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Figure S1. Unit cell of anti-perovskite Li;OCl in the cubic Pm-3m structure. Cl ions form the cubic framework and enclose LigO octahedron.

(a) Vacancy migration
4

(b) Dumbbell migration

Figure S2. Migration mechanisms for (a) vacancies and (b) interstitial dumbbells.!
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Murnaghan equation of state

Energy vs. volume data for the anti-perovskite (AP) compounds and their potential decomposition phases (i.e., chalcogenides
and halides) were fit to the Murnaghan equation of state (EOS).2
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Here By is the bulk modulus, By is the pressure derivative of the bulk modulus, Vo is the equilibrium volume and Eq is the
constant. The structural parameters of AP compounds and corresponding bulk moduli are listed in Table S2 and S3.

Structures of model AP compounds

Table S1 lists the tolerance factors for the anti-perovskite compounds and the calculated energies of the quasi-orthorhombic,
hexagonal, and quasi-cubic structures relative to that of cubic Pm-3m structure. Compounds identified with an asterisk in
identify cases where the atomic configuration underwent significant relaxations relative to the initial configuration, suggesting
that the initial structure was a poor approximation. In the case of the perovskite Ia-3 structure the two cation sites are
indistinguishable;3# therefore, the same indistinguishability applies to the chalcogen and halogen sites in the anti-perovskite
analogue. Thus, initial Ia-3 structures for the anti-perovskites were generated assuming a random distribution of chalcogen and

halogen ions.

Table S1. Calculated energies (meV/atom) and tolerance factors, 7, for 24 candidate anti-perovskite solid electrolytes. Energies
are reported following structure relaxation from three initial structures: orthorhombic, hexagonal, and cubic (I1a-3). Energies
are relative to the cubic (Pm-3m) structure. Values in italics indicate the energy of the most stable structure for a given
composition. Values marked by an asterisk indicate that large structure changes occurred during relaxation. Compounds
marked with { indicate that the halogen and chalcogen spontaneously interchange positions during relaxation; in these cases,
the 7 value for the relaxed structure is also given in parentheses.

Na-based Quasi-

. Quasi- . . . .
Cf;ll];b?)?le:ds t orthorhombic H(elfg gc(l):)al QUE(IIS;-C;)lblc Compound t orthorhombic H(e;‘; gc(l):)al Qu?ls;-gl)lblc
P (Pnma) 3 S (Pnma) 3
Li;OF 0.68 -107.3 11.3 -109.6 Na;OF 0.69 -144.6 -53 -128.7
Li;OCl 0.84 -0.6 (-0.16)° 105.0 45.9* Na;OCl 0.83 -4.3 115.9 59.0
Li;OBr 0.89 -0.5 120.1 47.3* Na;OBr 0.87 -1.6 143.7 88.5%
Li;OI 0.97 -1.2 115.0 -19.2% Na;OI 0.94 -1.1 162.6 91.8%*
Li;SFt 0'5750'88 -14.9 154.6* 36.3% Na;SFf  0.58(0.86) -14.0 85.7* --
Li;SC1 0.70 -99.6 -0.8 -104.1 Na;SCl 0.70 -110.7 14.3 -94.3
Li;SBr 0.74 -47.0 343 -49.0 Na;SBr 0.74 -57.9 49.9 -38.4
Li;SI 0.81 -9.3 75.9 8.0 Na;SI 0.80 -13.7 96.5 28.1
Li;SeFT 0'5450'93 -3.6 209.7* 40.7* Na;SeF{  0.55(0.90) -1.8 152.2% 77.8%
Li;SeCl 0.66 -152.8 -161.6* -153.2 Na;SeCl 0.67 -157.4 -124.7* -134.4
Li;SeBr 0.70 -87.1 1.7 -91.7 Na;SeBr 0.70 -93.9 18.6 -78.9
Li;Sel 0.76 -30.8 445 -28.6 Na;Sel 0.76 -34.8 65.1 -9.7
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Table S2. Structural parameters for the anti-perovskites X;AB (X = Li or Na, A =0, S or Se and B =F, Cl, Br or I). Values
in parentheses represent previous experiment data.%’

