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Nanococoon seeds for BN nanotube growth
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A modification in the conventional arc-discharge method for synthesis of nanotubes is
presented. By injecting pure nitrogen gas directly into the plasma we have greatly
increased the amount of boron nitride nanotubes produced. Isolated nanotubes and
bundles were characterized by TEM. The vast majority of the nanotubes were
double-walled with outer diameter around 3 nm. The predominance of double-walled BN
nanotubes is seen as a direct result of the distribution of the number of graphitic BN layers
for the nanococoons, second major product of the synthesis. Detailed HRTEM examination
of the ends of BN nanotubes indicates continuity between the graphitic BN layers that coat
boron nanoparticles, that is nanococoon, and the nanotube. At the other end of the
nanotubes a flat angular cap was observed. HRTEM images of nanotube ends give support
to a root-based growth mechanism. © 2003 Kluwer Academic Publishers

1. Introduction
Based upon similarities between carbon and boron ni-
tride, BN nanotubes were first theoretically proposed
[1] and then synthesized [2-9] using routes similar to
that used for carbon nanotubes, i.e., arc-discharge, laser
ablation and CVD. BN nanotubes are attractive be-
cause of their unique electronic, thermal and mechani-
cal properties. Unlike carbon nanotubes, BN nanotubes
are semiconductors with a wide band gap that is weakly
dependent on the helicity and diameter of the tubes
[10]. In comparison with single wall carbon nanotubes
(SWCNTys), relatively little is known about the growth
of boron nitride nanotubes (BNNTs). For example, in
carbon nanotubes it is well established that growth in-
cludes solvation of carbon into metal clusters and pre-
cipitation of excess carbon in the form of nanotubes.
Such a mechanism has not yet been demonstrated for
BNNTSs. Indeed, BN nanotubes were prepared without
using catalyst in a laser ablation route with nanotube
growth originated from a pure boron nanoparticle [7].
The growth mechanisms for SWCNTs have been sep-
arated into tip-growth and root-growth types. In tip
growth, carbon atoms diffuse along the tube stem to
the open tip [11-13]. Single metal atoms chemisorbed
onto the open edge would have a crucial role on this
type of growth, both assisting in the formation of carbon
hexagons and inhibiting the formation of pentagons that
would initiate dome closure [14, 15]. In root growth,
a nanotube extends from atoms added to its base [16].
By imaging the ends of nanotubes with TEM, one can
gleam their growth mechanism. In fact, TEM imaging
of both ends of isolate SWCNTs has provided a clear
evidence for the root-growth model [17, 18], that is,
the catalyst nanoparticle remains stationary, whereas a
nanotube grows out from the particle with a closed-end.
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TEM images have unambiguously showed individual
SWCNTs with one end containing a catalyst nanopar-
ticle and the other end closed, ruling out the tip growth
model at least for the case of growth of SWCNTSs from
discrete catalytic nanoparticles [17, 18].

For BNNTS, both types of model remain strong can-
didates. TEM imaging of both ends of one BNNT is
very rare specially for the case of nanotubes synthe-
sized in a arc-plasma method due to the relatively long
length of the nanotubes (in the u range) added to the
fact that the ends are very often buried in the nanopar-
ticle clusters co-generated in the discharge. Tip-growth
mechanism is weakly supported by a report of metal
compounds on the tip of BNNTSs [2] and observation
of one open-ended BNNT [6]. However, most BNNTSs
ends reported in the literature are closed. In the case
of BNNT prepared without catalyst [7] observation of
ends with encapsulated boron nanoparticles are inter-
preted as evidence that BNNT grow via a root-based
mechanism. B nanoparticles at the root are thought to
react with N> to form BNNTSs.

We explored BNNT synthesis by arc discharge. A
modified arc chamber was built to optimize the yield of
BNNTs. The product material was investigated using
SEM and TEM. Particular attention was paid to the nan-
otube ends, in an attempt to elucidate the mechanism
of BNNT growth.

2. Experimental section

Conductive boron electrodes were prepared by skull-
melting elemental boron (crystalline ingot, Alpha Aesar
99.5%) with 1% nickel and 1% cobaltin a 17 psia argon
atmosphere in a commercial arc furnace. After sev-
eral refinement melts, homogeneous 5 g boron ingots
were obtained with resistivities below 5 ohm-cm. Boron
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ingots were attached to water-cooled copper electrodes
using mechanical clamps.

