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Large-Scale Synthesis of Aligned Carbon Nanotubes
Using FeCl; as Floating Catalyst Precursor
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The continuous interest in carbon nanotubes (CNTs) and nanotube arrays has led us to
discover new routes of high-yield and low-cost synthesis of CNTs with controlled tube
structure. Here we show that a dilute solution of FeCl; in toluene and N,N-dimethylamino-
acetate is a high-efficiency floating catalyst precursor in a chemical vapor deposition process.
The growth structure and the self-assembling behavior of the resulting multiwall tubes was
characterized using scanning and transmission electron microscopy. Clear indications are
provided of the participation of iron carbide in the tube formation at higher temperatures.
The characteristic cone-shaped morphology of the tubes is described in detail and discussed
in terms of its interesting practical implications.

1. Introduction

In the past decade, the synthesis of multiwall carbon
nanotubes (MWCNTSs) has attracted intense interest
because of the potential applications of MWCNTs for
electronic devices,! nanomechanical systems,? electro-
chemical energy storage and production,®~> scanning
probes and sensors,®~9 field emission sources,’°~15 and
composite materials.16=20 Various methods to grow
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CNTs have been developed (see the recent review
article?!) including arc-discharge,?223 laser ablation,?*
and chemical vapor deposition (CVD).25-28 One of the
remarkable advantages of the CVD method is that it
allows achievement of high CNT yields, high purity, and
excellent self-assembling of the nanotubes, if desired.
Distinguished variants of this technique are plasma-
enhanced CVD,?” template CVD,%° CVD on a preformed
substrate,’> and CVD using floating catalyst (CVD-
ufc).1530-38 The CVD-ufc technique has been proven very
effective in the synthesis of well-aligned and high-yield
CNTs, in particular. Compared with other methods, this
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technique avoids drawbacks such as noncontinuous
operation, special time-consuming preparation, or the
activation of a catalyst-impregnated material.

Up to now, ferrocene,30:39 Fe(CO)s36-38 and iron-(11)-
phthalocyanine (PcFe)343 have been the compounds
commonly used as floating catalyst precursors. In some
cases, to make CNTs, additional carbon sources must
be included because of the low carbon-to-iron ratio
within the pure precursor compound. It is generally
recognized that during high-temperature gas-phase
pyrolysis the precursor is decomposed and reduced, by
the hot H, atmosphere, to metallic iron in the form of
nanosized particles and ultrafine particle aggregates.
Whether, however, the subsequent filamentous carbon
and carbon tube growth is monitored by metallic iron
(a-Fe), or triggered by an intermediate iron carbide
phase (FeC, Fe,C, FesC, Fe;Cs) as the active catalyst,*0—42
is still a matter of debate.

Among the great variety of different morphologies of
tubular carbon species, conical shapes*3—4> and bamboo-
like structures®>46=48 are frequently observed features.
The formation of these types of morphologies is influ-
enced by a large number of parameters. Cones can be
made from a continuous graphene sheet by the intro-
duction of pentagons and heptagons into the hexagonal
graphitic network.*9-52 In the presence of a catalyst, the
catalyst particles have to be considered as taking part
in the formation of the pentagon/heptagon pairs.*° Also,
the transverse graphitic bridging of bamboo-structured
tubes appears to be a direct consequence of the catalyst
activity, so also is the formation of the rather exotic
coiled CNTs.5354 Altogether, the details of the particular
catalytic mechanisms of the various morphological
formations are not yet fully understood.

Recently, transition metal salts such as iron(lll)
nitrate have been explored in the CVD synthesis and
determined to be well-suited to catalyze the growth of
oriented nanotubes.5>56 In the present paper we report,
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Table 1. Operating Conditions and Product Parameters
of the Synthesis of MWCNTSs by Vapor Pyrolysis of a
Toluene/DMAc Solution of FeCls;

gas (flow pyrolysis FeCl3 fed tube tube
350—400  temp. conc. solution yield diam.

run mL/min) (°C) (wt. %) (mL) (mg) (nm)
A Ar 650—750 0.5 30
B H> 750—850 0.5 30 1278 100—250
C Ho> 650—750 0.5 30 896 30—150
D Ho 600—700 0.5 30 645 10-100

for the first time, the application of iron(l11) chloride
as a floating catalyst precursor and show its effective-
ness in the formation of multiwall CNTs and CNT
arrays. Because FeClj; is a non-carbonaceous compound,
we have introduced toluene to serve as the essential
carbon source in the pyrolysis process. Large-scale,
highly ordered MWCNT arrays were achieved, with
tube morphologies ranging from straight to cone-shaped
and regularly coiled. Detailed transmission electron
microscope and electron diffraction observations could
be related to particular growth mechanisms contribut-
ing to the filamentous tube formation. Special attention
was paid to the nature of the catalyst activity as well
as to the particulars of the conical growth characteris-
tics.

