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nostructures obtained through
controllable defect engineering†

A. P. Sgouros,abd G. Kalosakas,*abc M. M. Sigalasa and K. Papagelisab

We numerically demonstrate the spontaneous formation of various 3D carbon nanostructures, like multi-

tube carbon nanotubes, nanopyramids, nanocubes, artificially rippled graphene, and other exotic

nanomaterials, starting from graphene nanoribbons and inducing controllably engineered defects

consisting of carbon adatoms or inverse Stone–Wales defects. The evolution of the initial defected

planar structures towards the final 3D nanoarchitectures is obtained through molecular dynamics

simulations, using different force fields to ensure the reproducibility of the derived results. The presented

carbon nanostructures of different shapes, sizes, and morphologies, can be used in applications ranging

from storage of hydrogen or other molecules, enhanced chemical reactions or catalysis in confined

compartments, to drug delivery nanodevices and biosensors.
1. Introduction

There has been intense scientic research over the last decade
into molecular traps enabling the capture and storage of small
molecules such as methane, hydrogen, acetylene, and carbon
dioxide. In particular, hydrogen as well as methane have prop-
erties that render them attractive fuels, but their storage pres-
ents substantial difficulties. Acetylene is an important building
block in organic chemistry but its transportation is challenging
because it should be stored in low pressure systems otherwise it
becomes explosive. Finally, the increase of carbon dioxide in the
atmosphere, mainly due to the combustion of gasoline and
coal, is one of the greatest environmental problems and there-
fore searching for corresponding traps is an important issue.
New classes of materials like the metal organic frameworks
(MOFs) – crystalline porous materials consisting of metal oxides
connected with organic compounds – have been suggested as
promising molecular traps.1–3 One of the main mechanisms for
capturing small molecules in MOFs is physisorption, where the
pores of the MOFs are chosen in such a way so to allow only
certain size of gas molecules to pass through them. Carbon
based materials, such as carbon nanotubes (CNTs),4 fullerenes,5

carbon nanoscrolls,6 fullerene intercalated graphite,7 and
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pillared graphene (composed of fused graphene layers and
CNTs),8 have been also suggested as promising hydrogen
storage materials. These structures show signicant increase of
the hydrogen volumetric density by means of a simple phys-
isorption mechanism. Moreover, by doping those structures
with lithium cations, the hydrogen volumetric density can
increase up to almost one order of magnitude.4,8

Functionalized carbon nanomaterials can also nd impor-
tant biomedical applications for drug delivery purposes, since
they can serve as multi-functional formulations providing
specic targeting, controlled delivery, and efficient treatment.9

Recent works have demonstrated that functionalized graphene
oxide,10–15 as well as CNTs16–18 can be successfully utilized in a
number of examples as vehicles for controlled and targeted anti-
cancer drug delivery. Similarly, other nanostructures, such as
DNA origami,19 are used as effective drug carriers too. Molecular
traps and dams have been also suggested in other biological
applications that will be able to miniaturize biosensors and
bioanalytical systems;20 it has been shown that nano-
constrictions with traps and dams can increase the local elec-
tric eld several orders of magnitude resulting in much faster
enrichment times for proteins than most reported methods.

Nanoscale compartments, apart from storage and delivery,
may be also used for achieving improved kinetics of chemical
reactions, as it is better exemplied by the nanopores in zeolites.
Molecules conned in regions with dimensions of the order of
the molecular size, exhibit different physical behavior compared
to that in larger spaces, having implications in chemical reac-
tions.21 Except for the obvious cases where entropic effects are
important, reactions involving large activation volume changes
are also affected by connement in nanocompartments. Further,
shape selectivity, i.e. how the processed molecules (reactants,
transition state, and products) t in the conned area at the
This journal is © The Royal Society of Chemistry 2015
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nanoscale, plays a crucial role for the occurrence of a successful
transformation.22 In that respect, deriving nanomaterials with
various shapes can lead to controlled enhancement of particular
chemical reactions at their interior.

