Downloaded via Donald Siegel on February 3, 2022 at 15:33:53 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to |egitimately share published articles.

E]]] MATERIALS

pubs.acs.org/cm

Exploring the Synthesis of Alkali Metal Anti-perovskites
Kwangnam Kim, ! Yiliang Li,q[ Ping-Chun Tsai, Fei Wang, Seoung-Bum Son, Yet-Ming Chiang,*

and Donald J. Siegel*

Cite This: https://doi.org/10.1021/acs.chemmater.1c02150

I: I Read Online

ACCESS |

[ihl Metrics & More ’

Article Recommendations |

Q Supporting Information

ABSTRACT: The development of solid-state batteries has been
slowed by limited understanding of the features that control ion
mobility in solid electrolytes (SEs). In the case of anti-perovskite
(AP) SE, lattice distortions have been proposed as one such
controlling factor: APs that exhibit distortions of the octahedral
building blocks are predicted to exhibit enhanced ionic mobility.
Nevertheless, large distortions come at the cost of stability,
implying a tradeoft between stability and ionic mobility. The
present study combines theory and experiments to explore the
synthesizability of several marginally stable APs predicted to exhibit
high mobility for Li*, Na*, and K'. Density functional theory
calculations, in combination with the quasi-harmonic approxima-
tion, were used to predict the free energy change, AG,(T), for
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synthesis reactions involving 36 alkali metal-based APs, X;AZ (X = Li, Na, or K; A= O, S, or Se; and Z = F, Cl, Br, or I). A linear
correlation is observed between the degree of lattice distortion and the stabilization temperature, at which AG,(T) = 0. Hence, APs
with the highest ionic mobility generally require the highest synthesis temperature. These data were used to guide experimental
synthesis efforts of APs by estimating the temperatures above which a given AP is expected to be thermodynamically stable.
Attempts were made to synthesize several AP compositions; overall, good agreement is obtained between experiments and
computation. These data suggest that a compound’s zero K decomposition energy is an efficient descriptor for predicting the ease

and likelihood of synthesizing new SEs.

B INTRODUCTION

Batteries are widely used for energy storage applications. Due
to their high energy density, Li-ion batteries (LIBs) are
pervasive in portable electronics and are making rapid inroads
in electric vehicles. Na- and K-ion batteries are emerging,
lower-cost alternatives to LIBs, with potential applications in
large-scale stationary storage.'

Independent of the application, safety is at the top of the list
of desirable battery attributes. Safety issues are often traced to
the use of flammable and volatile organic liquid electrolytes,
which are commonly employed in LIBs.* In principle, the
development of inorganic solid electrolytes (SEs) could
enhance safety while also allowing for the use of metal anodes,
the latter of which exhibit higher energy densities than
commonly used graphitic/intercalation anodes.”™”

Many solids have been proposed as SEs, including
Li;La;Zr,0;, LigPSsBr, and Li;oGeP,S;,.* '* Despite their
high ionic conductivities, essentially all SEs exhibit short-
comings such as poor interfacial stability and susceptibility to
dendrite penetration.'”™*° Consequently, the search for
optimal SEs is an active area of research. The discovery of
new SEs has been slowed, however, due to limited under-

standing of the factors that control fast ion transport in
solids.”" ~%¢
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In the case of antiperovskite (AP) SEs, a prior study by some
of the present authors revealed correlations between ion
mobility, thermodynamic stability, and lattice distortions.””*"
These correlations were examined across a series of known and
hypothetical APs with the formula X;AZ (X = Li, Na, or K, A =
O, S, or Se, and Z = F, Cl, Br, or I). The degree of lattice
distortion in APs, which manifests as tilting of the alkali metal
octahedra (and perturbations to the bond lengths/angles
therein), is controlled by the composition and the associated
ion packing efliciency, as quantified by the Goldschmidt
tolerance factor t = (Ry + R,)/[v/2 (Ry + R,)], where Ry,
R,, and R, represent the respective ionic radii.”” Importantly,
the prior study identified a tradeoff between ionic mobility and
low-temperature stability, the latter of which correlates with
the degree of lattice distortions and, by extension, to the
tolerance factor, t. This raises the question of whether the
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subset of APs predicted to exhibit exceptional ion mobilities,
which are marginally-stable, can be synthesized.”’

Prior theoretical studies indicate that APs that are
moderately unstable at low temperatures can be synthesized
at higher temperatures, where thermal contributions enhance
their stability. Li;OCI represents one example, where density
functional theory (DFT) calculations predict that this
compound is thermodynamically unstable at zero K with
respect to its respective Li chalcogenide and Li halide.”"**
However, later calculations indicated that Li;OCl only
becomes stable at temperatures above 500 K.**** Chen et al.
suggested that this stabilization arises from vibrational entropy
contributions from Li—ClI bonds; these bonds are predicted to
be softer than those in the competing phase, LiCL>>*
Experimentally, AP “Li;OCI” samples have been found to be
protonated.”*° Similarly, it has been shown that APs with
larger distortions are not only unstable at low T but also
exhibit softer cation—framework-anion bonds,”’ suggesting a
similar possibility for synthesis at elevated temperatures. Slow
solid-state diffusion at ambient temperatures is also necessary
to allow a phase which is stable only at high temperatures to
avoid decomposition at lower temperatures’ and thus be
useful as a SE.

