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H I G H L I G H T S

� Stone–Wales (SW) and vacancy defects in C3N nanotubes were studied.
� The formation of SW defect in C3N nanotubes is an endothermic process.
� Perfect and SW-defected tubes are semiconductors with direct band gap.
� Vacancy defects reconstruct to a 5–9 ring system with one dangling bond.
� The nanotubes with vacancy defects show ferromagnetic spin ordering.
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a b s t r a c t

The energetic, electronic, and structural properties of zigzag C3N nanotubes with defects have been
systematically investigated through the spin-polarized density-functional theory calculations. The four
basic system types with Stone–Wales defects are characterized in terms of the defect stabilization energy
and the band gaps. The most desirable bond rotation is related to a circumferential N–C bond. The role of
vacancy defects on the above properties has been also investigated. Our results show that carbon vacancy
is more favorable than nitrogen vacancy. Moreover, the electronic properties of the semiconducting C3N
nanotubes with defects have been studied using band structures and density of states plots.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) hold great promise in a wide variety
of electronic applications, including solar cells [1,2], sensors [3,4],
batteries [5], and catalyst support materials [6]. Thus, modifying
their electronic properties will have a potential impact on further
application of CNTs in nano-electronics and optical devices. In order
to achieve carbon nanotubes with different properties, doping is
one of the methods. The studies on extrinsically doped CNTs have
been reported [7,8]. Among all the doped CNTs, the N-doped CNTs
are of special interest in both theoretical and applied studies [8,9].

Besides, doping CNTs through substitution of a carbon atom by a
nitrogen atom results in one additional electron in the π-electron
system. For instance when the extra electron is localized in
semiconducting CNTs, the corresponding dopant state is a quasi-
bound state [10]. Furthermore, carbon nitride nanotubes have
attracted increasing interest due to their interesting electronic,
chemical, and mechanical properties as well as large number of
methods available for synthesis of carbon nitride compounds
[11,12]. Also, these materials exhibit many interesting and useful
mechanical properties such as high elastic recovery and low friction
coefficient [13,14]. Thus, the study of replacing some of the carbon
atoms in a CNT with nitrogen atoms seems to be necessary.

Multi-walled CNx nanotubes are synthesized by pyrolyzing
ferrocence/melamine mixture at 1050 1C in argon atmosphere [9].
Hales et al. [15] have recently studied structural and thermodynamic
stability of small CxN nanotubes with x¼1, 2, 3, 5, and 7. They have
shown that the C3N nanotube exhibits a distorted structure that is
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strongly independent of the chiral index [15]. Some predictions of
the possible crystal structures for C3N can be found in the literature
[16,17]. Azevedo et al. [18] showed that C–N bonds are more
favorable than the C–B bonds. As a result, the C3N nanotube is more
stable than the BC3 one.

Nitrogen-doped CNTs have a more defective structure compared
to undoped CNTs, with more disruptions in the graphitic lattice [19].
The vacancy defects (incomplete bonding defects) and the Stone–
Wales (SW) defect [20] (a typical topological defect in the carbon
nanostructures which is comprised of two pairs of five-membered
and seven-membered rings) have been extensively studied in
CNTs [21–23], boron-nitride nanotubes (BNNTs) [24], and BC3 nano-
tubes [25].

In the present study, we have performed density functional theory
(DFT) calculations on a (8,0) C3N nanotube in order to investigate the
role of SW defects, carbon vacancy (CV), and nitrogen vacancy (NV)
on the structural, energetic, and electronic properties.

2. Computational details

Spin-polarized DFT calculations, implemented in the QUANTUM
ESPRESSO package [26] were performed on (8,0) C3N nanotubes.
A plane-wave basis set with a cutoff value of 600 eV was used in
combination with ultrasoft pseudo-potentials and the Perdew–

Burke–Ernzerhof (PBE) [27] exchange-correlation functional within
the generalized-gradient approximation (GGA). To determine the
equilibrium structure of the systems, full relaxation without any
constraints was performed until the forces acting on any atom are
less than 0.001 eV/Å. The Brillouin-zone integration was performed
with a 1�1�9 Monkhorst–Pack k-points mesh [28]. A large
supercell parameter of 20 Å was chosen in x and y directions to
ensure negligible interaction between the system and its images in
neighboring cells. Furthermore, we have measured the pyramida-
lization angles at selected atom sites using the Haddon's π-orbital
axis vector (POAV) method [29].

