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ABSTRACT We report experimental evidence of the formation by in situ electron-irradiation of
single-walled carbon nanotubes (C-NT) confined within boron nitride nanotubes (BN-NT). The electron
radiation stemming from the microscope supplies the energy required by the amorphous carbonaceous
structures to crystallize in a tubular form in a catalyst-free procedure, at room temperature and high
vacuum. The structural defects resulting from the interaction of the shapeless carbon with the BN
nanotube are corrected in a self-healing process throughout the crystallinization. Structural changes
developed during the irradiation process such as defects formation and evolution, shrinkage, and
shortness of the BN-NT were in situ monitored. The outer BN wall provides a protective and insulating
shell against environmental perturbations to the inner C-NT without affecting their electronic

properties, as demonstrated by first-principles calculations.
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he controlled synthesis and growth of
Tcarbon nanotubes (C-NTs) has been

a long-standing challenge in the
fabrication of carbon-based materials for
electronic applications. The successful inte-
gration of C-NTs on electronic devices is
allowing for the design and construction
of ultrasmall transistors able to conduct
high density electric charge in low-diameter
channels.! However, as many studies have
demonstrated, the perturbation of the gra-
phitic network of single- and multiwalled
nanotubes represents a drawback for the
implantation of C-NTs as the fundamen-
tal building block of high performance
transisvtors. Indeed, geometrical distor-
tions (nanotube bends), structural defects
(vacancies, Stone—Wales defects), and
physi- and chemi-sorption of external mol-
ecules inevitably lead to a severe diminu-
tion of the nanotube electronic properties
that may result on a full suppression of
its conductance ability.® It is therefore
necessary to develop experimental strate-
gies for C-NT synthesis that guarantee the
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formation of crystalline structures of carbon
materials while ensuring a protection from
the environment without affecting their
electronic properties. Under this context,
owing to the uniform electronic properties
and chemical inertness characteristics of
boron nitride (BN),>*®® BN nanotubes (BN-
NTs) may team up with C-NTs in the realiza-
tion of hybrid-structures for achieving these
goals. Indeed, BN-NTs are resistive to oxida-
tion up to 900 °C, transparent to visible-near
UV light, and possess a high resistance to
irradiation. This makes BN-NTs ideal candi-
dates for insulating, transparent, and antic-
orrosive coatings under extreme thermal
and chemical conditions3™® BN-NTs and
C-NTs are isomorphs with a hexagonal lat-
tice that can be arranged on concentric
layers. Although the 3 atoms can mix in a
same layer, B and N atoms are usually
present in 1:1 ratio and preferably in inde-
pendent layers or patches to reduce the
interface BN-C energy.>®®~'° Both kinds
of nanotubes possess similar mechanical
properties such as a great stiffness (the Young's
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modulus of single-walled BN-NT has been estimated to
be as high as 1.11 TPa, similar to that of single-walled
C-NT).""*! One of the major differences between both
types of tubes is the electronic properties®#6812714
The pure covalent C—C bond and the hyperconjuga-
tion of the m-orbital network yield C-NTs an either
small-gap semiconducting or metallic material de-
pending on the tube chirality. On the contrary, the
high ionic character of the BN bond confers to any kind
of BN-NT an insulating behavior with a band gap
measured as ~6 eV.>*'%'* The combination of both
Cand BN materials in a hybrid structure may lead to the
development of nanostructures (NS) that could cir-
cumvent some of the limitations of C-NTs for electronic
applications.

In the last 15 years, the ability and usefulness of
electron-irradiation treatments for modifying the be-
havior of nanomaterials under extreme conditions and
radiation has been widely demonstrated.'>*" Irradiat-
ing C and BN nanotubes with energetic electrons is an
appealing technique for manufacturing and engineer-
ing materials at the nanoscale. Numerous previous
works have evidenced the applicability of electron-
irradiation treatments such as welding to form molec-
ular junctions,'® coalescence'” and growth of NT,'®
phase transformation of solid Mg oxides filled BN-NT,°
and transformation of fullerenes filling BN-MWNT into
C-NT," and in other forms of carbon materials, as the
crystallization/graphitization of amorphous carbon on
h-BN substrates?? and restructuration of graphene's
grain boundaries.”

In this paper, we report the formation via electron-
irradiation of crystalline carbon nanotubes encapsu-
lated in larger diameter boron nitride nanotubes. In situ
electron-irradiation in a transmission electron micro-
scope (TEM) allowed us to monitor and investigate the
structural evolution of BN-SWNT under high-energy
beam radiation simultaneously to the formation pro-
cess of crystalline hybrid C nanostructures from amor-
phous materials. The resulting C-NT remains stable and
encapsulated within the outer BN tube, which provides
a protective shell against environment perturbations.
First-principles simulations of the electronic structure
of the concentric tubular materials demonstrate that
the original hyperconjugated network of the inner
C-NT electronic states is barely affected by the outer
BN shell.

