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Boron Nitride Nanotubes

Nasreen G. Chopra, R. J. Luyken, K. Cherrey, Vincent H. Crespi,
Marvin L. Cohen, Steven G. Louie, A. Zettl*

The successful synthesis of pure boron nitride (BN) nanotubes is reported here. Multi-
walled tubes with inner diameters on the order of 1 to 3 nanometers and with lengths up
to 200 nanometers were produced in a carbon-free plasma discharge between a BN-
packed tungsten rod and a cooled copper electrode. Electron energy-loss spectroscopy
on individual tubes yielded B:N ratios of approximately 1, which is consistent with the-
oretical predictions of stable BN tube structures.

The discovery of carbon nanotubes in
1991 (1) has generated intense experimen-
tal and theoretical interest in such struc-
tures. Theoretical studies of carbon tubes
suggest that their electrical properties will
range from metallic to semiconducting, de-
pending on the tube diameter and chirality
(2, 3). This leads to a diverse spectrum of
properties, but it is also highly complex
from an applications point of view, as the
tube chirality and diameter are impossible
to control with the use of present synthesis
methods. Most carbon nanotubes observed
are composed of multiple coaxial tubes,
with the spacing between tube walls being
approximately the graphite interplanar dis-
tance. The properties of a multiwalled car-
bon nanotube are expected to be even more
complex, because they will depend sensi-
tively on the detailed geometry of each
constituent tube.

Authors of a recent tight-binding calcu-
lation have proposed that nanotubes might
also be formed from hexagonal boron nitride
(BN) (4). Local density approximation and
quasi-particle calculations indicate that BN
tubes are semiconducting with a gap of
roughly 5.5 eV [versus 5.8 eV (5) for bulk
hexagonal BN] and that the gap is nearly
independent of tube diameter, chirality, and
the number of tube walls (6). The calculated
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uniform electronic properties of BN tubes
contrast sharply with the heterogeneity of
carbon tubes [and other carbon-containing
tubes such as those formed from BC,N (7)
and BC, (8)] and suggest that BN tubes may
have significant advantages for applications.
Although previous studies have demonstrat-
ed the existence of BN filaments with diam-
eters on the order of 100 nm (9), as well as
carbon-containing nanotubes with the stoi-
chiometry of BC,N (10, 11) and BC; (10),
pure BN nanotubes have not been reported.
We describe here the synthesis and stoichio-
metric characterization of multiwalled BN
nanotubes.

Boron nitride nanotubes were synthe-
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sized in a plasma arc discharge apparatus
similar to that used for carbon fullerene
production (12). To avoid the possibility of
carbon contamination, no graphite compo-
nents were used in the synthesis. The insu-
lating nature of bulk BN prevents the use of
a pure BN electrode. Instead, a pressed rod
of hexagonal BN 3.17 mm in diameter was
inserted into a hollow tungsten electrode
with an outer diameter of 6.3 mm, forming
a compound anode. The cathode consisted
of a rapidly cooled pure copper electrode.
During discharge, the environmental heli-
um gas was maintained at 650 torr and the
dc current was ramped from 50 to 140 A to
maintain a constant potential drop of 30 V
between the electrodes. A dark gray soot
deposited on the copper cathode, in con-
trast to the case of carbon tube growth, in
which typically a more cohesive cylindrical
deposit with a hard crustlike shell forms on
the cathode. After the arcing was complete,
pieces of solidified tungsten were found
spattered inside the chamber, indicating
that the temperature at the anode during
synthesis exceeded 3700 K, the melting
point of tungsten.

Characterization of the cathodic depos-
it was accomplished with transmission
electron microscopy (TEM) with the use
of a JEOL JEM 200CX electron micro-

Fig. 1. TEM image of a BN
soot sample on an amor-
phous support grid. Dark ar-
rows point out one long BN
multiwalled nanotube. The
light arrow identifies another
nanotube.



REPORTS

scope with 200-keV accelerating voltage.
Portions of the gray soot were deposited
onto holey carbon grids and analyzed un-
der phase-contrast imaging conditions.

