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Heterogeneous Catalysis Process

Qiang Zhang, Weiping Zhou, Weizhong Qian, Rong Xiang, Jiaqi Huang, Dezheng Wang, and
Fei Wei*
Beijing Key Laboratory of Green Chemical Reaction Engineering and Technology, Department of Chemical
Engineering, Tsinghua UniVersity, Beijing 100084, China

ReceiVed: April 26, 2007; In Final Form: August 4, 2007

The formation of a vertically aligned carbon nanotube (VA-CNT) array in a floating catalyst process was
described as a synchronous growth that resulted from the interaction of fast growth and slow growth CNTs.
The array growth was characterized by the observations that straight and curved CNTs were formed during
growth, and the tortuosity change of the curved CNTs and a G band Raman shift during growth. These were
used to deduce that pristine stress was present in the CNTs. A model of the stresses as caused by space
limitation and different growth rates was used to explain the development of a synchronous growth of the
VA-CNT array. The tortuosity of the curved CNTs and Raman shift decreased and were constant after the
growth of a certain length of the array, indicating that constant stresses were maintained in the growing array
after the growth of this length. This indicated that an ordered CNT structure was formed and a transition
from random structure to ordered structure growth had taken place in the growth. The transition was explained
by a thermodynamic argument using the Onsager virial theory. Based on the vapor-liquid-solid model and
bottom up growth for a single CNT, the description of a synchronous growth made possible by existent
stresses gives a view that accounts for the interaction between CNTs in an array, and it can provide guidelines
for a more precise control of the array structure.

Introduction

Since the first synthesis in 1996,1 vertically aligned carbon
nanotube (CNT) arrays have become one focus of research in
nanoscience and nanoengineering. These aligned CNTs in array
form have many attractive properties, such as identical tube
length, uniform orientation, extra high purity, easy spinning into
macroscopic fibers, etc. As-grown arrays can be used directly
to construct field emission devices, anisotropic conductive
materials, multi-functional membranes, and super strong yarn.2-4

Even after the loss of the original alignment, longer and
straighter multiwalled CNTs (MWCNTs) from the CNT arrays
were better than randomly aggregated multiwalled or even
single-walled CNTs (SWCNTs) in improving the electronic,
mechanic, and thermal properties of polymers.5 These applica-
tions can become widespread if a controllable synthesis of CNT
arrays at a low cost in a scalable way can be developed. Various
synthesis methods have been developed, which include porosity
assisted chemical vapor deposition (CVD),1 plasma enhanced
CVD,6 thermal CVD,7,8 alcohol feed CVD,9 and floating catalyst
CVD.10-14 Among these, the floating catalyst process has the
advantages of not needing prior catalyst preparation, easily
controllable synthesis, simple apparatus, low cost, and is easily
scalable.10,12

During the synthesis of CNT arrays by the floating catalyst
process, the array growth mechanism is still not understood.

Until now, research on CNT growth mechanism has been mainly
on the atomic scale, for example, the vapor-liquid-solid (VLS)
model. The VLS model explains how a single CNT grows from
the catalyst,15,16 but gives little information about how CNTs
can grow into an array morphology. Recently, the growth site
of an array was indicated to be at the bottom of the array. This
mechanism, which was confirmed by catalyst labeling and
multilayer growth observations,17-20 gave the growth direction
of single CNT and informed us of the importance of maintaining
the catalyst and carbon source at the bottom of the CNT array,
but indicated little about the formation of the array. There have
been many reports on catalyst nucleation and array growth with
the VLS model in plasma enhanced CVD21-23 and thermal CVD
on a wafer.24 There are now also some reports that have
increased our understanding of surface diffusion and the reaction
rate of CNT array formation.25 Yet there are few reports on the
interaction of the CNTs in the array growth process.

CNT arrays grown with the floating catalyst process generally
show synchronous growth. Hart and Slocum26 have shown that
an external stress in a thermal CVD process has a large effect
on the structure of the CNTs in an array, but the basic
morphology of the array was similar to that of CNT arrays
grown in the absence of an external stress.10-14 This suggested
that stresses might be present in the CNT array itself, which
presumably is due to the interactions among the CNTs, and the
details of this can be useful information. Also, a basic question
in CNT array growth is why and how the CNTs form an ordered
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self-assembled structure, especially when beginning from an
initial random structure. Increased understanding on this issue
will help in acquiring better and precise control of the length
and density of the CNT array, which has many potential
applications.2-5

In this Article, the morphology of multilayer CNT arrays
grown by the floating catalyst process is analyzed. The change
in the curvature of the CNTs and a Raman shift during growth
were measured and used to characterize the presence of stress
in the CNTs. An array growth that was synchronized by this
pristine stress was proposed to describe the CNT array growth.
Using the picture of synchronous growth in the presence of
stress, the transition of the morphology of the array during
growth from a random structure to an ordered structure was
explained by thermodynamics with the Onsager viral theory.

