
gether and formed agglomerates with a size of 10-200 um,
which could be considered as A particles according to Geldart
particles classification [26]. The powders in group A exhibit
dense phase expansion after minimum fluidization velocity,
and this state can be maintained over large velocity range.
After then, fluidized bed catalytic CVD was widely used for
agglomerated CNT production [27-47]. Agglomerated
MWCNTSs [26-42], double walled CNTs [43,44], and SWCNTs
[45-47] can also be mass produced in a fluidized bed reactor.
Recently, some companies have commercialized CNTs pro-
duction with fluidized bed process. However, it should be no-
ticed that all the products of the present fluidized bed process
are agglomerated CNT products [22-47]. A fluidizable catalyst
was necessary for the synthesis of CNTs in fluidized bed.
Although radial growth on spheres was a good strategy for
the mass production of CNT arrays [19-21], the diameter of
the spheres was too large to be fluidized. The spherical sub-
strates were with a size of about 0.6~1.2 mm, which can be
classified into D particles according to Geldart particle classi-
fication [26]. They can be fluidized in spouted bed with strong
collisions, which may disturb the growth of CNT array in flu-
idized state. If the CNTs can be grown within a single particle,
then the collusions among CNT arrays during growth can be
avoided. Recently, we found that the CNT array could grow
among some lamellar compounds such as vermiculite and
mica [48]. It can be used in a fluidized bed for the mass pro-
duction of the CNT array if the lamellar catalyst were with
good fluidization characteristics.

In the current article, we report a lamellar catalyst with a
size of 100-300 pm obtained by traditional impregnating
methods using lamellar structure compounds as carrier. The

CNT array can easily be synthesized among the layers of the
catalyst. Both the catalyst and the product are with a size of
80-200 pym and can be easily fluidized. Therefore, fluidized
bed catalytic CVD used for CNT array production can be
achieved, which will significantly facilitate the mass produc-
tion of CNT arrays. The as-grown CNT arrays are with high
purity, which can be easily obtained by further purification.

2. Experimental
2.1. Catalyst preparation

The vermiculite is a kind of limited expansion clay with
2 tetrahedral sheets for every one octahedral sheet. It has a
high cation exchange capacity of 100-150 meq/100 g. Vermic-
ulite clays are weathered micas in which the K* ions between
the molecular sheets are replaced by Mg®* and Fe?* cations. In
this contribution, vermiculite was used as carrier of the cata-
lyst. The vermiculite (SiO,, 42%, Al,053, 12%, MgO 28%, Fe,05
13%, K,0 4.0%, CaO 0.5%, H,0 0.5%) used in our experiment
was mined in Lingshou, Hebei Province of China. In brief, ver-
miculite powder with a size of 10-100 pm (bulk density of
about 160 kg/m?) was suspended in distilled water to form a
uniform suspension through strong stirring at 80°C for
6.0h. Subsequently, a solution of Fe(NO3);9H,0 and
(NHg)eM0;0,44H,0 was added slowly into the suspension
while stirring. The mass ratio of Fe:Mo:vermiculite was
5:5:90. After filtration, the filtrated cake was dried at 110 °C
for 12 h and was further calcined at 300 °C for another 4 h.
Then the lamellar Fe/Mo/vermiculite catalyst for CNT array
production was obtained.

2.2. Vertically aligned CNT array synthesis

The schematic representation of the apparatus used in the
experiment is shown in Fig. 1. The main body was a fluidized
bed reactor made of quartz glass with an inner diameter of
50 mm and a height of 1300 mm. A sintered porous plate is
used as the gas distributor at the bottom of the reactor. The
gas distributor also acts as the floor, which supports the solids
in the reactor before they are suspended in fluid flow. Here,
the lamellar Fe/Mo/vermiculite was used as catalyst. About
5.0 g catalyst was fed into the reactor before reaction. The
gas mixture containing a carbon source reactant enters the
bottom vessel of the reactor and then passes through the
gas distributor, the fluidized bed units, and finally flows out
into the atmosphere. The quartz fluidized bed reactor,
mounted in an electrical tube furnace, was heated to 650 °C
in argon atmosphere at a flow rate of 1800 ml/min. The cata-
lyst particles were pushed apart from one another by the up-
flow of the gas at a sufficient velocity. When a mixture of
C,H4/H, (300/20 ml/min, v/v) was introduced into the fluid-
ized bed, reaction occurs within the catalyst particles which
were the sites of growing CNT array. Both the catalyst and
the CNTs were smoothly fluidized in the reactor. After growth,
the fluidized bed reactor was cooled down at argon atmo-
sphere. The carbon product was then collected and character-
ized. The carbon product can be transferred out of the reactor
in fast fluidization state for continuous production.
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Fig. 1 - Schematic representation of the fluidized bed for
synthesis of CNT arrays. 1-Gas chromatogram; 2-Mass flow
controller; 3-Cyclone; 4-Fluidized-bed reactor; 5-Gas
distributor; 6-thermocouple; 7-Heat controller.

