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Prediction of a two-dimensional crystalline structure of nitrogen atoms
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Based on first-principles density functional calculations, we predict that nitrogen atoms can form a single-layer,
buckled honeycomb structure called nitrogene, which is rigid and stable even above room temperature. This 2D
crystalline phase of nitrogen, which corresponds to a local minimum in the Born-Oppenheimer surface, is a
nonmagnetic insulator with saturated = bonds. When grown on a substrate like Al(111) surface and graphene,
nitrogene binds weakly to substrates and hence preserves its free-standing properties, but it can easily be pealed
off. Zigzag and armchair nanoribbons of nitrogene have fundamental band gaps derived from reconstructed edge
states. These band gaps are tunable with size and suitable for the emerging field of 2D electronics. Nitrogene
forms not only bilayer, but also 3D graphitic multilayer structures. Single-layer nitrogene can nucleate and grow

on the armchair edges of hexagonal boron nitride.
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I. INTRODUCTION

Finding the contender of graphene in the field of 2D
electronics and in other potential applications has derived
active research for graphenelike structures, which do not
exist in nature. What followed graphene were other 2D
materials, such as the 2D insulator boron-nitride (h-BN)
[1-3], semimetallic silicene, germanene, and stanene, namely,
graphene analogs of group IV elements [4-9], h-BN analogs
of group IV-1V, III-V, and II-VI compounds [10], graphyne
[11-14], transition-metal dichalcogenides [15—18], the auxetic
piezoelectric 2D material silicatene with negative Poisson’s
ratio [19,20], etc. Much recently, the fabrication of field
effect transistor using micrometer sized flakes consisting of
two-three layers of black phosphorus [21] and theoretical
analysis [22,23] revealing the stability of its single-layer
allotropes have made group V elements a subject of active
research.

We performed a theoretical analysis to exploit the idea
of whether other Group V elements like Sb, As, and N can
form single-layer structures. Interestingly, the conclusion of
our analysis has been positive and revealed that these three
elements can also form 2D crystalline structures like silicene
or phosphorene. Nitrogen, in particular, has a liquid phase
at 77 K; molecular/nonmolecular solid phases [24-29] and a
3D cubic gauche(cg-N) crystalline phase [30,31] at extreme
conditions, but normally it is gaseous at room temperature.
Here we show that nitrogene can also form a crystalline
phase with a 2D hexagonal lattice in a single-layer, buckled
honeycomb structure, named nitrogene. Notably, while N,
molecule is triple bonded, nitrogene is constructed from
threefold-coordinated and single-bonded N atoms similar to
the 3D cg-N crystalline phase. We showed that nitrogene can
remain stable above the room temperature and can form stable
nanoribbons, bilayers, and a 3D graphitic structure named
nitrogenite. However, unlike semimetallic graphene or silicene
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having perfect electron-hole symmetry, nitrogene is a wide
band gap insulator. We believe that the present study is impor-
tant not only because a contender of graphene is unveiled, but
also for the prediction of a 2D single-layer crystal of nitrogen.

The organization of the paper is as follows. In Sec. II, we
present the details of the methods used in our study. In Sec. II1,
we first describe the single-layer, buckled honeycomb structure
of nitrogene obtained from structure optimized total energy
calculations. Using ab initio phonon and finite temperature
molecular dynamics calculations, we demonstrate that free
nitrogene can remain stable above the room temperature.
Furthermore, its stability is not affected by the formation of
a single vacancy defect or adsorption of selected adatoms. In
Sec. IV, we investigate the electronic structure of free nitro-
gene and its nanoribbons. Nitrogene bilayer and 3D layered
structure and their electronic properties are also presented in
the same section. In Sec. V, we present our simulation results
related with the nucleation of nitrogene. We show that once
grown on substrates like Al(111) or graphene, the interaction
between nitrogene and the substrate becomes weak and hence
the physical properties of free nitrogene are sustained.