Compound

Liz;OF
Li;OCl
Li;OBr
Li;OI
Li;SF
Li;SC1
Li;SBr
Li;SI
Li;SeF
Li;SeCl
Li;SeBr
LisSel
Na;OF
NazOCl
Na;OBr
Na;OI
Na;SF
Na;SC1
Na3;SBr
Na3SI
Na;SeF
Na;zSeCl
NazSeBr
NajSel

Symmetry

Quasi-orthorhombic
Cubic (Pm-3m)
Cubic (Pm-3m)
Cubic (Pm-3m)

Quasi-orthorhombic

Quasi-orthorhombic

Quasi-orthorhombic

Quasi-orthorhombic
Cubic (Pm-3m)

Quasi-orthorhombic

Quasi-orthorhombic

Quasi-orthorhombic

Quasi-orthorhombic
Cubic (Pm-3m)
Cubic (Pm-3m)
Cubic (Pm-3m)

Quasi-orthorhombic

Quasi-orthorhombic

Quasi-orthorhombic

Quasi-orthorhombic
Cubic (Pm-3m)

Quasi-orthorhombic

Quasi-orthorhombic

Quasi-orthorhombic

@ (&)

5.038
3.900 (3.91)
3.989 (4.02)
4.161
5.571
6.276
6.440
6.689
4,011
6.453
6.651
6.908
5.844
4.549 (4.491)
4.618 (4.564)
4.746 (4.707)
6.312
7.045
7.190
7.442
4.509
7.180
7.414
7.625

b A)

5.112

5.527
6.321
6.499
6.684

6.485
6.677
6.906
6.044

6.269
7.157
7.345
7.492

7.342
7.510
7.744

c@A)

7.178

7.849
8.932
9.191
9.458

9.160
9.464
9.781
8.286

8.918

10.013
10.264
10.548

10.179
10.525
10.852

()
89.999

89.998
89.994
89.998
90.000

90.000
89.999
89.998
89.999

89.998
90.002
90.024
90.000

90.008
90.007
90.000

B ()

89.999

90.000
90.008
90.004
90.000

89.998
90.014
90.000
89.999

90.002
89.999
90.067
90.000

89.998
90.004
90.000

V()
89.999

89.992
89.991
90.010
90.000

90.004
90.000
90.001
89.999

90.001
89.995
89.993
90.000

89.998
90.009
90.000
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Band gap calculation

The electrochemical stability of solid electrolytes is important for the performance of batteries. The electrochemical potentials
of the anode and cathode should be located within the electrochemical window of the electrolyte to prevent reduction and/or
oxidation of the electrolyte.® The band gap of the electrolyte gives the upper limit of the battery voltage. Thus, large band gaps
are desirable. Previous DFT studies predicted the band gaps of Li;OCl and Li;OBr (6.39 and 5.84 eV, respectively) using
hybrid functionals.” Although hybrid functionals are more accurate than local (LDA) or semi-local (GGA) functionals, in
general they underestimate band gaps.'?

To provide a more accurate estimate of the bandgaps of the anti-perovskite compounds examined here, two variants of GW
method were employed: (i.) the ‘single-shot” GoW,, with input wavefunctions evaluated with the HSE06 hybrid functional!!-2,
and (ii.) the partially self-consistent GW, method, which uses wavefunctions evaluated from a prior PBE calculation. In the
GW, approach the eigenvalues are updated, while the wavefunctions are kept fixed. These two GW variants have yielded very
good agreement with experimental band gaps.'®!3 Both calculations used 1024 bands and 64 frequency points; 4 iterations
were performed in the GW calculations. Test calculations with larger values for these parameters showed no significant change
to the band gaps.

The band gaps of Li/Na anti-perovskites predicted by these GW methods are summarized in Table S3. The GyW, method
with HSEO06 hybrid functional input wavefunctions gives slightly larger band gaps than the GW,-GGA method. Generally, the
band gaps are smaller for those compounds containing larger halogens and chalcogens. The lithium-based compounds have
band gaps of 6 eV or larger, while the sodium-based systems have gaps in the range of 4 — 5 eV.

