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ABSTRACT: Heteroanionic compounds that contain more than
one type of anion have many unique and attractive properties,
which make them desirable for numerous applications. However,
because of challenges in synthesis and the complexity of their
phase spaces, heteroanionic compounds are much less explored
than more traditional homoanionic (single-anion) compounds. In
this work, we perform a systematic screening for synthesizable,
stable, heteroanionic oxysulfide, oxyselenide, and oxytelluride
compounds ABXO (A and B are metals; X = S, Se, and Te)
using high-throughput density functional theory calculations. 129
hitherto unknown ABXO compounds are predicted to be
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thermodynamically stable, therefore potentially synthesizable, and most of them are semiconductors. The calculated band gaps
and other electronic and ionic properties are used to further screen potential compounds with promising applications such as
thermoelectrics, transparent conductors, and solid-state electrolytes for Li/Na ion batteries. Our initial study on ABXO
oxychalcogenides shows that heteroanionic compounds possess an extremely rich phase space with a variety of interesting properties
and with a large number of these compounds still awaiting experimental synthesis.

B INTRODUCTION

In comparison to single-anion compounds such as oxides,
chalcogenides, fluorides, and nitrides, compounds containing
multiple anions (commonly referred to as “mixed-anion” or
“heteroanionic”) have not been widely studied.' However,
many known heteroanionic compounds have various compel-
ling properties, making them potential candidates for a wide
variety of applications. For example, BiXO (X = Cl, Br, and I)
and LaTiNO, are high-efficiency photocatalysts in the visible
light region because of higher energy levels of X p orbitals than
oxygen;z’3 BiCuSeO and Bi,SeO, have exciting thermoelectric
(TE) performance;” the Bi,S;0, and LaFeAsO families of
compounds show high-temperature superconductivity;”’
LaCuSO is an excellent p-type transparent conducting oxide
(TCO);* Gd,SO, has potential application in radiation
detectors;” CaZnSO shows interesting piezo-luminescent
properties;'”'" and so forth.

The variation among anions in terms of properties such as
the radius, mass, electronegativity, polarization, and oxidation
state results in characteristics that are distinct from single-
anion compounds. Heteroanionic compounds can also show
interesting anion ordering behavior. Ordering a strongly ionic
anion and a more covalent anion in a heteroanionic compound
often leads to structures that are layered (natural hetero-
structures), have a local asymmetric coordination, and are
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globally non-centrosymmetry.'>'* For example, the ZrCuSiAs-
type structure (P4/nmm space group, see Figure la) is the
most abundant crystal structure among ABXY (A and B are
cations, and X and Y are anions) quaternary compounds,'* for
example, BiCuSeO, LaCoPO, LaCuSO, LaFeAsO, SrFeAsF,
BaAgTeF, and SmCuSeF. This structure can be rationalized in
terms of hard and soft (Lewis) acids and bases theory: soft
(hard) acids form stronger bonds with soft (hard) bases.”> ™7
The hard acid cation (Ba, Sr, La etc.) in this structure type
bonds with the hard base anion (O and F) and forms anion-
centered tetrahedra, while the less electropositive cation (Cu,
Ag, Co, Fe, etc.) preferentially coordinates with the softer base
(S, Se, As, Te, etc.), forming cation-centered tetrahedra.'®'” If
one cation in the structure is removed, it forms a ternary
version of the ZrCuSiAs-type structure, which is the PrIO or
PbClIF-type structure with the P4/nmm space group (see
Figure 1b). The ternary version is adopted by many AXY
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Figure 1. Commonly occurring crystal structure types in the ABXO
family of heteroanionic compounds. (a) BiCuSeO (ZrCuSiAs—
CuHfSi,), (b) PrIO (PbCIF), (c) CaZnSO, and (d) ScRhSi,
(CaFeSeO). The cations in (ab) structures have homoleptic
coordinations and in (c,d) have heteroleptic coordinations.

heteroanionic compounds as well: BilO, LaBrO, PbIF, ThIN,
CaClF, and SrHI. Aside from the ZrCuSiAs-type, other
structures with local or global non-centrosymmetric symmetry
are commonly found in ABXY compounds as well. The SiC—
4H (CaZnSO)-type structure (P6ymc space group, see Figure
1c), adopted by the heteroanionic compounds CaFeSO,
CaZnSO, and ScAICO, develops a permanent dipole moment
along the crystallographic stacking direction because of anion
ordering. In the CaZnSO-type structure, Zn is tetrahedrally
coordinated with three S and one O atoms, and all ZnS;0
tetrahedra are corner-sharing in the ab plane and stacked along
the ¢ axis, separated by Ca cations.