RESULTS

The collected synthesis products have been studied
by high resolution (HRTEM) imaging and spatial-
resolved electron energy loss spectroscopy (SR-EELS).
As we proceeded in a previous work,2* some of the
(double-walled (DW) and single-walled (SW)) tubes
were filled with amorphous carbon as displayed in
the bright field and high angle annular dark field
(HAADF) scanning TEM (STEM) images of Figure 1a,b
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Figure 1. Bright field and HAADF images of (a) a bundle of
2 DW and (b) individual SW BN-NTs. An EELS-SPIM was
recorded on the individual BN-SWNT on the right of (a). (c)
Fourteen EEL spectra, selected from the SPIM in each of the
rectangular areas marked in blue (i) and in red (ii) in the
HAADF-STEM image (b), were added after background
subtraction. B—K and N—K edges are displayed in (i) and
(ii), while C—K edge is only displayed in (ii). All scale bars are
2nm.

where a disordered carbonaceous nanostructure (NS)
is visible. To better characterize these nanotubes,
we have developed SR-EELS-STEM analyses with high
spatial resolution <2 A. An EELS spectrum-image (SPIM)
was recorded on a partially filled individual BN-SWNT,
see Figure 1b. After background subtraction, 14 EEL
spectra were selected from the SPIM in each of the
rectangular areas marked in blue (i) and in red (ii) in
Figure 1b. B—K and N—K edges are visible in the EEL
spectrum of Figure 1c-i, after background subtraction.
The fine structures near the edge (ELNES) confirms that
the atoms of the BN tubes are sp? bonded with a 1:1 B
to N ratio. However, in the EEL spectrum of Figure 1c-ii,
the C—K edge is also present. From the ELNES analysis
of this C—K edge, we conclude that it corresponds to
amorphous carbon filling the BN tube. The origin of this
C comes from the h-BN target used for the synthesis of
these materials and the filling mechanism is described
elsewhere.*

In Figure 2, an eight-frame HRTEM image sequence
(see Material and Methods section for details concern-
ing the acquisition) shows the evolution toward a
nanotube geometry of a disordered C nanostructure
enclosed within a BN-NT. The HRTEM micrographs
depicted in this image sequence have been selected
from those displayed in the Video S1 (Supporting
Information), which corresponds to the whole irradia-
tion process. The electron-irradiation process occurs
for a total cumulative dose of up to 1.8 x 10” e—/A%and
over a period of 380 s at room temperature. In the
HRTEM sequence defined by red arrows, a disordered
carbonaceous nanostructure is first observed inside a
straight BN-NT and evolves over time to a crystalline
tubular structure. The crystalline quality of these hybrid
double-walled NT is visible in Figure 2g,h and from
Figure S1 (Supporting Information). Simultaneously, a
gradual shrinkage and a reshaping of the BN-NT are
observed. As a consequence of both processes, the
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Figure 2. Eight-frame sequence of HRTEM images displaying the formation process of a crystalline C-NT from disordered-
amorphous-like carbonaceous nanostructure encapsulated in a BN-NT under TEM radiation exposure. The black arrows on
these images mark the presence of kinks. All scale bars are 2 nm.

nanotube eventually breaks. In addition, the formation
of an atomic-scale bridge between the tip of the
carbon nanostructure and the outer BN wall, and the
subsequent reparation of the defect on both materials,
is also observed.

Recently, we demonstrated that ion-irradiation
processes of these nanomaterials are most of all domi-
nated by their nanostructured character.” The trans-
formations of the two BN and C nanostructures are
intimately related to (i) their different electronic pro-
perties, namely, BN is an insulator and C a conductor;
(i) their elemental composition and behavior under
electron-irradiation; (iii) their spatial distribution, which
allows the outer BN tube to provide a protective cage
for the inner C atoms, and to the latter to act as struc-
tural "reinforcers”/stabilizers for the BN-NTs.

Due to the differences in the electronic structures of
both NS, a completely different behavior and stability
under the electron beam is expected. For an insulating
material with localized electrons, the irradiation with
energetic electrons may lead to bond breaking, ion-
ization, and structural damage. On the contrary, the
delocalized conduction electrons of a metal allow for
the quenching of the electronic excitations'>*' and the
subsequent structural damage restructuration. In the
case of good heat and charge conductor sp? carbon
materials, the irradiation's processes are mainly gov-
erned by ballistic knock-on atomic displacements.

