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Abstract Using a combination of global optimization and
data mining, we identify feasible modifications of an ionic
Ce-O-N ceramic compound, with composition Ce,ON,,
that should at least be metastable at 7 = 0 K. The energy
landscape of Ce,ON, has been explored for various pres-
sures using empirical potentials followed by ab initio level
optimizations, and a multitude of structure candidates has
been analyzed. The structure of the energetically lowest
modification among these candidates at standard pressure,
a-Ce,ON,, is predicted to be similar to the AlCo,Pr,
structure type.
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1 Introduction

An important method for controlling the properties of
oxide photocatalysts and tuning their band gaps is nitrogen
doping.!"! Similarly, stoichiometric oxynitrides can have
useful optical properties such as photocatalytic TaON!*
and yellow-red pigments in the solid solution series
CaTaOZN-LaTaONz.[z] Furthermore, incorporation of
nitrogen into ZrO, has been reported as an alternative
method for cation doping that increases the anion vacancy
concentration and stabilizes the cubic or tetragonal form at
room temperature.”*! The nitrogen doped oxides show good
mechanical, catalytical, and optical properties and have
been reported as superionic conductors.'!

Another important ceramic material is pure ceria
(Ce0,), which has important technological applications,
e.g., as catalysts, in electrolyte solid oxide fuel cells,
oxygen storage components, mechanical polishing for
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microelectronics, metallurgy and biomedicine.'*"*! Doping
of ceria with nonmetals is extremely rare, but it has been
reported before, where the doping significantly changes the
physical and chemical properties of ceria.l'®'?! Besides
doping with nitrogen, ceria has been doped with carbon,
phosphorus, sulfur, magnesium, lanthanum, europium and
praseodymium.'13'l6' Similarly, cerium nitride (CeN) is a
material with interesting optical, electronic and magnetic
properties, related to the structure and oxidation state.!' """
Clearly, finding a stable ionic Ce-O-N ceramic compound
would be very interesting from a scientific and techno-
logical point of view, especially since this kind of material
might possess many of the advanced properties mentioned
above.

However, identifying (meta)stable Ce-O-N compounds
accessible to an experimental synthesis is not straightfor-
ward due to the fact that cerium forms compounds with two
different oxydation states (4III) and (41V), as well as with
mixed valence. In the literature there exists only one
known Ce-O-N compound, Ce(NO); containing the com-
plex anion (NO)'~, which crystallizes in the monoclinic
C2/c space group (no. 15).*°*"1 However, cerium is in the
oxidation state (4III) in this compound. One of the most
common compounds with cerium in the oxydation state
(+1V) is pure ceria, CeO,, exhibiting cubic symmetry (Fm-
3m, no. 225) and fluorite type of structure.***! Another
common pure oxide of cerium is Ce,Os3, containing Ce in
oxydation state (+III); here, we also find Ce**/Ce*" mixed
valence compounds, depending on physical parameters
such as temperature, the presence of other ions and the
partial pressure of oxygen.****! Similarly, CeN is a com-
mon nitride of cerium having Ce in oxydation state (+I1I),
as well as Ce*™/Ce** mixed valence,"'”! with cubic sym-
metry (Fm-3m, no. 225) and a rock salt type of
structure.'>°!

In this study, we focus on one specific composition in
the Ce-O-N system, the not-yet-synthesized ionic cerium
oxynitride Ce,ON, compound, predicting its structure
using a two-pronged approach of global exploration of its
energy landscape and data mining. Both methods find the
same lowest energy structure, suggesting that we have been
able to identify a feasible at least metastable Ce,ON,
ceramic compound, which should be accessible to
synthesis.

2 Computational Details

To predict possible (meta)stable structure candidates in the
not-yet-explored Ce,ON, system, a two-pronged approach
has been used, combining global optimization and data
mining; details about previous successful combinations of
these methods can be found elsewhere.””’°! In the first