Heteroanionic compounds are expected to provide a wider
chemical space to search for new materials, and the extra
degrees of freedom offered by the choice of multiple anions
should allow for tuning of material properties.l’20 Therefore,
some inherent challenges in single-anion compounds could be
alleviated by heteroanionic compounds. For example, band
gaps of transition metal oxides can be significantly reduced by
introducing less electronegative anions such as chalcogenides
or pnictides, which boosts photocatalytic and photovoltaic
efficiency by increasing visible-light absorption.”"** The redox
potential of oxides can be enhanced by substituting oxygen
with the more electronegative fluorine, potentially increasing
the voltage of lithium ion batteries (LIBs).”> Moreover,
naturally forming superlattice structures in the heteroanionic
family of compounds can be utilized to manipulate electron
and phonon transport, for example, using quantum confine-
ment effects or interlayer coupling, since the conducting and
insulating layers are typically alternate in the superlattice.”*

Owing to the challenges in synthesizing heteroanionic
compounds and the complexity of the multianion chemical
space, however, the number of known heteroanionic
compounds is relatively small.' A significant acceleration in
new heteroanionic materials discovery can be achieved by
guiding experimental synthesis efforts using computational
screening based on high-throughput (HT) calculations and
machine learning.”*™*° HT computational screening-driven

approaches, often based on materials properties computed with
density functional theory (DFT), have been widely used to
discover new synthesizable compounds for a wide variety of
applications,”>~>7!~#!

In this work, we search for new, stable quaternary
heteroanionic oxychalcogenide compounds with a simple
equiatomic ABXO composition (A and B = metals, X = S,
Se, or Te). We calculate several thousands of hypothetical
compounds based on known structural prototypes and
determine the ground-state structures at each composition.
We identify thermodynamically stable phases by comparing
their energies against all combinations of fhases in the Open
Quantum Materials Database (OQMD)* and verify their
dynamic stability via phonon calculations. For newly identified
thermodynamically stable or nearly stable phases, we calculate
the electronic structure using the screened hybrid functional
and perform separate screens for candidates suitable for three
energy applications: TEs, transparent conductors, and Li/Na
ion battery electrolytes. We find several promising candidates
for each application and make recommendations for future
experimental synthesis efforts.

B METHODS

DFT Parameters. In this work, all DFT calculations are performed
using the Vienna Ab Initio Simulation Package (VASP).** The
Perdew—Burke—Ernzerhof (PBE) version of the exchange—correla-
tion functional,” projector-augmented wave method***’ and the
plane wave basis sets with an energy cutoff of 520 eV were used for
structure relaxation, phonon calculations, and molecular dynamics
(MD) simulation. Uniform k-point grids with a density of 6000—8000
k-points per reciprocal atom were used. Compounds made of
elements with unfilled d-shells were spin-polarized, initialized in a
ferromagnetic spin configuration, and the magnetic degree of freedom
allowed to relax to self-consistency within a primitive unit cell. To
avoid issues of convergence, pseudopotentials with f-electrons placed
in the core were used for rare earth elements except the hybrid
function band gap calculation for Ce-containing compounds. The
effect of f-electrons on formation energies and convex hull distances of
Ce* compounds is relatively small (see Note 1 of Supporting
Information for more details). All parameters, including Hubbard U
values,*® were chosen to be consistent with those used for calculations
in the OQMD (see ref 42 for details).

Chemical Space. In order to perform an efficient HT screening,
only nominally charge-balanced ABXO (X = S, Se, and Te)
compounds were calculated. Since the total oxidation state of XO is
—4 (X* + 0*7), two possible ABXO combinations exist: A'*B**XO
and A**B**XO. Therefore, only elements with possible nominal
oxidation states of +1, +2, or +3 (Figure 2) are considered as cations
in generating hypothetical heteroanionic compounds. We screened
972 AM™B**XO and 192 A*B*XO compositions with 4 and 8
prototype structures, respectively. The prototype structures are from
the ICSD and literature.

Thermodynamic T = 0 K Stability. The thermodynamic stability
of a compound at 0 K is defined by its energetic distance from the
convex hull of formation energies in the chemical space, that is, the
difference in the formation energy of the compound and that of the
lowest-energy linear combination of phases at that composition.
Previous studies have shown that the distance to the convex hull of
formation energies (often simply “convex hull distance” or “stability”)
is a reasonable metric of the likelihood of experimental synthesiz-
ability—a convex hull distance of zero or close to zero is a good
indicator of its successful experimental synthesis.*’ ™" All unique
ordered phases in the OQMD (www.oqmd.org), a total of over
560,000 phases (as of June 2019), including ~40,000 known
compounds from the Inorganic Crystal Structure Database
(ICSD)**** and ~500,000 hypothetical compounds based on
common binary and ternary structure types,’* were used for all
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Figure 2. Elements from the periodic table used for substituting for A
and B in ABXO heteroanionic compounds in this work. Gray
elements are not considered in the HT calculations.

convex hull constructions. The hull distance (AE,) of an ABXO
compound is defined as the difference between its formation energy
(AE) and the lowest-energy linear combination of phases in the A—
B—X—0O space with an overall composition of ABXO (sometimes
referred to as “competing phases”).