2. Experimental Section

The experimental setup was identical to the equipment used
for the catalytic gas-phase growth of MWCNTSs based on
ferrocene that was reported previously.®® A 0.5 wt % solution
of FeCl; in toluene and N,N-dimethylaminoacetate (DMAC),
which is a good solvent accelerator, was fed into a two-stage
tubular quartz reactor (inner diameter 35 mm, effective
heating length 650 mm) at a rate of about 0.3 mL/min along
with a H; flow of 350—400 mL/min. The quartz reactor was
equipped with a dual furnace and independent temperature
controllers. In the first stage, the solution was vaporized at
350—400 °C, far beyond its boiling temperature, then it was
carried by the H; flow into the second reactor stage, where
FeCl; became reduced to Fe in the hot H, stream at temper-
atures above 600 °C. Simultaneously, the vapor of toluene and
DMAc was cracked, thereby liberating C, and CH, species.
MWCNT growth was initiated at nanosized iron entities
precipitated either on the silicon substrate or on the quartz
surface of the reactor wall; from there the CNT arrays were
scraped off as mat-like lumps. The starting material compo-
nents, pyrolysis temperature, yield, and average tube diameter
are listed in Table 1.

Characterization of the CNTs was performed by scanning
electron microscopy (SEM) using a CamScan 4DV at 15 kV
accelerating voltage, equipped with a NORAN energy-disper-
sive X-ray (EDX) detector, as well as by transmission electron
microscopy (TEM) using a JEM 3010 operated at 300 kV.
Raman spectroscopy measurements were carried out using a
Jobin-Yvon LABRAM HR800 with 514.5-nm Ar laser excita-
tion.

3. Results

The CVD-ufc synthesis of CNTs has usually been
performed using a hydrogen/argon gas mixture in con-
nection with one of the above-mentioned catalyst pre-
cursors. Pure Ar gas is not able to reduce the catalyst
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Figure 1. Scanning electron micrographs of MWCNT arrays
produced by vapor pyrolysis of a toluene/DMAc solution of
FeCl; within a temperature region of (a) 750—850 °C (sample
B), (b) 650—750 °C (sample C), and (c) 600—700 °C (sample
D).

so that in experimental run A (Table 1) no CNTs but
only amorphous carbon particles have been formed. On
the other hand, runs B, C, and D using pure H, flow
are proved highly efficient in forming well-aligned
CNTs. The SEM micrographs displayed in Figure 1 give
clear evidence of the array character of self-assembled
nanotube arrangements achieved at pyrolysis temper-
atures between 600 and 850 °C. Within a certain
temperature range the arrays possess almost constant
layer thickness, i.e., equal tube lengths. They extend
over several square centimeters and are up to 100 um
thick. TEM observations show that with increasing
pyrolysis temperature there is a tendency toward sys-
tematically increasing average tube diameter; the re-
sults of the TEM measurements are given in Table 1
for the different growth conditions, along with an
estimation of the general yield of nanotubes.

Raman characterization of the pyrolyses products
reveals the typical features of MWCNTs (Figure 2)
without any significant differences among samples B
to D. The spectrum exhibits the peak frequencies of the
graphite (G) mode at 1576 cm~! and contains disorder
modes at 1351 cm~1 (D) and 1613 cm~! (D') along with
their overtones at 2693 cm™! (2 x D) and 3224 cm™1! (2
x D). The line at 2934 cm™1 is attributed to a combina-
tion of the graphitic and a disorder mode (G + D). %7

Hou et al.
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Figure 2. Raman spectrum of sample B (750—850 °C), which
is also representative for similar characteristic spectra of the
lower-temperature samples C and D.

Closer inspection, using scanning electron microscopy,
of a nanotube array surface in the side view reveals a
transversely oriented ripple pattern as shown in Figure
3a. By comparison with the TEM image in Figure 3b,
bamboo-like structuring of the tubes can be made
responsible for the appearance of the ripple pattern. A
rather regular spacing of transverse carbon bridges
inside a single tube and the lateral alignment of the
bridges across several tubes give rise to this trans-
versely extended structure. The catalyst particles were
typically found located at the topside ends of the CNT
arrays as shown in the TEM micrograph of sample C
in Figure 3c. The inserted nanobeam electron diffraction
pattern of a selected particle can be attributed to the
[1110pole pattern of alpha-iron (ferrite). The precise
orientation relationship between the particle and the
corresponding tube direction, however, must remain
unclear from this diffraction pattern.