stage of the study, we have performed a global search of
the energy landscape—actually: the (potential) enthalpy
landscape (Hpo = Epo; + pV),—of the Ce,ON, compound
for several pressures using simulated annealing”! as a
global optimization algorithm, followed by local opti-
mization of the obtained candidates. Specifically, the
standard stochastic simulated annealing based on random
Monte Carlo walks on the energy landscape (in total 144
runs, with 4-10° steps each), was supplemented by periodic
stochastic quenches (i.e. random walks with temperature
T =0 K) of length 3000 steps each, from 100 stopping
points along every simulated annealing trajectory, as
implemented in the G424+ code.'*'? These global sear-
ches were performed for one (2 Ce, 1 O, 2 N), two (4 Ce, 2
O, 4 N), and three (6 Ce, 3 O, 6 N) formula units per
variable periodically repeated simulation cell, for six dif-
ferent pressures (0, 0.016, 0.16, 1.6, 16, and 160 GPa). The
random walk consisted of the following moves (% of
Monte Carlo steps): random shifts or exchanges of atoms
while keeping the cell fixed (75%), and random changes of
cell parameters with (10%) or without (15%) co-moving
atoms. Here, co-moving indicates that the fractional coor-
dinates of the atoms are kept fixed while changing the cell
parameters (and thus the Cartesian coordinates of the atoms
change within the simulation cell), while during cell
changes without co-moving atoms the Cartesian coordi-
nates of the atoms are kept fixed within the cell and only
empty slices are removed from the cell. In order to be able
to perform the global searches with a reasonable compu-
tational effort, we have employed a fast computable robust
empirical two-body potential consisting of Lennard-Jones
(¢ =03 eV/atom; o,;= (r;/+ 1), with effective radii
r(Ce(IV)) = 1.28 A, r(O(=11)) = 1.45 A, and r(N(—III)) =
1.54 A) and exponentially damped (factor: exp(—ur);
u= 0.1/A) Coulomb terms.”*> The epsilon parameter in
the LJ-potential and the effective radii and the damping
factor were taken from preliminary test runs for the binary
compounds CeO, and CeN.

In the next step, we have performed data mining based
explorations of the ICSD database,?**> in order to find
possible structure candidates in the unknown Ce,ON,
system via analogy to known crystallographic structures.
The reason for supplementing the global landscape explo-
ration with a data-mining search for structure candidates is
the fact that the global optimization is not assured of
identifying all feasible candidates. Besides computation
time limitations of the search algorithm, this is mainly due
to the use of an empirical potential as energy function:
Experience has shown, that on empirical energy landscapes
important candidate structures may not be represented as
large low-energy minima (of the kind a typical global
optimization method would be designed to identify), even
though they would be prominently present on an ab initio
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energy landscape. On the other hand, the past thirty years
have shown that many of the most relevant structure can-
didates (from our experience more than 50%) in a given
chemical system exhibit a structure that is very similar to
the crystal structure of some other compound observed in
another chemical system (even if there is no obvious
chemical relationship between these two chemical sys-
tems). Thus, data mining can serve as an important sup-
plementary tool when trying to identify promising
compounds in not-yet-synthetically explored chemical
systems.

We have used the well-known KDD (knowledge dis-
covery in databases) process, which involves selection, pre-
processing, transformation, and interpretation/evaluation
(or post-processing). In order to identify a sufficiently large
number of structure candidates for the Ce,ON, system, we
have extracted all candidates with general formula A,BC,
that occur in the ICSD database,***! followed by a pro-
totype®®! analysis to reduce the plethora of candidates to a
manageable number of distinct structure types. More
details about the KDD process, and the combination of data
mining with ab initio methods can be found else-
where,[28’37’3x] and in section 3.2.

Finally, density functional theory (DFT) ab initio cal-
culations of the total energy, and local optimizations (in-
cluding the cell parameters) of the structure candidates that
had been identified during the global search with empirical
potential or via data mining, were performed using the
CRYSTAL17 code,m] which is based on linear combina-
tions of atomic orbitals. For the local optimization runs, we
have employed analytical gradients."***!! Local optimiza-
tions are performed on the density functional theory level
using the local density approximation (LDA). In the case of
Ce*™ a pseudopotential** was used, together with a
[4s4p2d3f] basis set, for O*~ a [4s3p] basis set was
used,>* and for N3~ [3s2p] an all-electron basis set
based on Gaussian-type orbitals was employed.[*>*°! The
symmetries of the analyzed structures were determined
using the SEND!*” and RGS™*! algorithms implemented in
the program KPLOT."! Structures were visualized using
the Vesta software.”>"!

3 Results and Discussion
3.1 Global Searches and Energy Landscapes

Global searches were performed on the enthalpy land-
scapes for three numbers of formula units per simulation
cell (Z =1, 2, 3), and for six different pressures (0, 0.016,
0.16, 1.6, 16 and 160 GPa), yielding a total of 14,400
structure candidates. All of these structures were subjected
to detailed statistical, structural, and crystallographic
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analysis, before submitting the most promising ones for
local optimization on ab initio level.

Table 1 presents the results of the global searches per-
formed at various pressures for 1 formula unit (Z = 1) of
Ce,ON,. After detailed analysis we have observed that
most of the local minima correspond to structure candi-
dates that crystallize in structures containing defects or
strongly distorted coordination polyhedra, exhibiting space
group PI (no. 1). However, the empirical potential
enthalpy landscape of Ce,ON, with Z = 1 also contains a
large variety of structure candidates with higher symmetry,
at various pressures, ranging structurally from triclinic and
monoclinic, to orthorhombic and tetragonal structures. The
structure candidates with the lowest total energy (calcu-
lated using empirical potentials) show space group C2/
m (no. 12). After further structure optimization on DFT
level, these structures converted to a modification we
denote as «-Ce,ON, with space group P-3ml (no.164).
More details will be presented in section 3.3. However,
here we note that since the x-modification exhibits the
lowest total energy at both empirical and ab initio levels,
the empirical potential appears to be quite suitable for
describing the ionic compound Ce,ON,, and it is quite
likely that we have identified the global energy minimum
in the Ce,ON; system.

