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Abstract

Boron nitride (BN) is one of III-V compounds widely applied on the electrical industry. It has been fabricated by numerous techniques, but so
far there is no reliable method to produce pure and high-yielding BN nanotubes at relatively lower temperature. Therefore, the exploration on its
synthesis is still a challenging subject.

In the study, the BN nanotube would be synthesized by thermal-heating chemical vapor deposition (TH-CVD) with trimethyl borate evaporated
at 60 °C and nitrogen gas flew into reaction chamber as the source of B and N, respectively. 434 stainless steel wires will be coiled as an entangled
wire scaffold with pore size of 1 mm and then placed in the middle part of reaction chamber. The metallic ions contained in the stainless steel will
serve as the catalysts for of BN nanotube in situ growth.

From the results of SEM, HRTEM, FTIR and XRD analysis, hexagonal-BN (h-BN) and orthorhombic-BN (0-BN) nanotubes were successfully
synthesized at relatively low temperature between 1000 and 1200 °C. All the nanotubes prepared in the system were identified as h-BN and o-BN.
At reaction temperature of 1200 °C, several types of BN morphology appeared. The BN nanotubes could be obtained at the temperature between
1000 and 1100 °C. However, BN nanotubes for the latter temperature grow into larger size tube. The optimum reaction temperature for BN nanotube
synthesis is 1000 °C. The reproduction property of synthesized BN nanotube by this method is very promising. The method should have a great

potential to prepare BN nanotube in the future.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Boron nitride (BN) is one of the most interesting -V
compounds due to its unique properties, such as low density,
high thermal conductivity, excellent mechanical strength wear
resistance, stability at high temperatures, and possibility of
easy doping with silicon (n-type) and beryllium (p-type). Thus,
the material appears as a good alternative for carbon-related
materials in several applications [1-3]. BN cannot only form
hardy compound but also have excellent optics, electric, ther-
mal conduction and mechanical properties because the negative
electricity property is similar to carbons. In addition, carbon
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nanotube demonstrates both conducting and semiconducting
property but BN nanotube behaves as a semiconductor [4] which
is more convenient to component development and application
in the future.

BN nanotubes have been fabricated by different techniques,
such as arc-discharge, laser ablation, carbon nanotubes template-
confinement and some specifically designed methods [5-9].
Unfortunately, these methods have not been effectively to syn-
thesize a great amount of BN nanotubes. Very recently, a
hazardous procedure of producing high-yield BN nanotubes via
chemical vapor deposition (CVD) of the precursor borazine on
nickel boride catalysts has been reported [10]. However, CVD
method produced many types of BN structure and contaminated
by the nickel boride or catalysts [11,12]. So far there is no
reliable method to produce pure and high-yield BN nanotubes
therefore, the exploration on its synthesis is still a challenging
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subject. Furthermore, very high reactant temperature is needed
to prepare BN nanotubes from the mentioned methods, such as
over 2000 °C for arc-discharged and over 1200 °C for traditional
CVD method [13,14].

In this study, thermal-heating chemical vapor deposition (TH-
CVD) will be used to synthesize the BN nanotube by vaporizing
trimethyl borate at 60 °C and providing nitrogen gas to the reac-
tion chamber as the source of B and N, respectively. 434 stainless
steel will be coiled as entangled wire scaffold with pore size of
1 mm. This wire scaffold, thereafter, placed in the middle part of
TH-CVD reaction chamber. Cr, Fe, Mo contained in the stain-
less steel will serve as the catalysts to provide in situ growth
of BN nanotube on the coil surface. We hope the method can
produce a great amount of pure BN nanotube under relatively
low temperature. The produced BN nanotube will be character-
ized by scanning electron microscope (SEM), high-resolution
field-emission transmitted electron microscope (HRTEM), thin-
film X-ray diffractometer (TF-XRD) and Fourier transformation
infrared (FTIR).