2.3. Characterizations

The morphology of the CNT array was characterized using a
JSM 7401F scanning electron microscope (SEM) operated at
5.0kV, and a JEM 2010 high-resolution transmission electron
microscope (TEM) operated at 120.0 kV. The sample for TEM
observation was prepared using a common sonication meth-
od. Raman experiments were performed with a Renishaw
RM2000 Raman spectrophotometer. The spectra were re-
corded using a He-Ne laser excitation line at 632.8 nm with
a spot size of about 20 ym? on the CNT array kept at ambient
temperature. The purity of CNTs in the as-grown product was
obtained through thermalgravimetric analysis (TGA) by Q500.

The size distributions of the suspended catalysts were
measured by a laser particle size instrument. The reliability
of the agglomerate size was further confirmed by SEM obser-
vations. The SEM photographs of the results from such anal-
yses offer the most direct data of the catalyst and CNT
agglomerates in the liquid phase, although the field of vision
was limited. The fluidization characteristic of the lamellar Fe/
Mo/vermiculite catalyst and CNT array powder was investi-
gated under ambient condition in an experimental apparatus
as reported in Wang et al. [49].
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3. Results and discussion

3.1. Fluidization behavior of the catalyst and as-grown
products

The vermiculite consists of layers of mica plates with water
and exchangeable ions between the layers. In this contribu-
tion, the vermiculite particles were soaked in Fe(NO5);9H,0
and (NH4)gMo0;0,44H,0 solution. During the soaking process,
the exchangeable ion among the layers of vermiculite, such
as Ca”*, Mg**, K*, can be replaced by Fe** (Fig. 2a and b). Mean-
while, the lamellar structure was preserved, and the morphol-
ogy was also well maintained. From the SEM images as shown
in Fig. 3, it can be noticed that the catalyst was still in a mul-
tilayer structure with a thickness of 50-100 um and a diameter
of 100-300 pm. The Fe/Mo/vermiculite catalysts are lamellar in
structure, as indicated in Fig. 3b and c. There are a lot of large
pores in the catalyst, which was produced by the exfoliation
process of vermiculite during drying and calcination. With re-
gard to the axis direction of each layer, the interactions among
layers were weak. After calcinations and reduction, active
phases such as Fe particles were formed on each layer of the
vermiculite for further CNT growth (Figs. 2 and 3d).

The fluidization properties of the catalyst were studied as
follows. The pristine density of the vermiculite is 2300 kg/m?,
while the bulk density of the as-obtained catalyst was
160 kg/m>. According to the density and size distribution,
we believe that the irregular Fe/Mo/vermiculite catalyst parti-
cles belong to A particles according to Geldart particles classi-
fication. Fig. 4 shows the fluidization characteristic of the
lamellar Fe/Mo/vermiculite catalyst. Typical bed expansion
and pressure drop varied with superficial gas velocity were
tested under a condition without reaction. These indicate
that when the catalyst is exposed to an increasing up-flow
of gas, the pressure drop and bed expansion will increase
with higher gas flow. The point where the pressure drop is
balanced with the weight of the bed is shown in Fig. 4. At this
point, well fluidized state for this bed was established. The
minimal fluidization velocity (ums of the lamellar catalyst
and the CNT product is 1.6 cm/s. The catalysts will be in flu-
idized state while the gas velocity was over upy¢s. The mass be-
haves like a fluid that tends to establish a level and flows in
response to pressure gradients. With an increasing gas veloc-
ity, several flow patterns or regimes were identified as partic-
ulate fluidization, bubbling fluidization, and turbulent
fluidization. The pressure drop was kept almost constant in
the turbulent fluidization stage, while height of the bed kept
increasing. If the gas velocity is also further increased, fast
fluidization and the pneumatic conveying regimes will be
achieved. This indicates that the lamellar catalyst can be in
stable fluidization state with a large domain. In our experi-
ment, the gas velocity was kept at about 7.0 cm/s.