Table S3. Predicted bulk moduli and band gaps of anti-perovskite compounds. Values in parentheses represent previous DFT
predictions.!*

Li-based Bulk modulus Band gap (V) Na-based g ) modulus Band gap ()
Compound  (GPa) G"W"(?HSE') GW,@GGA Com(f oun (GPa) G"W"%HSEO GW,@GGA

Li;OF 59.7 8.64 8.37 Na;OF 36.8 4.92 4.66
Li;OCl  52.9(55.7) 8.07 7.89 Na;OCl 324 (36.4) 5.08 4.94
Li;OBr  48.6(52.3) 7.30 7.10 Na;OBr  31.2(34.0) 4.64 447
Li;Ol 434 6.38 6.21 Na;OlI 289 441 431
Li;SF 432 7.08 6.86 Na,SF 31.8 5.16 5.06
Li;SCI 29.7 6.75 6.58 Na;SCl 21.6 4.98 4.89
Li;SBr 28.8 6.36 6.18 Na;SBr 21.0 4.84 472
Li;SI 27.7 5.67 5.52 NaSI 20.0 4.74 4.65
Li;SeF 475 6.08 5.87 Na;SeF 342 4.59 4.52
Li;SeCl 254 5.93 5.78 Na3SeCl 18.3 443 435
Li;SeBr 24.7 5.75 5.59 Na;SeBr 18.3 442 433
LisSel 24.0 5.42 5.28 NasSel 17.6 439 431
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‘F-centered’ compounds

During relaxation of the F-based compounds Li;SF, Li;SeF, Na;SF, and Na;SeF, the chalcogen and halogen ions spontaneously
interchange positions via rearrangement of the Li-ion sublattice (Fig. S3). The initial structures of these compounds have very
low tolerance factors, ¢ < 0.6, due to the small ionic radius of F. As discussed elsewhere,'>"17 a lower tolerance factor correlates
with lower stability, thus a structure change resulting from instabilities is not unexpected. The observed rearrangements
partially remedy the instability, as the interchanged compounds exhibit much higher tolerance factors, ¢ > 0.86. The resulting
low-energy structures are quasi-orthorhombic. Li;SeF and Na;SeF are treated as cubic Pm-3m (Group 1), however, due to the
negligible energy differences (< 4 meV/atom) between the cubic and quasi-orthorhombic structures. Li;SF and Na;SF have
moderately distorted structures, placing them in Group 2.

(a) Pnma prototype (b) F-centered structure
(Before relaxation) (After relaxation)

Li.SF Li.SF
(t=0.57) (t=0.88)

Figure S3. An example of an F-centered structure, Li;SF. (a) The structure before relaxation based on the Pnma prototype (CaTiOs). (b)
Structure after relaxation and interchange of S and F. The Li ions (blue) are situated at the octahedra vertices with F ions (grey) at the
octahedra center. S-ions (yellow) occupy the framework positions.
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Figure S4. Comparison of elementary vacancy migration barriers evaluated for the 12 possible migration paths on the 4 distinct octahedra
in Li;SI. This compound was selected as a test case as it has the largest structural differences between the 4 octahedra. Hopping paths are
labelled according to the cation position, as shown in Fig. 2. Octahedra 1 — 4 are also shown in Fig. 2, starting from the bottom-right
octahedron and progressing clockwise. The data show that the difference in hopping barriers on distinct octahedra is negligible.
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Example of migration pathway construction

