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Vertically aligned carbon nanotube (CNT) arrays with ordered nanostructure and extraordinary performance
have become an important advanced material. CNTs were synchronously grown with high density to form
aligned morphology, while the fine agglomerated structure was sensitive to the packing style of catalyst
particles. Thus, synthesis of CNT arrays in a fixed bed or fluidized bed is an important issue. We reported that
CNT arrays were grown from ethylene on a lamellar catalyst in a fixed bed reactor and a fluidized bed
reactor, respectively. The reactor style affected the intercalated growth of CNT arrays greatly. The qualities of
CNT array products in the fixed bed showed a distribution along the axis direction. The CNT arrays obtained
at the top of the fixed bed were of good alignment and small diameter; while for the products obtained at the
bottom of the reactor, CNT array blocks with higher densities, larger diameter, shorter length, and more
defects, were formed. When CNT arrays were grown in a fluidized bed, they were of homogeneous structure,
low densities, small uniform diameter, and had little defects, which can be attributed to available space,
uniform temperature and reactant distribution in the fluidized bed reactor. These favored the mass
production of CNT arrays with uniform properties in a fluidized bed reactor.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Carbon nanotube (CNT) is an attractive material because of many
unigue properties originating from the small size, cylindrical
structure, and large aspect ratio. CNTs have extremely high tensile
strength (=150 GPa), high modulus (=1 TPa), and high thermal and
electrical conductivity. They have found applications in composites,
lithium-ion secondary battery, supercapacitor, field emission display,
catalysis, inks, and transparent conductive film. It is found that the
performance of CNTs strongly depends on the CNT agglomerated state
[1,2]. For example, CNTs randomly entangle with each other when
they cluster into CNT agglomerates [3], while they are orderly aligned
with each other when forming CNT arrays [4-6]. The CNT agglomer-
ates can be easily mass produced on metal active phases loading on
porous particles [7-9]. The growth and applications of CNT agglom-
erates were widely investigated by many groups previously [9-15].
Several pilots mass production of agglomerated CNTs were realized in
fluidized bed reactors [7-9]. However, the CNTs in the agglomerates
are strongly entangled with each other. This hinders the dispersion of
CNTs into isolated state. Furthermore, the length of CNTs in the
agglomerated CNTs is hard to determine. CNTs are always shortened
during the purification and further dispersion process [16]. While in
vertically aligned CNT (VACNT) arrays, in which CNTs have a length
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almost equal to that of the arrays (1-10,000 pm), are advantages of
large aspect ratio, good orientation, and high purity. Compared with
CNTs in the agglomerate form, it is much easier for VACNTSs in array
form to be de-bundled as fluffy CNTs [17]. Therefore, significant
improvements in the electronic, mechanical, and thermal properties
of polymer-VACNT composites have been achieved [1]. The ordered
structure of VACNT array also brings novel applications, such as
anisotropic conductive materials, membrane filtration materials,
filaments, energy absorbing hybrid, and super elastic foams [18-21].
To our knowledge, VACNT array shows best performance for the
applications mentioned above. Thus, mass production of VACNT array
is needed.

Catalytic chemical vapor deposition (CVD) is the only method
for the synthesis of VACNT array. The popular synthesis procedure
is synthesizing VACNT array on flat substrate (wafer, quartz plate,
MgO single crystal) in a fixed bed [4,5,22]. The productivity is small
(b1 g/h) because the surface area of the flat substrate is very limited
(b0.05 m?/g). Moreover, due to the anisotropic morphology of a flat
substrate, the substrate is difficult to be suspended or be moved. Thus,
only a fixed bed with 1-10 pieces of substrates can be used for array
growth in previous studies [4,5,23]. If CNT arrays can grow on a
particle with a size of 1-1000 um, then they can be easily operated
using powder technology. Thus, various particles with large surface
area, including spheres [24], fibers [25], and lamellar particles [19,26],
have been used as substrates for the growth of VACNTSs. Not only the
productivity increases significantly, but also these particles are easily
delivered in the reactor. Furthermore, if the size of lamellar particles,
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such as vermiculite can be controlled to range from 10-200 pm, the
VACNT arrays can be mass produced in a fluidized bed reactor [27].

