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ABSTRACT

By employing first-principles calculations within the framework of density functional theory, we investigated the structural, electronic, and
magnetic properties of graphene and various two-dimensional carbon-nitride (2DNC) nanosheets. The different 2DCN gives rise to diverse
electronic properties such as metals (C3N2), semimetals (C4N and C9N4), half-metals (C4N3), ferromagnetic-metals (C9N7), semiconductors
(C2N, C3N, C3N4, C6N6, and C6N8), spin-glass semiconductors (C10N9 and C14N12), and insulators (C2N2). Furthermore, the effects of
adsorption and substitution of hydrogen atoms as well as N-vacancy defects on the electronic and magnetic properties are systematically
studied. The introduction of point defects, including N vacancies, interstitial H impurity into graphene and different 2DCN crystals, results
in very different band structures. Defect engineering leads to the discovery of potentially exotic properties that make 2DCN interesting for
future investigations and emerging technological applications with precisely tailored properties. These properties can be useful for applica-
tions in various fields such as catalysis, energy storage, nanoelectronic devices, spintronics, optoelectronics, and nanosensors.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5120525

I. INTRODUCTION

Recently, a special class of two-dimensional materials (2DM),
made from carbon and nitrogen atoms, has attracted much atten-
tion due to their outstanding physical and chemical properties.
Layered nanomaterials solely composed of C and N atoms, with
the ability of N atoms to take many different positions, enhance the
possibilities to form strong covalent networks. These features
allow to grow an extensive number of graphenic carbon-nitride
lattices. Two-dimensional carbon-nitride (2DCN) allotropes show a
common chemical formula CnNm, where n and m represent the
number of C and N atoms in the primitive lattice, respectively.
2DCN nanomaterials are well known to exhibit strong and stable
components, owing to the formation of covalent bonds between
the C–C and C–N bonds. For different compositions and configu-
rations of the C and N atoms, these nanomaterials can exhibit

diverse and promising electronic, optical, mechanical, and thermal
properties. 2DCN shows attractive bandgaps and offers surface engi-
neering possibilities and are well known to have interesting applica-
tion prospects in both energy- and environment-related topics,
including catalysts, photocatalysis, and hydrogen evolution.1–7

A few decades ago, 2DCN with the chemical formula C3N4

was synthesized.3 Unlike graphite, 2DCN shows porous atomic
lattices and more importantly are inherent semiconductors.8 Very
recently, 2D nitrogenated holey graphene with C2N stoichiometry
was experimentally fabricated via a wet-chemical reaction.9 C2N,
which contains an evenly distributed lattice of N and hole sites,
makes it an excellent candidate as a nanofilter and an interesting
structure for the adsorption of atoms and molecules.9,11 Recently,
Mahmood et al., reported the first experimental realization of 2D
polyaniline with stoichiometric formula C3N and a graphenelike
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structure in which nitrogen is uniformly distributed.10 Theoretical
studies showed that C3N exhibits ultrahigh stiffness and thermal
conductivity.12 Furthermore, DFT calculations showed that the
electronic properties of C3N can be tuned by the adsorption of
atoms and molecules.12–15 Like its C2N counterparts, C3N is also
an intrinsic semiconductor according to recent theoretical studies.
A C3N nanosheet can show desirable properties for different appli-
cations, like nanoelectronics, catalysis, and hydrogen storage.16–20

C3N4 showed semiconducting properties with the possibility to
be a potential photocatalyst for water splitting.21,22 This structure fea-
tures intrinsic vacancies that are expected to produce a spin-
polarized state, while the electronic property of C3N4 will be drasti-
cally modified when atoms are substituted. C4N3 is the counterpart
of C3N4 and is at present the only that has been experimentally syn-
thesized23 and was identified to be half-metallic.24 Metal-free magne-
tism and half-metallicity in C4N3 nanosheets and nanotubes25–27

was recently predicted to be useful in spintronic devices. Recently,
C6N6 has been explored in experiments28,29 and was investigated
theoretically.30 It was shown that C6N6 has topologically nontrivial
electronic states and it can be tuned into a topological insulator by
doping.31 The successful synthesis and fabrication of C2N, C3N,
C6N8, and C6N6 through bottom-up procedures motivated us to
consider different approaches to tune the bandgap.3,9,32

In spite of the fact that 2DM hold great potential for a wide
range of applications, it will be necessary to modulate their intrinsic
properties to transfer them into real applications. In recent years,
several approaches have been developed to modify the electronic and
magnetic properties of 2DM. Defects can be generated during the
growth and preparation process of the nanomaterial. It is well
known that defects are difficult to avoid in materials especially in
2DM, which can dramatically affect the structure, its electronic and
magnetic properties, and the performance of 2DM-based devices.
Defects are usually seen as detrimental to device performance.
However, they also can bring about new beneficial effects on the
electronic structure33,34 and expand the potential applications of

2DM.35–38 Therefore, it is very important to understand the
influence of these defects on their electronic and magnetic proper-
ties. Such understanding would also help in creating ideas to control
defects and in this way to prepare 2DM with novel properties.