Experimental Methods

The CNT arrays were grown on silica by the floating catalyst
method using ferrocene as the catalyst precursor and cyclohex-
ane as the solvent and carbon source. The concentration of the
catalyst precursor in cyclohexane was 20 g/L. A quartz flake
was placed in the center of a horizontal quartz tube with an
inner diameter of 30 mm and length of 1200 mm as the growth
substrate. The cyclohexane solution at a feed rate of 5 mL/h
was injected by a motorized syringe pump into a carrier gas of
90% Ar and 10% H2 at a flow rate of 600 mL/min into the
reactor. The carbon source was decomposed by in situ formed
metal catalyst at 800°C. Specifically, we used an interim
reactant supply method, instead of the oxidation gas etching
method,17,18 to form a multilayer array. This method grows the
CNT array by layers, and information on the top and bottom
structure of each layer can be acquired by high-resolution
scanning electron microscopy (HRSEM) observation. Thus,
growth information and a precise morphology analysis of the
as-grown CNT array can be obtained.

After the experiments, the product was taken out of the reactor
and peeled from the substrate. HRSEM (JSM 7401F, at 5.0 kV)
was used to characterize the morphology of the CNT arrays.
High-resolution transmission electron microscopy (HRTEM,
JEM 2010, at 120.0 kV) was used to observe the detailed
structure of the CNT arrays. Raman spectroscopy of the CNTs
was performed using a Raman microscope (Renishaw, RM2000,
He-Ne laser excitation line 633.0 nm).

Results and Discussion

Unlike most heterogeneous reactions on a catalyst particle
surface, the CNT array is a product that gives a record of its
growth history. The CNT array synthesis was performed as a
four-step interim reactant supply reaction with reaction steps
of 15, 25, 40, and 40 min to produce a four-layer CNT array
with a total length of 4.5 mm. The lengths of the layers were
520, 900, 1545, and 1568µm, respectively (Figure 1a). The
SEM images (Figure 1b-d) showed that the surface of the top
array comprised two layers with an interface of Fe nanoparticles
coated with carbon about 60 nm in diameter. Above the
interface, there were twisted CNTs with no fixed orientation,
which were formed by a surface reaction on the CNT array
during array growth. The main CNT array was under this
catalyst layer, with one fraction of the array being connected
to the interface layer and comprising mainly straight CNTs.
These were bunched together in patches and comprised the
straight fraction of the array. Another fraction of the CNT array
comprised curved CNTs (Figure 1c,e,f). The curvature of the
curved CNTs can change and will be discussed later. These

two fractions will be called Type 1 (straight, the arrow pointed
CNTs in Figure 1c,e,f and Figure S1) and Type 2 (curved)
CNTs, respectively.

Figure 1d,g,h, and Figure S2a,b show that the top of the array
had a woven structure similar to the top crust of entangled
nanotubes on the SWCNT arrays of Zhang et al.24 In the woven
structure, most of the tubes were connected to the main array,
but tiny single thin-walled tubes were also found (Figure 1h).
At the bottom of the array (Figure 1i,j, Figure S2c,d), several
tubes formed a bundle that had a tiny thin tube wound around
them (Figure 1j). From the contrast caused by backscattering
electrons shown in Figure 1j, it can be deduced that most of
the CNTs had catalysts at the bottom ends; that is, there were
active catalysts at the bottom. This confirmed the root growth
mode for the CNTs in the array.17-20 The root growth mode
was corroborated by the differences in lengths with different
growth times of each layer. In agreement with most reported
results,10-14,27-29 the array did not contain very straight tubes,
and there were complicated connections at the ends. As shown
in Figure 2a, the CNT array growth rate from cyclohexane was
that of rapid growth.11,29The woven structure can be modulated
by substrate size2,30 and formation time.30

The Raman spectra were taken with a 20µm2 area sample at
various locations along the CNT array and provided an averaged
result. The G bands as a function of the growth length are shown
Figure 2b. These were shifted, with different shifts that gradually
increased with array growth. The Raman band shift reached a
constant value after 40µm length of array growth.

The curvature of the Type 2 CNTs was quantitatively
described by a tortuosity factor (Figure 2d) defined as the ratio
of the length of the curved line between two points (blue line
in Figure 2d) to linear distance between the two points (red
line in the Figure 2d) using a method similar to that used by
Zhou et al.31 The tortuosity factor is based on the dimensions
of the CNT and has a higher resolution than small-angle X-ray
scattering for the quantitative characterization of the curvature
of the CNTs in the array. The tortuosity factor of each of the
layers showed the same trend and decreased to a constant value
after they reached a (straight) length of 160µm (Figure 2d)
where the curved CNTs began to show self-organization
gradually. This length is slightly different from the length where
the Raman shift became constant. The CNT alignment got better
with increased CNT length. A transition to when an ordered
structure was formed is shown in Figure 1c-f and Figure 2c,d.