Crystal Structure Determination. To find the lowest energy
structure at each unique composition, we use several approaches. We
first use four and eight structure types as “prototypes” (commonly
occurring in the ICSD or reported in the literature;*> see Table 1) for

Table 1. Structure Type, Space Group, Polyhedron, the
Number of Atoms per Primitive Cell (Z), and the Number
of Compounds Reported in the ICSD within Our Chemical
Space (N) of the Prototype Crystal Structures Used to
Generate Hypothetical ABXO Compounds for Our HT
Screening

structure space polyhedron
type group composition z N  source
A1+B3+XO
BiCuSeO P4/nmm OBi,, CuSe, 8 15 ICSD
LaCuSTe P2,/c LaS,Te,, CuSTe, 16 0 ICSD
LiAISO Pmc2, LiS,0,, AlO,S, 8 0 refsS
LiAISO Pc OLi,, AIS 16 0 refss
AZ+BZ+XO
CaZnSO P6;3mc CaS,03, ZnS;0 8 2 ICSD
CaFeSeO Pnma CaSe,0,, FeSe,0, 16 1 ICSD
CaFeSeO Cmc2, CaSe,0,, FeSe,0, 16 1 ICSD
LiSINO P2,/ab LiNO,, SiN,;O 16 1 ICSD
AgHgIS P2,2:2, AgS,1,, Hgl 16 0 ICSD
SmCuTeS Pbca SmS,Te,, CuTe;S 32 0 ICSD
BaZnSO Cmcm BaO,, ZnO,08S, 2 ICSD
BaNiS, P4/nmm BaO;, NiS, 0 8 0 ICSD

AYB¥XO0 and A*B*XO, respectively, with A and B-substituted with
elements from the periodic table according to their possible nominal
oxidation states, as discussed earlier. In order to perform a more
efficient screen, we substitute the cations of the prototype structure
with the cations that have the same nominal oxidation state for
A"B*XO. For A>*B?*XO, we generate two hypothetical structures for
each prototype structure by alternating A>* and B>*. The hypothetical
compounds are then computed within a HT-DFT framework using
qmpy.>* Further, for stable (AE, = 0 meV/atom) and nearly stable
(AE, < SO meV/atom) compounds with high symmetry (e.g,
belonging to the P4/nmm space group) but dynamic instability (i.e.
with imaginary phonon frequencies), we generate low-symmetry
(subgroup of the parent structure) structures by displacing atoms
along the eigenvectors of the unstable phonon modes. An example of

this process is shown in the Figure S1 and Table S1 of the Supporting
Information. Finally, we use the particle swarm optimization (PSO)
approach as implemented in the CALYPSO package®®*” to perform
global structure searches. We used CALPSO for a few selected
compounds with promising applications rather than for the full HT
search space because of the high cost of computing hours required.

Phonon Spectra and Lattice Thermal Conductivity. To check
for dynamic stability of compounds and search for lower energy
structures from unstable phonon modes, second-order force constants
were computed by using the finite displacement method as
implemented in the phonopy package.”® Supercells with lattice
constants more than 10 A in all three lattice directions (e.g,, 3 X 3 X 2
supercell for BiCuSeO-type structures) and an atomic displacement of
0.01 A are utilized. The supercell size is large enough, and the atomic
displacement is suitable to examine the lattice stabilities (see
Supporting Information Figure S1 for the results of convergence
tests). Lattice thermal conductivities were calculated by solving the
Boltzmann transport equation for phonons, as implemented in the
ShengBTE code,”® based on the second- (4 X 4 X 2 supercell, 0.01 A
atomic displacement) and third-order (2 X 2 X 1 supercell, up to
third—neighbor interactions) force constants calculated using
phonopy and third-order.py,” respectively.

Electronic Transport. Electronic conductivities () were
calculated by solving the Boltzmann transport equation for electrons
within a constant relaxation time approximation, as implemented in
the Boltztrap package.®’ The electronic structure eigenvalues used in
these calculations were computed with very dense k-meshes using the
VASP package.%’44 Electronic thermal conductivities (k,) were
estimated using the Wiedemann—Franz law (k, = LoT) with L =
245 x 107 WQ K.

Electronic Structure, Band Gap, Effective Mass, and Branch
Point Energy. The electronic band structures of all the stable/nearly
stable compounds reported in this work are calculated using the PBE
exchange—correlation functional. The screened hybrid functional
HSE06°* was used only to compute the minimum band gap from the
density of states (DOS) of each compound. We note that although
the standard screened hybrid functional HSE06, which uses a fixed
exact exchange contribution of 25%, tends to underestimate
(overestimate) the band gap of compounds with large (small) band
gaps in general, it is a significant improvement over PBE in most
cases.** The conductivity effective mass (m*)™! = 6/ne’z is calculated
using the Boltztrap code within the constant relaxation time
approximation as proposed by Gibbs et al. based on the PBE
electronic structures.”® The dopability of semiconductors is estimated
by using the branch point energy (BPE),***” which is calculated using
the Matminer and pymatgen packages based on the HSE06 electronic
structures.>®’

Cation Migration. To evaluate the alkali metal ion diffusivity in
the selected heteroanionic compounds, we performed first-principles
MD simulations as implemented in the VASP package.**** Supercells
of the selected heteroanionic compounds consisting of 24 formula
units and I'-point k-meshes were used, striking a balance between
computational cost and accuracy. All MD simulations were performed
in the canonical ensemble (NVT) using the Nosé thermostat’””" and
velocity-verlet time integration scheme with a time step of 2 fs.
Thermal expansion at each temperature was accounted by optimizing
the supercell volume to minimize the average pressure (to zero) based
on a series of short 1 ps runs.”>””* Each system was heated from 100
K to the target temperature (600—1800 K) over 2 ps with S ps
equilibration time. For diffusion runs, the MD simulations were
performed for an additional 40 ps to ensure that no melting occurs.”*
The ionic diffusion behavior is calculated by a time-dependent mean
square displacement (MSD)