It is interesting to note that with the increase of pressure,
the number of distorted/defect structures decreases; at
extremely high pressures of 160 GPa, the preferred modi-
fication is a tetragonal structure with space group P4m2
(no. 115). This structure is energetically favorable at
empirical potential level, suggesting a phase transition
might occur at high pressures. In this context, one should
note that all our calculations refer to 7= 0 K, and thus
only the enthalpy and not the free enthalpy is used to judge
the quality and relative stability of the candidates. After
local ab initio optimization, the candidate structure remains
in the original space group and is still energetically quite
favorable; this structure has been denoted the §-Ce,ON,
modification. The next interesting candidate at empirical
potential level exhibits space group Immm (no. 71). After
DFT structure optimization this structure remains in the
original space group; however, energetically it is higher on
ab initio level compared to other structure candidates. Still,
most of the structure candidates with space groups C2
(no.5), Pm (no.6), and Imm?2 (no.44) converted, after the
local optimization, into space group Immm (no. 71). This
suggests that this candidate represents a large local multi-
minima basin—at least on empirical potential level -,
which we have denoted as the Ce,ON,-nf-1 modification.
This structure is visualized in Fig. 1(a) with unit cell
parameters of a = 3.45 A; b=3.19 A; c=12.76 A. Cer-
ium is in 7-fold coordination (with atom—atom distances of
2 x 239 A—0, 4 x 241 A—N, 1 x 2.26 A—N), where
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Table 1 The number of Pressure, GPa

Space group (no.)

structures exhibiting a certain

5 6 8 12 25 38 44 71 115 139

space group found after 1 2

crystallographic analysis of the

results of the global searches on 0 594 18

the empirical energy landscapes 0.016 597 21

performed at various pressures

for 1 formula unit (Z = 1) of 0.16 588 29

Ce,ON,, before local ab initio 1.6 570 23

optimization 16 564 23
160 494 5

50 55 21 25 1 12 22 1
39 52 15 33 5 1 28
42 57 28 23 4 7 1 17 1
56 52 22 35 5 12 4 21
49 78 15 17 13 11 2 2 25

7 49 10 4 33 4

—

187 1

Fig. 1 Visualization of
important but energetically
unfavorable structure
candidates: (a) Ce,ON,-nf-1
modification in space group
Immm (no. 71); (b) Ce;ON,-nf-2
modification in space group
Amm?2 (no. 38). Yellow, red and
grey spheres denote Ce, O and
N atoms, respectively

the mean distance is 2.38 10\, which together with the seven-
fold coordination of the Ce-atoms is expected and suggests
a good structure candidate, in principle—at least on the
level of the crystallographic analysis.

Another very interesting structure candidate among
those with Z =1 (Table 1) appears in the space group
Amm?2 (no. 38); this structure is shown in Fig. 1(b). Again,
after ab initio refinement, this structure becomes energeti-
cally unfavorable, and thus it is denoted as Ce,ON,-nf-2
modification. Here, we note that structure candidates with
space group Cm (no. 8) converted to this Ce,ON,-nf-2
modification, confirming it as a large local minima basin on
the energy landscape. In this structure, we find two dif-
ferent Ce coordination polyhedra: a sevenfold coordinated
Ce-atom (with distances 2 x 2.28 /DX—O, 4 x 2.44 ;\—N,
1 x 2.36 A—N) and a six-fold coordinated Ce-atom (with

distances 1 x 2.17 A—0, 4 x 2.41 A—N, 1 x 2.22 A—
N), respectively.

On the energy landscape of Ce,ON, with Z =1, two
additional structure candidates appear to be of interest,
although they are ranked as energetically unfavorable after
the local optimization with DFT. The first is an
orthorhombic candidate showing space group Pmm?2 (no.
25), which is observed as a high-pressure modification on
empirical potential level. It has been denoted the Ce,ON,-
nf-3 structure, with a 7-fold coordination of cerium as
shown in Fig. 2(a). Finally, there is a structure candidate
with a tetragonal symmetry, which is not often found on
the energy landscape but possesses the highest symmetry of
all candidates. It has been named the Ce,ON,-nf-4 modi-
fication, appearing in space group I4/mmm (no. 139) with
6-fold coordination of Ce by O- and N-atoms (Fig. 2b).
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Fig. 2 Visualization of
interesting but energetically
unfavorable structure
candidates: (a) Ce,ON,-nf-3
modification in space group
Pmm?2 (no. 25); (b) Ce,ON,-nf-
4 modification in space group
14/mmm (no. 139). Notation as
in Fig. 1