3. Results and discussion

The optimized structures for five distinct atomic arrangements
of C3N nanotubes are shown in Fig. 1. Mazzoni and coworkers

showed that, structures with phase-separated graphite islands
should be favored in BxCyNz layered structures [30]. Having
optimized and compared their total energies, we found that the
structure A is the most stable among the others, which has a
segregated graphite island-like while others lead to structures in
which C, and N atoms are mixed. From now on, in the present
study, this structure will be considered as the pristine structure.
The role of Stone–Wales and vacancy defects has been investigated
on the properties of the pristine nanotube. There are two distinct
types of C�C and N�C bonds which are axial or circumferential
with respect to the tube axis. As Table 1 shows, the axial and
circumferential C�C bonds have equal lengths, while for the N�C
bonds, circumferential bonds are longer than axial bonds.

3.1. Stone–Wales defects

Optimized structures for C3N nanotubes including a SW defect
are shown in Fig. 2. As a result of bond rotation by 901, there are
four kinds of SW defects for a zigzag C3N nanotube. These are
labeled as SW-NC-a, SW-CC-a, SW-NC-c, and SW-CC-c in Fig. 2.
The local structure around the defect site for the four kinds of SW
defects in C3N nanotubes is compared with those of the pristine
nanotube in Table 1.

The data listed in Table 1 reveal that the length of the central
bond (the bond between atoms 1 and 2 in Fig. 2) for SW defect
structures is considerably shorter than the corresponding bond of
the pristine structure. The same behavior is also observed for CNT
[21,31], and BNNT [21], but BC3 [25] does not show such behavior.
It is worth mentioning that the circumferential bond between
atoms 1 and 2 in SW defect structures is shorter than the axial one
which is exactly similar to what happens in the CNT [21,31], BNNT
[32], and BC3 [25] nanotubes.

The pyramidalization angle (θp) is a measure of the degree of
sp3 hybridization of an atom, defined as (θsp�901), where θsp is
the angle between s and π bonds. For θp¼01, the hybrid is sp2 as in
a flat graphene [29,33] and for θp¼19.51 the atom is sp3-hybri-
dized as in methane. Recent computational studies have pointed
out that the carbon atoms with high pyramidalization angles
exhibit high reactivity [23,34,35]. The calculated θp for atoms
1 and 2 in Fig. 2, as compared to the values for the pristine tube,
are presented in Table 1. Our results show that atoms 1 and 2 in

Table 1
Structural and electronic properties of SW defects in C3N nanotubes. The corresponding values for the defect-free nanotubes are given in parentheses.

System Central bond length (Å) Θp for 1, 2 atoms (deg.) Formation energy (eV) Energy gap (eV)

SW-NC-a 1.421 (1.427) 17.35 (13.84), 3.74 (2.65) 2.81 0.25
SW-CC-a 1.388 (1.416) 5.36 (4.53), 13.84 (4.52) 3.64 0.06
SW-CC-c 1.350 (1.416) 0.14 (2.65), 0.10 (4.56) 1.97 0.20
SW-NC-c 1.359 (1.450) 4.27 (13.84), 0.18 (4.56) 1.38 0.28

Fig. 1. Optimized structures of (8,0) C3N nanotubes with different atomic arrangements. Gray and blue colors represent carbon and nitrogen atoms, respectively (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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axial bond rotation (SW-NC-a and SW-CC-a) have a higher θp value
with respect to the pristine nanotube, so atoms 1 and 2 move
outward and a reactive site is localized on each of them. In other
rotations (SW-CC-c and SW-NC-c), these atoms have a lower θp
value with respect to the pristine nanotube. Hence, these atoms
move inward and the reactive site is one atom or two atoms away
from the 7–7 ring fusion. In fact, atoms with the highest θp, shown
with asterisks in Fig. 2, can increase the bond length (steric
hindrance). Despite the fact that nitrogen has a smaller covalent
radius with respect to carbon, it prefers to have a high θp one atom
or two atoms away from 7–7 ring fusion.

The formation energies for SW defects, which are defined as
Ef¼ESW�Epristine, are reported in Table 2. The positive formation
energy means that the formation of these defects in C3N is an
endothermic process. The bond rotations in C3N tubes, like CNTs
[21,31] and BNNTs [32] have positive formation energies, but BC3
[25] has negative energies in some rotations. Unlike the other
structures, circumferential bond rotation is more stable than axial
one in C3N nanotube. To investigate the effect of the diameter on
the stability of bond rotation, we studied (8,0), (10,0), and (12,0)
nanotubes. Results showed that, this rule is observed for different
diameters [21,25,31,32]. The formation energy as a function of
tube diameter is shown in Fig. 3. Overall, the smaller the diameter
of the nanotube with a SW defect has the lower the formation
energy of the system. It can be concluded that the SW defect
occurs preferentially in the smaller-sized C3N nanotube. Further-
more, the formation energy difference between circumferential
and axial SW defects decreases as the diameter of the CNT, BNNT,
and SiCNT becomes larger [36–40]. Unlike BNNTs [32], the SW
defect in a C3N nanotube does not form unstable homo-elemental
N–N bonds, and as a result, the structures are more stable. In N–C
bond rotation the length of the bond shared by two heptagons (the