Point defects, including vacancy, impurity, and interstitial atoms,
will tailor the electronic properties of 2DM,39–45,56–59 which can be
used for a wide range of applications.46–55 While there has been limited
theoretical studies, an in depth survey of trends across the range of
2DCN nanosheets, with various defects, is still lacking. In the present
work, we first performed an extensive study of the structural, elec-
tronic, and magnetic properties of pristine 2DCN nanosheets includ-
ing C2N, C3N, C4N, C2N2, C3N2, C3N4, C4N3, C6N6, C6N8, C9N4,
C9N7, C10N9, and C14N12 by using first-principles calculations. In
addition, we investigated the effects of point defects including vacancy,
adsorption, and substitution of hydrogen on the structure, electronic,
and magnetic properties of graphene and 2DCN nanosheets.

II. COMPUTATIONAL METHOD

In this paper, we performed calculations of the electronic struc-
ture with geometric optimization, using spin-polarized density func-
tional theory (DFT) as implemented in the OpenMX Package.60

This code self-consistently finds the eigenvalues and eigenfunctions
of the Kohn-Sham equations for the systems under study using
norm-conserving pseudopotentials62 and pseudoatomic orbitals
(PAOs).63,64 In addition, we used the Perdew-Burke-Ernzerhof gen-
eralized gradient approximation (GGA) for exchange and correla-
tion.61 The K points for sampling over the Brillouin zone (BZ) were
generated using the Monkhorst-Pack scheme.65 After convergence
tests, we chose different energy cutoffs (for instance, 300 Ry for
C3N) so that the total-energy converge below 1.0meV/atom. In the
first step, the atomic positions are optimized using a quasi-Newton
algorithm for atomic force relaxation. The geometries were fully
relaxed until the force acting on each atom was less than 1meV/Å.
The Brillouin zone (BZ) is sampled by a K-mesh grid of 23� 23� 1

TABLE I. The structural, electronic, and magnetic parameters of graphene and 2DCN nanosheets; including lattice constant a; the bond length between CZC atoms (dCZC);
the bond length between CZN atoms (dCZN); the diameter of nanopore DNP and the bandgap (Eg). Electronic state is specified as metal (M), semimetal (SM), half-metal
(HM), insulator (INS), spin-glass semiconductor (SG-SC), direct semiconductor (SC-di), and indirect semiconductor (SC-ind). The magnetic moment per supercell Mtot is also
given.

2DCN a (Å) EF (eV) dCZC (Å) dC−N (Å) DNP (Å) Eg (eV) Mtot (μB)

Graphene 2.46 7.15 1.42 … … SM 0
C2N 8.345 7.58 1.457/1.430 1.342 5.503 SC (1.75)-di 0
C3N 4.861 7.67 1.404 1.403 … SC (0.4)-ind 0
C4N 4.775 7.83 1.445 1.443 … SM 0
C2N2 2.350 7.22 1.445 1.443 … INS (5) 0
C3N2 8.70 7.22 1.402/1.511 1.354/1.392 4.254,5.454 SM 0
C3N4 4.74 7.21 … 1.323/1.445 2.728 SC (1.45)-di 0
C4N3 4.81 7.26 1.427 1.346 2.736 HM (2.2) 1
C6N6 7.11 7.35 1.503 1.343 5.447 SC (1.5)-di 0
C6N8 7.14 7.27 … 1.414/1.455 4.773 SC (1.22)-in 0
C9N4 9.72 7.60 1.428/1.470 1.348/1.407 5.588 SM 0
C9N7 8.05 78.30 1.414/1.488 1.385/1.444 5.472 FM 0.8
C10N9 9.86 7.33 1.418/1.502 1.370/1.385 7.300 SG-SC (1.7) 1
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and scaled according to the size of the supercell. The 2DCN is
modeled as a periodic slab with a sufficiently large vacuum layer
(20 Å) in order to avoid interaction between adjacent layers. Simulated
scanning tunneling microscopy (STM) images were obtained using the
Tersoff-Hamann theory66 and were graphed using WSxM software.67

The formation energy per atom in a primitive unit cell was calculated
using the formula EF ¼ (NCEC þ NNEN � ECnNm

)=(NC þ NN),
where EC and EN denote the total energies of the single C and
N atoms, respectively, while ECnNm

denotes the total energy of
the different monolayers CnNm. The formation energies are listed
in Table I.

