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Supplementary Note S1

Structural information

Pristine halogenated Li-argyrodite (LigPSsD [D = Cl, Br, 1]) has cubic unit cells and can
be specifically expressed as [Lis"][PS4]*[S?* D] as shown in Figure S1(a). PS4*>~ polyhedrons
are located at 4b sites, and Li fully occupies 24g sites and partially occupies 48h sites, which
are cage-like forms. Single S> and D™ anions are located at 4a or 4c sites in the half-void form,
(shaped as if inside a Li-cage). For theoretical research, atoms of the crystal structures should
be fully occupied. So, we used “enumlib” code (http:/github.com/msg-byu/enumlib)!** to
define Li-ion occupancy by generating derivate symmetrical and distinct superstructures of a
parent lattice. In the case of multicomponent argyrodite (Liszx+y[Al%* [B]5*[CIS4—_ySs[D])
systems, we considered variation in the total number of Li ions (Lis 4 ,44y) depends on the type

of mixed cation with different oxidation states ([A]5* [B]5*[C]§*«_y).

Moreover, we consider the 4a and 4c sites of eight single anions (four S>~ and four X"),
that are divided into ordered and disordered structures, because the halogenated Li-argyrodite
(LisPSsD [D = Cl, Br, I]) can have six as ordered and disordered configurations depending on
4a-4¢ site disorder of S> and X single anions, as shown in Figure S1(b). The ordered
0%(F43m), 100%(F43m) structures indicate the percentage of site occupancy of X at the 4c
site, which is full of single anions of one kind. On the other side, the disordered 25%(R3m),
50%(P2,22, P2mm), 75%(R3m) structures also indicate the percentage of site occupancy D
at the 4c site. The 50% disorder case is divided into 2 cases with the same percentage of site
occupancy D at the 4c but different positions. However, in our previous research, we found
that I prefers a fully ordered configuration with 100% occupancy at 4a site compared to
disordered occupancy of both 4a and 4c sites for CI” or Br™. So, we used only fully ordered
configuration for iodine-based Li-argyrodite and all six configurations for CI” or Br -based Li-

argyrodite.
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Figure S1. (a) Crystal structure and Wyckoff position of halogenated Li-argyrodite (LisPSsD
[D = CL, Br, I]). (b) Six configurations of argyrodite according to site occupancy D™ at the 4¢
site. Each percentage indicates the D™ occupancy at the 4c site. The green circle indicates the

position of D™ at the 4c site.



Supplementary Note S2

Workflow of MTP development

The processes involved in machine-learned moment tensor potential (MTP)
development® are illustrated in Figure S1 with seven steps including training set generation of
all possible potential energy surfaces in the configuration space, MTP training based on DFT
energies, and MD simulations for ionic conductivities. Snapshot extractions were performed

with pymatgen® and MTP training was performed by MLIP”-® and a materials machine learning

(MAML)’ python package.
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Figure S2. Machine-learned moment tensor potential (MTP) development workflow for

evaluating ionic conductivity (ogr).



S2-1. Generation of training sets

We preferentially performed geometric optimization of our bulk structures using the
Perdew—Burke—Ernzerohf (PBE) functional, and then generated strained structures in all lattice
directions with £5% strain to ensure diversity. However, the generated strained structures
cannot sufficiently cover a potential energy surface in the configurational space for accurate
MTP development. To consider most structural diversity in configurational space, we generated
an amorphous structure with ab initio molecular dynamics (AIMD) simulations using an NVT
Nose-Hoover thermostat!'® ! at four temperatures of 300K, 600K, 900K, 1200K, and 1800K
during 10 ps with a 2 fs timestep. In these short AIMD simulations, a total of 1,500 snapshots
were extracted and used as a training set to cover most configurational space. We then made
single-point density functional theory (DFT) calculations to obtain the energy and force for
1,500 snapshot structures at optB88-vdw level of theory.!? The calculated results for crystal

structure, energy, and force are applied to the following MTP training.

