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Cerium ions can exist in the trivalent or tetravalent forms such as in Ce,Oz and CeO,, respectively.
Therefore, they can provide different chemical environments for stabilizing novel polymeric nitrogen
species. This article explored the phase diagram of binary Ce—N compounds under pressures of up to
150 GPa using the crystal structure prediction method MAGUS. In this work, we find that nitrogen atoms
can exist in the form of Ny, N4, N5, Ng, and Ng units. In addition, we identified an infinite helical N4 chain
in l4,/a CeN,4 at about 100 GPa. Differing from the well-known zigzag or armchair nitrogen chains which
are mixed with single and double bonds, the helical N4 chain is purely single-bonded. Moreover, it can
be quenched to ambient pressure and exhibit excellent denotation properties. We also identified a
layered porous nitrogen network in CeNg. After the removal of cerium atoms, the nitrogen network is
also dynamically stable in the R3 phase, which has a lower energy than the previously identified P1
phase. For the pentazolate salts, the /4/m CeNjq exhibits ferromagnetism, while the C2 and P2;2;2
CeNjs5 exhibit anti-ferromagnetism. Overall, the newly discovered Ce—N compounds with polymeric
nitrogen exhibit fascinating structural and electronic characteristics, which may lead to potential applica-
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Introduction

The element nitrogen plays an important role on earth. It takes
the valence configuration of s’p® which needs three extra
electrons to fill the 2p shell. The easiest way is to share six
electrons with another nitrogen atom forming the N=N triple
bond. Alternatively, it can form N-N single bonds with other
nitrogen atoms to constitute three-coordinated nitrogen frame-
works. Most strikingly, there exists a large energy difference
between a single bond (~160 k] mol %) and a triple bond
(~954 k] mol ')." Therefore, a great amount of chemical
energy will be released when single-bonded nitrogen com-
pounds are broken down into nitrogen gases, and polymeric
nitrogen has potential application values in the energy-storage
field or as explosives or propellants.??

Researchers have predicted a series of stable nitrogen allotropes
under high pressure, from the molecular crystals to the single-
bonded cubic-gauge nitrogen in 1992 (cg-N),* and then to the
layered Pha2 phase in 2009,” a cage-like diamondoid structure
in 2012,° and metallic salts in 2013.” In addition, some
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tion in areas such as explosives or catalysis.

metastable all-nitrogen polymeric structures are also predicted,
such as the N unit in 2016, Ng in 2014, N;, in 2020,5*° the
chain-like Cmcm phase in 2003 and 2004,""* and the layered
black phosphorous structure in 2005."* Because the N=N
triple bond is one of the strongest chemical bonds on earth,
we need a large amount of energy to break it before forming
polymerized structures. Extreme conditions such as high pres-
sure and high temperature are inevitable for the experimental
synthesis of pure polynitrogen. Although cubic gauge nitrogen
(cg-N)* has been proposed for a long time, the first experimental
breakthrough was made by Eremets et al in 2004."* They
synthesized cg-N under a high pressure of 110 GPa and a high
temperature of over 2000 K. After that, people managed to
acquire more polymeric nitrogen allotropes under higher pres-
sure, including LP-N in 2014, HLP-N in 2019, and BP-N (black
phosphorous phase) in 2020.">® However, none of these poly-
meric phases have been recovered under ambient pressure,
which limits their applications.

As an alternative way, people began to explore nitrogen-rich
compounds that might be stabilized at much lower pressure.
Among them, a variety of novel polynitrogen species were
identified in alkali and alkaline-earth metal nitrides, for exam-
ple, the azide N3~ unit in XN; (X = Li, Na, and K),"*"' the
pentazolate N5~ ring in LiNjs in 2020,>” the cis-N, unit in Mg,N,
in 2019, and the infinite one-dimensional (1D) armchair poly-
N, chain in XN, (X = Be predicted in 2021, Mg in 2019, etc.).>>**

© 2023 The Author(s). Published by the Royal Society of Chemistry
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These poly-nitrogen units are likely to capture extra electrons to
fill the nitrogen 2p orbitals, thus serving as anions, while alkali
or alkali-earth metals provide extra electrons, thus serving
as cations. The alkali-earth metals can also form salts with
pentazolates.”>™” The transition metal elements with larger
chemical valences and ionic radius can help attract more
nitrogen species to reach larger energy densities.>*** For
example, trivalent metal pentazolate salts (AIN;5, GaNys5, YN;5,
etc.)*" predicted in the year 2020 have a much larger energy
density (>4.5 kJ ¢”) than monovalent pentazolate salts LiNj
(~0.5 kJ g~ ").** So are many other transition metal pentazolate
salts that possess large energy densities.?® On the other hand,
the chain-like polymeric units in these compounds are just one
or two-coordinated, and most of the bonds are mixed with
single and double bonds. The first purely single-bonded poly-
meric nitrogen chain was experimentally realized in h-WNg in
the form of an armchair-like Ng ring in 2021.>* It not only
possesses very high energy density but also exhibits superhard
properties.>* With these concerns, we believe that nitrides with
transition metal elements with large chemical valences might
capture more nitrogen species or help form novel nitrogen
configurations with striking properties.