III. PRISTINE 2DCN NANOSHEETS

Geometric atomic structures of graphene and 2DCN nano-
sheets are shown in Fig. 1. The schematic view of 2DCN nanosheets

including C2N, C3N, C3N2, C3N4, C4N3, C6N6, C6N8, C9N4, C9N7,
C10N9, and C14N12 with their various applications are shown in
Fig. S1 (see the supplementary material). Before investigating the
electronic properties, we first optimize the geometrical structure of
2DCN. The crystal lattice parameters are listed in Table I. The varia-
tion of the total energy of the relaxed 2DCN as a function of the
crystal lattice constant, with hexagonal and rectangular networks is
shown in Fig. S2 of the supplementary material. The optimized
geometry for each structure is given as the inset.

The lattice constants of C2N and C3N are found to be 8.345
and 4.861 Å, respectively, which are in agreement with previous
results.10,12,14,68–71 For C2N, dCZN¼ 1:342 Å and dCZC¼ 1:429
and 1.457 Å, while the bond angle of CZNZC is 117�, slightly
deviating from 120�. The holey site of C2N forms a nanopore with
a diameter of 5.503 Å.9 For C3N, we have dCZC¼ 1:404 Å and
dCZN¼ 1:403 Å. C3N2 involves two pentagon cores surrounded by

FIG. 1. Geometric structures of graphene and 2DCN nanosheets. A primitive unit cell is indicated by a red parallelogram with total and difference charge densities as
shown in the same panel. The blue and yellow regions represent charge accumulation and depletion, respectively, with the brown atoms representing C and the blue
atoms representing N. The orange circles represent the regions of nanopores.
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C and N atoms and one core surrounded by N atoms and has a
lattice parameter of 8.70 Å. The structure is completely planar, in
addition we see two nanopores with diameters of 5.545 and
4.254 Å.72,73 The lattice constant of C3N4 (C4N3) is calculated to be
4.74 (4.81) Å with dCZC¼ 1:323 (1.427) Å and dCZC¼ 1:445
(1.346) Å.74 After structural relaxation, the calculated lattice cons-
tant for C6N6 is 7.11 Å, consistent with previous theoretical and
experimental reports.75–77 The hexagonal nanopore in C6N6 has a
diameter of 5.447 Å, which is the distance from one N atom to the
opposite N atom across the nanopore with a completely planar
lattice.30 C6N8 has a lattice constant of 7.14 Å, which is in agree-
ment with previous studies27,75,78–80 and dCZN can have two values
of 1.414 and 1.455 Å.

The structure of C9N4 involves 18 C and 8 N atoms, in its unit
cell resulting in a geometry similar to C2N and C3N so that the unit
cell of C9N4 is twice that of C3N by removing another C hexagonal
ring, while the N constitutes a honeycomb structure. The lattice
constant of C9N4 is 9.72 Å and dCZC (dCZN) ¼ 1:348 (1.407) Å.
The edge of C9N4 nanopore is surrounded by six N atoms in these
rings, with diameter of the nanopore of 5.588 Å. These results are in
good agreement with previous calculations.81 The primitive unit cell
lattice of C9N7 constitutes one center C hexagon ring surrounded
by three CN pentagons and has 8.050 Å lattice constant. The dCZN

in the pentagons are 1.400 Å and 1.444 Å, which are typical bond
lengths for sp2-hybridization and noticeably smaller than 1.5 Å for
standard sp3-hybridization. The diameter of the nanopore is
5.472 Å. The planar structure and the values of the bond lengths

and bond angles imply that the chemical bonds in C9N7 ought to
be covalent of character.82 The lattice constant of C10N9 is calcu-
lated to be 9.86 Å and dCZC is 1.502 Å, which is longer than that
around the center of the unit cell (i.e., 1.418 Å).83

C14N12 has a planar 2D structure with a lattice constant of
11.77 Å, and the CZC bond length is 1.435 Å, while the CZN
bonds are 1.365 Å with the CZCZC and NZCZN angles equal to
116� and 119�, respectively, which is consistent with the value
reported in Refs. 83 and 84. The diameter of the nanopore in
C10N9 and C14N12 are 7.30 and 9.698 Å, respectively. C2N2 is a
bilayer structure with a lattice constant of 2.35 Å and interlayer dis-
tance dCZC¼ 1:443 Å, and layer thickness of 2.865 Å. The bond
angle is comparable with a regular tetrahedral carbon with
sp3-hybridization of 109�, but C2N2 shows a slight deviation from
the standard tetrahedral carbon structure. The interlayer coupling is
strong and is different from the weak van der Waals (vdW) cou-
pling. By adsorbing C atoms on all the N atoms of the monolayer
C3N, one obtains C4N. The lattice constant of C4N is 4.77 Å and
dCZC (dCZN) is 1.443 (1.343) Å. The C4N ring is not a regular
hexagon since the CZNZC and NZCZN angles are equal to 114�

and 125�, respectively. These results are in good agreement with
previous theoretical reports.85 This structure with nanopores can be
used as a material with reactive regions inside and thereby is
optimal for functionalization by adatoms or molecules.

