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a b s t r a c t
Using density functional theory (DFT), we investigate mechanical properties and failure characteristics of
chiral and achiral graphene nanoribbons. Speciﬁcally, we study the dependence of maximum strength,
Young’s modulus and failure pattern of nanoribbons on their widths, edge chirality and passivation.
Besides investigating nanoribbons with perfect edges, nanoribbons with defective edges are considered
and the impacts of the presence of Klein or edge pentagonal defects on the properties of nanoribbons
are studied. Our DFT results show that as the width of achiral ribbons are reduced, their strength
increases. Moreover, signiﬁcant size effects on the Poisson’s ratio of armchair ribbons and Young’s modulus of zigzag ribbons are observed. The DFT modeling predicts that the presence of defects reduce the
strength of chiral nanoribbons while defects might counter intuitively increase the Young’s modulus of
chiral nanoribbons. The ﬁrst-principle simulations show that achiral nanoribbons always fail along a zigzag surface, however the failure pattern of chiral nanoribbons can be more complicated and be accompanied by the nucleation of other kind of defects such as pentagonal–heptagonal rings prior to failure.
Ó 2014 Elsevier B.V. All rights reserved.

1. Introduction
Graphene high mechanical strength [1], sophisticated electronic
properties [2] and excellent thermal conductivity [3] have inspired
intensive investigations of its applications in nanoelectronic and
nanocomposite devices such as graphene transistors [4], sensitive
sensors [5] and ultracapacitors [6]. In addition to bulk graphene
sheets, quasi-one-dimensional graphene nanoribbons (GNRs), generated by using lithographic patterning of bulk graphene [7,8],
chemical synthesis [9,10] and unzipping of carbon nanotubes
[11], display even more outstanding electronics and physical
properties. In GNRs, the conﬁnement of the electronic wave functions and the effects of the edges open a band gap which can be
tuned by changing the nanoribbons widths and crystallographic
orientations [7]. The creation of gap, which does not exist in bulk
graphene sheets, is an important feature which can be exploited
in the usage of GNRs in ﬁeld effect transistors and other integrated
nanoelectronic devices.
Reliable usage of graphene nanoribbons in nanodevices
necessitates a fundamental understanding of their mechanical
properties. This is due to the fact that mechanical failure or undesirable deformation of graphene nanoribbons can lead to the whole
device failure. Furthermore, very often mechanical properties of
⇑ Corresponding author.
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http://dx.doi.org/10.1016/j.commatsci.2014.08.001
0927-0256/Ó 2014 Elsevier B.V. All rights reserved.

graphene nanoribbons determine essential properties of nanodevices. Speciﬁc examples are resonators and nanoswitches which
will include a graphene cantilever beam as their main building
block [12,13]. In these devices, the essential properties of the nanodevice, such as the sensitivity of resonators or the pull-in voltage
of nanoswitches, directly depend on the stiffness of the graphene
cantilever beam [14]. Since the stiffness is a function of Young’s
modulus, the design of such devices needs the knowledge of the
mechanical properties of graphene nanoribbons. Hence, understanding the mechanical properties of GNRs expedites the design
and fabrication of graphene based nanodevices by reducing the
number of the required experiments.
When nanoribbons are cut from a bulk graphene sheet, their
edges generally consist of a combination of zigzag and armchair
conﬁgurations. However, if a ribbon terminates exclusively by
armchair or zigzag edges on both sides, the ribbon is respectively
classiﬁed as armchair or zigzag nanoribbon. So far, most of the
studies on the properties of GNRs have been focused on nanoribbons with pure zigzag and armchair edges [15–18], and mechanical properties of nanoribbons with mixed armchair and zigzag
edges have not yet been thoroughly studied. Sub-10-nm GNRs posses chirality independent semiconducting properties [19,20] which
allows their usage in nanoelectronic devices without concerning
about controlling their chirality during synthesize process. Thus,
besides zigzag and armchair nanoribbons, it is important to understand the mechanical behavior of nanoribbons with arbitrary
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2. Computational methodology
The simulations of this paper are performed using the density
functional theory (DFT) code SIESTA [31,32]. In our simulations
we have used the generalized gradient approximation (GGA) of
Perdew–Burke–Ernzerhof (PBE) [33] with doulbe-f polarization
(DZP) orbital basis set. The ionic cores are represented using Troullier and Martins pseudopotentials [34] factorized with Kleinman–
Bylander nonlocal projector [35]. An energy mesh cutoff of 300
Ryd for real space integrations is considered and the atomic positions are optimized by employing a conjugate gradient algorithm
until the forces on atoms are less than 0.01 eV/Å.
To validate the modeling approach and the pseudo-potentials
used, we ﬁrst compute the mechanical properties of bulk graphene
using the four-atom unit cell shown in Fig. 1. By relaxing the
atomic positions, the equilibrium carbon–carbon bond distance
in bulk graphene is computed as 1.43 Å. Using the four-atom unit
cell, we obtain the stress–strain relations of bulk graphene. Uniaxial tensile load is applied by incrementing the unit cell length in
the loading direction and relaxing the other stress components to
zero. The stress–strain curves obtained from uniaxial loading in
the zigzag and armchair directions are shown in Fig. 2. Using the
stress–strain relationship, graphene Young’s modulus is calculated
as 1.05 TPa. The calculated stress–strain curves and Young’s modulus are in good agreements with those reported in the literature
[1,36,37].
3. Zigzag and armchair nanoribbons
The geometrical structure of zigzag graphene nanoribbons
(ZGNRs) and armchair graphene nanoribbons (AGNRs) are shown
in Fig. 3a and b, respectively. In our computations, nanoribbons
axes lie along the xdirection, and the zdirection is normal to
the ribbon plane. We classify the armchair graphene nanoribbons

