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Manganese-Catalyzed Surface Growth of Single-Walled Carbon Nanotubes with High
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We demonstrate that manganese (Mn) can catalyze the growth of single-walled carbon nanotubes (SWNTs)
with high efficiency via a chemical vapor deposition process. Dense and uniform SWNT films with high
quality were obtained by using a Mn catalyst, as characterized by scanning electron microscopy, Raman
spectroscopy, atomic force microscopy, and transmission electron microscopy. Moreover, we found that the
surface property of the substrate plays a critical role in the growth efficiency of SWNTSs. By deposition of a
thin oxide layer (SiO, or Al,Os3) on the top of a SiO,/Si substrate, the growth efficiency of SWNTs was
dramatically improved. The successful growth of SWNTs by Mn catalyst provides new experimental
information for understanding the growth mechanism of SWNTs, which may be helpful for their controllable
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Introduction

Because of the unique structure and excellent properties,
carbon nanotubes (CNTs), especially single-walled carbon
nanotubes (SWNTSs), have attracted a great deal of attention as
model systems for nanoscience and for various applications.!
Both theoretical calculations and experimental results suggest
that a SWNT can be either metallic or semiconducting,
depending on its diameter and chiral angle, i.e., (n,m) index.?
Therefore, controllable synthesis of SWNTs is of great impor-
tance for their practical applications, in particular in electronic
devices.!

Recent experimental® > and theoretical®” investigations show
that the controllable synthesis of SWNTSs can be realized in some
degree by careful selection of catalyst elements*%’ or their
alloys.3>° For instance, high chiral angle (6,5) and (7,5) SWNTs,
occupying a total of 57% of semiconducting SWNTSs, can be
obtained by the use of Co—Mo alloy catalyst;? while (6,5) or
(8,4)-dominant SWNTs can be selectively synthesized with
Fe—Ru alloy catalyst.> By using first-principles calculations,
Yazyev et al. suggested that relative stability of SWNT nucleus
varies significantly with different metals as well as SWNT types.
This reveals that the chirality distributions of the as-synthesized
SWNTs can be controlled by using different catalyst elements.”
The calculated results reported by Ding et al. using density
functional theory (DFT) also indicate that by adjustment of the
chemical composition of catalyst particles the carbon—metal
adhesion strength would be systematically changed. This
influences the chirality of SWNT products, for instance, zigzag-
predominated SWNTs can be fulfilled by using special designed
metals or their alloys.® Therefore, exploration of the possibility
of growing SWNTs using different catalyst systems is of great
importance both for their controllable synthesis as well as for
understanding of their growth mechanism. Besides the com-
monly used catalysts, iron-group metals (Fe, Co, Ni) and their
alloys®~!! for the growth of SWNTs, recent experimental results
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have demonstrated that inert coinage metals (Cu, Ag, Au),*!%13
heavy late-transition metals (Pd, Pt),'> Re'* and even semicon-
ductor nanoparticles (Si, SiC and Ge)"> can also be used for
the catalyzed growth of SWNTs in the chemical vapor deposi-
tion (CVD) process. Moreover, Zhou et al. found that a high
percentage of metallic SWNTSs were obtained using Cu catalyst.*

Manganese (Mn), located near iron in the periodic table of
elements, is widely used as a cocatalyst in various chemical
reactions, such as Rh- or Fe-catalyzed Fischer—Tropsch
synthesis!®!7 and n-butane isomerization reaction.'® The addition
of Mn is considered to be able to attract oxygen from CO and
facilitate the dissociation of CO in the Fischer—Tropsch
synthesis process!® and can influence the dispersion of Fe
catalyst in the n-butane conversion reaction.!® However, Mn is
rarely used as catalyst for CNT synthesis. Moreover, it has been
predicted, based on carbon—metal binary phase diagrams, that
Mn is not a suitable catalyst for CNT growth because of kinetic
reasons of carbon diffusion and multiple carbides formation.!®

In this contribution, we demonstrate that Mn can be used as
catalyst for efficient growth of SWNTs by using a CVD method.
Moreover, it was found that the growth efficiency can be
dramatically improved by changing the substrate’s surface
property. Dense and uniform high-quality SWNT thin films were
obtained on the SiO,/Si substrate capped by an additional 10-
nm-thick SiO, or Al,Oj3 layer.