Obviously, the reactor style affects the growth of CNTs greatly. For
example, See et al. found the carbon yields obtained in fixed and
fluidized bed reactors for agglomerated CNTs in the literature were
consistent, but the fluidized bed reactors had the advantage of being
able to accommodate a greater quantity of catalyst and therefore
higher throughputs were achievable [28]. Qian et al reported growth
of agglomerated multi-walled CNTs on porous Fe/Al,03 catalyst both
in fixed (packed) and fluidized bed reactors [29]. They found that
significant changes in the bulk density and particle size of the CNT
agglomerates were observed in the packed-bed reactor, while the
fluidized bed reactor can perform well even after the volume and yield
of CNTs are 6-7 times of that in the fixed bed reactor [29]. Recently,
many groups have successfully mass produced agglomerated CNTs via
a fluidized bed CVD [3,30-40]. While for the synthesis of VACNT array,
the growth behavior of arrays is quite different from that of CNT
agglomerates [7-9]. In previous studies, most CNT arrays were
synthesized in a fixed bed — one piece of wafer or quartz plate with
a diameter of 1-100 mm was put into a quartz tube (with a diameter
of 3-100 mm and a length of 300-1500 mm). Thus, VACNT arrays can
grow freely in the reactor, but the efficiency of the reactor was quite
low. Growth of VACNT arrays in a fixed bed with high solid fraction is
few mentioned in literature. But it is quite an important issue to
realize the mass production of VACNT arrays.

To further understand the growth behavior of VACNT array, we
demonstrated a comparison of VACNT array production in fixed and
fluidized bed reactors using the same Fe/Mo/vermiculite catalyst. The
vermiculite is weathered micas in which the K™ ions between the
molecular sheets are replaced by Mg?* and Fe®* cations [41]. It is a
kind of cheap natural resource, and can be used as the catalyst for the
synthesis of VACNT arrays. The size of Fe/Mo/vermiculite can be easily
modulated, and its surface area is much larger than that of wafer or
quartz plate. We have carried out the CVD growth of VACNT arrays on
the novel Fe/Mo/vermiculite catalyst both in fixed and fluidized bed
reactors. With characterization by scanning electron microscope
(SEM), transmission electron microscope (TEM), Raman spectra,
and thermal gravimetric analysis (TGA), the growth behavior of
VACNT arrays among vermiculite was fully illustrated. The effect of
reactor style was also investigated, which is important for chemical
engineers to scale up the process.

2. Experimental
2.1. Catalyst preparation

Vermiculite powder with a size of 100-300 um and a bulk density of
about 160 kg/m®was mined in Lingshou, Hebei Province of China. 20.0 g
of vermiculites was exfoliated at 900 °C for 1 min. Then it was cooled
down to room temperature, and was suspended in 200 mL distilled
water to form a uniform suspension through strong stirring at 80 °C.
Subsequently, a solution of Fe(NO3)3-9H,0 and (NH4)eM0;024-4H,0
was added slowly into the suspension. The mass ratio of the Fe:Mo:
vermiculite was 5:5:90. After soaking for 24 h, the exchangeable ion
among the layers of vermuiculite, such as Ca>*, Mg®*, K*, can be
replaced by Fe**. Meanwhile, the lamellar structure was well preserved.
Then the solution was filtrated, and the as obtained filtrated cake was
further dried at 110 °C for 12 h. After further calcination at 400 °C for
1.0 h, a lamellar Fe/Mo/vermiculite catalyst for VACNT array production
was obtained.

2.2. VACNT array synthesis
The VACNT arrays were synthesized in a reactor operated in a fixed

or a fluidized bed. The main body of the reactor was made of quartz
glass with an inner diameter of 25 mm and a height of 700 mm. There

was a sintered porous plate used as the gas distributor at the bottom
of the reactor. About 1.5 g Fe/Mo/vermiculite catalyst was fed into the
reactor before reaction. The height of initial Fe/Mo/vermiculite
catalyst was about 1.9 cm.

For fixed bed operation, the gases were fed from the top and
passed through the catalyst particles. The reactor was heated to
650 °C in Ar atmosphere at a flow rate of 500 mI/min. Then 50 mI/min
H, was introduced into the reactor for 10 min to reduce the catalyst.
After reduction, 100 ml/min C,H, serving as carbon source was
introduced into the reactor for VACNT array growth. The growth time
was controlled for 1.0 h and the height of as-grown CNTs were about
7.5cm. The as-grown products were collected and divided into
several parts according to its axis and radial distribution in the reactor.
To investigate the qualities of the products grown at different
positions in the fixed bed reactor, the products were gradually
collected by a chemical spoon with a long affixed dipper. The products
were sorted into several parts according to the axis and radial position
in the reactor.