II. METHOD

Our prediction of nitrogene is obtained from first-principles
pseudopotential calculations based on the spin-polarized den-
sity functional theory (DFT) within the generalized gradient
approximation including van der Waals (vdW) corrections
at DFT-D2 level [32], which was found suitable for layered
structures in earlier tests [33]. Similar calculations have been
successful in predicting several 2D structures [5,10,18,19],
which were subsequently synthesized. We used projector-
augmented wave potentials [34] and the exchange-correlation
was approximated with the Perdew-Burke-Ernzerhof (PBE)
functional [35]. While optimizing the atomic positions using
the conjugate gradient method (CG), the energy convergence
value between two consecutive steps was chosen as 107> eV.
A maximum force of 0.01 eV/ A was allowed on each atom.
Calculations were carried out using the VASP software [36].
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The Brillouin zone (BZ) corresponding to the primitive unit
cell was sampled by a grid of (21 x 21 x 1) k points [37].
Since the band gaps are underestimated by standard DFT, we
carried out calculations using the HSEO6 hybrid functional
[38], which is constructed by standard mixing 25% of the
Fock exchange with 75% of the PBE exchange and 100% of
the PBE correlation energy and also partially self-consistent
quasiparticle GW formalism (GW) [39]. In addition to ab
initio phonon calculations [40], the stability of the structures in
the local minimum was tested at high temperatures by ab initio,
molecular dynamics (MD) calculations using two different
approaches. In the first one, Nosé thermostat [41] is used and
Newton’s equations were integrated through Verlet algorithm
with time step of 2 fs. In the second one, we scaled the
velocities at each time step to keep the temperature constant.

III. ATOMIC STRUCTURE AND STABILITY
OF NITROGENE

Among different possible geometries, the washboard struc-
ture of black phosphorene [22], which we adapted to nitrogene
underwent an instability in the course of structure optimization
and dissociated into N, molecules. The planar honeycomb
structure constructed from the 2D hexagonal lattice with
two nitrogen atoms in the primitive cell is buckled in the
course of structure optimizations; while the nitrogen atoms
at three alternating corners of a planar hexagon are displaced
downwards, the other three were raised upwards with a
buckling distance of A = 0.7 A. The fully optimized nitrogene
structure is described in Fig. 1. To avoid possible artifacts of
single cell calculations, where reconstructions extending to
few primitive cells can be hindered and thus the structure may
fictitiously appear stable, we also optimized the structure using
a (4 x 4) supercell providing higher degrees of freedom; this
ended with the same structure obtained from the (1 x 1) single-
cell optimization. The nitrogene structure has a nonmagnetic
ground state. In the buckled honeycomb structure, three sp"“
orbitals of nitrogene atoms having bond angle o« = 99° form
covalent o bonds with the three nearest N atoms and provide
the strength of nitrogene. The remaining two electrons on
each nitrogen form sp"# orbitals with a relatively high p
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contribution. They are involved in the - and 7*-like bonds
with the nearest atoms and ensure the planar geometry con-
structed from two parallel planes of nitrogen atoms. The single
bonding of nitrogene is illustrated by the isosurfaces of the
total charge density in Fig. 1(a). Since the optimized structure
of nitrogene has a cohesive energy of Ec = 3.67 eV /atom,
its formation energy relative to the strong N, molecule is
—1.33 eV. Accordingly, nitrogene corresponds to a local
minimum in the Born-Oppenheimer surface; it disintegrates
to N> molecules once an energy barrier is overcame. In this
respect, the energy stored in the buckled honeycomb structure
can be released suddenly like a CgHg cubane molecule [42,43]
with inert gaseous nitrogen as the only product. The stored
energy density is approximately equal to 130 kJ/kg, which is
small when compared to common explosives.

At this point we compare the structural parameters and
cohesive energy of nitrogene with similar single-layer struc-
tures of other group V elements, namely, P, As, and Sb, all
having buckled honeycomb structures. The nearest-neighbor
distances of nitrogene, phosphorene [22], arsenene [44], and
antimonene [45] are 1.49, 2.27, 2.50, and 2.87 10\, the buckling
values 0.70, 1.24, 1.39, and 1.67 A and the cohesive energies
per atom are 3.67, 5.19, 2.99, and 2.87 eV, respectively.

Even if the structure optimizations using CG favor stability
of free-standing nitrogene, we perform further tests to assure
that nitrogene is stable in the local minimum and can sustain
applications above the room temperature. First, to verify
the stability of nitrogene against small frequency acoustic
vibrations and small transversal/longitudinal displacements in
different directions, we calculate the frequencies of vibrational
modes using a fine graded k-point sampling. All calculated
frequencies are positive ensuring the stability of nitrogene.
Otherwise, imaginary frequencies would imply structural
instability for the corresponding modes. The vibrational bands
along the symmetry directions of BZ are presented in Fig. 1(b).
The optic branches are separated from acoustic branches,
except at the K point where one optical branch touches the
acoustic one.