Long-range ion migration pathways were constructed by combining adjacent elementary hopping events. Here, and in Fig. S5,
we describe the procedure for assembling these long-range pathways. (a.) A specific site is selected as an initial position for a
vacancy or interstitial (marked as black circle). For demonstration purposes site 4 on the green (bottom-right) octahedron is
chosen. (b.) This defect can potentially migrate to positions 2, 3, 5 and 6 on the same octahedron and to positions 2, 3, 5, and
6 on the orange octahedron above. Path 4 = 6 on the green octahedron is selected as it has the lowest barrier (53 meV) among
the 8 available paths (black arrow). (c.) At the new site there are 7 available paths: 3 paths to positions 1, 2, and 5 on the green
octahedron (reversing to position 4 is prohibited), and 4 paths in another octahedron (not shown) by following the connection
6 =5. The path 6 = 1 in the green octahedron has the lowest barrier (112 meV) among these 7 paths. However, among the 7
discarded paths in the previous step, the barrier of path 1 = 6 (red arrow) is 70 meV, which is lower than the 112 meV barrier
in the current step. Thus, the search reverts to the previous step and selects the next lowest barrier, path 1 = 6, into the orange
octahedron. (d.) Repeat step 3. At the current step, there are 7 available non-reversing paths: 3 paths to positions 2, 4, and 5 in
the orange octahedron, and 4 paths in another octahedron (not shown) by following the connection 6 = 5. The path into position
4 in the top-right octahedron (6 = 4, blue arrow) has the lowest barrier (95 meV). This barrier is smaller than any other path
discarded previously, thus the defect continues along this path. Due to the connection 4 = 1, the defect has arrived at a site
equivalent to the initial site via pathway 1 = 6 = 4 (= 1). This pathway has a limiting barrier = 95 meV. (e.) Return to step
(a.) and repeat steps (a.) to (d.) to examine pathways starting from all other initial positions. This procedure identifies the
pathway that has the “smallest maximum” barrier, referred to as the limiting barrier; this pathway will be the most likely
pathway to contribute to macroscopic ion migration.

Figure SS. Example of the procedure used to identify percolating pathways for vacancy migration in Na3;SeCl. Values in parentheses are
activation energy barriers (in meV) for elementary hops between sites connected by arrows. The site circled in black (1=4) is the starting
point for the pathway.
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Figure S6. Histograms of the elementary barrier energies for vacancy migration in Li;SI. (a) 12 barriers that orbit a single octahedron. Using

the bond percolation threshold p

0.18, the values for k£ and d (see main text) are 2 and 0.36, respectively. The effective energy barrier E,

270.0 meV. (b) Histogram constructed from 48 barriers from all four distinct octahedra in Li;SI. In this case E, = 269.7 meV. Thus, mapping

of hopping barriers on a single octahedron yields very similar results to that from a more comprehensive sampling of multiple octahedra.
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(a) Vacancy

(b) Dumbbell
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Figure S7. Correlation between the limiting barrier and the decomposition energy, Eq for (a) vacancy (Pearson correlation coefficients are -
0.94 and -0.92 for Li and Na compounds, respectively, excluding the Li;OI outlier) and (b) interstitial dumbbell migrations (Pearson
correlation coefficients are -0.88 and -0.90 for Li and Na compounds, respectively, excluding the LizOI outlier).

S10



Thermodynamic stability

Previous DFT studies'” have predicted the thermodynamic stability of Li;OCl (LOC) and Li;OBr (LOB) and suggested that
these compounds are unstable at 0 K with respect to decomposition into Li,O and LiCl or LiBr. For these compounds the
calculated decomposition energies were 13.9 and 25.8 meV/atom, respectively.” Taking a similar approach, here we assume
that the anti-perovskite compositions considered here are also located on the tie line between a Li/Na chalcogenide and a halide.
Figure 6 plots the decomposition energies, Eg4, of the anti-perovskites (i.e., the energy relative to the convex hull) as a function
of the tolerance factor, t. The data indicates that the tolerance factor and E4 are correlated; the compounds with higher degrees
of distortion tend to be more unstable.

