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It is well-known that metal nanoparticles (NPs) are indispensable for
the growth of single-walled carbon nanotubes (SWNTSs) by chemical vapor
deposition (CVD). The Fe family of elements is known to be the most
effective group of catalysts. However, in the past three years many other
metal NPs such as Au,' > Ag,' Cu,'* Pd,' Rh,> semiconductors NPs
such as Si and Ge,? carbides such as SiC* and Fe;C.° and more recently
Mg, Mn, Cr, Sn, and Al” have been reported to be active for SWNT
growth. These materials were hitherto regarded as inactive catalysts for
the growth of CNTs in the past. Therefore, these findings challenge the
traditional thinking about the growth of CNTs and the role of the catalysts.
Furthermore, different types of catalysts will provide a greater understand-
ing of the relationship between the catalysts and the structures of the
SWNTs and thus may find out the approach for selective growth of
semiconducting SWNTs (s-SWNTs) or metallic SWNTs (m-SWNTs).
Pure s-SWNTs with uniform diameter and chirality are required for
SWNT-based devices. A narrow (n, m) distribution of SWNTs grown
from Fe—Ru and Co—Mo catalyst has been reported, indicating the
dependence of the chirality of the SWNT on the type of catalyst.® Here,
we demonstrate almost any “small” particles regardless of their chemical
composition can indeed catalyze the growth of SWNTs. Mechanically,
rather than chemically, nanosized SiO, particles can be generated simply
by scratching the surface of substrates (including quartz or Si wafer with
SiO, layer) and prove for the first time that SiO, is an effective catalyst
for the growth of SWNTSs. Furthermore the SWNTs from SiO, NPs have
a very narrow diameter distribution. More importantly, we have further
proved that many other oxide NPs including ALOs;, TiO,, and all
lanthanide oxides except promethium oxide are also active for SWNT
growth, indicating that the catalytic function of materials for SWNT growth
is mainly size dependent. These new materials not only provide an
alternative new type of catalysts for the growth of SWNTs, thus ruling
out the relationship between the catalysts and SWNT structures, but also
present candidates for investigating and understanding the role of the
catalyst in the growth of SWNTs.

In a typical experiment, a clean Si wafer with a 1 u layer of SiO,
scratched by a diamond blade was used as substrate without putting any
catalyst on the surface. CH4,-CVD or EtOH-CVD was carried out at 900
°C for 10 min [for detailed experiment, see Supporting Information (SI)
S1]. To avoid possible metal contamination in the CVD system, a new
quartz tube was used for every experiment. From SEM observations,
nanotubes can be found around the edge of the scratched areas (several
tens micronmeters area) (Figure 1 A—C). To further avoid possible catalytic
effects from silicon,” the same experiment was performed on a scratched
quartz plate, and a similar result was obtained as shown in Figure 1D—F.
The fact that no CNTs can be found on the nanoscopically smooth surfaces
but the growth occurred on the scratched Si wafer/quartz plate under the
same CVD conditions indicates the growth of SWNTSs can only come
from nanosized SiO, domains which are induced by scratching.

To verify the existence of nanosized SiO, particles, AFM was used to
observe the area around the scratching line. It can be seen from Figure 2a
that there are many particles with diameters less than 5 nm (there are many
large particles as well). These SiO, NPs should come from the scratching
because of the hardness of the substrate and are believed to be responsible
for the growth of SWNTs. The AFM image and the size distribution of
the CNTs according to the AFM height measurements are shown in Figure
2b and c. It can be seen that the SWNTs from SiO, have a very narrow
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Figure 1. SEM images of SWNTs from the scratched substrates by diamond
blade after CVD at 900 °C for 10 min: (A—C) Si wafer with 1 u SiO, layer at
different positions; (D—F) quartz plate with different magnifications.
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Figure 2. (a) AFM images of quartz plate after scratching (A) and bare quartz
plate (B); (b) AFM image of SWNTs on scratched quartz plate and height
measurement. (c) Size distribution of the SWNTs.

Figure 3. SEM images of the SWNTSs on the Si wafer treated with HF followed
by thermal annealing: (A) overview of the circle trace, (B) as indicated area B in
A, (C) high magnification of B, (D) inner area of the circle, (E) quartz plate, (F)
high magnification of E.

diameter distribution. A total of 100 SWNTs were measured, and 84%
are in the range 0.8—1.4 nm. Near 50% are in the range 1.0—1.2 nm.
Such a narrow distribution indicates that only SiO, with an appropriate
size (<2 nm) is active for the growth of SWNTs.

To further avoid the effect of the diamond blade for the growth of
SWNTs, we treated the substrates, both the Si wafer and quartz plate,
with a HF aqueous solution followed by treatment in air at 1000 °C for
1 h [see SIJ. On the silicon wafer, a circle trace was finally formed after
drying as shown in Figure 3A because when the hydrophilic layer of SiO,
was dissolved by HF, the aqueous solution shrank on the bottom silicon
layer which is hydrophobic. Figure 3B is the area as indicated by the square
in Figure 3A, and Figure 3C is the amplified image. From the SEM
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Figure 4. Raman spectra of (A) SWNTs within the circle trace area and (B)
MWNTs or carbon filement inside the circle trace. SEM images of aligned long
SWNT arrays from (C) SiO,, (D) ALLOs, (E) TiO,, and (F) Er,O;