Along these lines, a prior study including some of the
present authors compared the synthesis of AgSI to Na;SL*’
Synthesis of the former compound has been reported in the
literature,*® while the latter is a new/ hypothetical AP that was
predicted to exhibit promising ionic mobility.”” Based on DFT
calculations, both compounds are predicted to be unstable at
low temperatures and to become stable at high temperatures
ranging from 600 to 1000 K.*” Despite the similarity in their
predicted phase stability, attempts to synthesize these
compounds at high temperature were successful only for
Ag;SI. The difference in synthesis outcomes was attributed to
the similarity of the anion sublattices of the reactants for Ag;SI,
Ag,)S and Agl, both of which adopt a BCC structure. This
similarity was argued to facilitate solid-state diffusion and the
anion mixing needed to form Ag;SI. No such structural
similarity was observed for the Na;SI reactants, Na,S and Nal;
these structural differences were postulated to contribute to
sluggish kinetics that hindered the formation of Na,;SI.

Building on these prior investigations, the present study
combines theory and experiments to explore the thermal
stabilization and synthesis of a wider series of alkali metal
chalco—halide APs. DFT calculations were used to predict
several properties of these compounds. Melting temperatures
of the APs were estimated using Lindemann’s law,*" and the
free energies of the APs and their respective (precursor)
chalcogenides and halides were estimated within the quasi-
harmonic approximation (QHA). The stabilization temper-
ature was determined by identifying the temperature at which
the desired AP product becomes stable with respect to the
chalcogenide and halide reactants. A linear correlation is
observed between the degree of lattice distortion and the
stabilization temperature. This implies that the most promising
materials from the standpoint of ionic mobility require the
highest synthesis temperatures. Consequently, these materials
will also be the most metastable under ambient conditions.
The stabilization temperature also increases exponentially with
increasing metastability at zero K. Hence, simple total energy
calculations (at T = 0 K)*** are a useful tool for assessing the
complexity and likelihood of synthesizability.

The synthesis of 10 X;AZ AP compositions (X = Li or Na; A
=0 or S; and Z = F, Cl, Br, or I) was explored experimentally,
using solid-state reactions. Overall, the experimental synthesis
efforts and computational predictions are in good agreement.
For example, all three compounds Na;OZ (Z = C, Br, or I)
which were predicted to be stable at zero K were successfully
synthesized. The most notable disagreement between theory
and experiments occurred for Na;SI. For this, AP synthesis at
temperatures above the predicted stabilization temperature
found no evidence of AP formation of the targeted AP.
Furthermore, increases in the synthesis temperature were
explored as a means to enhance kinetics and increase the
thermodynamic driving force. However, these efforts were
hampered by mass loss of (gaseous) halogens following the
melting of the halides.

B METHODS

Density Functional Theory. DFT calculations were performed
with the Vienna Ab initio Simulation Package (VASP).** The
Perdew—Burke—Ernzerhof" exchange—correlation functional was
used in combination with the projector augmented wave method.***’
The following valence electron configurations were adopted: 1s?2s'
for Li, 3s' for Na, 3s?3p®4s’ for K, 2s*2p* for O, 3s*3p* for S, 4s4p*
for Se, 2s*2p° for F, 3s’3p® for Cl, 4s’4p® for Br, and Ss*Sp° for L. The
plane-wave basis included functions with kinetic energies up to 600
eV for Li- and Na-based compounds and up to 700 eV for K-
containing compounds. It was observed that the K-based APs require
higher cutoff energy to obtain converged elastic properties. The
Brillouin zone was sampled on an 8 X 8 X 8 grid in the case of alkali
halides (two atoms), a 6 X 6 X 6 grid for alkali chalcogenides (three
atoms) and cubic APs (five atoms), and a 4 X 4 X 3 grid for quasi-
orthorhombic APs (20 atoms), with a ['-centered k-point mesh. These
k-point sampling densities yielded energy convergence to within 1
meV/atom. Our tests showed that K APs require finer k-point meshes
to achieve accurate elastic constants: a 15 X 15 X 15 grid for cubic K
APs and a 6 X 6 X 4 grid for quasi-orthorhombic K APs were used
when calculating elastic constants. The energy criterion for
convergence of a self-consistent loop was set to 1077 eV. The
projection operators were evaluated in reciprocal space, and an
additional support grid for the evaluation of the augmentation charges
was used to calculate very accurate forces. The reported low-energy
structures of the APs were adopted:*”*® compounds with large
tolerance factors (t > 0.82) used cubic structures, otherwise a quasi-
orthorhombic symmetry was adopted. These latter cases exhibit tilting
and/or distortion of the alkali metal octahedra.’’

Phonon Calculations. The Gibbs free energies of compounds
were calculated within the QHA. QHA is an extension of the
harmonic approximation, which accounts for the thermal expansion of
the lattice (e, the dependence of the phonon modes on the cell
volume is explicitly accounted for).”” The Gibbs free energy G within
the QHA is expressed as®”*®

G(T, p) = min[F(T, V) + pV]
\4

F(T, V) = Eo(V) + Ey(T, V)

where E, is the electronic energy at zero K (neglecting vibrational
contributions), Fy is the vibrational free energy (including zero-point
energy) of a harmonic system at a fixed temperature and volume, and

min[---] indicates that G is a minimum with respect to variations in
v

volume V at a specified temperature, T, and pressure, p. The pV term
is negligible for solids;* in this case, the free energy can be expressed
as a function of T and V only. Equilibrium volumes were determined
by fitting calculated total energy versus volume data to the Murnaghan
equation of state (EOS).*

In the harmonic approximation, phonon modes are calculated by
diagonalizing a dynamical matrix derived from the harmonic phonon
Hamiltonian.”” The dynamical matrix is obtained from the
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Hellmann—Feynman forces generated from small displacements of
atoms in the supercell. This approach is commonly referred to as the
direct method.”" The dynamical matrix of insulators having long-
ranged Coulomb interactions is non-analytical; in these cases, the
non-analytic component was evaluated separately and added to the
analytical component of the dynamical matrix (which excludes
Coulomb interactions).** >* Using a partition function with discrete
phonon microstates, the contribution of vibrational modes to the free

energy can be expressed as”®
hw
2y T

where kg is the Boltzmann constant, 7 is the Planck constant, and the
integral is over all phonon frequencies @ within the density of states
g(w) for a fixed volume V. The presence of a small number of
imaginary frequencies in some APs (i, dynamical instability due to
octahedral rotations),” if any, were neglected, following a previous
analysis.*®