The above mentioned applications would be advanced by
proper engineering of nanostructures with various sizes and
shapes, being closed or having specic openings on desire. We
show that graphene nanoribbons (GNRs) with a spatially
designed defect distribution can spontaneously form a large
variety of stable 3D nanostructures, of controllable size and
shape, on demand. The idea of such a control is based on the
local bond distortion of the defected carbon atoms, resulting in
well-dened bending of the graphene layer by ordered arrange-
ments of defects, as it has been demonstrated by a number of
molecular simulations.23–26 This phenomenon of defect-induced
graphene bending has been used for controlled construction of
carbon nanoscrolls through programmable hydrogenation.23

Further, properly placed hydrogen defects have driven the
folding of a planar graphene structure towards the formation of
Fig. 1 Schematic representation of the transformation mechanism in GN
top/bottom of GNR, the graphene sheet can be inflected downwards/
fashion, as shown from the side-view of the example (b). In (c) and (d) th
shown, for the corresponding cases schematically displayed in (a) and (b

This journal is © The Royal Society of Chemistry 2015
a cubic nanocage, which is able to encapsulate a biomolecule.24

Except for hydrogen, other individual atoms or chemical groups
can similarly result in the bending of graphene sheets.25

We have shown that periodically placed defects, made by
carbon atoms, in graphene nanoribbons can produce a variety
of CNTs with different chiralities and sizes.26 Based on the
results of our recent works,26,27 we report here the controllable
formation of a large variety of 3D carbon nanostructures
through proper engineering of carbon adatoms28,29 or inverse
Stone–Wales (ISTW) defects30,31 in graphene. The obtained
structures can be either simple polyhedra of various sizes at the
nanoscale, or more exotic architectures. The folding of GNR
with the use of ISTW defects has been also demonstrated with
DFT calculations.32

We note that many steps for the development of realistic
atomic defect fabrication methods are in progress. The fabri-
cation of ribbons with sub-micrometer precision can be ach-
ieved experimentally with top-down33 and bottom-up34,35

approaches. Point defects such as atomic vacancies can be
Rs. (a) By introducing single lines with type-A or type-B defects in the
upwards. Thus, various nanostructures are generated in a controlled
e configurations produced using molecular dynamics simulations are
), respectively.
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engineered with almost atomic resolution using highly focused
electron beams.36 Point defects such as carbon adatoms and
inverse Stone–Wales defects (carbon dimers) can be produced
with electron microscopy, ion irradiation and chemical
methods.37 At present the precise control of the exact location is
rather challenging37 though with the rapid technological
advances this could be feasible in the future.
2. Methods

The molecular dynamics (MD) simulations were performed
using LAMMPS code.38 Two kinds of defects were considered: (i)
carbon adatoms (referred as type-A defects); where single
carbon atoms were inserted in-between neighboring carbon
atoms and (ii) inverse Stone–Wales defects (referred as type-B
defects); consisting of a pair of pentagonal carbon rings
placed between a pair of heptagonal rings (see Fig. S1a and b in
ESI† for a schematic representation of these two kinds of
defects).26 The pair-wise interactions were computed by
applying either the Reactive Empirical Bond Order potential
(REBO)39 or the Tersoff's40,41 potential for the C–C interactions.
The results displayed below have been reproduced using both
potentials and were visualized using the VMD package.42 The
MD simulations were performed within the framework of the
canonical ensemble (NVT), with a xed number of atoms N
(ranging from 2000 to 10 000 in our simulations), constant
Fig. 2 Structures with multi-tube CNTs. (a) Snapshots displaying the tr
display structures with (b) triple-tube, (c) quadruple-tube, and (d) septuple
snapshot is also displayed.
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volume V, constant temperature T (300 K) and a time step of 1 fs.
The temperature of the system was maintained constant using
the Nose–Hoover thermostat,43,44 with a relaxation time span of
0.1 ps. At the edges of the simulation box, periodic boundary
conditions were applied. In order to avoid spurious interactions
along the edges of the simulation box, a large enough vacuum
gap (�50 nm) was maintained, thus the GNR could move freely
within the box. In order to stabilize the engineered defects
within the GNR and dump the initial oscillations, we performed
an energy minimization procedure for up to 10 ps at the
beginning of each simulation. The obtained nanostructures
were formed in a time scale ranging from 3 to 65 ps, depending
on their size, shape and kind of defect used. In general, cases
with type-A defects evolve slower than cases with type-B defects,
since the latter ones correspond to higher inection angles.26
3. Results

Fig. 1a illustrates the basic transformation mechanism of the
GNR sheet, which has been extensively studied in a previous
work.26 Lines with type-A (adatoms) or type-B (ISTW) defects can
be applied at the top (bottom) side of the GNR, resulting to
downward (upward) inection of the GNR. From now on, the
application of lines with defects at the top (bottom) side of the
GNR will be referred as [(Y). Most of the examples shown below
have been obtained by using any type of defects (type-A or type-B).
ansformation of a GNR to a double-tube CNT structure. Panels (b–d)
-tube CNTs. The corresponding time span and the length scale of each