MSD(t) = ((1)) = (in(t) — r(0)P) (1)

where r,(t) is the position of the ith Li*/Na* at time t, and the average
is over the time steps and all the Li*/Na®. According to the Einstein
equation, the slope of the MSD is proportional to the diffusion
coefficient D
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D(t) = = lim —(r*(t))

Gn—oo dt @)
Therefore, the activation energy barrier for Li*/Na* diffusion can be
extracted from the diffusion coefficients at various temperatures

according to the Arrhenius equation75

In(D) = In(Dy) — Epee/ksT

(3)

where Dy is the temperature-independent pre-exponential, E, is the
activation barrier, and kj is the Boltzmann constant. The electro-
chemical stability window of the stable compound NaGaSO is
calculated following the method proposed by Richards et al. 76

B RESULTS AND DISCUSSION

Thermodynamic Stability at 0 K. The ground-state T = 0
K stability was calculated for each of the 972 A'*B*X0 (192
A*B*X0) compositions in the chemical space, and each
composition was sampled using 4 (8) structure types. We
found 105 (24) stable and 119 (26) metastable compounds
using our HT screening approach. Previous studies have shown

that the distance to the convex hull of formation energies of a
compound is a good estimate of the likelihood of its
experimental synthesizability.”**’~>"77”® The thermodynami-
cally stable (on the convex hull, AE;, = 0 meV/atom) and
nearly stable (close to the convex hull, AE;, < S0 meV/atom)
A"B*XO and A*'B**XO compounds are summarized in
Figures 3 and 4, respectively. We include nearly stable
compounds to account for the following factors:

e The convex hull constructions performed in this work
use 0 K formation energies of compounds. Therefore,
entropic contributions (e.g., vibrational, electronic,
configurational, and magnetic) to the thermodynamic
stability of compounds are not included. Including
entropic effects can lead to changes in the convex hull
distances: for example, the low-temperature unstable

compounds may become stable at high temperatur-
79,80
es.
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Figure 5. Heat map of the HSE06 band gaps of stable/nearly stable A'*B**XO (X = S, Se, and Te) compounds.

e A large number of experimentally synthesized and
naturally occurring compounds are truly metastable
and are often “kinetically stabilized” (i.e., trapped in a
local but not global minimum of the energy)77’78 For
example, the energy difference between the ground-state
structure and the observed, synthesized metastable
polymorphs can be more than 50 meV/atom for oxides
and around 50 meV/atom for sulfides and selenides.””

e Errors are associated with calculations of formation
energies using DFT, for example, choice of exchange—
correlation functionals, corrections to elemental refer-
ence chemical potentials, and so forth.**®' An important
error especially associated with the heteroanionic
compounds is from the Hubbard correction since the
U parameters are typically applied to transition-metal
cations and their U values are often extracted from
single-anion compounds. However, these U corrections
are typically only applied for certain anions (e.g. oxides).
In the mixed anion homoleptic coordination, one might
presume that no Hubbard U is actually required if the
transition-metal cation bonds with a single anion that
has low electronegativity. In the heteroleptic case, the U
values extracted from the pure oxides or sulfides may be
not suitable anymore. Moreover, the competing phases
are mostly single-anion compounds (e.g., transition-
metal oxides or transition-metal chalcogenides). It is
very difficult to use a consistent U when computing the
convex hull distance. We have studied the use of DFT +
U in mixed anion systems in more detailed elsewhere.*”

e DPotentially lower energy structures were not found in
our crystal structure search, for example, the true
ground-state structures having large unit cells and/or
very complex crystal structures.

However, there is in fact no strict upper limit of AE, for
synthesizability.”””® For example, although DFT can calculate
the absolute vibrational entropy quite accurately,®’ the
vibrational entropy could stabilize or destabilize a compound,

depending on the phonon frequencies of all the involved
phases. A small AE; cutoff could miss some interesting
metastable compounds, and a large AE;, will definitely lead to
more false positive predictions. As shown in Figures 3 and 4
and Supporting Information Table S2, we found that all the
experimentally reported oxychalcogenide compounds included
in the ICSD or elsewhere in the literature are less than 50
meV/atom off the convex hull. Therefore, we used 50 meV/
atom as the cutoff.

In addition to the experimentally reported compounds, we
find more than 100 new, as-yet-unsynthesized oxychalcogenide
compounds to be stable. During the preparation of this
manuscript, two of our predicted compounds, BiAgSO and
BiAgSeO, were synthesized and reported by other groups.®**®
Since these two compounds were not included in the ICSD
when we performed our HT-DFT screening, the successful
discovery of these two compounds immediately validates two
of our predictions and increases our confidence in the ability of
our approach to predict entirely new, previously unreported,
synthesizable ABXO compounds. In addition, we also find that
the ground-state crystal structure identified by our approach is
consistent with those reported in experiment for most
compounds; that is, for all experimentally reported com-
pounds, the lowest energy structure corresponds to the
observed structure type. From Figure 3, we note that (i)
many stable/nearly stable A"B**XO compounds contain rare
earth elements (including Sc and Y), while most transition and
post-transition metal-containing compounds are unstable (AE,
> 50 meV), (ii) the monovalent cations Cu' and Ag" are
present in a large number of ABXO compounds, across all X
elements (S, Se, and Te), and (iii) more stable/nearly stable
compounds exist with Se’~ compared to Te*” and S*”. In
general, all the above three observations are consistent with the
experimental reports to date. Our phonon calculations indicate
that some experimentally known P4/nmm compounds have
small imaginary phonon frequencies and distorted structures
obtained by displacing atoms along the eigenvectors of the
unstable phonon modes have only slightly lower energies (few
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Figure 6. Heat map of the HSE06 band gaps of stable/nearly stable A>**B>*XO (X = S, Se, and Te) compounds.