Analogous statistical and crystallographic analysis of
the enthalpy landscapes with 2 and 3 formula units at
pressures up to 160 GPa are presented in the Supporting
Information (Tables S1 and S2). We note that with the
increase of the number of formula units we observe more
local minima associated with defect structures or several
different coordination polyhedra of Ce-atoms by O- and
N-atoms. This is not unexpected since once the composi-
tion of the chemical system exceeds two types of atoms,
the number of local minima that correspond to structures
containing “defects” increases, and thus most of the
structure candidates show P1 (no. 1) symmetry. However,
we would like to highlight the energetically most favorable
structure candidates from the Z = 2, 3 energy landscapes.
For example, the global minimum observed for Z =1 is
again found as the lowest energy structure for Z =2,
showing space group C2/m (no. 12) (Table S1). As for
Z = 1, after further structure optimization on ab initio level,
these candidates converted to the «-Ce,ON, modification
with space group P-3ml (no. 164). In addition, two can-
didates denoted the f-Ce,ON, modification with space
group Cmc2; (no. 36) and the &-Ce,ON, modification,
showing space group P4,2,2 (no. 94), respectively, have
been found on these energy landscapes as energetically
favorable structures (see Supporting Information). More
details regarding these structure candidates will be pre-
sented in section 3.3.

3.2 Data Mining Based Searches Using ICSD

The data-mining search employed the ICSD database,”**

which contains 216,302 inorganic structures, out of which
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more than 80% have already been assigned to specific
structure types (up to now, 9397 structure types are listed in
the ICSD).*> The first step of selection and pre-processing
has been performed in order to reduce the number of
structure candidates to a more manageable size. The first
goal was to find the minimum number of unique structure
candidates (prototypes) in the ternary A,BC, system. In our
first run through the database, we have selected from the
complete ICSD database (> 200,000 structures), the
75,056 structures which belong to the ternary systems. In
the next step, we have further reduced the number of
structure candidates to 4754 using chemical elements
search and by keeping only structures having the A,BC,
formula. Finally, we have further filtered the results by
introducing the prototype criterion, where we assign a
unique prototype to all structures with the same symmetry
group, which can be mapped into each other by an overall
rescaling where the different atom types in the A,BC;
formulae are matched appropriately.

Using the prototype criterion to eliminate quasi-dupli-
cate structures reduced the number of structures by about
two orders of magnitude, yielding 29 unique structure
candidates: AlCo,Pr,, AlFe,B,, BaCu,S,, BaZn,P,, Be,
CaGez, CahaBz, CezBi02, CCzNizsn, CeAlzGaz,
COC12(H20)2, COWsz, COZrzsiz, CuzBaOz, DyzOSZ,
GezLaPtz, KzGaPQ, Kle’lSz, K2PdP2, K2Pts2, LaB2C2,
LideOz, NazHg02, NathSZ, SConS, SizNzO, ThzTeNQ,
Yb,S5,0, Zn(CN),, Zr,NiAs,. Note that these prototypical
structures can be used in any future study involving A,BC,
systems (for more details and references, see the Support-
ing Information).
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After local optimization on ab initio level using DFT-
LDA, most of the structure candidates obtained from data
mining have become energetically unfavorable compared
to those candidates obtained via the global optimization.
Space group, unit cell parameters (A) and atomic positions
for the unfavorable Ce,ON, modifications after LDA
optimization are given in the Table S3.

However, there were two notable exceptions: when we
start the ab initio optimization from the AlCo,Pr,P!!
structure type, we obtain the lowest energy minimum
among the data-mined candidates, which also corresponds
to the a-Ce,ON, modification determined via global opti-
mization. A second energetically favorable structure,
denoted the y-Ce,ON, modification, was obtained from
minimizing the Dy,08,">?! prototype. In both instances, the
generic structure of the starting prototype candidate was
only slightly changed during the local ab initio
optimization.

Furthermore, among the modifications with high energy,
two interesting hexagonal structure candidates, which we
call Ce,ON,-nf-5 and Ce,ON,-nf-7, have been identified
from among the data-mined candidates, and subsequently
optimized. Although both structures appear in the same
space group (P6s/mmc, no. 194), the Ce,ON,-nf-5 modi-
fication shows the Sc,0,S structure type,°* while the
Ce,ON,-nf-7 modification shows the Zr,NiAs, structure
type,°Y respectively. In addition, Ce;ON,-nf-7 is higher in
energy than Ce,ON,-nf-5, or other feasible candidates
obtained from data mining (Table 2). Finally, a tetragonal
modification has been found using data mining and denoted
as Ce,ON,-nf-6. This structure appears in the P4/nmm
space group (no. 129) with Be,CaGe, structure type;>”!
however it is unlikely to be synthesized because of its very
high energy. The five most relevant structure candidates
from data mining based searches, with their energies after
local ab initio relaxations, are presented in Table 2.

