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ABSTRACT: Most of the studied two-dimensional (2D) materials are based on highly symmetric hexagonal structural motifs. In 
contrast, lower-symmetry structures may have exciting anisotropic properties leading to various applications in nanoelectronics. In 
this work we report the synthesis of nickel diazenide NiN2 which possesses atomic-thick layers comprised of Ni2N3 pentagons forming 
Cairo-type tessellation. The layers of NiN2 are weakly bonded with the calculated exfoliation energy of 0.72 J/m2 which is just slightly 
larger than that of graphene. The compound crystallizes in the space group of the ideal Cairo tiling (P4/mbm) and possesses significant 
anisotropy of elastic properties. The single-layer NiN2 is a direct bandgap semiconductor, while the bulk material is metallic. This 
indicates the promise of NiN2 to be a precursor of a pentagonal 2D material with a tunable direct bandgap. 
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Introduction 
Most of the well-known two-dimensional materials like gra-

phene, h-BN or transition metal dichalcogenides are based on 
the hexagonal building blocks.1,2 The high-symmetry hexagonal 
tessellation is very natural as the 2D plane can be easily covered 
by ideal hexagons. The realization of motifs of other symme-
tries may lead to a plethora of interesting properties like the an-
isotropic response to external stimulations in black phospho-
rus.3 Therefore, the search for basic and simple topologies is 
especially important for the design of 2D materials. Pentagons 
are much less common building blocks of 2D materials because 
regular pentagons cannot tile the surface in a gapless way. 
Therefore, pentagonal tiling requires pentagons to be distorted.4 
One of the most well-known pentagonal tilings is a Cairo-type 
tiling (tts-d topology, Fig. 1). 5 Recently Zhang et al. predicted 
a carbon allotrope penta-graphene, which consists of out-of-
plane distorted C5 rings, connected together in a pattern resem-
bling Cairo pentagonal tessellation.6 The distorted pentagonal 
tiling was also experimentally realized in layered PdSe2, which 
showed excellent air stability, tunable bandgap and high carrier 
mobilities.7  

The sp3-hybridized carbon atoms in penta-graphene and the 
buckling of layers in PdSe2 break the π-conjugation and lead to 
an indirect band gap in these 2D materials.6,8,9 Shao et al. sug-
gested that undistorted AB2 layers retaining π-conjugation may 

possess a long-desired intrinsic direct band gap in pentagonal 
2D materials.8 Theoretical studies uncovered a series of pentag-
onal materials AB2 (A = Pd, Pt, Ni, Sn, B, Al, Sn; B = S, P, N). 
8,10–14 For example, predicted single-layer SnX2 (X=S, Se, or Te) 
with pentagonal structure are topological insulators with non-
trivial band gaps and promising room temperature applica-
tions.14 Some pentagonal materials are predicted to be excellent 
catalysts for water splitting.15,16 However, despite very intensive 
computational studies, there are still no experimental structures 
where the pentagonal AB2 layers are not distorted.    

The geometry of an ideal Cairo tiling requires the angles of 
pentagons to be 3×120° and 2×90°, and each pentagon should 
have four longer edges and one shorter edge. Two distinct ver-
tices of such a pentagon must be 4 and 3 coordinated. The ratio 
between the long and the short edge in an ideal Cairo tiling is 1: 
(√3  − 1) or 1: 0.732 (Fig. 1). The ratio between 4- and 3-co-
ordinated vertices is 1:2, defining the AB2 stoichiometry.  



 

 
Figure 1. Pentagonal Cairo tiling with ideal geometry.  