images, highly dense random SWNTs can be clearly found around the
whole circle trace. Inside the circle a number of carbon filaments or
MWNTs can be found (Figure 3D). The effect of such treatment is that
HF dissolves parts of the SiO, to break the SiO, layer on the top of the
Si wafer and leave some small particles in the water drop. The formation
of the circle trace with concentrated SiO, is due to the surface tension
effect.” On the quartz plate the whole substrate was covered by nanotubes
as shown in Figure 3E and F because of the hydrophilic surface of the
quartz plate. Raman spectra also indicate the difference between the circle
trace and inner areas. Figure 4A is the Raman spectra of the SWNTSs
within the circle trace, showing a strong G-band peak at 1594 cm™! which
is related to the Raman-allowed tangential G-mode of graphite and a radial
breathing mode (RBM) at 157.5 cm™! (inserted image). Figure 4B is the
Raman spectrum inside the circle, giving a broadened G-band and a wide
D-band which contributes to the disordered carbon.

As reported recently, SiC NPs are an effective catalyst for SWNT
growth.? The current finding poses one question of the possibility of the
formation of SiC NPs from the SiO, NPs under CVD conditions. Usually
the formation of SiC from carbothermal reduction of SiO, requires a
reductant and higher temperature (>1200 °C).'° Further XPS measure-
ments on the wafer surface were performed. The binding energies of Siy,
on both the Si wafer (after HF treatment followed by thermal annealing
at 1000 °C for 1 h) and quartz plate are ~102.8—103.5 eV which
corresponds to SiO,, and no silicon (98.8—99.5 eV) or silicon carbide
(99.8—100.8 eV) was found on SWNT areas (the sport size of the X-ray
is ~1 cm?, and several spots were measured (see SI S3—S4)). For the Si
wafer, it was thermally annealed and a layer of SiO, formed. The detectable
depth of the X-ray on the Si surface is less than 5 nm. From the full
spectrum of XPS there is no other metals such as Fe, Co, Ni that can be
detected (SI S3). This result further confirms that SiO, acts as catalyst for
the SWNT growth. Liu’ reported recently that SWNTSs can be generated
on ST-cut quartz by scratching a line on the substrate by steel and tungsten
carbide blades; possibly not only the metal NPs from the blades but also
SiO, NPs produced by scratching act as catalysts for SWNT growth.

Unlike metal catalysts such as the Fe-family of elements, SiO, does
not have carbon solubility in the bulk phase and catalytic function to
decompose hydrocarbon molecules. However, it is expected that the
melting point (mp) of nanosized SiO, (<2 nm) will be lower than the
growth temperature (mp of SiO,: 1610 °C). We propose that nanosized
Si0;, is in a molten status at growth temperature and the high fluctuation
of the liquid-like structure allows Si and O atoms to move around quickly,
thus creating a space hole or dislocation. These space holes or dislocations
might have the capability to catalytically decompose the hydrocarbon or
ethanol molecules, and the high curvature of nanosized particles can be
templates for the formation of a hemispherical cap with a graphitic structure
for further SWNT growth. Because the mp of the NPs strongly depends
on their size,'> we believe that the mp of SiO, is more size-dependent
than metals such as Au and Ag. Only these smaller SiO, NPs (for example
< 2 nm) are in the molten state and active for SWNT growth. This may
be the reason why the SWNTs from SiO, NPs have a narrower diameter

distribution and may open a way to control the diameter of the SWNTs.
According to this new understanding of the catalytic function of materials,
we believe that the size of the catalysts (note: it is not limited to the
traditional metal catalysts) is more important for SWNT growth. We
speculate that any materials with a suitable size may be effective catalysts
for SWNT growth. Nanosized SiO, prepared by a sol—gel method and
some other oxides including AL Os, TiO,, and all lanthanide oxides except
promethium oxide have been proven to be active for SWNT growth as
well (will be published later). More oxides and other materials are being
explored.

By applying fast-heating CVD'" or using EtOH as a carbon source,
long oriented SWNT arrays can be generated on a metal-catalyst-free
quartz plate or Si wafer after scratching or using other oxide NPs including
ALO;, TiO,, and lanthanide oxides (taking Er,O; as an example) as
catalysts (Figure 4C—F). As reported in our recent paper,'? the structures
of the long oriented SWNTs can be identified by using Raman spectros-
copy and electrodeposition of the silver; thus the relationship between the
oxide catalysts and the structures of long SWNTSs from oxides is expected
to be clarified. Further study is under investigation.

In summary, we have demonstrated that SiO, nanoparticles can be
generated by simply scratching the quartz or silicon wafer with a SiO,
layer and confirmed this to be active for the growth of SWNTs for the
first time. Furthermore, the SWNTs from SiO, have a much narrower
size distribution. This may open a way to control the diameter of the
SWNTs. More importantly, our work has found a series of other oxides
including ALOs, TiO,, and rare earth oxides to be active for SWNT growth
as well. These new findings not only provide an alternative new type of
catalysts for the growth of SWNTSs but also give more insight into the
role of the catalysts and a deeper understanding of the growth mechanism
of SWNTs. The effective catalysts for SWNT growth seem to be more
size-dependent than the catalysts. Long oriented SWNTs generated from
these new catalysts enable us to rule out the relationship between the
catalysts and the structures of the SWNTs. Thus controlled growth of
SWNTs including the diameter and chirality is expected to be eventually
realized.
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