3.3 E(V)-Curves on LDA Level

Figure 3 presents the energy versus volume curves on
ab initio level using the LDA functional of the five most
relevant structure candidates in the Ce;ON, system, while
their structural informations are listed in Table 3. The o-
modification of the Ce,ON, compound exhibits trigonal

space group P-3ml (no.164) with an AlCo,Pr,-like struc-
ture after the local optimization. Cerium is 7-fold coordi-
nated (atom-atom distances: 3 x 2.25 A—N; 1 x 227
A—N; and 3 x 2.57 A—O), with a mean distance of about
2.39 A, as expected from the typical ionic radii of the Ce-,
O- and N-atoms (see Fig. 4a and Table 3).[56] Here, we
note several points: (a) the predicted a-modification has
been found as a distorted version with lower symmetry on
the empirical potential energy landscape using global
optimization; (b) using data mining based searches, the o-
modification has been found starting from the AlCo,Pr,!
prototype, and the local optimization resulted in a closely
related structure type (AlCo,Pr;-like); (c) according to the
E(V) curves, the a-Ce,ON, modification is the unique
equilibrium structure type and global energy minimum
among the single phase compounds with composition
Ce,ON,—at least up to moderately elevated pressures as
shown in Fig. 3 -; (d) the a-modification was found via
both global optimization and data mining as the lowest
energy structure in both sets of structure candidates, and
exhibited the lowest energy for both empirical potential
and ab initio calculations.

The f-Ce,ON, structure candidate exhibits the space
group Cmc2; (no. 36) and has also been found after the
global search. Here, the Ce-atoms are coordinated by 7

-1132.58

-1132.60

E(E,)

-1132.62

-1132.64

Fig. 3 Energy vs. volume, E(V), curves for the five most relevant
structure candidates of Ce,ON, calculated using the LDA functional.
Note that we are plotting the potential energy as function of volume,
not a free energy or enthalpy, i.e. neither temperature nor pressure are
involved. Energies per formula unit are given in hartree (Ep)

Table 2 The most relevant

Space group (no.) Total energy, eV/atom Total energy, kJ/mol-atoms

structure candidates from data Modification Structure type
mining b.as.ef;i searche:e, after 2-Ce,ON, AICo,Pr,-like
local ab initio relaxations
'}’-CezoNz Dy2052
C620N2—nf—5 SCzOzS
C620N2—nf—6 B62CaGez
Ce,ONy-nf-7  ZrNiAs,

164 — 6164.1571 — 594,748.70
62 — 6164.0520 — 594,738.56
194 — 6164.0031 — 594,733.84
129 — 6164.6085 — 594,695.77
194 — 6163.3723 — 594,672.98
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Table 3 Modification, space group, unit cell parameters (A), atomic positions and total energy values in eV/atom (kJ/mol-atoms) for the most

relevant Ce,ON, modifications after LDA optimization

Modification and space LDA Total energy, eV/atom, Difference, eV/atom, kJ/mol-
group - - - kJ/mol-atoms atoms, %
Cell paramaters, A and atomic Bond distances,
positions A
o-Ce,ON, a=377,¢=557 Ce-N 3 x 2.2536 — 6164.1571 -
P-3m1 (164) Ce (2/3 1/3 0.7440) 2d Ce-N 1 x 2.2752 — 594,748.70
O0001/2)1b Ce-O 3 x 2.5674
N (1/3 2/3 0.8476) 2d Mean: 2.3912
(VID)
p-Ce,ON, a=357,b=1381,c=576 Ce-N 2 x 2.4300 — 6164.1130 — 0.0441
Cmc2, (36) Ce (0 0.8128 0.9167) 4a Ce-N 2 x 24334 — 594,744.44 —4.25
Ce (0 0.5481 0.9774) 4a Ce-N 1 x 2.1840 0.0007%
O (0 0.6447 0.6613) 4a Ce-O 1 x 2.2575
N (0 0.3146 0.6656) 4a Ce-O 1 x 2.8666
N (0 0.0304 0.2616) 4a Mean: 2.4336
(VID)
y-Ce,ON, a=1322,b=347,¢c=593 Ce-N 2 x 2.3301 — 6164.0520 — 0.1051
Pnma (62) Ce (0.4432 1/4 0.7527) 4c Ce-N 2 x 2.5270 — 594,738.56 — 10.13
Ce (0.3054 1/4 0.2655) 4c Ce-N 1 x 2.2089 0.0017%
0O (0.4689 1/4 0.3534) 4c Ce-N 1 x 2.8719
N (0.1175 1/4 0.5079) 4c Ce-O 1 x 2.2236
N (0.1779 1/4 0.0250) 4c Mean: 2.4312
(VII)
0-Ce,ON, a=332,¢=6.23 Ce-N 4 x 24154 — 6164.0308 — 0.1263
P-4m2 (115) Ce (0 1/2 0.7728) 2d Ce-N 1 x 22584 — 594,736.51 — 12.18
0(©01/2)1d Ce-0 2 x 2.3743 0.002%
N (1/200.8645) 2 g Mean: 2.3812
(VII)
&-Ce,ON, a=332,c¢c=1243 Ce-N 4 x 2.4160 — 6164.0341 — 0.1203
P4,/nmc (137) Ce (1/4 1/4 0.1136) 4d Ce-N 1 x 22573 — 594,736.83 — 11.87
O (3/4 1/4/1/4) 2b Ce-O 2 x 2.3734 0.002%
N (3/4 3/4 0.5680) 4d Mean: 2.3812
(VID)

