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Abstract. An experimental evidence for the formation of
smallBN cage-like molecules, under electron-irradiation ex-
periments ofBN samples, is presented. Depending on the
starting material, either close-packed agglomerates of small
“fullerenes”, or small nested “fullerenes” with up to six layers
are found as irradiation derivatives. The overall polyhedral
shape of theBN cages is explained within the frame of the
octahedral model previously proposed forBN analogs to ful-
lerenes. The diameters of the smallest and most observed
cages range from0.4 to 0.7 nm, and are close to those of the
B12N12, B16N16 andB28N28 octahedra which were predicted
to be magic clusters for theBN system from electronic struc-
ture calculations.

The discovery of theC60 soccer ball [1] followed by that of
larger fullerenes and carbon nanotubes [2] raised the curtain
on a new class of nano-objects based on layered materials
with predicted unique physical properties. Recently, the syn-
thesis ofBN [3–6], BCN [7, 8], andMoS2 [9] nanotubes and
closed shell nanoparticles has generalized the idea already
admitted for carbon that for a small assembly of atoms the
network bends and curls into a close structure in order to
eliminate the highly unfavorable dangling bonds. Nested con-
centricBN polyhedra have been successfully synthesized by
reaction ofBCl3 with NH3 in a laser beam [10, 11]. How-
ever, in spite of theoretical predictions for the stability of
the hybridB24C12N24 molecule [12] and theB12N12, B16N16,
B28N28 molecules [13, 14], there has been, so far, no experi-
mental evidence for the stability of structures analogous to
C60 and other small carbon fullerenes in layered materials
other than graphite.

Strong irradiation in an electron microscope allows struc-
tural fluidity and a rearrangement of the structure caused by
the momentum transfer of high-energy electrons to the nuclei
(knock-on collisions). It is now well known that carbon mate-
rial, whatever its initial structural state – namely amorphous,
turbostratic or well-graphitized, bulk crystallites, nanocages,
or nanotubes – can be transformed into onion-like structures
when submitted to such intense electron irradiation [15, 16].

Carbon onions can have very different sizes and consist of
concentric polyhedral fullerene cages; single- or double-layer
small fullerene cages can also be formed [17]. On the other
hand, only disordered spherical layered structures with in-
completely closed layers were shown to form under electron
irradiation of crystallineBN [18], MoS2 crystals [19], and
turbostraticBC2N [20]. We present transformations obtained
when submitting to intense irradiation regimes two kinds of
BN samples, a turbostraticBN sample and aBN nanotube
powder. Depending on the starting material, two different ir-
radiation products are observed: small nested polyhedra or
close-packed arrangements of small single-layer cage-like
clusters. The size and shape of the smallest observed cage is
compared to that of the smallest high-symmetry polyhedral
clusters predicted to have particularly high stability [14, 21].
The discrepancy, in particular for the outermost shells, is dis-
cussed in terms of possible defects in the ideal structure of the
model, made of only six four-member rings and hexagons.

1 Experimental

In the experiments described here, two starting materials were
used: a novel turbostraticBN sample with a well-defined
interlayer spacing (β-tBN) [22, 23]; and aBN nanotube sam-
ple produced by arc discharge betweenHfB2 electrodes in
a nitrogen atmosphere [5]. Observations were carried out re-
spectively in a field emission300 kV analytical microscope
(Jeol 3000F) and in a Jeol 4000FX (LaB6 emission filament)
transmission electron microscope. The in situ irradiation of
theBN samples was made using electron doses up to 10–20
times higher than under normal imaging conditions.