The total and difference charge density are shown in Fig. 1, in
the same panel, where the blue and yellow regions represent the
charge accumulation and depletion, respectively. From the difference

FIG. 2. Electronic band structure of graphene and 2DCN nanosheets. The insets are charge densities of minimum conduction band and the maximum valence band. The
blue and yellow regions represent charge accumulation and depletion, respectively. The gap region between conduction and valence bands is colored yellow. The zero of
energy is set to the Fermi level energy (EF ).
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charge density, we found that the positively charged C atoms are sur-
rounded by negatively charged N atoms. The total charge density
shows a high charge density around the N atoms. This is in accor-
dance with the Pauling scale electronegativity that N atoms have a
larger electronegativity (C is 2.55 and N is 3.04), and thereby a large
difference of electron density. Simulated STM images of graphene
and 2DCN nanosheets are shown in Fig. S3 (see the supplementary
material). The inset structure represents repeating unit cells, with the
brown (blue) atoms representing C(N) atom. From the predicted
STM images of 2DCN, it is easy to recognize and correlate them
with the corresponding atomistic structure.

The electronic band structure of graphene and 2DCN nano-
sheets is shown in Fig. 2. It is well known that graphene is a semi-
metal with a zero gap at EF where the valence and conduction
bands cross with linear dispersions, so-called Dirac-cones in good
agreement with Refs. 86–89. We see that C2N is a direct semicon-
ductor with a 1.75 eV bandgap, and the VBM and CBM are located
at the Γ point. However, C3N is a semiconductor with an indirect
bandgap of 0.4 eV, where the VBM and CBM are located at Γ and
M points, respectively. Our result is in agreement with previous

calculations.10,90–93 A Dirac-point which is 2.25 eV below EF is
shown in the band structure of C3N (see Fig. 2). The electronic
structure of C3N2 exhibits a semimetal character, and we see three
Dirac-points at and near EF . There are two extra crossing points
that are located along Γ-X and X-Y. This unique electronic prop-
erty is different from other 2DCN, and this result coincides well
with those obtained by previous calculations.72,73 C3N4 is a direct
semiconductor and has a 1.45 eV bandgap at the Γ point, which is
in agreement with previous studies.21,22 In contrast with C3N4,
C4N3 is a half-metal with a 0.55 eV direct bandgap in the " spin
channel. In addition, the degeneracy of " and # spin channels is
broken and shows spin-polarization at the EF with 1μB magnetic
moment per unit cell. Our result is in agreement with previous
calculations.24–27,94 The band structure indicates that C6N6 is a
wide bandgap semiconductor with gap values of 1.5, 2.4, and
1.35 eV that are located at the K, Γ, and M points, respectively (see
Fig. 2). This result agrees with the previous report.30

C6N8 is an indirect semiconductor with a bandgap of 1.22 eV
that agrees with Ref. 95. Similar to C3N2, C9N4 is a semimetal and
we see that there are three Dirac-points at and near the EF . At the

FIG. 3. Optimized structures of H
adsorbed on graphene and 2DCN
nanosheets with their structural proper-
ties. Top and side views are presented.
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FIG. 4. Electronic band structure with the corresponding DOS of H-adsorbed graphene and 2DCN nanosheets. The difference charge density and optimized structures
are shown in the same panel. The blue and yellow regions represent the charge accumulation and depletion, respectively. The difference spin density with magnetic
moment is shown as the inset. The blue and yellow regions represent the " and # spin states, respectively. The zero of energy is set at EF indicated by green dashed-
dotted lines. The gap region between conduction and valence bands is colored yellow.
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K point, there is one extra crossing point that is located ≏1 eV
below EF and a narrow bandgap of 40 meV is seen near EF , which
agrees well with those obtained by a previous study.81 For C9N7,
the energy band splits into " and # spin channels resulting in a
ferromagnetic-metal. It is interesting to see that C9N7 has a spin-
polarized ground state with 0.8μB magnetic moment per unit cell.
Our result agrees well with Ref. 82. The band structures of C10N9

and C14N12 are shown in Fig. 2. We found that a remarkable
spin-splitting occurs in the " and # spin channels near to EF . The
CB and VB of the # spin channel meet in a single point at EF ,
whereas bandgaps of approximately 1.7 eV (C10N9) and 2.1 eV
(C14N12) are noted in the " spin channel, exhibiting clear features
of a spin-glass semiconductor. C10N9 and C14N12 have 1 and 2μB
magnetic moment in their ground states, respectively. Interestingly,
the charge carriers (electrons and holes) near EF behave differently
around the meeting point. For C10N9, the VB and CB in the # spin
channel meet at the Γ point with parabolic energy-momentum dis-
persion relations, while for C14N12 two bands meet at the K point
and have a linear energy dispersion characterized by the so-called
Dirac-cones. The Dirac-cones in C14N12 are spin-polarized and
energy bands split into " and # spin channels, which is different
from graphene, C3N2, C9N4, and other Dirac materials. For C4N,
we see that the VBM and CBM energy bands touch each other at
EF and a Dirac-point is formed at EF , implying a semimetallic
character, like graphene. While C2N2 is an insulator with a 5 eV
bandgap and interestingly we see two Dirac-points that are located
≏5 eV below EF . DOS and PDOS of pristine graphene and 2DCN
nanosheets are shown in Fig. S4 (see the supplementary material).
Direct semiconducting behavior of C2N, C3N, C3N4, C6N6, and