This discussion will take as the basic observation that there
were curved (Type 2) CNTs in the array, shown in Figure 1d,
that did not directly comprise the woven structure, which
indicated that Type 2 CNTs were formed after the formation of
the woven structure. Type 1 CNTs are those that were grown
first to comprise the woven structure, which eventually formed
the straight CNTs connected to the woven structure and the array
bottom shown in Figure 1c, e, and f. It is suggested that this
situation was due to that the floating catalyst method resulted
in catalyst particles of different sizes with different activities
for CNT growth, and this gave rise to different CNT growth
rates. Here, for the discussion, this will be simplified to two
different growth rates: a fast growth that grew the Type 1 CNTs
and the woven structure, and a slow growth that grew the Type
2 CNTs that had to grow under the woven structure.

The formation of the woven structure will be taken as given
and we discuss the subsequent growth. From the existence of
the woven structure, the picture can be suggested that the density
of fast growth catalytic sites was low enough to prevent the
Type 1 CNTs from being initially directed upward (perpen-
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dicular to the substrate) by being crowded, but was still high
enough to cause entanglement between CNTs that grew the
woven structure. It is now supposed that the catalytic sites were
distributed randomly so that the slow growth catalytic sites were
dispersed among the fast growth catalytic sites, and when growth
began at the slow growth catalytic sites, their Type 2 CNTs
grew directed upward due to crowding on the substrate. As these
grew upward, they met space resistance to their growth at the
woven structure. There will then be a stress on each Type 2
CNT due to this. In particular, there is a compressive stress on

the Type 2 CNTs against their growth upward due to the woven
structure, and there is a tensile stress on the Type 1 CNTs
comprising the woven structure due to the growing Type 2 CNTs
pushing upward. The compression stress on the Type 2 CNTs
was estimated to be about 5× 10-7 N from the critical buckling
stress that curved a CNT.

The presence of curved Type 2 CNTs was one piece of
evidence for the presence of pristine stress in the CNT array.
This was corroborated by the change in their curvature with
array growth (Figure 2d) and by the Raman shift shown in

Figure 1. Morphology of the four-layer CNT array: (a) Overview of the CNT array, (b) cross section, (c) view of the top, (d) magnification of
the first layer of the CNT array, (e) cross section at 60µm and (f) 360µm of the first layer; (g) low magnification and (h) high magnification of
the top morphology of the second layer; (i) low magnification and (j) high magnification of the bottom morphology of the second layer. Type 1
(straight, the arrow pointed CNTs in Figure 1c,e,f) and Type 2 (curved) CNTs, which were related to synchronous growth, were shown in the CNT
arrays.
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Figure 2c, where the interpretation is used that a G band shift
reflects the presence of stress in the CNT. A progressive shift
toward higher frequency of the G band with increasing pressure
on the CNTs is well documented.32-36 The shifts, which Merlen
et al.34 attributed to hardened carbon-carbon interactions, were
observed with single walled CNTs and graphite and the
application of high pressure, so the macroscopic physics is
different from that in the CNT array here, but the notion that
there is a similarity in that stress or lattice distortions exist in
both cases is probably valid; that is, we can assume that a curved
CNT has slightly different carbon-carbon interactions from that
of a straight CNT. Although the assignment is not unequivocal
(the shift can also be due to changing environment, e.g., more
CNT bundles), the interpretation here is that the shifts reflect
CNT stress or lattice distortions that change the frequency or
relative intensities of the G component peaks.

The CNT array showed a synchronous growth explained as
follows. Type 2 CNTs, which were originally unconnected to
the woven structure, had a higher vertical growth rate when

they first began growing, but they had to grow into a curved
structure due to the compressive stress imposed by space
limitation by the woven structure. The tortuosity of Type 2
CNTs synchronized them to the array vertical growth. At the
same time, the tensile stress on Type 1 CNTs imposed by Type
2 CNTs pulled the Type 1 CNTs into vertical growth, which
synchronized them to the array vertical growth. Next, with more
growth, the curved structure and random growth morphology
during the initial growth was released gradually by synchronous
growth and order alignment made possible due to the existent
stresses in the array. The existence of these two kinds of CNTs
and stresses in the CNT array was also confirmed by the direct
measurement (Hysitron Triboscope with a Berkovich tip)37,38

of the mechanical property of the CNT array. Furthermore, such
structures, like a mattress, show good energy absorption, and
they have excellent mechanical properties as reported by Cao
et al.39