2 Results

2.1 TurbostraticBN irradiation experiments

Figure 1 shows a typical sequence of high resolution elec-
tron microscopy (HREM) images taken at successive time
intervals during intense irradiation with a Jeol 3000F in the
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Fig. 1a–h. Temporal sequence showing the in situ formation of two
small nested cage-like clusters under strong irradiation of turbostraticBN.
a Formation of two spirals from the scrolling of the surface plane after
≈ 20 s of strong irradiation.b ≈ 40 s. c ≈ 80 s. d ≈ 100 s. e ≈ 120 s.
f ≈ 140 s. g ≈ 160 s. h ≈ 200 s. Note the hexagonal-like shape of the small
onion 2-D image (labeled I in text) ine and the square-like shape of both
onion 2-D images in their final configurations (g andh)

illumination geometry where b-tBN basal planes are paral-
lel to the electron beam. In the initial stage (not shown in
Fig. 1), some covalent bonds are broken locally within the
surface layer under electron bombardment. Strips of the sur-
face layer – weakly bound with adjacent layer by van der
Waals forces – pull off and scroll into spirals. This phe-
nomenon is attributed to electron charge accumulation on the
surface. Figure 1a shows the simultaneous formation of two
spirals made of 4 and 5 revolutions respectively. The spatial

extension of these objects in the direction perpendicular to
the image plane as well as their three-dimensional shape are
difficult to determine by their 2-D-like projection in the trans-
mission electron micrograph. The overlapping of the fringes,
and the very similar and weak interference contrast in both
objects, suggest that their dimension in the perpendicular di-
rection is comparable to that along the surface in the image
plane, i.e. a fewnm. An open-ended rolled carpet shape can
be envisaged but the particles are most likely capped also
in the perpendicular direction. After20 s of further irradi-
ation (Fig. 1b), both spirals have closed into a coaxial set of
four and five shells respectively. Let us call these objects I
and II. The next sequence of images shows the induced flu-
idity structural transformation of both unstable objects up to
a final and stable configuration (Figs. 1g and 1h). This trans-
formation occurs by a decrease of the internal hollow (clearly
seen in Fig. 1d). At this stage the structure is believed to
have completely evolved towards nested 3-D closed cages in
order to eliminate the energetically highly unfavorable dan-
gling bonds.

Thanks to its initial smaller cavity, and its lower number
of layers, particle I reaches its stable configuration before par-
ticle II (for 140 s< t< 160 s, see Fig. 1e). Figure 1d shows an
intermediate configuration of particle II where both internal
shells are closed and faceted whereas some defects still exist
in the stacking of the three outer shells. In Fig. 1g such de-
fects have disappeared though the section is still elongated in
shape. One notes as well a shrinkage of the cage under elec-
tron irradiation. No shrinkage is observed in Fig. 1h where
a stable form is attained.

In their final configurations, the architecture of particles
I and II results in the nesting of cages whose 2-D HREM
images are square-like in shape. The square-like shape is all
the more pronounced as the cages decrease in size. The sides
of the innermost squares in onions I and II are0.48 nmand
0.67 nmrespectively. We mention that this overall square-like
shape was previously observed in large nestedBN polyhe-
dra [11]. The interlayer distance between cages is not con-
stant. As an example, in onion I, interplanar distances be-
tween first and second shells (d= 0.37 nm) and between third
and fourth shells (d= 0.31 nm) deviate by10% from that of
the interplanar distance in bulkBN (d002= 0.335 nm).

Finally, it should be said that the formation of onions
under an intense electron beam does not occur easily since
it is very sensitive to different factors such as the crystal-
lographic orientation of theBN sample with respect to the
electron beam and the conditions of illumination.

2.2 BN nanotubes powder irradiation experiments

We now describe results from irradiation experiments ofBN
nanotubes in a Jeol 4000FX. A typical evolution of a tube
having a reduced number of layers is shown in Fig. 2. First
the outer layers undulate and are cut locally into small seg-
ments which bend and close to form cages irregular in shape
(Fig. 2a,b). These cages of initial diameter in the range of
1–2 nm are then broken up into smaller cages which ag-
glomerate as soap bubbles (Fig. 2c,d). The smallest diameters
are approximately0.4 nm. It is likely that the bubbles are
attracted by van der Waals forces, and build close-packed ar-
rangements. Once formed, the small bubbles are very volatile
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Fig. 2a–d. Temporal sequence of high-resolution images of a six-layerBN
nanotube subjected to an intense electron beam. Irradiation times were
a few minutes ina andb, 20 min in c, and40 min in d. Strong irradiation
was stopped a few minutes before taking micrographs. Thewhite arrows
indicate a cage breaking into small pieces whereasblack arrows indicate
undulating parts of the outer layer