Analogous data for the most relevant but energetically unfavorable modifications is given in table S3 of the Supporting Information

anions, similar as in the a-modification; however, cerium is
surrounded with 5 nitrogen and 2 oxygen atoms (instead of
4 4+ 3 as in the a-modification). Full structural data is
presented in Table 3 and the structure is depicted in
Fig. 4(b). The f-modification is the energetically favorable
stable structure in the effective negative pressure region
where low-density structures are preferred, in principle (c.f.
the region with large volumes, V > 80 A’ in Fig. 3). This
could indicate a possible synthesis route via, e.g., crystal-
lization from an amorphous phase deposited from the gas
phase, such as was recently used in the synthesis of a new
gallium modification (B’-gallium).">”}

The y-Ce,ON, modification possesses the Pnma space
group (no. 62), following the Dy,0S,*! prototype. This
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structure candidate has been found only after data mining
based searches, and according to the total energy ranking it
might be capable of existence perhaps as a
metastable modification (Fig. 3 and Table 3). Structurally,
the y-modification is particularly interesting since cerium is
found with two different coordination polyhedra. In the
first, the Ce-atoms are seven-fold coordinated, with 1
oxygen and 6 nitrogen atoms, while in the second, the Ce-
atoms are eight-fold coordinated, with 3 oxygen and 5
nitrogen atoms (see Fig. 4c).

Next, the -Ce,ON, modification has been found as the
preferred modification at high pressures during global
searches with empirical potential, where it exhibits the
space group P4m2 (no. 115) with cerium coordinated by
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(a) (b)

(d)

(e) ——

Fig. 4 The best five Ce,ON, candidates found during the global energy landscape search and via the data mining: (a) a-Ce,ON, (S.G. 164);
(b) f-Ce,ON; (S.G. 36); (c) y-Ce,ON, (S.G. 62); (d) 0-Ce,ON, (S. G. 115) and (e) &-Ce,ON; (S. G. 137). Notation as in Fig. 1

five nitrogen and two oxygen atoms (Fig. 4d). After DFT
optimization, the structure appears to be at best a
metastable phase, which would probably need elevated
pressures and temperatures during synthesis because of its
high energy (Fig. 3, Tables 1 and 3). However, for pres-
sures relevant to the E(V) curves in Fig. 3, the a-Ce,ON,
modification should still have the highest relative thermo-
dynamical stability among the various modifications at
T = 0 K. In this context, we note that in Fig. 3, we have not

included the E(V) curves of those other candidates that
might perhaps be competitive at extremely high pressures
but are clearly irrelevant at standard pressure, such as
Ce,ON,-nf-6 and Ce,ON,-nf-7: they exhibit eight- and
nine-fold coordinated cerium ions, respectively, as one
would expect for high-pressure structures, but have very
unfavorable total energy values (Ce,ON,-nf-6:
— 1132.5417 Hartrees and Ce,ON,-nf-7: — 1132.4982
Hartrees).
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Finally, the &-Ce,ON, modification, showing space
group P4,2,2 (no. 94), has been found on the enthalpy
landscape as an energetically favorable candidate at
extremely high pressures of 160 GPa. After ab intio local
optimization at standard pressure, the e-modification has
converted to a possibly metastable modification in the
space group P4,/nmc (no. 137), with cerium 7-fold coor-
dinated (Fig. 4e), although its energy is quite high, of
course, compared to the other structure candidates.

We note that the J- and e-modifications are closely
related: they are energetically close, both indicate the need
for high-pressure and high-temperature synthesis condi-
tions if they are accessible at all, and both appear in
tetragonal symmetry (Fig. 3, Tables 1 and 3). Furthermore,
they are structurally related having the same coordination
polyhedra, where the e-modification creates another layer
by tilting the same basic polyhedra, thus becoming a
polytype of the -modification (Fig. 4d and e). Finally, it is
interesting to note that in each of the five relevant structure
candidates, the cerium cations are seven-fold coordinated
by the anions, where the only difference is the shape of the
coordination polyhedra and the way they are connected.