These geometrical restrictions significantly limit the number 
of possible candidate structures and allow the design of the 
compounds to be based on basic chemical and crystal-chemical 
considerations. A compound must be comprised of two ele-
ments in 1:2 ratio with one element having a square-planar co-
ordination and the second element having a planar triangular 
coordination. The logical choice for the realization of square 
coordination is one of the group 10 metals (Ni, Pd, Pt), which 
form very stable 16-electron square-planar complexes. The pla-
nar triangular coordination of the second element and the re-
quirement for this element to form short homopolar bonds lim-
its the candidates to B, C, N. Therefore, compounds like MB2, 
MC2 or MN2 (M = Ni, Pd, Pt) are the logical compounds for the 
realization of pentagonal Cairo tiling. The consideration of 
bond length ratio excludes borides as potential candidates: sp2-
hybridized boron connected to two metal atoms and to one bo-
ron atom, would have single B-B bonds with a typical length of 
~1.8 Å. Therefore, the expected M-B length should be around 
2.5 Å, which is significantly larger than any typical M-B bond. 
Despite the significant number of acetylides of alkaline earth 

and early transition metals (MC2)17 no such compounds are 
available for the group 10 metals with only interstitial carbides 
known for Ni (Ni3C, Ni0.98C0.02). 18,19 

Dinitrides of group 10- and many other metals are available 
at high-pressure conditions.20–27 Pyrite-structured Pt and Pd per-
nitrides PtN2 and PdN2 were synthesised in laser-heated dia-
mond anvil cells via direct reactions between elements at pres-
sures above 48 and 58 GPa respectively.28,29 Recently marca-
site-type NiN2 was reported by Niwa et al. at ~36 GPa.30 Both 
pyrite and marcasite-type structures are built of MN6 octahedra 
interconnected with each other by sharing common edges or 
vertices and through strong N-N bonds. Furthermore, both 
structure types contain hidden Cairo-type tessellation and can 
be considered as possible precursors to 2D pentagonal materi-
als.4 While metal pernitrides have been extensively studied at 
high pressure conditions, their properties at ambient conditions 
have been examined to a much lesser extent because many of 
them are not thermodynamically stable. Nevertheless, it is ex-
pected that such dinitrides would follow a standard pressure-
coordination rule: the coordination number increases at high 
pressure and decreases on decompression. Therefore, sixfold 
coordinated metals in high-pressure dinitrides may transform to 
fourfold coordinated upon decompression, like in the recent ex-
ample of BeN4. 31 It was reported before that pyrite-PtN2 is met-
astable at ambient conditions, while pyrite-PdN2 decomposes to 
elements below 13 GPa.28,29,32 The structure of ambient-pres-
sure NiN2 is hitherto unknown.30 Here we demonstrate the syn-
thesis of nickel diazenide NiN2 with atomic-thick layers con-
sisting only of Ni2N3 5-membered rings and having an ideal 
space group for the Cairo pentagonal tiling P4/mbm. This com-
pound represents a long-sought prototype of pentagonal atomic-
thick 2D materials. 

 

 
Figure 2. (a) Raman spectra of m-NiN2 at various pressures (b) Raman shifts of Raman-active modes of NiN2 as a function of pressure (c) 
Comparison of Raman spectra of m-NiN2 (10.4 GPa) and a mixture of m-NiN2 and p-NiN2 (3.1 GPa). Red and blue ticks show the positions 
of calculated Raman-active modes of p- and m-NiN2, respectively. (d) Experimental and theoretically predicted N-N distances in m-NiN2 
and in p-NiN2 phases. (e) Calculated Bader charge transfer from the Ni atom ΔQ in m- and p-NiN2 as a function of pressure (f) Pressure 
dependence of the unit cell volume of NiN2. Orange line shows the 3rd order Birch-Murnaghan equation of state (V0 = 49.8(4) Å3, K0 = 165(6) 
GPa, K’ = 5.9(3)). 