S2-2. MTP training

In the MTP training, we used hyperparameters R, of 6 A, Levmax of 12, the weights
of energy and force of 100:1, and a 9:1 of training sets to validation sets.!*: * Based on the
hyperparameters, the MTP was fitted to the energy and force of training sets calculated by DFT
at optB88-vdw (MTP_optB88-vdw). After MTP training, we confirmed that the mean absolute
errors (MAEs) of energy and force were less than 5 meV/atom and 0.09 eV/A, respectively, as
illustrated in Figure S2. The MTP developed in a given composition can be equally applied to

any configurations of the same composition.
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Figure S3. Correlation between MTP- and DFT-based energy and force evaluations for the

representative Li-argyrodite systems of (a) LisPSsCl (b) LisPSsBr (c) LigPSsI (d) Lis+SixSbi-

SsI (x=0.25, 0.5,

Lis.25S10.5Sbo.2sWo.25Ss1. Each mean absolute error (MAE) is provided in the inset at the upper

left of the plot.
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S2-3. MD simulation and evaluation of ionic conductivity using MTP

We performed large-scale and long-time MD simulations of 3 x 3 x 3 supercell

structures (> 30 A) at seven temperatures from 350K to 500K at 25K intervals using developed

MTP_optB88-vdw and repeated this process twice to generate an ensemble average. The target

temperature was obtained by increasing the temperature by 10 K to the target temperature

during 100 ps of NVT simulation. After that, the NPT simulation was carried out at a target

temperature over 10 ns. Then, the diffusivity was obtained from the mean square displacement

(MSD) of twice-repeated NPT simulations, and the ionic conductivities at 300 K (ogr) was

calculated using the Nernst-Einstein relation and Arrhenius fitted diffusivity at each

temperature, as shown in Figure S3.
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Figure S4. Arrhenius plots of diffusivities calculated by MTP optB88-vdw of the

representative candidates, Lis.75P0.7sWo0.25Ss1, Lis.5Si0.75sWo.25S51, and Lie 25S10.5Sbo.2sWo.25S51, at

temperatures range from 350 K to 500 K for extrapolated diffusivity at 300 K.
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Figure S5. MSD plots of Li ion calculated by MTP optB88-vdw of the representative
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Lie.25S10.5Sbo.2sWo.25S51 at S00K.



S2-4. MTP validation

To verify the accuracy of the developed MTP_optB88-vdw, we compared the calculated oy
with the already reported experimentally observed values of LisPSsD'>"!81° (D= Cl, Br, 1),
Lie+xSixSbixSsI (x=0.25, 0.5 and 0.75)%°, LisYCls?' and LisP3S1:2!. MTP_optB88-vdw give
more accurate grr in close agreement with experimental values rather than AIMD results.
Therefore, we can assert that the MTP_optB88-vdw based MD simulation is highly acceptable
for apr prediction of Li-argyrodite systems rather than AIMD simulation. In fact, it has been
known that AIMD simulations often lead to large discrepancies between predicted and
experimentally measured orr values due to the high temperatures and short time scales of

simulations for small size of systems.?!

Table S1. Ionic conductivities calculated from AIMD and MTP_optB88-vdw at 300 K (ogr)

compared to experimental values.

ogr (MS/cm)

Composition
AIMD MTP Experiments
LigPSsI 0.8413 0.001 0.001"7
LigPSsCl 4.6Y 2.46 2.3-2.51
LicPSsBr 3.121 1.59 1.0'8
Li6.25510.25Sbo.75S51 2.6 10.4 -
Lie.5Si0.5Sbo.5Ss1 9.0%° 13.6 11.6%
Li6.75S10.75Sbo.25Ss1 37.9%0 14.8 13.1%0
LisYCls 1421 0.56 0.512!
Li7PsShi 5721 6.5 4-17%

10
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Supplementary Note S3

Evaluating ionic conductivity

To determine the diffusivity (D) of certain ions in the system, we fit the mean square
displacements (MSD), which represents the average squared displacements over time against
2dt, and calculate the motion of mobile ions per unit time using trajectories generated from MD

simulations. D and MSD are defined as:

-1
= 2dtMSD Eqn. S1

, where t is the time duration and r;(t) is the position of a mobile ion. Based on the diffusivity
for the target system, the ionic conductivities at room temperature (300K) were evaluated by
extrapolating from high-temperature values using Arrhenius fitting due to the diffusivity
corresponding to the Arrhenius relationship when no phase transition within the given
temperature range. To calculate the ion conductivity at a certain temperature, we used the

Arrhenius equation:

