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1. Introduction

Numerous experiments have demonstrated that irradiation of
nanostructures with energetic particles, especially when com-
bined with heat treatment of the sample, give rise to atomic-
scale defects but may also have overall beneficial effects on
the sample (see refs. [1–3] for an overview). This is particularly
relevant to carbon nanomaterials such as graphene, carbon
nanotubes (CNTs) and fullerenes. Specifically, irradiation treat-
ment of the CNTs can give rise to enhanced field emission[4, 5]

and an increase in the CNT film conductance.[6, 7] Mechanical
strengthening of CNT bundles,[8, 9] multi-walled nanotubes
(MWNTs),[10] and bulk CNT samples[7, 11, 12] due to irradiation-in-
duced defects has been reported. CNTs can be welded togeth-
er by irradiation[13–16] or connected to a metal.[17, 18] Intentional
introduction of defects[19] into graphene by irradiation has re-
cently been demonstrated to be a powerful tool for engineer-
ing the atomic and electronic structure of graphene[20–23] or
decorating these systems with metal atoms.[24, 25] Moreover,
many fascinating irradiation-induced phenomena in carbon
nanomaterials inherently related to their nanometer size have
been reported, such as pressure build-up inside irradiated
carbon onions[26] and CNTs.[27, 28]

The constructive role of electron irradiation in a transmission
electron microscope (TEM) has been particularly emphasized,
as the electron beam makes it possible not only to change the
atomic structure of the system but also provides in situ infor-
mation on the evolution of the system during exposure to the
beam and thus at least partial control over the process. Elec-
tron irradiation with energies exceeding the threshold[29–32] for
displacing carbon atoms ballistically (the threshold can be de-
fined as the minimum electron energy required to knock out
a carbon atom due to direct impact) has been demonstrated
to give rise to the development of holes in graphene[20, 33] and

CNTs,[34] while irradiation with electron energies below the
threshold can stimulate structural defects due to bond rota-
tion.[20, 35]

Here, using a focused electron beam in a scanning transmis-
sion electron microscope (STEM), we create a number of neigh-
boring holes along the nanotube and change the morphology
of double- (DWNTs) and triple-walled carbon nanotubes
(TWNTs). By combining STEM experiments with atomistic simu-
lations, we further study the bonding between the shells in
the modified structures. We demonstrate that while in DWNTs
the shells locally merge together by forming nanoarches as in
double-layer graphene[36] and graphite,[37] the atoms with dan-
gling bonds can be preserved in the TWNTS and are shielded
by the nanoarches formed by the atoms in the outermost and
innermost shells. As atoms with dangling bonds normally give
rise to localized magnetic moments, our results indicate that

Carbon atoms are displaced in pre-selected locations of carbon
nanotubes by using a focused electron beam in a scanning
transmission electron microscope. Sub-nanometer-sized holes
are created that change the morphology of double and triple-
walled carbon nanotubes and connect the shells in a unique
way. By combining in situ transmission electron microscopy ex-
periments with atomistic simulations, we study the bonding
between defective shells in the new structures which are remi-
niscent of the shape of a flute. We demonstrate that in
double-walled nanotubes the shells locally merge by forming

nanoarches while atoms with dangling bonds can be pre-
served in triple-walled carbon nanotubes. In the latter system,
nanoarches are formed between the inner- and outermost
shells, shielding small graphenic islands with open edges be-
tween the neighboring shells. Our results indicate that arrays
of quantum dots may be produced in carbon nanotubes by
spatially localized electron irradiation, generating atoms with
dangling bonds that may give rise to localized magnetic mo-
ments.
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arrays of magnetic quantum dots may potentially be produced
in CNTs by spatially localized electron irradiation.

2. In situ STEM Experiments

Our experiments were carried out using an STEM (JEOL 2100F)
equipped with a corrector for the spherical aberration, allow-
ing us to focus the electron beam down to a spot of ~1 � in
diameter. The STEM was operated at 200 kV, producing elec-
trons with sufficient energy to displace carbon atoms in the
lattice.[29] Samples of carbon nanotubes with different number
of layers (Thomas Swan & Co. Ltd.) were dispersed in ethanol.
A drop of the dispersion was placed on a Cu TEM grid. For ob-
servation, the samples were mounted in a heating TEM holder
(Gatan Ltd.), allowing imaging and irradiation of the sample in
the microscope in a wide temperature range at vacuum condi-
tions of ~10�5 Pa.