On the other hand, the electron knock-on damage
thresholds of BN-NT and amorphous C are different,
albeit they are both low-dimensional light-elements
based materials. The electron knock-on damage
threshold of both BN-NTs and amorphous C is lower
than that of a free-standing C-NT (x86 keV)?'?22>26
Zobelli et al. calculated the response of the system
to irradiation or emission energy threshold (Ty)
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(also referred as to threshold displacement energy
for the an atom) of Band Nin BN sheets as Ty_n =14 eV
and Tq_g = 15 €V, and for C in a graphene sheet
Ta—c—graphene = 23 €V, indicating that BN sheets are
less stable under electron-irradiation than graphene. In
fact, an incident electron energy of 74 keV corresponds to
amaximum energy transfer of 15 eV for a Batomin a h-BN
sheet satisfying the emission conditions. In the case of N
emission, the incident electron energy should be at least
of 84 keV. Therefore, under our experimental conditions
of 80 keV, B atoms can be ejected. Since the C nanostruc-
ture is enclosed in the BN-NT container, both the irra-
diation process and the electron knock-on damage
threshold differ from the one of the unprotected NS.
We move on to the description of the events ob-
served and to the discussion of the mechanisms and
processes underlying the electrons' interaction with
the nanostructures. During the first stages of the
electron-irradiation process, the more greatly marked
event is the BN-NT's diameter shrinking, which occurs
throughout the irradiation experiment. The diameter
decreases from 2 to 1.6 nm. This shrinkage is produced
by a combination of sputtering (atomic knock to
vacuum), reconstruction, and defects formation and
migration. The formation of kinks and their displace-
ment along the NT side-walls are shown in Figure 2
(marked with black arrows) and in the Video S1
(provided in Supporting Information). As Zobelli et al.
pointed out,?” these types of kinks are due to the
formation of extended defects which can be ascribed
to the formation of dislocations upon sequential ejec-
tion of adjacent atoms. The kinks' migration are at the
origin of the NT chiral angle modification which ran-
domly varies from 5.2° to 10.2° (see Figure 3).
Simultaneously to the BN-SWNT narrowing, the re-
structuration of the disordered carbonaceous NS inside
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Figure 3. Five-frame HRTEM sequence displaying a BN-NT chiral angle modification during the electron-irradiation process.
Ininset, the Fourier transform (FT) of the area selected in each of these micrographs. The chiral angle measured in each FT is (a)

5.8° (b) 8.9° (c) 8.2° (d) 6.2°, and (e) 10.2°.

the NT is observed. Along this process, the BN-NT plays
a twofold role: as protective cage during the irradiation
and as a template for the morphological reorganiza-
tion of the C material. It is important to emphasize that
this reorganization is catalyst-free, since no metal
nanoparticles were used for the synthesis of the
BN-NT.*?® The restructuration is mainly due to
atomic displacements and reconstruction of structural
damage under the electron beam, as can be followed
in Supporting Information Video S1. No significant
change in the dimension of the carbon NS was ob-
served even when some carbon atoms were ejected or
migrated to the walls of the BN-NT. The length of the
carbon nanostructure was fairly uniform at ~4.1 nm.
Only the carbon nanostructure width was slightly
modified from 0.67 nm at the thinnest to 0.94 nm at
the largest areas (see Figure 2a). At the end of the
irradiation process, the diameter of the C-NT was kept
uniform, 0.85 nm (Figure 2g or h). The bright spots
displayed are interpreted as the signature of point
defects whose propagation contributes to the res-
tructuration process of the amorphous C. These recon-
struction mechanisms are related to thermally acti-
vated migration-mediated self-healing. However, the
encapsulation of C within a BN-NT was observed to
follow different behaviors depending on the carbon
density. Indeed, the geometry of the initially shapeless
C can either crystallize in a tubular form or remain
amorphous. Figure 4a shows a HRTEM image of a
BN-DWNT containing an indistinct mass of C. The nano-
tubes are terminated with a flat cap exhibiting an
opening (red circle) through which the encapsulated
C drains out. A different behavior was found on low
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Figure 4. (a) Amorphous C flowing out of a double-walled
BN nanotube through an opening at the nanotube cap. (b)
Two capped single-walled C-NT encapsulated within a
double-walled BN-NT. The schematic representation mod-
els the HRTEM image.

concentrations of C within a BN-DWNT under exter-
nal radiation. Figure 4b shows an image of two
capped single-walled C-NT enclosed within a double-
walled BN-NT. From this HRTEM image, the diameter
of the inner C-NT was estimated to be of ~1 nm.
The ball-and-stick model besides represents a struc-
tural model of the real image. As schematized on
the right of Figure 4b, the crystalline carbon struc-
ture is formed as a result of the atomic rearrangement
of initially disorder carbonaceous structure in a
catalyst-free process driven by the external TEM
irradiation.

