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Abstract

Graphite-like nanostructures including nanotubes and encapsulated polyhedral particles have been obtained by arcing
hexagonal boron nitride (h-BN) and tantalum in a nitrogen atmosphere. High resolution electron microscopy (HRTEM),
electron energy loss spectroscopy (EELS) and X-ray diffraction studies have been used to study these new materials, which
contain B:N ratios of = 1:1. The observations reveal interesting new information on the dynamics of metal cluster catalysed
nanostructure formation. The structures provide strong circumstantial evidence for the presence of B, N, squares at the tips,

in addition to B;N; hexagons in the main body of the tubes.

1. Introduction

Following the discovery [1]} and bulk production
[2] of fullerenes, novel graphitic structures (e.g. car-
bon nanotubes [3,4], graphitic onions or giant con-
centric fullerenes [5,6]) were observed by HRTEM in
the deposits generated at the cathode during the
arc-discharge between graphite electrodes in inert
atmospheres [2-4,6). Lately, new methods for pro-
ducing fullerenes and graphitic nanostructures have
been developed involving pyrolysis [7-10] and com-
bustion [11} of hydrocarbons, laser irradiation of
graphite [12] and electrolysis using graphite elec-
trodes in molten salts [13]. Moreover, it has proved
possible to encapsulate metal oxides [14], ferromag-
netic materials [15] and superconducting nanocar-
bides [16-18] in nanotubes and graphitic nanoparti-
cles. These new materials may have potential appli-
cations in magnetic data storage devices, toners and

inks for xerography [15], superconducting nano-cir-
cuits in electronics, etc. Additionally, pyrolytic
methods have also been used to generate helical
nanotubes [19,20], hemitoroidal nanotube caps
{10,21,22] and bent nanotubes [22,23]. Here the in-
troduction of heptagons, in addition to pentagons,
into the predominantly hexagonal network appears to
be responsible for the negative curvature [20,24,25).

Other layered materials, such as MoS, [26], WS,
[27], BC,N [28,29], BC, [28], BCN [30] and BN
[31], have recently been shown to form closed con-
centric-shell nanoparticles and nanotubes. The pro-
duction of these novel graphite-like nanostructures,
which may possess interesting mechanical and elec-
tronic properties, opens up a new era in materials
science and nanoscale engineering.

In this Letter we describe the creation of nanoscale
materials from boron nitride by arc discharge tech-
niques. Nanostructures have been observed which
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are not only novel, but also provide information on
which to base a theoretical understanding of the
dynamics of the catalytic growth process.

2. Experimental

Samples were prepared using the arc-discharge dc
generator employed for fullerene production. The
anode consisted of a tantalum (99.9%) tube (4 mm
id, 5 mm od; Goodfellow Co.) press-filled with
boron nitride powder (99%, Aldrich Co). The cath-
ode consisted of a water-cooled Cu disk (200 mm
diameter).

Before arcing, the chamber was purged twice with
nitrogen (air products 99.9% purity) and then filled
with nitrogen at =200 Torr. During arcing the
electrical conditions varied between 25-40 V and
80-150 A. The gap between the electrodes was
maintained at = 1 mm. As the anode rod was con-
sumed, a grey deposit formed on the cathode (reac-
tion time = 2 min). A few mg of this deposit were
sonicated in acetone for 5 min and then placed on a
perforated carbon grid and the solvent was allowed
to evaporate. TEM and HRTEM measurements were
made using: JEM4000 (400 kV), Hitachi 7100 (125
kV) and a JEOL 2010 microscope equipped with a
high resolution pole piece (0.19 nm at 200 kV). A
Gatan imaging filter (GIF) system with a 1024 X
1024 CCD camera [32] is attached to the latter
microscope for image recording and EELS spectrum
collection. This microscope was operated at 200 kV
with a LaB6 cathode, and the beam size for EELS
study was less than 3 nm. We used 0.3 eV dispersion
for EELS fine structure study while 0.5 eV disper-
sion was chosen to obtain the spectrum in a larger
energy range (about 500 eV) with a collecting angle
of about 5 mrad for elemental ratio calculation. Since
the thickness of the tubes is much smaller than the
mean free path of this material (the kinematical
consideration), an ideal single scattering distribution
is applied to EELS spectrum calculations.

