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here for boron nitride, with Figure 3 providing evidence for the
catalytic etching of the h-BN support layers in advance of the for-
mation of dome-shaped BN nanostructures. It is considered that
the B2O3 and N2 reaction products evaporate28 during process-
ing, as the Fe2O3 NP reduce to Fe NP. Under conditions of atmo-
spheric pressure B2O3 evaporates at 1500◦C, and hence is likely
to sublime at 750◦C under the conditions of high vacuum in the
TEM.

In the present study, it is considered that Fe atom clusters orig-
inating from the large Fe NP’s (>30 nm) diffuse and become
trapped along the dangling bonds and defect sites of BN sheet
step-edges.

Two different mechanisms could then explain the formation of
the protrusions. One possibility is the dissolution-precipitation
mechanism, whereby BN dissociates on the surface of the Fe clus-
ters (noting B and N atoms are soluble in iron)29–31, followed by
dissolution, diffusion and precipitation of BN in a form of dome-
shaped nanostructures (diameter 2.6 - 4.4 nm) in advance of loss
of the Fe at elevated temperature. This is similar to the case of
carbon nanostructures, where the nucleation of protrusions on
the surfaces of metal atom clusters can occur12. The second pos-
sibility is the "scooter" mechanism, as proposed to explain the
growth of carbon nanotubes7. Here, mobile Fe atoms could con-
tinue to etch the BN layers in such a way that small strips remain
that subsequently curl and close to form dome-shaped nanostruc-
tures. After nanostructure closure, the Fe atoms may either re-
main trapped inside the cage or escape, depending on the heat-
ing conditions or on the experimental conditions. However, in
this instance, the growth mechanism can be solely speculated,
as the fabrication of the half-dome structures occur while the e-
beam was blanked, and not under e-beam irradiation as it has
been previously reported for BN fullerene like-species21.

Nanostructured carbon protrusions have been studied since
20017,11,12, but the investigation of analogous BN structures
has only just begun. In the present study, we have shown that
even member rings are required for the formation of h-BN dome-
shaped protrusions, but not in the form of active linear de-
fects, containing B-B and N-N bonds, as observed recently in BN
monolayers under electron beam irradiation16. Furthermore, ac-
cording to our molecular simulation results, the even- and odd-
members rings present in the half dome structure can present B-B
and N-N bonds. The exact bond structure of the simulated dome
is shown in the supplement, Figure S3†. The aligned defects at
the top and the bottom of the dome bare resemblance to grain
boudaries seen in planar h-BN32,33, and indeed are grain bound-
aries between the crystalline domains of the dome.

Small transition metal clusters appear to play an important
role in nanostructuring of BN. Few-atom metal clusters within
h-BN dome-shaped nanostructures represent a new hybrid mate-
rial that may unveil new optical, magnetic, electronic or catalytic

properties, emerging from confinement effects. The presented
synthesis could be also further developed to produce other unique
BN architectures suitable for electronic devices, magnetic record-
ing media and biological sensors with protection againts wear and
oxidation. Since h-BN is an insulator, in contrast to graphene,
charged species could be localised within the domes and lead
to interesting optical phenomena. However, further studies are
needed to demonstrate the controlled retention of metal clus-
ters within dome-shaped nanostructures, through limitation of
the metal extrusion process. As predicted recently, the adsorption
of transition metal atom chains to the octagonal rings of protru-
sions may also promote promising electronic or magnetic proper-
ties, e.g. Cr and Ni decorated protrusions can become quasi-spin-
gapless semiconductors, whilst Fe- or Co-doping induces ferro-
magnetic semiconductor behaviour, and Mn transforms such pro-
trusions into antiferromagnetic semiconductors34. On the other
hand, as the demand of clean energy has triggered an interest in
the use of hydrogen in zero-emission vehicles, BN nanotubes have
been shown to have promise as a hydrogen storage medium35.
In contrast to carbon nanotubes, h-BN nanotubes have several at-
tributes that indicate better stability for hydrogen storage, such as
their semiconducting nature with a little effect of the tube diam-
eter and helicity to the band gap36. Z. Zhou et al.37 suggested,
that rather than perfect h-BN nanotubes, h-BN nanotubes as sup-
porting media for hydrogen-absorbing metal nanoclusters might
increase the storage capacity. Systems, where metal clusters are
confined within BN dome-shaped nanostructures, might present
such a platform.