A standard experiment consisted in finding a DWNT or
a TWNT next to a bundle to increase the stability under irradia-
tion and prevent buckling. Then, the condensed electron
beam was directed onto specific regions of the chosen nano-
tube (as shown in Figure 1), allowing the desired transforma-

tion. In this way, a series of sub-nanometer holes, with interdis-
tances of less than two nanometers, were routinely achieved.
Given the size of the electron beam (~1 �), the incision size
was dictated by the stability of the surrounding carbon lattice
as well as the number of layers in the nanotube. All of our ex-
periments were performed at
500 8C to increase the mobility
of point defects and to avoid
their clustering.[1] During the ex-
posure to the electron beam,
the damage in other parts of the
nanotubes was minimal
(grade 1, according to the uni-
versal damage grade table[38] in
CNTs).

Figure 2 shows the consecu-
tive formation of holes in
a DWNT. The DWNT (Figure 2 a)

lies on the outer part of a nanotube bundle, which serves both
as a support and reference frame throughout the STEM irradia-
tion experiments. After the beam has been focused onto a spe-
cific region of the DWNT, a hole appears (Figure 2 b). The de-
tails of the regions are shown in the inset of Figure 2 b. Atoms
with dangling bonds form interlayer links and lead to a slight
distortion of the structure. Figure 2 c shows another incision
that has been made approximately three nanometers away
from the first one. The two holes (marked with white arrows)
induce an interaction between the inner and outer shells of
the DWNT in the middle region (shown in the inset). The pro-
cess can easily be extended, as evident from Figure 2 d, where
four additional holes were made at roughly the same spacing.

Figure 3 shows the formation of two holes in a TWNT. In this
case, two different atomic configurations were observed. The
pristine TWNT is shown in Figure 3 a, and lies on the outer part
of a bundle which serves both as a support and reference
frame throughout the STEM irradiation experiments. The two
outermost shells of the nanotube are irradiated so that two ad-
jacent holes appear in the outermost and the middle layer
(Figure 3 b). The innermost layer remains intact. Atoms with
dangling bonds form interlayer bonds as in the case of DWNTs.
The details of the regions are shown in the inset of Figure 3 b.
When all three shells are punctured with the beam (Figure 3 c),
another configuration is achieved, where in the middle region
a 1.5 nm-wide graphene flake with two open ends is surround-
ed by a closed carbon shell.

Figure 1. Setup of the experiments: The microscope is operated in the scan-
ning transmission mode. The beam direction is perpendicular to the nano-
tube axis. The electron beam is focused onto the side region of the tube.

Figure 2. Electron-beam-induced formation of holes in a DWNT: A) pristine
DWNT before irradiation. Formation of one (B), two (C) or several (D) neigh-
boring holes. The scale bar is 2 nm.

Figure 3. Formation of two holes in a TWNT: A) Before irradiation. B) The two outermost shells of the nanotube
are modified to create two adjacent holes in the outermost and the middle layer. C) Three shells are punctured
with the beam, leaving an isolated graphene sheet with open ends inside a closed cage. The scale bar is 2 nm.
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3. Atomistic Simulations of DWNTs and TWNTs
with Holes in the Layers

To understand the atomic structure of DWNTs and TWNTs with
holes in the layers, we carried out atomistic computer simula-
tions of MWNTs with a certain number of atoms being re-
moved from the walls, similar to the experiments. As the ex-
perimental systems consist of thousands of atoms, and both
short-range covalent and long-range van der Waals (vdW) in-
teractions should be taken into account, we could not employ
the proper first-principle approach[39] due to computational
limitations. Instead, we used the adaptive intermolecular reac-
tive empirical bond order (AIREBO) potential[40] which is an ex-
tension to the well-known Brenner potential.[41] The AIREBO
potential is not just a sum of a short-range covalent potential
and a pairwise long-range vdW term: atoms in the system are
not constrained to remain attached to specific neighbors nor
to maintain a particular hybridization. Depending on the local
atom environment and atom separation, the long-range inter-
action is switched on and off, enabling the simulation of chem-
ical reactions and defect configurations for which the interplay
between covalent and long-range interactions is important.
The AIREBO model has been successfully applied before to
simulations of MWNTs with interlayer defects[42, 43] and nano-
tube bundles with intertube covalent bonds.[9]

Our simulations were aimed to find the most probable
atomic geometry, not at modeling the irradiation process. The
response of nanotubes to electron irradiation has extensively
been modeled before.[30, 44] It is well known that impacts of en-
ergetic electrons give rise to the formation of vacancies[45] in
the CNT walls, along with adatoms/interstitials[46] which are
mobile, especially in the inner hollow of the CNTs.[34] Several
DWNTs were constructed from zigzag SWNTs with diameters
(3–5 nm) close to the ones observed in the experiments. The
diameter of the shells was
chosen to match the interlayer
separation (about 0.32 nm) re-
ported for MWNTs.[47] The atoms
under the beam (Figure 1) were
removed and the atomic struc-
ture was fully optimized to find
a local minimum using the con-
jugate gradient algorithm.