D =Dyexp (-i—;) Eqn. S2
, where Dy is the diffusivity at infinite temperature and E, is the activation energy of diffusion,
which can be obtained through a linear fit of log(D) against 1/7. The term £ is the Boltzmann

constant and 7 is temperature. lonic conductivity (o) can then be calculated from the Nernst-

Einstein relation:

_ pz?F?
RT

or Dt Eqgn. S3

, where p is the molar density of mobile ions in the unit cell, and F, R, and z are Faraday’s
constant, the gas constant, and the charge of mobile ions, respectively. In this study, to satisfy
reasonable ergodicity, we repeated MD simulations twice for the same structure and
temperature. Consequently, the estimated ionic conductivity at room temperature (ogr) is
calculated as the average of ionic conductivities extrapolated to room temperature in all MD

simulations.
12



Table S2. Chemical formula and indices of all simulated structures, and ionic conductivities at

300 K (ogr) calculated from MTP_optB88-vdw

Group Structure Index Chemical formula Ionic conductivity (mS/cm)

* LisPSsI 0.001
1 Lis 75P0.7sM00.25Ss1 0.004
2 Lis 25P0.2sMo0o.75S51 0.004
3 Lis sPo.sMoo.sSsI 0.005
4 Lis 75P0.7sWo.25Ss1 0.01
5 Lis25Sbo.2sMo0o.75Ss1 0.016

Group (1) 6 Li5:25P0.25W0,75851 0.02
7 LissPo.sWosSsl 0.06
8 Lis sSbo.sWo.5SsI 0.11
9 Lis25Sbo2sWo.75Ss1 0.14
10 Lis.75Sbo.75sWo.25Ss1 0.19
11 Lis75Sbo.7sM00.25Ss1 0.23
12 Lis sSbo.sMo0g.5Ss1 0.46
13 Lis 5Si0.25sWo.75S51 0.21
14 Lis sGeo25Mo0o.75Ss1 0.25
15 LieSiosWosSsI 0.3
16 Lis sGeo2sWo.75Ss1 0.33
17 LisSngsMog 5Ss1 0.97
18 Li6Si0.sMo00.5Ss1 1.03
19 Lis 5Si0.2sM00.75Ss1 1.25
20 Lis sSno2sWo.75Ss1 1.88
21 LisGeosWo.5Ss1 2.22

Group (2) .
22 Lis 5Sn9.25M00.75S51 2.98
23 LisSnosWo.sSsI 3.94
24 Li6.5Sn0.7sWo.25Ss1 4.2
25 LicGeo sMog sSsI 5.5
26 Lis.sSno.7sMo0o.25Ss1 5.74
27 LissGeo.7sM00.25Ss1 27.14
28 Lis.sGeo.7sWo.25Ss1 51.98
29 Lis.5S10.75M00.25S51 52.14
30 Lies.5S10.7s Wo.25S51 62.93
31 Li6Si0.25Sbo.sM0o.25Ss1 0.06
32 LisGeo.25Sbo.sWo.25Ssl 0.06
33 Li6Sno.25Sbo.sWo.25Ss1 0.07

Group (3) 34 LisSng 25Sbo sMog.25Ss1 0.11
35 Li6S10.25Sbo.sWo.25Ss1 0.16
36 LisGeo.25Sbo.sM0o.25Ss1 0.21
37 Lis 75S10.25Sbo.2sM0o.5Ss1 0.3