Cerium is a typical rare-earth element and has the highest
abundance among them on earth. It can exist in the trivalent
and tetravalent forms just as in Ce,0; and CeO,, respectively.*®
Therefore, cerium might provide different chemical environ-
ments for stabilizing novel nitrogen species. However, only
cerium pnictides have been widely studied to date,**™° and
other stoichiometries have been paid little attention. In this
work, we made full use of crystal structure search methods to
explore the phase binary diagram of Ce-N compounds under
high pressures of up to 150 GPa. We discovered the common
N,, Ny, N5, Ng, and Ng nitrogen units in these phases. In
addition, we identified a novel purely single-bonded nitrogen
chain in tetragonal CeN, that can be quenched to ambient
pressure. It possesses a large energy density with detonation
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pressures close to 100 GPa. In addition, we identified a layered
nitrogen configuration in CeNg. After the removal of these
cerium atoms, the pure nitrogen framework with the R3 space
group can be recovered under ambient pressure, and it has a
lower energy than the previously predicted P1 phase which has
a different stacking way.

Results and discussion
1. Convex hull and phase diagrams

First-principles structure predictions were performed to explore
the most stable Ce-N compounds at specific pressures of 0, 50,
100, and 150 GPa. To systematically investigate the potential
Ce-N compounds and find novel nitrogen species, we per-
formed fixed-composition crystal structure predictions for
nitrogen-rich integer stoichiometries (CeN,, and CeN,,, with n,
m = 1-5). Molecular crystal structure predictions with pentazo-
lates (N5) were then performed for Ce(N;), with n = 1-4. More-
over, to explore tetravalent cerium nitrides and cerium-rich
compounds, we also take into account the stoichiometries of
3:4 and 2:1. Most of the identified structures are discussed
below, and some crystal structures are present in Fig. S1 (ESIT).
As a result, Fig. 1(a) displays the final obtained convex hull
curves at specific pressures. The curves are plotted according to
the formation enthalpies, which are defined as AH =[H(Ce,N,) —
xH(Ce) — yH(N)]/(x + y). The enthalpies for pure nitrogen or
cerium are calculated with the most stable phases at corres-
ponding pressures. For nitrogen, it is a-N (Pa3), P2,/c, P4,2,2,
and cg-N (12,3) at pressure sequences.® For cerium, it has been
found that cerium transforms from the o phase (space group
Fm3m) to monoclinic o” phase (space group C2/m) at about 5
GPa and then to the body-centered-tetragonal (bct) phase
(spacegroup I4/mmm) at about 12 GPa with pressure increasing
at zero temperature,’”*> and the bct-Ce maintains the most
stable phase up to at least 208 GPa.*"** We then calculated the
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Fig.1 (a) Convex hull curves of the Ce—N system at pressures of O, 50,

100, and 150 GPa at the PBE+U level. The solid symbols represent the

thermodynamically stable phases. (b) The pressure- and composition-dependent phase diagram of Ce—N compounds in the pressure range of
0-150 GPa at the PBE+U level, the numbers above the phase boundary represent the thermodynamically stable pressure range in the unit GPa.
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pressure-dependent enthalpy curves of the o, o”, and bet phases
at the PBE level, as plotted in Fig. S1 (ESIT). The o phase has a
similar enthalpy curve as the bct phase. The o phase will
transform into the bet phase at about 10 GPa at the PBE level.
In addition, the PBE functional underestimates the lattice
constants of the o phase (Table S1, ESIf). For the CeN com-
pounds, it has been found that the B1 phase will transform into
the B10 phase at about 65 GPa. But the calculated phase
transition pressure at the PBE level is only about 45 GPa (see
Table S2, ESIt). Due to the f electrons of cerium being very
localized, it is necessary to employ the DFT+U method. We
further employed the PBE+U method with a series of U values,
while keeping the exchange parameters j at 0 eV, by which the
phase transition pressure can be raised to a more reasonable
value. The PBE+U with U = 3.5 gives a phase transition pressure
of 63 GPa, which is close to the experimental value of 65 GPa. In
the following, we employed both the PBE and PBE+U method
for enthalpy calculations.

We then calculated the detailed enthalpies of these stable
phases and some metastable structures in the pressure range of
0-150 GPa with an interval of 5 GPa. The detailed phase
transition pressure and thermodynamical stability ranges are
determined with an accuracy of 1 GPa through the interpolated
enthalpy curves as plotted in Fig. S2 (ESIt). Specifically, the
cerium mononitride CeN stays thermodynamically stable
throughout the pressure range studied. At ambient pressure,
it exists in the typical NaCl-type B1 structure with the space-
group Fm3m. The phases on the convex hull are thermodyna-
mically stable, while those close to the convex hulls which are
dynamically stable might also be synthesized in the experi-
ments. We also explored some of these metastable phases with
an energy window not larger than those of the convex hulls by
200 meV.** The calculated lattice parameters and enthalpy
results are presented in Tables S3 and S4 (ESIt), respectively.
We also present the results for pure nitrogen, cerium, and CeN
phases in Table S5 (ESIt). The calculated phonon spectra of
these structures are displayed in Fig. S3 and S4 (ESIt), and the
phonon spectra of some of the structures quenched to ambient
pressure are displayed in Fig. S5 and S6 (ESIT).