Fig. 1. Four-atom bulk graphene unit cell (dashed rectangle) used for stress–strain
calculations of bulk graphene.

by the number of dimers N in the unit cell which are parallel to
the ribbon axis (N-AGNR), whereas zigzag graphene nanoribbons
are characterized by the number of zigzag dimers N across the
nanoribbon width (N-ZGNR). The classiﬁcations of armchair and
zigzag graphene nanoribbons are shown schematically in Fig. 3.
The unit cells used in the DFT calculations of armchair and
zigzag nanoribbons are shown in Fig. 3. Since nanoribbons are periodic only along their longitudinal axis, the spurious interaction
between images in the directions perpendicular to the nanoribbon
axis is prevented by setting a vacuum space of at least 15 Å in the
y and z-directions. To ensure that all the carbon atoms are sp2
bonded, the carbon atoms on the nonperiodic edges are passivated
with hydrogen atoms. We ignore spin–orbital interactions in our
DFT calculations on armchair ribbons. However, our DFT simulations indicate that spin–orbital interactions might be important
for wide zigzag nanoribbons (N > 10) under high strains. Therefore,
spin–orbital interactions are considered in all the simulations of
zigzag nanoribbons. A Monkhorst–Pack grid of 30  1  1 k-points
are taken for reciprocal integrations of graphene nanoribbons.
3.1. Results and discussions
The unrelaxed lattice constants ofparmchair
and zigzag nanoribﬃﬃﬃ
bons along the xaxis are aunrel
¼ 3a and aunrel
¼ a where a is
Z
A
graphene lattice constant (see Fig. 3). Due to the edge effects, the
actual (relaxed) lattice constant of nanoribbons which minimizes
120
Armchair

100

Zigzag

Cauchy stress (GPa)

edges. On the other hand, even for the zigzag and armchair ribbons,
the mechanical properties reported by different studies are not
consistent. Some researchers report increasing Young’s modulus
and mechanical strength by reducing GNRs characteristic size
[17,18], while others report an opposite trend [15,16]. The source
of discrepancies between different studies can be attributed to
the different nature of the methods and the level of approximations in the simulations. Therefore; in this paper, we use ﬁrst principle calculations based on density functional theory to minimize
the empiricism effects on the numerical results.
Defects can also be present in graphene edges. Experimental
characterizations [21–25] have provided direct evidence of edge
defects with different topologies; among them are vacancy defects
[26,27] which are generated if a carbon atom is missing from the
edge and Klein defects [21,22,28] consisting of an extra carbon
atom linked to a single atom of the edge. The presence of such edge
defects can drastically inﬂuence important characteristics such as
transport properties [29] or conduction gap [30] of nanoribbons.
Edge defects can also impact the mechanical properties of nanoribbons. In this perspective, besides considering nanoribbons with
perfect edges, we employ DFT simulations to study nanoribbons
with disordered edges.
In this paper, after introducing our computational methodology
in Section 2, the properties of armchair and zigzag nanoribbons are
studied in Section 3. The main focus is to understand how widths
of nanoribbons affect important mechanical properties of armchair
and zigzag nanoribbons. The chiral nanoribbons with and without
defects are investigated in Section 4 where the impact of chiral
angle, edge defect and edge passivations on their strength, stiffness, Poisson’s ratio and failure pattern are studied.
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Fig. 2. Stress–strain curves of bulk graphene in the armchair and zigzag directions.
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Fig. 3. Structures and unit cells of (a) a zigzag graphene nanoribbon (6-ZGNR), and (b) an armchair graphene nanoribbon (10-AGNR). Graphene nanoribbons are labelled by N.
The green parallelogram with edge length of a is the unit cell of bulk graphene. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)