4 Discussion

Of course, it would be of interest to know whether o-
Ce,ON, would be stable against decomposition into e.g.
Ce(+1IV)O, and Ce(+1V)3N,, via 2 Ce,ON, = CeO,.
+ Ce;Ny. While Ce(+1V)O, is well-known, no compound
Ce(+IV)3N, is known to exist, and thus, for a rough esti-
mate of the likelihood of a decomposition, we have com-
puted the ab initio energy of a hypothetical Ce(4+1V)3Ny
modification in a typical AzNy structure type, SizNy (also
known as the NbsTe, structure type). We find that «-Ce,.
ON, is relatively stable against such a hypothetical
decomposition, since the energy of 2 formula units of o-
Ce,ON, is lower than the energy of the sum of one formula
unit of CeO, and CesNy;, -61,641.571eV < —
16,986.2775 eV + (— 44,653.2461 eV), i.e. the energy
difference per atom is (2Eg(Ce,ON,) —  (Egy(CeOs)-
+ E(CesNy)))/10 = — 0.2047 eV/atom

(— 19.74 kJ/mol-atoms) is negative. Clearly, this is not a
final answer, since a global energy landscape study for
Ce;N, would be required to obtain the lowest energy
modification of Ce;Ny—the SizNy-type is an educated
guess -; furthermore, one would need to take the possibility
of a decomposition into CeN, via e.g. 2-Ce,ON, =
1/20, + 2CeN, or a multitude of other decomposition
paths into various cerium oxynitrides (plus oxygen and/or
nitrogen), into account, in principle. However, such a study
of the competition between cerium oxynitride compounds
containing both Ce(+4III) and Ce(41V), including mixed

@ Springer

valence compounds, is beyond the purview of the current
investigation.

Nevertheless, as a first estimate, we have computed the
relative stability of o-Ce,ON, against decomposition into
the solid elements, 2 Ce(solid) + O(solid) + 2 N(solid),
and against decomposition of two a-Ce,ON, into CeO,.

+ 3CeN + N(solid). Of course, our calculations do not
account for temperature, and thus these decompositions
only refer to 7 = 0 K. Table 4 shows the energies for the
compounds and elements involved in these estimates,
computed on DFT level with CRYSTAL17, using the same
basis sets for consistency.

First, we note that CeO, is stable against
decomposition into Ce,O3; and Ogyq by comparing the
energies of 2 formula units of CeO, with the sum
of one formula unit of Ce,O; and Oggq: 2 Eg
(Ce0O,) = — 33,972.5550 eV < Eg,(Ces03) + Efy(Ogonia) =
— 31,935.2407 eV + (— 2030.9471 eV) = — 33,966.1878
eV, i.e. the energy difference per atom is (2 E(CeO,) —
(Efu(Cey03) + Ef(0)))/6 = — 1.0612 eV/atom (— 102.39
kJ/mol-atoms), and thus at 7 =0 K, CeO, is relatively
stable against the above decomposition at 7 =0 K.
Similarly, we consider the hypothetical Ce3Ny
compound and its decomposition into CeN and Ngjqg:
En(CesNy) = — 44,653.2461 eV < 3 Eg(CeN) + Eq(Ngoria)
= — 44,653.2139 eV, i.e. the energy difference per atom is
(En(CesNy) — (3 Ep(CeN) + Ep(Ngoia)))/7 = — 0.0046 eV/
atom (— 0.44 kJ/mol-atoms), and thus, we conclude that at
T = 0 K, the hypothetical Ce;N,4 should be marginally rela-
tively stable against decomposition into CeN and Ng;;q. Thus,
it appears that the oxidation state Ce(+IV) is preferred to
Ce(+11D), at least within the context of the LCAO-basis DFT
ab initio calculations we have employed, in agreement with
the common occurence of CeO, in nature.

Now, for the decomposition of #-Ce,ON, into the ele-
ments (all in the solid state at 7 = 0 K!), we find Eg,(o-
Ce,0ON,) = — 30,820.7855 eV < 2 Eg(Ce) 4+ Eg(Ogo1iq)-

+ 2 Ef(Ngorig) = — 7563.4721 eV, i.e. the energy differ-
ence per atom is (Eg(a-Ce;ONy) — (2 Eg(Ce) +
Efu(Ogotia) + 2 Efu(Nsoria)))/5 = — 4651.4627 eV/atom
(— 448,796.38 klJ/mol-atoms). Thus «-Ce,ONj is relatively
stable against decomposition into the elements, at least
close to 7 = 0 K. Similarly, for a decomposition into CeN,
CeO, and solid nitrogen, we find 2 Eg,(a-Ce,ON,) = -
61,6415710 eV < Efu(CeOZ) +3 Efu(CeN) + Efu(Nsolid)‘

