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Preparation of Amorphous Boron Nitride and Its
Conversion to a Turbostratic, Tubular Form

Ewan J. M. Hamilton, Shawn E. Dolan, Charles M. Mann,
Hendrik O. Colijn, Clare A. McDonald, Sheldon G. Shore*

Amorphous boron nitride, BN, is obtained from the reaction of B-trichloroborazine,
(BCINH) ;, with cesium metal. The amorphous product is converted to a turbostratic form
upon heating to 1100°C. Scanning electron microscopy reveals a previously unreported
morphology composed of hollow tubular structures. The largest of these appear to be
approximately 3 micrometers in external diameter and 50 to 100 micrometers in length.
Transmission electron microscopy and selected-area electron diffraction also indicate
the tube walls to be turbostratic in nature. The mechanism by which the tubes form is
not known, although apparent sites of incipient tube growth have been observed.

When amorphous boron nitride (BN) ob-
tained from the reaction between cesium
and B-trichloroborazine (B;Cl;N;H,) is
heated under vacuum to 1100°C, it is con-
verted to two morphologies of turbostratic
(1) boron nitride, a partially ordered,
pseudographitic form. [A turbostratic phase
of a layered material is characterized by
rotational disorder in the direction normal
to the layers (1).] In addition to the com-
monly observed distorted lamellar form,
scanning electron microscopy (SEM) re-
veals the presence of hollow tubular struc-
tures, a previously unreported morphology
for BN. These tubes form in a range of sizes,
with diameters of approximately 3 wm and
0.15 wm being most commonly observed.
High-resolution microscopy reveals that the
tube walls do not possess a high degree of
crystallinity but rather are turbostratic in
nature.

E. J. M. Hamilton, S. E. Dolan, C. M. Mann, S. G.
Shore, Department of Chemistry, Ohio State Universi-
ty, Columbus, OH 43210.

H. O. Colijn and C. A. McDonald, Department of
Materials Science and Engineering, Ohio State Univer-
sity, Columbus, OH 43210.

*To whom correspondence should be addressed.

Although the mechanism of formation
of this new morphology is unclear, it ap-
pears that our synthesis of the amorphous
BN precursor may be a crucial factor. Tra-
ditionally, BN powders have been prepared
by classical, high-temperature syntheses
(2). These typically involve inexpensive
boron- and nitrogen-bearing reagents, such
as boric acid and ammonia, but complicat-
ed work-up procedures are required to ob-
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tain a product of high purity. We have
developed a procedure for synthesizing
amorphous BN that involves an explosive
reaction between B-trichloroborazine and
cesium metal initiated at 125°C in the
absence of a solvent; HCl, H,, and CsCl
are also formed (3).

After removal of the by-products (3),
x-ray powder diffraction patterns (4) and
SEM images (4) reveal the amorphous na-
ture of the BN product. Heating to 1100°C
under vacuum for 24 hours converts it to
the turbostratic phase. X-ray powder data
are in accord with those in the literature for
turbostratic BN (1), with increased resolu-
tion of the [002] reflection at 3.56 A and
the appearance of a broad peak correspond-
ing to the [10] reflection (unresolved [100]
and [101] reflections for hexagonal BN) at
2.13 A.

Density measurements performed on the
BN after the 1100°C heating step give a
value of 1.7 g/cm?, in reasonable accord
with previously published data (5). The
infrared spectrum of the turbostratic prod-
uct is in agreement with published data
(Fig. 1) (6). Electron energy loss spectros-
copy (EELS) (4) reveals a B:N ratio of
1.00:1.06 (48.4 = 0.3% to 51.6 = 0.8%
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Fig. 1. Diffuse reflectance
infrared spectrum of tur-
bostratic BN.
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atomic concentration). This technique has
previously been used successfully for mi-
croanalysis of BN (7). Additionally, no
residual chlorine could be detected by EELS
on the material heated to 1100°C. Conven-
tional elemental analysis also supports the
BN formulation.

