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Atomic structures of bamboo-type boron nitride nanotubes with
cup-stacked structures
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Abstract

Bamboo-type boron nitride (BN) nanotubes with cup-stacked structures were produced by annealing of Fe4N and boron particles at 1000◦C
for 5 h in nitrogen atmosphere. The iron nitride particles were reduced to�-Fe. Atomic structure models and the formation mechanism were
proposed from the results of high-resolution electron microscopy (HREM), image simulations and molecular mechanics calculations. The
nanotube structures would be stabilized by stacking of BN cup-layers.
© 2005 Elsevier Ltd. All rights reserved.
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. Introduction

Various carbon-based nanocage structures, such as
ullerene clusters, nanotubes, nanopolyhedra, cones, cubes
nd onions, have great potential for studying materials of

ow dimensions in an isolated environment.1–5 Recently,
arbon nanotubes with a cup-stacked structure6–11 and
anohorns12–14as a novel type of carbon nanotubes have been
eported by high-resolution electron microscopy (HREM).
oron nitride (BN) nanostructured materials with a bandgap
nergy of ∼6 eV and non-magnetism are also expected

o show various electronic, optical and magnetic proper-
ies, such as Coulomb blockade, photoluminescence, and
upermagnetism.3,5 Recently, several studies have been
eported on BN nanomaterials, such as BN nanotubes,15–17

N nanocapsules3,5,18and BN nanoparticles.19,20 Although
N nanohorns21,22 as a novel type of BN nanotubes were
lso reported by HREM image, there are still few reports
n atomic structures and stability of BN nanotubes with a
up-stacked structure.21

The purpose of the present work is to synthesize BN nan-

culations. HREM is a powerful method for direct struct
analysis on an atomic scale.23,24The present study will giv
us a guideline for designing and synthesis of the BN
otubes with a cup-stacked structure, which are expect
future nanoscale devices.

2. Experimental procedures

Fe4N and B powders were selected as starting mate
Their particle sizes were about 50�m and 45�m in diame-
ters, respectively. After the Fe4N and B (weight ratio = 1:1
were mixed by a triturator, the samples were set on
alumina boat. The samples were annealed at 1000◦C for
5 h in 100 sccm flowing nitrogen (N2) gas atmosphere, a
cooled down to room temperature in the furnace. Sample
HREM observation were prepared by dispersing the ma
als on holey carbon grids. HREM observation was perfor
with a 300 kV electron microscope (JEM-3000F). For im
processing of the observed HREM images, Digital Mic
graph Software (Gatan Inc., California) was used. The di
tubes with a cup-stacked structure, and to investigate the
tomic structures by HREM and molecular mechanics cal-
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images were masked and fast Fourier transformed.
Basic structure models for BN nanotubes with a

cup-stacked structure were constructed by CS Chem3D
(CambridgeSoft). For stability calculations, structural opti-
m ture
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ization of the BN nanotubes with a cup-stacked struc



444 T. Oku et al. / Journal of the European Ceramic Society 26 (2006) 443–448

was performed by molecular mechanics calculations (MM2).
To compare observed images with calculated ones, HREM
images were calculated by the multi-slice method using
the MacTempas software (Total Resolution, CA, USA).
The parameters used in the calculations are as follows:
accelerating voltages = 300 kV, radius of the objective aper-
tures = 5.9 nm−1, spherical aberrationCs = 0.6 mm, spread
of focus∆ = 8 nm, semi-angle of divergenceα = 0.55 mrad,
under defocus values�f =−20 to−90 nm, unit cell (one clus-
ter) = 5.0× 5.0× 7.0 nm3, crystal thickness (unit-cell thick-
ness, 16 slices)t = 5.0 nm, space groupP1 and assumed
temperature factors of 0.02 nm2.

3. Results and discussion

Phases of the samples were determined by X-ray diffrac-
tion, which showed peaks of hexagonal BN and�-Fe. Large
amounts of BN nanotubes were produced, andFig. 1(a) is
a typical low magnification image of BN nanotubes with
bamboo-structures. Lengths and widths of BN nanotubes
are approximately 5–10�m and 40–200 nm, respectively.

In addition, iron nanoparticles were often observed at the
tip of nanotubes, as shown inFig. 1(b). Enlarged images
of a tip and an interface between the Fe nanoparticle and
the nanotube are shown inFig. 1(c) and (d), respectively. In
Fig. 1(c), amorphous structures (AM) and lattice fringes of
Fe2B {2 0 0}are observed near the growth point of BN layers.
The amorphous structure would be boron-rich phase formed
from reaction with Fe4N. At the interface between the Fe
particle and BN nanotube inFig. 1(d), lattice fringes of Fe
{1 1 0} are observed, and the BN{0 0 2} layers are inclined
from the nanotube axis indicate byz-axis.