13



38 Lis 75S10.25Sbo.2sWo.5Ss1 0.4
39 Lis 75Sn0.25Sbo.2sM00.5Ss1 0.81
40 Lis 75Geo.25Sbo.2sMoo.sSs1 0.86
41 Lis 75Sn0.25Sbo.2s Wo.5Ss1 0.95
42 Lis 75Ge0.25Sbo.2sWo.5SsI 1.27
43 Li6.25S10.5Sbo.2sM00.25S51s 6.22
44 Li6.25Sn0.5Sbo.2sWo.25Ss1 7.56
45 Lis25Ge0.5Sbo.2sWo.25Ss1 14.93
46 Lis25Ge0.5Sbo.2sM00.25Ss1 16.35
47 Lie.25S10.55b0.2sM00.25Ss1 33.05
48 Li6.25S10.5Sbo.2sWo.25Ss1 33.74
49 Lis25Geo.5Sbo.2sWo.25SsBr 13.84
50 Lis.sGeo.7sM00.25SsBr 16.41
51 Lie.25510.5Sb0.2sM00.25SsBr 16.87
52 Lis.sGeo.7s Wo.25S5Cl 18.4
53 Lie.5Si0.7sWo.25SsBr 19.82
54 Lis25Ge0.5Sbo.2sM00.25S5Cl 20.28
55 Lis.25Geo.sSbo.2sMo0o.25SsBr 20.57
56 Lie6.25S10.5Sbo.2sWo.25SsBr 21.64
57 Lis.25Ge0.5Sbo.2sWo.25SsCl 21.75
Group (4-1) o
58 Li6.5S10.7sWo0.25S5Cl 22.79
59 LissGeo.7sWo.25SsBr 24.87
60 Li6S10.75Wo.25S4.5Cl1.0Br0.5 26.09
61 Lie 5S10.7sM00.25S5Cl1 26.24
62 LisGeo.75Wo.2584.5Cl1.0Bro s 30.5
63 Li6.25S10.5Sb0.2sWo.25S5Cl 30.6
64 LissGeo.7sM00.25S5Cl1 31.24
65 Li6.25S10.55b0.2sM00.25S5Cl 31.65
66 Lie.5S10.7sM00.25SsBr 38.03
67 Lis 75Geo.sSbo.2sM00.25S4.5Cl1.0Bro s 38.28
68 Lis.75Ge0.5Sbo.2sM00.25S4.5Clo.sBri.o 51.06
69 LisGeo.7sM00.25S4.5Clo.sBri1.o 51.61
70 Lis.75Geo.5Sbo.2sWo.2554.5Clo.sBr1.0 53.27
71 Lis 75S10.55b0.2sWo.2584.5Br1.0Clo.s 55.47
72 Lis.75S10.5Sb0.25M00.25S4.5Br1.0Clo s 63.74
Group (4-2) 73 Lis 758i0.58bo2sM0g.25S4 511 oBros 65.23
74 Li6Sio.7sWo0.25S4.5Clo.sBri.o 67.66
75 Lis 75S10.55b0.25Wo.2584.5Cl1.0Bro s 72.52
76 LisGeo.7sWo.2554.5Clo.sBri.o 72.85
77 Lis.75Geo.5Sbo.2sWo.2554.5Cli .0Bro.5 75.68
78 Li6Si0.7sM00.2584.5Cl1.0Bro s 76.25
79 Li6Si0.7sM00.2584.5Clo.sBr1.0 80.32

14



Group (4-3)

80
81
82
&3
84

Lis 75Ge0.75M00.25S4.25Cl1 25Bro s
Lis 5Geo.sSbo.2sWo.2554.25Cli25Bros
Lis 5Si0.5Sbo.2sM00.25S4.25Cl1.25Bro s
Lis 5Si0.5Sbo.2s W0.25S4.25Cl1 25Bro s
Lis sGeo.sSbo.25sM00.25S4.25Cli 25Bro s

0.03
0.47
0.89
2.38
7.72
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Figure S7. Crystal structures of representative Li-argyrodite (a) Liss5Sio.5sSbo.sSsI, (b)

Lis.75P0.75Wo0.25Ss51, (¢) Lis.5Si0.75Wo.25S51, and (d) Lis.25S10.5Sbo.2sWo.25S51.
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Supplementary Note S4

van Hove correlation function

The van Hove distribution function can be employed to analyze information about the
correlation in ion diffusion.?? The van Hove distribution function is defined as the probability
of ions moving » from their original position during a given time ¢ and it can usually be separated

into a self-part (G;) and a distinct-part (Gq) as follows:

1/ 1/
G(rt) = N(Z 8(r +7(0) — (D)) + 7 Z 8 (r+7(0) = ()
i=1 i#j
= G (r,t) + Gy4(r,t) Eqn. S4

