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The number of graphene shells on carbon nanotubes (CNTs) can be rationally controlled to yield high-
density, vertically aligned single- and double-walled CNTs. This was obtained by thermal chemical vapor
deposition at 700°C without the use of etching agents such as water, oxygen, or plasma. The key factors for
this success are controlled dissociative adsorption of acetylene (C2H2) molecules and subnanometer thickness
control of the Al/Fe/Mo trilayer films. We propose that an Al concave meniscus confines the actual growth
surface areas of Fe/Mo catalytic nanoparticles and enables the control of the number of graphene shells on
CNTs.

Structural and electronic properties of single-walled carbon
nanotubes (SWCNTs) are attractive for applications such as
nanoelectronic devices1-3 and chemical and biological sensors.4,5

On the other hand, double-walled carbon nanotubes (DWCNTs)
have recently gained attentions for their relatively more stable
thermal and structural properties than those of SWCNTs.6,7

Despite these promises, the effective growth of SWCNTs and
DWCNTs with the desired number of graphene shells is
challenging. The most effective growth mode requires that most
of the catalysts on the substrates remain active and lead to the
growth of high-density, vertically aligned (VA) nanotubes. This
optimum growth mode is now achievable for multiwalled carbon
nanotubes by conventional thermal chemical vapor deposition
(CVD).8-11 However, the understanding on growing VA-
SWCNTs and VA-DWCNTs by thermal CVD is still at the
infancy.

Most reported SWCNTs and DWCNTs were grown at high
temperatures (∼1000°C) in a random form.12,13 Murakami et
al. demonstrated the growth of VA-SWCNTs at 800°C by using
ethanol as the source gas.14 VA-SWCNTs were also obtained
by using plasma-enhanced chemical vapor deposition (PECVD)
techniques.15,16Recently, VA-SWCNTs were grown at 750°C
by a water-assisted thermal CVD technique using ethylene as
the source gas.17 Dai et al. reported the growth of VA-SWCNTs
at 720 °C by oxygen-assisted inductively coupled radio fre-
quency PECVD using methane as the source gas.18 All of these
techniques involved the use of plasma, oxygen, or water, which
have etching and oxidation effects.

Here, we report the control of a number of graphene shells
on CNTs at 700°C without the use of etching agents. This has
led to the growth of VA-SWCNTs and VA-DWCNTs simply
by conventional thermal CVD. Our experiments were guided
by the molecular dynamics of the dissociative adsorption of
acetylene (C2H2) molecules on an Fe catalyst.19 Our growth
model suggests that the decomposition rate must be controlled

to achieve equilibrium with the rates of the subsequent carbon
diffusion into the catalysts and the carbon segregation from the
catalysts.

We have chosen to use Al/Fe/Mo trilayer catalyst films,20

which are effective for the growth of SWCNTs. We first tested
the functions of Fe, Mo, and Al in the trilayer catalyst films.
We used pulsed-laser deposition8 to coat (i) Fe, (ii) Fe/Mo (Mo
on Fe), (iii) Al/Fe (Fe on Al), and (iv) Al/Fe/Mo (Mo on Fe on
Al) films on oxidized Si substrates. The thicknesses of Al, Fe,
and Mo were 10, 0.5, and 0.1 nm, respectively. The catalyst-
coated substrates were annealed in the quartz tube chamber of
our thermal CVD system at 700°C in the flow of H2 gas for
10 min to create catalyst particles. This was followed by a 1 h
growth using acetylene and H2 gas (C2H2 ) 3 sccm and H2 )
120 sccm).

Figure 1 shows Raman spectra and corresponding scanning
electron microscopy (SEM) images (insets) of the CNT films
grown by different catalyst films. As shown in Figure 1a, the
sample grown by the Fe catalyst does not indicate the disorder
(D) and the graphitic (G) peaks, which correspond to the K-point
phonons of A1g symmetry and the zone center phonons of E2g

symmetry of graphite, respectively.8,19 This is due to the fact
that very few short MWCNTs were grown, as shown in the
inset. When Fe/Mo films were used for the growth, both D and
G peaks were detected, as shown in Figure 1b. This is due to
the increase of nanotube density and length, as shown in the
inset. This result indicates that Fe/Mo is relatively more effective
for the growth of CNTs at 700°C. It is interesting to detect D
and G peaks as well as the radial breathing mode (RBM) of
SWCNTs from a sample grown by Al/Fe catalysts (Figure 1c).
The density of CNTs has increased (inset) and is dominated by
SWCNTs, as indicated by a relatively intense G peak and the
shoulder at the lower frequency of the G peak. This means that
the Al underlayer has facilitated the Fe catalyst for the growth
of SWCNTs. The best result was obtained when the Al/Fe/Mo
trilayer films were used, as shown in Figure 1d. Denser
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SWCNTs were grown (inset) with a stronger and sharper RBM
and G peaks.