the potential energy is different than their unrelaxed lattice
constant. By minimizing the nanoribbons energy as a function of
lattice constants, the actual lattice constants of ribbons with different widths are obtained. The relaxed lattice constants of armchair
(aA ) and zigzag (aZ ) nanoribbons are presented in Tables 1 and 2.
These results indicate that the relaxed lattice constant of armchair
nanoribbons are larger than their unrelaxed value, whereas the
relaxed lattice constant of zigzag nanoribbons are slightly smaller
than their unrelaxed constant. By increasing the nanoribbon width,
the lattice constants of both zigzag and armchair nanoribbons converge to the bulk (unrelaxed) values.
The nanoribbon width used in the stress–strain calculations of
the next section is the distance between the middle point of the
outermost nanoribbon dimers, as shown in Fig. 3. Hence, the unrelaxed widths of AGNRs and ZGNRs are wunrel
¼ 2p1 ﬃﬃ3 ðN  1ÞaA and
A
pﬃﬃ
unrel
3
wZ
¼ 2 ðN  1ÞaZ , respectively. Again, due to the edge effects,
the actual widths of nanoribbons are different than their unrelaxed
widths. The actual widths of nanoribbons after relaxation are calculated using the DFT results and are compared versus their unrelaxed widths in Tables 1 and 2. Based on these results, AGNRs and
ZGNRs show two opposite trends. The actual widths of AGNRs are
smaller than their unrelaxed widths, while the actual widths of
ZGNRs are slightly larger than their unrelaxed widths.
The main reason for the opposite trend between armchair and
zigzag nanoribbons is due to the difference between their edge
stresses. The edge stress of a hydrogen passivated zigzag riboon
is 0.006 eV/Å whereas the edge stress of a hydrogenated armchair
ribbon is 0.017 eV/Å [38]. A positive edge stress means that an
edge atom tends to pull its neighbor atoms to lower its energy.
Therefore; in their relaxed positions, zigzag nanoribbons are under
compressive axial strain compared to their bulk (ideal) state, hence
the actual size of their unit cells along the xaxis is smaller than
their unrelaxed length. Due to the Poisson’s effects, a compressive
strain in the xdirection leads to a tensile strain in the ydirection,

Table 1
Lattice constant and width of armchair graphene
pﬃﬃﬃnanoribbons as a function of N. The
armchair unrelaxed lattice constant is aunrel
¼ 3a ¼ 4:29 Å.
A
N

aA (Å)

1 ﬃﬃ
¼ 2p
ðN  1ÞaA (Å)
wunrel
A
3

wactual
(Å)
A

Width difference (%)

3
4
5
6
8
10
12

4.3785
4.3380
4.3281
4.3268
4.3140
4.3074
4.3065

2.5279
3.7568
4.9977
6.2453
8.7174
11.1910
13.6750

2.4106
3.6592
4.9977
6.1202
8.6095
11.0852
13.5532

4.64
2.60
2.07
2.00
1.24
0.95
0.89

Table 2
Lattice constant and width of zigzag graphene nanoribbons as a function of N. The
zigzag unrelaxed lattice constant is aunrel
¼ a ¼ 2:4768 Å.
Z
N

aZ (Å)

wunrel
¼
Z

4
6
8
10
12
14

2.4713
2.4725
2.4731
2.4737
2.4742
2.4743

6.4206
10.7062
14.9926
19.2807
23.5702
27.8569

pﬃﬃ
3
2 ðN

 1ÞaZ (Å)

wactual
(Å)
Z

Width difference (%)