The electrodes were mounted perpendicular to each
other. The side electrode was manipulated by a linear
motion controller, and the bottom electrode was tilted
manually to establish an arc. At voltages of 40 V, dc
currents of about 30 A were maintained for periods
of about 20 s. After this time, the boron ingots were
observed to melt; they were allowed to cool for 20 s
between arcs.

Pure nitrogen gas was introduced to the chamber
through two distinct lines. One line supplied nitrogen to
the main chamber through a water-cooled arm. Several
arms were available on the chamber; best results were
obtained using the arm perpendicular to the plane of
the electrodes. A second line added nitrogen directly to
the plasma through a 1/8” stainless steel tube. Optimal
production was found with the tube positioned 1” from
the ingots. Nitrogen was removed continuously through
a pumping port directly above the plasma; material was
filtered from the gas stream by a copper mesh.

The flow of nitrogen through the steel tube was con-
trolled between 5 and 20 Lpm. Chamber pressure, ni-
trogen flow rate, and arc current were varied to optimize
nanotube production. Abundance of nanotubes was ob-
tained using pressures between 200 Torr and 450 Torr,
nitrogen flow near 15 Lpm, and currents of 30 A. The
arc generated an unstable plume 1-2" in diameter. Fine,
long strands of black material streamed upwards from
the plume. After arcing, a gray web-like material was
recovered from the copper mesh, and gray soot was
found on the walls and bottom of the chamber.

Two types of purification were attempted. To remove
residual metal and unreacted boron, the material was
boiled in nitric acid. Although this process preferen-
tially removed boron from boron nitride cocoons [6],
it also removed boron nitride nanotubes. No nanotubes
were observed after nitric acid treatments. A separation
by density was therefore employed to remove large par-
ticles. Material was sonicated for dispersal in a mixture
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of bromoform and 1,1,1-trichloroethane in such ratio
that its density was intermediate between boron nitride
and boron. Since boron is denser than boron nitride, af-
ter centrifugation at 14,000 rpm, purified BN material
was drawn from the top of the suspensions.

Samples of material were sonicated in 1,2-
dichlorobenzene, dispersed on a silicon wafer surface
and gold coated for characterization by SEM (Leo 1530,
5 kV). TEM analysis was performed in samples dis-
persed onto holey carbon film 300 mesh copper grid.
Analytical work was conducted in a JEOL JEM 200CX
TEM at 100 KV equipped with a Gatan 666 parallel col-
lection Electron Energy Loss Spectrometer (PEELS).
High Resolution TEM (HRTEM) images were obtained
in a 002B-TOPCON microscope at 120 KV.

3. Results and discussion

The web-like material collected from the copper mesh
was considerably richer in nanotubes than the soot from
the walls and bottom of the chamber. Fig. 1 shows a typ-
ical SEM image of a web sample as collected. The ma-
terial consisted of nanotubes tens of microns in length,
connected by nanoparticles. Larger particles up to mi-
crons in diameter were also observed. These particles
were removed by centrifugation.

TEM images of the web structures show isolated nan-
otubes or small bundles, as shown in Fig. 2a. Electron
energy loss spectra (EELS) confirmed that the nan-
otubes and bundles exhibited characteristic boron and
nitrogen K edges. Detailed examinations were made
to compare BN nanotube (BNNT) bundles and typi-
cal single-walled carbon nanotube (SWCNT) bundles.
Several significant differences could be observed. First,
SWCNT bundles often originate from single particles.
By contrast, the BNNT bundles extended between ad-
jacent areas rich in nanoparticle clusters, and nanotubes
within each bundle appeared to originate from differ-
ent clusters. Second, SWCNT bundles typically com-
prise uniform nanotubes arranged in parallel to form
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Figure 1 SEMimage of web like material. BN nanotubes can easily reach several microns in length and are systematically associated with nanoparticles.
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Figure 2 (a) TEM image of BN nanotubes extending between adjacent areas rich in nanoparticle and (b) HRTEM of BN nanotube bundle.
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Figure 3 (a) Histogram of number of walls in BN nanotubes observed in
web-like material. Double wall BN nanotube predominance is remark-
able. A total of 64 nanotubes were analyzed and (b) Histogram of outer
diameters, in nm, of double wall BN nanotube observed in web-like
material. A total of 42 DWBNNT were measured