Here, (-) is an ensemble average and J(*) is the three-dimensional Dirac delta function.
G; represents the distance the ion has traveled from its initial position after time ¢ has passed.
Therefore, if a strong peak appears at the same distance for a long time, the ion diffusion does
not happen properly. Gq provides information on the movement of the remaining N-1 ions,
revealing the speed at which the reference ion site is replaced by other ions. In this study, the
van Hove correlation function was obtained using pymatgen-diffusion code implemented on

pymatgen.® 2

17



Supplementary Note S5

Random structure calculation

The configuration within the bulk structure of argyrodite differs according to the degree
of thermodynamic stability of the structure. The structure with the highest thermodynamic
stability occupies the largest portion of the configuration within the bulk structure. To account
for this influence, we constructed 3 x 3 x 3 supercell structures of argyrodite, in which each
configuration is randomly distributed based on thermodynamic stability. The allocation of
numbers based on thermodynamic stability was determined using the following equation:

Number of site = P;(E) * ng / sumof P;(E) Eqn. S5

, where n is the total number of sites. We designed a 3 x 3 x 3 supercell that contains 27 unit
cells, and so we set the value of ny to 27. If the sum of all sites is less than or greater than #;,
the most stable structure is removed or 1 site is added. The generation of structures was obtained
using pymatgen.® Because the relatively large size of I prefers a fully ordered configuration
with 100% occupancy at 4a site compared to the disordered occupancy of both 4a and 4c sites
for CI” and Br-, we used all six configurations for Cl and Br-based models and only 1 ordered

configuration for I-based model.

y A4 }
L10A

AR
5 Thermodynamic - 30A
; contributions
3x3x3 J
30A
{ J
Y
30A

Figure S8. Schematic of a 3 x 3 x 3 supercell structure composed of 27 unit-cells considering

the thermodynamic stability of the six characteristic configurations.
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Supplementary Note S6

Chemical stability of electrode interfacial reaction and hydrolysis

Many experimental studies have provided evidence for the interfacial decomposition
and the formation of interphase layers at the solid-state electrolytes (SSE)-electrode interfaces.
The chemical reactions between the SSE and the electrode materials caused by the chemical
incompatibility between the SSE and the electrodes. And the interfacial degradation results in
high interfacial resistance at the SSE-electrode interface, which is an important problem in all-
solid-state batteries (ASSBs) and limits the power and rate performance of ASSBs. In addition,
a major challenge in large-scale fabrication of sulfide-based SSEs is their poor stability against
moisture in the air. Even trace amounts of moisture in the surrounding environment can initiate
spontaneous hydrolysis reactions for many lithium thiophosphates, deteriorating the material
and its properties and releasing toxic HoS gas. Therefore, excellent electrode interfacial stability
and air stability are required for the development of sulfide SSEs.

To address the issues of electrode interfacial stability and air stability, we calculated the
interface reaction and H>S formation energies based on the compositional phase diagrams using
the pymatgen package.® In evaluating the chemical stability of interfaces, we considered the

interface as a pseudo-binary?* > of the SSE and the electrode, which has a composition of

Cinterface(CSSE' Celectrodea X) =X CSSE + (1 - x)Celectrode Eqn~ S6

where Csse and Cerecrrode are the compositions of SSE and electrode materials, respectively, and

x is the molar fraction of the SSE varying from 0 to 1. The energy of the interface pseudo-binary

Cinterface (SSE electrode, x) = x - E(SSE) + (1 — x)E (electrode) Eqn. S7

was set to a linear combination of the electrolyte and electrode energies. The decomposition

energy (AEp) of the interface pseudo-binary was calculated as
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AED (SSEaeIECtrOder x) = Eeq (Cinterface (CSSEr Celectrode' x)) Eqn' S8

—Einterface (SSE, electrode, x)

The air stability evaluation also follows same process based on pseudo-binary reaction equation
defined as

Coroducts (SSE, H,0,x) = x - C(SSE) + (1 — x)C(H,0) Eqn. S9
The hydrolysis reaction energy can be calculated as

Ereaction (SSE, H,0,x) = Eqgn. S10
Eeq (Cproducts(SSEa HZO: x)) —E (Cproducts(SSEa Hzo; X))

