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The preferential growth of single-walled carbon nanotubes (SWNTSs) on silica spheres with various diameters
was realized for the first time by chemical vapor deposition (CVD) of methane. SWNTs tend to wrap the
silica spheres to form a new superstructure of uniform SWNT nanoclaws when the diameters of the silica
spheres are larger than 400 nm. The SWNTSs obtained on silica spheres have highly graphitic tubular walls
as characterized by Raman spectroscopy and HRTEM. This is a new method to obtain tunable uniform elastic
deformation of SWNTSs, which may act as the model for the study about the effect of delocalized bending on
the properties of SWNTSs. In addition, the combination of SWNTs with monodispersed silica spheres could
conveniently integrate SWNTSs into photonic crystals.

I. Introduction limited the amount of rings obtained, and the size of the rings

. . could not be controlled. Until now there was still no effective
rbon nan NTs) hav r xtensivi ntion ; .
Carbon nanotubes (CNTSs) have attracted extensive attentio method to obtain a large amount of curved SWNTs with perfect

due to their extraordinary electrical, chemical, optical, and raphitic structures in a controlled wa
mechanical propertiés® since they were discovered by lijima graphrt vay.
In this paper, we prepared an interesting new structure,

in 19914 Single-walled nanotubes (SWNTSs), as an atomically .
well-defined one-dimensional system, have been a strong focusnanoclaws of SWNTs, by the preferential growth of SWNTs

due to their promising applications in nanometer-scaled elec- " monodispersed silica spheres using CVD of methane. The
tronic devices such as transistéréJogic gates and sensorsLo stability of the curved superstructure is attributed to the strong
Recently, significant progress has been made in controlling the Van der Waa_ls interaction between the nanotubes and the
growth sitelL12the orientatiort3-15 and the diameter of straight substre_lte, which is estimated from the_ results of_ mole_cular
SWNTS6-20 on flat silicon substrates by the CVD method. dynamics (MD) and molecular mechanics (MM) simulation.

Comparing with straight SWNTs whose electrical properties are Though there were some reports of s3ynthe5|s of CNTs on the
determined by the diameter and the chirality, many theoretical curved substrates in the past ye#rs?® such curved super-
calculations and experiments have demonstrated that the electriStructures of CNTs have not been observed before.
cal properties of the curved SWNTs are strongly influenced by
the bending degre®.2° For example, Dai et al. detected that
the electrical behavior of the curved SWNTs was related to the  Preparation of Silica Spheres with CatalystsThe uniform
local defects created by bending the SWNTs using an AFM silica spheres of different sizes were prepared according to the
tip.2% In the meantime, various curved structures of SWNTSs such Stgher method4 The spheres were soaked in a fresh 0.01 M
as toris and coils were obtained on the flat substrate and in bulk. FeCk aqueous solution for 30 min to deposit the Fe(lll) species
Liu et al. first observed a small amount of carbon nanorings in (such as Fe(OH) on the surface of spheres. Then, the silica
bulk CNTs synthesized by laser ablat®¥A similar result was  spheres were separated by centrifuging, washed three times with
also reported in CNTs produced catalytically by thermal deionized water, and re-dispersed in ethanol for the following
decomposition of gaseous hydrocarbéhBurthermore, Martel usage.
etal. reported that nanotube rings were fabricated from oxidated  Chemical Vapor Deposition.The silicon wafer was cleaned
straight SWNTSs with the yields of over 50% by using ultrasonic by Piranha solution (a mixture of 98%,80; and 30% HO,
iradiation?*2Though closed rings of CNTs with a narrow size  with the volume ratio of 7:3) for 30 min at 9 to make sure
distribution could be SynthESiZEd in solution by covalent ring- that the surface of the silicon wafer is hydrophnm\,z wt %
closure reactioR? the low concentration of CNTs in solution  ethanol solution of silica spheres was dropped onto the silicon
wafer and then dried in ambient atmosphere to form a flat layer
c *Tfl’_""hor? CO”ESF’Od”de”CE should be addressed, ¥88-10-62756773, ¢ sjlica spheres. The wafer was put into a horizontal quartz

'ngkiﬁgnd%\,gr;'& wen tube furnace and calcined in air at 780 for 5 min to remove