6.4471
10.7392
15.0263
19.3167
23.6050
27.8927

0.41
0.31
0.22
0.19
0.15
0.12

hence the widths of zigzag ribbons are larger than their unrelaxed
widths.
On the other hand, the negative edge stress of armchair ribbons
indicates that edge atoms try to push each other to reduce their
energies. Hence the actual lattice constant of armchair atoms are
larger than their unrelaxed constant; i.e. relaxed armchair ribbons
are under a positive strain compared to their bulk state. A positive
strain in the xdirection leads to compressive strain in the
ydirection, hence the actual widths of armchair ribbons are smaller than their unrelaxed widths.
3.1.1. Mechanical properties of zigzag and armchair nanoribbons
Mechanical properties of nanoribbons are investigated by calculating their responses to stretching along the ribbon axis. Strains
are imposed by increasing the nanoribbon lattice constant by
DaNR ¼ aNR
where  is the applied strain. Strains are applied in
0
the increments of %1 and the atomic structure is geometrically
optimized to ﬁnd the energy and stress at that strain. For a faster
convergence, the atomic coordinates of the last step is used as
the initial guess in the next step. The supercell stress reported by
SIESTA is obtained by averaging over the entire volume of the
supercell. Since, in our calculations, the supercell dimensions in
the directions perpendicular to nanoribbon axis are different from
the actual width and thickness of nanoribbons, the supper cell
stress should be scaled to obtain the equivalent continuum Cauchy
stress acting on the graphene nanoribbons. The equivalent Cauchy
stress is obtained by scaling the supercell stress by b=wNR (to
account for the width) followed by scaling by c=t (to account for
the thickness), where b and c are DFT unit cell dimensions in the
y and zdirections, wNR is the nanoribbon actual width presented
in Tables 1 and 2, and t is the nanoribbon thickness. We assume
that the nanoribbon thickness is t ¼ 3:4 Å, which is equivalent to
the graphene interlayer distance in graphite.
The stress–strain curves of AGNRs and ZGNRs with different
widths are shown in Fig. 4. These plots predict a signiﬁcant size
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Fig. 4. The stress–strain curves of graphene nanoribbons with different widths. (a) Armchair nanoribbons and (b) zigzag nanoribbon.

effect on the stress–strain relations of both zigzag and armchair
nanoribbons. By reducing the width of nanoribbons, the maximum
strengths of both armchair and zigzag nanoribbons increase, however the size effects on the maximum strength of zigzag nanoribbons are more pronounced. Zigzag nanoribbons reach their
maximum strength at f ¼ 0:25, which is not size dependent. In
contrast, for armchair nanoribbons, the strain corresponding to
the maximum strength is size dependent; nanoribbons with smaller width reach their maximum strength at lower strains.
The stress–strain curves of Fig. 4 are used to ﬁnd the Young’s
modulus of nanoribbons at one percent axial strain. The Young’s
modulus of nanoribbons are plotted in Fig. 5. These plots predict that
by decreasing the width of nanoribbons, the Young’s modulus of
both armchair and zigzag nanoribbons increases. The size effects
are stronger on the Young’s modulus of zigzag nanoribbons; the
modulus of a 4-ZGNR is about 30% higher than that of bulk graphene
whereas the increase in Young’s modulus of 4-AGNR is about 6%. The
higher Young’s modulus of smaller graphene nanoribbons is in contrast with what observed in carbon nanotubes (CNTs) where by
reducing CNTs diameter, their Young’s modulus decreases [39,40].
The uniaxial loading is used to calculate the nanoribbons Poisson’s ratios. The Poisson’s ratio is deﬁned as
Dw

m ¼  wNR ;


ð1Þ

Young's modulus (GPa)