Results and discussion 



 

High-pressure reactions between nickel and nitrogen at pres-
sures of 37.6, 38.7 and 49.8 GPa (Fig. S1, Table S1) lead to a 
marcasite-type NiN2 (m-NiN2) as evidenced by single-crystal 
X-ray diffraction analysis and agrees with the previous studies 
of Niwa et al.30 Full experimental and crystallographic details 
are provided in the Tables S2-S3 and in the supplementary cif 
files. All samples were gradually decompressed down to ambi-
ent pressure. Sample #1 was studied by means of single-crystal 
X-ray diffraction at every pressure step. Samples #2 and #3 
were first examined by powder XRD to confirm the synthesis 
of m-NiN2 and further studied by means of Raman spectroscopy 
(Fig. 2a-c). Pressure dependence of lattice parameters and unit 
cell volume between 50 and 4 GPa does not exhibit any peculi-
arities and is consistent with ref. 30 (Fig. 2f). However, between 
4.0 and 3.1 GPa m-NiN2 transforms to a phase with a different 
structure, which is hereafter referred to as p-NiN2 (p stands for 
“pentagonal” as explained below). p-NiN2 crystallizes in the te-
tragonal space group P4/mbm (a = 4.5755(12), c = 2.853(11) Å 
at ambient conditions) with Ni atoms occupying the Wyckoff 
site 2a (0,0,0) and N atoms occupying site 4g (-0.0960(6), 
0.4040(6), 0). The structure consists of atomic-thick layers built 
of Ni2N3 pentagons (Fig. 3 a,b). Ni atoms have square-planar 
coordination to four nitrogen atoms, while each N atom has a 
planar triangular coordination to two Ni and one N atoms. Trig-
onal planar coordination of N atoms suggests their sp2 hybridi-
zation and double character of the covalent N=N bond. The dou-
ble character of the N=N bond is also in agreement with the 
refined interatomic distance of 1.242(8) Å characteristic for 
metal diazenides M2+[N2]2- (M = Ca, Sr, Ba).33 NiN2 can be con-
sidered as a square planar 16-electron complex, which is typical 
for group 10 metals. The m-NiN2 → p-NiN2 transformation is 
characterized by a pronounced volume increase of ~14 % (Fig. 
2f), which is related to the change of Ni coordination number. 

Interestingly, the N-N distance in m-NiN2 decreases with de-
creasing pressure as evidenced by the increase of N-N stretch-
ing vibration frequencies from 1207 cm-1 at 39 GPa to 1250 cm-

1 at 4 GPa (Fig. 2 a, b). This is also supported by the results of 
single-crystal structure refinement and theoretical calculations 
(Fig. 2d). Such unusual and counterintuitive behavior can be 
explained by the changing of the charge transfer between Ni and 
[N2] units upon compression. The N-N distance in a [N2]x- dimer 
is extremely sensitive to the charge on this unit. Therefore, the 
compression of m-NiN2 leads to the increase of the oxidation 
state of Ni as evidenced by the calculated Bader charge transfer 
from Ni atoms (Fig. 2e). Moreover, this behavior agrees with 
the calculated decrease of electronegativity of Ni relative to N 
at high pressure, which leads to a more ionic character of Ni-N 
compounds as the pressure rises.34 We should note the peculi-
arity in the behavior of the Raman peak at ~1200 cm-1 in the 
pressure range between ~18 and 25 GPa, where it is smeared 
out and its maximum is shifted to lower wavenumbers (Fig. S2). 
This may manifest an isostructural transition in this pressure 
range. m-NiN2 also shows slight changes in compressional be-
havior of lattice parameters in the same pressure range.30 

The bulk modulus of m-NiN2 is reported to be 174(5) GPa, 
which is lower than typical bulk moduli of dinitrides with met-
als in the oxidation state +3 (e.g. FeN2, 35

 RhN2 21),  but also 
much larger than those of diazenides like BaN2

36or CuN2.
27

 

Upon m-NiN2 → p-NiN2 transformation the frequency of the 
A1g mode (N-N stretching vibration) discontinuously jumps by 
~200 cm-1, which manifests the significant decrease of the N-N 
bond length and therefore, the partial reduction of Ni along the 
way from Ni3+ to Ni2+ in p-NiN2 and also agrees with calculated 