central bond) is more than C–C one. As a result of increasing bond
length, bond angles of atoms which are involved in 7–7 ring fusion
are more than before. It means that, “steric hindrance” decreases
as the bond length of the ring fusion becomes larger. With these
descriptions and computational results, N–C bond rotation was
more favorable than C–C bond rotation. Also, the SW-NC-c
structure is the most stable C3N nanotube, with the lowest
formation energy and minimum structural deformation with
respect to the defect-free C3N nanotube. The stability order of
four classes of SW defect structures is: SW-NC-c4SW-CC-c4SW-
NC-a4SW-CC-a. Therefore, the direction of bond rotation is more
significant than the type of atoms which makes the bond.

The electronic band structures of the pristine C3N nanotube
and the structures with SW defects are displayed in Fig. 4 and the
values of energy gap are listed in Table 1. Defective structures
remain semiconductor with a direct band gap. The energy gap for

Fig. 2. Optimized structures for C3N nanotubes with SW defects: (a) SW-NC-a, (b) SW-CC-a, (c) SW-CC-c, and (d) SW-NC-c. Atoms with the highest pyramidalization angle
are showed by asterisks.

Table 2
Structural, energetic, and magnetic properties of atomic vacancy structures.

System Length of new bonds (Å) Total magnetization (μB) Formation energy (eV) Charge variation for dangling bond (e)

CV-1 db-5,9 1.421(C–C) 1.8 2.35 0.39
NV-3 db – 2.0 4.79 0.18, 0.18, 0.13n

NV-3 db-deform – 0.0 4.22 0.1, 0.35, 0.1n

NV-1 db-5,9 1.503 (C–C) 1.0 3.29 0.27

n For α, β, and γ atoms, respectively.

Fig. 3. Formation energy as a function of diameter for C3N nanotubes for different
atom bonds and rotation types.
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the pristine nanotube is 0.14 eV and increases as a result of SW defects,
except for SW-CC-a system. Considering the energy gaps, it seems that
the effect of bond rotation type in the energy gap does not follow a
specific pattern. In addition, structures with a C–C bond at 7–7 ring
fusion have a lower energy gap in comparisonwith the structures with
a N–C bond. Compared to the defect-free tube, the structures with a
N–C bond at 7–7 ring fusion cause the originally degenerate states to
be split due to the breakage of nanotube symmetry. Furthermore, no
“defect state” is observed near valance or conduction bands in band
structures. As a result, the energy gap order is SW-NC-c4SW-NC-
a4SW-CC-c4defect-free C3N4SW-CC-a.

3.2. Vacancy defects

When a single atom is removed from the C3N nanotube side-
wall, unconstrained structure optimization leads to the formation
of a new bond, perpendicular to the tube axis and the system is
reconstructed to a five-membered and a nine-membered ring with
a dangling bond or under-coordinated atom around the local

defect region. In Fig. 5, these atoms are shown by α, β, and γ.
Many initial structures were considered so that the final structures
could be guaranteed. The most stable structure of CV defect with
one dangling bond and five and nine membered rings (CV-1 db-
5,9) is depicted in Fig. 5a. Although CV does not have a meta-stable
structure, two meta-stable structures for NV are observed. One of
them has three dangling bonds (NV-3 db) and the other one has
three dangling bonds in which β atom moves slightly outwards
(NV-3 db-deform). These metastable structures are shown in
Fig. 5b and c, respectively. Fig. 5d shows the most stable NV-
defected tube which has only one dangling bond and a new C–C
bond to construct five and nine membered rings (NV-1 db-5,9).
The bond lengths and angles of the most stable defective struc-
tures are exhibited in Fig. 5. Our results show that the new bond is
always perpendicular to the tube axis and occurs between unsa-
turated carbon atoms. Comparing CV-1 db-5,9 with NV-1 db-5,9, it
is seen that the new bond in NV defect is longer than that of the
CV defect. Also, the unsaturated nitrogen atom in CV defect is
more outward than the unsaturated carbon atom in CV defect.

