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Abstract In this study, a novel and facile approach for
the synthesis of ternary boron carbonitride (B—C-N)
nanotubes was reported. Growth occurred by heating sim-
ple starting materials of boron powder, zinc oxide powder,
and ethanol absolute at 1150 °C under a mixture gas flow
of nitrogen and hydrogen. As substrate, commercial
stainless steel foil with a typical thickness of 0.05 mm
played an additional role of catalyst during the growth of
nanotubes. The nanotubes were characterized by SEM,
TEM, EDX, and EELS. The results indicate that the syn-
thesized B-C-N nanotubes exhibit a bamboo-like mor-
phology and B, C, and N elements are homogeneously
distributed in the nanotubes. A catalyzed vapor-liquid—
solid (VLS) mechanism was proposed for the growth of the
nanotubes.
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Introduction

Ternary boron carbonitride (B—C-N) nanotubes have
recently attracted much attention because of their excellent
mechanical properties, electrical properties, and anti-oxi-
dant capacities [1, 2]. In addition, theoretical studies have
revealed that the band gaps of B-C—N nanotubes can be
tailored over a wide range by simply varying the chemical
composition rather than by geometrical structure [3-7],
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which is superior to their carbon and boron nitride (BN)
counterparts. This gives B-C-N nanotubes potential for
use in electronics, electrical conductors, high temperature
lubricants, and novel composites [8]. Compared with the
very extensive study about carbon and BN nanotubes,
however, very little work was reported about B—C-N
nanotubes. Since the discovery of B—-C-N nanotubes in
1994 [9], several methods have been devoted to the syn-
thesis of B-C-N nanotubes, such as arc-discharge [10],
laser ablation [11], chemical vapor deposition (CVD) [12,
13], template route, and pyrolysis techniques [14, 15].
Particularly, single-walled B-C-N nanotubes have been
recently synthesized by Wang et al. [16] via a bias-assisted
hot-filament method. However, most of them usually used
risky reagents such as diborane (B,H,)/ammonia (NH3), or
produced nanotubes with low purity and high-cost and
encountered the phase separation problem of BN and C.
Thus, it is of great significance to explore novel and
simple routes to prepare B—-C-N nanotubes with uniform
distribution of component B, C, and N elements. The
current work reports a relatively safe and effective
approach for growing high-purity B—C-N nanotubes
directly on commercial stainless steel foil, by using simple
raw materials of boron, zinc oxide (ZnO), and ethanol
absolute. The reaction of boron and ZnO at high temper-
ature produces boron oxide vapor that is the source of B,
while ethanol absolute and nitrogen provide the source of
C and N, respectively. It is interesting that the stainless
steel foil is not only the support substrate but also the
catalyst for the growth of the nanotubes. The obtained
nanotubes have an average diameter of about 90 nm and
the B, C, and N elements are found to be homogeneously
distributed in the nanotubes. The growth mechanism of the
nanotubes is also investigated in this study. To the best of
our knowledge, it is the first time to report the synthesis of
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ternary B—C—N nanotubes via such a relatively simple
route.

Experimental Methods

The growth of nanotubes was carried out in a conventional
tube furnace. An alumina boat loaded with about 1.0 g
mixture of hexagonal ZnO and amorphous B powder (with
a ZnO:B molar ratio of 1.5:1) was inserted into a quartz
tube and placed at the center of the furnace. Commercial
stainless steel-304 foil with a thickness of 0.05 mm was
inserted into the quartz tube as the substrate. Prior to
heating, the chamber was flushed with high-purity N, flow
to eliminate the residual air. Then the furnace was heated to
1150 °C under a mixture gas flow of N, (60 mL min~ ")
and H, (40 mL min~"). Ethanol absolute (AR grade) was
introduced into the chamber when the furnace temperature
reached at 1150 °C, which was carried by another N, flow
with a rate of 20 mL min~"'. The furnace was maintained at
1150 °C for 90 min. Finally, the furnace was cooled nat-
urally to ambient temperature under the protection of N,
flow. After taken from the furnace, the stainless steel
substrate was found to be covered with white—gray deposit
in the temperature range of 1000—1100 °C. The product
was characterized by field-emission scanning electron
microscopy (FE-SEM, Hitachi S5500), high-resolution
transmission microscopy (HRTEM, JEM-2010F), X-ray
energy dispersive spectrometer (EDS), and electron energy
loss spectroscopy (EELS), respectively.