The phonon analysis was performed using PHONON software®”
using forces and properties obtained from DFT calculations.
Hellmann—Feynman forces were calculated using enlarged supercells
based on a 3 X 3 X 3 replication with a single k-point (i.e., [-point)
for Li and Na cubic APs (135 atoms), Li and Na chalcogenides (324
atoms), and Li and Na halides (216 atoms), a 2 X 2 X 1 replication
with a I'-centered 1 X 1 X 2 k-point mesh for Li and Na quasi-
orthorhombic APs (80 atoms), a 3 X 3 X 3 replication with a I'-
centered 2 X 2 X 2 k-point mesh for K cubic APs (135 atoms), a 2 X
2 X 1 replication with a I'-centered 2 X 2 X 2 k-point mesh for K
quasi-orthorhombic APs (80 atoms), and a 2 X 2 X 2 replication with
a I'-centered 4 X 4 X 4 k-point mesh for K chalcogenides (96 atoms)
and K halides (64 atoms). These k-point sampling densities yielded
energy convergence to within 1—2 meV/atom. Smaller simulation cell
replications were used for K chalcogenides and halides due to their
larger lattice constants and denser k-point meshes. Atomic displace-
ments of 0.03, 0.0S, and 0.20 A were used for APs, chalcogenides, and
halides, respectively. Born effective charges and static dielectric
constants, which are needed to evaluate the non-analytical term in the
dynamical matrix, were calculated from the Hessian matrix using
density functional perturbation theory as implemented in VASP.

Thermodynamic Stability. The stabilization temperature T is
defined as the temzperature at which an AP that is predicted to be
unstable at zero K’ becomes stable. At temperatures above T,, the
free energy of the AP is lower than the (sum of) the free energies of
competing phases. In the case of the APs, the competing phases are
assumed to be the corresponding alkali metal chalc0§enide and halide,
which are often the reactants used to form the AP.””*"*? Hence, for
temperatures above the T

AG. = Gy — (G

‘chalcogenide

E(T, V)= kBT‘/‘oo do g(w) ln[Z sinh[

+ Ghalide) <0

Additional details regarding the free energy calculations are presented
in the Supporting Information (Figures S1—S3).

Melting Temperature. Lindemann’s law treats melting as a
vibrational instability and expresses the melting temperature as T,, =
o(M)Thd? where c is a constant, (M) is the average atomic mass, T},
is the Debye temperature, and d is a characteristic length (& = V, is
the average volume per atom).**® The Debye temperature is
calculated from elastic properties as*”®

2h 3n(NA/J)1/3
T, = R
kg {47\ M

where 7 is the number of atoms in a unit cell, N, is Avogadro’s
number, p is the density, M is the molecular weight, v, is the average
sound velocity, v, and v, are the longitudinal and transverse mode
velocities, respectively, and B and S are the bulk and shear moduli,
respectively. The Voigt®' and Reuss® formulas estimate the
theoretical maximum and minimum values of the moduli, respectively,
using the stiffness tensor C,-)-.(’3 Given that the calculated Voigt bulk
moduli were observed to be similar to those obtained from a fit to the
Murnaghan EOS (see Table S1 in the Supporting Information), the
present study adopted the Voigt expressions

B = [(Cu +Cp+ C33) + 2(C12 + G+ C23)]/9

S=1[(C;;+ Cyy + C33) — (Cpy + Ci3+ Cy3)
+ 3(Cyy + Cs5 + Cee)1/15

These elastic properties were calculated using DFT. Finite
differences were used for stiffness tensor calculations. Details
regarding these calculations and the procedure for determining the
constant ¢ in Lindemann’s relation are presented in the Supporting
Information (Table S2).

Material Synthesis. APs with compositions X;AZ (X = Li or Na;
A=0orS;and Z = F, Cl, Br, or I), Li,(OH)CI, and Li,(OH)Br were
prepared through solid-state reactions using Li,O (Sigma-Aldrich,
anhydrous, 99.5%), LiOH (Sigma-Aldrich, anhydrous, 99.5%), Na,O
(Sigma-Aldrich, anhydrous, 80%), Li,S (Sigma-Aldrich, anhydrous,
99.9%), Na,S (Sigma-Aldrich, anhydrous, 97%), and LiCl, LiBr, Lil,
NaF, NaCl, NaBr, or Nal (each Sigma-Aldrich, anhydrous, 99.9%) as
reactants. The starting materials were mixed and ground for 0.5-3 h
in a high-energy ball mill (SPEX SamplePrep Mixer/Mill 8000 M)
using a steel jar and steel milling balls and then hydraulically pressed
at 60 MPa for ~2 min to form disc-shaped pellets of 0.5 in. diameter.
Depending on the composition, pressed pellets were heat treated at
temperatures in the range 320—900 °C, for 2—24 h in argon-filled
gloveboxes with <0.1 ppm O, and <0.1 ppm H,0O. The ball mill was
loaded with the starting material and sealed before milling and
unloaded after milling, in the same glovebox atmosphere in order to
minimize water absorption. Some variations from this procedure were
also explored, as discussed in the Results and Discussion section. In
one instance, a pre-synthesized AP powder of a different composition
was used to attempt “seeding” of the AP phase. In another instance, a
sealed quartz tube was used to prevent evaporative loss of molten
alkali halide. In one experiment, the sample was heated under flowing
argon in a quartz tube furnace. In all synthesis experiments, the
crystalline phases present after heat treatment were characterized by
ex situ powder X-ray diffraction (PXRD), using a PANalytical X'Pert
Pro multipurpose diffractometer equipped with a Cu Ka radiation
source and an X'Celerator detector.