After the initial shrinkage of the NT, the second
event that we observed was the cut of the BN-NT. In
the case of BN-MWNT, the electron-irradiation induced
cut was accompanied by the formation of nano-
arches,” pointing out that the mechanism behind
the cutting of a single-walled BN-NT may be different
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as we do not observe this arches' formation. Indeed,
the clean cut of the BN-SWNT can be ascribed to
pressure-effects related dynamics phenomena. Sun
et al.*® and Banhart et al.>' demonstrated that elec-
tron-irradiation on NT may lead to extreme pressures
(in the order of tens of GPa), which can yield the NT's
collapse and cut.' This cut occurs when the diameter
of the NT is close to the lowest limit of structural
stability of ~0.4 nm. As observed in Supporting Infor-
mation Video S1, after the NT is broken a reconstruc-
tion at the open tip in the form of a flat cap is followed,
as expected in a BN-SWNT.33? A second NT's cut close
to the tip of the new C-NT occurs straightforwardly.
Thus, the recently constructed C structure confers
further robustness to the BN-NT, preventing the col-
lapse and destruction of the BN-NT as a result of the
pressure effects, showing the "symbiotic” behavior of
the two structures in the hybrid nanomaterial forma-
tion. Subsequently to the second BN-NT cut, the flat
cap evolves to a crystalline conical tip, as previously
shown for BN-MWNT in ref*®

The diameter narrowing and eventual cut of the NT
in the irradiation-induced processes stop once the
hybrid double-walled nanostructure is fully formed,
pointing out to the stability and robustness of the
hybrid structure.

Knock-on damage and atomic displacement in C-NT
are known to cause vacancies and other defects, which
lead to a loss of the nanotube's graphitic structure,'>?'
In our experiments, during the shrinking and cutting of
the NT, the formation of amorphous or disordered
phases was not observed. In previous works, the irra-
diation experiments were carried out above 200 °C'>*'
to maintain the crystalline structure of the C-SWNT. In
the case of C-NS, the damage annealing removes the
point defects introduced by the electron beam irradia-
tion. Irradiation-induced thermal effects in nanometer-
thick materials are usually neglected,®’ and particularly
in the case of good thermal conductors carbonaceous
NS. However, these effects play here a prominent role.
Paradoxically, the presence of the BN-NT and the
subsequent limitation of the thermal conduction or
heat dissipation allow the transformation of the C
material. It has been proposed that the thermal con-
ductivity of BN-MWNT is higher than that of C-MWNT,*?
even when the thermal conductivity of an h-BN
structure is several times smaller than in graphene.
This difference between BN-NT and h-BN was justified
by the absence of dislocations in the NT. In the current
case the irradiation on the BN-SWNT yields the for-
mation of dislocations which justify a low thermal
conductivity. This explains why the temperature
reached in this hybrid system during the irradiation
may be higher than the necessary for vacancy or
divacancy diffusion in BN.?” This confers an extraor-
dinary stability to the NT and anneals the defects in BN
and C nanotubes walls. It is worth to emphasize that
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Figure 5. Four-frame sequence displaying the self-reparation
process of a defected BN-NT sidewall in contact with hosted
C-NT tip.

Figure 6. (a) Electronic band structure of a double-walled
hybrid nanotube formed by a inner (7,7) C-NT concentric to
a (12,12) BN-NT. (b) Electronic band structure of a single-
walled (7,7) C-NT. (c) Cross-sectional view of the concentric
nanotubes.

heating on the BN-NTs is mainly due to the ohmic
dissipation of the irradiated electrons as a conse-
quence of both their insulating electronic structure
and presence of defects rather than an external
source of heat.

Another interesting phenomenon occurring during
the irradiation process is the formation of an atomic-
scale bridge between the C-NT tip and the outer BN
wall, and the subsequent reparation of the defect on
both materials, see Figures 2, 3, 5 and in the Video S1
(provided in Supporting Information). Figure 5 displays
in a four-frame sequence this process. A defect at the
BN-NT surface enhances the C-BN interaction by estab-
lishing a connection between both tubes which can be
related to thermal and pressure events such as the
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evaporation of some C atoms and more likely the
injection of B and/or N atoms inside of the NT.'