* Shandong University. the solvent and obtain iron oxide nanoparticles on the surface
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Figure 1. SEM images of SWNTs grown on silica spheres (a, 350 nm, and b, 680 nm), the corresponding Raman spectrum (c), and the HRTEM
images (d and e).

of silica spheres. In a typical CVD growth experiment, the introduced. As there are very fewOH groups on silica surfaces
substrate was heated to 900 in Ar and then reduced in H at high temperaturé, we did not consider-OH groups in the
(220 sccm) for 5 min. Subsequently, CVD growth of SWNTs calculation. It is normally accepted that there are no chemical
proceeded at 908C with CH, (300 sccm) as carbon source for  bonds formed between carbon SWNTs and silica surfé#c@s.
15 min, followed by cooling the furnace in Ar to room Therefore, we took only the nonbonding interactions into
temperature. consideration. Since the periodic condition was used in the
Characterization. Scanning electron microscope (SEM, FEI simulation, the silicon dioxide surface should be considered as
XL30 S—FEG, the operating voltage is 10 kV), high-resolution a repeating cell at both horizontal and vertical directions. To
transmission electron microscope (HRTEM, Hitachi 9000, eliminate the influence of other surfaces in the vertical direction,
operated at 100 kV and Tecnai F30 FEG-TEM, operated at 150we enlarged the length @-axis to 240 A. Thus, the cell we
kV), and micro-Raman spectroscope (Renishaw 1000) were usedised is 28.510 Ax 28.510 Ax 240 A. Then, to simulate the
to characterize the produced SWNTSs. The excitation wavelengthactual growth process, a (10,10) nanotube comprising 400
of micro-Raman is 514.5 nm sourced by an Ar ion laser. For carbon atoms and with the length of 24.4 A was placed onto
HRTEM, the samples were scraped from silicon wafers onto the silicon dioxide surface perpendicularly with a distance of
the Cu grids. 3~4 A

I1l. Molecular Simulation IV. Results and Discussion

All molecular mechanics and dynamics calculations were  Figure 1a,b shows the typical SEM images of CNTs after
performed using the program of Materials Studio 3.0. The CVD growth. The diameters of the silica spheres are 350 and
Dynamics and Minimizer modules were used to optimize the 680 nm, respectively. It is obvious that the growth modes are
structures and calculate the energies of different simulation different. In Figure 1a, most CNTs tend to span across different
systems. COMPASS force field was employed in the simulation. silica spheres; but in Figure 1b, most CNTs strongly adhere to
van der Waals and Coulomb interactions were calculated usingthe surface of silica spheres and follow the curvature of the
atom-based cutoff method with a cutoff distance of 45 A. MD sphere to form an interesting structure of nanoclaws. It should
simulations were carried out in the NVT (Constant- volume/ be noticed that the edge-effect charging at the Eilica
constant-temperature dynamics) ensemble with a time step ofinterface enlarges the displayed diameter of CNTs in the SEM
1 fs. The dynamics was modified to allow the system to images. Therefore, SEM images of the nanotubes across the
exchange heat with the environment at a controlled temperature silica spheres provide a better measure of the real diameter. The
The Hoover-Nosethermostat method was used to control the Raman spectrum in Figure 1c was taken in one scan and without
temperature at 300 K. any accumulation. It clearly shows a typical radial breathing

The initial configuration was prepared as follows. First, to mode (RBM) of SWNTs (190.6 cr). In the high-frequency
simulate the real system, that is, the amorphous surface of aregion, a sharp and intensive G band is shown at 1586:3.cm
silica sphere, an amorphous silicon dioxide surface was The D band at around 1336.7 ctnis very weak, indicating
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yields 1.4 eVnmL. It seems that horizontal to surface is the
low-in-energy geometry for (10,10) nanotube, indicating that
(10,10) nanotube is inclined to grow along the surface.