This journal is © The Royal Society of Chemistry 2015



Fig. 3 Structures with multi-tube CNTs connected through GNR
bilayers. (a) Snapshots displaying the evolution process of a GNR with
type-A defects to a double-tube CNT structure. (b) A composite CNT–
GNR bilayer structure. (c) A triple-tube CNT structure. (d) A quintuple-
tube CNT structure.
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By controllably applying the defect lines with [ and Y

congurations in the GNRs, one can fabricate 3D nanostructures
in various sizes and shapes (see Fig. 1b; the nanostructure with
the equidistant conguration [YY-[YY[], where the “-” denotes
the absence of a defect line). In Fig. 1c and d, the congurations
Fig. 4 Panels (a) and (b) display alternating GNR–CNT structures. In (a) th
inflected upwards and downwards in an alternated fashion. (c) The ed
material.

This journal is © The Royal Society of Chemistry 2015
shown schematically in Fig. 1a and b have been reproduced
using MD simulations. In all cases shown below, the distance
between the defect lines equals to dy ¼ 6aC–C (¼ 8.5 Å), where
aC–C is the carbon–carbon equilibrium distance in graphene,
while the distance separating the defects within the line equals
to dx ¼ 4O3aC–C (¼ 9.8 Å), except when otherwise is explicitly
mentioned. Accordingly different (dx, dy) values give rise to
similar results.26

Fig. 2 and 3 illustrate structures with multi-tube CNTs. In
Fig. 2 the [ or Y conguration alternates every ve consecutive
defect lines, resulting in the folding of GNRs in structures with
multi-tube CNTs (here, cases of double- up to seven-tube CNTs
are shown). In Fig. 3 the resulted tubes are connected with small
regions of bilayer graphene. The length of the connecting
bilayer graphene region can be altered, as shown for example in
Fig. 3b. An example with three tubes is shown in Fig. 3c. Another
more exotic structure with ve tubes, produced by the congu-
ration [([[YY)4[[[[(YY[[)4] with dy ¼ 3aC–C (¼ 4.3 Å) and
dx¼ 4O3aC�C (¼ 9.8 Å), is presented in Fig. 3d. Multi-tubes with
different radii can be formed as well by altering the density of
the applied defects.26

Combined GNR–CNT structures can be also controllably
engineered, with the GNRs connected either to the axial (see
Fig. 4a and b) or the cylindrical (see Fig. 4c) side of CNTs. In
Fig. 4a the GNR folds in particular regions towards the top side
of the GNR, while in Fig. 4b the inection alternates between
the top and bottom sides of the GNR. Recently, similar intra-
molecular junctions of GNR and single-walled CNTs demon-
strated experimentally, opening up possibilities for novel
applications in graphene based electronics and optoelec-
tronics.45 In Fig. 4c the lines with the defects were applied at the
edge of a long GNR, resulting in a CNT attached to a GNR
nanostructure.

GNR with wave-like patterns can be produced by alternating
regions of [ and Y congurations. For example, Fig. 5a shows
the wave-like pattern produced by a repeated [YY[[] congu-
ration of defect lines. Varying the distance between the defect
lines and the conguration, the “wavelength” and the “ampli-
tude” of the wave-like pattern can be controlled. This may
enrich our techniques to formulate, manipulate and control
ripples in graphene sheets, which strongly inuence its elec-
tronic properties by inducing effective magnetic elds and
modifying local potentials.46,47 It is mentioned that wrinkled
graphene has been successfully fabricated by synthesized
e CNTs are obtained by upwards inflected GNRs, while in (b) GNRs are
ge of a GNR was properly inflected, resulting in a GNR–CNT hybrid

RSC Adv., 2015, 5, 39930–39937 | 39933



Fig. 5 (a) A wave-like GNR generated from a GNR with a repeated pattern YY[[ of defects. (b) Introducing six lines with defects, forming 60�

angle between each other, in the top of a GNR, a nano-umbrella structure is generated. (c) Similar to the aforementioned case, but two anti-
diametric defect lines lie in the bottom instead of the top of the GNR; a twin-nanopyramid emerges.
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graphene onto proper substrates having certain grating struc-
ture.48 Designing defect lines with an angle of 60� between
them, a structure resembling a nano-umbrella is produced (see
Fig. 5b). This structure shares similarities with reported carbon
nanocones,49 while the ower like pattern has been observed
experimentally in graphene trilayers grown on 6H–SiC
substrate.50 By changing the conguration of two anti-diametric
lines in the case shown in Fig. 5b, the GNR transforms to two
joined triangular nano-pyramids (see Fig. 5c).