Even if all acoustic and ZA branches with positive fre-
quencies ensure stability, the optimized structure by itself may
correspond to a local shallow minimum and hence it may
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FIG. 1. (Color online) Structure and stability analysis of nitrogene: (a) 2D crystalline structure of nitrogene with optimized lattice constants
ay =a, =227 A, the buckling A = 0.7 A, single-bonded N-N distance d = 1.49 A, bond angles o« = 99° and B = 118°. Bonding is depicted
by an isosurface of the total charge density. (b) Vibrational bands. (c) Ab initio MD snapshots of atomic structure at temperatures 850 and 1000 K.
Energy vs time plots calculated using the Nosé thermostat and constant temperature value are shown with blue and red lines, respectively.
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turn to be unstable at a finite temperature. We clarified this
critical situation by performing ab initio MD calculations at
850 and 1000 K. The stability is maintained at 850 K for 6 ps,
but at 1000 K the crystalline structure was dissociated into
N, molecules as shown in Fig. 1(c). These MD calculations
confirm at least the stability above the room temperature.
Furthermore, we calculated the in-plane stiffness to be C =
270 N/m?, which indicates the strong covalency of N-N bonds
in the buckled honeycomb structure. The calculated in-plane
stiffness of nitrogene can be compared with those of graphene
(330 N/m?), h-BN (240 N/m?), silicene (65 N/m?), and MoS,
(138 N/m?), all having single-layer honeycomb structure.
Apparently, nitrogene marks an in-plane stiffness value, which
is the second highest among these nanostructures.

We next address the question whether the stability is
endangered by the vacancy defect, or by the adsorption of
single adatoms like H and O. We consider a single vacancy
periodically repeating ina 5 x 5 supercell of nitrogene, where
the coupling with nearest defects is minute. Upon the optimiza-
tion of atomic structure no rebonding took place between the
two-folded nitrogen atoms surrounding the vacancy and hence
the structure remained symmetric. The atoms surrounding the
vacancy underwent a small relaxation, but a reconstruction
observed in defect graphene [46—48] did not occur in nitrogene.
The N-N bond lengths of the two-folded atoms reduce to
1.34 A from their equilibrium value of 1.49 A in the pristine
structure. The vacancy formation is endothermic with a for-
mation energy Ey = 5.59 eV. At the end, the defect structure
remained stable by gaining a 3 pup permanent magnetic
moment per vacancy. The magnetic ground state of the defect
structure complies with Lieb’s theorem [49]. In addition, the
buckled honeycomb structure of pristine nitrogene is preserved
with a minute deformation at the close proximity of adsorbates
such as H and O atoms, which are adsorbed with binding
energies of 2.06 and 3.20 eV, respectively.

IV. ELECTRONIC STRUCTURE

A. Free nitrogene

Having been assured of the stability of free nitrogene, we
next investigate its electronic energy structure. Nitrogene is a
nonmagnetic insulator with a DFT band gap of £, = 3.96 V.
Because of honeycomb structure, the bands originating from
- and 7 *-like bonds cross each other and form cones around
the K point. However, in contrast to graphene and silicene,
these 7 and * bands at the top of the valence band are filled,
since the corresponding bonds are saturated. Calculations
carried out by HSE show that the fundamental band gap is
Eq nuse = 5.96 €V, hence DFT underestimates the band gap by
~?2 eV, whereas the many-body correction through the GW|,
method predicts a band gap of nitrogene of 7.26 eV, which
apparently overestimates the HSE band gap by 1.3 eV as seen
in Fig. 2(a). The bands at the edges of conduction and valence
bands are composed of mainly 2 p-valence orbitals of nitrogen.
The bands at the bottom of the valence band are dominated
by 2s orbitals. The charge density isosurfaces of 7 and 7 *
bands at the edge of the valence band clarify the role of the
corresponding bonds in layer geometry. These bands are filled
and separated from the empty bands by a large gap.
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FIG. 2. (Color online) Free nitrogene: (a) Electronic band struc-
ture, (b) Total and s- and p-orbital projected densities of states, and
(c) The charge density isosurfaces of states associated with 7* and
o bonds. The bands calculated by HSE and GW,, are shown with
green dashed and blue dotted lines. The crossing at the K point is
highlighted. The zero of energy is set to the top of the valence band.