B RESULTS AND DISCUSSION

Thermal Stabilization. Figure 1 shows a correlation
between the calculated T and the tolerance factor across Li-,
Na-, and K-based APs. These data, along with the predicted
melting temperatures, are listed in Table 1. The predicted T
for Li;OClI is 500 K, which is similar to previous predictions
(480 and 532 K).”*** However, T, for Li;SI, predicted to be
1121 K here, does not agree with a previous prediction (520
K).>* This difference can be traced to different crystal
structures used in the calculations: ref 34 assumed cubic
Pm3m symmetry, whereas the present study adopted a lower-
energy orthorhombic (Pnma) structure. The latter structure
exhibits lattice distortions in the form of octahedral tilting and
is 9 meV/atom lower in energy than the cubic Pm3m phase.”’
Of the remaining 34 APs examined here, the T for two—
Li;OBr and Li;OI—could not be predicted because the plot of
AG versus T was always positive for the temperatures examined
(see Figure S4 and text in the Supporting Information),
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Figure 1. Correlation between the tolerance factor of APs, t, and their
stabilization temperature, T;. “F-centered” compounds are shown with
open symbols. A linear fit is implemented excluding the F-centered
subset and compounds that are stable at zero K.

suggesting that these phases are potentially intrinsically
unstable.

The data in Figure 1 imply that synthesis at increasingly
higher temperatures is needed to stabilize APs having a
decreasing tolerance factor, t. As previously described, APs
with smaller ¢ have correspondingly larger lattice distortions.””
Although located in a different range of t, the F-centered
compounds, which have an F anion at the octahedron center
(i, the two anion species spontaneously swap sublattice
positions upon relaxation),”” also exhibit a similar trend.
Indeed, like Li;OCI, most of the model AP compounds are
predicted to become stable at elevated temperatures due to
thermal effects (i.e., vibrational contributions to the enthalpy
and entropy). Six compounds Na;OCl, Na;OBr, Na;O],
K;0Cl, K;0Br, and K;0I are stable at zero K (ie, T, = 0
K). Other factors being equal, it is generally desirable that T
be as low as possible. A low T implies that synthesis should be
achievable at lower temperatures. Moreover, the APs are
envisioned as SEs to be used in batteries at near-ambient
temperatures. APs synthesized above T, might be kinetically
stabilized at lower tem(?erature38 by use of an appropriate
cooling schedule.'"**%*% In these cases, APs with a lower T,

will exhibit a smaller thermodynamic driving force to
decompose, potentially allowing for their persistence (and
use) at ambient temperatures.

The predicted melting temperatures of the APs are listed in
Table 1 and in Figure SS. Knowledge of the melting
temperatures is helpful because melting can influence the
accuracy with which T is predicted. More specifically, the
present calculations assume that the reactants and products
exist (at all T) as solid-state compounds that do not undergo
polymorphic phase transformations, and the calculations do
not account for melting or sublimation. These transformations
change the slope of G(T) and can therefore impact the
predicted T, For example, the slope of G(T) for the AP
becomes steeper upon melting. If the AP melts below T, then
T, (as calculated using the above assumptions) will be an
overestimate. APs in this category include (see Table 1) the
sulfides, selenides, and the oxy-fluorides. Similarly, if one or
both of the reactants melt below T, then the predicted T will
underestimate the true T. This scenario also holds for most of
the sulfides, selenides, and oxy-fluorides. Although these two
effects—melting of the APs and melting of one or both of the
chalcogenides and halides—have opposite effects on the
prediction of T, and their effects may partially cancel, it is
likely that they contribute to uncertainty in the prediction of
T,. Unfortunately, properly accounting for the free energy of a
liquid in DFT is a computationally expensive task and was not
attempted. In addition, it is important to recognize that small
errors in the calculated energies translate to large differences in
temperature: a 25 meV error in energy is equivalent to a 300 K
error in temperature. For these reasons, the T values predicted
here are best interpreted as qualitative guides; although Table
1 lists T, to three (or four) significant figures, such a high
degree of precision is not justified by the approximations
adopted here.

Figure 2 compares the T with the predicted energy barriers
for long-range ion migration. Vacancy and interstitial dumbbell
mechanisms are considered. These barriers were referred to as
“limiting barriers” in a prior study.”” Figure 2 shows that APs
with the lowest barriers require high T, indicative of a tradeoff
between mobility and stability.

As previously described, APs having lower T are expected to
present advantages in terms of their ease of synthesis. On the

Table 1. Stabilization Temperatures, T,, and Melting Temperatures, T, of the APs Examined Here and Their Corresponding

Alkali Chalcogenides and Halides”

Li APs T, (K) T, (K) Na APs T, (K)
Li;OF 2827 460 (1711, 1121) Na,;OF 2441
Li;OCl 500 555% (1711, 883) Na;OCl 0
Li;OBr 553% (1711, 823) Na;OBr 0
Li;OI 561 (1711, 742) Na;OI 0
Li,SF 1928 461 (1645, 1121) Na,SF 1139
Li;SCI 2595 391 (1645, 883) Na,SCl 2169
Li;SBr 1535 410 (1645, 823) Na;SBr 1037
Li;SI 1121 431 (1645, 742) Na,SI 576
Li;SeF 997 548 (1575, 1121) Na;SeF 688
Li;SeCl 3099 355 (1575, 883) Na,SeCl 2477
Li;SeBr 2287 367 (1575, 823) Na,SeBr 1891
LisSel 1641 398 (157, 742) Na,Sel 946