We found that undercoordi-
nated atoms in the adjacent
shells of the DWNT easily form
interlayer covalent bonds as
shown in Figure 4 a. Ultimately,
two bonding configurations are
possible, provided that the posi-
tions of the atoms in different
shells in the upper part of the
DWNT approximately match
each other: “perfect” merging of
the shells (Figure 4 b) and bond-
ing through carbyne-type atoms
(Figure 4 c). We note that the

structures presented in Figures 4 b–d are two merged gra-
phene layers, but they explain quite well the more complicat-
ed morphology of the DWNT. The former configuration is
lower in energy, but when there is a mismatch between atom
positions, the latter configuration can be close in energy to
the first one. The configurations presented in Figures 4 b,c can
be understood as bonding at the edges of a graphene bilayer
(which can also be referred to as a fold)[36] and as bonding
through interstitial-type defects[48] accumulated at the edge of
the bilayer, respectively. Figure 4 d shows a side view of the
edge of bilayer graphene, illustrating a local “swelling” of the

Figure 4. Atomistic model of a DWNT with atoms removed by the electron
beam (A), to be compared with the experimental image in Figure 2. The
atoms at the edges of the shells form covalent bonds. Ultimately, two bond-
ing configurations are possible, provided the positions of the atoms in the
different shells of the upper part of the nanotube approximately match
each other: “perfect” merging of the shells (B), and bonding through car-
byne-type atoms (C). The structure is locally expanded, as at the edge of the
graphene bilayer in (D). The incorporation of pentagons and other non-hex-
agonal rings to account for curvature is also possible.

Figure 5. Atomistic model of a TWNT with atoms removed by the electron beam (A), to be compared with the ex-
perimental image in Figure 3. Atoms at the edges of the outermost and inner shells make covalent bonds, while
the inner shell contains atoms with dangling bonds. In the case of three-layer graphene, three different bonding
configurations are possible, as sketched in (B–D) and (E, F). Side views: a perfect fold encapsulating a flake with
dangling bonds (B), and two structures with carbyne-like links between the shells. The side views of the corre-
sponding graphene structures are presented in (E) and (F), with (E) corresponding to the configuration presented
in (B), and (F) corresponding to the configurations shown in (C) and (D). The configuration with dangling bonds
has the lowest energy among all, even without saturation of the dangling bonds in the middle layer with hydro-
gen atoms.
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structure. Incorporation of pentagons and other non-hexago-
nal rings to account for curvature is also possible. As evident
from Figure 4 a, the simulated structure is in reasonable agree-
ment with that observed in our experiments. Depending on
the nanotube diameters and mutual position, both types of
bonding are possible in the middle part of the cut. Under-coor-
dinated atoms with dangling bonds that are most likely passi-
vated with hydrogen may also exist.

Having analyzed the atomic configurations of locally merged
shells in the DWNTs, we now turn to TWNTs. An atomistic
model of a TWNT with atoms removed by the electron beam is
presented in Figure 5. Simulations similar to those carried out
for DWNTs showed that three different bonding configurations
are possible, as sketched in Figure 5: a perfect fold encapsulat-
ing a shell with dangling bonds and two structures with car-
byne-like links between the shells. The side views of the corre-
sponding graphene structures are presented in Figures 5 e,f,
with Figure 5 e showing the configuration presented in Fig-
ure 5 b, and Figure 5 f corresponding to the configurations
shown in Figures 5 c,d. In agreement with the experimental ob-
servations, our simulations showed that the configuration with
dangling bonds has the lowest energy among all, even with-
out saturation of the dangling bonds in the middle layer with
hydrogen atoms. Although dangling bonds are not energeti-
cally favorable, the loss in energy is compensated by a perfect
graphene envelope and avoiding carbyne-type bonds. Similar
to the case of DWNTs, depending on the tube diameters and
mutual position, all types of bonding are possible in the
middle part of the cut. For sp2 bonding, incorporation of pen-
tagons and other non-hexagonal rings to account for curvature
is possible.

As dangling bond atoms at the edges normally give rise to
localized magnetic moments,[49, 50] our results indicate that
arrays of magnetic quantum dots may potentially be produced
in CNTs by spatially localized electron irradiation. Further ab
initio studies should clarify the behavior of magnetic moments
in these systems at finite temperatures, as well as the interac-
tion of magnetic moments at different dots.

3. Conclusions

In conclusion, we have shown that holes (of 1–3 nanometers
in diameter) produced in CNTs with an electron beam display
different atomic morphologies at the edge of the hole, de-
pending on the number of CNT layers. In particular, for three
holes in triple-shell structures (odd numbers), dangling bonds
at the middle layer can be created and shielded by nanoarches
produced by the merged outermost and innermost shells. This
kind of closure should also be expected in graphene nano-
pores with different number of layers.
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