and disappear rapidly. The very faint contrast of Fig. 2d (with
respect to Fig. 2a) accounts for an important loss of atoms.
In such a process, the nanotube appears to be peeled off un-
til the internal layer is broken and disappears. Figure 3 shows
an irradiation sequence of a nanotube with more layers. In
that case, irradiation simultaneously affects outer and inner
layers. When outer layers undulate and break as previously
described, inner layers separate from their neighboring layer
(as clearly seen in Fig. 3b,c), shrink, and break into small
pieces which close to form bubbles as small as0.5–1 nm
in diameter. An example of a shrunk inner layer breaking
into two small cages is emphasized in the inset of Fig. 3b.
The final state is the same as for narrower tubes (Fig. 3d).

Fig. 3a–d. Temporal sequence of a set of nanotubes having different num-
bers of layers under intense electron beam irradiation as in Fig. 2.a Initial
state. Irradiation times were10 min in b, 20 min in c, and 40 min in d.
Note that nanotubes with two or three layers transform more rapidly than
ten-layer tubes. Insets inb and d are magnifications of the arrowed ob-
jects. Details to be seen in these insets have been traced off and redrawn
for clarity

The inset of Fig. 3d emphasizes the structure of the nano-
tube in the last stage of the process: one portion of the tube
is already entirely transformed in a close packing of small
bubbles whereas for the other portion, the transformation of
the layers is not completely achieved. It is worth mentioning
that two- or three-layer tubes are entirely transformed within
approximately10 min whereas40-min irradiation is needed
to achieve the transformation of ten-layer tubes. These times
are to be compared to the times necessary to grow onions
from carbon nanotubes which were typically 10 min with the
present microscope.

Finally it is worth noting that in contrast to the onion for-
mation from bulkBN samples, the transformation process of
BN nanotubes into agglomerates of small cages is very eas-
ily observed. This may be due the fact that for nanotubes the
basal layers are already curved which facilitates their bending
under an intense beam.

3 Discussion

As for carbon, under strong electron irradiation,BN layers
have a natural tendency towards bending and forming curled
shells. However, in contrast to carbon, the irradiation deriva-
tives display different morphologies depending on the start-
ing materials and on the irradiation conditions: close-packed
small cage-like molecules weakly interacting by van der
Waals forces or small concentric nested polyhedral cages.
Another difference in the formation process – compared to
carbon – is that a significant loss of matter is observed here
in both cases. For the onion formation, this loss of matter is
not observed in [24] for the carbon system, whereas it can be
clearly seen in Fig. 1 from the fact that the transformation to-
wards the final configuration occurs at a constant number of
shells, while the diameters of the shells decrease. By relying
on observations from Fig. 1d, we speculate that the growth
mechanism is an innermost-shell-driven process, where first
the internal shells reach their stable configuration by means of
atom ejection towards peripheral layers. The atomic flux to-
wards the surface is compensated by the desorbtion of atoms
in excess in the very external shell. This loss of matter – due
to vaporization or sputtering of atoms – is also clearly ob-
served duringBN-nanotube irradiation experiments as shown
in Fig. 2 where a six-layer nanotube is shown to reduce in
diameter as its number of layers decreases.