meV per atom) than the corresponding P4/nmm phases,
indicating a weak instability of the P4/nmm phase at 0 K. This
discrepancy is presumably because experimental reports usually
correspond to room temperature or higher, which in some
cases could be higher than the phase transition temperature.
Also, we note that the choice of the exchange—correlation
functional usually can have a significant large effect on phonon
frequencies.”® However, such a study is beyond the scope of
this study. Our calculations also indicate that only Ba-, Sr-, and
Ca-based compounds are thermodynamically stable when
paired with a transition metal cation in the A**B*XO family,
consistent with prior experimental reports once again. Our
calculations correctly reproduce all the synthesized A>*B**XO
compounds to be on or close to the convex hull (AE, < S0
meV/atom, see Figure 4).

In addition to reproducing the experimental results, we find
many hitherto unknown ABXO compounds—Li*, Ag*, Sc**,
Y?*, Sr**, and Ba**-containing compounds in particular—that
are thermodynamically stable/nearly stable. We note that
despite being predicted to be thermodynamically stable, the
experimental synthesis of many of these compounds may be
challenging. For example, the only known example of a Li-
containing ABXO compound, LiCeSO, was only very recently
synthesized by inserting Li into CeSO using chemical or
electrochemical methods.”” BiAgSO and BiAgSeO were also
only recently reported to be synthesized via ion exchange of
Cu wi;c?S;Ag in pH- and T-controlled aqueous environ-

Electronic Structure. The electronic structures and energy
band gaps of the stable/nearly stable ABXO compounds are
calculated to explore potential optoelectronic, TE, and
photovoltaic applications. The electronic band structures are
calculated at the PBE level of theory as it captures band
dispersions reasonably accurately and is computationally
affordable. However, PBE is well-known to underestimate
the band gaps of semiconductors and insulators.”**® Hybrid
functionals,® on the other hand, such as the screened hybrid
functional HSE06,%* are known to estimate band gaps in much
better agreement with experimental values. Therefore, we use
the HSEO6 functional to calculate the band gap between the
conduction band minimum (CBM) and valence band
maximum (VBM) for every stable/nearly stable compound.
The HSEO6-calculated band gaps are summarized in Figures §
and 6 for A*B**XO and A>*B**XO, respectively. Most of the
ABXO compounds are semiconductors, with band gaps up to
5.1 €V for the A"*B**XO and up to 4.0 eV for the A>*B**XO
family of compounds. The calculated band gaps show a strong
correlation with the electronegativity difference of the cations
and anions in these compounds: (i) the band gap decreases
from S to Se and to Te and (ii) the compounds containing

alkali and alkaline-earth metal cations have larger band gaps
than those containing transition metal and post-transition
metal elements. LiAISO (S5.11 eV) and CaZnSO (3.90 eV, in
good agreement with an experimental value of 3.7 eV°°) have
the largest band gap among A'*B**XO and A*B*'XO
compounds, respectively. The sudden decrease of the band
gap in Ce-containing compounds when crossing the rare-earth
series is due to the appreciation of the f-electron in the Ce®"
(4f") cation. Note that except Ce-containing compounds, the
band gaps reported here do not count the band gap formed by
f-electrons of rare-earth cations since the f-electrons are treated
as core electrons. The large range of band gaps in our
predicted oxygenchalcogenide compounds enables us to
explore further the energy and functional applications of
these new semiconductors.

Thermoelectrics. TE materials have important applica-
tions in energy harvesting from waste heat, TE coolers, and
thermal detectors as they can directly convert heat into
electricity and vice versa. High-efficiency TE materials are
required to compete with other technologies for practical
applications. The TE efficiency is characterized by the figure of
merit zT = (§26T)/(ky, + k,), where S, 6, k,, ki, and T are the
Seebeck coefficient, electrical conductivity, electronic thermal
conductivity, lattice thermal conductivity, and temperature,
respectively. In order to maximize zT, both electronic transport
properties and lattice thermal conductivity have to be
optimized carefully. However, S, 6, and k (k, + ki) are usually
coupled with each other. Although the TE materials based on
oxides have potential advantages of low cost and high chemical
stability at high temperatures compared to chalcogenides,””
their 2T is usually much lower than chalcogenides because of
their higher x; and lower 6.”> The combination of oxygen and
a chalcogenide in a single compound provides an alternative
solution that balances these factors.