The SEM images of BN converted to the
turbostratic form reveal, in addition to
some residual amorphous material, two dis-
tinct coexisting morphologies. The first,
distorted lamellar crystallites, is consistent
with the partially ordered turbostratic form
of BN. The second type of BN (Fig. 2)
consists of hollow tubular structures, the
largest of which are ~3 pm in diameter,
with a typical length of 50 to 100 pm. The
walls of the larger tubes have a thickness of
up to 1000 A. It is of considerable interest
that the tubes appear to be aligned in a
parallel orientation (Fig. 2A), and most
have at least one closed, rounded end. It is
possible that the other tubes lost their caps
as a result of fracture (Fig. 2B).

This tubular morphology is, to our
knowledge, hitherto unknown for BN. Re-
cent reports have described needlelike gra-
phitic carbon structures (8) and concentric,
“onionlike” fullerene species (9). However,
these graphitic structures have much great-
er internal order and are two orders of
magnitude smaller than the structures we
describe here. Although filaments, tubes,
and shells of similar structure to tubular BN
have been observed for carbon (10), these
were formed as a result of decomposition of
gases on supported metal (predominantly
Ni) catalyst particles. Electron microscopy
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Fig. 2. (A) Scanning electron micrograph of a
typical group of tubular BN structures and (B)
close-up view of tube openings.
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reveals the presence of metal or metal oxide
particles at the ends of or filling the carbon
structures. In the case of BN presented
here, however, no such catalysts were used.

Energy-dispersive x-ray analysis (EDS)
was performed on each of the distinct re-
gions of the sample (4) (residual amorphous
material, lamellar turbostratic material, and
tubular turbostratic material). In each case
both B and N were detected. Although for
such light elements accurate atomic ratios
were not obtainable, relative peak areas for
B and N were invariant within experimen-
tal limitations between regions of differing
morphology, confirming a homogeneous
chemical composition for the sample. A
small peak corresponding to oxygen was
also observed, which was probably due to
adsorbed oxygen, as similar amounts were
seen both on the surface of the sample and
on the carbon-painted stub on which the
BN grains were mounted. No residual Cl or
Cs was detected.

Transmission electron microscopy (TEM)
of the turbostratic material (tubular and la-
mellar) revealed several features (4). Select-
ed-area electron diffraction (ED) from a single
tube wall of ~300 A thick further indicates
that the tubular BN is also turbostratic. The
diffraction rings for all morphologies corre-
spond closely to the x-ray diffraction pattern
(XRD) of turbostratic BN and can be indexed
by reference to the XRD pattern of hexagonal
BN (1). The highlighted circle in Fig. 3A
shows the region from which the diffraction
pattern (Fig. 3B) was obtained (11).

Fig. 3. (A) Transmission electron micrograph of
BN tube fragment. Highlighted area shows re-
gion from which electron diffraction pattern (B)
was obtained. Rings correspond to diffraction
by [002], [10], [004], and [110] planes.
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A high-resolution TEM micrograph ob-
tained from a single tube wall (Fig. 4A)
clearly showed pseudographitic stacking.
The observed interlayer spacing is ~3.5
A. However, only local order exists within
the wall. Boundaries are readily observable
between grains of ~20 A on edge, and the
grains adopt an apparently random orienta-
tion with respect to one another. Although
this is entirely consistent with the ED
pattern obtained, it offers no information as
to the reasons for adoption of the tubular
morphology.

The TEM images also reveal the pres-
ence of smaller tubular structures with a
typical diameter of 0.15 pwm. In close prox-
imity to these, there have also been ob-
served flatter, “corpuscular” structures of
similar diameter (Fig. 4B). It is possible
that these corpuscles are the sites of incip-
ient growth of the hollow fibers. The pre-
ferred parallel orientations of groups of fi-
bers observed by SEM may be a result of
their growth from a “field” of these struc-
tures attached to a relatively flat surface
(Fig. 4B). These corpuscular seeds may
themselves be formed from small shell-like

Fig. 4. (A) High-resolution TEM from a region of
a single tube wall. Interlayer spacing is ~3.5 A
(B) Transmission electron micrograph of BN
corpuscles.



structures observed by TEM in the amor-
phous BN obtained by our synthesis.