A remarkable feature of the images shown in Fig. 1 is
the polygonal shape with a small number of sides (typic-
ally 4 to 6) of the fringe patterns, which contrasts with the
carbon onion images which are either quasi-circular or polyg-
onal with typically 10 sides [25]. Besides, the diameter of the
smallest shells is found to be significantly smaller than that
of C60, the most commonly observed smallest carbon cage. In
order to interpret the observed morphology one has to look
into the problem of the closure on itself of aBN hexagonal
network. Because of the chemical bonding requirement that B
and N atoms prefer to alternate, it has been suggested thatBN
analogs to carbon fullerenes are formed from combinations
of odd member rings, i.e. cyclicB2N2 and B3N3 [12, 13].
According to Euler’s theorem, six squares (instead of 12 pen-
tagons in carbon fullerenes) are needed to close the structure.
By following the geometrical construction scheme already
used to construct carbon fullerenes with icosahedral symme-
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try [26, 27] it was shown that an infinite family of cages with
octahedral symmetry composed of alternatingBN units can
be built [21]. The eight equilateral triangular faces of the octa-
hedron are cut from the hexagonal network and the six apexes
are truncated by squares. The smallest cages observed in the
final stage of our irradiation experiments, namely the onion
internal shells or the individual cages packed in agglomer-
ates, have a diameter of typically0.4–0.7 nm. This range of
diameters is comparable to that of theB12N12, B16N16, and
B28N28 polyhedra, which were proposed theoretically as the
smallest high-symmetry octahedral clusters with particularly
high stability [13, 14]. We note that theB12N12 cluster is the
smallestBN cage that can be composed of squares separated
by hexagons, and was therefore suggested to be the analog to
C60 [13].

As for their carbon analogs, an onion structure can then
be built as a Russian doll assembly of cages increasing in size
with an intercage distance close to that of bulk h-BN, namely
d= 0.335 nm. Starting from aB12N12 cluster, the construc-
tion of a five-shell onion (B12N12; 5) results in the following
nesting: B12N12@B76N76@B208N208@B412N412@B676N676.
The intercage distances deviate from the ideal bulk value of
0.335 nmby less than0.015 nm. Figure 4 shows a represen-
tation of this series of octahedralBN cages after structural
relaxation by atomistic calculations. Note that in this par-
ticular series there is no orientational order between layers,
which are packed in a turbostratic fashion. In the case of
carbon, the icosahedral seriesC60@C240@C540@. . .@C60n2 ,
often used to simulate carbon onions [25, 28, 29], leads to an
intercage distance remarkably close to that of bulk graph-

Fig. 4. Series of octahedral cages building a 5-layer onion:B12N12, B76N76,
B208N208, B412N412, B676N676 after structural relaxation by atomistic calcu-
lations

ite and has a perfect orientational order of the layers in the
radial direction. The orientationally ordered series starting
from B12N12, namely B12N12@B48N48@. . .@B12n2N12n2 ,
is not realistic because the intercage distance is much too
small (d = 0.2 nm). If the orientation between layers was
to be favorable, either in the stability of the structure or in
the growth process, the orientationally orderedBN onion
with the intercage distance closest to0.335 nm would be
B36N36@B144N144@. . .@B36n2N36n2 with d ≈ 0.346 nm.
The innermost shells have a tendency to shrink, possibly
down toB12N12. For the larger shells, there is a competition
between the tendency to follow this shrinking process in order
to preserve the intercage distance, and the inertia to do so
while preserving the orientation of the layers. This could ex-
plain the large deviations from the expected value mentioned
above in the intercage in onion I between inner shells.

In order to have more insight into the 3-D geometry of
the observed nested cages, the HREM experimental images
were compared with simulated images of the ideal structure
constructed above [30]. In agreement with the experiment,
polygonal shapes with either four or six sides are obtained,
depending on the orientation of the electron beam. A set of
four images corresponding to four particular high-symmetry
orientations is displayed in Fig. 5. The observed shape is
either square-like, hexagonal-like, or rather elongated with
a strong contrast displaying a 2-fold axis symmetry. All three
types of geometry are experimentally observed as the onions
evolve towards a stable configuration and rotate, setting there-
fore successive crystallographic orientations along the view-
ing direction. Since the onions are supported on a flat surface,
the most stable configuration is obtained when they are lying
on one of their triangular faces. As a consequence, the most
probable shape of their 2-D-image is the square-like shape.
A distorted hexagonal shape is seen for onion I in Fig. 1e.
An elongated shape with a strong 2-fold axis symmetry is
detected for onion II in Fig. 1f. The square-like shape is ob-
served for onions I and II in Figs. 1g and 1h, respectively.
From the respective side length of the observed innermost
squares, we suggest that the innermost cages of onions I
and II in Figs. 1g and 1h are respectively close to aB12N12
molecule and aB16N16 molecule.