The BiCuSeO oxychalcogenide has been found to have
exciting TE properties.””> Our HT search has identified
several new candidate compounds that exhibit similar or even
improved TE characteristics. The stability screening in the
previous section suggests that BiAgSO and BiAgSeO are
thermodynamically stable and BiAgTeO is nearly stable with a
small convex hull distance (AE, = 9 meV/atom). As
mentioned before, BiAgSO and BiAgSeO have been
synthesized recently.*¥®> Therefore, we believe BiAgTeO
might be synthesizable with proper approaches as well. Our
crystal structure search based on the prototype structure and
PSO approaches indicates that the ZrCuSiAs-type structure is
the lowest energy structure of BiAgSO, BiAgSeO, and
BiAgTeO, which is isostructural with BiCuSeO—an excellent
TE material at moderate temperatures.” The band gaps
calculated by the screened hybrid functional HSE06 are 1.39,
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1.14, and 0.59 eV for BiAgSO, BiAgSeO, and BiAgTeO,
respectively. Spin—orbit coupling (SOC) is not included in our
HSEO06 calculations because of the high computational cost. It
could potentially lower the band gap by ~0.2 eV for these
compounds according to our PBEsol calculation. Note that
band gaps of narrow band gap compounds, as observed in
BiCuSeO (E, = 0.8 eV) and other semiconductors, usually are
slightly overestimated by HSE06 because the fixed Hartree—
Fock mixture (25%) in the standard HSEO6 is too high for
small band gap compounds.”* The experimentally measured
band gaps of BiAgSO and BiAgSeO are 1.0 and 0.75 eV,
respectively.**®> Therefore, it is reasonable to speculate that
the band gap of BiAgTeO is 0.5 eV or lower. These results
indicate that BiAgSeO and BiAgTeO possess suitable band
gaps for high-performance TE materials, which usually are
small band gap semiconductors as they demand high power
factors (PFs) and low thermal conductivities concurrently.94 A
combined theoretical and experimental study on TE properties
of BiAgSeO is reported elsewhere. Therefore, we only focus on
BiAgTeO here.

Since accurate structural optimization is needed for phonon
dispersion and transport calculations and the PBE functional
cannot completely capture the long-range interactions between
layers of the layered compounds with the ZrCuSiAs-type
structure, here we use the PBEsol functional to study electron
and phonon transport properties of BiAgTeO,95 which has
shown success with the similar compounds.”””” We compared
the lattice constants of BiBXO (B = Cu and Ag; X = S and Se)
compounds optimized by using several different exchange—
correlation functionals and the experimental values. As shown
in the Supporting Information Table S3, PBEsol reproduces
the lattice constants of these compounds well. The PBEsol
calculated band structures of BiAgTeO and BiCuSeO
including SOC based on the fully relaxed crystal structures
are shown in Figure 7. The VBM of BiCuSeO is located at the
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Figure 7. Band structures of BiAgTeO (a) and BiCuSeO (b)
calculated by PBEsol, including spin—orbital coupling.

middle of the X line (the line between I and M points), which
has a valley degeneracy of four, and the CBM is at the Z point
with a valley degeneracy of one. The highly dispersive band
with high valley degeneracy near the band edge is highly
desirable for achieving a high PF (PF = 6S% the product of
electrical conductivity ¢ and the square of Seebeck coefficient
$).”*%? The small energy difference between the VBM and the
second VBM at the Z point in BiCuSeO (26 meV) indicates

that the second VBM can have non-negligible contribution at a
high hole concentration. However, the band structure of
BiAgTeO is different from BiCuSeO: the VBM is in the middle
of the U line (the line between the Z and R points), which has
a valley degeneracy of 4 as well, and the CBM is at the I point.
The second VBM at the Z point almost has the same energy as
the VBM, which can provide an additional contribution to
enhance the PF. The semimetallic band structure of BiAgTeO
is due to the band gap underestimation by the semilocal
functional PBEsol. As we mentioned above, the HSE06-
calculated band gap is 0.59 eV. These features of the electronic
structure suggest that BiAgTeO could have comparable or
even higher PF than BiCuSeO as long as they are properly
doped. Therefore, we calculated the electrical transport
properties of BiAgTeO and BiCuSeO based on first-principles
electronic structures and semiempirical transport theory within
the constant relaxation approximation (see Methods for
details). The calculated electrical transport properties are
displayed in Figure 8. For computational efficiency, we use the
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Figure 8. Reduced PFs (S%¢/7) of BiAgTeO, BiCuSeO, and SnSe at
300 K. || and L are the directions parallel (out-of-the-plane) and
perpendicular (in-plane) to the stacking layer, respectively.

so-called reduced PF (S%6/7, 7 is the electron relaxation time)
to evaluate the electron transport properties of these
compounds. BiAgTeO, as expected, has a much higher
reduced PF within the layer stacking direction (.1,
perpendicular to the stacking direction) than that along the
stacking direction (||, parallel to the stacking direction)
because of the poor electrical conductivity along the stacking
direction. Our results also demonstrate that BiAgTeO can have
comparable or even higher PFs than BiCuSeO and SnSe
(which has an ultrahigh PF'*’), assuming that the compound
can be doped in the range of 10" ~ 10*° cm™ holes, provided
these compounds have similar 7 values.