2. The Ce,N compound

Firstly, we looked into the Ce,N compounds. The P3m1 phase is
thermodynamically stable at around 45 GPa at the PBE level,
but it is not thermodynamically stable when taking into
account the Hubbard U as shown in Fig. S2 (ESI{). However,
its enthalpy is higher than that of the convex hull with a value
of 80 meV per atom at about 60 GPa at the PBE+U level. The
calculated phonon spectrum exhibits no imaginary frequency
indicating its dynamical stability. The P3m1 phase is composed
of the sandwiched Ce,N layers as shown in Fig. S1 (ESIt). The
calculated electronic density of states predicts the P3m1 phase
to be metallic (see the density of states in Fig. S7, ESIt). It has
been found that the Ba,N compound also crystalizes in the
P3m1 structure, which is predicted to be an electride with
interstitial electrons.>® However, no interstitial electrons are
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found in the electron localization function (ELF) of the P3m1
Ce,N phase, and thus it should not be an electride.

3. The Ce;N,; compound

Except for the CeN compounds, we discovered another thermo-
dynamically stable compound at ambient pressure with a
stoichiometry of 3:4 as shown in Fig. 2. It takes the space
group of R3m, and there are two types of layers in the unit cell,
the sandwiched CeN, layer, which is isostructural to the
trigonal transition metal dichalcogenide such as 1T-WS,; and
the double-layered Ce,N, structure. The calculated electronic
band structure predicts the R3m Ce;N, to be an insulator with a
band gap of about 1 eV at 0 GPa. This phase is thermodyna-
mically stable from 0 GPa to 13 GPa, above which it will
transform into the 743d Ce;N, which is thermodynamically
stable in the pressure range of 13-86 GPa. The [43d Ce;N, is
isostructural to I43d SnzN,.*> However, the band gaps of 143d
Ce;N, decrease with increasing pressure as displayed in Fig. S8
(ESIY), which is different from Sn;N,.

4. The CeN, compound

For the CeN, compound, there are only two stable phases at the
PBE level, that is the P4;2,2 phase and the Pnma phase.
However, when taking into account the Hubbard U, the 14/
mmm and P2,/c phases also turn out to be thermodynamically
stable. At the PBE+U level, the P4;2,2 phase is thermodynami-
cally stable from 2 GPa to 8 GPa, after that, it will transform
into the Pnma phase at about 8 GPa, and then to the I4/mmm
phase at about 33 GPa, and finally to the P2,/c phase at about 77
GPa, which remains thermodynamically stable up to at least
150 GPa. Nitrogen atoms exist in the form of diatomic config-
urations in these phases. It has been found that such diatomic
configurations can possess a formal charge of —4 with tetra-
valent cations M**(N,)*~, which are called pernitrides and has a
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Fig. 2 The structural and electronic properties of the R3m CezN,4 com-
pounds at 0 GPa. (a) The side view of the structure. There are two different
layers in this phase, we present the top views of (b) the double-layered
CesNs5 and (c) the sandwiched CeNs. (d) The calculated band structure at
the PBE+U level.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The structural and electronic properties of the P432,2 CeN,
compounds at 5 GPa. (a) The side and top view of the structure. (b) The
projected density of states for the nitrogen atoms. (c) The minus Crystal
Orbital Hamilton Population (—COHP) and the Integrated COHP (-ICOHP)
for the p, orbitals of the N1 and N2 nitrogen diatomic configuration. The
cartesian axis of z is along the lattice direction of c.

typical N-N bond length of 1.42 A;*® or they exhibit a formal
charge of —2 with divalent cations M**(N,)*~, which are called
dinitrides and has a typical double bond length of about
1.22 A.*7*8 However, for these CeN, phases, the nitrogen bond
length is around 1.35 A, and the calculated bond orders run
from 1.43 to 1.87 as listed in Table S6 (ESIt). Both the bond
length and bond orders indicate that these bonds are between
single and double bonds, which are different from those of the
pernitrides or dinitrides. The nitrogen bond lengths in CeN,
are closer to those in LaN, and YN, systems, which are 1.30 A
and 1.33 A, respectively.*® The La and Y atoms exist in the form
of trivalent cations, and the N, configuration has a formal
charge of —3. For the LaN, or YN, phases, 3/4 of the two
degenerate anti-bonding n* orbitals of the diatomic N, unit are
occupied by 3 electrons, and therefore they exhibit metallic
properties. For the P4;2,2 CeN,, we presented the —-COHP
results of two p, orbitals from the N1-N2 unit, more than half
of the anti-bonding state is occupied as shown in Fig. 3(b). The
total two anti-bonding orbitals should also be occupied by three
electrons, but contrary to the LaN, structure, the CeN, phase
exhibits semiconducting properties as shown in Fig. 3(c). Such
separated anti-bonding orbitals might be attributed to the local
environment of the N, units, which are not located in the
middle of the cavities surrounded by cerium atoms. The Pnma
and I4/mmm phases exhibit metallic properties, while the P2,/c
phase is a semiconductor as shown in Fig. S7 (ESIt).