Fig. 5a,b. In a 3-D representation of theB76N76 molecule viewed in [100],
[110], [111], and [211] directions. The three basis vectors are defined as
joining the center of the octahedron and three adjacent apexes respectively.
In b simulated images of a (B12N12; 5) onion viewed in the corresponding
directions. The simulations are performed for the characteristics of the Jeol
3000F microscope used in the present experiments, and are shown here for
a defocus of60 nm
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As a final point, we want to discuss the shape of the pe-
ripheral onion layers. Although for internal shells, the simu-
lated images are in good agreement with the proposed octa-
hedral symmetry structure, important deviations are observed
for larger cages (outer shells of the onions) which are more
rounded in shape. Such deviation from the predicted struc-
ture was also observed for large carbon onions whose perfect
spherical geometry is in disagreement with a perfect icosa-
hedral symmetry. A first model was proposed suggesting that
the observed sphericity is caused by a random orientation
of the icosahedral concentric shells (loss of the epitaxial ar-
rangement of pentagons), attenuating the sharp aspect of the
apexes where the pentagons are located [29]. By follow-
ing this idea, the misorientation of the octahedral concentric
shells observed in onion II (Fig. 1h) could be responsible
for the deformation of the planar sectors and therefore for
the rounded shape of the largest cages. However, such mis-
orientation effect cannot account for the rounded shape of the
apexes in onion I since the square rings are epitaxially stacked
(Fig. 1g). A complementary explanation was proposed for
carbon onions: the incorporation of pairs of 5- and 7-member
rings was shown to transform the initially strongly faceted
icosahedral structure into a more spherical shape [31, 32].
The formation of such defects is indeed expected under in-
tense irradiation. Moreover, it was shown that these defects
can also be thermally generated at high temperatures [32].
A local increase of the temperature can also be induced by
irradiation. The direct transposition to the case ofBN is ob-
tained by incorporating pairs of 4- and 8-member rings, if
chemical frustrations are not allowed. However, the inser-
tion of pairs of 4-member and 8-member rings introduces
important structural stress. Despite local chemical frustration
induced by the introduction of even-member rings in aBN
network, incorporation of pairs of 5- and 7-member rings
has to be envisaged for largeBN cages to build a low-stress
structure.

4 Conclusions

Intense electron irradiation experiments were carried on two
kinds ofBN samples, aBN-nanotube powder and a novel tur-
bostraticBN material. As for carbon and forBN powders,
irradiation provokes a tendency towards curling and forming
shells. However in contrast to carbon, both materials display
different specific behaviors which lead either to the formation
of agglomerates of small cage-like molecules weakly packed
by van der Waals forces or to that of small nested polyhe-
dral cages. The overall shape of theBN cages was explained
within the frame of the octahedral model previously proposed
for BN analogs to carbon fullerenes. As for carbon, the ob-
served structure is more spherical in shape than the ideal
polyhedral structure. The difference can be explained by the
insertion of pairs of defects. Whatever the starting materials,
under electron radiation unstable large cages transform into
smaller shells until the individual cages or the innermost shell
of the onions is0.4–0.7 nm in diameter. This range in diam-
eter corresponds to that of the octahedral polyhedraB12N12,

B16N16, andB28N28, which were predicted to be magicBN
clusters from electronic structure calculations [14]. Although
their formation mechanism remains to be understood, the
present study brings the first experimental evidence for the
existence of smallBN cages analogous to carbon fullerenes.
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