While for the fluidized bed operation, the gas mixture containing
the 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 first heated to
650 °C in Ar atmosphere at a flow rate of 500 mI/min. Then 50 mI/min
H, was added into the carrier gas for catalyst reduction for 10 min. In
the fluidized bed operation, the catalysts were pushed apart from one
another by the upflow of the gas at a sufficient velocity to cause
mobility. When a mixture of C,H4/H, (100/50 ml/min) was intro-
duced into the fluidized bed, VACNT arrays were grown among the
vermiculite catalysts. After growth for 1.0 h, the reactor was cooled at
Ar atmosphere. The carbon product was collected and characterized
as follows.

2.3. Characterizations

The morphology of the VACNT array was characterized using a JSM
7401F SEM operated at 5.0kV, and a JEM 2010 TEM operated at
120.0 kV. The sample for the TEM observation was prepared using a
common sonication method. TGA (Perkin Elmer TGA 2050) was
carried out to measure the amount of carbon deposited and to
evaluate the purity of as-produced CNTs. The TGA analysis was
conducted under an air atmosphere with a heating rate of 20 °C/min
ramp between 30 and 900 °C. Micro-Raman spectroscopy was
performed on a Raman spectrometer (Renishaw, RM2000) equipped
with a charged coupled device detector and an optical microscope for
focusing the incident laser beam (a He-Ne laser excitation, 632.8 nm)
to a 1-2 um spot size.

3. Results and discussion
3.1. VACNT arrays grown in a fixed bed reactor

1.5 g Fe/Mo/vermiculite catalyst was laid into a fixed bed reactor
for the growth of VACNTSs. The specific surface area of the exfoliated
vermiculite was 8.0 x 10 cm?/g, which was equal to 10* 1-in. wafer
(the specific surface area of wafer was estimated to be 8.0 cm?/g).
Compared with previous wafer scale growth [4,5,22,23], the packing
density of the catalyst was much higher. The Fe/Mo/vermiculite
catalysts were packed closely in the fixed bed. After reduction, CoH,
was introduced into the reactor and it decomposed into H, and CNTSs.
During the CVD process, the CNT arrays were grown among the
vermiculite layers, leading to the expansion of catalyst particles. Thus,
both the height and density of the fixed bed increased. The typical
morphologies of the as-grown products at different positions in the
fixed bed reactor were shown in Fig. 1. VACNT arrays, not CNT
agglomerates, were synthesized among vermiculites. This was mainly
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Fig. 1. Morphologies of VACNT array grown in a fixed bed reactor at different positions along the axis direction: h/H is (a) 0.1, (b) 0.3, (c) 0.5, (d) 0.7, and (e) 0.9, respectively; (f) the

yield distribution of VACNT array at different positions.

attributed to the synchronous growth of CNTs among the vermiculite
layers [42].

When using Fe/Mo/vermiculite as the catalyst in the fixed bed
reactor, aligned CNT arrays intercalatedly grew among the vermicu-
lites (Fig. 1). However, the carbon yield, diameter, and length of CNTs
grown at various zones of the reactor were quite different. To
quantitatively characterize the as-grown products, we defined the
product at the position h/H, in which h is the distance from the top
surface of the product's layer, and H is the height of the product's
layer. At the top, the concentration of carbon source was high, while
that of H, was low. The as-grown products were highly aligned CNT
arrays intercalated among the lamellar catalyst (Fig. 1a). The length of
VACNT was about 8.0-10.2 um. The VACNT arrays grown on different

vermiculite layers still showed good alignment, although some
vermiculite layers had been cracked into small pieces (the diameter
of cracked vermiculite flakes ranged from 5 to 100 um). When h
increases, the concentration of carbon source decreased (the
calculated concentration of C,H, were decreased from 1.78 to
0.61 mol/m* when h/H increased from 0.1 to 0.7), while that of H,
increased. Thus the catalyst particles were reduced into metal
particles more easily. Then more VACNT arrays can be obtained
with high active catalyst and the carbon yield increased accordingly
(Fig. 1f). The CNTs grown among lamellar catalyst showed good
orientation, however, the as-grown bundles of VACNT arrays became
crowded and some arrays began to bend (Fig. 1b—d). The diameter of
vermiculite layers among CNT arrays was crushed into 2 to 8 pm at the
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position h/H of 0.7 (Fig. 1d). At the bottom of the reactor, the density
of the as-grown product was the highest. As demonstrated in Fig. 1e,
the CNTs heavily crowded with each other. The layers of the lamellar
substrate were curved, and the orientation among bundles of CNTs
turned bad. This is because that expansion space was limited in the
fixed bed. There was large stress among catalyst particles, which
strongly limited the synchronous growth of VACNT array [42,43]. This
effect was much clearer at the bottom of the fixed bed (Fig. 1e).
Meanwhile, the length of CNT arrays was almost less than 5 um, and
the yield of CNT array decreased (Fig. 1f). Thus, it can be concluded
that due to the limited growth space in the fixed bed, the alignment
and length of as-grown CNT arrays decreased along the axis direction.