It is important to note that a positive value for E4 at zero Kelvin does not guarantee that a given compound will be impossible
to synthesized.'®!® For example, despite having E4 > 0, many experimental studies have successfully synthesized LOC and
LOB.%20-23 Possible explanations for this discrepancy include: inaccuracies in DFT, finite temperature effects, and kinetic
stabilization.>!%19-24 Previous studies assessed the accuracy of DFT by comparing calculated energies to experimental data.?526
Hautier et al. estimated the formation energies of ternary oxides and found that 90% of the errors are within £ 40 meV/atom
(standard deviation = 24 meV/atom).?> Also, among 736 compounds extracted from the ICSD with composition ABXj, 59%
are predicted to be stable at 0 K, 26% are within 50 meV/atom above the hull, and 10% are between 50 — 150 meV/atom.?¢
Following literature precedent,?® the anti-perovskites were grouped into three categories based on their decomposition energies:
(i.) Stable, E4 < 0, (ii.) Metastable, E, within 0 — 50 meV/atom, and (iii.) unstable, £4 > 50 meV/atom. 11 compounds have E4
<50 meV, Table S4.

Furthermore, compounds above the convex hull at 0 K could be stabilized under other conditions.'® For example, LOC could
be stabilized by vibrational entropy at high temperatures,> such as those encountered during synthesis.® Contributions to
vibrational entropy arise from softer/longer Li — CI bonds in LOC than in LiCl, and from additional octahedron rotational
A5 =6,p-6

modes.>?’ Following Chen et al.,’ these bond length differences can be defined as Halide or chalcogenide  where

[ is the average length of bonds between Li/Na and the framework anion in an anti-perovskite. SHalide or chalcogenide is the
bond length in the relevant halide or chalcogenide (depending on the type of framework anion in the anti-perovskite). Figure
S8 shows that a strong linear correlation exists between the tolerance factor and the bond length difference: larger distortions
result in larger differences in bond lengths. Thus, we anticipate that compounds with larger distortions of the octahedra will
gain more vibrational entropy due to bond softening. Therefore, the APs would be stabilized at elevated temperatures if the
entropy effect overcomes the energy above convex hull. Li;OlI is an outlier to this trend: despite having the most ordered
structure (¢ = 0.97), it has the most positive Eq4. Since its average Li — I bond is stronger (shorter) than that in Lil, stabilization
via entropy is not likely.
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are -0.94 and -0.99 for Li and Na compounds, respectively.
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Table S4. Calculated decomposition energies, E;, of the anti-perovskites at zero Kelvin. Positive values imply that
decomposition into a mixture of chalcogenide and halide is favored. Values in parentheses represent previous DFT
predictions.®

Cf;lil-lbased Eq (meV/atom) Na-based Eq (meV/atom)
pounds Compounds
Li;OF 55.1 Na;OF 55.6
Liz;OCl 11.1 (13.9) Na;OCl 0.2
Liz;OBr 21.9 (25.8) Na;OBr -23.9
Li;OI 87.0 Na;O0I -18.7
Li;SF 67.6 Na;SF 449
Li;SCl 67.7 Na;SC1 63.6
Li;SBr 56.7 Na;SBr 49.7
Li;SI 441 Na;SI 27.1
Li;SeF 57.5 NazSeF 28.9
Liz;SeCl 73.1 Na;SeCl 68.9
Li;SeBr 64.3 NazSeBr 60.2
Li;Sel 51.6 Na;Sel 41.4
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Path width

The diameter of the migration pathway traversed by a migrating vacancy or interstitial was measured as follows: (1) First, identify
adjacent ions whose positions fall between the path’s endpoints. (2) Measure the perpendicular distance of these ions to the vector
describing the ion migration path. These distances account for the ionic radius, and involve the first and second nearest neighbors.
(3) Also, because three Li-ions are involved in the dumbbell mechanism, three different path widths are obtained. We selected the
narrowest width among these cases. A detailed explanation of the perpendicular distance algorithm can be found in Ref. 28.
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Figure S9. Correlation between path width and elementary barrier energies for vacancy migration in the distorted (a-h) lithium and (i-p)
sodium anti-perovskites. r values represent Pearson correlation coefficients. The Goldschmidt tolerance factor, t, is also given for each
compound; graphs are ordered based on t.
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Figure S10. Correlation between path width and elementary barrier energies for interstitial dumbbell migration in the distorted (a-h) lithium
and (i-p) sodium anti-perovskites. r values represent Pearson correlation coefficients. The Goldschmidt tolerance factor, t, is also given for
each compound; graphs are ordered based on t.
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