We suggest that the encapsulation of C-NT within a
BN matrix ensures the fabrication of pure C-NTs pro-
tected from any source of environmental contamina-
tion that might alter their intrinsic electronic proper-
ties. First-principles calculations were performed to
show that the hyperconjugated properties of the
s-orbital network of the graphitic structure are not
modified upon confinement within the BN hexagonal
tubular lattice. Two concentric honeycomb lattices
separated by the typical graphitic van der Waals
distance of 3.3 A are represented by a (7,7) C-NT
coaxially hosted by a (12,12) BN-NT. The electronic
band structure plotted in Figure 4a shows that the
electronic states of both nanotubes do not interact
with each other as demonstrated by the lack of band
gap opening (bands hybridization) or modifications of
the band dispersion. As a matter of fact, the removal
of the external BN shell does not have major influence
on both the distribution and the dispersion of the
C-NT states, as shown by comparison with Figure 6b,
which represents the band diagram of a pristine (7,7)
C-NT.

MATERIALS AND METHODS

Experimental Techniques. The BN-NTs, having a relatively con-
stant diameter of the order of less than 2 nm and good crystal-
line quality, were prepared by laser vaporization and have been
thoroughly characterized by TEM (high resolution, electron
diffraction and EELS) and Raman spectroscopy.®*?%3%3% Most
of the nanotubes (~ 80%) are single-walled (SW), but the
samples also contain multiwalled (MW) NT, mainly double-
walled (DW).

All the TEM studies were developed using two different FEI
Titan microscopes, working at 80 keV to ensure a good control
of the irradiation damage. HRTEM imaging was performed at
room temperature, and in the microscope column vacuum,
the pressure was in the order of 10 ° Pa. HRTEM images were
acquired in an image corrected FEI Titan Cube 60-300 micro-
scope. STEM imaging and spatial-resolved electron energy loss
spectroscopy (SR-EELS) measurements were performed on
probe-corrected STEM FEI Titan Low-Base 60-300 (fitted with a
X-FEG gun and Cs-probe corrector (CESCOR from CEOS GmbH)).
The sequence of images was recorded with an exposure time
of 0.55 s and binning the pixels twice (1024 x 1024 pixel) to
increase the contrast without increasing the exposure time. To
obtain the electron dose, the flux calibration was performed
using one image (1 s exposure time) taken without the sample
in the beam. The dose was calculated by taking the ratio of the
added number of electrons on the CCD camera and the area.
EEL spectra were recorded using the spectrum-imaging
mode®®3¢ in a Gatan GIF Tridiem 865 ESR spectrometer. The
convergent semiangle was of 25 mrad, the collection semiangle
was of 80 mrad, and the energy resolution was ~1.2 eV. Note
that no hydrocarbon contamination depositions has been
observed in any of all these (S)TEM experiments. Samples for
TEM characterization were prepared by sonication of a small
amount of powder in ethanol absolute. The dispersions were
placed dropwise onto holey carbon grids.

Simulations. The geometry optimizations and electronic
structure calculations were performed with the SIESTA
code.”*8 A double-¢ polarized basis set within the local density
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CONCLUSION

We have in situ monitored by HRTEM the catalyst-
free formation via electron-irradiation at room tem-
perature and low vacuum of crystalline carbon nano-
tubes within single- and multiwalled boron nitride
nanotubes. The transformation of BN-NT and the crys-
tallization process undergone by the C atoms encap-
sulated within the BN-NT matrix upon irradiation were
studied. We unveiled the physical mechanisms that led
to the shrinking, cutting, and restructuration of the BN-
NT to conclude that they are intimately related to the
geometric and electronic configuration of constituent
atoms. The BN-NT was observed to perform as a
container, protective-cage, and template for the C
material, which, in turns, confers robustness to the
hybrid-structure. The two-phased heterostructure
benefits from the complementary properties of the
C and BN materials. Finally, we have illustrated that
electron-irradiation is an effective pathway to con-
struct BNC hybrid nanostructures in a controlled
manner with potential applications in the fabrication
of electronic devices in which the conducting channel
remains independent and protected from any exter-
nal perturbation.

approximation approach for the exchange-correlation func-
tional was used. Atomic positions were relaxed with a force
tolerance of 0.01 eV/A. The integration over the Brillouin zone
was performed using a Monkhorst sampling of 1 x 1 x 64
k-points for the primitive armchair unit cell. The radial extension
of the orbitals had a finite range with a kinetic energy cutoff of
50 meV. The numerical integrals were computed on a real space
grid with an equivalent cutoff of 300 Ry.
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