Experimental Section

A. SWNT Synthesis. Ten mM ethanol solution of manga-
nese (II) chloride (MnCl,) was used as catalyst precursor. Two
kinds of substrates were employed in our experiments. One is
silicon wafer covered with 1-um-thick thermally oxidized SiO,
at 1000 °C (type 1). The other substrate (type 2) was prepared
by depositing an additional 10-nm-thick SiO, or Al,O3 layer
on type 1 substrate with a high deposition rate of 1 A/s using
an ion-beam assisted deposition technique (Gatan Model 682
precision etching coating system) at room temperature. For the
loading of Mn catalyst on the substrate, we simply immersed

UJ 2008 American Chemical Society

Published on Web 11/12/2008



19232 J. Phys. Chem. C, Vol. 112, No. 49, 2008

Intensity (a.u.)
o

Mn Mn
A A

[) 2 4 6 8 10
Energy (KeV)

Liu et al.

Figure 1. (a) Low-magnification and (b) high-magnification SEM images of the as-grown dense and uniform SWNT films. The SEM images were
obtained at a low electron accelerating voltage of 1 kV, because surface grown SWNTs can be seen at low voltage*$~11132!1 due to enhanced
secondary electron emission from the nearby insulator surface.?’ (c) EDS spectrum of the substrate after SWNT growth. (d) HRTEM image of an

individual SWNT, and the inset is its enlarged image.

the substrates into MnCl, ethanol solution for 10 s followed by
blow-drying with high-purity Ar gas.

The SWNT synthesis was performed in a Lindberg/Blue M
tube furnace equipped with a 25 mm diameter quartz tube. To
obtain a stable gas flow, a small quartz tube with a diameter of
10 mm was employed to load the substrate,!! which was then
inserted into the 25 mm reaction tube. Mn catalyst precursor
was first calcined with 50 standard cubic centimeter per minute
(sccm) of N, + O3 (4:1, v:v) gas mixture for 10 min at 850 °C
and then reduced with 100 sccm Ar + 200 sccm H; for 10
min. After these catalyst pretreatment processes, the furnace
was heated to 900 °C under Ar + H, gas mixture and the
reaction was ignited by adding 500 sccm of CH4 as carbon
source. Typically, the growth process sustained for 20 min, and
was then terminated by switching off the CH4 gas. After growth,
the furnace was cooled down naturally to room temperature
under the protection of Ar + H, gas mixture.

B. SWNT Characterization. The as-grown SWNTs were
characterized by scanning electron microscopy (SEM, LEO
SUPRA 35 and Nova NanoSEM 430, operated at 1 kV for
imaging® and 20 kV for energy dispersive spectroscopy (EDS)),
atomic force microscopy (AFM, multimode NanoScope Illa,
Vecco, operated in tapping mode), Raman spectroscopy (Jobin
Yvon HR800, excited by 632.8-nm He—Ne laser with laser spot
size of ~1 um?), and high-resolution transmission electron
microscopy (HRTEM, JEOL 2010, operated at 200 kV and
Tecnai F30, operated at 300 kV).

Results and Discussion

Figure 1 exhibits the typical results of the as-grown SWNTs
on type 2 substrate (with a 10-nm-thick SiO, layer coated on
type 1 substrate). We can see clearly from parts a and b of Figure
1 that a dense and uniform SWNT film is obtained by using
Mn as catalyst. Such large-area uniform SWNT films show
attractive applications in SWNT based thin-film transistors.?!
The black spots in Figure 1a are bared substrate without SWNT's
grown on it, as proven by high-magnification SEM images
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Figure 2. Raman spectra of SWNTs from three different positions of
the same sample in Figure 1. The peaks at ~303 cm™! are from SiO»/

Si substrate and used for the calibration of SWNT Raman spectra. The
inset shows typical G band and D band feature of the sample.

(Figure 1b). Figure 1c is a typical EDS spectrum of the substrate
after SWNT growth, showing the presence of Mn. It is needed
to point out that Fe, Co, Ni, and any other metal elements were
not found in the sample, indicating that it is Mn that acts as
catalyst in the growth process. We also conducted TEM to
investigate the detailed structure of SWNTs. To retain the
original morphology of the as-grown SWNTs, we directly
scratched the substrate surface with a TEM grid for sample
preparation. Though it is very difficult to observe SWNTs from
surface growth by HRTEM, careful observations reveal that the
as-grown SWNTs possess a high-quality and clean surface, as
shown in Figure 1d. Moreover, most SWNTs are found to be
individual ones, while very small bundles were occasionally
seen in our HRTEM observations.

Raman spectroscopy provides a powerful tool to characterize
the diameter and quality of SWNTSs. Figure 2 shows Raman
spectra of three different positions of the same sample in Figure
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Figure 3. (a) A representative AFM image of SWNTs at a low-density area. (b) The corresponding topographic height profile along the white line
in part a, with the SWNT heights indicated by black arrows. (c) Diameter distribution of the SWNTs obtained from AFM measurements of 150
SWNTs, with the dotted ellipse indicating SWNT bundles. Inset: HRTEM image of a small SWNT bundle (~3 nm) occasionally observed in the

sample.