Figure 4a illustrates that, besides the bamboo-type
morphology, tubes occur even without indications of a
transverse carbon bridge structure. As to the catalyst
particle at the top of the hollow tube, lattice imaging
reveals a set of lattice fringes parallel to the tube axis
separated by approximately 1.9 A (Figure 4b). The
evaluation of the high-resolution structure image in
Figure 6 suggests that they belong to an Fe3;C iron
carbide phase. Generally, the catalyst particles at the
tops of the CNTs show a drop-like shape up to a regular
conical shape with the cone and tube axes almost
coinciding, and with the larger diameter always facing
outward (Figure 4a,c). The particles are entirely encap-
sulated by graphene sheets, the number of which is
usually smaller at the top and bottom particle surfaces
than in the side walls (Figure 4c—f). Obviously, the
extent of the segmentation of the tubes by transverse
carbon bridging is closely related to the cone character
of the tubes. A general estimate is the following: the
larger the semi-apex angle of the cone the higher the
number of transverse sheets. Several fixed semi-apex
angles were observed, namely 5, 10, and 20°, with
corresponding sheet numbers increasing from 3 to about
20. In connection with this, it is important to notice the
tapering of the inner cone segments in Figure 4c—g
down to a diameter clearly smaller than the smallest
diameter of the respective particle cone. From that
observation it is evident that the nanotube walls must
have grown inward in the radial direction while the
catalyst particles have become lifted up during the
growth.

The graphene layers in a perfect cone-shaped MWCNT
are of finite width, they terminate at the inner and outer

(57) Li, W.; Zhang, H., Wang, Ch.; Zhang, Y.; Xu, L.; Zhu, K.; Xie,
S. Appl. Phys. Lett. 1997, 70, 2684.
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Figure 3. Electron micrographs of the overall nanotube structure of sample C: (a) SEM side-view of a nanotube array revealing
a transverse patterning across the aligned MWCNTSs (see arrows); (b) TEM close-up of a few nanotubes showing a bamboo-like
morphology related to the pattern in (a); (c) array portion including the top layer with the catalyst particles, (111) nanobeam

diffraction pattern of a-Fe inset.

Figure 4. TEM micrographs of typical growth structures of sample B (750—850 °C) MWCNTSs. (a) Tubes without and with
transverse carbon bridging; (b) lattice plane image of the catalyst particle area marked in (a); (c) completely encapsulated cone-
shaped particle; (d—g) compartments of bamboo-structured MWCNTSs revealing different semi-apex angles of conical growth and

related changes in the amount of transverse graphite bridging.

Figure 5. Lattice plane image showing a portion of a tube
wall with a semi-apex angle of approximately 5°, and with the
corresponding edges of terminating graphite sheets (open
circles). On the left side the starting point of an inner graphite
bridge can be seen.

tube surface. Numerous of those edges of terminating
graphene sheets are resolved in Figure 5 which shows
a close-up image of a tube wall, including part of a

transverse bridge structure. In other surface areas the
staggered edges are covered by irregular single carbon
layers parallel to the tube axis.

Usually, the catalyst particles encapsulated in the
nanotubes were completely single crystalline. Other
than the bcc o-Fe identified in Figure 3c of sample C
(650—750 °C), in the higher temperature sample B
(750—850 °C) the occurrence of iron carbides has been
observed. This carbide phase was proved by high-
resolution structure imaging of a particle as shown in
Figure 6 along with the power spectrum of the image.
The micrograph provides the [310] zone axis view of the
orthorhombic structure of cementite (FesC); the axis of
the encapsulating carbon tube coincides very precisely
with the crystallographic [135] axis of the FesC. A lattice
plane image of the carbide phase corresponding to the
above orientation is given in Figure 4b.