The transition to an ordered structure (Figure 1c-f and Figure
2c,d) is favored by thermodynamics as follows. The CNTs were

Figure 2. Quantitative description of the four-layer CNT array: (a) Growth rates in the floating catalyst process in the first hour, (b) Raman
spectra of the first layer at different positions from the top, (c) Raman G band shift that corroborated the existence of stress in the array, and (d)
tortuosity at different positions. The inset shows the measured tortuosity factor for the Type 2 (curved) CNTs defined as the length ratio of the blue
to red lines.
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modeled as thin rod-like particles, and the thermodynamics state
was described by the Onsager virial theory.40 This theory
predicts a phase transition from a random distribution to an order
distribution above a transition value ofD/VL, whereD is the
diameter of the rod-like particles,L is the length of the rod-like
particles, andV is the volume concentration. WhenD/VL is
smaller than 3.3, the random distribution is more stable, and
vice versa above 4.8. When the CNTs were short, the random
distribution was more stable (Figure 1c). After the CNTs had
grown longer than a certain height, about 10µm in our case
from the Onsager virial theory, ordered structures were stable.
Experimentally, the transition was observed after the array was
about 160µm (Figure 1f, Figure 2d, Figure S2, Figure S3).
The difference may be because of the simple model and that
the CNTs in the array were not thin rod-like particles. It can be
noted that if the CNTs do not convert to an ordered structure,
they will remain in a high stress state as they grow, which will
be a high energy state. This is a thermodynamic reason for VA-
CNT array growth in the floating catalyst process. This is
perhaps the situation with CNTs grown from powder catalysts
in that they have such a low length to one hundred micrometers
with agglomerated state.41,42 In that situation, the condition for
thermodynamic stability and the very limited space available
lead to that, among the grown CNTs, the CNTs are always
tangled together because the transition would occur at a much
larger length than can occur.

From the above, we get the picture of the synchronous growth
of a CNT array induced by stress in the floating catalyst process
in Figure 3. Ferrocene introduced into the reactor decomposed
into Fe atoms, clustered into Fe nanoparticles, and deposited
on the substrate (Figure 3a), and CNTs began growing on these.
At the beginning, catalyst particles were present in low density
and CNTs grew randomly on the substrate. At the same time,
new catalyst particles were formed and the CNTs grew longer
(Figure 3b). When the CNTs exceeded a certain length, they
entangled and formed a woven structure. Subsequently, the
CNTs cannot grow freely on the surface due to the limited space
in the horizontal and vertical direction: a compressive stress is
placed on later formed Type 2 CNTs and a tensile stress placed
on the weave-connected Type 1 CNTs (Figure 3c). The stress
distributed between the CNTs in the array during growth kept
the straight and curved CNTs growing at the same macroscopic
rate. After 1.5 min weave formation to an array height of 40
µm, the stress reached a constant value (Figure 3d). Thus, a
synchronous growth of CNT array with pristine stress occurred
in the floating catalyst process. The curvature of Type 2 CNTs
can be increased by an external force.26 The curvatures of the
CNTs varied with length and can be changed when the CNTs
grow even longer in a super long CNT array from the floating
catalyst process shown in the Supporting Information (Figure
S4). This is consistent with the Wang et al.43,44results that were
based on vertically aligned CNT array and thermal CVD, and
the reasons for these are the object of ongoing quantitative
studies.

Finally, it can be pointed out that a synchronous growth of
CNT array was not only found in the floating catalyst process,
but also in other heterogeneous catalytically CVD processes.
This is because pristine stress commonly exists during array
growth with various methods; that is, similar CNT array
structure obtained with different CVD methods was because
the interaction among the CNTs in the array is the key factor
for array formation. It may be related to the growth termination
of super long CNT arrays. In the thermodynamic model,
Onsager virial theory of structure change in the growth process,

the catalyst density and formation rate are important factors.
These are closely related to the volume and affect the formation
of array structure according to the Onsager virial theory.

Conclusions

An interim reactant supply method in the floating catalyst
process was used to produce a multilayer array growth. The
CNT morphologies of the bottom, top, and cross-sections of
the layers at various heights were determined. Based on the
VSL model and root growth for single CNTs, an array growth
due to the interactions between fast growth CNTs that developed
a woven structure and later grown slow growth CNTs was
proposed. The interactions led to the presence of pristine stress
that led to synchronous growth. The presence of stress was
corroborated by the presence of curved CNTs in the array, and
the change in their curvature and a G band shift in the Raman
spectra with growth. Two kinds of CNTs, curved and straight,
were found. Thermodynamics and the Onsager virial theory were
used to explain the structure transition from random to aligned
growth.
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