5. The P1 CeN,

For the CeN; compound, it is thermodynamically stable in the
pressure range of 90-99 GPa (PBE+U) with the space group of
P1. There are two nitrogen configurations in it: the diatomic N,
and trans-N,4. The bond length in diatomic N, is 1.30 A and the
bond order is 1.59, both of which are similar to that in the
CeN, phase. The diatomic N, in CeN; should also acquire three
electrons. For the trans-N,, the bond lengths are all 1.31 A.
The bond order between the terminal N2 atom and the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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two-coordinated internal N3 atom (Table S6, ESIf) is 1.46,
and the bond order between the internal N3 and N3’ is 1.25,
both of which are between those of the single and double
bonds. There are totally four p, orbitals for the N, unit, forming
two bonding n orbitals and two anti-bonding n* orbitals. The
neutral N, unit has 2 electrons occupying these p, orbitals. If
the N, unit acquires 4 electrons, the total 6 electrons will
occupy two bonding = orbitals and one anti-bonding n* orbital,
the total bond order for these n orbitals should be one. Taking
three single o bonds into account, the perfect [N,]*~ unit
should possess one double bond and two single bonds. Such
a situation has been identified in many alkaline-earth metal
nitrides.*>** Take the CaN, compound as an example,*® the
bond between the terminal and internal atoms has an order of
1.67, which is considered as a double bond. But the bond
between two internal atoms has an order of 1.01, which is
assigned as a single bond. The former bond order is larger than
the latter, and the total bond order is 3.69, less than 4 of the
perfect [N,]'” unit. For the N, unit in the CeNj, the bond order
between two internal atoms is 1.25, but the bond order between
the terminal atom and the internal atom is 1.46, and the former
bond order is smaller than the latter; such situation is different
from that in CaN,. Moreover, the total bond order of the N, unit
in CeNj is 4.17, larger than 4 of the perfect [N,]*~ unit. As a
rational explanation, the N, unit in CeNj; is more likely to
acquire 3 electrons, and the total 5 p, electrons occupy two
bonding orbitals and 1/4 of two anti-bonding orbitals, which
should give a bond order larger than 4, consistent with the
calculated bond order of 4.17. The calculated density of states
predicts the P1 CeNj; to be metallic as shown in Fig. S7 (ESIf).

6. The P1 CeN,

The P1 CeN, with molecular Ng units becomes thermodynami-
cally stable above 26 GPa at the PBE+U level. The calculated
phonon spectrums of this phase at both high pressure and
ambient pressure exhibit no imaginary frequency, indicating its
dynamical stability. The Ng unit is centrosymmetric with the
nitrogen atoms from the terminal to the internal denoted as
N1, N2, N3, and N4, respectively. Such Ny configuration has
been found in Sn-N phases.*® It has a formal charge of —8 in
the P1 SnN, with two double bonds in the Lewis structure,
while it has a formal charge of —6 in the P1 SnN; with only one
double bond in the middle of the Ng unit for the Lewis
structure. For the P1 CeN,, six internal nitrogen atoms take
the normal armchair-like structure with little rotation, while
the two terminal atoms N1 have a large deviation from the
armchair configuration. Bader charges analysis®® reveals that
the N1 atom acquires 0.85e, N2 acquires 0.46¢, and the remain-
ing nitrogen atoms each acquire approximately 0.36e. To reveal
the bonding properties, we calculated the electron localized
function® (ELF) (Fig. 4(b)), the high localization around each
nitrogen atom represents electron lone pairs, which take the
crescentic shape for the six internal nitrogen atoms, and the
disk shape pointing to the terminal N1 atom. There are four
different bonds in the Ny unit differentiated by their lengths,
which are 1.35 A, 1.40 A, 1.32 A, and 1.38 A at 50 GPa from the

Mater. Adv., 2023, 4, 2162-2173 | 2165
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Fig. 4 The structural and electronic properties of the P1 CeN4, com-
pounds at 50 GPa. (a) The side view of the P1 phase at 50 GPa, (b) the
corresponding electron localization function (ELF) with an isosurface value
of 0.85, (c) the top view of the P1 phase at 50 GPa, (d) a possible Lewis
structure for the Ng molecular unit, and (e) the band structure and
projected density of states (PDOS) of P1 CeNy.

terminal to the internal. The corresponding bond orders are
1.42, 1.12, 1.34, and 1.16, respectively. As a result, the N2-N3
and N4-N4’ bonds are close to the single bond, while the
N1-N2 or N3-N4 bonds are between the single and double
bonds. The calculated total bond order for the Ng unit with
7 bonds is about 8.9, and thus it is more likely for the Lewis
structure of the Ng unit to possess two double bonds instead of
one. As the bonds between N3 and N4 possess the shortest length,
a reasonable Lewis structure might be constructed as shown in
Fig. 4(d), in which the double bond only appears between the N3
and N4 atoms. As a result, the two coordinated N2, N3, and N4
nitrogen atoms belong to the AX,E,, AX;E;, and AX,E;, respec-
tively. Therefore, this nitrogen configuration presents a bent
geometry according to the VSEPR. According to the bond orders,
another possible Lewis structure might be constructed as shown in
Fig. S9 (ESIT), in which the N1-N2 bond is assigned as a double
bond. The electronic band structure calculation shows that the P1
CeN, is a semimetal as shown in Fig. 4(e).