1400

1300

ZGNR
AGNR

1200

where Dw is the change in the width and  is the uniaxial imposed
strain. The Poisson’s ratios versus uniaxial strain are plotted in
Fig. 6. From this ﬁgure, Poisson’s ratio of armchair nanoribbons
are strongly size dependent, while the size effects on Poisson’s
ratios of ZGNRs is negligible. From Fig. 6, it can be observed that
by increasing the width of armchair nanoribbons, their Poisson’s
ratios decrease and converge to the graphene Poisson’s ratio. Also,
by increasing the uniaxial strain, the Poisson’s ratio of both armchair and zigzag nanoribbons decreases. In summary, although size
effects are strong on Young’s modulus of zigzag ribbons, their Poisson’s ratio is not affected by the size of nanoribbons. On the other
hand, Poisson’s ratio of armchair nanoribbons is strongly size
dependent, whereas size effects are not strong on the Young’s modulus of armchair nanoribbons.
3.1.2. Failure mechanism of zigzag and armchair nanoribbons
Using the DFT simulation results, we study the failure pattern of
armchair and zigzag nanoribbons. The C–C atoms bonding in
graphene is covalent bonding with sp2 hybridization. Covalent
bonds are formed by carbon atoms sharing electrons with each
other. Therefore, it is expected that in a covalent bond, electron
density be high along the line connecting the atoms nuclei, and if
the bond breaks, electron density reduces drastically along this
line. Therefore; we use electron charge density distribution to ﬁnd
the fracture surface of graphene nanoribbons under uniaxial tensile loading. Electron charge density of zigzag and armchair nanoribbons are obtained using Denchar package [41] and are shown in
Figs. 7 and 8. These ﬁgures indicate that fracture surface of zigzag
nanoribbons makes an angle of 60 with the nanoribbon axis,
whereas the fracture surface of armchair nanoribbons is perpendicular to the nanoribbon axis. In both cases, the nanoribbons fracture is occurring along a zigzag surface which is consistent with
the reports indicating zigzag edge energy is smaller than armchair
edge energy [42,43].
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4. Chiral graphene nanoribbons with arbitrary edge shapes
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Fig. 5. The Young’s modulus of AGNRs and ZGNRs as a function of N.
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Production of graphene nanoribbons with pure zigzag and armchair edges is difﬁcult and the majority of graphene nanoribbons
obtained in experiments have chiral edge geometries composed
of both zigzag and armchair sites [44]. The physical and electrical
properties of chiral graphene nanoribbons has been studied both
experimentally and theoretically [44–47], and it has been shown
that chirality can be used to tune the electronic properties of
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Fig. 6. The Poisson’s ratio of graphene nanoribbons with different widths. (a) Armchair nanoribbons and (b) zigzag nanoribbons.
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Fig. 7. Electron density distribution of a 7-ZGNR under uniaxial tension at (a) no strain, (b) 28% strain and (c) 29% strain.

(a)

(b)

(c)

Fig. 8. Electron density distribution of a 7-AGNR under uniaxial tension at (a) no strain, (b) 20% strain, and (c) 26% strain.

graphene nanoribbons. In this section we study the mechanical
properties of nanoribbons with mixed zigzag and armchair chirality. The chirality of graphene nanoribbons can be deﬁned by a chiral vector ðn; mÞ where n > m, or by chiral angle a. Here, ðn; mÞ
represent the nanoribbon orientation in terms of graphene lattice
vectors whereas the angle a is the angle between the nanoribbon
edge orientation and the zigzag direction. The deﬁnition of m; n
and angle a are shown in Fig. 9. Thepﬃﬃchiral angle a is related to
3m
the chiral vector through a ¼ arctan 2nþm
.
In this paper, we study nanoribbons with chiral angle
a ¼ 10:89 ; 13:9 ; 19:11 and 23:41 . These nanoribbons along
with their periodic unit cells are shown in Fig. 10. The length of

nanoribbons unit cell (before relaxation) along the longitudinal
axis of nanoribbon is a function of chiral angle and is equal to

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
aunrelaxed ¼ a m2 þ n2 þ mn;

ð2Þ

where a is graphene lattice vector shown in Fig. 3.
Experimental characterization using scanning tunneling
microscopy [21], Raman spectroscopy [23] and high-resolution
electronic microscopy [24,25] have revealed the presence of edge
defects in graphene nanoribbons. It has recently been shown that
the presence of defects can enhance the stability of nanoribbon
edges [28]. Furthermore, recent numerical and experimental
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Furthermore; to study the impact of edge passivation on the
mechanical properties of nanoribbons, we investigate both hydrogenated and non-hydrogenated chiral nanoribbons with ideal
edges or with pentagonal defects. Since Klein defects can form only
if the dangling bonds of carbon atoms are passivated, for Klein
defects only hydrogenated ribbons are studied (Fig. 11c).
4.1. Relaxed atomic structure

Fig. 9. Deﬁnition of chirality of graphene nanoribbons.

studies indicate the edge defects can signiﬁcantly alter edge magnetism [48], spin conductance [26], electron transport [49,50], conduction gap [30] quantum transport [51] of graphene structures,
hence they can be used in defect engineering for tailoring electronic
or magnetic properties of nanoribbons. In this section, we study
how edge defects impact the properties of nanoribbons.
In this paper, nanoribbons with defective edges are obtained
by eliminating an armchair carbon atom from each edge of nanoribbons in the unit cell. The elimination of a carbon atom can generate a pentagonal or Klein defect at the location of the missing
atom as are depicted in Fig. 11b and c, respectively. The Klein
defects can form only if the carbon dangling bonds are passivated,
whereas pentagonal defects can form with or without edge passivation. In this paper, we study the impacts of both pentagonal
and Klein defects on the mechanical properties of chiral graphene
nanoribbons.