Among the carbon nanomaterial obtained by the
FeCls-mediated decomposition of toluene/DMACc, besides
the dominating straight or conical tubes one finds also
other morphological forms as, e.g., the coiled tube shown
in Figure 7. On the average, the tube diameters in those
helix-shaped forms vary between 10 and 50 nm, and the
diameter of a helix, which almost equals the pitch hight,
may range from about 50 to more than 200 nm. In
Figure 7a the coiled tube runs parallel with a straight
one and they touch each other periodically. The close-
up in Figure 7b provides clear proof of the hollow tube
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Figure 6. High-resolution TEM structure image of an Fe;C
catalyst particle seen along the [310] direction; inset is the
power spectrum of the image (tube axis arrowed).
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Figure 7. Portion of a helix-shaped MWCNT attached to the
surface of a straight nanotube; (b) high magnification image
of the cross-sectional ring pattern in the middle of (a).
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character of the helix-shaped multiwall CNT which
exhibits about 25 graphene layers.

4. Discussion

It is one important finding of this paper that large
arrays of highly ordered multiwall carbon nanotubes can
be grown by the pyrolysis of a solution of FeCls in
toluene/N,N-dimethylaminoacetate in a H, stream within
a temperature range between 600 and 850 °C. The
reaction temperature influences the CNT growth in a
quantitative manner in two respects: it determines the
diameter of the MWCNTS, and it controls their yield.
It is suggested that large-diameter CNTs originate from
large-sized catalytic particles, and vice versa.’53" It
seems reasonable to assume that the reduction of FeCl;
is especially effective at high temperature forming
larger amounts of particles with large diameter, whereas
a lower reaction temperature favors the formation of
small diameter particles.

Two growth mechanisms are discussed in the litera-
ture:*0:53 tip growth and base growth, regarding the two
possible pathways of carbon diffusion from above
(through the upper small particle), and from below
(through the supporting base particle). The results
discussed here are concerned with the first of the two
mechanisms. Accordingly, the deposition and extrusion
of carbon occurs in the contact region between the small
particle and the already formed tubule segment. In the
course of this process the small catalyst particle is lifted
away from the support due to the pressure exerted by
the growth of the carbon layers along the axial tube

Hou et al.

direction as well as by the lateral inward growth of the
tube wall. Thereby, the compressive forces cause the
liquid (or quasi-liquid) metal particle to adopt a conical
shape which will then further on determine the prin-
cipal growth characteristics.

In a large number of cases, the CNTs synthesized in
this work contain carbon bridges which span the lumen
of the tubes giving them a bamboo-like appearance. If,
temporarily, the local carbon flux is reduced, Figure 4a
confirms how tube growth may go on without any
further bridge formations. It can be observed that the
carbon bridges are normally associated with conical
growth characteristics of the CNTs. The fundamentals
of nucleation and growth of graphitic cones has been
discussed by Krishnan et al.,*° Ajayan et al.,>! and lijima
et al.52 Cones can be made from a continuous graphene
sheet by the introduction of pentagons into the hexago-
nal network leading to a limited number of fixed cone
types. Conically shaped CNTs were first reported by
Audier et al.;*® their structure and formation mecha-
nism have been analyzed recently by Blank et al.*®
Although nested cone structures with larger semi-apex
angles (9.59, 19.47, 30, 42.3, and 56.5°) can be formed
by the incorporation of pentagons,®® a semi-apex angle
of 4.78°%8 can be explained only by introducing heptagon/
pentagon pairs.*®> The semi-apex angles of the nanotubes
measured here are close to 5, 10, and 20° which very
well agrees with the results of CNTs produced in a hot
isotactic pressure apparatus.*®

Heptagon/pentagon pairs, along with kink defects, are
suggested to play the decisive role in the formation of
more complex morphologies, such as the coiled MWCNTSs
found by Bernaerts et al.,>* and in the present paper.
On the other hand, it is known that van der Waals forces
are able to induce radial elastic deformations of CNTs;%°
they may also explain the attractive interaction between
a straight and a parallel nanotube as seen in Figure 7a
and in examples given in the literature.>*

It has been pointed out by Baker*? and Boellard et
al.,** and adopted later on in the growth models of
Amelinckx et al.53 and Saito,*8 that the key step in the
catalytic growth of filamentous carbon is the diffusion
of carbon species through the catalyst particle. Recent
synthesis experiments of SWCNTSs using Ni as catalyst
by Gavillet et al.6%61 suggest the ability of liquid Ni
particles to incorporate a large amount of carbon, but a
decrease of the carbon solubility limit upon cooling. Bulk
diffusion of dissolved carbon through metal particles (Ni
and Fe/Co) has, e.g., been described by Bengaard et al.f?
and Holstein.53 We suppose that such a diffusion mech-
anism also contributes to the establishment of the
transverse carbon bridges which cross the MWCNT
walls at intervals lending the tubes a bamboo-like
shape. The absorbed carbon is excreted at the bottom
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and the side of the particles and consecutively segre-
gates as graphite without extended slippages of already
formed layers.*248 In that view, thickness growth of the
tubes occurs from the inside. A scenario that proposes
the deposition of carbon from the inside at the contact
region between the particle and the growing edge of the
inner tubule is consistent with the growth of cone-
shaped graphitic scrolls with definite chirality®* as with
a nested cone growth.*> The tube growth proceeds
discontinuously by accumulation of compressive stresses
within the extending CNT compartment and jumping
the particle to the top of the tube*® when a certain
threshold value is reached.