7. The I4,/a CeN4

With increasing pressure to 94 GPa, the P1 CeN, will be
energetically substituted by a tetragonal I4,/a phase which is
composed of cerium ions and infinite nitrogen chains (Fig. 5).
This kind of chain possesses a helical structure with four
nitrogen atoms in one period along the c direction. To the best
of our knowledge, armchair and zigzag-like polymeric nitrogen
chains have been widely studied in many systems,’*"> but the
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Fig. 5 The structural and electronic properties of the /4;/a CeN4 com-
pound at 120 GPa. (a) The top view of /4,/a CeNy, (b) the ELF result with an
isosurface value of 0.89, (c) the side view of [4;/a CeNy, (d) the helical
structure of the infinite nitrogen chain. (e) The band structure and PDOS at
the PBE+U level.

helical chains have not been studied up to now. The infinite
spiral chain has been predicted for the oxygen and realized in
sulfur and selenium element phases.”®”” All the nitrogen
atoms in this chain have equivalent Wyckoff positions, and
there is only one type of bond, which is calculated to be 1.36 A
at 120 GPa. The bond length is similar to that in cg-N, and the
helical-N, chain should be purely single-bonded. In addition,
the distance between cerium and nitrogen is 2.45 A, and the
angle between two adjacent bonds is 108° at 120 GPa. Bader
charge analysis shows that each nitrogen atom captures 0.48e
from cerium atoms, revealing their ionic interactions. Further-
more, ELF calculations show that two electron lone pairs exist
around each nitrogen atom (Fig. 5(b)). The nitrogen atoms in
the helical-N, chain should be sp*-hybridized such that two of
these orbitals are single-bonded with two adjacent nitrogen
atoms and the remaining two orbitals are occupied by two
electron lone pairs. Each nitrogen atom in the helical-N, chain
should acquire one extra electron, and the cerium atoms
exhibit tetravalent properties. The bent configuration of the
helical chain can also be explained by the VSEPR that every
nitrogen atom belongs to the AX,E,.

We further calculated the electronic band structure of this
novel phase at 120 GPa. It turns out to be a semiconductor with
an indirect bandgap of approximately 1 eV. The nitrogen orbitals
and cerium orbitals contribute most to the valence bands, while
the conduction bands are only contributed by cerium orbitals.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The calculated energy density and denotation properties of /4,/a
CeN4 at the PBE+U level at 0 GPa, the energy difference between the
crystal a-N5 and gaseous nitrogen molecule is taken as 0.25 eV per atom.?
The experimental values from the well-known explosives TNT and HMX
are also presented

Materials p (gem ™) E; (K g7') E (K em ™) V4 (kms™') P4 (GPa)
I44/a CeN; 6.43 1.81 11.62 11.69 98.6
TNT 1.64 4.30 7.05 6.90 19.0
HMX 1.90 5.70 10.83 9.10 39.3

There are no imaginary frequencies found in the phonon spec-
trum at both 0 GPa and 120 GPa, indicating that this phase might
be quenched to ambient pressure. We also employed the AIMD
simulations for it at 0 GPa, which remains stable at 300 K, but
some N, units split from the helical chains at 400 K (see Fig. S10,
ESIt). The bond length between nitrogen atoms in the helical-N,
chain is calculated to be 1.42 A at 0 GPa, close to that of the single
bond. Thus, the /4,/a CeN, might be a good candidate for high-
energy-density materials. Although the cerium atoms are rather
heavy and the abundance of nitrogen is not high in I4,/a CeNy, it
still possesses a large gravimetric energy density of 1.81 kJ g~ *
with the decomposition products of Ce;N, and N,. By using the
Kamlet-Jacobs empirical equations, its detonation pressure is
calculated to be approximately 100 GPa (see Table 1), which
is about 5 times TNT (~19.0 GPa) and 2.5 times HMX
(~39.3 GPa).”® However, it is worth noting that the cerium dioxide
which should be the product of the Ce-N compounds in the
atmospheric environment is toxic, and that the Ce-N compounds
cannot be used as safe HEDMs. The energy density properties with
other decomposition products are also presented in Table S7
(ESIT). The single-bonded nitrogen configuration has been realized
in WNg with armchair like Ng rings, and in TaNs with infinite
chains. We believe that the CeN, with all single-bonded nitrogen
chains is likely to be synthesized in the near future.