Fig. 1 a Low-magnification
SEM image of the product,
showing the large quantity of
the 1D product grown on the
stainless steel substrate. The
inset is the high-magnification
cross-sectional image of some
nanotubes, illustrating the
hollow structure. b High-
magnification image of a,
indicating the bamboo-like
structure and high purity of the
nanotubes. ¢ and d The
secondary electron and back
scattering electronic (BSE)
SEM images of the same area of
the product

Results and Discussion

Figure 1 shows the SEM images of the product grown on
the surface of stainless steel substrate. Low-magnification
image (Fig. la) indicates a high production of one-
dimensional (1D) nanostructures was synthesized. The
inset in Fig. la is a high-magnification cross-sectional
image of some 1D nanostructures, illustrating the hollow
structure of the product. Figure 1b clearly reveals that the
nanotubes are shaped in bamboo consisting of a number of
compartments. The surfaces of the nanotubes are very
clean and no impurities can be observed, which indicates
the high purity of the nanotubes. The diameters of the
nanotubes are approximately 60-120 nm, with an average
value of about 90 nm. Furthermore, it can also be found
that nanoparticles are attached at the ends of nanotubes,
which could be regarded as a typical symbol of vapor—
liquid—solid (VLS) growth model. Figure 1c and d are the
secondary electron and back scattering electron (BSE)
images of the same area of the product. It can be seen that
the attached particles (bright particles) are distinguished
clearly in the BSE image, which further confirms the VLS
growth mechanism of the nanotubes.

The TEM images of the product are shown in Fig. 2.
Similar to SEM observation, the bamboo structure of the
nanotubes with clean surface and uniform diameter along
the nanotube length can be clearly seen (Fig. 2a). The inset
in Fig. 2a is the EDX result, which shows the dominating
peaks of B, C, and N with a low level of O, Cu, and Si. The
existence of Cu peak should be caused by the copper TEM
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Fig. 2 a TEM image of a
nanotube. The inset is the EDX
spectrum of the nanotube.

b TEM image shows a catalyst
particle attached at the end of a
nanotube. The inset is the EDX
spectrum of the particle
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grid, while the Si peak might come from the stainless steel
substrate. The O peak can be ascribed to the slight surface
oxidation of the nanotube. Furthermore, quantitative anal-
ysis gives the B:C:N atomic ratio of about 0.45:0.31:0.24.
Therefore, it can be roughly concluded that the synthesized
nanotubes are B—-C—N nanotubes. In Figure 2b, a particle
attached at the end of the nanotube is clearly seen, which is
also consistent with SEM observation. The EDX spectrum
indicates that the particle is mainly composed of Fe with a

Fig. 3 a HRTEM image of
nanotube wall and the
corresponding FFT ED pattern
(inset). b HRTEM image of a
joint between the wall and
compartment and the
corresponding FFT ED pattern
(inset). ¢ and d EELS spectra
taken from the nanotube wall
and the compartment,
respectively, revealing the
dominating composition of B,
C, and N elements in the wall
and compartment

small amount of Ni, Cr, Cu, and C (inset in Fig. 2b). As
mentioned above, the Cu and C peaks should come from
the carbon film-coated copper grid. While the existence of
Fe, Ni, and Cr in the particle should originate from the
stainless steel substrate. Hence, we believe that the stain-
less steel substrate play a catalyst role during the VLS
growth of the nanotubes.

Figure 3a shows the HRTEM image of the edge part of
the nanotube wall. It can be seen that the lattice fringes are
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Fig. 4 Elemental maps of a
nanotube, implying the uniform
distribution of the B, C, and N
species in the nanotube