A low lattice thermal conductivity (ki) is another desired
property of high-efficiency TE materials since electron thermal
conductivities (k,) in semiconductors are generally much
smaller than x;.'°"'*> Owing to a better agreement with
experimental lattice constants of BiBXO compounds (B = Cu
and Ag; X = S and Se), as shown in Table S3 of Supporting
Information, the PBEsol functional is used to calculate the
second- and third-order force constants of BiAgTeO, which are
used to compute kp by solving the linearized phonon
Boltzmann equation. The phonon dispersions, as shown in
Figure 9, indicate that BiAgTeO is dynamically stable with
softer phonon modes (lower phonon frequency) than
BiCuSeO because of the larger atomic mass of Ag and Te
and weaker bonding interactions in Ag—Te than Cu—Se, which
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Figure 9. Phonon spectra and phonon DOS of BiAgTeO (a) and

BiCuSeO (b).

implies a lower phonon velocity and therefore lower k;. Similar
to Cu in BiCuSeO, Ag has a significant contribution to the flat
phonon modes with low frequencies (see phonon DOS in
Figure 9), which play important roles in scattering the heat-
carrying phonon modes.'”” As seen in Figure 10, the calculated
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Figure 10. Lattice thermal conductivities of BiAgTeO and BiCuSeO
in the directions parallel (out-of-the-plane, k) and perpendicular (in-
plane, k) to the stacking layer. The lattice thermal conductivities of
SnSe are from the ref 104.

ki, of BiAgTeO is lower than that of CuBiSeO, consistent with
our analysis based on the phonon dispersion. The calculated &,
is also lower than that of SnSe calculated by Carrete et al,,'"*
which has an ultralow &; and high TE performance.'*”'** The
low x; and high PF indicate that BiAgTeO is a promising
heteroanion TE material.

The dopability is crucial for TE materials since a substantial
conductivity can only be reached when the carrier concen-
tration is high enough. The hole dopability of BiAgXO (X = S,
Se, and Te) is roughly evaluated by using the BPE®*” (see
Figure S3). The calculated BPE positions related to the middle
of the band gap are similar to those of oxychalcogenides
ACuXO (A = La and Bi; X = S, Se, and Te) and La,SeO,,
which are p-type semiconductors. Therefore, it is expected that
BiAgXO (X =S, Se, and Te) is hole-dopable.

Transparent Conductive Oxides. TCOs, which show
both high optical transparency at the visible-light range and
high electrical conductivity, are attractive materials for a large

variety of applications such as solar cell contacts, electro-
chromic windows, flat panel displays, touchscreens, light
emitting diodes, and a variety of other applications.'*>'"”
Although many good n-type TCOs (such as ZnO, SnO,, and
In,0;) have been discovered many years ago, good p-type
TCOs are still missing. All the well-known p-type TCOs such
as Cu,O, CuAlO,, SrCu,0,, and Rh,Zn0O, have either low
conductivity or poor transparency.'”® One major issue of the
p-type TCOs is the low electrical conductivity because the
VBM in most oxides are from the localized and deep oxygen
2p orbitals, which leads to low carrier mobility (because of
large hole effective masses) and low hole concentration,' %~ '"?
In the past decades, many experimental and computational
efforts have been put to search for good p-type
TCOS.IOSII 12—117

LaCuSO is one of the well-studied TCOs because of its large
band gap (3.1 eV®) and small effective mass.'”® It also
crystallizes in the ZrCuSiAs-type structure.” As shown in
Figure 5, we find many oxysulfide compounds with wide band
gaps (E; > 3.2 eV), a first step in searching for new TCO
materials. Another vital criteria of a high-performance TCO is
a high electrical conductivity o, which is a function of carrier
concentration (1) and temperature (T). It is related to the
carrier mobility u(n, T) through o(n, T) = n(T)eu(n, T).
Within the relaxation time approximation, the carrier mobility
u(n, T) is determined by the carrier lifetime/relaxation-time
(7) and the effective mass (m*) at the band edge. Because of
the high computational cost in computing 7 limited by phonon
scattering and the complexity of the band structure (beyond
the parabola band approximation), we evaluate the electrical
conductivity of A'B**XO compounds with band gaps larger
than 3.2 eV using the so-called conductivity mass (m*)
proposed by Gibbs et al.,”* assuming that the carrier relaxation
time (7) is isotropic and all these compounds have similar 7

2
eT

%k
op(n, T) = m
(] ’

n(T)

where e is the electron charge. We use a carrier concentration
of n=10" cm™ and T = 300 K to target the practical working
conditions of a TCO. The relative value (m*/m,c.s0) of the
conductivity mass with respect to LaCuSO, which has smaller
hole effective mass than many other oxides such as Cu,O and
SrCu,0,,'” is used to get an estimate of the relative electrical
transport solely because of the band structure. The calculated
relative m* of all the A'B**XO compounds with band gaps
larger than 3.2 eV is shown in Figure 11. We found that the Se-
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Figure 11. Transport hole effective masses of selected ABXO
compounds with respect to LaCuSO at hole concentration of 108
cm™ and 300 K. Color indicates the effective mass of these

compounds.
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based compounds YLiSeO, LaLiSeO, LuLiSeO, and NaLaSeO
have a smaller conductivity mass than LaCuSO. They also have
larger band gaps. Therefore, we suggest that these compounds
are promising candidates for transparent conductive oxides.