As guided by our growth model, we have systematically
increased the flow of the acetylene gas, which leads to the
growth of high-density SWCNTs at 10 sccm, as shown in
Figure 2a-d. The density of these SWCNTs is high and leads
to the appearance of a smooth-top surface at low magnification.
Cracking is observed from this sample, as also observed on other
high-density SWCNTs, probably due to mechanical and thermal

stress during the growth and the handling processes.15,16 The
length of these SWCNTs is∼170 µm as grown in 10 min.
Transmission electron microscopy (TEM) indicates that some
SWCNTs can be as large as∼2.3 nm in diameter, as shown in
Figure 2e and f. TEM sampling indicates that these are 100%
of the SWCNTs without an observable trace catalyst. We believe
that the growth of these SWCNTs follows the base growth mode
and that all of the catalysts remain on the substrate surface.
This is confirmed by the inspection of the SEM after the
scratching of some SWCNTs from the substrate. Raman spectra
in Figure 2g show intense RBM peaks and the split G peak of
SWCNTs. The diameters of these SWCNTs are calculated as
∼ 0.9, 1.33, 1.8, and 2.25 nm by using the relationω (cm-1) )
248/d (nm), whereω is the wavenumber of the Raman shifts
andd is the diameter of the nanotubes.21

We have explored controlling the number of graphene shells
on the nanotubes. We have first doubled the thickness of the
Fe and Mo films, that is, using Al, Fe, and Mo films of 10, 1.0,
and 0.2 nm, respectively. It is known that DWCNTs require
thicker catalyst films than those needed for the growth of

Figure 1. Raman spectra (laser excitation wavelength is 632 nm) and
corresponding SEM images (insets) of CNTs grown by using (a) Fe,
(b) Fe/Mo, (c) Al/Fe, and (d) Al/Fe/Mo catalysts. Scale bars are
500 nm.

Figure 2. Images of VA-SWCNTs. (a-d) SEM images taken at
different magnifications at a tilted angle of 45°, (e-f) HRTEM images
showing bundles of SWCNTs, and (g) Raman spectrum of the
corresponding SWCNT film (laser excitation wavelength is 632 nm).

Figure 3. Images of high-density vertically aligned DWCNTs. SEM
images were taken at a tilted angle of 45° with (a) low and (b) high
magnification. TEM images at (c) low and (d) high magnification. (e)
Raman spectrum of a DWCNT film (laser excitation wavelength is
632 nm).

Figure 4. Conceptual diagrams showing (a) diffusion and sintering
of Fe/Mo nanoparticles on oxidized Si substrates, (b) sinking of the
Fe/Mo nanoparticles into the Al melt, and the growth of (c) VA-
SWCNTs or (d) VA-DWCNTs at optimum supplies of acetylene source
gas and appropriate sizes of Fe/Mo nanoparticles.
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SWCNTs.22 Then, we increased the supply of acetylene
systematically from 10 to 50 sccm to accommodate the growth
of the additional graphene shell. By this approach, VA-
DWCNTs were successfully grown, as shown in Figure 3a and
b. These VA-DWCNTs could be grown as long as 16µm long
in 1 min. TEM images of these DWCNTs are shown in
Figure 3c and d. As estimated by TEM, these samples contained
more than 80% of DWCNTs, with some SWCNTs and
MWCNTs. The diameters of these DWCNTs can be as large
as ∼4 nm, with possible RBM signals at a Raman shift
< 70 cm-1, which are beyond the detection limit of the
spectrometer (cutoff∼100 cm-1), as shown in Figure 3e. RBM
signals at higher Raman shifts were also not detected due to
the small contents of SWCNTs. Amorphous carbon was detected
at the sidewalls of these DWCNTs. These could have contrib-
uted to a strong D peak as compared to that in SWCNTs.