We use density functional theory (DFT) to obtain the relaxed
atomic structure of chiral nanoribbons. Spin polarized calculations
are used in the DFT computations of non-passivated nanoribbons
whereas spin polarization effects are ignored in computations on
hydrogenated ribbons. As a result of the nanoribbons ﬁnite size,
the relaxed lengths of the nanoribbons unit cells are different from
their unrelaxed lengths given in Eq. (2). The relaxed lengths of
nanoribbons unit cells are compared with their unrelaxed lengths
in Table 3. These results show that the unit cells of non-passivated
defective ribbons are larger than those of non-passivated perfect
ribbons. After relaxation, unit cells of non-passivated perfect ribbons become larger, whereas unit cells of non-passivated defective
ribbons become smaller. Hydrogen passivation of chiral nanoribbons reduces the size of their periodic unit cell size, whereas
hydrogenation of nanoribbons with pentagonal defect leads to an
increase in the size of their unit cells. Comparison between pentagonal and Klein defects shows that nanoribbons with Klein defects
have larger unit cells than hydrogenated nanoribbons with pentagonal defects. We use the free energy of relaxed atomic structure of
nanoribbons to ﬁnd the excess edge energy of ribbons as a function
of their chirality. The excess edge energy per unit length is given by

Fig. 10. Graphene nanoribbons with different chirality and their unit cell. (a) a ¼ 10:89 ; (b) a ¼ 13:90 ; (c) a ¼ 19:11 ; and (d) a ¼ 23:41 .

Fig. 11. (a) A chiral graphene nanoribbon without any edge defect; zigzag atoms are shown in yellow and armchair atoms are shown in green, defects are generated by
removing one of the armchair atoms; (b) a nanoribbon with a pentagonal defect; (c) a nanoribbon with a Klein defect. The small gray atoms are hydrogen atoms. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Table 3
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Unit cell lengths of chiral graphene nanoribbons with ideal edges as a function of a. The unrelaxed unit cell length is aunrelaxed ¼ a m2 þ n2 þ mn.

a degree

Not hydrogenated

Hydrogenated
arelaxed (Å)

Difference (%)

aunrelaxed (Å)

arelaxed (Å)

Difference (%)

10.89
13.90
19.11
23.41

11.3503
8.9303
6.5530
10.7963

11.4206
8.98631
6.6078
10.9220

0.61257
0.6227
0.8297
1.1508

11.3503
8.9303
6.5530
10.7963

11.3512
8.9422
6.5712
10.8486

0.0605
0.1328
0.2768
0.4820

Pentagonal defects

10.89
13.90
19.11
23.41

11.3503
8.9303
6.5530
10.7963

11.21264
8.7861
6.3901
10.6876

1.2277
1.6420
2.5499
1.0174

11.3503
8.9303
6.5530
10.7963

11.4960
9.0757
6.6930
10.9546

1.2675
1.6015
2.0918
1.4449

Klein defects

10.89
13.9
19.11
23.41

–
–
–
–

–
–
–
–

–
–
–
–

11.3503
8.930
6.5530
10.7963

11.4980
9.076
6.7110
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Fig. 12. Edge energy of chiral graphene nanoribbons with ideal edges.
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Fig. 13. Stress–strain behavior of non-passivated chiral graphene nanoribbons with
perfect and defective edges.

1
Ee ðaÞ ¼
½EGNR ðaÞ  nC EB ;
2LGNR

ð3Þ

where EGNR is the total energy of graphene nanoribbons at its
relaxed state, nC is the number of carbon atoms in the unit cell of
GNR, EB is the energy per carbon atom in the bulk relaxed graphene,
the factor of two accounts for two edges in the nanoribbon and LGNR

Fig. 14. Stress–strain behavior of hydrogen passivated chiral graphene nanoribbons. (a) Pentagonal edge defect and (b) Klein defect.

is the length of graphene nanoribbon. Here, we use the relaxed unit
cells length presented in Table 3 as the nanoribbon length in the
edge energy calculations.
The edge energy results for nanoribbons with perfect edges are
shown in Fig. 12. This plot shows that if no defect is available in the
nanoribbon, the edge energies of the nanoribbons decrease monolithically with the increase in the chiral angle. These results are in
agreement with those reported previously [42].
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Table 4
Average bond angle of perfect nanoribbons and ribbons with pentagonal defects with
the x-axis.
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Nanoribbon chiral angle

Perfect edge

Pentagonal defect

Difference

10.89
13.90
19.11
23.41

30.66
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29.66
29.60

31.40
30.90
31.16
29.90
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1.90
1.50
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Fig. 15. Stress–strain behavior of hydrogen passivated nanoribbons with the chiral
angle of 23:41 .