To further characterize the as-grown products in the fixed bed, TEM
images were used to illustrate the fine structure. From the typical TEM
image of the as-grown products shown in Fig. 2, at the top of the fixed
bed, small diameter CNTs with an inner diameter of 3-5 nm and outer
diameter of 9-15 nm, were grown among the lamellar catalyst (Fig. 2a).
The CNTs showed good graphitization and high purity, and the wall
number was about 5-20 (Fig. 2b). Little other impurities, including
carbon spheres, carbon onions, or amorphous carbon, can be found. For
the as-grown products at the bottom of fixed bed, thicker walled CNTs
with a diameter of about 25 nm were also grown on the vermiculite
catalyst (Fig. 2c). The diameter of CNTs increased obviously. Meanwhile,
the graphite layer of CNTs became heavily distorted, indicating more
defects were distributed in CNTs (Fig. 2d). They can be further
confirmed by the Raman spectra. Typical multi-walled CNTs Raman
spectra can be obtained with two typical peaks — G band at 1582 cm ™~ *
(E2q graphite mode) and D band at 1350 cm™* (the defect mode). The
intensity ratio of D band and G band (Ip/lg) is positively related to the
defect density in the CNT sample [24,25]. The Ip/Ig values of sample
collected at different position of the reactor are shown in Fig. 3. The ratio

increased from 1.41 to 1.76 along the axis directions, indicating that the
defect densities increased obviously, which consisted well with the TEM
results shown in Fig. 2. We also examined the defect densities of the
sample along the radial direction (at h/H is 0.9) by the ratio of D peak
to G peak. As shown in Fig. 4b, the Ip/Ig values almost kept constant with
increasing r/R, indicating the products at the radial direction were
uniform. The results indicated that differences of products were mainly
distributed along the axis direction, and the piston flow assumption was
reasonable to describe the growth of VACNT array in a fixed bed reactor.

3.2. VACNT arrays grown in a fluidized bed reactor

The Fe/Mo/vermiculite catalysts were also laid into a fluidized bed
reactor for the growth of VACNT arrays. The sizes of both the catalyst
particles and as-grown products were 100-500 um. They can be
classified into A particles according to Geldart particle classification
and show good fluidization behavior [44]. Here, the gas velocity was
kept as 7.5 cm/s and the flow regime was bubbling fluidization. In the
fluidized bed, particles were moving in the reactor. There were
collisions among particles, or particles and bubbles. However, the
lamellar structure of the vermiculite avoided the direct collisions
among VACNT arrays. Furthermore, the obtained alternate CNT and
vermiculite layers have good damping performance. They can
withstand high cushioning with well morphology preservation [19].
Thus the VACNT arrays can still synchronously grow among the
vermiculite layers. As demonstrated in Fig. 4, after a 1.0 h growth,
highly aligned CNTs in array form were grown among the vermicu-
lites. The arrays pushed the layers uniformly and the tortuosity factor
of the as-grown CNTs was just about 1.15=+0.08. The length of array
was about 5.0-7.0 pm. The TEM images indicated that the as-grown
products were in high purities (Fig. 4c). Multi-walled CNTs with an

Fig. 2. TEM and high resolution TEM image of VACNT array grown in a fixed bed reactor: h/H is 0.1 (a and b) and 0.9 (c and d), respectively.
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Fig. 3. The intensity ratio of D band to G band (Ip/Ig) in Raman spectra of VACNT products obtained at different zones in the fixed bed reactor; (a) is the axis distribution of 15/l at the

center line; (b) is the radial distribution of Ip/lg at h/H of 0.9.

inner diameter of 3-5 nm, outer diameter of 6-10 nm, wall number of
about 4-18, were grown. A few defects were demonstrated in the
HRTEM images; however, the wall of the product was clean (Fig. 4d).
The ratio of D peak to G peak in the Raman spectra was just 0.90,
indicating the obvious lower defect density compared with that of
products obtained from the fixed bed. The space time yield of the CNT
array grown in the fluidized bed was 3.8 gcnt/gear -h in the present
study.