Fig. 6a and c illustrate the evolution process of the trans-
formation of GNRs with specic geometries and defect cong-
urations to carbon nano-tetrahedrals and nano-cubes,
respectively. In the latter case, a combination of both type-A and
type-B defects is necessary. The volume of the obtained nano-
materials can be altered by orders of magnitude. For example,
the tetrahedron (cube) of Fig. 6a (Fig. 6c) has a volume of 43 nm3

(5 nm3), while the volume of the corresponding structure shown
Fig. 6 Triangular nano-pyramids and nano-cubes. (a) and (c) display snap
and carbon nanocube, respectively. (b) and (d) display larger versions of

39934 | RSC Adv., 2015, 5, 39930–39937
in Fig. 6b (Fig. 6d) is 438 nm3 (36 nm3). For visual clarity an
enlarged view of Fig. 6a is displayed in the ESI (Fig. S2†).

Furthermore, by properly manipulating the starting planar
graphene segments (see Fig. S2†), the formation of nano-
pyramids with particular openings is possible, as opposed to
the corresponding closed structures shown in Fig. 6a and b.
Three such cases are illustrated in Fig. 7. A nano-tetrahedron
with an open face (Fig. 7a) can be obtained either by lowering
(or vanishing) the density of defects at the proper region of the
face that is intended to stay open or by selectively manipulating
a specic side of the initial triangular graphene segment (for
example creating the small hole at the central part of a trian-
gular side, as shown in Fig. S2†). Following a similar procedure
(creating holes at the center of two out of the three sides of the
initial triangular graphene) tetrahedrals with fully open edges
can be created as well, as it is shown in Fig. 7b. Finally, by
adding some extra atoms at the corresponding triangular side
containing no hole at its center of the latter case, the size of the
shots of the transformation process of GNRs, into a carbon tetrahedral
(a) and (c), respectively.

This journal is © The Royal Society of Chemistry 2015



Fig. 7 Carbon nano-pyramids with (a) a completely open face, (b) an open edge, and (c) a partially open edge.
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opening can be controlled, in order to obtain a partially open
edge (Fig. 7c).

Animations that display the evolution process of the formed
nanostructures shown in Fig. 2d, 3d, 5c, 6a, b and d are con-
tained in the ESI.†

To obtain an idea of the energy barriers involved in the
spontaneous transformations discussed here, we show in Fig. 8
the time course of the potential energy during the formation of
the nanostructures presented in the cases of Fig. 2a, 3a and 6a
(ignoring the energy minimization steps). A rise of the potential
energy is observed at sub-picosecond time scales, where energy
barriers of no more than 30–40 meV/atom are overcome. Then,
the potential energy decreases and it stabilizes at times of the
order of tens of ps. Note that, for the nano-pyramid shown in
Fig. 6a, a rapid decline of the potential energy in Fig. 8 is clearly
evident aer about 20 ps, sincemany covalent bonds are formed
during the development of the closed structure.

Concerning the stability and the potential mobility of the
type-A (carbon adatoms) and type-B (carbon dimers) defects of
the initially designed patterns in planar graphene, we note the
following: the type-A defects have a binding energy of 1.5–2 eV
(ref. 51 and 52) and a migration barrier equal to about 0.4 eV,52

thus, they are in general mobile under ambient conditions.37 In
Fig. 8 The potential energy per atom as a function of the simulation
time, for the formation of the nanostructures shown in cases 2a (solid
line), 3a (dotted line) and 6a (dashed line).

This journal is © The Royal Society of Chemistry 2015
our simulations we did not observe any migrations of type-A
defects. However, we mention that the presented nano-
structures need about 3–65 ps to form, a time span that might
be too small to observe such effects in samples containing
50–150 defect sites. To further verify this and in order to explore
the possibility that this may be potentially due to inefficiencies
of the used force elds, we performed some additional runs
with the LcBOP53 potential as well and we did not observe any
migrations of adatoms. Regarding the type-B defects, they seem
to be very stable and immobile at room temperature,37 in
accordance with our simulations where no migrations were
observed. We nally note that most of our results can be
reproduced with both types of defects, with some slight alter-
ations of the patterns.
4. Conclusions

By engineering defects in specic points of a GNR lattice with
the desired conguration, we were able to produce various
exotic nanomaterials such as: (i) multi-tube CNTs and closed or
open nano-cages of various shapes and sizes, which may nd
applications in drug delivery, biosensors, enhancement of
chemical reactions and in catalysis, (ii) articially rippled gra-
phene utilized in “strain engineering” concept of graphene and
(iii) one dimensional GNR–CNT junctions exhibiting promising
applications in logic gates, FETs and photodetectors.
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