A HREM image of the bamboo-type BN nanotube with a
cup-stacked structure is shown inFig. 2(a), and the bamboo
structure consists of BN{0 0 2} layers. Enlarged images of
both nanotube walls inFig. 2(a) are shown inFig. 2(b) and
(c). BN{0 0 2} layers are inclined compared to the nanotube
axis, and the cone angle between the BN layers at both nan-
otube walls is∼36◦. An enlarged image of nanotube center
in Fig. 2(a) is shown inFig. 2(d), and a HREM image with
clear contrast was processed after Fourier noise filtering as
shown inFig. 2(e), which shows hexagonal arrangements of
white dots.
Fig. 1. Low magnification images of (a) BN nanotubes with bamboo-structur
(d) an interface between the Fe nanoparticle and the nanotube.
es and (b) iron nanoparticle at a tip of nanotube. Enlarged images of (c) a tip and
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Fig. 2. (a) HREM image of bamboo-type BN nanotube with cup-stacked structures. (b, c) Enlarged images of nanotube wall in (a). (d) Enlarged image of
nanotube center in (a). (e) Processed image after Fourier filtering of (d).

Fig. 3 is a proposed structure model for B494N494 cup-
layer, which consists only of hexagonal BN rings. The nan-
otube axis is indicated byz-axis. A structure model and
calculated HREM images of four-fold walled B1976N1976
nanotube with a cup-stacked structure are shown inFig. 4.
The calculated image at defocus values in the range of−40 to
−60 nm agree with the HREM images inFig. 2. Total energies
of B494N494, B988N988 and B1976N1976cup-stacked BN lay-
ers calculated by molecular mechanics calculation are listed
in Table 1. Distance between BN layers of nanotubes with
a cup-stacked structure in a HREM image was measured to
be∼0.35 nm, and the basic structure model was constructed
based on it. After molecular mechanics calculations, the layer

distances were optimized as∼0.38 nm. In addition, total ener-
gies per mol atom of B988N988 and B1976N1976were reduced
by stacking of B494N494 nanotubes with a cup-stacked struc-
ture, and it is believed that the structure of BN multi-layered

Table 1
Total energies of BN nanotubes with a cup-stacked structure by molecular
mechanics calculation

B494N494 B988N988 B1976N1976

Number of layers 1 2 4
Total energy (kcal/mol) 895.1 1269 2062
Total energy (kcal/mol atom) 0.906 0.642 0.522
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Fig. 3. Structure model for B494N494 cup structure.

nanotubes with a cup-stacked structure would be stabilized
by stacking hexagonal BN networks.

Cup-stacked carbon nanotubes with Pt nanoparticles in
inner surface of the hollow core had been reported.9 The BN

nanotubes with cup-stacked structures in the present work
would also be one of the candidates for atomic and gas
storage, as well as carbon nanotubes. Cone angles of BN
cup-stacks were measured to be∼36◦, which agreed well
Fig. 4. Calculated HREM images of four-fold walled B1976N1976 nanot
ube with a cup-stacked structure as a function of defocus values.
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with that of the model inFig. 3 (38◦). Cone angles of car-
bon nanotubes with a cup-stacked structure were reported
to be in the range of 45–80◦.5,8 The cause of the different
cone angles of the present cup-stacked BN nanotubes would
be due to the different stacking of BN layers alongc-axis
(B–N–B–N. . .) from carbon layers. The cone angles might
also depend on the shape of catalysis particles, as shown in
Fig. 1(d).

A small amount of nanocrystalline Fe2B compounds were
observed at the tip of the BN nanotube. Chemical formulas
that Fe4N reacts with B, and generates Fe and BN in our
experiments can be proposed as follows:

Fe4N + 3B → BN + 2Fe2B (1)

2Fe2B + N2(g) → 2BN + 4Fe (2)

Gibb’s energy on each formula is calculated as−89.4 and
−23.2 kcal for the formulas (1) and (2) at 1000◦C, respec-
tively. These negative values would stand for correctness
of the proposed formulas. It is considered that a forma-
tion of Fe-B compounds might plays an important role for
growth of the BN nanotubes, and that amorphous boron
might change to BN and Fe2B on the surface of the Fe4N
nanoparticles.

When magnetic materials are used as catalysis metals for
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. Conclusion
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