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A new strategy for synthesis of carbon nanotube without any
catalyst via the reaction between difluorocarbene (CF,) radicals
generated from precursor (hexafluoropropylene oxide) and
porous silicon nanowire arrays at low temperature is reported in
this study. No futther post treatment is needed and a high CNT
purtity of ~90% is achieved. A four-step formation mechanism is
proposed to understand the growth process of the carbon
nanotubes.

Carbon nanotubes (CNTs), a new class of carbon-based
nanomaterials consisting of spz-hybridized atoms, have stimulated
wide interests in both the experimental and theoretical scientific
community due to its high thermal and electrical conductivity, as
well as chemical stability. 1-3 The synthesis of carbon nanotube has
always been one of the main challenges for scientific research and
industrial applications.4-6 To solve those problem, diverse
fabrication methods for carbon nanotube have been studied,7-10
which indicates that synthesis method and carbon feedstock are the
two most important factors in the preparation of carbon nanotube.
11-13 Chemical vapor deposition (CVD) is the most common
method used for the CNT’s production. Typically, a wide variety of
hydrocarbons (e.g., CH,4, C,H,, C,H,) are used as carbon feedstock in
the synthesis process.14 According to growth process of CNTs, the
hydrocarbon precursors are decomposed to produce carbon atoms,
which then form CNTs. Moreover, high temperatures and catalysts
are always required to improve the reactivity of carbon feedstock,
and form the special nanotube structure, as well as to maximize the
yield and purity. For example, many kinds of metals (typically Fe,
Co, Mo or Ni) are introduced as catalysts during the synthesis
process. 14 However, the introduced metal catalysts are covered
inside the CNTs and very hard to remove, which is bad for the purity
and properties of CNTs. Therefore, preparing CNTs under low
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temperature process is essential to achieve high purity and good
properities which are necessary for the practical applications. The
synthesis of CNTs remains a key field in CNT science and technology
and plays the most important role for their wide application.
Moreover, CNTs exhibit potential applications in nanocontainers
and nano-reactors.6 Therefore, development new approach, which
is fully compatible with microelectromechanical systems (MEMS)
technology is important.

In this manuscript, report a novel approach for
temperature and one-step synthesis of the CNTs with no post
treatment and high purity by using CF, radicals as carbon feedstacks
to react with porous silicon nanowire. Figure 1 shows the schematic
of the CF, radicals and porous silicon nanowires used for the
preparation of CNTs. The hexafluoropropylene oxide (HFPO) is
decomposed to form CF, radicals at 180 °C. 15 The CF, radicals
make contact and react with porous silicon nanowire to produce
carbon atoms. Then, active carbon atoms assemble to produce
CNTs.
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Figure 1. The schematic of CF, radicals reacting with porous silicon
nanowires for the synthesis CNTs.

The porous silicon nanowire arrays were synthesized according to
the method reported in literature [16] (see Support information).
The nanowire array structure is characterized by SEM and TEM
microscopy. The typical sample of nanowire arrays on silicon can be
observed clearly by SEM images (Figure 2a and 2b). The Si
nanowires are covered densely the silicon substrate and exhibit
uniform dimensional size with the diameter of ~200 nm and the
length up to around 14-15 um. TEM and HRTEM images show that
the nanowire has porous nanostructure. The surface area of the
porous silicon nanowires (scrapped off silicon substrate) is 22.3-
24.6 ng'l. The average size and shape of the pores are not
uniform, with the diameter mostly around 22.6 nm. Those porous
nanostructure plays an important role in formation of CNTs.
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The TEM images of the CNTs are shown in 2d-f, in which the
product exhibits multi-walled structure of nanotubes with the outer
diameters of CNT is 10-14 nm and inner diameters is 5-7 nm,
respectively. The well-graphitized structure can be also observed
form the images. Figure. 1S shows the Raman spectrum of CNTs in
the range of 500-2000 cm'l, The peak at around 1,615 cm™ (G-
band) corresponding to an E2g mode of hexagonal graphite is
related to the vibration of sz- hybridized carbon atoms in a
graphite layer. The D-band at about 1,370 cm™ can be ascribed to
the vibration of carbon atoms with dangling bonds in the plane
terminations of disordered graphite in CNTs. From the TGA test
(Figure S2), we can see that about 90 wt% of the product is lost
when we annealed the sample in air, which indicates that the
carbon content in the as-prepared product is 90 wt%. Those results
imply that our method can realize the synthesis of CNT with high
purity and no pgt treatment is need.

Figure 2. FE-SEM and TEM images of silicon nanowire arrays on
silicon substrate and carbon nanotubes. (a) FE-SEM image of a cross
section region of silicon nanowire arrays. (b) SEM image of a top
region of silicon nanowire arrays. (c) TEM image of silicon nanowire
scrapped from silicon substrate. (d) TEM image of CNTs synthesized
by CF, and silicon nanowire, the inset of (d) shows high-TEM image
of CNTs. (e) and (f) HRTEM images of CNTs.