3. Results and discussion

HRTEM and TEM studies show that the grey
deposits on the cathode contain long (4—-6 pm), very
thin (1.3-4.5 nm od) nanotubes (= 2-8 layers) as

Fig. 1. Moderate resolution TEM image showing a fairly represen-
tative sample of nanotubes and polyhedral particles containing
encapsulated material. The tubule with a metal particle on the tip
in the clear is shown in more detail in Fig. 3a.

well as polyhedral encapsulated particles (Fig. 1).
X-ray powder diffraction analysis (Siemens D-5000,
Cu-K, radiation) of the deposits clearly show the
presence of hexagonal boron nitride (interlayer spac-
ing =3.33 A) and hexagonal Ta,N in the bulk of
the material. The exact nature of the catalytic particle
is currently the subject of investigation. Preliminary
electron diffraction (ED) data suggest the presence
of a phase isostructural with hexagonal TaB,; how-
ever, only a very small amount of this phase is
evident in the XRD profiles. It is possible that
amorphous BN starts to agglomerate at the metal or
metal boride /nitride particle, producing tubules and
polyhedral particles. We have also observed nan-
otubes with square and open-triangular caps, with no
metal particles. In the following section a possible
mechanism for the formation of these structures is
presented.

Fig. 2 shows a representative EELS spectrum of a
nanotube. Ionisation edges are observed at = 188 eV
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and 399 eV which correspond to the characteristic
K-shell ionisation edges of boron and nitrogen. For
the boron and nitrogen, the sharply defined fine
structural features of the " and o * pre-ionisation
edges are characteristic of sp® hybridisation seen in
graphite-like structures. The EELS measurements in-
dicate that the nanotubes exhibit the expected
boron:nitrogen ratio of = 1:1 (BN).

3.1. BN structure growth catalysed by metal parti-
cles

A typical medium resolution TEM image is shown
in Fig. 1. Many of the BN tubes are quite long (=5
um), relatively straight, and invariably (< 85%) have
a metal particle attached to one end (Fig. 1). We
have discovered at least three types of configuration
involving catalytic particles and resulting nanostruc-
tures /nanotubes. In some cases the catalytic particle
(which appears to be TaB, by ED) is completely
encapsulated within the tip of a nanotube, similar to
observations reported elsewhere [17,18]. However, in
Fig. 3a and 3b two different configurations are ob-
served. These reveal key features relating to the
nanotube creation process. In Fig. 3a. we see the end
of a near perfect triple-walled nanotube (seen also
under low resolution in Fig. 1) and its catalytic
particle. The structure observed is quite fascinating
as the tube appears to have extruded from one side
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Fig. 2. EELS spectra showing ionisation edges at = 18842 eV
and 39912 eV which correspond to the characteristic K-shell
ionisation edges of boron and nitrogen respectively. The structure
of these sharp features indicates that the B and N bonding
involves sp? hybridisation as in graphite and normal hexagonal
BN.

Fig. 3. (a) HRTEM image from a triple walled nanotube exhibit-
ing a metal particle at the tip (see also Fig. 1). (b) Metal particle
with BN ‘graphitic’ layers attached. It is important to note that the
metal particle may be responsible for the nanotube growth by
subsequent agglomeration of amorphous BN around it.

of the catalytic particle. One interpretation of the
distorted sections (adjacent to the particle) is that
they are flattened tube sections which appear to gain
perfection at some distance from the particle. Thus,
they appear to become more cylindrical as they are
released from the particle’s surface. A further impor-
tant observation is that on the opposite side to the
nanotube formation zone there appears to be a bulky
deposit which is probably amorphous BN.

A possible mechanistic scenario is that amorphous
BN material aggregates on one side of the metal
particle and enters into a form of crystalline Ta~B—N
solid solution. The B and N atoms then effectively
migrate through the metal; localised thermodynamic
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conditions in the nanotube construction zone then
favour segregation of layered crystalline BN. The
atoms are sufficiently well organized by interaction
with the Ta that hexagonal layers are able to self-as-
semble on the opposite side of the particle.

In Fig. 3a approximately six layers appear to have
formed. One possible explanation of the apparent
convergence of the layers, as they approach the
particle, is that edge-sealing (or an effective equiva-
lent) has occurred between the edges of layers 1 and
6, 2 and 5, as well as 3 and 4. This may occur at the
same time as the layers form in the organization
zone on the side of the particle. As further BN
material segregates it lays down epitaxially at the

Fig. 4. () HRTEM image of two overlapping nanotube caps, in
which one of them shows a clear square cap. This may be
explained by the introduction of four membered rings in the
hexagonal BN network. (b) HRTEM image of a cone-shaped
partly open cap.

rim of the flattened tube and, as more material
forms, the middle layers are able to separate. As
further tubular BN material is shed from the particle,
the original structure, consisting of three flattened
concentric cylinders, is created and upon spooling
away from the formation zone, it springs out —
reminiscent of a piece of flattened rubber tubing that
has been released from compression. The result is a
perfectly cylindrical nanotube created by a remark-
able exercise in nanoscale self-assembly. It is diffi-
cult to envisage a simpler process at the stage.