There are two major factors for the controlled growth of VA-
SWCNTs and VA-DWCNTs at relatively low temperatures. The
first factor is the effective Al/Fe/Mo catalysts. The second factor
is the controlled dissociative adsorption of acetylene molecules.19

The controlled supplies of the hydrocarbon molecules are
important,23 otherwise this will lead to random SWCNTs12,20

or multiwalled nanotubes,24 even when Al/Fe/Mo catalysts are
used. The exothermic process can also create higher tempera-
tures near the catalyst surfaces and supply the formation energy
for folding small curvature graphene shells.

The use of Fe or Fe/Mo catalysts alone cannot form small
catalytic particles for SWCNTs and DWCNTs due to the
aggregation of nanoparticles (Figure 4a). The results in
Figure 1 indicate that the Al underlayer plays some important
roles for growing SWCNTs. Al has a relatively low melting
point (660.37°C). Since the density of Fe (7.86 g/cm3 at
293 K) and Mo (10.22 g/cm3 at 293 K) are higher than that of
Al (2.702 g/cm3 at 293 K),25,26Al will remain as a liquid layer
and cause the Fe/Mo nanoparticles to sink into the melts, as
shown in Figure 4b. Since the cohesive energy of Al-Al bonds
(3.39 eV/atom) is lower than the cohesive energies of Fe-Fe
(4.28 eV/atom) and Mo-Mo (6.82 eV/atom),23 capillary activity
will cause Al liquid to form a concave meniscus around the
Fe/Mo nanoparticles, as shown in Figure 4. In this way, the
actual area of the catalysts that is exposed for the growth of
CNTs is smaller and thus enables the growth of SWCNTs
(Figure 4c). In addition, Al could have increased the resistance
against surface diffusion of the Fe/Mo nanoparticles and
prevented sintering. Larger Fe/Mo particles can be formed with
thicker Fe/Mo films. At an optimum film thickness, appropriate
areas of the Fe/Mo nanoparticles will be exposed to the acetylene
molecules for the growth of DWCNTs (Figure 4d). We cannot
exclude the presence of oxides (including AlxOy

12) in the catalyst
films. However, since our samples are pretreated and grown in
the flow of H2 gas, the contribution of oxides should be
minimum.

To supplement our discussion on the function of the trilayer
catalyst, a series of catalyst films have been annealed at

700 °C in the flow of H2 gas for 10 min, as outlined in the
pretreatment process described earlier. These samples were then
cooled to room temperature in the flow of H2 gas. The surface
morphologies of these samples were then examined by SEM
and are shown in Figure 5a, b, and c for (i) Fe/Mo (Mo on Fe),
(ii) Al, and (iii) Al/Fe/Mo (Mo on Fe on Al) films, respectively.
The thickness of the Al, Fe, and Mo films were 10, 0.5, and
0.1 nm, respectively. As shown in Figure 5a, the Fe/Mo film
coated on an oxidized Si substrate has transformed into spherical
nanoparticles with diameters of 10-30 nm, consistent with that
illustrated in Figure 4a. The 10 nm thick Al film appears to
form a smooth thin film after the annealing, as shown in
Figure 5b. The Fe/Mo film coated on a 10 nm thick Al film
has formed nanoparticles of∼10-15 nm, as shown in
Figure 5c. The appearance of these nanoparticles is different as
compared to those in the case in Figure 5a. We interpret this
appearance as spherical nanoparticles that are partially sunk into
the Al film. We believed that the surfaces of these Fe/Mo
particles are partially coated with Al due to the concave
meniscus formed by the capillary activity discussed earlier. Thus,
the actual Fe/Mo catalyst surfaces exposed for the growth of
CNTs are smaller than that indicated by their diameters. Since
Fe is also a good catalyst for the growth of boron nitride
nanotubes (BNNTs)27 and the dimensions of the catalyst
particles have been shown to control the diameters of boron-
carbon nitride (BCN) nanotubes,28 we think that the use of the
Al/Fe/Mo films discussed here could be useful for the growth
of BNNTs and BCN nanotubes.

In summary, rational control of the number of graphene shells
on CNTs was obtained at 700°C by conventional thermal CVD.
Both an optimum flow rate of acetylene gas and Al/Fe/Mo
trilayer catalysts are important for the growth of these VA-
SWCNTs and VA-DWCNTs. This result indicates that further
understanding of the dissociative adsorption of acetylene
molecules and the functions of the trilayer catalyst is important
for the effective growth of SWCNTs and DWCNTs at low
temperatures.
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