T,, (K) K APs T, (K) T,, (K)
450 (1407, 1269) K,OF 2917 284 (1013, 1131)
528%* (1407, 1075) K;0Cl 0 364 (1013, 1044)
528* (1407, 1020) K;O0Br 0 463 (1013, 1007)
513%* (1407, 934) K;01I 0 451 (1013, 954)
447 (1448, 1269) K;SF 1335 397 (1221, 1131)
368 (1445, 1075) K;SCl 2668 291 (1221, 1044)
383 (144s, 1020) K;SBr 1191 285 (1221, 1007)
393 (1445, 934) K,SI 831 315 (1221, 954)
570 (1148, 1269) K;SeF 733 381 (1073, 1131)
319 (1148, 1075) K;SeCl 2718 254 (1073, 1044)
338 (1148, 1020) K;SeBr 2396 275 (1073, 1007)
360 (1148, 934) K;Sel 1162 302 (1073, 954)

“Melting temperatures with an asterisk refer to experimental data.'"®> Values in parentheses are the experimental melting temperatures of the
corresponding alkali chalcogenides and halides, respectively.”* APs with T, = 0 are stable at zero K.*”*® Details regarding T, for Li;OZ (Z = Br and

I) are provided in the main text.
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barriers were reported in refs 27 and 28.

other hand, APs with low limiting barriers are also desirable
from the standpoint of their application as a SE. Based on the
data in Figure 2, three compounds, Li;SeF, Na;SeF, and
K;SeF, exhibit both of these desirable features simultaneously.
These APs have low limiting barriers for vacancy and dumbbell
migration (138 and 68 meV for Li;SeF, 202 and 76 meV for
Na;SeF, and 203 and 70 meV for K;SeF). They also have
moderate T ranging from 700 to 1000 K. A fourth compound,
Na;SI, also exhibits a favorable balance of stability and ionic
mobility. This AP was discussed in two prior studies.”””’
Figure 3 plots the relationship between T, and the

S

decomposition energy, E4, of APs. Here, E, is defined at zero
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Figure 3. Stabilization temperatures T, of AP compounds as a
function of the decomposition energy at zero K. Empty symbols
denote “F-centered” compounds. The dashed curve is a guide.
Decomposition energies of APs are from refs 27 and 28.

K as the energy of a given AP relative to the summed energies
of its respective alkali metal halide and chalcogenide: E; = E,p
— (Epatige + Echalmgemde). Alternatively, Eq may be interpreted as
the energy above the convex hull, where the energy of the hull
is taken as the sum Ejjgc + Echalcogenide- APS with Eq > 0 are thus
unstable to decomposition into the halide and chalcogenide.
Because Eg is much less expensive to calculate than the free
energies needed to evaluate T, it is helpful to know if and how
Ej and T, are correlated.

In a related analysis, Schmidt et al. investigated the stability
of APs contained within the Materials Project (MP) data-
base.*” For the subset of compounds that also had an ICSD
number (it was assumed that these phases had been
synthesized), 41% had E; > 0. Of these, 63% were weakly
unstable, defined as having Eq < 50 meV/atom. Emery and
Wolverton also showed that among 83 unstable perovskite
compounds reported in the literature, 58 (70%) had Ey < SO
meV/atom.”> These data imply that weakly unstable
compounds (with E; < SO meV/atom) have a reasonable
probability of being synthesized. APs from the present study
that fall under this category include Li;OCl, Li;OBr, Li;SI,
Na,SF, Na;SBr, Na,SI, Na,SeF, NajSel, K;OF, K,SF, KySI,
K;SeF, and K;Sel and the six previously mentioned
compounds Na;OCl, Na;OBr, Na;OI, K;OCl, K;0Br, and
K;OI that are stable at zero K (see Supporting Information for
the list of E4 values in Table S3).

Figure 3 shows that T, increases exponentially with
increasing E,. For 0 < E; < 50 meV/atom, T increases slowly,
from roughly 500 to 1000 K. Entropic contributions at 1000 K
in the AP with AS = 5 J/mol-K can overcome a ~50 meV/
atom difference in energy with competing phases at zero K.**
For APs with E; > 50 meV/atom, T increases much more
rapidly, growing by approximately 2000 K as E, increases from
50 to 70 meV/atom. Although in principle, these compounds
could be synthesized—albeit at much higher temperatures—
Schmidt et al.** and Emery and Wolverton™ both reported
that experimental observations of these highly unstable phases
are rare. These studies found that only 15% of APs and 11% of
perovskites contained in computational databases (Materials
Project and the Open Quantum Materials Database) had been
synthesized. This suggests a diminishing likelihood for realizing
these materials as E; increases. APs in this “most unstable”
category include Li;OF, Li;OI, Li;SF, Li;SCI, Li;SBr, Li;SeF,
Li;SeCl, Li;SeBr, Li;Sel, Na;OF, Na;SCI, Na,;SeCl, Na;SeBr,
K;SCl, K;SBr, K;SeCl, and K;SeBr.

Synthesis Experiments. In the Li-ion chalco—halide
family, synthesis of four APs was attempted: Li;OZ (where Z
= F, Cl, or Br) and Li;SI. Based on the calculated zero K
stability (ie, decomposition energy in Table S3) or T, the
most stable compounds among these are Li;OCl (predicted to
be stable at T > S00 K) and Li;OBr. In attempting synthesis of
Li;OCl, X-ray diffraction (Table 2 and Figure S7a) revealed
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Table 2. Experimental Synthesis Results Compared to Stabilization Temperature (T,) Predictions from Computations”

X-ray diffraction observations

final phases are the same as the reactant phases Li,O and LiF; no detectable AP phase.

major phases after reaction are the same as reactants, Li,O and LiCl, with minor amount of the
AP phase. “Seeding” with pre-synthesized Na;OCl AP powder did not result in significant

amounts of the Li;OCl AP phase; Na;OCl decomposed to Na,O and NaCl.

experimental
synthesis

AP predicted T temperature AP phase
compound (K) (X) observed?

