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ABSTRACT: We report a ﬁrst-principles study of edgereconstructed, few-layered graphene nanoribbons. We ﬁnd that
the nanoribbon stability increases linearly with increasing
width and decreases linearly with increasing number of layers
(from three to six layers). Speciﬁcally, we ﬁnd that a threelayer 1.3 nm wide ribbon is energetically more stable than the
C60 fullerene, and that a 1.8 nm wide ribbon is more stable
than a (10,0) carbon nanotube. The morphologies of the
reconstructed edges are characterized by the presence of ﬁve-, six-, and sevenfold rings, with sp3 and sp2 bonds at the
reconstructed edges. The electronic structure of the few-layered nanoribbons with reconstructed edges can be metallic or
semiconducting, with band gaps oscillating between 0 and 0.28 eV as a function of ribbon width.

1. INTRODUCTION
In the last years carbon materials have attracted the attention of
many researchers. Materials such as graphene,1 fullerenes,2
carbon nanotubes,3 and hybrids of these allotropes4,5 have
shown a large potential for applications in several ﬁelds, such as
medicine, engineering, and nanotechnology.6−16 All this
intensive study devoted to carbon allotropes is due to their
outstanding properties, which include high mechanical strength
(both for graphene and nanotubes), the unique electronic
structure, and high carrier mobility, which can reduce the
switching time of graphene-based transistors.14,15
Nanotube ends and graphene edges are respectively the 1D
and 2D analogues of surfaces in 3D solids. Nonreconstructed
graphene edges should present dangling-bond like states
associated with undercoordinated carbon atoms. Because
dangling-bond terminated borders are usually unstable,
reconstructions and adsorption of chemical species from the
environment are not rare to occur. Many studies, both
experimental17−22 and theoretical,18,23−26 have been carried
out in the ﬁeld of edges reconstruction in graphene and
graphite. Koskinen et al.23 have investigated planar reconstruction patterns in both zigzag and armchair graphene edges. Their
results show that zigzag graphene edges are metastable and
reconstruction spontaneously happens at room temperature,
provided that amount of hydrogen surrounding the sample is
low. Edge reconstruction in graphite was also studied by Rotkin
and Gogotsi.24 Their transmission electron microscopy (TEM)
images show few-layer edges surrounded by nanoarch
structures.
In this work we propose a new type of edge reconstruction
for nonpassivated graphene nanoribbons with the number of
layers varying from three up to six. We employed ﬁrst© 2017 American Chemical Society

principles calculations to investigate structural and electronic
properties of such structures. This work is organized as follows.
Methodology and computational details are given in Section 2.
Results regarding energetic stability and electronic structure are
given in Section 3. Section 4 ends the text with our conclusions.

2. CALCULATION DETAILS
We performed calculations based on the density functional
theory (DFT) as implemented in both SIESTA27 and
Quantum-ESPRESSO28 code. For the SIESTA calculations
we have used the generalized gradient approximation (GGA),
proposed by Perdew, Burke, and Ernzerhof (PBE).29 As
exchange-correlation functional, and also the fully nonlocal
functional, which takes into account the van der Waals
interactions, as proposed by Klimes, Bowler, and Michaelides
(VDW-KBM).30 We make use of norm-conserving Troullier−
Martins31 pseudopotentials in the Kleinman−Bylander32
factorized form. Also, we have used as basis set the standard
double-ζ plus polarizations orbitals (DZP). The basis functions
and the electron density were projected into a uniform real
space grid deﬁned by the energy cutoﬀ of 200 Ry. We set a 3 ×
3 × 85 Monkhorst−Pack33 grid for integrations over the
Brillouin zone. All structures were optimized up to where the
forces on each atom were smaller than 0.02 eV/Å. For the
Quantum-ESPRESSO calculations we used ultrasoft pseudopotentials: the Perdew−Burke−Ernzerhof (PBE)29 formulation
of the GGA approximation. The kinetic energy cutoﬀ was 30
Ry for the electronic wave functions and 300 Ry for the
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atoms (red spheres). Parallel to them, zigzag lines of sp2
hybridized carbon atoms connect heptagons of the upper
layer to heptagons of the lower layer. Those lines form a surface
similar to that of the diamond (110) surface, where the half of
the atoms that are sp2 hybridized lie in a diﬀerent plane from
that of sp3 hybridized atoms, and reﬂect the fact that the
ribbons have armchair edges prior to reconstruction.
In order to investigate the energetic stability of the structures,
we calculated the formation energy according to eq 1

electron density. The structures were relaxed with the tolerance
for forces of 0.02 eV/Å on each atom. Fermi−Dirac smearing
was used to deﬁne the electronic occupations at room
temperature in constructing the electron density from Kohn−
Sham orbitals. The employed unit cells, Figure 1, are periodic