lattices. Fig. 2b shows that the BNNTs were nonuni-
form in diameter and in number of walls. In addition,
individual nanotubes were not parallel within bundles.
They separated from bundles and rejoined the bun-
dles at various points along their lengths. Third, SWC-
NTs usually have open interiors. Most BNNTs were
similarly empty. However, some double-walled and
triple-walled BNNTs featured peapod structures in their
interiors. These may be boron nitride analogues of
icosahedral fullerenes [19, 20]. Finally, several closed
ends of BNNTs were observed, as shown in Fig. 5d.
These ends were blunt, right-angled caps, as opposed to
the rounded caps common in SWCNTs. This character-
istic angular BN cap has been attributed to the presence
of squares, rather than pentagons, as the most common
defect [21]. No open-ended BNNTs were found.

Samples from multiple runs were imaged by HRTEM
to quantify the number of walls and the diameters of
BNNTs. The distribution of number of walls in BN
nanotubes for a total of 64 nanotubes, shown in Fig. 3a,
shows a pronounced majority of double-walled nan-
otubes. Similar distribution was reported by Cumings
and Zettl [6] for BNNTs produced by arc discharge.
However, we additionally observed a significant frac-
tion of nanotubes with odd numbers of walls. In partic-
ular, 10% of the nanotubes were single-walled. We also
measured the distribution of outer diameters of double-
walled BN nanotubes, shown in Fig. 3b. Most of the 42
nanotubes measured had outer diameters between 2.4
and 3.7 nm. This distribution is wider than has been
reported for SWCNTSs in bundles [15] and double-wall
BN nanotubes [6]. Wide distributions have been sug-
gested to cause randomness in bundle arrangements in
some SWCNT growth [10].

A striking observation was that all attempts using
several types of solvents and sonication times employed
to separate nanoparticles and nanotubes failed. The ni-
tric acid boiling procedure was successful in remov-
ing metal and unreacted boron but also eliminated all
nanotubes. This result stimulated more detailed TEM
work to examine the connection between nanotubes and
nanoparticles.

First, the nanoparticles themselves were character-
ized. HRTEM images together with EELS and electron
diffraction data revealed that those nanoparticles as-
sociated with BN nanotubes were B rich nanocrystals
coated with a few layers of graphitic BN, boron filled
nanococoons, terminology introduced in reference [6].
Some of those nanoparticles also contained cobalt and
nickel impurities. The BN nanococoons showed a wide
range of sizes from 5 to 100 nm. The number of BN
layers of the nanococoon did not show any clear corre-
lation with its diameter. As an example, in Fig. 4 one
can see boron particles that are about the same size
but coated with different numbers of graphitic BN lay-
ers. However, in general only a small number of layers
of graphitic BN were observed. Interestingly, very fre-
quently the nanococoons consist of two layers of BN.
The BN nanococoon did not make intimate contact with
the boron nanocrystals over their entire surfaces. In-
stead, the layers exhibited sharp facets and nanocrys-
tals had rounded corners. Distinct gaps were apparent
in such places, as can be seen in Fig. Sa.

Figure 4 HR-TEM of web-like material as collected from the arc-chamber. Double-wall BN nanotubes and B-rich nanoparticles coated with graphitic
BN layers, BN nanococoons, were major constituents of the sample. Also, one single wall BN nanotube is shown.
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Figure 5 HRTEM images: (a) sharp facets of a double layer of graphitic BN coating a boron particle. The coating layers do not wet completely the
boron particle surface suggesting that the formation of the coating is posterior to the boron particle formation, (b) a double-wall BN nanotube with a
double layer nanococoon end, (c) two double-wall nanotubes with a common nanococoon end, and (d) a flat angular cap end.

Second, the contact between nanococoons and nan-
otubes was investigated. Two types of contact were ob-
served. Both types are visible in Fig. 5b and c. In the
first type, nanococoons were found on the side walls
of nanotubes. The nanococoons were clearly distinct
from the nanotubes, and presumably these nanococoons
were attached by Van der Waals’ forces. The second
type of contact took place at the end of nanotubes. In
these contacts, the BN sheets were continuous between
the nanococoons and the nanotubes. The nanotube-
nanococoon junctions took place at the corners, rather
than within facets.