Li;OF 2827 1073 no
Li,OCl 500 723-793 yes, but likely

Li;_,0,_H,Cl

Li;OBr unstable at all 723-793 yes, but likely

major phases after reaction are reactant phases Li,O and LiBr, an intermediate compound
Li;Br;0,, and a very small amount of the AP phase.

final phases are the same as the reactant phases Li,S and Lil; no detectable AP phase.

cubic AP phases with space group Pm3m synthesized using reactants Na,O and NaCl.

cubic AP phases with space group Pm3m synthesized using reactants Na,O and NaBr.

cubic AP phases with minor amounts of competing phases Na,OI, and Na;OI,.

final phases are the same as the reactant phases Li,S and LiF; no detectable AP phase.

final phases are the same as the reactant phases Na,S and Nal; no detectable AP phase. Results

unchanged for duration of high-energy ball milling from 0.5 to 3 h and increased reaction
temperature up to 1023 K. See also ref 38, Yin et al.

temperatures Li;_,O,_HBr
explored

Li;SI 1121 773—1173  no

Na;OCl 0 723 yes

Na;OBr 0 723 yes

Na;0I 0 783 yes

Na,;SF 1139 773 no

Na,SI 576 883—-1023  no

Na;SBr 1037 773 no

final phases are the same as the reactant phases Na,S and NaBr; no detectable AP phase.

“For each compound, the predicted stabilization and experimental synthesis temperatures are given. Whether the AP phase was observed and
details of X-ray diffraction analysis are given. For all experiments, only anhydrous reactants were used, and all experiments were conducted in argon-

filled gloveboxes with <0.1 ppm O, and <0.1 ppm H,O.
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Figure 4. PXRD patterns of (a) pre-synthesized Na;OCl AP powder mixed (at 20 wt % level) with milled Li,O + LiCl precursors (80 wt %) (LiCl
cubic Fm3m a = 5.137 A, Li,O cubic Fm3m a = 4.603 A, and Na;OCl cubic Pm3m a = 4.481 A; R, = 10.852; and goodness of fit = 1.374) and (b)
sample after pressing and heat treating at 723 K for 3 h. (LiCl cubic Fm3m a = 5.170 A; Li,O cubic Fm3m a = 4.596 A, NaCl cubic Fm3m a = 5.571
A, and Na,O cubic Fm3m a = 5.500 A; R, = 9.39; and goodness of fit = 1.462) The initially present Na;OCI did not seed the crystallization of
Li;OCl APs; to the contrary, the starting Na;OCI phase decomposed to Na,O and NaCl in the presence of Li,O and LiCl

that the major phases after reacting for 24 h at 793 K are the
reactant phases Li,O and LiCl, with a small amount of the AP
phase being detected. In attempting synthesis of Li;OBr under
the same temperature and time conditions, X-ray diffraction
(Table 2 and Figure S7b) showed the presence of the reactant
phases Li,O and LiBr, an intermediate compound Li;Br;0,,
and only a small amount of the AP phase. Calculations have

shown that Li;OCI reacts exothermically with H,0.°
Although Li;OBr and Li;OCI were claimed to have been

7,68

successfully synthesized in earlier reports,®
36
al.

Hanghofer et
showed that when the AP phase forms, it is protonated. A
body of work including some present authors has found that a
single phase of the AP structure is only obtained when the
composition approaches the formula Li,(OH)Cl or Li,(OH)-
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Figure 5. PXRD patterns at room temperature of the as-synthesized (a) Na;OBr (cubic Pm3m a = 4.566 A, R,, = 9.35, and goodness of fit =
1.169), (b) NasOCI (cubic Pm3m a = 4.492 A, R,, = 8.61, and goodness of fit = 1.453), and (c) NayOI (cubic Pm3m a = 4.689 A; Na,Ol¢
monoclinic C2/m a = 5.738 A, b = 9.843 A, ¢ = 5.655 A, f = 111.1°; Na,OL,;: tetragonal I4/mmm a = b = 4.660 A, ¢ = 15.957 A; R, =9.11; and
goodness of fit = 1.709). Na;OCl and Na;OBr show a high Rietveld refinement AP phase purity of >99%, while the AP phase purity of Na;OI was
found to be ~80% due to competing reactions which produced a small amount of secondary phases Na,OI, (Na,O + 2Nal — Na,Ol,) and Na;Ol
(Na,O + 6Nal — NajOl + 3Na). The inset photograph shows densified and heat-treated Na;OCl samples.