Fig. 4. Electronic band structures along the high symmetry direction of the Brillouin zone for the (a) defect-free (8,0) C3N nanotube, (b) SW-NC-a, (c) SW-CC-a, (d) SW-CC-c,
and (e) SW-NC-c. The gap between valence and conduction bands is distinguished by dark blue color. The dashed line indicates the position of the Fermi level, which is set to
zero energy (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

Fig. 5. Optimized structures for C3N nanotubes with vacancies. (a) The most stable structure for carbon vacancy (CV-1 db-5,9); (b) the meta-stable structure for nitrogen
vacancy (NV-3 db); (c) another meta-stable structure for nitrogen vacancy (NV-3 db-deform); and (d) the most stable structure for nitrogen vacancy (NV-1 db-5,9). Under-
coordinated atoms are shown by α, β, and γ. Bond lengths and angles are presented for the most stable structures.
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For vacancies, defect formation energy is calculated from the
energies of defected and pristine structures by Ef¼Edefectedþ
μX�Epristine, where μX is the chemical potential of carbon in a pure
carbon nanotube or nitrogen in a gaseous N2 molecule. This energy
is reported for various vacancy defects in Table 2. One reason for
such high defect formation energy is the dangling bond left at the
atomic site γ after the reconstruction. Our results show that CV
defect has a lower formation energy than NV defect. The most
stable NV defect has 7.3 and 11.8 meV/atom lower formation
energy than NV-3 db-deform and NV-3 db, respectively.

The net magnetic moments for vacancy structures are listed in
Table 2. Due to the presence of dangling bonds, the stable
structures show ferromagnetic ordering. In carbon vacancy, the
under-coordinated atom moves drastically outward. Therefore, the
hybridization between the dangling bond and other atoms is
prohibited. Because there are three dangling bonds in NV-3 db, it
has a high value of net magnetic moment. The average distance
between three under-coordinated atoms in NV-3 db and NV-3 db-
deform is 2.58 and 2.37 Å, respectively. As a result, dangling bonds
in NV-3 db-deform can hybridize with each other and their
neighboring atoms, showing paramagnetic ordering. In NV-1 db-
5,9, carbon atom is unsaturated and moved slightly outward,
resulting in a net magnetic moment of 1.0 μB. Clearly, the magnet-
ism is due to the dangling bonds which have a localized unpaired
spin, as shown in Fig. 6. The lower-energy structures of CV-1 db-
5,9 and NV-1 db,5,9 have magnetic moments of 1.8 and 1.0 μB,
respectively. The calculated charge variations (ΔQ) of under-
coordinated atom (UA) for vacancy defect systems obtained by
Löwdin charge analysis are listed in Table 2. It is noteworthy that a
positive value for ΔQ indicates that the UA gains electron density.
In CV-1 db-5,9, UA is nitrogen which is more electronegative than
carbon in NV-1-db-5,9. Furthermore, when a carbon (nitrogen) is
removed four (three) electrons can be free. So, nitrogen has more

Fig. 6. Spin-density isosurfaces for (a) CV-1 db-5,9 and (b) NV-1 db-5,9. Brown and golden regions correspond to negative and positive polarization, respectively. The
isodensity value is 0.001 μB/bohr3 (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

Fig. 7. Total density of state for (a) CV-1 db-5,9; (b) NV-3 db; (c) NV-3 db-deform;
and (d) NV-1 db-5,9. Black and gray regions correspond to majority and minority
spin configurations, respectively. The dashed red line indicates the position of the
Fermi level, which is set to zero energy (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article).
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charge density in comparison with the other atoms, depicted in
Fig. 6.

The band structures and density of states of the vacancy systems
have been determined and the results are compared with defect-
free nanotube. In CV system, pentagon and nonagon introduced two
“defect states” between valance and conduction bands. As shown in
Figs. 7a and 8a, the gap between valance and conduction bands has
disappeared and the system becomes metallic. Also, a defect state is
observed for NV-3 db and NV-3 db-deform above and below the
conduction band, respectively (Fig. 8b and c). There is no specific
spin-up defect state for NV-1 db-5,9 but spin-down band structure
shows a defect state below the conduction band which reduces the
band gap. As a result, atomic imperfections in the C3N nanotube
play a crucial role in determining their electronic properties near
the Fermi level.

4. Conclusions

In conclusion, through the first-principle DFT method, the
structural and electronic properties of (8,0) C3N nanotubes with
defects were studied. Our calculations on Stone–Wales defect
showed that, bond rotation in C3N nanotube is an endothermic
reaction and circumferential bond rotation is more favorable than
the axial one. Also, N–C bond rotation was more favorable than C–
C bond rotation. Stone–Wales defective structures remain semi-
conductor with a direct band gap. Structures with a C–C bond at
7–7 ring fusion in comparison with N–C bond has lower energy
gap. Our results showed that, the carbon vacancy defect is more
favorable than the nitrogen vacancy. Furthermore, the stable
structures in vacancy defects showed ferromagnetic behavior. In
addition, the most stable structure of carbon vacancy was metallic,

Fig. 8. Electronic band structures for (a) CV-1 db-5,9; (b) NV-3 db; (c) NV-3 db-deform; and (d) NV-1 db-5,9. The gap between valence and conduction bands is distinguished
by dark blue color. Upper and lower panels correspond to majority and minority spin configurations. The dashed line indicates the position of the Fermi level, which is set to
zero energy (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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whereas the most stable structure for nitrogen vacancy was
semiconductor.
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