, where E¢;(C) means the energy minimum of the phase equilibria at given composition.
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Figure S9. Heatmap plot of calculated interface reaction energy (AEj,/e,rqce) for all structures
at the interface with (a) LNO (LiNbOs3) coating material, (b) LiNip.8C00.1Mno.102 (NCM 811)

cathode and (c) Li anode, and (d) H>S formation energy (AE ,];2 s)> according to Groups.
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Figure S10. Heatmap plot illustrating the significantly improved chemical stability of Sn**
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Table S3. The calculated interface reaction energy (AEJ;%, r4c.) Of all structures at the interface

with LNO (LiNbO3) coating material, LiNigsCoo.1Mno.102 (NCM 811) cathode, and (c) Li

anode.
AEjnterface (meV)
Group Structure Index Structure
LNO NCMS11 Li

* LicPSsI -107.55 -424.46 -539.24
1 Lis.75Po.75sMo00.25Ss1 -90.74 -394.36 -540.69
2 Lis25P0.25Mo0g.75Ss1 -44.29 -364.36 -541.19
3 Lis sPo.sMo0o.5Ss1 -69.73 -377.10  -542.38
4 Lis.75Po.7sWo.25Ss1 -90.74 -400.00 -540.63
5 Lis25Sbg25sM0¢.75Ss1 -11.99 -351.20 -535.96
6 Lis25Po2sWo.75Ss1 -44.29 -373.00 -543.74

Group (1) )
7 Lis5PosWo.sSs1 -69.73 -383.40 -542.13
8 Lis sSbo.sWo.5SsI -10.93 -358.91 -548.82
9 Lis25Sbo2sWo.75Ss1 -11.99 -359.55 -541.67
10 Lis.75Sbo.7sWo.25Ss1 -9.69 -358.27 -555.43
11 Lis.75Sbg.7sM0¢.25Ss1 -9.69 -355.51 -553.67
12 Lis 5Sbo.sMoo.5Ss1 -10.93 -353.36 -545.15
13 Lis5S10.25Wo.75Ss1 -41.98 -370.55 -499.5
14 LissGeo25sMog.75Ss1 -15.67 -351.92 -501.58
15 Li6S10.5Wo.5Ss1 -65.82 -377.92 -453.51
16 LissGeoasWo.75Ss1 -15.67 -360.24 -500.06
17 LigSng sMog sSs1 -10.18 -345.26 -453.92
18 LigSi0sMo0o.5Ss1 -65.82 -372.24 -459.7
19 Lis.5Sip.2sM0.75Ss1 -41.98 -361.94 -503.82
20 LissSng2sWo.75Ss1 -11.31 -355.84 -495.82
21 LisGeosWo.5Ss1 -13.14 -357.59 -455.86

Group (2) .
22 Lis5Sn0.25Mo0g.75Ss1 -11.31 -347.50 -490.05
23 LisSno.sWo.5Ss1 -10.18 -350.84 -457.63
24 Lig.sSng.75sWo.25Ss1 -8.88 -345.80 -421.93
25 LisGeo.sMog.5Ss1 -13.14 -352.08 -457.83
26 Lie.sSng.7sMo00.25Ss1 -8.88 -343.00 -420.13
27 LissGeo.7sM09.25Ss1 -10.32 -352.23 -414.39
28 Lie.sGeo.7sWo.25Ss1 -10.32 -354.97 -414.46
29 Lie.5S19.7sM0¢.25Ss1 -86.06 -382.82 -404.65
30 Li6.5S10.75Wo.25Ss1 -86.06 -386.19 -400.29
31 Li6Sio25Sbo.sMo0g25Ss1 -35.56 -364.22 -511.89
32 LicGeo25SbosWo.25Ss1 -9.58 -356.94 -509.43

Group (3) )
33 LisSno25Sbo.sWo.25Ss1 -9.58 -354.14 -511.67
34 Li6Sno.25Sbo.sM0¢.25Ss1 -9.58 -351.38 -509.87
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35 Li6Si0.25Sbo s Wo.25Ss1 -35.56 -367.07 -509.03
36 LicGeo.25Sbo.sM0g.25Ss1 -9.58 -354.18 -511.02
37 Lis75S10.25Sbo.25M00 5Ss1 -36.2 -362.03 -504.43
38 Lis 75S10.25Sb025Wo 5Ss1 -36.2 -367.75 -500.3