2. Materials and methods

2.1. Materials preparation

BN nanotube is prepared by TH-CVD method with auto-catalyzed process,
which is briefly described as follows. 434 stainless steel wire with 0.5 mm in
diameter is coiled in a disk-like shape and placed in the center area of TH-
CVD chamber. The chamber is a pure Al,O3 tube with 52 mm in diameter and
60 cm in length. The tube is sealed on both sides by three-way connector with
thermal-resistant O-ring. Ultra pure nitrogen gas and trimethyl borate (TMB)
are introduced as the source of N and B, respectively. TMB was vaporized in
a water bath at the temperature of 60 °C and flow to the TH-CVD chamber
via a corrosion-resistant tube. The flow rate of nitrogen gas is 20 cm® min~!. A
rotary pump is used for ventilation. The ventilation goes through a water tank to
remove water-soluble gas for environmental protection. TH-CVD chamber was
heated to a temperature in the range of 800—1300 °C with the heating rate of
3°Cmin~! and the maintained for 2 h. The reaction gases will form a stagnant
flow to complete the reaction on the surface of 434 stainless steel coil. BN
nanotube can be harvested from the coil surface. The design of the TH-CVD
device is schemed as Fig. 1 [14].

2.2. Materials analysis

The morphology of BN growing on the surface of the stainless steel coil is
examined by scanning electron microscope (SEM FE-SEM HITACHI S4100).
The specimen is coated with Au-film by sputtering CVD. The film should inten-
sify the back-scattering electron and secondary electron for better resolution.
Thin-film X-ray diffraction (TF-XRD) (Rigaku MPA-2000, Japan) is used to
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Fig. 1. The scheme of TH-CVD device in the study.

analyze the crystal structure of the BN. BN are carefully collected from the coil
surface and mounted on the clay cake for scanning. The sample is scanned in
a range of 10-90°(20) with a scanning rate of 4° min~!. The functional group
and vibration model of the BN nanotube are analyzed by FTIR (JAPAN JASCO
FT/IR 410 Series spectrometer). The investigated spectral range was between
400 and 4000cm~!. A high-resolution transmission field emission electron
microscopy (HRTEM Hitachi model HF-2000, 200 keV) is utilized to analyze
the crystal structure and microstructure of BN nanotubes [15]. The stainless steel
coil with BN nanotube deposition is placed in an ultrasonic tank for 15 min in
95% ethanol. Ethanol with BN nanotube is dripped onto a carbon-coated-copper
grid and dried in air for TEM examination. Selected area electron diffraction is
performed on HRTEM.

3. Results

3.1. Surface morphology of BN formation at different
temperatures

The BN crystal observed under SEM shows different images
in different reaction temperatures. From the morphological
examination, they are not all to demonstrate as a tubular struc-
ture. At lower temperature, it forms needle-like structure. At
higher temperature, it shows a tube-like structure and/or a
granular-like structure.

Fig. 2(a) is the image of BN crystal produced at the tempera-
ture of 800 °C. BN crystal sporadically appears on the surface of
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Fig. 2. The image of BN crystal produced at the temperature of 800 °C (a) the
BN plate structure on the coil surface; (b) take a close examination.
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Fig. 3. The image of BN crystal produced at the temperature of 900°C (a)
needle-like BN on the coil surface; (b) take a close examination.

the stainless steel coil. The morphology of the BN is not a tube
structure but a plate structure with nano-scale in size as shown
in Fig. 2(b). The thickness of the plate is less than 10 nm. No
nano-tube or tube-like BN can be observed on coil surface. We
believe that the reaction temperature is too lower to crystallize
BN in a larger scale due to low driving force. Higher reaction
temperature may solve matter.

When the reaction temperature up to 900 °C (Fig. 3(a)), the
BN crystal cover the entire area of the stainless steel coil surface.
SEM images indicate a needle-like structure, which are 1 pm in
length and 70 nm in diameter in average (Fig. 3(b)). The length of
BN crystal at 900 °C is much longer than that of at 800 °C. When
the temperature increased, the driving force for crystallization
should be increased where the BN needle-like crystals should
be a favorable structure.