Hole dopability is very important for p-type TCO. Again, we
used BPE as a simple indicator of dopability.””"'>""* Similar to
the known p-type oxychalcogenides such as LaCuSO,
LaCuSeO, BiCuSeO, and, Lala,SeO,, the BPE of these
compounds are close to the middle of the band gap, which
implies that p-type doping is possible.

Superionic Conductors. Since the organic electrolytes
have significant safety concerns of leakage and flammabil-
ity,"'”"*" solid-state electrolytes (SSEs) have been actively
pursued for safe, energy-dense, and reversible storage of
electrochemical energy in batteries.'”'~'** Lithium and sodium
superionic conductors are the main SSEs explored for solid-
state LIBs and sodium ion batteries (SIBs). **'** Currently,
the superionic conductors with ionic conductivities compara-
ble to their organic liquid counterparts (107> S/cm) are
generally sulfides (e.g. LGPS: Li;(GeP,S;, and NGPS:
Na,;GeP,S,,) and selenides.'”*'**'*” However, sulfide- and
selenide-based SSEs suffer from poor electrochemical
stability.'*® On the contrary, oxide-based SSEs (e.g. LISICON:
Liy,,,Zn,_,GeO,, LLZO: Li-La;Zr,0,,) are well-known for
their high electrochemical stability and wide voltage
window.'**"3°

Heteroanionic oxychalcogenide compounds are promising
superionic conductors for SSEs in the LIBs and SIBs because
of their potential to combine the merits of high ionic
conductivity of sulfides/selenides and the remarkable electro-
chemical stability of oxides. Additionally, a large band gap (i.e.,
E, > 3.5 eV) is favored for LIB and SIB applications to ensure
that the electrolyte is electronically insulating. Therefore, stable
and nearly stable oxysulfides and oxyselenides that have a large
band gap and contain Li/Na are downselected to explore ionic
conductivity for LIB and SIB applications. We conduct first-
principles MD simulations to obtain Li/Na diffusion activation
energies (see Methods for computational details). As shown in
Figure 12, our calculated activation energies of many newly
discovered ABXO compounds are comparable to the state-of-
the-art Li/Na ion conductors such as Li;(GeP,S;, (LGPS, 0.24
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Figure 12. Activation energy of Li or Na diffusion as a function of
HSEO06 band gap for the selected heteroanionic compounds. The
shape represents the symmetry of the compound, which is defined in
Figure S. The reference compounds are Li;¢GeP,S;, (LGPS), garnet
Li;La;Zr,0,, (LLZO), and LPGSI (argyrodites Lig,P,,Ge,S;]).

eV),"”* garnet Li,La;Zr,0;, (025 eV),"”' and argyrodites
Lig,P,_,Ge,SqI (0.24 eV)."** The calculated electrochemical
stability windows (V vs M/M*) of NaGaSO, LiLaSeO, and
LiNdSeO are 1.0-2.0, 0—1.9, and 0—1.8 eV, respectively.

Therefore, our top candidates are NaGaSO, NaAlSO, and
LiGaSO with activation barriers of 0.23, 0.27, and 0.28 eV,
respectively. We predict these compounds as candidates for
SSEs in LIBs and SIBs, with superionic conductivity and a
reasonably stable voltage window. We call for experimental
validation of these predictions.

Synthesis Approaches. In general, heteroanionic com-
pounds are more challenging to synthesize than single-anion
compounds.’ However, many oxychalcogenide compounds are
actually prepared by classical solid-state reactions.'* A number
of other approaches also have been used to synthesize
oxychalcogenide compounds, such as soft-chemistry,'”’
solvothermal synthesis,gs’13’4’135 thin-film growth,112 high-
pressure synthesis,'*® ion exchange,”* and topotactic reductive
transformation.”” Different approaches have to be chosen
according to the properties of the precursors. DFT calculations
also can assist experimental synthesis to find the best synthesis
conditions. For example, the stability of a compound with
respect to the chemical potential of elements and the Pourbaix
diagram (if solvothermal method is used for synthesis) can be
computed."?”'?*

B CONCLUSIONS

In summary, the oxychalcogenide ABXO (X =S, Se, and Te)
chemical space is systematically explored by using HT DFT
calculations. More than one hundred unreported ABXO
heteroanionic compounds are found to be thermodynamically
stable or nearly stable. Electronic structure calculations show
that most of these compounds are semiconductors with band
gaps up to 5.1 eV, providing opportunities of finding new
functional and energy materials with applications from TEs, to
transparent conductors, to SSEs. Potential compounds are
therefore screened according to their band gaps: the
compounds with small band gaps (E; < 0.8 eV) were
investigated for TE applications; compounds with larger
band gaps (E, > 3.2 V) are studied for transparent conductive
oxides; and Li- or Na-based compounds with large band gaps
(Eg > 3.0 eV) are investigated for the Li/Na solid electrolyte.
More careful calculations of electron, phonon, and ion
transport are performed for the selected compounds. Several
new compounds with promising applications as TEs, trans-
parent conductors, and SSEs are discovered. Our initial study
on ABXO oxychalcogenides demonstrates the rich phase space
and diverse physical properties of heteroanionic compounds,
providing potential alternative solutions to alleviate challenges
faced by single-anion materials. Our work opens up
possibilities for accelerated design and synthesis of novel
materials for a variety of applications.
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