8. The R3m CeNg

The R3m CeNg becomes thermodynamically stable above 123 GPa.
It is isostructural to h-WNg or MoNg with a 6-membered ring in a
chair conformation as shown in Fig. S1 (ESI+).**** However, unlike
h-WNg, the R3m CeNg is calculated to be metallic. We calculated
the bond properties of this phase at 140 GPa. The obtained bond
lengths are 1.34 A, which is close to the bond length of cg-N
(1.33 A) at the same pressure. The calculated bond order in the Ng
unit is 1.13 at 140 GPa, which is also close to that of the single
bond. For the Ng ring, six p, orbitals form three bonding = orbitals
and three anti-bonding n* orbitals. The neutral Ng¢ ring has 6
electrons occupying these orbitals. Thus, the cerium atoms
are likely to lose four electrons to the Ny ring and the total
10 7 electrons can satisfy the 4n + 2 (n = 2) Hiickel rule. Six of
the 10 m electrons will occupy 3 bonding states, and four of the
10 & electrons will occupy 2 anti-bonding states. As a result, the
total bond order for the Ng ring should be about 7 (take six &
bonds into account), and the average bond order should be 1.17
which is close to the calculated values of 1.13. There should be an
energy gap between the occupied two degenerate n* levels and the

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

unoccupied n* levels according to the molecular orbital analysis.>®
We then calculated the band structure of the CeN, phase at
140 GPa. It is metallic at the PBE+U level but becomes a semimetal
at the HSEO06 level (Fig. S11, ESIT). However, this phase should be a
semiconductor at a much lower pressure. (Fig. S12, ESIt), consis-
tent with the molecular orbital analysis. The very high pressure
induces the gap closing in this phase.

9. P2, CeNg

The P2, CeNg turns out to be thermodynamically stable above
58 GPa. It is composed of two atomically thick CeNjy layers in
the unit cell. There are two types of nitrogen atoms by the
coordination numbers. Six 3-coordinated atoms and twelve
2-coordinated nitrogen atoms are combined to form the extended
covalent two-dimensional networks with 18-membered hexago-
nal rings, and the cerium atoms are rightly located in the center
of the hexagonal hole. It is worth noting that such kind of poly-
nitrogen network has been first predicted in K,N;¢ by Steele and
Oleynick in 2017,°° and then in high-pressure XeNg; and
Xe(Ng),(N,) solid-state compounds,”’ and then in YNy in
2022.°% For the P2; CeNg, the average distance between two
adjacent layers is about 2.38 A at 60 GPa. The top layer has a
shift of about half the lattice along the [101] direction as
compared to the bottom layer. This kind of shift results in the
non-equivalence of the 2-coordinated nitrogen atoms. We have
presented the ELF results in Fig. S13 (ESIY); there are electrons
localized outside the two-coordinated nitrogen atoms, indicating
the electron lone pairs. Bader charge analysis reveals that the two-
coordinated N1 (N2), N4 (N5), and N7 (N8) atoms each capture
about 0.29¢, 0.46e, and 0.23e, respectively; the three-coordinated
nitrogen atoms each acquire electrons less than 0.1e. The calcu-
lated bond orders for the bonds between two two-coordinated
nitrogen atoms of N1-N2, N4-N5, and N7-N8 are 1.32, 1.21, and
1.27, respectively, which are between the single and double bonds
indicating a strong m delocalization. The bond orders for the
bonds between the two-coordinated and three-coordinated atoms
run from 1.0 to 1.1, which indicates the single bonds. Given these
bonding properties, we propose a possible Lewis structure as
shown in Fig. 6(c), in which the N4-N5 and N7-N8 are assigned
as a single bond and N1-N2 as the double bond. Given the
similarities between the N1-N2 and N7-N8 bonds, other Lewis
structures might be drawn. With this configuration, each ring
possesses 14 7 electrons. The eight two-coordinated N4 (N5, N4/,
and N5’) and N7 (N8, N7’, and N8') atoms each denote one & lone
pair shared by two rings (8 x 1/2 © pairs), the two bonds N1-N2
(N1'-N2') each denote one n pair also shared by two rings (2 X
1/2 7 pairs), and the six three-coordinated atoms each denote one
n lone pair shared by three rings (6 x 1/3 © pairs). Wang et al.
have identified a similar 2D polynitrogen with the 18-membered
ring in Xe-N systems, and they proposed that each ring has
formally 10 & electrons, which follow the Hiickel rule with 4n + 2
n electrons and can be classified as an aromatic. As to the CeNg,
each nitrogen ring has 14 = electrons, which also follow the
Hiickel rule with 7 = 3. Such a configuration possesses the formal
charge —4. In addition, the two coordinated N1 (N2) and N4 (N5,
N7, and N8) atoms belongs to the AX,E, and AX,E,, respectively.
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Fig. 6 The structural and electronic properties of the P2; CeNg com-
pounds at 60 GPa. (a) The top and (b) side view of the structure. There are
two nitrogen layers in the primitive cell as shown by the green and blue
colors, different nitrogen atoms in the top layer are denoted with numbers.
(c) The Lewis structure for the 18-membered ring with two double bonds.
(d) The calculated electronic band structure and projected density of states
at the PBE+U level.

Therefore, this nitrogen configuration presents a bent geometry
according to the VSEPR. The strong m electron delocalization
makes the trigonal geometry planar, the same as in the Xe-N
systems. The calculated band structure at the PBE+U level pre-
dicted the P2, CeNg to be a semimetal with a Dirac point at the Y
point, The HSEO06 calculation does not change the semimetal
properties of this phase as shown in Fig. S14 (ESIt). The
PBE+U+SOC calculation opens the Dirac point at the Y point.