When the reaction temperature is up to 1000 °C, BN is crys-
tallized like a tubular structure with 70 nm in diameter and 4 pum
in average length (Fig. 4(a)). The microstructure of BN crystal
at areaction temperature of 1100 °C is similar to that of 1000 °C
(Fig. 4(b)).

When the reaction temperature is up to 1200 °C, there are
many types of BN appeared on the stainless steel coil surface
such as wire, bead string structure, and bamboo like tube as
shown in Fig. 5.
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Fig. 4. The image of BN nanotube produced at the temperature of (a) 1000 °C;
(b) 1100°C.

Fig. 6(a) is the morphology of BN at 1300 °C. BN crystals
seems like a granular structure but most of them are hollow
inside. As shown in Fig. 6(b), the tube grows out and expands
to the surrounding to form a facet crystal.

From the SEM observations, the BN nano-tube in the study
can be formed at the temperature in the range of 1000-1200 °C.
We will narrow the reaction temperature range in the later exper-
iment.

3.2. XRD characteristics of BN nanotubes

The XRD patterns of BN deposited at 1200 and 1000 °C are
shown in Fig. 7(a) and (b), respectively. Fig. 7(c) and (d) is
the patterns for clay and 434 stainless steel, respectively. If the
peaks corresponding to clay and 434 stainless steel subtracted,
the XRD patterns of BN deposited at 1200 and 1000 °C are
identified as orthorhombic boron nitride (0-BN) and hexagonal
boron nitride (h-BN), respectively.

3.3. Characteristics of BN crystal

FTIR was used to analyze the functional groups of the BN
deposited on stainless steel coil. Fig. 8 shows the FTIR pattern
of BN nanotubes produced at the temperature of 1000 °C. The
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Fig. 5. The image of BN nanotubes produced at the temperature of 1200 °C (a) many types of BN morphology; (b) bead string structure; (¢) bamboo like tube; (d)
bead like structure.

absorption bands at the wavenumber of 1360 and 785cm™! are
attributed to the B-N stretching and B-N-B bending of BN,
respectively. The FTIR patterns at 1100 and 1200 are similar
to that of 1000 °C. This result further proves that the deposited
crystal in this study is BN nanotubes.

3.4. Transmission and electric diffraction patterns of BN
nanotubes

Fig. 9(a) shows the TEM image of BN nanotube pro-
duced at 1000 °C. The diameter of nanotube is about 50 nm.
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Fig. 6. The morphology of BN crystal at the temperature of 1300 °C (a) BN Fig. 7. The XRD patterns of BN nanotube deposited at the reaction temperature
crystal on coil surface; (b) the tube grows out to form a facet crystal. of (a) 1200 °C; (b) 1000 °C; (c) clay; (d) 434 stainless steel.
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Fig. 8. The FTIR pattern of BN nanotubes produced at the temperature of
1000°C.

Fig. 9(b) is the diffraction pattern of the TEM image which
shows a ring pattern with four clear rings on the pattern.
The four rings from inner part to the outer are identified
as (002), (101), (004) and (112) of h-BN, respectively.
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Fig. 9. (a) The TEM image of BN nanotube produced at the temperature of
1000 °C; (b) the diffraction pattern of the image.

Fig. 10. (a) A multi-walled BN nanotube produced at the temperature of
1000 °C; (b) the diffraction pattern of the image.

Fig. 10 (a) shows a multi-walled BN nanotube produced at
1000 °C that outer diameter is 150 nm and inner diameter is
about 35nm. We can observe a spiral growth in the nan-
otube structure. The diffraction pattern is identified as h-BN
(Fig. 10(b)).

Fig. 11(a) is the TEM image of BN nanotube produced at
1200 °C. Fig. 11(b) is the lattice image of Fig. 11(a). The lattice
distance of the pattern is about 3.345 A that is corresponding to
(002) plane of h-BN. As observed in SEM, BN also demonstrate
several types of morphology as shown in Fig. 12(a). Most of the
tip of the BN nanotubes produced at 1200 °C is closed with the
axial sequence of inverted conical void (Fig. 12(b)). Although
different types of morphology shown, BN nanotubes produced
at 1200 °C are h-BN.
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Fig. 11. (a) The TEM image of BN nanotube produced at the temperature of 1200 °C; (b) the lattice image of the nanotube.

