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Atomic structures and formation mechanism of boron nitride nanotubes
and nanohorns synthesized by arc-melting LaB6 powders
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Abstract

Boron nitride (BN) nanotubes and nanohorns with various tip structures were synthesized by arc-melting LaB6 powders. Atomic structure
models and formation mechanism for BN nanotubes and nanohorns were proposed from high-resolution electron microscopy (HREM), energy
dispersive X-ray spectroscopy (EDX), molecular mechanics calculations (MM2) and thermodynamic calculation. The present work indicates
that lanthanum would be a key catalytic material to produce the BN nanostructures.
© 2005 Elsevier Ltd. All rights reserved.
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. Introduction

Carbon-based nanocage structures, such as fullerene clus-
ers, nanotubes, nanopolyhedra, cones, cubes and onions,
ave great potential for studying materials of low dimensions

n an isolated environment.1–3 Especially, carbon nanohorns
s a novel type of carbon nanotubes are expected as catalyst
lectrode materials for next-generation fuel cells, which sepa-
ate hydrogen and electrons from methanol.4–9 Boron nitride
BN) nanostructured materials with a bandgap energy of
6 eV and non-magnetism are also expected to show various
lectronic, optical and magnetic properties such as Coulomb
lockade, photoluminescence, and supermagnetism.3,10–12

Recently, several studies have been reported on BN nano-
aterials such as BN nanotubes,13–16BN nanocapsules3,10,15

nd BN nanoparticles,17,18 which are expected to be use-
ul as electronic devices, high heat-resistance semiconduc-
ors and insulator lubricants. Some BN nanocage clusters
ave been predicted theoretically,19 and BN clusters with
izes of∼1 nm were observed by high-resolution electron
icroscopy (HREM)3,10,20and mass spectrometry.21,22 BN

nanohorns as a novel type of BN nanotubes were also rep
by HREM image.23,24

The purpose of the present work is to synthesize BN
otubes and nanohorns, and to investigate the atomic stru
and formation mechanism by HREM, electron dispersiv
ray spectroscopy (EDX), molecular mechanics calcula
(MM2) and thermodynamic calculation. To synthesize
nanotubes and nanohorns with various tip structure, L6
powder was selected for arc-melting, which is a useful c
ysis for BN nanotube synthesis.3 The present study will giv
us a guideline for designing and synthesis of the BN
otubes and nanohorns, which are expected as future nan
devices.

2. Experimental procedures

The LaB6 powder (4 g, 99%, Kojundo Chemical Lab. C
Ltd.) was set on a copper mold in an electric-arc furn
which was evacuated down to 1.0× 10−3 Pa. After intro-
ducing a mixed gas of Ar (0.025 MPa) and N2 (0.025 MPa)
∗ Corresponding author. Tel.: +81 6 6879 8521; fax: +81 6 6879 8522.
E-mail address: oku@sanken.osaka-u.ac.jp (T. Oku).

arc-melting was applied to the samples at an accelerating
voltage of 200 V and an arc current of 125 A for 10 s. Arc-
melting was performed with a vacuum arc-melting furnace
(NEV-AD03, Nisshin Engineering Co. Ltd.). Samples for
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HREM observation were prepared by dispersing the materi-
als on holey carbon grids. HREM observation was performed
with a 300 kV electron microscope (JEM-3000F). To confirm
the formation of BN nanomaterials, EDX analysis was per-
formed by the EDAX system.

Basic structure models for BN nanotubes, nanohorns and
BN cluster were constructed by CS Chem3D (Cambridge-
Soft). For stability calculations, structural optimization of the
BN nanostructures were performed by molecular mechanics
calculations. Standard reaction enthalpy (�H◦

r ) and standard
reaction Gibbs energy (�G◦

r ) were calculated by chemical

reaction and equilibrium software (HSC Chemistry 4.0, Out-
okumpu Research, Finland).

3. Results and discussion

Fig. 1is HREM image of multi-walled BN nanotubes syn-
thesized by an arc-melting method.{0 0 2} layers of BN are
clearly observed in these images. Tips of BN nanotubes of
Fig. 1(a) and (b) are flat and horn type, respectively. The tip
of BN nanotube is choked up by an amorphous phase, as
Fig. 1. HREM images of BN nanotubes with (a) flat and (b
) horn structure; (c) BN nanotube with amorphous particle.
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Fig. 2. HREM images of BN nanohorns with (a), (b) a hollow structure and (c, d) amorphous phase.

Fig. 3. EDX spectrum of BN nanohorns with (a) a hollow structure and (b) amorphous phase.
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shown inFig. 1(c). On the other hand, amorphous phases are
observed at the root of BN nanotubes inFig. 1(b) and (c),
respectively.

Fig. 2is HREM image of multi-walled BN nanohorns syn-
thesized by the present method. Tip angles of BN nanohorns
of Fig. 2(a), and (b) are∼80◦ and∼60◦, respectively. Tip
angles of BN nanohorns with amorphous phase ofFig. 2(c)

and (d) are both∼60◦. Since the distortion of tips of BN
nanohorns is very large, the structure may not be completely
perfect, which results in the vague contrast at the tips.