39 Lis.7581n0.25Sbg 25M0¢.5Ss1 -10.82 -349.22 -499.4

40 Lis.75Ge0.25Sbo.2sM0g 5Ss1 -10.82 -352.04 -502.33
41 Lis75Sn025Sbo2sWo.5SsI -10.82 -354.76 -503.16
42 Lis.75Ge0.25Sbo.2sWo.5Ss1 -10.82 -357.57 -500.82
43 Lis.25Sn0.5Sbo 25sM09.25Ss1 -9.47 -347.15 -464.85
44 Lis25Sn0.5Sbo 25 Wo.25Ss1 -9.47 -349.93 -466.64
45 Lis25Geo.sSbo2sWo25Ss1 -9.47 -355.61  -461.04
46 Lis.25Geo.5Sbg25M0¢.25Ss1 -9.47 -352.87 -463.1

47 Li625S10.5Sbo 25sM00.25Ss1 -64.35 -372.99 -463.11
48 Li625S10.5Sbo25sWo.25Ss1 -64.35 -375.82 -458.92
49 Lie.25Ge0.5Sbo25sWo.25SsBr -10.43 -356.29 -463.74
50 Lis 5Geo.7sM0o25SsBr -10.32 -352.23 -414.39
51 Lis25S10.5Sbo.25sM0¢.25SsBr -63.36 -373.68 -456.89
52 Lie.sGeo.7sWo.25S5Cl -10.32 -354.97 -414.46
53 Li65Si0.7sWo.25SsBr -86.06 -386.19 -400.29
54 Lis.25Ge0.5Sbo 2sM0¢.25S5sCl -10.43 -353.54 -465.88
55 Lis25Ge0.5Sbo.2sM0¢.25SsBr -10.43 -353.54 -465.88
56 Li625S10.5Sbo.25Wo.25SsBr -63.36 -376.51 -461.7

57 Lis25Ge0.5Sbo25Wo.25S5Cl1 -10.43 -356.29 -463.74

Group (4-1) o

58 Lie5Si0.75Wo.25S5Cl -86.06 -386.19 -400.29
59 LissGeo.7sWo.25SsBr -10.32 -354.97 -414.46
60 Li6Si9.75W0.25S4.5Cl; 0Bro s -88.62 -389.51 -411.73
61 Lie.5S19.7sM0¢.25S5C1 -86.06 -382.82 -404.65
62 LisGeo75Wo.2554.5Cly oBro s -8.5 -354.05 -425.26
63 Li625S10.5Sbo.25Wo.25S5Cl -63.36 -376.51 -461.7

64 LissGeo.7sM00.25S5sCl -10.32 -352.23 -414.39
65 Lis25S10.5Sbo.25M00.25S5Cl -63.36 -373.68 -465.89
66 Li6.5S10.7sM0¢25SsBr -86.06 -382.82 -404.65
67 Lis75Geo.sSbo25M0¢.25S4.5Cl1 0Bro s -8.62 -352.49 -478.64
68 Lis75Geo.sSbo25M00.25S4.5Clo sBri o -8.62 -352.49 -478.64
69 LisGeo.7sM00.25S4.5Clo sBrio -8.5 -351.05 -425.67
70 Lis.75Geo.5Sbo.2sWo.25S4.5ClosBri o -8.62 -355.50 -476.11
71 Lis.75S10.5Sbo.25W0.25S4.5Br1 0Clo 5 -65.43 -377.82 -474.35

Group (4-2) ] i

72 Lis.75810.5Sb0.2sM 002584 5Br1.0Clo 5 -65.43 -374.69 -478.65
73 Lis75S10.5Sbo.25sM00.25S4.5Cl; 0Bro s -65.43 -374.69 -478.65
74 LiSio.7sWo.25845Clo sBri 0 -88.62  -389.51  -411.73
75 Lis.75S10.5Sbo.25W0.25S4.5Cl 0Bro 5 -65.43 -377.82 -474.35
76 LisGeo75Wo.2554.5ClosBrio -8.5 -354.05 -425.26
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77 Lis75Geo5Sbo2sWo.25S45Cly 0Bro s -8.62 -355.50 -476.11
78 Li6Si9.7sM00.25S4.5Cl 0Bro s -88.62 -385.04 -416.21
79 Li6Si9.7sM00.25S45ClosBrio -88.62 -385.04 -416.21
80 Lis75Geo.7sM00.25S4.25Cly 25Bro s -7.26 -350.37 -431.64
81 Lis 5Ge0.5Sbo.2sWo.2554.25Cl125Bross -7.37 -355.03  -482.54
Group (4-3) 82 Lis 5Si0.5Sbo.2sM00.25S425Cli2sBros  -66.52 -375.28 -485.3
83 Lis5S10.5Sbo25W0.2554.25Cl1 25Bro 5 -66.52 -378.59 -480.93
84 Lis 5Geo sSbo25sM00.25S4.25Cl 25Br1o 5 -7.37 -351.84 -485.29
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Table S4. The calculated H>S formation energy (AE£Z ) of all structures.