Br.>?%%%%~78 1t is difficult to completely prevent exposure to

H,O even when experiments are conducted in inert gas-filled
gloveboxes.””” Reitveld refinement of XRD on the sample
using reactants Li,O and LiCl after ball milling shows LiCl and
Li,O constituting more than 98% by phase percentage. A small
additional peak at 32.5° (Figure S8) matches with the major
peak of the Li,OHCI AP phase, indicating that a small amount
of Li;_,(OH,)Cl is produced during synthesis. Consistent with
these expectations, synthesis using LiOH and Li halides as
reagents resulted in single-phase OH AP analogues, namely, an
orthorhombic Li,(OH)Cl AP phase and a cubic Li,(OH)Br
AP phase at room temperature (Figure S9). We speculate that
the AP phase found in small quantities in samples prepared
using the anhydrous precursors may also be the OH analogue.
In agreement with these observations, using data from the
Materials Project,”” the calculated E4 for Li,(OH)Cl with
respect to LIOH and LiCl is 11 meV/atom, compared to E4 =
30 meV/atom for Li;OCL This indicates that Li,(OH)CI is
more stable than Li;OCL In addition, Li;OCI is predicted to
react readily with H,O via an exothermic reaction: Li;OCI +
H,0 — Li,(OH)CI + LiOH, with a —92 meV/atom reaction
energy. This energy is similar to that of an earlier report®® and
adds additional support for the hygroscopic nature of Li;OCL
Regarding Li;OBr, the apparent preference for formation of
Li,OHBr (rather than Li;OBr) observed experimentally is
consistent with the present DFT calculations, which predict
that Li;OBr is unstable at all of the temperatures examined.
A further experimental exploration of the thermodynamic
stability of the Li;OCl phase was conducted, wherein Na;OC],
demonstrated to be stable as discussed later, was used to “seed”
the growth of Li;OCI and lower or remove the nucleation

barriers. The use of seeds to lower the nucleation barrier for
crystallization of a stable phase, and to induce crystallization of
metatable phases, has been discussed by Parambil and Heng.*’
Pre-synthesized Na;OCl AP powder was mixed (at 20 wt %
level) with milled Li,O and LiCl precursors (80 wt %),
followed by pressing and heat treating at 723 K for 3 h. If
Li;OCl is thermodynamically stable, the presence of the
Na;OCl AP seed phase should assist the formation of Li;OCL
Remarkably, not only were the starting phases LiCl and Li,O
still the main phases remaining after heat treatment but also
the starting Na;OCl phase was found to have decomposed to
Na,O and NaCl (Figure 4). This result suggests that the
starting Na;OCl may have been rendered unstable upon
diffusive mixing of Li and Na and that pure Li;OCl is unstable
at the temperatures of these experiments (723—793 K).

Li;SI is the next most stable composition of the Li-ion APs
studied; it has a predicted T, of 1121 K. X-ray diffraction
(Table 2 and Figure S10) revealed only the starting reactant
phases Li,S and Lil, with no detectable APs or other
intermediate compounds, after reacting for 12 h at temper-
atures of 773, 973, and 1173 K. As the highest attempted
synthesis temperature is only slightly above the predicted T
the thermodynamic driving force for formation of the AP will
be relatively small. Also, at 973 and 1173 K, which are above
the Lil melting point, mass loss of Lil by evaporation was
found to be severe (Figure S10).”” It should be noted that the
formation of Li;SI reported in a recent study appears to be a
mixture of Li,S and Lil, and not the targeted AP:*' the XRD
peaks of the sample in that work exactly match those of the
Li,S and Lil reactants in Figure S10.
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Li;OF and Li;OI are predicted to be the least stable
compositions of the Li-ion APs, for which synthesis was
attempted. Li;OF has a very high predicted T, of 2827 K,
above the melting temperatures of both reactants Li,O and LiF
(1711 and 1121 K, respectively). Accordingly, after reaction at
1073 K for 12 h, X-ray diffraction (Table 2 and Figure S11)
revealed only a mixture of the starting phases Li,O and LiF.
Although we did not attempt to synthesize Li;Ol, its
decomposition energy of 87.0 meV/atom is the highest
among the 36 alkali APs investigated computationally,””
suggesting that the Li;OI AP would not have been produced
either. It should be noted that the Na- and K-ions analogues,
Na;OI and K;OI, are predicted to be stable at zero K (Table
1) and have been synthesized in previous work.*>*?

Turning now to the Na-ion APs, six Na-ion chalco—halide
Na;AZ compositions were attempted: Na;OZ (where Z = C|,
Br, or I) and Na,;SZ (where Z = F, Br, or I). All of the Na-ion
oxy-halide compositions (Na;OZ, Z = Cl, Br, or I) are
predicted to be stable at zero K.>’ Consistent with these
predictions, X-ray diffraction showed that these three AP
compounds were readily synthesized and formed cubic AP
phases with the space group Pm3m at room temperature
(Figure S), as synthesized in the literature.>**~%%  The
synthesized samples of Na;OCl and Na;OBr showed a high
Rietveld refinement AP phase purity of >99%, while the phase
purity of Na;OI was found to be ~80% due to competing
reactions which produced a small amount of the secondary
phases Na,OI, (Na,0 + 2Nal — Na,Ol,) and Na;OI, (Na,0
+ 6Nal — Na;Ol; + 3Na); see Supporting Information for
detailed synthesis conditions and sample images in Figure S12.
We also notice that Ahiavi et al. used a lower synthesis
temperature around 200 °C for Na;OX (X = C|, Br, L, or BH,)
and achieved relative densities of 85% for Na;OCl and 71% for
Na;OBr in the as-synthesized pellet.*® The successful synthesis
of Na;OX (X = Cl, Br, or I) at this temperature is consistent
with our computed results, showing that these APs are stable at
0 K. However, in our experiments, we used a higher sintering
temperature of around 450 °C in order to achieve a higher
relative density of 91% for Na;OCl and 85% for Na;OBr.
Another reason for using higher temperature is to ensure that
Na,O, decomposes into Na,O and O,.