(c)
.(-—‘.n—(.n.==

Fig. 2 - Schematic representation of the catalyst particle formation process. The Fe** can exchange with Ca®*, Mg**, K* in the
vermiculite. After reduction, iron catalyst particles were formed on the surface of vermiculite layers.
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Fig. 3 - SEM images of the fluidizable Fe/Mo/vermiculite catalyst. (a) Bird view of the catalyst particles. (b) and (c) Cross section
of multi-layered structure of the catalyst. (d) Iron catalyst particles distributed on vermiculite layers after calcinations and

reduction.

CNTs will grow from the active sites among the layers of
the Fe/Mo/vermiculite catalyst once the carbon source is
introduced into the fluidized bed reactor. A good fluidization
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Fig. 4 — The fluidization characteristic of the lamellar Fe/Mo/
vermiculite catalyst.

state was maintained during the whole reaction process.
The typical products of the CNT arrays grown from ethylene
on the lamellar catalyst are shown in Fig. 5a. It can be noticed
that unlike other as-grown CNT arrays on plates or spheres
with filmy morphologies, the CNT arrays synthesized here
are still in loose powder form. A typical product size distribu-
tion from 50 to 300 ym was obtained by laser particle size
instrument as can be found in Fig. 5b. This is exactly one of
the important reasons why they can be fluidized smoothly
through the entire synthesis process. A typical fluidization
characteristic of the Group A particle was shown for as-grown
CNT on the Fe/Mo/vermiculite catalyst. Meanwhile, the CNT
arrays grown among vermiculite exhibited a bulk density be-
low 200 kg/m3. The unyr of the as-grown product increased to
2.6 cm/s, which can be illustrated by traditional predictions
as follows [50]:

d; (pp - p)g

Umf = 1650# (1)

where p and u are the density and viscosity of air, d, and p,
are the mean size and native density of the particles, and g
is the acceleration of gravity. Using Eq. (1), the ums for the
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Fig. 5 - (a) Typical morphology and (b) size distribution of the CNT arrays grown among the lamellar Fe/Mo/vermiculite

catalysts in the fluidized bed CVD at 650 °C.

products was calculated to be about 2.5 cm/s. The catalysts
were with lamellar morphology, which is beyond the assump-
tion of Eq. (1). For the CNT array particles, the error between
the predictions and experimental results was just 4.0%, indi-
cating that the as-grown particle was similar to the tradi-
tional particle, which can be in stable fluidization in a large
domain. From Fig. 6, several flow patterns or regimes have
been identified as particulate fluidization, bubbling fluidiza-
tion, and turbulent fluidization with increasing gas velocity.
The pressure drop and the bed expansion ratio also showed
similar trends as the Fe/Mo/vermiculite catalyst. In our exper-
iment, the gas velocity was kept at about 7.0 cm/s, which was
much larger than u,,y, indicating that the CNT products were
still in stable fluidization state. Also, some large particles
broke into pieces in the violent flow due to the weak connec-
tions between vermiculite layers. Thus, if the products can be
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Fig. 6 — The typical fluidization characteristic of the CNT
array powders. The powder was obtained by a half-hour
growth in the fluidized bed CVD.

limited within the scope of A particles according to Geldart
particle classification [26], we can keep the fluidized state
stable.

3.2.  Evolution of CNT arrays in the fluidized bed reactor

The evolution of CNTarrays in the fluidized bed were illustrated
by the SEM images as shown in Fig. 7. When the catalysts were
exposed to the ethylene for 10 min under growth condition,
CNT array can be synthesized between the lamellar structures
(Fig. 7a and b). The arrays pushed the layers of the vermiculite
and expanded the distance between layers uniformly. After a
10 min growth process, the length of the array reached 2 um.
The thickness of a single layer of the vermiculite layer was just
10-40 nm, indicating that the vermiculite has been cleaved.
After the reaction, the length of vermiculite particle expanded
to over 200 pm with the diameter almost kept constant. It can
be noticed as well that the CNT array with similar height could
grow on both sides of the vermiculite as indicated by the arrow
points in Fig. 7b. The layers of the vermiculite maintained their
large size. With the CNTarrays further growing, it will push the
opposite arrays in the vermiculite. There was stress distributed
among CNT array during growth. The junction of CNT arrays
growth from the opposite surface of vermiculite can be found
in Figs. 7b and f and 8. When the growth time reached 30 min,
thelength of CNT became 6-8 ym as shown in Fig. 7c. High mag-
nification SEM images indicated that the CNTs in the array pos-
sessed good alignment (Fig. 7d), and they are perpendicular
oriented to the vermiculite layer (Fig. 7e). With the CNT array
growing, the stress among the layers of vermiculite and arrays
will also increase, leading to the breakage of the vermiculite
layer. As shown in Fig. 7f, the arrow points the interface where
the CNTs in the array pushed each other, and the layers of the
vermiculite were crushed into small pieces. The small vermic-
ulite pieces were with a size of 5-30 pm as shown in Fig. 7g.
Although the vermiculite was crushed into small pieces, the
CNTs were still perpendicular to the plane of vermiculite layer
(Fig. 7g and h). Meanwhile, the CNTs grown on the vermiculite
layer showed good alignment in a large area as shown in Fig.
7d-i.
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The growth behavior of the CNT array among vermiculite CNTs grown from powder catalyst. For most of the catalysts
layers is obviously different from that of most agglomerated used in fluidized bed, they were agglomerate nanoparticles