Figure 1 shows a typical TEM image
taken over a large area of the support grid.
Numerous structures of distinct and con-
trasting morphologies are apparent. The
large amorphous band covering nearly the
entire lower half of the image is a portion of
the support grid. The dark clusters scattered
throughout the upper half of the image are
tentatively identified as tungsten. Figure 1
clearly shows structures that appear to be
multiwalled nanotubes, with inner diame-
ters on the order of 1 to 3 nm, outer diam-
eters on the order of 6 to 8 nm, and lengths
exceeding 200 nm. The two dark arrows in
Fig. 1 identify one such tube, which extends
beyond the left and right borders of the
image. The light arrow in Fig. 1 identifies
another multiwalled tube of apparently
shorter length.

Figure 2 shows a high-resolution TEM
image of a portion of an observed nanotube.
This and other similar images exhibit sharp
lattice fringes indicating that the walls of
the tubes are well ordered with an interlayer
distance of ~3.3 A, which is consistent
with the interplanar distance of 3.33 A in
bulk hexagonal BN (13). The particular
tube shown in Fig. 2 has eight walls; similar
tubes with wall numbers ranging from seven
to nine have been observed.

A careful study of the ends of BN nano-
tubes reveals an interesting feature. Every
end that we have observed contains a dense
particle, possibly tungsten (or a tungsten
compound with boron and nitrogen) whose
diameter is comparable to the outer BN
tube diameter. The end of a typical BN
nanotube is shown in detail in Fig. 3. We
note that the fullerene-like capping or oth-
er cappings seen in carbon nanotubes, all of

Fig. 2. High-resolution TEM image of a BN nano-
tube. The image shows a clear signature of a tube
with an equal number of lattice fringes on either
side of a hollow; this particular tube has eight
walls.

which involve pentagons, are not observed
in BN structures. The formation of penta-
gons in a pure BN system would necessitate
the creation of B-B or N-N bonds, which
are unfavorable compared with B-N bonds,
and thus there is frustration in capping a
BN nanotube. Nature seems to solve this
problem by using a small metal cluster, as
seen in Fig. 3. The presence of many metal
particles wrapped in layers of planar BN, as
evident in Fig. 1, suggests a possible scenar-
io for BN tube nucleation and growth. We
speculate that in a high-curvature region of
a covered particle, the outer layers of the
BN coating may pull away from the inner-
most layer (as the layer-layer interaction in
BN is rather weak) and grow outward to
form a tube. Given this scenario, the tube
growth is also likely to terminate when a
metal particle collides with the open end of
a growing tube and attaches to the dangling
bonds, particularly if the metal forms stable
nitrides and borides, as tungsten does.
Determination of the stoichiometry of
individual tubes is possible with the use of
electron energy-loss spectroscopy (EELS)
inside the TEM. We have done EELS
studies on portions of tubes suspended
over holes in the carbon support grid. A

——
10nm §

Fig. 3. High-resolution TEM micrograph of the
capping of a BN nanotube. A dense metal particle
is present at the tube end.

Boron K BN tube
‘ (B:IN=1.14:1)

Nitrogen K
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Photodiode counts (arbitrary units)

Energy loss (eV)

Fig. 4. EELS spectrum of a BN nanotube. The
composition of the tube is boron and nitrogen with
a B:N ratio of ~1.
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characteristic tube energy-loss spectrum is
shown in Fig. 4. Two distinct absorption
features are revealed, one beginning at 188
eV and another at 401 eV. These corre-
spond to the known K-edge onsets for
boron and nitrogen, respectively. The fine
structure in the spectrum reveals the hex-
agonal bonding between boron and nitro-
gen (14). Noteworthy is the absence of
any feature at 284 eV, the K-edge absorp-
tion for carbon. Quantification analysis of
the tube EELS spectrum gives a B:N ratio
of 1.14, which is consistent with a stoichi-
ometry of BN (due to uncertainties in
baseline corrections, the given B:N ratio
has an estimated error of 20%).

Previously predicted tubes of the sp?
bonded hexagonal BN sheet material have
now been successfully synthesized. Because
of their predicted uniformly semiconduct-
ing behavior, BN tubes provide interesting
possibilities for potential device applica-
tions. The existence of carbon and BN
nanotubes, along with the recent discovery
of MoS, (15), BC,N (10, 11), and BC;
(10) tubes suggest that the tubular structure
may be stable for other layered materials.
Thus, the method we have described for the
synthesis of BN tubes may be a technique
useful for the production of tubes from oth-
er novel materials with varying electrical
properties.
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