Single vacancy formation in nitrogene gives rise to three
filled spin-down states and three empty spin-up states as defect
states. These states are localized in the band gap and have a
gap ~0.4 eV between them, and 3 pp permanent magnetic
moment. The energy position of these localized gap states and
the resulting high magnetic moments can be monitored by the
decoration of vacancy in diverse patterns.

B. Nitrogene nanoribbons

Since finite size ribbons are used in various applications,
their stability and electronic properties become critical for the
characterization of nitrogene. Here, we consider bare nitrogene
nanoribbons having armchair and zigzag edge geometries,
which are specified by the number of nitrogen atoms, n in
their primitive unit cell. In Fig. 3(a), we show the primitive
unit cell of the armchair nanoribbon with n = 22 and the
corresponding band structure with E, = 2.16 eV direct band
gap. The variation of E, with the width of the ribbon or n
shows a family behavior, especially for small n. The band gap
E, is small for low values of n, but it gradually increases
with decreasing coupling between edges for large n, and
eventually saturates at E, ~ 2.2 eV for n > 22. Two bands
at the edge of valence and conduction bands (V and C) are
derived from the edge states as demonstrated by the band
decomposed charge density isosurfaces. The direct band gap
of the armchair nanoribbon with n = 22 increases ~1.3 eV
upon HSE correction.

The edge atoms of the zigzag nanoribbon undergo a
reconstruction. The structure optimization using a primitive
unit cell with » atoms mandates a fictitious, metallic structure.
However, upon a Peierls type structural transformation, the
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FIG. 3. (Color online) Bare nanoribbons of nitrogene: (a) Atomic
configuration and the energy band structure of the armchair nitrogene
nanoribbon specified by the number of nitrogen atoms in the primitive
unit cell, n. Variation of band gap with n and charge density
isosurfaces of specific band states at the edges of conduction (C)
and valence (V) bands are shown. Energy bands calculated by HSE
are shown by dashed lines. (b) Same for the zigzag nanoribbon, where
calculations are performed for the 2 x 1 unit cell.

40 20
>
[]
3
=20 100}
9]
c
[FH)
0 0
2

-8

r M K r

FIG. 4. (Color online) Bilayer and 3D layered structures: (a)
Minimum energy stacking geometry of bilayer and the variation of
the binding energy of layers with the distance z between them. The
binding energies of layers E}, are given relative to z — oo. (b) Same
for 3D nitrogenite. The electronic band structures of bilayer (c) and
nitrogenite (d).
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metallic state changes to semiconductor. In Fig. 3(b), we
present the reconstructed structure of the zigzag nanoribbon
with 2n = 32, which is optimized in the 2 x 1 unit cell. The
corresponding band gap calculated by DFT is E, ~ 0.76 eV.
This value increases by ~0.5 eV upon HSE correction.
However, the band gap varies with 2n; it is small for low
values of 2n, but increases and saturates to E, = 0.75 eV
for 2n > 32 as presented in Fig. 3(b). Accordingly, the band
gap values of zigzag nanoribbons are found to be convenient
for 2D electronic applications. The charge density isosurfaces
of V and C bands clearly show that they are associated with
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FIG. 5. (Color online) Snapshots of atomic configurations corre-
sponding to the nucleation and initial stages of growth of nitrogene
from the armchair edge of a nitrogene seed (or small flake) calculated
by the nudge elastic band (NEB) method. Each snapshot corresponds
to an intermediate step. (a) and (b) Initial N, molecules approach the
seed and construct nitrogen hexagons. (¢) and (d) The second row
hexagons are forming. (e) Energy barrier calculated by NEB method
for the formation of nitrogene from N, molecule.
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edge states. Both armchair and zigzag nanoribbons have a
nonmagnetic ground state; as an example, the nonmagnetic
zigzag nanoribbon with 2n = 32 is more favorable than the
magnetic state by 394 meV. In contrast to 7 and 7* bonds
of nitrogene, the bonds of two folded atoms at the edge of
nanoribbons are chemically active and can form strong bonds
with foreign atoms. Upon the saturation of nitrogene at the
edges by hydrogen atoms, the bands associated with edge
states are discarded and the DFT band gap increases to ~4 eV
for both armchair and zigzag nanoribbons.