3.3. Comparison of VACNT array growth in fixed and fluidized bed
reactors

VACNT arrays were successfully synthesized in fixed and fluidized
bed reactors. The properties of the as-grown products are summarized
in Table 1. The as-grown VACNT arrays in a fixed bed were
inhomogeneous: the VACNT arrays at the top have longer length,
smaller diameter, and lower defect density; while at the bottom of the

Fig. 4. SEM (a and b) and TEM (c and d) images of VACNT array grown in fluidized bed reactor.
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Table 1
Comparison of the as-grown VACNT products grown among vermiculites in fixed and
fluidized bed.

Fixed bed 1% Fixed bed 2*  Fluidized bed
Densities (g/L) 333 94.1 294
Space time yield (gcnt/Geat-h)® 23 1.8 3.8
Length of the array (um)® 8.0-10.2 3.0-5.0 5.0-7.0
Tortuosity factor? 1.16 +0.07 1.35+0.10 1.15+0.08
Outer diameter (nm)*© 9-15 9-30 7-10
Inner diameter (nm)* 3-5 25-7 3-5
Wall number® 5-20 4-40 4-18
Ip/lg ratio’ 1.47 173 0.91

2 The product 1 from the fixed bed was at h/H of 0.3, while the product 2 from the
fixed bed was at h/H of 0.9.

> The space time yield of CNTs defined by the amount of VACNT arrays grown on per
gram catalyst per hour, which was obtained by TGA.

¢ The length was measured by SEM analysis.

9 The tortuosity factor of the CNTs, which is defined as the ratio of the length of the
curved line between two points to the linear distance between the two points. It was
obtained at a calculated scale of 5 um.

¢ The outer, inner diameter, and wall number of CNTs in the array were measured
from the TEM images.

 The I/l ratio was obtained from the Raman spectra.

reactor, the VACNT arrays have shorter length, larger diameter, and
higher defect density. For the products produced in a fluidized bed, the
products showed a homogenous structure: the tortuosity factor was
small, the Ip/lg value was low, and CNTs were straight; the diameter
became uniform, and the defect density was small. This was mainly
attributed to the relationship between the flow, mass transfer and
reaction in the reactor. The C,H, decomposed into H, and CNTs. The H,
can reduce other catalyst particles. In the fixed bed, with h increasing,
the concentration of carbon source decreased, and the concentration of
H, increased, thus more catalyst will be reduced. During the CNT
nucleation stage, if Fe nanoparticles were reduced fast, they were easily
sintered on the vermiculites, leading to the formation of CNTs with large
diameter at the bottom [24,45]. Meanwhile, with the growth of CNTs,
the bed volume expanded. At the bottom, the space was limited, and the
local stress was large due to the nature of packed solids expansion.
Furthermore, less carbon source was provided. Discontinuous precip-
itation of CNTs took place, which resulted in the formation of CNTs with
more defects. However, for the VACNT growth in the fluidized bed, it
was with strong reactant mixing and good heat and mass transfer [7-9],
leading to the uniform and easy catalyst nucleation. The carbon source
diffused fast in the fluidized bed, leading to the uniform diameter of as-
grown CNTs. Meanwhile, there was enough available space for VACNT
array growth, thus the stress can be easily released, which gave rise to
the formation of CNTs with good graphitization.

The above comparison of VACNT arrays produced in the two
different kinds of reactors with the same catalyst indicates that the
reactor style obviously affects the intercalated growth of CNT arrays
among vermiculites. Due to the controlled hydrodynamics, available
space, and efficient heat and mass transfer in the fluidized bed, large
amount of VACNT arrays with controllable structure, uniform
diameter, fewer defects, and stable macroscopic structure were
obtained. Although the fluid dynamic is very complex in the fluidized
bed, by careful catalyst design and parametric study, nanomaterials
with an ordered structure can be well produced. This understanding is
also important for developing mass production techniques for other
powders with ordered nanostructure, such as aligned ZnO, ZnS, TiO,,
Si, Sn0O,, and SiO, nanowire and nanotubes in the future.

4. Conclusions

The same lamellar Fe/Mo/vermiculite catalyst was used to study
the difference between large scale growth of VACNT arrays in fixed
and fluidized bed reactors. For the synthesis of high ordered VACNT

array, the qualities of the products strongly depended on the
characteristics of reactors. For the VACNT grown in the fixed bed,
the length, diameter, and alignment of CNTs in the array varied along
the axis direction. While VACNT array with uniform diameter, length
and few defects can be synthesized in the fluidized bed reactor at a
large scale due to the high-efficiency flow and mass transfer. It can be
found through the experimental comparison that the fluidized bed
allows the controllable large scale synthesis of VACNT arrays with
uniform properties, which also has great potential applications for
mass production of high quality nanomaterials with ordered structure
in future.
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