4.2. Nanoribbons under uniaxial strain

1700

1700

1500

1500

Young's modulus (GPa)

Young's modulus (GPa)

We use DFT simulation to obtain the stress–strain behavior of
each nanoribbon. For this purpose we apply a uniaxial strain  to
each unit cell while the other dimensions of unit cell are allowed
to relax. To study only the effect of chiral angle on the stress–strain
behavior; to remove the size effects, the stress–strain curves are
obtained by performing DFT simulations on nanoribbons with different chirality but with approximately the same width. The width
of chiral nanoribbons changes along the length of nanoribbons. In
calculating the normal stress of nanoribbons, the minimum width
of nanoribbons is used. The location of minimum width of nanoribbons is shown in Fig. 10, which also corresponds to the cross
section at which the nanoribbon breaks.
The stress–strain relations of non-passivated chiral nanoribbons are plotted in Fig. 13. These plots indicate that chiral angle
does not affect the stress–strain behavior of graphene
nanoribbons at lower strains; chirality only affects nanoribbons
behavior at large strains; specially the maximum strength of
nanoribbons is chiral dependent. Comparison between stress–
strain behavior of nanoribbons with ideal edges and nanoribbons
with defective edges show that the presence of defects in the

edges of nanoribbons reduces both the failure stress and strain
of chiral nanoribbons.
The stress–strain behavior of hydrogen passivated nanoribbons
are shown in Fig. 14. Comparing plots of Fig. 14 with Fig. 13 shows
that passivation does not impact the maximum strength of ribbons
with ideal edges, however passivation reduces the strength of
ribbons with pentagonal defects. Similar to non-passivated nanoribbons, the ultimate strengths of nanoribbons with ideal edges
are higher than strengths of ribbons with defective edges.
To demonstrate which defect inﬂuences the stress–strain
behavior of chiral ribbons, the stress-stain curves of ribbons with
the chiral angle of 23:41 are plotted in Fig. 15. These stress–strain
curves predict that the inﬂuence of both Klein and pentagonal
defects on the maximum strength of nanoribbons are almost the
same, however, nanoribbons with Klein defects have a lower
Young’s modulus than both perfect nanoribbons and ribbons with
pentagonal defects. The same trend is observed for nanoribbons
with other edge chiral angles.
The Young’s modulus of graphene nanoribbons calculated at 1%
strain is plotted in Fig. 16. These curves show that by increasing the
chiral angle a the Young’s modulus of nanoribbons reduces.
Furthermore; the plots of Fig. 16 predict that the presence of pentagonal defects counter intuitively increases the modulus of elasticity of both passivated and non-passivated nanoribbons with
defective edges. To understand the mechanism leading to the
increase in the modulus of elasticity, we investigate the ribbons
bond rotation due to the presence of defects. The bond angles in
ideal ribbons are compared with the bond angle of ribbons with
pentagonal defects in Table 4. The values reported in this table are
based on the angles of the zigzag bonds with the x-axis, as is shown
schematically in Fig. 17. The values of Table 4 indicate that in the
presence of pentagonal defects, nanoribbons bonds have rotated
and their angles with the x-axis is larger than those of ideal ribbons.
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Fig. 16. Young’s modulus of chiral graphene nanoribbons with perfect and defective edges. (a) Non-passivated nanoribbons; and (b) hydrogen passivated ribbons.
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(a)

(b)

(c)

Fig. 17. Bond rotation due to the presence of edge pentagonal defects. (a) A nanoribbon with perfect edges, (b) a nanoribbon with pentagonal defects, and (c) bond angles of
perfect and defective ribbons are compared with each other.
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Fig. 18. Poisson’s ratio of non-passivated chiral graphene nanoribbons.