We interpret these observations in terms of the mech-
anism of BN nanotube growth. The growth mechanism
is distinctly different from that of carbon nanotubes.
One difference is the role of the transition metals. In car-
bon nanotube growth, these metals form the nanopar-
ticles from which nanotubes grow. They are therefore
regarded as catalysts. As Lee et al. [ 7] have pointed out,
the transition metals are not associated with the growth
of BN nanotubes. In our samples, no transition metals
were detected in any particle from which a nanotube
grew. Hence the transition metals may simply serve as
dopants to enhance the conductivity of the boron ingots.

A second, more striking difference is the role of the
nanoparticles as a seed in the root growth mechanism.
In both SWCNTs and BNNTSs, nanotubes grow by the
addition of atoms to the nanoparticles. As more ma-
terial is added, closed-end nanotubes extend from the
catalyst particles. For SWCNTs, carbon atoms are be-

lieved to dissolve in the transition metal particles. Car-
bon atoms then precipitate in the form of nanotubes.
By contrast, the BN nanotubes are clearly connected to
the BN nanococoons.

We propose the following scenario for the growth
of BNNTS in arc discharge. Our scenario is similar to
the suggestion that was made by Maiti et al. [16] for
the growth of CNTs. The plasma contains droplets of
molten boron from the ingots, boron vapor, and nitrogen
vapor. The droplets have various sizes, and the larger
droplets fall to the bottom of the chamber. The smallest
droplets, nanometers in diameter, remain in the plasma.
During their exposure to the plasma, boron and nitro-
gen atoms react on their surface to form boron nitride
sheets. The formation of these sheets must take place
after the droplets have solidified. Otherwise, the boron
cores would completely fill the nanoparticles, in con-
trast to our observations. Those gaps between BN sheets
and boron particle could not be explained by boron con-
traction because hexagonal BN has higher coefficient
of thermal expansion than boron. The sheets have one
or more layers; we have observed that two layers is the
most common configuration. These sheets continue to
grow in extent, remaining flat. At the junction of two or
more flat sheets, defects are necessary to introduce cur-
vature [16]. These defects are loci of nanotube growth.
As boron and nitrogen atoms continue to be added to the
sheets, they are incorporated into growing nanotubes at
the tube base. Nanotube growth ends when the particle
is transported out of the zone of hot gas.
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This interpretation is supported by the observations.
In particular, we have imaged a clear continuity be-
tween nanotubes and the layers of the nanococoons.
In addition, we have inferred that boron nanoparticles
are solid during nanotube growth. Boron and nitrogen
atoms are much more likely to add to the coating of
solid particles than to dissolve into the bulk. Besides,
if nanotubes had grown directly from the solid parti-
cles, there should be nanotubes rooted in the side walls
of some nanoparticles. On the contrary, we have found
nanotubes growing only from the junctions of boron
nitride facets. Furthermore, the association of one nan-
otube to one facet causes nanotubes to grow in many dif-
ferent directions from each nanoparticle, as in Fig. 5c.
The disordered, unparallel bundling of the nanotubes is
a result of this unparallel growth.

The growth scenario we have proposed clarifies our
understanding of the BNNT wall number distribution.
This distribution can now be seen to result directly
from the distribution of layers of the nanococoons. For
example, nanotubes are predominantly double-walled
because the nanococoons are predominantly double-
walled. The nanococoon wall distribution is probably a
result of the permeability of boron and nitrogen through
boron nitride. Consequently, the nanotube wall distri-
bution can be explained in terms of basic physical prop-
erties of bulk boron nitride.

4. Conclusions

In conclusion, we have used a modified arc discharge
chamber to synthesize a soot which is rich in boron ni-
tride nanotubes. Odd-walled nanotubes were observed,
including single-walled nanotubes. However, the ma-
jority of the nanotubes were double-walled. Detailed
examination of the ends of the nanotubes indicates that
all nanotubes grow from nanococoons. We have argued
that growth takes place by a two-step process. First,
boron nanoparticles act as seeds for strained boron ni-
tride layers. Second, addition of boron and nitrogen to
the layers produces nanotubes. This scenario explains
why nanotubes are predominantly double-walled. This
improved understanding of BNNT growth is important
both for tailoring BNNT synthesis and for designing
novel nanotube syntheses.
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