= — 61,639.4914 eV, i.e. the energy difference per atom
is (2 Eq(2-Ce;0Ny) — (Egy (CeO,) + 3 Epy(CeN) + Egy(-
Noonia))/10 = — 0.2080 eV/atom  (-20.07 kJ/mol-atoms),
which again demonstrates the hypothetical compound’s
relative stability against the outlined decomposition. From
this we would conclude that our estimate suggests that o-

Ce,ON, should be at least be metastable thermodynami-

cally at non-zero temperatures even though it might lose
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Table 4 Energies of the

compounds and elements, Compound/Element

Efu Ea[

computed using DFT Ce,05

O(solid)(a)

CeOz

Ce3N4

CeN

N(solid)(a)

Ce

— 31,935.2420 eV/f.u.
3,081,271.82 kJ/mol-f.u.
— 2030.9471 eV/f.u.
195,955.93 kJ/mol-f.u.
16,986.2775 eV/f.u.

— 1,638,920.98 kJ/mol-f.u.
— 44,653.2464 eV/f.u.

— 4,308,368.48 kJ/mol-f.u.
— 14,392.4628 eV/f.u.

— 1,388,656.77 kJ/mol-f.u.
— 1475.8258 eV/f.u.

— 142,395.05 kJ/mol-f.u.
— 1290.4367 eV/f.u.

— 124,507.78 kJ/mol-f.u.

— 6387.0484 eV/atom
— 616,254.36 kJ/mol-atoms
— 2030.9471 eV/atom
— 195,955.93 kJ/mol-atoms
— 5662.0925 eV/atom
— 546,306.99 kJ/mol-atoms
— 6379.0352 eV/atom
— 615,481.21 kJ/mol-atoms
— 7196.2314 eV/atom
— 694.328.39 kJ/mol-atoms
— 1475.8258 eV/atom
— 142,395.05 kJ/mol-atoms
— 1290.4367 eV/atom
— 124,507.78 kJ/mol-atoms

Both the energy per atom (E,,) and the energy per formula unit (Ep,) are given, in eV and kJ/mol. (a) Solid
oxygen has been calculated in the space group R-3m, and solid nitrogen in the space group P2,3

nitrogen and/or oxygen at temperatures, where these ele-
ments are gaseous. Figure S1 in the supplementary material
shows a rudimentary 7 =0 K (triangular) composition
phase diagram, with the computed data points (hypothetical
a-Ce,ON,, hypothetical CesN,4, CeN, CeO,, solid nitrogen,
solid oxygen, and metallic Ce).

Clearly, at standard conditions, both oxygen and nitro-
gen are gaseous, and thus there will be a large contribution
to the free energy from the entropy, similar to the one for
an ideal gas. This will influence all the decompositions
given above. However, the focus of this study has been the
prediction of feasible structure candidates for the com-
pound Ce,ON,, as a first step towards the exploration of
the Ce-O-N system, and the effects of temperature and thus
the presence of oxygen and nitrogen in the gaseous phase
on the stability of this compound goes beyond the purview
of this investigation. Thus, we also do not make assertions
about the absolute thermodynamic stability of these
hypothetical modifications of a Ce,ON, compound, but
only refer to their relative thermodynamic stability.

5 Conclusions

In this study, we have explored the energy landscape of the
hypothetical ionic cerium oxynitride Ce,ON, ceramic, and
predicted several feasible modifications for this compound
for the first time. The discovery of new theoretical modi-
fications in the predicted system has been achieved using
global optimization and data mining, where the energy
landscape has been explored for various pressures and
different numbers of formula units in the simulation cell.

The global optimization has been performed with empirical
potentials, with subsequent local minimization on the
ab initio level. From more than 14,000 structure candidates
obtained after global optimization with simulated anneal-
ing, plus the 29 potential structure candidates found via
data mining and prototyping, we have obtained five highly
plausible low-energy modifications that might be realized
as (meta)stable modifications, plus seven crystallographi-
cally and chemically interesting but energetically unfa-
vorable structures.

Among the hypothetical Ce,ON, solid modifications,
the «-Ce,ON, modification, with an AlCo,Pr,-like struc-
ture, is predicted to be the one with the highest relative
thermodynamic stability, at least at low temperatures,
while at effective negative pressures, the -Ce,ON, mod-
ification should exhibit the highest relative thermodynamic
stability, and be synthetically accessible. Two predicted
orthorhombic modifications might be metastable, the
already mentioned f-modification and the y-modification.
Finally, high temperatures combined with high pressures
might favor the existence of the J- or the e-modification as
metastable structures. Clearly, this is only a first step
towards the full phase diagram in the Ce-O-N system,
where one would include temperature and also investigate
many more ternary, and even binary compositions. Nev-
ertheless, this work provides a first glimpse of the potential
structural richness of the Ce-O-N system.
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