5 Conclusions

We show that a new form of single layer boron nitride dome -
shaped nanostructures can be grown via a mechanism similar
to the growth of nanostructured carbon protrusions, catalysed
by iron nanoclusters. However, the morphologies of these BN
nanostructures are distinct from their carbon analogues, requir-
ing squares, pentagons, hexagons, heptagons and octagonal rings
in their formation. On the contrary to the carbon protrusion, the
BN-protrusions display sharp corners and edges. Molecular dy-
namics simulations confirm the stability of the BN-protrusions.
The total energy per BN-pair in a 3 nm diameter protrusion is
about 2 eV lower than that of a typical closed BN cage, and about
0.06 eV higher than that of a perfect single layer of h-BN. TEM
image simulations of the BN dome-shaped structures modelled
with MD show striking agreement with the experimental images.
Circular features correspond to domes formed normal to the h-BN
plane, whilst hemispheres correspond to titled structures formed
at the step edges of the h-BN support.
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6 Experimental Methods

The TEM data sets were acquired using a JEOL 2100F (point res-
olution 0.19 nm; accelerating voltage 200 kV) with aberration-
corrected probe and Gatan imaging filter (GIF) for electron en-
ergy loss spectroscopy (EELS) at the Institut de Physique et
Chimie des Matériaux de Strasbourg, France; and a JEOL 2100F
(point resolution 0.19 nm; accelerating voltage 200 kV) equipped
with a Gatan Tridiem imaging filter for EELS at the Nanoscale
and Microscale Research Centre, University of Nottingham, U.K.
A Gatan 652 double-tilt heating holder was used for the in situ
TEM heating experiments. The SEM data sets were acquired us-
ing an FEI Quanta 200 3D at an accelerating voltage of 5-10 kV
and working distance of 15 mm, using secondary imaging mode,
at the Nanoscale and Microscale Research Centre in Nottingham;
and a Jeol 6700F at the Institut de Physique et Chimie des Matéri-
aux de Strasbourg.

Nanoparticles of iron oxide were produced using the following
standard procedure. 10 mL of 1 M FeCl3 solution was mixed with
2.5 mL of 2 M FeCl2 solution in a flask. The mixture was heated
to 70◦C under Ar, with mechanical stirring, and then 21 mL of
25% N(CH3)4OH aqueous solution was dropwise cast into the
mixture. The resulting Fe2O3 nanoparticles (Figure S4†), with as-
sociated particle size histogram measured by SEM were isolated
using a permanent magnet, allowing the supernatant to be de-
canted. Degassed water was then added to wash the precipitates.
This procedure was repeated four times to remove excess ions
and the tetramethylammonium salt from the suspension. The re-
maining precipitate was freeze dried to create a powder.

TEM supports were prepared by drop-casting a commercially
available methanolic suspension of FLBN (Graphene Supermar-
ket; lateral size of 50-200 nm and thickness of 1-5 monolayers)
onto a gold mesh TEM grid and heating in air at 550◦C in a tube
furnace to remove adventitious carbon. The Fe2O3 NP were sus-
pended in methanol and dropped on to the BN flake / gold mesh
grids.

Complementary Raman spectra were acquired using a Horiba-
Jobin-Yvon LabRAM Raman microscope, with a 532 nm wave-
length laser operating at low power (ca. 4 mW), a 600 lines/mm
grating and a Synapse CCD detector. Spectra were collected by
recording four acquisitions of 1 s duration for each spectral win-
dow. The Raman shift was calibrated using the Raleigh peak and
the 520.7 cm−1 line from a Si(100) reference sample.

7 Computational Details

Classical MD simulations were run with PARCAS code38. The in-
teractions between the B and N atoms were modelled with the an-
alytical potential by Albe and Möller39, a Tersoff-like many-body
potential fitted to a wide range of ab initio data, and in which the
energy of pure B-N bonds and the structures of BN polymorphs
and clusters were appraised. Lowest energy configurations were

established for each structure studied by heating to 600 K for 1 ns,
followed by simulation using a microcanonical NVE ensemble for
1 ns, then gradually dropping the temperature in steps of 50 K
and 1 ns, with each step followed by simulation using an NVE
ensemble for 1 ns, until the final temperature of 0 K was reached.
For perfect h-BN sheets and protrusions, periodic boundary con-
ditions in the x- and y-directions were utilised, with the perfect
sheets being 10 × 10 nm in size, including 3854 atoms.

TEM image simulations were produced using the QSTEM mul-
tislice code25: accelerating voltage = 200 kV, Cs = 0.1 mm, defo-
cus = -65 nm, resolution = 1 Å/pixel. The noise due to the finite
electron dose was then applied, with the intensity of each pixel
calculated as:

I(x,y) = Poisson random[Isim(x,y)D∆x∆y], (1)

where Isim(x,y) is the image intensity resulting from multislice
simulation, D is the electron dose per image (about 104 e−/nm2)
and ∆x∆y is the pixel size. A simulated modulation transfer func-
tion of the CCD camera at 200 kV was then applied to obtain an
accurate signal to noise ratio40.
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9 Abbreviations

FLBN few layer boron nitride; NP nanoparticles; h-BN hexagonal
boron nitride; EELS electron energy loss spectroscopy; TEM trans-
mission electron microscopy; SEM scanning electron microscopy;
MD molecular dynamics.
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