C6N8 can be quite useful for nanoelectronic and optoelectronic
applications. Note that the half-metallicity of C4N3 and the ferro-
magnetic behavior of C9N7 can be quite important for spintronic
applications. The unusual semimetallic electronic property of C4N,
C3N2, and C9N4 shows Dirac-points at EF , which can be important
for various applications. The spin-gapless semiconductors C10N9

and C14N12 are expected to open up many prospects for practical
applications, such as spin photodiodes, spin detectors, and electro-
magnetic radiation generators over a wide range of wavelengths
based on spin photoconductivity.

IV. ADSORPTION OF H ATOM

Additionally, the adsorption of adatoms will affect the struc-
tural, electronic, and magnetic properties of pristine 2DCN nano-
sheets. The calculations are performed using a 2� 2 supercell of
C3N, with fully structural optimizations, where all atoms are
relaxed in all directions. The optimized atomic structures of a 2� 2
supercell of graphene and 2DCN nanosheets are shown in Fig. S5
(a) of the supplementary material. Also, the variations of structural
parameters including lattice constant, atomic bond lengths, and
nanopore diameter, are shown in Figs. S5(b)–S5(d) of the
supplementary material. After structural optimization of the 2� 2
supercell of the 2DCN, we investigate the electronic and magnetic
properties. The spin-polarized electronic band structure of the
2� 2 supercell of graphene and different 2DCN is shown in Fig. S6
of the supplementary material.

Here, we consider the functionalization by hydrogen. The
minimum energy or most stable sites of the H adatom on the

FIG. 5. Optimized structures of the
N-vacant site of different 2DCN nano-
sheets and of the C-vacant site in gra-
phene. Structural parameters including
atomic bond length and bond angles
are indicated. C, N, and H atoms are
shown by brown, blue, and white colors,
respectively.
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surface of 2DCN are obtained by placing H on various preferable
adsorption sites. With fully structure optimization, where all atoms
are relaxed in all directions, we determine the most stable site as
the minimum energy configuration among the different sites. In
the following, when a H atom is adsorbed on a 2DCN nanosheet,
we will label it as H/2DCN. The top and side views of optimized
structures of H adsorbed on graphene and 2DCN nanosheets are
shown in Fig. 3. The H atom is located right above a C atom of the
C3N and C3N2, forming a single covalent bond and a local distor-
tion can occur in the structure and the C atoms directly below H
undergoes a notable shifting toward the opposite direction, result-
ing in a buckling of about 0.5 Å. After relaxation, the CZH bond
length is 1.12 Å, while the CZC and CZN bonds are elongated to
1.5 and 1.58 Å, respectively, which compares to the CZC bond
length 1.42 Å in pristine nanosheets, while bond angles between

CZCZC and CZNZC are in the range of 110� and 103�, respec-
tively, and show sp3-hybridization character. For the C3N4, C4N3,
C6N6, and C6N8 nanosheets, the H atom is bonded to the N atom
and forms a covalent bond which results in elongated NZC bonds
with lengths 1.35–141 Å, while the NZH bond lengths are very
short in the range of 1.02–1.08 Å. For C9N4, C10N9, and C14N12

nanosheets, the H atom is located right above a C atom and a local
deformation occurs around the H atom, and after relaxation,
different CZH bond lengths are determined to be about 1.11–
1.12 Å. We see that the C atoms directly below H move in the
opposite direction, with 0.5 Å buckling of the plane.

The electronic band structure with corresponding DOS of H
adsorbed graphene and 2DCN nanosheets is shown in Fig. 4. The
difference charge density and optimized structures are shown in the
same panel. For the H/Gr, there is a band spin-splitting around EF