Due to the increase in the bonds angles with the x-axis, a higher
stress is required to stretch the bonds in the x-direction, hence the
nanoribbons Young’s modulus increases.
The modulus of elasticity of hydrogenated ribbons is shown in
Fig. 16b. Comparing plots of Fig. 16a and b shows that hydrogenation reduces the Young’s modulus of ribbons with pentagonal edge
defects. Furthermore; these plots clearly show that for all the chiral
angles, ribbons with Klein defects have a lower Young’s modulus
than ribbons with perfect edges or with pentagonal defects.
The Poisson’s ratios of chiral nanoribbons are plotted versus
longitudinal strain in Fig. 18. Since the widths of nanoribbons are
not constant along the axis of ribbons, the change in the average
width of ribbons is used to calculate nanoribbons Poisson’s ratio.
The plots of Fig. 18 show that the Poisson’s ratios of nanoribbons
with different chirality are slightly different from each other. By
increasing the normal strain, the Poisson’s ratio of both ideal and
defective nanoribbons decreases. Furthermore, these plots show
that nanoribbons with edge pentagonal defects have in general a
smaller Poisson’s ratio than ideal ribbons.

Fig. 19. Electron charge density of an ideal nanoribbon with 19:11 chirality under uniaxial tension at (a) no strain, (b) 18% strain, and (c) 20% strain.

Fig. 20. A graphene nanoribbon with 10:89 chirality under uniaxial tensile loading. (a) zero strain, (b) 10% strain, (c) 12% strain, and (d) 16% strain.
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4.3. Failure of chiral nanoribbons
We also study the failure pattern of nanoribbons under uniaxial
tensile loading. Our DFT simulations predict that similar to zigzag
and armchair ribbons, chiral nanoribbons also tend to fail along a
zigzag surface. For example, the electron density distribution of
the nanoribbon with a chiral angle of a ¼ 19:11 at three different
strains are shown in Fig. 19. These ﬁgures clearly shows that under
uniaxial loading this ribbon breaks along a zigzag surface, which is
reminiscent of failure in zigzag and armchair ribbons. Although
three out of four chiral nanoribbons we have studied in this paper
fail along a zigzag surface, however nanoribbon with chirality
a ¼ 10:89 , fails along a mixed armchair and zigzag surface.
Investigating the deformed conﬁguration of this nanoribbon indicates that under high uniaxial strains, defects in the form of pentagon-heptagon or octagon nucleate. The defect formation in this
nanoribbon is illustrated in Fig. 20 which shows that at a uniaxial
strain of 12% defects in the form of pentagon and heptagon are
generated at the top edge of nanoribbon. By increasing the strain
to 16%, a pentagon forms in the bottom edge and the heptagon
transforms into an octagon. The formation of defects at high strains
leads to the failure of this nanoribbon along a mixed armchair–
zigzag surface. The nucleation of defects at high strains is unique
to chiral ribbons and has not been observed in the armchair and
zigzag nanoribbons.
5. Summary and conclusions
In summary, we used density functional theory to investigate
the mechanical properties of graphene nanoribbons with arbitrary
shapes from zigzag to armchair. We ﬁrst studied the size effects on
the mechanical behavior of armchair and zigzag nanoribbons. Our
DFT simulations predict that size effects are not the same on zigzag
and armchair ribbons. For the armchair nanoribbons, by reducing
the nanoribbon width, the size of nanoribbon unit cell along the
nanoribbon axis increases. Size effects are not very important on
the Young’s modulus and maximum strength of armchair nanoribbons; however, size effects are considerable on the Poisson’s ratio
of the armchair ribbons. For the zigzag nanoribbons, by reducing
the nanoribbon width, the size of nanoribbons unit cell along the
nanoribbon axis reduces. This leads to a signiﬁcant increase in
the Young’s modulus and strength of zigzag nanoribbons, whereas,
size effects are negligible on the Poisson’s ratio of zigzag nanoribbons. Our DFT simulation predict that under uniaxial loading both
armchair and zigzag ribbons break along a zigzag surface.
We also studied the mechanical behavior of chiral nanoribbons
under uniaxial tensile loading. We considered ribbons with both
ideal and defective edges. Our results predict that chirality does
not signiﬁcantly affect the behavior of nanoribbons at small
strains, but becomes important only at high strains. The DFT simulations predict that edge defects reduce the maximum strength
of nanoribbons, however Young’s modulus of ribbons with pentagonal defects are larger than the Young’s modulus of perfect ribbons. Furthermore, based on the DFT computations, the failure
mechanism of chiral nanoribbons can be different than the failure
of zigzag and armchair nanoribbons. While zigzag and armchair
ribbons always break along a zigzag surface, chiral ribbons might
fail along a mixed zigzag–armchair surface.
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