Figure 4. (a) Short and sparse SWNTs grown on the type 1 substrate, denoted by black arrows. (b) Dense and uniform SWNT thin film grown
on the type 2 substrate. All the other growth parameters kept the same in our experiments except for the substrates.

1, and several radial breathing mode (RBM) signals were found
from one laser spot (~1 um?). The RBM frequencies are in the
range of 120—310 cm™!, which suggests that the diameter of
SWNTs in our sample is distributed from 0.8 to 2.1 nm,
according to the formula d; = 248/wgrpm.>> We should point
out that large SWNTSs (>2.5 nm) can not be probed by Raman
spectroscopy due to their very small Raman cross sections. It
is known that the D band is related to vacancies, impurities, or
other symmetry-breaking defects in SWNTs. The presence of
RBM and the low intensity ratio (~0.04) of the disorder-induced
D band to tangential G band (shown in inset of Figure 2) further
prove the high quality of SWNTSs obtained.

AFM was also employed to investigate the diameter of
SWNTs. Because the crossing of nanotubes has a great influence
on the real height evaluation of SWNTs, we intentionally
selected the areas with relatively low SWNT density during the
AFM measurements. Figure 3a presents a representative AFM
image of such a low-density area. The corresponding topography
height profile along the white line in Figure 3a is shown in
Figure 3b. On the basis of AFM measurements on 150 tubes,
we obtained the diameter distribution of the SWNTS, as shown
in Figure 3c. The SWNTs have a relatively small average
diameter of 1.1 nm, with most of them having a diameter less
than 2.0 nm (131 tubes in 150, i.e., 87%). This result is in
agreement with that obtained by Raman spectroscopy. The
topographic height larger than 3.0 nm shown in parts b and ¢
of Figure 3 is suggested to be related to small SWNT bundles
(inset of Figure 3c), since multiwalled carbon nanotubes
(MWNTs) were not found from the HRTEM observations.

Our results also demonstrate that a small difference in
substrates can lead to a remarkable difference on the growth
efficiency of SWNTs. Type 1 substrate is a single crystal silicon
wafer covered by 1-um-thick thermally oxidized SiO, and was
widely employed in the surface growth of SWNTs. 4811 By
using this kind of substrate, we found that only very short (<10
um) and sparse SWNTs were obtained with Mn catalyst, as
indicated by the black arrows in Figure 4a. However, on type
2 substrate, which was obtained after depositing a 10-nm SiO,
layer on type 1 substrate, it is surprising to find that the growth
efficiency of SWNTs was dramatically improved (Figure 4b).
It is important to note that the only difference for the growth of
these two samples is the substrate employed, with all other
growth parameters remaining the same. Another distinct dif-
ference between these two samples observed from parts a and
b of Figure 4 is that there are many big catalyst islands, several
micrometers in size, on the type 1 substrate, while no catalyst
island was found on the type 2 substrate. These results indicate
that Mn catalyst particles can easily aggregate into big particles
or islands that are no longer suitable for the growth of SWNTs
on the type 1 substrate, resulting in very poor growth efficiency.

Delzeit et al. reported that depositing a 1—20-nm thin metal
film (such as Ir, Al, Nb, or Ti) under the catalyst Fe film can
improve the density of as-grown SWNTs on substrate, and they
attributed this to an increase of the surface roughness of the
substrate.”® To elucidate the difference of SWNT growth on
different substrates in our experiments, we used AFM to
investigate the surface roughness of these two kinds of
substrates. The three-dimensional (3-D) AFM images are shown
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Figure 5. 3-D AFM images of a5 x 5 um? area on (a) type 1 substrate
and (b) type 2 substrate, showing a similar surface roughness. (c), (d)
5 x 5 um? AFM images and the corresponding height cross-sections
of catalyst particles on type 1 (c) and type 2 (d) substrates. The catalysts
were first calcined in N, + O, followed by reduction in Ar + Ha, just
prior to CHy4 exposure.

in parts a and b of Figure 5. We do not find any notable
difference in surface roughness between these two kinds of
substrates, and both of them have a roughness of ~1—2 nm.
Thus, we believe that there is no direct relationship between
SWNT yield and the substrate roughness, and there should exist
other mechanism responsible for this remarkable difference in
growth efficiency.