FIG. 6. Spin resolved DOS of the N-vacant site of different 2DCN nanosheets and for the C-vacant site of graphene. The difference spin density are shown as the insets.
The blue and yellow regions represent the " and # spin states, respectively. The zero of energy is at EF indicated by the green dashed-dotted vertical lines.
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into " and # spin channels. Thus, the system becomes a dilute-
magnetic semiconductor with 1μB magnetic moment. The
Dirac-point disappears in H/Gr due to the strong disturbance of
the pz states caused by the adsorption of H atom.96,97 The elec-
tronic structure of adsorbed H on C2N, C3N, and C3N2 is strongly
modified. The energy bands below and above EF are mainly origi-
nating from the H orbital states and appear as localized impurity
states. H/C2N, H/C3N, and H/C3N2 are metals. From the PDOS of
H/C2N, we found that the electron states near EF are mainly built
up of C/N-p orbitals, while in H/C3N and H/C3N2, they are due to
the hybridization of C-p and N-p orbitals of the nearest atoms. The
DOS of " and # spin states completely compensate each other and,
therefore, the materials are nonmagnetic. The interaction of H
atoms with C3N4, C6N6, and C6N8 eliminates the semiconducting
behavior of the pristine system and become metals. C4N3 is a half-
metal with 1μB magnetic moment, while H/C4N3 becomes a direct
semiconductor with a 2.0 eV bandgap. Based on the calculated
PDOS, both the CBM and VBM receive contributions mainly from
the hybridization of the C/N-p orbitals. H/C9N4 becomes a metal,
and the Dirac-point vanishes due to H adsorption. C9N7 becomes
a ferromagnetic-metal and has 1μB magnetic moment, while
H/C4N3 is an indirect semiconductor with a 0.2 eV bandgap and
both " and # spin bands overlap, with no net spin polarization.
The interaction of H with C10N9 eliminates the spin-glass semicon-
ducting character and turns it into a direct semiconductor with
a 0.6 eV bandgap. Interestingly, the " and # spin channels for
H/C14N12 exhibit half-metal behaviors and induce 1μB magnetic
moment in the ground state. As can be seen from DOS and PDOS,
for H/C9N4, the electron states near EF are mainly governed by the
N-p orbitals, while for H/C14N12, the VBM and CBM are due to

the hybridization of C-p and N-p orbitals. In H/C9N4, the VBM
and CBM are due to the hybridization of C/N-p and H-s with N-p
orbitals, respectively. To illustrate the bond character more in
detail, the difference charge density is shown as the insets in Fig. 4.
We note there is charge accumulation in the region between H and
the neighboring C and N atoms, resulting in a strong covalent
bond of the H–C and H–N bonds. For clarity of the spin arrange-
ment on each atom and to further elucidate the origin of magne-
tism, difference spin density is shown as the insets in Fig. 4.

V. N-VACANCY

Here, we will study the effect of N-vacancy defects. We
remove one N atom at every hexagonal and in this way produce a
single vacancy of N atom (SVN ). The defective structures are fully
relaxed and the total energies and band structures are calculated.
The top and side views of optimized atomic structures as well as
their bond lengths and bond angles of the N-vacant site of various
2DCN, are shown in Fig. 5. The C and N atoms around the
N-vacant site in C2N, C3N, C3N2, C6N6, C9N4, and C14N12

undergo a Jahn-Teller distortion,98 and C atoms close to the
vacancy site move toward each other to form CZC bonds. For
these structures, Jahn-Teller distortion creates a five-membered
ring via an elongated bond between two of the C atoms nearest to
the vacancy. We found for the CZC and NZC bond lengths,
respectively, 1.50 and 1.75 Å (see Fig. 5). For some of the other
2DCN after relaxation of the structure, the structural distortion
that stems from the N vacancy cannot be compensated by the local
reconstruction of neighboring C atoms. No covalent bond at the
N-vacant site is found but the C and N bond lengths around the

FIG. 7. Top view of optimized structures
of H-substituted in the N-vacant site.
The corresponding structural parameters
including atomic bond length and bond
angles are indicated. C, N, and H atoms
are shown by brown, blue, and white
colors, respectively.
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N-vacant site are modified. All 2DCN stay completely planar. The
band structure of the N-vacant site of 2DCN nanosheets is shown
in Fig. S7 of the supplementary material. Our result shows that gra-
phene with a C-vacancy, induce defect states around EF , resulting

in a half-metallic behavior and inducing a 1μB magnetic moment.
We can see that C3N, C3N2, C9N7, and C14N12 with a N-vacancy
are ferromagnetic-metal. C2N and C9N4 with a N-vacancy, defect
states appear around EF and induce metallic properties. With a

FIG. 8. (a) Electronic structure and (b) DOS of H-substituted in the N-vacant site. The zero of energy is set at the EF indicated by green dashed-dotted lines.

Journal of
Applied Physics

ARTICLE scitation.org/journal/jap

J. Appl. Phys. 126, 215104 (2019); doi: 10.1063/1.5120525 126, 215104-10

Published under license by AIP Publishing.

https://doi.org/10.1063/1.5120525#suppl
https://aip.scitation.org/journal/jap


N-vacancy, C4N3 becomes a spin-glass semiconductor, while C3N4,
C6N6, and C6N8,C10N9 are dilute-magnetic semiconductors (see
Fig. 6). The magnetic moments of dilute-magnetic semiconductor
and ferromagnetic-metal structures with the N-vacancy are in the
range of 0.3 (C3N)–7.5 (C9N7)μB. The spin resolved DOS of the

N-vacant site of different 2DCN nanosheets and for the C-vacant
site of graphene is shown in Fig. 6. The difference spin density is
shown as the insets. It is also seen from the DOS that the density
of N-vacant site is very high and the state at EF of a N-vacancy
belongs to the C/N-p orbital around the missing N atom. The

FIG. 9. Difference spin density of H-substituted in the N-vacant site of 2DCN nanosheets. The blue and yellow regions represent the " and # spin states, respectively.