EDX spectra of BN nanohorns with a hollow and an amor-
phous phase are shown inFig. 3(a) and (b), respectively. Both
graphs are normalized by nitrogen peaks.Fig. 3(a) shows
boron and nitrogen peaks, andFig. 3(b) shows peaks of lan-
Fig. 4. Structure models for (a) BN nanotube with flat tip, and B
N nanohorns with tip angles of (b) 84◦ and (c) 60◦, respectively.
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Fig. 5. (a) HREM image and (b) structure model of BN cluster with trigonal shape.

thanum in addition to peaks of boron, nitrogen, oxygen and
copper. Weak peaks of copper are due to the HREM grid. The
composition ratio of B:N:La inFig. 3(a) and (b) are calculated
to be 43.9:45.4:10.7 and 34.0:27.5:38.5, respectively. Since
the composition ratio of B:N inFig. 3(a) is almost∼1.0, these
B and N peaks are believed to be detected from BN layers.
If the composition ratio of BN inFig. 3(b) is assumed to be
1.0, composition of the amorphous phases would be LaB0.17,
which indicates that most of the amorphous phases were lan-
thanum. Amorphous phases observed at the root of BN nan-
otubes and nanohorns inFigs. 1(b) and (c), 2(a), (d), and (e)
would be starting points of BN growth.

From the results of HREM observation ofFigs. 1(a) and 2,
structure models for BN nanohorns were proposed, as shown
in Fig. 4. Structure models ofFig. 4(a)–(c) are B480N480nan-
otube, B535N535 nanohorn and B557N541 nanohorn, respec-
tively. Four and one tetragonal BN rings are introduced for the
model inFig. 4(a) and (b), respectively. Since a trigonal BN
ring is introduced for a model inFig. 4(c), the structure model
of Fig. 4(c) has some BB bonds. The difference of tip angles
in observations ofFig. 2 and calculations inFig. 4 would
be due to the lattice defect. The minimum numbers of BN
layers in nanohorns synthesized by the present work is two,

Fig. 6. Temperature dependence of Gibbs energy calculated based on Eq.
(1).

which would be due to stacking stability with two elements
of boron and nitrogen. The double-walled model of B535N535
and B557N541 nanohorns with 84◦ and 60◦ were constructed,
and total energies for B480N480, B535N535, B557N541 and
double-walled BN nanohorns were investigated by molecular
mechanics calculation, as summarized inTable 1. Distance

Table 1
C

S anohorn

N535 B1070N1070 B557N541 B1114N1082

T 84 60 60
N 1 2 1 2
N 0 0 1 1
N 1 1 0 0
N 0 0 0 0
T 59 1211 1182 1495
T 0.9897 0.5659 1.077 0.6808
alculated total energies of BN nanotube and nanohorns

tructure types Nanotube N

B480N480 B535

ip angle (◦) 84
umber of layers 1
umber of trigonal BN rings 0
umber of tetragonal BN rings 4
umber of octagonal BN rings 1
otal energy (kcal/mol) 1259 10
otal energy (kcal/mol atom) 1.311
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Fig. 7. Schematic illustration of the formation mechanism of BN nanohorns.

between BN layers of the double-walled BN nanohorn struc-
tures in a HREM image was measured to be∼0.35 nm, and
the basic structure model was constructed based on it. After
molecular mechanics calculation, the layer distances were
optimized as 0.38 nm. Comparing total energies of BN nan-
otube and single-walled BN nanohorns, BN nanohorns shows
a lower energy per mol atom than that of BN nanotube. Higher
total energy of BN nanotube would be due to the distortion of
four tetragonal BN rings of the tip. Comparing total energies
of BN nanohorns with 84◦ and 60◦, BN nanohorns with 85◦
shows a lower energy per mol atom than that of BN nanohorn
with 60◦. Higher total energy of BN nanohorn with 60◦ would
be due to the distortion of one trigonal BN ring of the tip and
some B B bonds. In addition, total energies per mol atom of
double-walled BN nanohorns with 84◦ and 60◦ were reduced
by stacking of BN nanohorn structure, and it is believed that
the structure of BN multi-layered nanohorns would be stabi-
lized by stacking hexagonal BN ring networks.

Fig. 5(a) is a HREM image of a BN cluster with trigonal
shape synthesized at the same time. A structure model of
BN cluster with trigonal shape was proposed, as shown in
Fig. 5(b). Four tetragonal, one pentagonal and one heptagonal
BN rings are introduced for the model inFig. 5(b).

In the present work, the formation process was proposed,
as a following equation.

L

a ce

of Gibbs energy calculated based on the Eq.(1) is shown in
Fig. 6, which indicates the reaction of BN formation would
occur below 2578.3◦C spontaneously.

Schematic illustration of the formation mechanism of BN
nanohorns is shown inFig. 7. First, argon and nitrogen ions
are produced by the arc discharge. LaB6 powder is melted by
the arc-melting, and liquid LaB6 would be cooled in argon and
nitrogen ion gas. In this process, liquid LaB6 would become
an amorphous phase, and BN layers would be formed at the
surface of amorphous LaB6. Since boron in amorphous LaB6
is used for BN layer formation, amorphous phases close to
BN layers would be become La-rich LaB∼0.2, as shown in
EDX results. Center of amorphous LaB6 particles would be
become LaB6−x because boron in amorphous LaB6 was used
for BN formation. Lanthanum atoms would act as a catalyst
for possible starting points of growth of BN nanotubes and
nanohorns, and the amorphous phase worked as a key cat-
alytic material to produce the BN nanostructures.

4. Conclusion

Various BN nanostructures were synthesized by an arc-
melting of LaB6 powder in N2/Ar mixture gas. Atomic struc-
ture models for the BN nanotubes, nanohorns and BN cluster
with trigonal shape were proposed from HREM observation
a ruc-
t uld
b ults
s were
aB6 + 3N2(g) → La + 6BN (1)

For the Eq.(1), the Gibbs free energy (�G◦
r ) was minus

t temperatures below 2578.3◦C. Temperature dependen
nd molecular mechanics calculations. Multi-walled st
ures with trigonal and tetragonal BN ring networks wo
e stabilized by stacking BN nanohorns. The EDX res
howed the amorphous phases in the BN nanohorns
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LaB∼0.2, and the formation mechanism was proposed from
the structure analysis and thermodynamic calculation.
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