It is commonly thought that graphite layers com-
pletely covering the particle at the top of a tube inhibit
further tip growth, and that any continuation of growth
may presumably occur from the support.35404453 On the
other hand, one cannot exclude the possibility that
metal atoms are able to penetrate through the capping
graphite layers due to the high temperature treatment
during pyrolysis. The frequently observed small par-
ticles adhering to the outer tip surface of a tube,
sometimes facing an internally enclosed larger particle,
may be interpreted as indications of a metal-through-
carbon migration process. Clear proofs of such a migra-
tion have been given by the in situ studies of Banhart
et al.,55 and by Sinclair et al.,’® and are confimed by
our own experiments published elsewhere.®’

Although the catalytic activity of metal particles in
filamentous growth of carbon has been known previ-
ously,*0=44 the mechanisms of the catalytic process are
not yet exactly clarified. Regarding the CVD-ufc tech-
nique for producing well-organized carbon nanotubes,
until recently it has been an open question whether the
metal or a metal carbide is the active entity. However,
using microdiffraction and high-resolution imaging Sin-
clair et al.55%8 proved the participation of the iron
carbide phase cementite in the graphitization of amor-
phous carbon. The determining role of platelets of a
metal carbide phase in the root growth mechanism of
SWCNTSs has been shown in HRTEM and energy filter
transmission electron microscopy (EFTEM) studies of
Gavillet et al,®® and also in the metal—carbon interac-
tion during iron-catalyzed CO decomposition described
by Blanck et al.”? as being accompanied by an a-Fe —
FesC transformation through an intermediate hexago-
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nal e-Fele-Fe,C phase. The evidence we have gained
here of the presence of a-Fe in the medium-temperature
MWCNTS, but Fe3C particles in the high-temperature
pyrolysis products, are in close agreement with these
considerations. The migration and dissolution of carbon
inside the metal particles is inherently linked with the
carbide formation process.

5. Conclusions

In this paper a novel route of the synthesis of
MWCNTSs has been established using iron(l11) chloride
in a toluene/N,N-dimethylaminoacetate solution and
600—850 °C hot H, atmosphere as floating catalyst
precursor. The decomposition products of toluene and
DMACc serve as carbon sources for the CNT formation.
Advantages of the new metal salt catalyst, such as easy
availability and handling, nontoxicity, low price, and
ease of volatilazation, even hold in combination with the
toluene precursor which is less toxic than the widely
used benzene. The iron atoms remaining after the
reduction of FeCl; and precipitated on the substrate
surface aggregate to nanoparticles which act as catalytic
centers for the nanotube growth. Evidence was obtained
that the catalytic mechanism involves a phase transition
from metallic iron to iron carbide. The final synthesis
products consist of up to 100-um thick, large-scale, self-
assembled arrays of well-aligned MWCNTSs in the
diameter range of 10—250 nm; the catalytic particles
are located on the topside end of the CNTs. The
nanotubes synthesized in this way show well-defined
morphologies: either straight, slightly conical, or coiled.
Excellent alignment of densely packed tubes within
nanotube arrays is achieved as compared to similar
array formations described in the literature.

The catalytic route described here may be of consider-
able practical importance in future CNT array produc-
tion for application in electrical or magnetic devices.
Furthermore, MWCNTSs composed of cone-shaped gra-
phitic sheets may turn out to be especially useful in the
development of new intercalation compounds. The coni-
cal growth characteristics implies an “opening” of the
graphitic layer structure of the nanotube walls: each
single graphene layer, in case of a nested cone structure,
or the edges of chiral graphene layers, in case of a scroll
structure, terminate at the inner as well as the outer
tube surface. As a consequence of this, the structure
becomes more likely accessible to doping by electron
donors or electron acceptors to control their electronic
properties,’72 or to hydrogen storage by intercalation.”
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