well-defined, which suggests that the nanotube wall has a
high degree of crystalline perfection. The interlayer spac-
ing is approximately 0.348 nm, corresponding to the (002)
plane of hexagonal system of B—-C—N crystal (JCPDS No.
35-1292). The spots in the fast Fourier-transformed ED
(FFT ED) pattern can be indexed as the (002) basal planes
of the B-C-N layers (inset in Fig. 3a). Figure 3b is the
HRTEM image of the joint, showing the tight connection
between nanotube wall and compartment. The compart-
ment is also well-crystallized with the identical lattice
spacing of about 0.343 nm, which also corresponds to the
(002) plane of B—C-N crystal. The FFT ED pattern (inset
in Fig. 3b) is also indexed as the (002) planes of B-C—N
crystal. Figure 3c shows a representative EELS spectrum
taken from a segment of the nanotube wall, which dem-
onstrates that the distinct absorption peaks of B, C, and N
characteristic K-edges at 188, 201, and 401 eV, respec-
tively. The result further proves the nanotube composition
of B-C-N. The K-edge signals show a discernible n* peak,
as well as an ¢* band, indicating that the B, C, and N atoms
are in the sp>-hybridized state. The EELS spectrum of the
compartment shown in Fig. 3d also indicates the distinct
absorption features of K-edges of B, C, and N atoms.
Furthermore, the elemental maps reveal that B, C, and N
elements are homogeneously distributed in the nanotube
(Fig. 4). Therefore, it can be concluded that the product is
composed of ternary compound B—C—N nanotubes.

As described above, a simple approach to synthesize
B—-C-N nanotubes was proposed by involving an additional
role of catalyst of the stainless steel substrate. And based
on the above results, VLS model is believed to be
responsible for the growth of the current nanotubes. Similar
to the literatures reported about BN nanotubes and nano-
wires [17-19], Fig. 5 illustrates schematically the sug-
gested growth process of the B-C-N nanotubes. Firstly, the
reaction of B and ZnO generates Zn and boron oxide
(B,0O,) vapor at high temperature (1150 °C). Meanwhile,
the surface of the stainless steel may partially melt at this
temperature assisted by the erosion of N, and H,. And thus
liquid alloy droplets with main composition of Fe—Cr—Ni
are formed on the surface, as are verified by the EDX
result. Then the liquid droplets adsorb the growth species

Vapors: B202/C2HsOH/N2/H: BCN
Fe-Cr-Ni droplet P\
Vap?r ““ /\’apor‘\ BCN \;apm:\’ @)T };’ap

\ ! / N

Stainless-steel substrate

Fig. 5 The schematic diagram of the B-C-N nanotube growth on the
stainless steel substrate

from the surrounding vapors of B,0,, C,HsOH, N,, and H,
(Fig. 5a). The involving species of B and C could lead to
the further decrease of the melting temperature of stainless
steel and promotes the formation of liquid droplets. The
reactions among these vapors produce B/C/N atoms, which
diffuse through Fe—Cr—Ni alloy droplets. When the con-
centrations of species are greater than the saturation
threshold, B-C-N crystals begin to precipitate and initially
form the cap on the liquid droplets, as is shown in Fig. 5b.
With the continuous supply of B/C/N atoms, the cap will
be lift from the droplet due to the stress under the curvature
and then the hollow tip forms. At the same time, due to the
diffusion of B/C/N atoms through the surface and bulk, the
B-C-N sheets also grow and form the nanotube wall.
When the nanotube wall grows, the B/C/N atoms also
precipitate inside the nanotube and result in the formation
of compartment layer. The compartment layers connect
with the wall and grow together for a period, and finally
depart from the droplet due to the stress accumulated under
the curved compartment layers (Fig. 5c). As the joint
between compartment and wall forms periodically, the
bamboo-like structure is formed (Fig. 5d). Moreover, the
flowing character of B,O,, C,HsOH, N,, and H, vapors
could lower their partial pressures in the chamber, which is
also favorable for the formation of 1D nanotubes. It should
be noted that the produced Zn vapor is transported by the
carrier gas to a much lower temperature zone (below the
melting point of Zn), where it deposits on the substrate in
the form of Zn products [20]. Therefore, the synthesized
B—C-N nanotubes are not contaminated by Zn products. In
addition, it is found that the hydrogen in the mixture gas is
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essential for the growth of B-C-N nanotubes. If only pure
N, flow is introduced, no B—C-N nanotubes can be
obtained, adding weight to the proposed mechanism and
suggesting that hydrogen plays an important role during the
growth of the B-C—N nanotubes.

Conclusion

In summary, a simple but efficient route to synthesize
B—C-N nanotubes directly onto commercial stainless steel
foil is demonstrated by using raw materials of boron
powder, zinc oxide powder, and ethanol absolute. The
nanotubes are pure with bamboo-like morphology and an
average diameter of about 90 nm. During the formation
process, the stainless steel foil plays a catalyst role addi-
tionally besides the substrate role for the B-C-N nanotube
growth. A VLS process is proposed to be responsible for
the growth of the B-C—N nanotubes.
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