Fig. 7 - The morphology of the CNT array grown among Fe/Mo/vermiculite catalyst layers at 650 °C in a fluidized bed reactor
for (a, b) 10 min, (c-e) 30 min, and (f-i) 60 min. The arrows in (a) and (f) indicate the junction during growth, and the arrow in
(g) indicated the crushed vermiculite layers.

Fig. 8 - High magnification SEM images of junctions during CNT array growth. The growth time is (a) 15 min and (b) 60 min.
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with the active phases supported on the carriers, which were
mainly nanoparticles [24,27-47]. In the initial growth period,
the growing CNTs crushed the catalyst particles, disrupted
the structure, and formed separated catalytic sites. With the
carbon deposition increasing, the catalysts will be crushed
as much as they can, and the CNTs will grow all around the
catalyst sites [51]. The growing CNTs will then push away
and separate the sites from one another, leading to an in-
crease in agglomerate size and a decrease in density until
fragmentation by ablation dominates the growing process.
In the case reported in this work, the lamellar catalyst was
an anisotropic material with a slice vertical to the axial plane

with a strong connection at the radial directions and weak
connection at the axis directions (Fig. 2a). After ion-exchange
and calcination, the catalyst phases intercalated among the
catalyst layers with a high density (Fig. 2b and c). During
the reaction process, the carbon source diffused into the lay-
ers, adsorbed, and decomposed at the active sites on the ver-
miculite layers (Fig. 9a). Furthermore, the catalysts are with a
high density, causing the crowded growth of CNTs among the
layers. As the CNTs grew longer, space resistance developed
especially in the radial direction (Fig. 9b). Thus, they were
prone to grow in the axis direction to form CNT arrays [52].
With length of CNTs increasing, the layers of vermiculites

(a) (b) (c)
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Fig. 9 - Schematic representation of the synchronous growth of CNT array among lamellar catalyst: (a) CNT nucleation and
CNT random growth on the substrate and as-grown CNT push off the layer a period of growth, (b) CNT array grown
synchronously among the layers. (c) The growth rate of the array did not match, thus the layer was crushed into small pieces

and the length of CNT array increased.
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Fig. 10 - (a) TEM and (b) high resolution TEM images of the as-grown CNT array; distribution of the (c) inner diameter, (d) outer
diameter, and (e) wall number of the CNT grown among Fe/Mo/vermiculite catalysts.
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Fig. 11 - Raman spectrum of the CNT arrays.

were crushed into small pieces. However, the as-grown CNTs
still showed good alignment (Fig. 9c). Even in a fluidized bed,
the synchronous growth mode with internal stress was main-
tained [52], leading to the formation of CNT arrays among the
vermiculite layers. Furthermore, the collisions among large

particles during the fluidization were released by the out lay-
ers of particles, preventing the growth of intercalated CNT
arrays from disturbance.

3.3.  Vertically aligned CNT array products grown in the
fluidized bed reactor

After growth for an hour at 650 °C, the length of the CNT arrays
reached 10-20 pm. In addition, the CNT arrays grown among
the layers were of high quality. The TEM images showed that
they were tubular-structured and with high purity (Fig. 10a
and b). No other impurities, including the carbon spheres and
Fe catalyst encapsulated in carbon can be found in the as-
grown product. The diameter of the CNT was a key factor to
evaluate the quality. The CNTs in array form obtained by the
floating catalyst process are always with a diameter ranging
from 10 to 60 nm [5,11-13,17-21]. And for most products pre-
pared by thermal CVD and plasma-enhanced CVD, the size of
CNTs mainly depends on the thickness of the metal film and
annealing procedures and the diameters commonly range
from 1 to 80 nm [1,2,14-16]. CNT arrays composed with few-
walled CNTs can be only obtained in small scale of 10-
1000 mg per piece of wafer by thermal CVD in previous studies.
Here, as shown in Fig. 10c-e, the inner diameter of the CNTs
was about 3-6 nm, while the outer diameter showed a wide dis-

VACNT array purity
As grown 84.0%
As purified 97.5%

200 400 600 800
Temperature (°C)

Fig. 12 - (a) Large amount of CNT arrays grown on Fe/Mo/vermiculite catalyst; (b) Morphology of the as purified CNT array by
impregnation of HF and HCI solution; (c) TGA curves of the as-grown and purified CNT array.
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tribution of 7-12 nm. This indicated that small catalyst parti-
cles were distributed among the layers of vermiculites.