In our experiments, we noticed that the size of silica spheres
could greatly influence the growth modes of SWNTs. From
SEM and HRTEM images, we observed that SWNTs have two
distinct growth modes spreading from or winding the surface
of silica spheres. SWNTs tend to grow along the surfaces of
bigger silica spheres; on the contrary, SWNTs tend to grow
away from the surfaces of smaller silica spheres. To further study
the mechanism of SWNTs grown on the surface of silica
spheres, we varied the size of silica spheres for the CVD growth
of SWNTs at the same experimental conditions. The silica
spheres with the average diameters of 300, 350, 400, 500, 580,
and 680 nm were used in our experiments. We did experiments
repeatedly for the silica spheres of every size. The results show
very good reproducibility. Figure 3 gives the typical SEM
images of the different sized silica spheres after CVD processes.
From Figure 3a to Figure 3c, the common case is one SWNT
passing through the surfaces of several silica spheres, and the
tendency of SWNTs growing in spreading mode is quite
obvious. With the increase of the size of silica spheres, the
percentage of SWNTs growing along on the surface increases
slightly. In Figure 3d, it turns out that the winding mode
becomes dominant and only a few SWNTs spread from the
surface. With the further increase of the diameters, the loops of
SWNTSs growing along the silica spheres also increase (Figure
3e and 3f). Finally the silica spheres were wrapped by SWNTs
to form nanoclaws of SWNTSs.

So the growth of SWNTs on the curved surface is greatly
influenced by the curvature and other chemical and physical
properties of the curved surface, and the flow of CHaking
these experimental factors into consideration, we propose the

that the SWNTSs grown on the silica surfaces are highly graphitic 9rowth mechanism of SWNTs on the surface of silica spheres
and with few structural defects. As we know, bending of SWNTs as follows. In the initial stage of the growth, SWNTSs grew up
is usually considered to come from the topological defects such Perpendicularly to the surface according to the “base-growth”
as pentagorheptagon pairs on SWNTs. So, we expected that mechanism, but soon SWNTs lay down because of the strong
there would be a high intensity of D band, due to high density van der Waals interaction between the nanotubes and the
of defects in CNTs. However, the experimental result demon- @morphous  silica surface according to the result of MD
strates that SWNTs obtained on silica spheres have goodsimulation, so SWNTs have the tendency to wind the surfaces
graphitic structures. HRTEM images (Figure 1d,e) further show Of silica spheres. However, bending of the nanotubes produces
that very little amorphous carbon materials cover the surface the elastic energy. The reduction of the size of the silica spheres
of SWNTs, also indicating that the as-synthesized SWNTSs are results in the more significant elastic energy of the nanotube
of high purity. Based on the experimental results, we consider because the curvature increases, so SWNTs prefer to spread
that the bending of SWNTs is caused by the uniform elastic from the curved surface to decrease the system energy. The
deformation and it should belong to a delocalized bending. stable mode of growth is determined by the competition between
Formation of the curved superstructure of SWNTs can be the binding energy from the van der Waals interaction of the
understood on the basis of the system energy. The extremelynanotubes and the amorphous silica surface and the elastic
low D band in the Raman spectrum of Figure 1c indicates no energy from the bending of nanotubes. There exists a critical
chemical bonding between SWNTSs, but there is a strong van diameter. When the diameter of silica spheres is larger than the
der Waals interaction between the nanotubes and the amorphousritical diameter, the SWNTs prefer to the winding mode;
surface of the silica spheres, so the SWNTSs tend to grow alongotherwise, SWNTs prefer the spreading mode. To roughly
the surface of the silica spheres. The result of molecular estimate the critical diameter, we measured the average coverage
simulation qualitatively explains the process. The initial model of SWNTs on 100 silica spheres for every size. Because of the
is shown in Figure 2a. After MD and MM simulation, the two-dimensional limitation of SEM images, we approximately
initially vertical nanotube became horizontal to the silicon substitute the area of equatorial circularity of silica sphesps (
dioxide surface (Figure 2b). It should be pointed out that as the for the area of curved surface of half sphere and the length of
periodic boundary condition was adopted in our simulation, the straight line of SWNTs in SEM images) (for the length of
part of the tube which is outside the shown silica surface unit actual curved line of SWNTs. The average coverageoan
is actually still on the silica surface of neighboring units. It was be defined as. = |/s. The average coverage was plotted against
calculated that the van der Waals contribution to the energy the diameter of silica spheres in Figure 4. When the diameter
decrease of tubesilica system per unit nanotube length is 1.59 of silica spheres is larger than 400 nm, the curve turns to a
eV-nm1 after energy minimization calculation. The result is sharp rise. So we conclude that the critical diameter is around
in good accord with the Clausiud/ossotti relatiod® which 400 nm. In our experiments, the largest diameter of silica spheres