Ef
1
=
(Etotal − nCμC )
nC
nC

(1)

where Etotal and nC are the total energy and the number of C
atoms for each studied system, respectively. μC is the chemical
potential for C atoms, which was deﬁned as the total energy per
atom of perfect graphene sheet.
Figure 2 shows, as red dots, the formation energy per atom as
a function of the number of carbon atoms in structures a−d of
Figure 1. Geometries of graphene armchair nanoribbons with
reconstructed edges. The panels show the front and side views of
the nanoribbons with reconstructed edges (two units cells are shown
in each panel for clarity). Panels (a), (b), (c), and (d) show
respectively the nanoribbons with 3, 4, 5, and 6 layers. All structures
present the same number of pentagonal and heptagonal rings, which
connect the outmost layers to the nanoribbon inner layers. The
number of sp3 increases linearly with the number of layers. The red
spheres represent sp3 hybridized carbon atoms. The inner carbon
atoms were removed in the side view image for reasons of clarity.

over the nanoribbons length with lattice constant six times the
C−C bond length. In the other directions we have used vectors
large enough to avoid the interaction between the periodic
images. In the next section we present our DFT results and
specify which methodology was used in each calculation.

Figure 2. Red dots: formation energies per atom as a function of the
number of atoms in the unit cell of the few-layer graphene
nanoribbons with the same width (W ≈ 1.14 nm) and reconstructed
edges shown in Figure 1. The dots are calculated data, and the line is
the best linear ﬁt with angular and linear constants 0.0011 eV/atom2
and 0.156 eV/atom, respectively. For the sake of comparison, we also
show the formation energy per atom of the C60 and the (10,0) carbon
nanotube.

3. RESULTS AND DISCUSSION
3.1. Energetic Stability. Reconstructed edges in graphite
were ﬁrst reported by Rotkin and Gogotsi.24 Their TEM
images show few-layer edges surrounded by nanoarch
structures. The original analysis of Rotkins and Gogotsi focused
on the surrounding nanoarches. Here we will focus on possible
edge reconstructions of the few-layer edges that do not form
arches. Speciﬁcally, we will consider few-layer armchair
nanoribbons that contain the reconstructions on both edges.
The geometries of the reconstructed nanoribbons are shown in
Figure 1. These reconstructions appeared spontaneously in
simulations of the rupture of a few-layer graphene/nanotube
composite system under tensile strain, as shown in the
Supporting Information ﬁle. The geometries of the reconstructed nanoribbons are shown in Figure 1 The geometries of
the studied nanoribbons are shown in Figure 1, where it can be
seen that all structures present lines of pentagonal (yellow
region) and heptagonal (green region) rings along the
nanoribbon length. Those lines connect the two outmost
layers of the nanoribbons to its inner layers. Such a connection
is provided by two atoms of the pentagonal ring that make four
covalent C−C bonds. Thus, unlike the case of the Stone−
Wales defect,26,34 the atoms of the pentagonal and heptagonal
rings do not lie in the same plane. In the three-layered
nanoribbons, Figure 1a, pentagons and heptagons of the upper
and lower layers share a common side. In all other cases
panels b−dthe pentagonal rings of the upper and lower
layers are connected by zigzag lines of sp3 hybridized carbon

Figure 1. The ﬁgure shows that the formation energy per atom
of the proposed structures increases with the number of atoms
or layers in the structures. Such a behavior can be understood if
one considers Ef ∝nsp3, where nsp3 is the number of sp3 bonds in
the structure. The ratio nsp3/nC increases with increasing nC, and
for a small number of layers it is roughly linear, which leads to
the roughly linear behavior shown in Figure 2. In addition, the
distance between successive layers at the nanoribbon edge
(dedge ≤ 3 Å) is smaller than graphite interlayer distance
(dgraphite ≈ 3.3 Å). Thus, the edges compress the graphene
layers between them, which also contributes to the increase in
formation energy with increasing N (number of layers). Such
increase must be also linear with N (ΔE ∝ N(dgraphite − dedge)).
Interestingly, Figure 2 also shows that all nanoribbons present
formation energies per atom between those of the C60 fullerene
(0.39 eV/atom) and the (10,0) carbon nanotube (0.13 eV/
atom), which suggests that those new reconstructed edges can
be observed experimentally.
The structures shown in Figure 1 correspond to very thin
nanoribbons, of width W = 1.14 nm. In order to investigate the
dependence of the properties of the ribbons as a function of
width, we systematically increased the width of the three5837
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layered nanoribbons, as shown in Figure 3, and computed their
formation energy per atom according to eq 1. The values of

Figure 3. Geometries of three-layered graphene nanoribbons with
diﬀerent widths. The width and number of atoms in the structures
shown in the panels (a)−(f) are respectively W ≈ 1.14 nm, 72; W ≈
1.39 nm, 84; W ≈ 1.64 nm, 96; W ≈ 1.89 nm, 108; W ≈ 2.14 nm, 120;
and W ≈ 2.38 nm, 132.