10. The metastable R3 CeNg

On the other hand, we found the R3 CeNg has higher energy
than the P2, CeNg below 150 GPa. The R3 phase is also
composed of the above-mentioned porous polynitrogen but in
a different stacking way. There are three layers in the unit cell,
as painted with three colors in Fig. 7. Within this configuration,
the two-coordinated atoms are all equivalent. The bond length
between N1 and N2 (see Table S6, ESIT) is approximately 1.32 A at
120 GPa, and the distance between the two-coordinated N2 and
N2’ atoms is 1.35 A. The nitrogen bond lengths in the R3 phase
are also between those of the single and double bonds, indicating
strong delocalization. The electronic band structure and density
of states show that the R3 phase is a semiconductor with an
indirect bandgap of approximately 0.8 eV. We further calculated
the band structure of the R3 phase at 60 GPa at the HSE06 level
(Fig. S15, ESIt) for comparison with the P2, phase. The HSE06
functional also predicts the R3 phase to be a band insulator.
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Fig. 7 The structural and electronic properties of the R3 CeNg com-
pounds at 120 GPa. (a) The top and (b) side view of the structure. There are
three nitrogen layers in the unit cell as shown with the blue, green, and
magenta colors. (c) The calculated electronic band structure and projected
density of states at the PBE+U level.

The band gap increases from the P2, phase to the R3 phase. We
looked into the band structure of the P2, phase, the conduction
and valence bands get close to each other at the B(0, 0, 0.5) and
Y(0.5, 0, 0) points, which means that the metallic properties are
almost along the a and ¢ directions, that is within the CeNg layers.
We then compared the geometric structures of these two struc-
tures at 60 GPa. The average distance between the cerium atoms
and the adjacent nitrogen atoms within the same layer in the P2,
phase is about 2.368 A, but the result is 2.441 A in the R3 phase.
The closer distance between the cerium and nitrogen atoms
makes the cerium orbitals overlap more with electron lone pairs
outside the two-coordinated nitrogen atoms. As a result, the
contribution of cerium orbitals into the valence band increases
it and decreases the band gaps.

After the removal of the cerium atoms, the nitrogen net-
works in the R3 phase remain in the same symmetry, and its
phonon spectrum exhibits no imaginary frequency at ambient
pressure indicating its dynamical stability. We also presented
the AIMD results for its bulk and monolayer forms in Fig. S16
and S17 (ESIt), respectively. We found that the R3 nitrogen
phase has lower energy than the previously identified P1 phase
by about 9 meV per atom at the SCAN + rvv10 level.*' The energy
results from other pure nitrogen phases are also listed in Table
S8 (ESIY).

11. Pentazolate salts

For the molecular crystals with nitrogen pentazolates, the
I4/m CeNy, is thermodynamically stable from 29 GPa to 57 GPa.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The structural and electronic properties of the 14/m CeN;o com-
pounds at 50 GPa. (a) The top and (b) side view of the structure. Nitrogen
atoms in one pentazolate are denoted with numbers. (c) the spin-polarized
electronic band structure and density of states at the PBE+U level.

The DOS calculation predicts it to be metallic as shown in Fig. S7
(ESIT). These pentazolates are parallel to the lattice axis ¢. Most
interestingly, the spin-polarized calculations predict the I4/m
CeNj, to be iterant ferromagnetic (see Fig. 8) with the magnetic
moment being 0.2ug per formula unit at about 50 GPa at the
PBE+U level. For the CeN;5 phases, the C2 phase is not thermo-
dynamically stable at the PBE level, but it turns out to be thermo-
dynamically stable from 33 GPa to 37 GPa at the PBE+U level (see
Fig. S2, ESIT). The pentazolates are almost parallel along the c-axis
and the cerium atoms take hexagonal arrays in the ab plane. The
spin-nonpolarized calculations predict this phase to be metallic.
However, the antiferromagnetic (AFM) configuration is found to
possess the lowest energy as displayed in Fig. 9 by magenta arrows,
which exhibits a zigzag-type anti-ferromagnetism within the ab
plane and anti-ferromagnetism along the c-axis. The AFM phase is
insulating with a band gap of about 1.23 eV. The highest occupied
valence bands are mostly projected to the cerium orbitals as shown
in Fig. 9, and the calculated magnetic moment is about 1ug per
cerium atom at about 35 GPa at the PBE+U level. As a result, one of
the f-orbitals of the cerium atom is half-filled, and that cerium
atom exhibits trivalent properties. When pressure is increased
above 37 GPa, the C2 phase will transform into the P2,2,2 phase,
which also exhibits antiferromagnetic properties (see Fig. 10).