Figure 2. Initial (a) and optimized (b) geometries of a (10,10) nanotube
on the silicon dioxide surface.
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Figure 3. SEM images of SWNTs grown on silica spheres of 300, 350, 400, 500, 580, and-6§0r&spectively. The bar represents 500 nm.
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Figure 4. Relationship between the average coverage of SWNTs on
silica spheres and the diameter of silica spheres.

the growing process by alternating the flow rate of inert gas Ar
or by giving a mechanical shake to the silicon wafers during
the CVD process. We found that these kinetic shocks to the
system did not change the growing mode of the SWNTs.
Therefore, we can conclude that the thermodynamic factors take
the dominant role under our experiment conditions.

Martel et al. reported that the nanotube rings synthesized by
ultrasonic irradiation have a diameter of 30400 nm, and they
attributed the formation of rings to the balance between-tube
tube van der Waals adhesion and the strain energy resulting
from the coiling-induced curvatuf&?® The critical diameter
that we obtained is slightly larger than theirs because it is
understandable that the tubsilica van der Waals adhesion is
weaker than the tubetube adhesion. The diameters of rings
synthesized by other methods are also very similar with our
experimental results. For example, the average diameter of the
rings was 540 nm by covalent ring-closure reacidand rings
of about 500 nm in diameter and 36600 nm in diameter were
respectively observed in bulk CNTs synthesized by thermal

is 680 nm. If the diameter of the silica spheres is further decomposition of hydrocarbon gasnd laser ablatio??

increased, the curvature of the spherical surface will be reduced

and the growth mode of the SWNTSs will be similar to that on

the flat surface. Therefore, we predict that the coverage of the

SWNTSs on the surface will increase very slowly and finally
approach a maximum.

V. Conclusion

There are two distinct growth modes of SWNTs on silica

spheres: growing away from the surface or growing along the

In the above discussion, we mainly considered the thermo- surface. The preferential growth of SWNTs on silica spheres
dynamic effects. Sometimes the kinetic components may takewas realized by varying the size of silica spheres. The stable

an important role. For example, the very large flow of {3dn

mode of growth is determined by the energy competition

contribute to the extending of SWNTs from the substrate between binding energy and elastic energy, and the critical

according to a related repdft,However, the total flow of

diameter of silica spheres that the dominant growth modes of

reaction gas is low in our experiments. We tried to interrupt SWNTs shift is about 400 nm. The curvature of SWNTs can
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be tuned by changing the size of silica spheres, and the curve (13) Su, M; Li, Y.; Maynor, B.; Buldum, A.; Lu, J. P.; Liu, J. Phys.
caused by the elastic strain is a delocalized bending. Obviously €hem: B200Q 104, 6505-6508.

its effects on electronic property should be largely different from
that by topological defects such as pentagbaptagon pairs.

Therefore a new possibility is presented for the study of the
delocalized bending of SWNTSs in experiment. In addition, the

nanoclaws of SWNTs also provide a convenient approach to

combine CNTs with photonic crystals. An abnormally strong

optical signal is observed in our Raman and fluorescence study, 5

of SWNT nanoclaws, indicating that there are some new and
interesting optical properties if CNTs are confined in 3D

(14) Franklin, N. R.; Dai, HAdv. Mater. 200Q 12, 890-894.

(15) Huang, S.; Cai, X.; Liu, JJ. Am. Chem. SoQ003 125 5636—
5637.

(16) Cheung, C. L.; Kurtz, A.; Park, H.; Lieber, C. M. Phys. Chem.
B 2002 106, 2429-2433.

(17) Li, Y.; Kim, W.; Zhang, Y.; Rolandi, M.; Wang, D.; Dai, Hl.
Phys. Chem. R001, 105 11424-11431.
(18) Tang, Z.; Sun, H.; Wang, J.; Chen, J.; Li,&pl. Phys. Lett1998
2287-2289.

(19) An, L.; Owens, J. M.; McNeil, L. E.; Liu, 33. Am. Chem. Soc.
2002 124, 13688-13689.

structures. Further research on the optical properties of these (20) Han, S.; Yu, T.; Park, J.; Koo, B.; Joo, J.; HyeonJTPhys. Chem.

nanotubes is ongoing in our lab.
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