C. Bilayer and multilayer nitrogene

Our analysis shows that not only single-layer nitrogene,
but also bilayer and its 3D graphitic phase constructed from
the stacking of single nitrogene layers, namely nitrogenite are
stable. The relative lateral displacement of adjacent nitrogene
layers by r = (a; + a,)/3 leads to the minimum energy, AB
stacking for the bilayer. Similarly, the ABAB ... stacking
for 3D nitrogenite has the minimum energy. Accordingly,
the three nitrogen atoms at the alternating corners of a
hexagon face the similar nitrogen atoms of the adjacent layers,
while the remaining three nitrogen atoms face the centers
of hexagons. This way, the N-N bonds in each nitrogene
layer become staggered relative to the ones in the adjacent
layers. The stacking geometry of layers described in Figs. 4(a)
and 4(b) is reminiscent of graphene stacking in graphite.
In the same figure, the variation of total energy relative to
the spacing z between two layers is shown; the minimum
energy occurs for z = 3.38 A, and the binding energy of
layers is weak and is only E, = 10 meV/cell. However,
owing to increased interlayer interactions from both sides,
nitrogenite has relatively higher interlayer binding energy (or
exfoliation energy) E, = 98 meV /cell and a relatively smaller
interlayer distance of z = 3.26 A relative to the bilayer. The
weak interlayer interaction is predominantly vdW attraction.
Consequently, as shown in Figs. 4(c) and 4(d), the electronic
band structure of bilayer and nitrogenite are not affected
significantly by the weak coupling between adjacent nitrogene
layers. The DFT band gaps are slightly modified in the
multilayer structures of nitrogene.

V. NUCLEATION OF NITROGENE

While the triple bonded diatomic nitrogen N; has strong
binding energy and is in a gaseous state at room temperature,
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its crystalline and molecular solid phases have been an active
subject of study. Earlier, theoretical studies based on DFT total
energy calculations using psedopotentials with a plane-wave
basis set predicted metallic, polymeric, and diatomic phases
of nitrogen [27]. In particular, a crystalline form with a cubic
gauche structure was predicted [27]. Later, Raman, infrared
and x-ray measurements provided evidence for new phases
of nitrogen at high pressure and temperature [29]. Some
of these phases were quenched to room temperature. At
low temperatures and pressures, nitrogen forms an insulating
molecular crystal in which N, molecules are held together
by weak vdW attractive interactions [50]. As the pressure is
raised, N, molecules dissociate to form mono-atomic metallic
solids. This nonmolecular phase is a semiconductor at room
temperature at 140 GPA pressure. Notably, this phase remains
stable and becomes a semiconductor at low temperatures
below 100 K and ambient pressure for practical usage [30].
Additionally, a crystalline form of nitrogen, where the atoms
are connected with single covalent bonds, is synthesized
recently at extreme conditions [31]. This is the theoretically
predicted cubic gauche structure, which has ~1 eV/atom
energy above the energy of the diatomic «-N, (Pa3) phase
[27].

The present study predicts that a 2D, single-layer crystal of
single-bonded N atoms with a buckled honeycomb structure,
namely nitrogene, can form as a local minimum and remain
stable above room temperature. Here, based on ab initio
simulations we show two atomic mechanisms of how nitrogene
can nucleate. Both mechanisms provide evidence that a
nitrogene crystal can be synthesized.

The first mechanism starts from a seed (or a small flake)
of nitrogene, which has an armchair edge. As shown in
Figs. 5(a)-5(d), nitrogene can nucleate and grow by the
intake of N,. Using the nudge elastic band (NEB) method
[51], the corresponding energy barrier is calculated to be
~3 eV in Fig. 5(e). In the second mechanism, the nucleation
of nitrogene can be realized also at the armchair edges of
single-layer, hexagonal BN (h-BN) seeds or small flakes.
Snapshots of atomic configurations at different stages of
the nucleation and growth, which are obtained through the
ab initio simulations are described in Fig. 6. The grown
nitrogene has the Stone-Wales defects consisting of adjacent
five-fold and seven-fold rings. In the advanced stages, large
rings even chains of N atoms can form. Interestingly, similar
situations have occurred also in the growth of graphene on
h-BN [52]. These defects are healed in the course of prolonged
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FIG. 6. (Color online) Top and tilted views of snapshots of atomic configurations obtained from the simulation of the nucleation of nitrogene

through the intake of N, at the armchair edge of a h-BN seed.
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cycles of growth. Since small h-BN flakes can easily be
transferred on a suitable substrate, the second mechanism
appears rather promising. Other scenarios including aggrega-
tion within a layered template structure such as h-BN, where
the activation barrier may be lowered catalytically, are also
possible.