Although these apparent sites of fiber
growth have been identified, little is yet
known about the exact mechanism by
which the tube growth occurs or the driving
forces involved. Although it is difficult to
propose a mechanism for the formation of
the tubes from the amorphous material, it
would appear that their consistently parallel
orientation is a result of conditions existing
during their growth.

To our knowledge, hollow BN fibers of
this type have not been reported previously.
Although small, poorly crystalline BN fi-
brils of approximate dimensions 1 pm by 5
wm have been obtained by high-pressure
pyrolysis of borazine (12), no indication
was given of their internal structure.
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Banded Surface Flow Maintained by Convection in
a Model of the Rapidly Rotating Giant Planets

Zi-Ping Sun, Gerald Schubert,* Gary A. Glatzmaier

In three-dimensional numerical simulations of a rapidly rotating Boussinesq fluid shell,
thermally driven convection in the form of columns parallel to the rotation axis generates
an alternately directed mean zonal flow with a cylindrical structure. The mean structure at
the outer spherical surface consists of a broad eastward flow at the equator and alternating
bands of westward and eastward flows at higher latitudes in both hemispheres. The banded
structure persists even though the underlying convective motions are time-dependent.
These results, although still far from the actual motions seen on Jupiter and Saturn, provide
support for theoretical suggestions that thermal convection can account for the remarkable

banded flow structures on these planets.

The differential rotation on the surface of
the sun is characterized by one broad east-
ward jet in the equatorial region with high-
latitude subrotation relative to the basic
rotation rate (I, 2). The surface differential
rotation patterns on Jupiter and Saturn
consist of a strong eastward jet in the
equatorial region with weaker alternating
westward and eastward jets extending up to
80° latitude in each hemisphere (3, 4). The
latitudinal structure and amplitude of Jupi-

ter’s banded zonal surface flow remained
essentially constant in time during the 4
months between the Voyager 1 and Voyag-
er 2 encounters (3).

Busse (5) introduced an analytical mod-
el showing how thermal convection in a
deep rapidly rotating spherical shell might
maintain a mean zonal flow and applied the
model to the sun, Jupiter, and Saturn (6).
Busse hypothesized cylindrically layered
convective columnar structures aligned par-
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allel to the axis of planetary rotation, with
each convective column drifting longitudi-
nally with constant angular velocity as part
of an ordered multilayered configuration.
There have been many attempts to simulate
numerically the highly nonlinear convective
motions and differential rotation in these
internally heated rotating fluid bodies (7-
11). A differential rotation in the form of an
equatorial acceleration similar to that ob-
served on the solar surface has been simulat-
ed with three-dimensional models of deep
convection in a rotating spherical shell (7—
10). Large eddy diffusivities were used to
mimic the subgrid-scale transport of heat
and momentum. In these computations, the
convergence of angular momentum flux in
the equatorial region maintains the differen-
tial rotation, but the angular velocity in the
interior is predicted to increase with cylin-
drical radius and to be constant on coaxial
cylinders, in contrast to the pattern inferred
from helioseismology where angular velocity
is constant on spheres (4).

One cannot invoke such large eddy dif-
fusivities for Jupiter or Saturn because the
small luminosities (internally generated
heat fluxes) of these giant planets produce
buoyancy forces too weak to overcome the
stabilization of large viscous and thermal
diffusivities. Small eddy diffusivities lead to
small spatial velocity scales, which are ul-
timately responsible for the banded differ-
ential rotation seen on the giant planets. It
is the combination of small luminosity and
rapid rotation that makes numerical simu-
lation of the giant planets so challenging. A
banded differential rotation pattern similar
to what is observed has been simulated by
modeling Jupiter’s shallow gaseous weather
layer with a one-level quasi-barotropic
model and a two-level quasi-geostrophic
model (11). However, these shallow layer
models neglect the internal heat flux,
which is known to be important for the
dynamics (3), ignore any influence from the
vast convecting liquid interior below, and
assume that the differential rotation is
maintained only by two-dimensional turbu-
lence and baroclinic instabilities in the
surface layer.

According to Busse (6), a multilayered
structure of columnar convection along cy-
lindrical surfaces parallel to the axis of
rotation will generate banded east-west sur-
face flow by the convergence of angular
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