FIG. 10. Variation of bandgap of (a)
2DCN, (b) H-adsorbed 2DCN, (c)
H-substituted 2DCN, and (d) N-vacancy
2DCN.
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energy band of 2DCN is strongly disturbed by the N-vacant site,
thus the bonding between atoms should be a covalent bond. To
illustrate the bond character more clearly, the differential charge
density for 2DCN with th N-vacant site is presented in Fig. S8 of
the supplementary material. There is a charge accumulation in the
region around SVN that leads to a strong covalent bond character
of the C and N bonds. Our results show that the N-vacant site in
2DCN can modify the electronic structure and tune the bandgap
and magnetism in these structures. Our result shows that graphene
with a C-vacancy induces defect states around EF , resulting in a
half-metallic behavior and inducing a 1μB magnetic moment. We
see that C3N, C3N2, C9N7, and C14N12 with a N-vacancy are
ferromagnetic-metal. C2N and C9N4 with a N-vacancy defect states
appear around EF and induce metallic properties.

VI. SUBSTITUTION OF N BY H

In the experimental synthesis of nanomaterials, the N-vacant
sites are more likely to be substituted by an H atom. Therefore, we
consider N substitution by H which we label as HN -C2DCN.
Calculations are performed using a 2� 2 supercell of 2DCN, with
fully structure optimizations, where all atoms are relaxed in all
directions. The top view of optimized structures of H-substituted in
the N-vacant site is shown in Fig. 7. The corresponding, structural
parameters including atomic bond length and bond angles are indi-
cated. C, N, and H atoms are shown by brown, blue, and white

colors, respectively. The HN-2DCN shows a local distortion that is
minute and the hexagonal crystal symmetry of 2DCN is not
strongly modified. The H atom interacts through sp2-hybridization
and forms one σ bond with the nearest C atom of the different
2DCN. The CZH bond lengths of 2DCN are in the range of
≏1.08–1.12 Å, which are small, indicating a strong interaction
between the H and C atoms. We note that the bond length of CZC
and NZC atoms and bond angles around HN are modified. HN in
C2N, C3N4, C4N3, and C6N6 changes the bond lengths and bond
angle, and corrugation of the planar structures is found. For the
other 2DCN nanosheets with HN , there is only a minute effect on
the planar structure. The electronic structure and DOS of
H-substituted in the N-vacant site are shown in Figs. 8(a) and 8(b).
Defect states appear near EF , induce metallic character, and the
system turns to a nonmagnetic metal. HNC4N3 becomes a spin-
glass semiconductor and induce 2μB magnetic moment. While
C2N, C3N4, C6N6 with HN are semiconductors. Difference spin
density of the H-substituted N-vacant site of 2DCN nanosheets is
shown in Fig. 9. The blue and yellow regions represent the " and #

spin states, respectively. The differential charge density is presented
in Fig. S9 of the supplementary material. The blue and yellow
regions represent charge accumulation and depletion, respectively.
We can see an obvious charge accumulation in the region around
HN resulting in a strong covalent bond of the C and N bonds. The
variations of the bandgap and the magnetic moment of 2DCN,
H-adsorbed 2DCN, H-substituted 2DCN and N-vacancy 2DCN

FIG. 11. Variation of magnetic moment
of (a) 2DCN, (b) H-adsorbed 2DCN, (c)
H-substituted 2DCN, and (d) N-vacancy
2DCN.
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are shown in Figs. 10(a)–10(d) and Figs. 11(a)–11(d). Our result
shows that the electronic structure of pristine 2DCN nanosheets is
modified and exhibits a diversity of electronic properties including
metal, semimetal, half-metal, ferromagnetic-metal, semiconductor,
spin-glass semiconductor, and insulator.

VII. SUBSTITUTION OF N BY C

The electronic band structures with the corresponding DOS
and PDOS of N substituted by C in different 2DCN nanosheets are
shown in Figs. 12 and 13. The optimized atomic structures and
difference charge densities are shown as the insets. The substitution
of N with C modifies the electronic structure and gives rise to local-
ized states in the energy bandgap. The C-substituted C3N2, C3N4,
C4N3, and C9N7 exhibit the ferromagnetic-metal character, and
spin-splitting occurs in the " and # spin channels and induce,
respectively, 0.2, 0.6, 0.5, and 1.3μB magnetic moments in the
ground state. From PDOS, we see that the metallic state is gener-
ated by the hybridization of the N/C-pz (C3N2), N/C-px,y (C3N4,
C4N3), and N/C-s, px,y,z (C9N7) orbitals, while C-substituted C3N
and C4N becomes a metal because we observe a band crossing at
EF . Both " and # spin bands overlap, and thus there is no spin-
polarized state. From the calculated PDOS, we see that the impurity