Bader charges (Fig. 2e). A similar effect is reproduced in calcu-
lated phonon dispersions (compare Fig. 4a and Fig. S3) where 
the shift of the highest frequency optical phonon branch to 
higher frequencies between m-NiN2 and p-NiN2 is apparent. 
Note that according to our calculations both phases are dynam-
ically stable at pressure of interest for this study. The m-NiN2 
→ p-NiN2 transition is also supported by calculations, showing 
that p-NiN2 becomes lower in enthalpy than m-NiN2 below 7.5 
GPa (Fig. S4). 

Niwa et al. previously observed the transformation of m-NiN2 
to a tetragonal structure with a = 3.2111(2) and c = 2.7780(4) 
Å.30 The reported lattice parameter c agrees with our finding, 
but the parameter a differs by a factor of √2. Apparently, earlier 
studies detected only the Ni sublattice because the atomic scat-
tering factor of nitrogen is significantly lower than that of Ni 
and it might be challenging to observe weak reflections, which 
are defined by the scattering of only N atoms based solely on 
the powder XRD (Fig. S5-S6). 

 
Figure 3. Crystal structure of p-NiN2 at ambient conditions. Blue 
and grey balls show the positions of N and Ni atoms, respectively. 
(a) Projection along the c-axis. (b) Geometry of a single Ni2N3 pen-
tagon. Numbers indicate interatomic distances (Å) and bond angles 
(°). (c) Projection showing layer-stacking in p-NiN2. 

The layers of p-NiN2 are the example of the simplest non-dis-
torted pentagonal Cairo tiling (tts-d). All other known occur-
rences of tts-d topology are either complex metal organic 
frameworks or severely distorted inorganic structures like 
PdSe2 7 or K2Sb(P2O7)F. 37  



 

An interlayer distance of 2.853(11) Å in p-NiN2 at ambient 
pressure is substantially larger than the Ni-Ni distance in Ni 
metal (2.47 Å), while the N-N interlayer distance is typical for 
layered nitrides.38 Therefore, we can expect that NiN2 is a lay-
ered compound with only weak interactions contribution to the 
interlayer bonding and significant anisotropy of physical prop-
erties and easy cleavage of pentagonal NiN2 layers. The deple-
tion of the interlayer charge density in p-NiN2 compared to m-
NiN2 can be clearly seen on the calculated charge density maps 
(Fig. S7) and supports interlayer Ni-N bond breaking.  

In order to get an insight into the properties of p-NiN2 we 
have performed theoretical calculations in the framework of 
density functional theory. The calculated elastic tensor (Table 
1) reveals significant anisotropy of the elastic properties of p-
NiN2 (Fig. 4b). Young’s modulus of p-NiN2 varies between 
~42.5 and 658 GPa, which is less anisotropic than graphite or 
h-BN,39,40 but more anisotropic than most of the transition metal 
dichalcogenides41

 or MAX phases.42  
 
Table 1. Calculated elastic constants Cij (GPa) and maximum and 
minimum values of Young’s modulus E (GPa) of p-NiN2. 

C11 C33 C44 C66 C12 C13 Emax Emin 
715.3 83.4 12.7 249.1 200.8 1.5 658.9 42.6 
 
Calculated phonon dispersions (Fig. 4a), besides   the demon-

stration of the dynamic stability of p-NiN2 at ambient pressure 
via the absence of imaginary frequencies, clearly underline the 
layered nature of the compound and the high elastic anisotropy. 
This can be immediately recognized by the presence of layer 
bending modes with quadratic dispersion (Γ → M, Γ→ X paths 
on the Fig. 4a).43 We calculated the exfoliation energy (the en-
ergy required to remove one atomic layer from the surface of 
the bulk material) as the difference in the ground-state energy 
between a slab of N atomic layers and a slab of (N -1) atomic 
layers plus an atomic layer separated from the slab:  

𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 = −[𝐸𝐸𝑁𝑁−𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐸𝐸(𝑁𝑁−1)−𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙], 

The calculation with N = 16 results in Eexf = 0.72 J/m2, which 
is higher than the experimental values in graphene 0.37-0.44 
J/m2, 44 but is of the same order of magnitude, indicating that the 
NiN2 monolayer could be prepared experimentally from its bulk 
form.  