12. The metastable Immm CeN,,

The I4/m CeNj, is thermodynamically stable above 29 GPa, but
the Immm CeN,, phase has a lower enthalpy than the /4/m
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Fig. 9 The structural and electronic properties of the C2 CeNjs com-
pounds at 35 GPa. (a) The top and (b) side view of the 1 x 2 x 2
superstructure. The antiferromagnetism arrays of the cerium atoms are
denoted by magenta arrows. (c) The spin-polarized electronic band
structure and density of states at the PBE+U level.
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Fig. 10 The structural and electronic properties of the P2;2,2 CeNis
compounds at 50 GPa. (a) The top and (b) side view of the 1 x 1 x 2
superstructure. The antiferromagnetism arrays of the cerium atoms are
denoted by magenta arrows. (c) The spin-polarized electronic band
structure and density of states at the PBE+U level.
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phase below 25 GPa at which the enthalpy of the Immm phase is
about 19 meV per atom higher than the convex hull. Moreover,
the Immm phase is dynamically stable (Fig. S4, ESIt). Therefore,
it is metastable and likely to be synthesized. As shown in Fig. 11,
this phase should be isostructural to the Immm HIN,, with
isolated nitrogen diatomic molecules and infinite armchair
chains parallel to the c-axis.” The calculated bond length of the
diatomic N, is 1.11 A, and the bond order is 2.45 at 20 GPa, which
predicts a bond length between double and triple bond. The
calculated bond lengths for the N2-N3 and N3-N4 (see Table S7,
ESIf) within the armchair chains are 1.31 A and 1.33 A, respec-
tively. The corresponding bond orders are 1.45 and 1.35, respec-
tively. These bonds should be between the single and double
bonds with strongly delocalized m electrons. In addition, the
Immm CeNjy, is calculated to the spin-polarized, and the enthalpy
lowest magnetic configuration is displayed in Fig. 11(b), in which
the cerium atom is ferromagnetic along the c-axis, while the
nearest cerium atoms in the ab plane are anti-ferromagnetic. The
spin-polarized band structure also predicts the Immm CeNj, to be
metallic.

Conclusions

In summary, we performed a systematic crystal structure
prediction for Ce-N compounds under high pressures of up
to 150 GPa. A variety of nitrogen-rich phases are predicted to be
thermodynamically stable at specific pressures. Among them,
the infinite helical nitrogen chain is discovered for the first
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time within the I4,/a CeN,, in which the cerium atom exhibits
tetravalent properties and the nitrogen chains are purely
single-bonded. This phase can be recovered under ambient
conditions. Although the cerium atoms are rather heavy in I4,/a
CeN,, it still possesses a large gravimetric energy density of
1.81 kJ ¢~ when broken down into Ce;N, and N,. Moreovetr, its
detonation pressure is close to 100 GPa, which is about 5 times
TNT (~19.0 GPa) and 2.5 times HMX (~39.3 GPa).”® In addi-
tion, we identified two CeNg phases with the space group of P2,
and R3, in which the cerium atoms are embedded in the porous
nitrogen frameworks. After the removal of these cerium atoms,
the pure nitrogen framework with R3 symmetry is still stable
and has a lower energy than the previously identified P1 phase
at ambient pressure. Moreover, we found that the 14/m CeN,
with pentazolates exhibits iterant ferromagnetism while the C2
and P2,2,2 CeNjy5 exhibit antiferromagnetic properties with one
of the cerium f-orbitals half-filled, in which the cerium atoms
exhibit trivalent properties.

Computational details

First-principles structure predictions were performed at pressure
points of 0, 50, 100, and 150 GPa using our recently developed
machine learning and graph theory accelerated crystal structure
prediction software MAGUS.>*®® This method has been success-
fully applied in many systems.**®” Variable composition searches
are carried out with the unit cell containing up to 40 atoms. Fixed
composition non-molecular crystal structural searches were
employed for given compositions, in which the unit cells contain
up to four corresponding Ce,N, formula units. For the molecular
crystal structure predictions, we adopted up to 5 formula units for
CeNs, 3 formula units for CeN;, and CeNj5, and 2 formula units
for CeN,,. 40 random structures were generated in the first
generation and subsequent generations contain 30 structures.
Structural optimizations and electronic structure analysis were
performed according to density functional theory (DFT) within
the generalized gradient approximation (GGA) using Perdew-
Burke-Ernzerhof (PBE) functionals®® as implemented in the VASP
package.®” Due to the felectrons of cerium atoms being very
localized, we employed the PBE+U method with U = 3.5 to have
a better description of the electronic properties of Ce-N com-
pounds. The projector augmented wave (PAW)’® potentials were
used with core electrons for cerium and nitrogen being [Krjad"®
and [He], respectively. We used the Monkhorst-Pack’" scheme to
sample the Brillouin Zone with a grid spacing of 21t x 0.03 A~" and
a kinetic energy cutoff of 1050 eV for plane-wave expansion. The
DFT-D3 scheme was used to describe the van der Waals (vdW)
interactions within the layered configuration.””> We optimized
these novel structures with convergence criteria 2 x 107* ev A™*
and 1 x 10~ eV for force and total energy per atom, respectively.
The bond orders are calculated from Manz’s bond order equa-
tion with DDEC6 partitioning as employed in the Chargemol
program.”*””7 All the phonon frequencies were calculated using
the finite displacements method as implemented in the
PHONOPY package.”® The energy reduction from the solid

© 2023 The Author(s). Published by the Royal Society of Chemistry
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nitrogen phase to the gaseous state is taken as 0.25 eV per atom.
We check the thermal stability of these phases at finite tem-
peratures by ab initio molecular dynamics (AIMD) simulations.
The simulations were performed for 10 ps with an interval of 1
fs using the NVT ensemble with a Nosé-Hoover thermostat.”**°
Crystal structure visualization was performed through VESTA
software.®"
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