Na,SI is predicted to be stable at a moderate temperature of
576 K. However, after reaction at 923 K for 12 h, close to the
melting point of Nal (934 K), X-ray diffraction revealed only
the starting phases Na,S and Nal, with no detectable APs or
other intermediate compounds (Table 2 and Figure S13). The
duration of high-energy ball milling was increased from 0.5 to 3
h in order to improve solid-state reaction kinetics, should it be
rate-limiting. However, after heat-treating at 923 K for 12 h,
only the starting reactants phases Na,S and Nal were observed
(Figure S13). Increasing the reaction temperature to 973 and
1023 K resulted in loss of Nal by evaporation (Figure S14),
but the phases observed after cooling were still the same as the
initial reactants, Na,S and Nal (Figure $13).* An additional
experiment was conducted in which the milled and pressed
sample was heat-treated inside a sealed quartz tube to prevent
evaporation. Here also, no AP phase was observed; a small
amount of impurity phases was observed due to the reaction of
the starting Na,S and Nal with the quartz tube (Figure S15).
In total, the present observations mirror those found in an
earlier study by the present authors that compared the
synthesis of Ag;SI and Na,SL.*

Attempts to synthesize the Na;SF and Na;SBr AP phases,
which have predicted T, of 1139 and 1037 K, respectively,
were conducted using the same synthesis procedure as for
Na;SI. However, here also, only the starting reactants Na,S
and NaF or NaBr were observed by X-ray diffraction after heat-
treating for 24 h at 773 K (Table 2 and Figure S16). Recently,
Fujii et al. synthesized APs under high pressure (5 GPa) and at
high temperature (1000 °C), wherein F was observed at the
center of the alkali metal octahedra (i.e., X;FZ, where X = Li
and Na and Z = S, Se, and Te, excluding Li3FS).89 The Na,FS
phase was reported to exhibit an orthorhombic structure with
lattice garameters similar to those predicted earlier by Kim and
Siegel.”” Nevertheless, the predicted stability of NajFS at 0 K
as a function of pressure showed that Na;FS remains unstable
up to pressures of 20 GPa.*” Consequently, it was argued that
pressure and temperature both contribute to stabilizing Na;SF
during synthesis. Authors from the same group also
synthesized APs having hydrogen at the octahedron centers
(ie., X;HZ, where X = Li and Na and Z = S, Se, and Te).”

Discussion. Table 2 summarizes the experiments con-
ducted to test the computational predictions of AP stability. In
general, the agreement between theory and experiments is
reasonable. All of the Na;OZ (Z = Cl, Br, and I) compositions
were predicted to be stable at zero K, and all were successfully
synthesized as the targeted APs. Li;OF, Li;SI, Na;SF, and
Na;SBr each have predicted T, above or very near the
maximum synthesis temperature used, and none of the four
were observed to crystallize the AP phase. In the case of
Li;OCl and Li;OBr, neither of the targeted APs were
successfully synthesized, likely due to formation of the more
stable hydroxyl analogues. DFT calculations confirm that
Li,OHCl is more stable than Li;OCI. Although no calculations
were performed on Li,OHBr, calculations on Li;OBr did not
identify a temperature at which this compound becomes stable
with respect to Li,O and LiBr. The most notable discrepancy
between theory and experiment occurred for Na;SI. Here, the
experimental synthesis temperatures are 293—447 K above the
predicted stability temperature, yet no AP phase was observed.
This result is consistent with a prior report, which argued that
differences in the anion sublattices of the Na,S and Nal
reactants resulted in sluggish solid-state diffusion and a failure
to form the AP.*

Furthermore, our data suggest that computationally
expensive predictions of stabilization temperatures may not
be necessary to guide experimental synthesis efforts. Rather,
knowledge of the zero K decomposition energies appears to be
sufficient to classify hypothetical compounds into two
categories: (1) compounds with E; < S0 meV/atom, which
are potentially synthesizable at moderate temperatures, and (2)
compounds with Eq > 50 meV/atom, which require higher
temperatures and whose formation is less likely.

B CONCLUSIONS

APs have been proposed as promising SEs due to their high
mobility for alkali metal cations. Nevertheless, prior work has
predicted a tradeoff between an AP’s ionic mobility and its
thermodynamic stability: APs with greater mobility are less
stable. The present study combines theory and experiments to
explore the synthesizability of several marginally stable APs.
DFT calculations, in combination with the QHA, were used to
predict the free energy change, AG,(T), for synthesis reactions
involving 36 alkali metal-based APs, X3AZ (X = Li, Na, or K; A
=0, S, or Se; and Z = F, Cl, Br, or I). A linear correlation is
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observed between the degree of lattice distortion and the
stabilization temperature, at which AG,(T) = 0. Hence, APs
with the highest ionic mobility generally require the highest
synthesis temperatures. These data were used to guide
experimental synthesis efforts of APs by estimating the
temperatures above which a given AP is expected to be
thermodynamically stable. A compound’s zero K decom-
position energy was identified as an eflicient descriptor for
predicting the ease and likelihood of synthesizing new SEs,
without the need for expensive phonon calculations.

The synthesis of several APs (X;AZ, where X = Li or Na, A =
O or S, and Z = F, C|, Br, or I) was explored using solid-state
reactions. Overall, the experimental synthesis efforts and
computational predictions are in good agreement. Na;0Z (Z
= Cl, Br, or I) APs that were predicted to be stable at zero K
were successfully synthesized from Na,O and NaZ (Z = Cl, Br,
or I). The hygroscopic nature of Li;OCl and Li;OBr results in
the formation of hydrogenated analogues Li,OHCI and
Li,OHBr, which is consistent with the predicted strong
exothermic reaction between Li;OCl and H,O. Synthesis of
Li;OF, Li;SI, Na;SF, and Na;SBr was not achieved and was
attributed to the high T, of these APs and resulting marginal
thermodynamic driving force. The most notable discrepancy
between theory and experiments occurs for Na;SI. This
compound was not formed even at temperatures 293—447 K
above the predicted stabilization temperature. This observation
is consistent with a prior study that attributed the difficulty in
synthesizing Na;SI to sluggish solid diffusion arising from
mismatch in the anion sublattices of the Na,S and Nal
reactants.
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