Single-layered MN2 (PtN2, PdN2, NiN2, AlN2, BN2) com-
pounds have been addressed in a number of recent publications, 
where their properties were investigated by means of theoretical 
calculations.10–12,45,46 According to Yuan et al. 10 the hypothet-
ical single layer of p-NiN2 is thermodynamically, mechanically 
and dynamically stable. Moreover, the single-layer NiN2 is pre-
dicted to be a direct-bandgap semiconductor (Fig. S8 and Ref. 
10) , while our calculations predict that bulk p-NiN2 is a metal 
with well-defined pseudogap in a vicinity of the Fermi energy 
(Fig. 4c, Fig. S9-S10).  

In bulk p-NiN2 the density of states (DOS) at the Fermi level 
is small and arise from the mixture of N-pz and Ni-dz2 orbitals 
(Fig. S9). The disappearance of the interaction between the lay-
ers in a single-layer material leads to a decrease in the DOS at 
the Fermi level and convert the atomic monolayer to a semicon-
ducting state in agreement with Ref. 10 (Fig. S10). Single-layer 
p-NiN2 has a significant advantage over predicted penta-gra-
phene and experimentally realized PdSe2 due to the direct band 

gap, which is achieved through the high-symmetry undistorted 
atomic-thick layers of NiN2. Once the layers distort in an out-
of-plane manner, a direct-to-indirect bandgap transition occurs. 
Therefore, the balance between lengths of Ni-N and N-N bonds, 
which allows the formation of the undistorted pentagonal Cairo-
type structure is essential for the electronic properties of p-
NiN2.  

 

   

Figure 4. Calculated phonon dispersion relations (a), directional 
dependence of Young’s modulus E (b) and electronic density of 
states plotted relative to the Fermi energy (c) of p-NiN2 at 0 GPa. 
x,y,z axes in (b) correspond to crystallographic directions [100], 
[010] and [001] respectively.   

 
Conclusion 
In conclusion, here by a combination of crystal chemical design 
and high-pressure synthesis we have discovered a compound p-
NiN2 possessing atomic-thick layers featuring pentagonal Cairo 
tessellation. The material is recoverable at ambient conditions 
and is a potential precursor for a pentagonal 2D material with a 
tunable direct band gap. 



 

Methods 
High-pressure synthesis 

In every synthesis experiment Ni powder was placed inside a 
sample chamber of the BX90 diamond anvil cell (DAC) 
equipped either with Boehler-Almax type diamonds or with 
standard-cut diamonds with 200-300 μm culet size (Fig. S1). 
The DACs were loaded with nitrogen gas, which served as a 
reagent and as a pressure-transmitting medium. The samples 
were compressed to target pressures (Table 1) and laser-heated 
at the beamlines P02.2 (PetraIII, DESY, Germany) and 
GSECARS (APS, USA). In the diffraction experiments pres-
sure was determined using the equation of state of Ni (V0 = 
6.579 cm3/mol, K0 = 201 GPa, K’ = 4.4).47 In Raman experi-
ments pressure was determined by the ruby fluorescence.48 
Synchrotron X-ray diffraction 