This, or a somewhat similar, mechanistic scenario
gains a measure of support from a second structure,
shown in Fig. 3b. Here a laminated BN sheet —
rather than a tube — appears to have been created on
the side of a catalytic particle. The structure appears
to be a laminated strip with perhaps a curved arc
cross-section. Such a curved cross-section would
explain the excellently well-resolved and continuous
TEM lines in Figure. 3b, which correspond to the
laminations. There is no obvious evidence that the
structure is a closed tubule. The occasional disap-
pearance of outer-edge lines is consistent with a set
of curved sheets which lie at a slight angle to the
electron beam and is inconsistent with a tubular
construction which, if more-or-less perfect, would
not exhibit disappearing lines. This particular project
has thus shed, and is continuing to shed, fascinating
new light on the dynamic factors which govern the
nanotube creation process.

3.2. BN nanotube caps

Another interesting feature is the presence of
nanotubes without metal particles at their tips. Some
of these tubes exhibit closed-flat caps, whereas, oth-
ers possess open-triangular caps (Fig. 4a and 4b).
These structural phenomena are rather different from
those encountered in carbon nanotubes. In conform-
ity with Euler’s equation for even-membered rings
(12=12n,— Ong — 2ng) a closed, flat structure can
arise at one end of a BN nanotube if, instead of
pentagons, either three squares (Fig. 5a, 5b) or four
squares and one octagon (Fig. 5c, 5d) are introduced
in a symmetrical array into the BN hexagonal net-
work.

It is interesting to note that square, or approxi-
mately square cross-sections are statistically quite
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Fig. 5. (a and b) Molecular model of a BN tubule cap in which three squares are equilaterally distributed over a zig-zag type hexagonal
tubule. Rotations along the tube axis show that the square shape varies and is not always a sharp well defined square. (c and d) Another BN
nanotube cap containing four squares and one octagon (armchair conformation). Rotation of this tube shows that a sharp square shape is

always preserved under any rotation along the fibre axis.

common in our study, and very unusual in carbon
nanotubes. One possible reason is that as the tube
grows, the occasional occurrence of a single four-
membered ring leads to the propagation of subse-
quent layers more-or-less at right-angles to the cylin-
drical walls. Then relatively rapid closure by a facile
annealing process may occur as the surface meets the
opposite side of the tube. The key point here is that
the occurrence of a single four-membered ring will
tend to lead to closure by a sharp relatively square
cross-section cap. For carbon nanotubes, where pen-
tagons are the preferred non-hexagonal ring, the
advent of a single pentagonal disclination leads to a
cone.

The open-triangular cap (Fig. 4b) may form due
to the frustration in creating four-membered BN
rings along the tubule tip thus resulting in open
structures. It is important to note that the encapsu-
lated polyhedral particles in our experiments also
exhibit sharp continuous corners where non-hexago-
nal or odd-membered rings appear to be present.

4. Conclusions

In addition to the closed carbon structures, it
appears that BN (= 1:1 ratio) can also form
fullerene-like materials, including nanotubes and

polyhedral particles, in which metal-catalysed pro-
cesses appear to be involved. We have observed that
the number of layers in the BN nanotubes is much
less when compared with carbon nanotubes produced
by plasma arcs or pyrolytic methods. This might be
due to shorter reaction times for the Ta/BN experi-
ment (=2 min). The present Letter provides evi-
dence for the catalytic formation of BN nanotubes, in
which the metal particles are responsible for the BN
accretion and subsequent growth of relatively perfect
cylindrical tubules by a nanoscale self-assembly pro-
cess. In addition to this catalytic process, we have
found BN nanotubes which do not contain any cat-
alytic metal particle either on or inside the tips.
These tubules show unusual caps (closed square and
open triangular) which are thought to possess four-
and perhaps also eight-membered rings in the pre-
dominantly hexagonal BN network. It is possible that
other layered materials may also form closed, bent
and curled nanotubes and/or closed shell nanoparti-
cles. The occurrence of square cross-section caps is a
characteristic of BN nanotubes which differ from
those of carbon tubes. This can be rationalised on the
basis of a preference for 4 membered rings which
may be due to the expected chemical bonding re-
quirement that B and N atoms alternate so leading to
the absence of odd membered rings in the network.
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