Despite the similar surface roughness, the SiO, upper layer
on type 1 substrate, which was grown by thermal oxidation of
silicon at high temperature, is a dense and uniform film.2* But
the SiO, layer on type 2 substrate was prepared by sputtering
technique at room temperature. Brunet-Bruneau et al. investi-
gated the properties of evaporated SiO, films by using infrared
ellipsometry and found that such a deposited SiO; film had a
complex structure with lower density (even lower than fused
silica) and possessed high pore volume fraction.?>¢ The newly
deposited SiO; film also undergoes a loose contact at the
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interface and exhibits inhomogeneous structure.?” Therefore, we
speculate that the newly deposited SiO, film (type 2 substrate)
is in some degree similar to the porous catalyst support materials
(such as porous SiO;, Al,O3, and MgO) commonly used for
bulk growth of SWNTs.>>28 Such a loose and porous SiO, layer
can protect catalyst particles from aggregation and provide more
suitable catalyst nanoparticles for SWNT growth.?>?8 This point
can be confirmed by the AFM results, as shown in parts ¢ and
d of Figure 5. The catalyst particles on type 1 substrate (Figure
5c) typically aggregate into large island structures while they
are well scattered in type 2 substrate (Figure 5d). The average
size derived from Figure 5d is 3.1 nm, which is suitable for
SWNT growth. As a result, SWNT can grow more efficiently
on the type 2 substrate than on the type 1 substrate.

To demonstrate the applicability of Mn catalyst as well as
highlight the importance of deposited film, we performed the
growth of SWNTSs using Mn catalyst on 10 nm Al,O3 layer-
coated type 1 substrate (the Al,O3 layer was deposited in a way
similar with that of SiO, upper layer on type 2 substrate and
the growth parameters were kept the same). The SEM image
(Figure 6a) and corresponding Raman spectrum (Figure 6b)
demonstrate the high-efficiency growth of SWNTs on the 10
nm Al,O3 coated type 1 substrate. We can see a thin SWNT
film with much higher density was obtained on 10-nm Al,O3-
coated type 1 substrate than that of type 1 substrate (Figure
4a). We believe that this simple film deposition method can
also be applied to improve the efficiency in surface growth of
SWNTs using other catalysts, such as commonly used Fe, Co,
and Ni.

From the C—Mn binary phase diagram, C atoms have a
solubility of ~0.5 at % in C—Mn solid solution in the growth
temperature (900 °C).?° Thus, C atoms can diffuse in a
significant amount into the nanoscaled Mn particles to catalyze
the growth of SWNTs through a traditional vapor—liquid—
solid process.

Structure-selective synthesis of SWNTs is of critical impor-
tance while the aborative choice of catalysts is one of the feasible
strategies toward such goal.3~7!3 First, both the interaction
between the SWNT nucleus and metallic catalysts and the
relative stability of SWNT nucleus vary remarkably with metal
species as well as SWNT types.” Second, whether a SWNT
nucleus can grow into a SWNT or not depends on the competing
of carbon—metal adhesion strength against cap formation energy
(the carbon—metal adhesion strength must be stronger than the
cap formation energy to sustain SWNT growth), while their
relative strength can be modified by varying metal species and
SWNT chiralities.® In addition, the difference of interatomic
distance for different catalysts can affect the dissociation of
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Figure 6. SEM image (a) and Raman spectrum (b) of the SWNTSs grown on a 10-nm Al,Os-coated type 1 substrate.
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hydrocarbon, then carbon feeding rate, and consequently the
growth behavior of SWNTs. These theoretical works reveal that
the catalyst type is one of the important parameters to determine
the structure of grown SWNTs. Therefore, we believe that the
growth behavior and the resulting structural characteristics of
SWNTs (such as the metallic to semiconducting ratio of SWNTs
and their chirality distribution) prepared by Mn catalyst may
be different from other catalysts or their alloys. Further
understanding on the Mn-catalyzed growth mechanism and
detailed structural analysis of SWNTs compared with SWNTs
catalyzed from other metals (such as Fe and Co), using
photoluminescence excitation/emission'*> and optical adsorption
spectra,!® are very important.

Conclusions

We demonstrate that Mn, a previously rarely used catalyst,
can be used for the high-efficiency growth of SWNTs. It is also
found that the surface property of the substrate plays a critical
role in the growth efficiency of SWNTs. By deposition of a
10-nm-thick oxide layer (SiO; or Al,03) on a thermally oxidized
Si substrate, the SWNT growth efficiency can be greatly
improved and dense and uniform SWNT films with high quality
were obtained. The successful growth of SWNTs by Mn catalyst
provides new information for the understanding of the growth
mechanism of SWNTSs and will be helpful for their controllable
synthesis.

Additional remark: During the preparation of this manuscript,
we became aware of a related work on growth of SWNTs by
using Mn and other metal catalysts from Prof. Liu’s group in
Duke University was just published.?°
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