The high-pressure reaction product contained multiple good-
quality single-crystalline domains of NiN2 and they were char-
acterized by synchrotron single-crystal X-ray diffraction at the 
beamlines P02.2 (PetraIII, DESY, Germany) and 16IDB 
(HPCAT, APS, Argonne, USA). At Petra III we used mono-
chromatic X-ray radiation with λ = 0.2908 Å focused by Kirk-
patrick-Baez mirror system to ~2×2 μm2 (full width at half max-
imum). Diffracted intensities were collected by a Perkin Elmer 
XRD1621 detector. At the beamline 16IDB we used monochro-
matic X-ray radiation with λ = 0.34453 Å and beam size of 
~5×5 μm2. Diffraction images were measured by a Pilatus 1M 
pixel detector. For the single-crystal XRD measurements sam-
ples were rotated around a vertical ω-axis in a range ±30° with 
an angular step Δω = 0.5° and an exposure time of 1-2 s/frame. 
For analysis of the single-crystal diffraction data we used the 
CrysAlisPro software package. Powder diffraction measure-
ments were performed without sample rotation (still images). 
DIOPTAS software was used to integrate diffraction images to 
powder patterns. 49 Le-Bail fits of the diffraction patterns were 
performed with the Jana2006 software. The structure was 
solved with the ShelXT structure solution program50 and re-
fined with the Jana2006 and Olex2 programs.51,52 CSD 
2075933-2075937 contain the supplementary crystallographic 
data for this paper. These data can be obtained free of charge 
from FIZ Karlsruhe via www.ccdc.cam.ac.uk/structures.  
Raman spectroscopy 

Raman spectra of the samples were collected at GSECARS 
(APS, Argonne, USA) Raman system with the excitation wave-
length of 532.14 nm. Technical details of the system are de-
scribed elsewhere.53 
Calculations 

DFT calculations were carried out using the projector-aug-
mented-wave (PAW) method54 as implemented in the Vienna 
ab initio simulation Package.55–57 For the description of struc-
tural, vibrational and mechanical properties, the exchange and 
correlation energy was described by optB88b-vdW 58 method 
with nonlocal contributions. This allows us to account for van 
der Waals interactions. The exchange functional is optimized 
for the correlation part.58   The phonon calculations have been 
performed within the quasiharmonic approximation at temper-
ature T = 0 K using the finite displacement approach imple-
mented into PHONOPY software.59  A (4×4×6) sized supercell 
(576 atoms) with 3×3×3 k-point grids has resulted converged 
phonons for both structures. Bader charge analysis 60 derived 
from topological consideration on the charge distribution was 
performed using the code developed by Henkelman et al. 61 for 

300×300×300 NG(X,Y,Z)F mesh. The elastic constants were 
calculated from energy-strain relationships with ±1,2% strain 
and utilized in deriving the directional variation of the Youngs 
modulus. 62 The factor group analysis approach has been uti-
lized for space group 58 (m-NiN2) and 127 (p-NiN2) to obtain 
the Raman active irreducible representations, which have been 
compared with the symmetry of the vibrational modes calcu-
lated at Gamma point. 

For accurate calculations of the electronic band structure and 
the electronic density of states, we additionally used the Heyd-
Scuseria-Ernzerhof (HSE06) functional with nonlocal screened 
Coulomb interactions.63,64

  In the HSE06 functional 75% of ex-
change functional by Perdew et al. 65 (PBE) is mixed with 25% 
Hartree-Fock exchange, while 100% of correlation effects are 
included in the PBE form. At each volume, the structure was 
fully optimized (atomic positions and cell shape) until the re-
sidual forces on each atom were smaller than 10-4 eV/Å. The 
convergence criterion for the electronic subsystem was chosen 
as 10-5 eV for two subsequent iterations.  

The sampling for Brillouin zone integrations is performed us-
ing the Gamma scheme with 12×12×22 (p-NiN2) and 12×14×22 
(m-NiN2) k-point grids for optB88b-vdW. In the HSE06 calcu-
lations a sampling of 8×8×14 (p-NiN2) and 8×10×14 (m-NiN2) 
were employed. The energy cut-off for the plane waves was set 
to 700 eV. 
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