We found that porous silicon nanowires play significant roles in
the formation of CNTs. Mesoporous silica was also used as
substrate and tested since it might play a templating role in guiding
the initial nanotube growth. For example, Li and co-workers
demonstrated aligned CNT growth on bulk mesoporous silica 17
and films 18 with iron nanoparticles embedded in the mesopores.
Similarly, Zheng et al. 19 successfully prepared well-aligned CNTs
which were grown on mesoporous silica films by chemical vapor
deposition (CVD). The template function of mesoporous silica
depends on the pore structure and how the transition metals are
distributed in the mesopores. In our method, porous silicon
nanowires play two important roles in the preparation of CNTs.
First, silicon nanowires reacted with CF, radicals to produce carbon
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atoms, which is essential for the synthesis of CNTs. Second, porous
silicon nanowire consisting of silicon nanoparticles play a
templating role in guiding the initial nanotube growth. In order to
illustrate the templating role of porous silicon nanowire, additional
experimental evidence is performed. Silicon nanowire without
pores and nano-silicon particles are used for synthesis of CNTs
(Figure S2). The results indicate that no CNTs are prepared using
silicon nanowire and nano-silicon particles. According to vapor-
liquid-solid mechanism, 20 Firstly, gas carbon feedstock
(hydrocarbon) adsorbed on the surface of the catalyst particle and
decomposed to form carbon atoms. Secondly, the carbon atoms
dissolve and diffuse within the particle. Finally, solid carbon
precipitates at the rear side of the nanoparticles to form CNTs. In
this experiment, porous silicon nanowires consisting of silicon
nanoparticles play a role as catalyst particle, offering growing a
point for carbon atoms. To be specific, the silica on the surface of
the porous silicon plays this role. The TEM image of the nanotubes
also further supports the function of porous silicon (Figure S3).
Based on the research related to the CNTs, we consider that the
porous silicon nanowire is a prerequisite for the achievement of
CNTs.

The representative schematic mechanism is illustrated in Figure 3.
The precursor gas HFPO can be decomposed under low
temperature of 150 °C to form difluorocarbene (CF,) radicals. Then
the CF, radicals adsorb on the surface of porous silicon nanowires
and react with silicon to form SiF, gas and active carbon atoms with
liberation of heat. Then, carbon atoms diffuse with SiF, gas due to
reaction heat. Subsequently, the solid carbon precipitates at the
rear side of the silicon nanoparticles to form a CNT via a strong and
stable sp2 bond. The porous silicon nanowires are completely
consumed as the reaction progresses (Figure S5(a)). If excess CF,
continuously flows on the silicon surface and reacts with silicon, the
graphene would be produced (Figure S5(b, c)). The HRTEM imaging
(Figure S5(d)) clearly shows the graphene structure and d-spacing is
about 0.35 nm. The overall chemical reactions involved in the
thermal synthesis can be expressed with the following formulae:

CF,CFOCF,~>:CF,+ CFsCFO T Temp: 150 °C
Si+:CF, > C+SiF," AH =-5500 kJ/kg

Compared with catalytic chemical vapour deposition (CCVD), the
growth mechanism presented here is massively supported as the
vapor-liquid-solid mechanism but with several
significant differences. The carbon atoms are obtained by reaction
between CF, and porous silicon nanowires. The carbon atoms
diffuse following the role of SiF, gas and thermal expansion effect
because of the large reaction heat (5500 kJ/kg) in this process.
Furthermore, porous silicon nanowires have two effects of reacting
with carbon feedstock (CF,) to form carbon atoms and offering
growing points for carbon atoms. Addition, a remarkable advantage
of the strategy is that it can be done at a low reaction temperature
with no catalyst and post treatment needed.
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Figure 3. Growth mechanism of CNTs prepared by CF, radicals and
porous silicon nanowires arrays.

In the case of a gaseous carbon source, the CNTs growth strongly
depends on the reactivity and concentration of produced CF, free
radicals from precursor decomposition. The concentration of CF,
free radicals is controlled by the precursor gas HFPO with mass flow
controllers. The results suggest that the diameter of the products
increase with the increased gas flow rate of the precursor. The
significantly increased reaction heat results a remarkable increase
in the diffusion rate of carbon atoms and thermal expansion effect.

Overall, three significant advantages are displayed in this new
synthesis strategy. First, the products of all reactions (CF;CFO and
SiF,) are gaseous, which is beneficial for achieving CNTs with high
purity. Second, compared with CCVD synthesis, low reaction
temperature (150 °C) is very convenient for integrating CNTs on
silicon-based microelectromechanical systems to achieve functional
nanodevices. Third, synthesis process without a catalyst would
eliminate the purifying process and hold the performance of CNTs
in applications. More importantly, synthesis processes without a
catalyst reduce factors that interfere with the CNTs growth process
and structure, which is helpful for scientists to better understand
the nucleation and growth mechanism.

In conclusion, we report a new strategy to synthesis CNTs
using free radical reaction between difluorocarbene(CF,) and
porous silicon nanowires arrays at low temperature (150 °C)
without any catalyst. The porous silicon nanowire arrays play
two major roles in the preparation of CNTs as a reactant and
template for carbon atoms growth. A four step growth
mechanism of CNT is proposed to understand the formation
process. Moreover, the CNTs are fabricated directly on a
silicon substrate, which is very convenient for integrating CNTs
with silicon-based microelectromechanical systems to achieve
functional micro or nano devices.
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