A. Nitrogene on substrates

Here, we address the questions whether nitrogene remains
stable and maintains its free standing properties once it is
grown on a suitable substrate. We first examine the interaction
between a reactive metal substrate and nitrogene. To this end,
we consider an Al(111) surface despite other substrate surfaces
that may have lattice constants close to that of nitrogene,
since Al(111) is rather reactive. To compensate the 7% lattice
mismatch, we compress Al(111) uniformly.

Atomic configuration of nitrogene on an Al(111) substrate,
which is mimicked by a slab consisting of four Al(111)
atomic planes as described in Fig. 7(a). The binding energy
of nitrogene to the Al(111) substrate is 190 meV /atom and
consequently the minimum distance between nitrogene and Al
surface atoms is large and is 3.1 A. This situation suggests that
nitrogene interacts weakly even with a reactive metal surface
through a vdW attraction. The calculated total density of states
of the nitrogene + Al(111) system, the local density of states
at the nitrogene overlayer, and at the Al(111) substrate are
shown in Fig. 7(b). The local density of states at the nitrogene
overlayer is almost identical to the total density of states of
free nitrogene presented in Fig. 2(b) and has a fundamental
band gap of 3.9 eV. This is strong evidence that the electronic
structure of free-standing nitrogene discussed in Sec. IV is
sustained after the growth of a single nitrogene layer on a
reactive metal substrate. On the other hand, the local density of
states on the Al(111) slab indicates that it remains metal with a
high density of states at the Fermi level. Moreover, the Al(111)
slab comprising a finite number of Al(111) planes has a density
of states that displays a stepwise variation with energy as a
manifestation of the quantum size effect [53]. In the calculated
band structure of nitrogene grown on an Al(111) surface in
Fig. 7(c) one distinguishes nitrogene bands with a 3.9-eV band
gap from the metallic Al(111) slab bands. The bands belonging
to the nitrogene overlayer and Al(111) slab are separated in
the momentum space. Therefore the conduction electrons of
the Al(111) slab encounter a barrier to join the conduction
band of nitrogene. In summary, the local density of states and
the electronic band structure corroborate the weak interaction
between the nitrogene overlayer and the Al(111) slab, and
indicate that the properties of nitrogene grown on the surface
of a reactive metal like Al do not alter from those of free
nitrogene. Notably, the equilibrium binding energy of fully
relaxed nitrogene on a graphene substrate is even weaker and
is only 39 meV /atom.

VI. CONCLUSIONS

In conclusion, our theoretical study predicts that nitrogen
atoms can form a 2D single-layer crystal with a hexagonal
lattice and buckled honeycomb structure. This structure named
as nitrogene shares the same structure common to the stable
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FIG. 7. (Color online) Nitrogene on Al(111) substrate: (a)
Atomic configuration of nitrogene overlayer on the Al(111) substrate
(or slab) consisting of four Al(111) planes. Small (light blue) and
large (yellow) balls denote N and Al atoms, respectively. (b) Total
and local density of states projected on N and Al atoms. Nitrogene
layer on Al(111) preserves its fundamental gap, while the metallic
density of states of Al slab shows a stepwise variation with energy. (c)
Electronic band structure of nitrogene + Al(111) system. The states
of nitrogene layer are indicated by dotted (red) lines.

single-layer structures of group V elements, i.e., phosphorene,
arsenene, and antimonene. Free nitrogene is stable in ambient
conditions and remains intact above the room temperature.
While pristine nitrogene is a wide band gap insulator, its
nanoribbons with zigzag and armchair edge geometries have
band gaps in the range of 0.6 eV < E, < 2.2 eV, which
can be engineered by varying their widths. Additionally,
nitrogene can form a stable bilayer, as well as a 3D layered
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structure named nitrogenite. The results of our ab initio
simulations and NEB [51] calculations suggest that nitrogene
can nucleate at the edges of nitrogene and h-BN seeds.
When grown on substrates, nitrogene interacts weakly even
with reactive metal substrates and maintains the properties
of free nitrogene. Briefly, the present study predicts a stable
2D crystal of nitrogen atoms, which forms also 3D layered
solid, bilayer, and 1D ribbon structures. These structures can
function either in 2D electronics or in the coating of specific
surfaces.
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