4. Discussions

Crystal growth of one-dimensional structure requires a path-
way to continuously providing gas- or liquid-phase reactants to
a specified site, in which an anisotropic driving force exists to
assure an oriented growth [15,16]. When gas reactants and lig-
uid impurity (catalyst) are used, the vapor-liquid—solid (VLS)
growth mechanism is responsible for the synthesis of wire-
like structure [17]. Morales and Lieber synthesized Si and Ge
nanowires by combining laser ablation and a V-L-S method
[18]. This technique can produce nano-scale liquid catalysts,
which determine the diameter of nanowires.

In the study, the overall reaction to produce BN crystal is as
follows:

C3H9BO3(g) + Na(g) = BNs) + NH3(g) +3CO(y)

The residual gases of NH3(g) +3COyg) are removed from the
reaction system through a water tank by a rotary pump. BN
crystals formed on the coil surface and catalyzed by the Fe, Cr,
Mo elements provided from the surface of the coil scaffold.

At lower temperature, catalysts are difficult to combine with
absorbed reactant gases and reach a liquid eutectic composition.
In this condition, the BN crystal deposited on the 434 stainless
steel coil surface is epitaxial growth. The crystal orientation

should be matched to the crystal orientation of coil substrate. A
plate-like morphology is the most favorable as shown in Fig. 2.
When the temperature increased to the 900 °C, the crystal growth
is also based on epitaxial growth but the growth rate is much
faster than that of at 800 °C due to higher driving force. This
leads to a needle-like structure not a hollow tube, as shown in
Fig. 3.

When the temperature is up to 1000 °C, Fe, Cr, or Mo will
combine with the reactant gases to reach a eutectic composition
to form a partial liquid on the surface. The V-L-S mechanism to
form the BN nanotube occurs at 1000 °C as shown in Fig. 4. If the
temperature increased to 1100 °C, BN nanotube also appeared
on the coil surface as the same mechanism as 1000 °C. Never-
theless, the nanotubes decreased in size are due to coalescence
phenomena to eliminate excessive surface energy.

When temperature increases to 1200 °C, Fe Cr, or Mo par-
tial pressure in the reaction chamber will increase. BN crystals
growth mechanism at this temperature is not only V-L-S but
also V=S or L-S that causes many kinds of BN morphology to
present on the coil surface (Fig. 5). In addition, the growth pro-
cess of the nanotube in the study is the axial sequence of inverted
conical void (Fig. 12). The mechanism has been proposed for
BN nanotube growth by catalytic capillary [19-22]. When tem-
perature is up to 1300 °C, there are no nanotubes or wires to form

-

Fig. 12. (a) Several types of morphology at the temperature of 1200 °C; (b) the BN nanotube is tip closed with the axial sequence of inverted conical void.
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on the coil surface. It becomes granular structures with hollow
inside due to tube fast growth to minimize the surface energy.

From the study of XRD analysis (Fig. 7), the BN deposited
on the substrate is identified as two types of BN crystal structure
(h-BN and 0-BN). However, all the nanotubes are identified as h-
BN by FTIR, TEM, and HR-TEM. The h-BN nanotubes can be
obtained between the temperatures of 1000 and 1100 °C, which
is relatively low for the BN nanotubes preparation.

5. Conclusions

In this study, BN nanotubes were successfully synthesized
at relatively low temperature between 1000 and 1100 °C. All
the nanotubes prepared in the system were identified as h-BN
that was formed on the o-BN template. When the reaction tem-
perature is 1200 °C, there are many types of h-BN morphology
appeared. BN nanotubes formed at 1100 °C are larger than the
one at 1000 °C. The optimum temperature for BN nanotube syn-
thesis is 1000 °C. The reproduction property of synthesized BN
nanotube by this method is very stable comparing with conven-
tional methods. This method should have a great potential to
prepare BN nanotube in the future.
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