states are mainly from the hybridization of the N/C-pz orbitals. For
the C-substituted C2N, C6N6, and C6N8, the degeneracy of both
the " and # spin channels is broken and become a dilute-magnetic
semiconductor with 1μB magnetic moment. The direct bandgap of
CN-C2N is 1.6 eV, while the VBM and CBM are located at the Γ

point. For the C-C2N, the VBM mainly originates from the hybrid-
ization of C/N-s, px,y , while the CBM comes from C/N-s, pz in "

spin channel. While the CN-C6N6 (CN-C6N8), have a direct (indi-
rect) bandgap of 1.5 eV (1.3 eV) and an indirect gap of 1.8 eV
(direct 1.3 eV) in the " and # spin channels, respectively. The VBM
of C6N8 mainly originates from C/N-px,y in " spin channel, while
the CBM originates from C-s, px,y in the # spin channel. CN-C9N4,
is a dilute-magnetic semiconductor and induce 1μB magnetic
moment. A nontrivial direct bandgap of 70 and 100 meV in the "

spin channel, while the VBM and CBM are located between Γ-K
points. We see in the # spin channel, 30 meV and 50meV nontriv-
ial indirect bandgap and the VBM and CBM are located at the K
and Γ points, respectively. CN-C10N9, becomes a direct semicon-
ductor with a 0.7 eV bandgap and the VBM mainly originates from
the hybridization of C-pz with the C/N-px,y,z orbital, while the
CBM is built from C-px,y,z .

CN-C14N12 turns into a spin-glass semiconductor with 1μB
magnetic moment. The " spin channel is a direct semiconductor

FIG. 12. Electronic band structure of C-substituted 2DCN nanosheets. The insets are the top view of the optimized structures and difference charge densities. The blue
and yellow regions represent the charge accumulation and depletion, respectively. The zero of energy is set at the EF indicated by green dashed-dotted lines.
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with a 0.8 eV bandgap, while in the # spin channel, the Dirac-point
is eliminated and there is the opening of a 40 meV nontrivial
bandgap at EF . The VBM mainly originates from the hybridization
of C/N-px,y,z , while the CBM comes from C-px,y at the " spin

channel. We see that the optimized structures of C-substituted
2DCN do not have any local deformation. The difference charge
density is shown in Fig. 12 as insets. We note there is a charge
accumulation in the region between C-substituted atoms and the

FIG. 13. DOS and PDOS of C-substituted 2DCN nanosheets. The difference spin density is shown in the insets. The blue and yellow regions represent the " and # spin
directions, respectively. The zero of energy is set at EF indicated by green dashed-dotted vertical lines.
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neighboring atoms, giving a strongly covalent bond character in the
formed substituted CZC or CZN bonds. To further clearly under-
stand the magnetic states of the doped systems, the difference spin
density is plotted in Fig. 13. The blue and yellow regions represent
the " and # spin states, respectively. The order of magnetic cou-
pling in C3N4 and C9N7 is ferromagnetic, while the other magnetic
structures exhibit antiferromagnetic interaction. The magnetic
moment results from the C atom and partly from the neighbor C
and N atoms, and the spin density is entirely localized at the
C-substituted impurity.

VIII. CONCLUSION

Two-dimensional carbon-nitride (2DCN) nanomaterials have
emerged recently as a prominent member of nanomaterials beyond
graphene. In summary, by employing extensive first-principles cal-
culations, we investigated the structural, electronic and magnetic
properties of 2DCN nanosheets of already synthesized (C2N, C3N,
C3N4, C4N3, C6N6, and C6N8) as well as predict novel one (C3N2,
C9N4, C9N7, C10N9, and C14N12). Energy-band structure calcula-
tions show that 2DCN gives rise to diverse electronic properties
including semimetal (C3N2, C4N, and C9N4), half-metal (C4N3),
ferromagnetic-metal (C9N7), semiconductor (C2N, C3N, C3N4,
C6N6, and C6N8), spin-glass semiconductor (C10N9 and C14N12),
and insulator (C2N2). We showed how point defects of vacancies,
substitutions, and interstitial impurities modify the electronic prop-
erties. Furthermore, the effects due to adsorption and substitution
of hydrogen atoms as well as N-vacancy defects are investigated.
Our results show that, in doing so, the electronic and magnetic
properties can be adjustable and allow to tune the bandgap and
magnetism. Tunable magnetism and bandgap in 2DCN nanosheets
is highly desirable for its use in nanoscale optoelectronic devices.

IX. SUPPLEMENTARY MATERIAL

See the supplementary material for the tuning of novel elec-
tronic and magnetic properties by hydrogenation, atom substitu-
tion, and defect engineering.
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