Figure 4. Formation energy per atom as a function of the inverse of
number of atoms of the three-layered graphene nanoribbons shown in
Figure 3. From the linear ﬁtting we obtain A = 9.27 eV and B = −0.03
eV/atom for PBE-LCAO and A = 10.08 eV and B = −0.07 eV/atom
for VDW-LCAO. The horizontal line indicates the formation energy of
a (10,0) nanotube.

formation energy, calculated with diﬀerent DFT implementations, are shown in Table 1. It can be seen that the structure
with 120 atoms, Figure 3e, is as energetically stable as the
(10,0) carbon nanotube (see Table 1 for PBE-LCAO).

layer graphene. Such an expression ﬁts very well the calculated
data, as can be seen in Figure 4. This ﬁgure shows that the
reconstructed edges have a constant energy cost no matter the
size of the ribbon.
3.2. Electronic Structure. We have investigated the
electronic structure of the structures shown in Figure 3 using
the ab inito approach implemented in the SIESTA, where the
VDW-KBM was used as the exchange-correlation potential.
The obtained results (see Figure 5) show that the nanoribbons

Table 1. Formation Energy per Number of C Atoms of the
Structures Shown in Figure 3 Calculated Using Diﬀerent
DFT Implementationsa
Ef (eV/atom)
nC

PBE-LCAO

VDW-LCAO

PBE−PW

40 (nanotube)
60 (fullerene)
72
84
96
108
120
132

0.13
0.39
0.23
0.19
0.16
0.14
0.13
0.11

0.13
0.39
0.21
0.17
0.14
0.12
0.10
0.08

0.16
0.41
0.29
0.26
0.23

a

PBE-LCAO stands for calculations using the PBE semilocal
functional and a localized basis set as implemented in SIESTA.
VDW-LCAO stands for calculations using the nonlocal functional of
Klimes, Bowler, and Michaelides and the SIESTA localized basis set.
PBE-PW stands for calculations using the PBE functional and a
nonlocal plane wave basis set as implemented in Quantum-Expresso.

If the description of the weak dispersive forces is improved
by the use of a nonlocal functional (VDW-LCAO), values for
the nanoribbons formation energy systematically decrease in
comparison to those predicted by PBE calculations. The VDWLCAO calculations predict that the three-layered structure with
108 atoms is energetically more stable than the (10,0)
nanotube. We have also performed DFT calculations with a
plane-wave basis set (PBE−PW) for selected structures. We
obtain values of formation energy consistent with those
calculated using a localized basis set.
The values shown in Table 1 are plotted as a function of
inverse of the number of atoms in Figure 4, where a linear
behavior can be observed. Such a behavior can be understood if
we assume that the formation energy of those structures can be
written as
Ef = 2A + BnC

Figure 5. Band structure along with the density of states (DOS) of the
three-layered graphene nanoribbons depicted in Figure 3. The orange
line corresponds to total DOS of the systems, and the blue one
represents the DOS projected at the C atoms that form the heptagonal
and pentagonal rings at the edges.

with reconstructed edges can be either metallic or semiconductor, depending on their width. Such results suggest that
sp3 bonds might act like nodal points of the standing wave in
the zigzag direction, making the electronic structure of each
layer similar to that of single graphene nanoribbons. The
picture of sp3 bonds behaving like nodal points of the wave

(2)

where A is the energy cost associated with one of the two
reconstructed edges (which does not depend on the nanoribbon width) and B is the energy per carbon atom of the three5838

DOI: 10.1021/acs.jpcc.7b00532
J. Phys. Chem. C 2017, 121, 5836−5840

Article

The Journal of Physical Chemistry C

three-layered nanoribbon with reconstructed edges is energetically more stable than a (10,0) carbon nanotubes. Our results
suggest that the sp3 bonds at the edges act as nodal points of
wave functions along the nanoribbon width, which results in an
oscillatory behavior of the band gap as a function of nanoribbon
width, with either metallic or semiconductor behavior.

vectors along the ribbon width is consistent with the
predictions of Nakada et al.35 for the band gaps of armchair
nanoribbons. In particular, the P = 3M − 1 rule for metallicity
of armchair nanoribbons mentioned in the Nakada work is
satisﬁed by the reconstructed armchair nanoribbons proposed
in this work. Within this rule, the armchair ribbon is metallic
whenever M is an integer number (P is the number of dimer
lines in a armchair ribbon). The upper and lower layers of
narrowest reconstruted nanoribbon investigated in this work
contain P = 14 dimer lines (Including the sp3 bonds), and as
can been seen in Figure 5, such ribbon is metallic. The
reconstructed nanoribbons shown in panels b, c, d, e, and f of
Figure 5 contain 16, 18, 20, 22, and 24 dimer lines, respectively.
It can be see that among those ribbons only the one with P =
20 is metallic, in agreement with the rule prediction. In a more
speciﬁc way, the band gap of graphene armchair nanoribbons
can be also divided into three groups36,37 depending on their
width (for nanoribbons which can be seen as unfolded single
wall nanotubes W = (n + 1/2)0.246 nm, where n is an integer).
Those groups are the n = 3i, the n = 3i + 1, and the n = 3i + 2
groups, where i is an integer. Note that the ﬁrst group presents
the smallest band gap values (in some cases band gap is even
absent), the second one shows intermediate values, and the
third the largest ones. This leads to a band gap as a function of
the nanoribbon’s width with oscillating behavior with a period
of 3n. A behavior similar to that of graphene nanoribbon is
observed in Figure 6, where the band gaps of the structures
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