The HRTEM image (Fig. 10b) shows that CNTs are mainly
composed of clear graphite fringe with some defects co-ex-
isted. A typical Raman spectrum of the CNT array with D and
G peak was recorded (Fig. 11), of which the Ip/I ratio was about
1.06. The low Ip/Ig ratio indicated relatively high defect density
in the consisting CNTs, which was mainly caused by strong
stress during the growth of CNTs. Meanwhile, the K-containing
vermiculite will slightly poison the catalyst, making the inner
diameter increasing as compared to the Fe/Mo phase in MgO
particles [44]. Besides, the carbon precipitation rate is still unin-
formed, leading to more defects in CNTs. The yields of CNT
among the vermiculites are high. The TGA results (Fig. 12) re-
vealed the CNT arrays grown had a purity of about 84% in the
as-grown products. After a one-hour reaction, we obtained
26 g of CNT arrays among the catalyst layers, which is equiva-
lent to the productivity of 10° spheres [19-21] or about 1500
1inch wafers as substrate [1,2,14-16] using ethylene as carbon
source (assuming that the density of the CNT array on wafer is
40 g/L and the length is 3.0 mm for 1 h growth). However, it was
noticed that the CNT arrays grown among the vermiculite lay-
ers were still short and contained a number of defects, which
was to be improved in further studies.

By fluidized bed catalytic CVD, large amount of CNT arrays
can be obtained as shown in Fig. 12a. By impregnation in
3.0 mol/l HCl solution for 1.0h, and 1.0 mol/l1 HCl solution
subsequently, the vermiculite can be removed. Fig. 12b shows
a typical SEM micrograph of the as purified product, in which
the vermiculite layers had been removed by acid treatment.
The CNT arrays still possessed good alignment after acid
treatment and the interface among CNT arrays is clearly
shown in Fig. 12b. The purity of CNT arrays was increased
from 84.0% to 97.5% (Fig. 12c) by the purification process. It
can be further improved by high temperature treatment in
vacuum atmosphere in future.

In final, compared with fixed bed reactor used in CNT
growth on plane or spherical substrate, fluidized reactor used
for intercalated growth in lamellar catalyst is a preferred pro-
cess for the large-scale production of CNT arrays because the
reactors involved provide a large, effective surface area and
plenty of space for the growth of CNTs [24]. Good heat and
mass transfer ensure the uniform temperature and reactant
concentration in the entire fluidized bed, which is important
for the controlled growth of CNT arrays among the vermicu-
lite layers. The well-mixed solids avoid rapid temperature
and concentration changes, as well as the abrupt changes in
operating conditions. Thus, the operation can be controlled
easily and reliably. This assures the rapid diffusion of carbon
atoms over and through the metal to a location where they
assemble into an ordered structure. The collisions took place
among particles while the CNT arrays synchronously grew
among the vermiculite layers. Thus, a process of this nature
can be easily scaled up from several thousand kilograms to
tons per year, which will open up new opportunities for the
industrial application of CNT arrays. Although these arrays
have been successfully synthesized on a large scale via fluid-
ized bed CVD, further investigations are certainly needed in
order to delicately control the array structure, including its
length, diameter, defects density.

4, Conclusions

When lamellar Fe/Mo/vermiculites with a thickness of
50-100 um and a diameter of 100-300 um were used as cata-
lyst carriers, they can easily be fluidized in the reactor. CNT
arrays can grow among the layers of vermiculites. Unlike
other CNT arrays grown on a plane or spherical substrate,
the as-grown CNT arrays are still in powder form and can
easily be fluidized in the reactor. The CNTs grown among
vermiculites possess good alignment. They are with an inner
diameter of 3-6nm, an outside diameter of 7-12nm, a
length of several tens micrometers, a purity of 84.0%, and
the purity can be increased to 97.5% by simple purification.
Large amounts of CNT array can be produced using this flu-
idized CVD.
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