Structure Index Structure AE/ . (eV)
Group 2

* LisPSsI -0.23

1 Lis 75P0.7sM00.25Ss1 -0.18

2 Lis 25P0.2sMo0o.75S51 -0.03

3 Lis sPo.sMoo.sSsI -0.15

4 Lis 75P0.7sWo.25Ss1 -0.18

5 Lis25Sbo.2sM0¢.75Ss1 0.18

Group (1) 6 Li5:25P0.25W0.75851 -0.03

7 LissPosWosSsl -0.15

8 Lis.5Sbo.sWo.5Ss1 0.07

9 Lis25Sbo2sWo.75Ss1 0.06

10 Lis.75Sbo.75sWo.25Ss1 0.07

11 Lis.75Sbo.7sM00.25Ss1 0.42

12 Lis.5Sbo.sMoo.5Ss1 0.30

13 Lis.5S10.25Wo.75Ss1 -0.01

14 Lis5Geo.2sM0o.75Ss1 0.14

15 Li6Sio.sWo.sSsI -0.10

16 Lis sGeo2sWo.75Ss1 0.14

17 LiegSng sMog sSs1 0.26

18 LiSipsMog 5Ss1 -0.05

19 Lis 5Si0.2sM00.75Ss1 -0.01

20 LissSng2sWo.75Ss1 0.16

Group (2) 21 ‘LiéGCO.SWO.SSSI 0.26

22 Lis 5Sn9.25sMo00.75S51 0.16

23 LisSno.sWo.5SsI 0.26

24 Li6.5Sn0.7sWo.25Ss1 0.53

25 LigGeosMog.sSsl 0.26

26 Lis.sSno.7sMo0o.25Ss1 0.36

27 LissGeo.7sM00.25Ss1 0.37

28 Lis.sGeo.7sWo.25Ss1 0.37

29 Lis.5S10.75M00.25S51 -0.15

30 Li6.5S10.75Wo.25Ss1 -0.15

31 Li6Si0.25Sbo.sM0o.25Ss1 0.02

32 LisGeo.25Sbo.sWo.25Ssl 0.17

33 LisSng25Sbo.sWo.25Ss1 0.40

34 Li6Sno.25Sbo.sM00.25Ss1 0.40
Group (3) o

35 Li6Si0.25Sbo.sWo.25Ss1 0.02

36 LisGeo.25Sbo.sM0o.25Ss1 0.41

37 Lis 75S10.25Sbo.2sM0o.5Ss1 0.02

38 Lis 75S10.25Sbo.2sWo.5SsI 0.02
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39 Lis 75Sn0.25Sbo.2sM00.5Ss1 0.28
40 Lis.75Geo.25Sbo.2sM0o.sSs1 0.29
41 Lis 75Sn0.25Sbo.2s Wo.5Ss1 0.28
42 Lis 75Ge0.25Sbo.2sWo 5Ss1 0.17
43 Li6.25S10.5Sbo.2sM00.25Ss1 0.38
44 Li6.25Sn0.5Sbo.2sWo 25551 0.38
45 Lis25Ge0.5Sbo.2s Wo.25SsI 0.28
46 Lis25Ge0.5Sbo.2sM0o.25Ss1 0.40
47 Li6.25S10.55b0.2sM00.25Ss1 -0.07
48 Li6.25S10.5Sbo.2sWo.25Ss1 -0.07
49 Lis.25Ge0.5Sbo.2sWo.25S5Br 0.27
50 LissGeo.7sM00.25SsBr 0.37
51 Lie.25510.5Sbo.2sM00.25SsBr -0.08
52 Lis.sGeo.7s Wo.25S5Cl 0.37
53 Lis5Si0.7sWo.25SsBr -0.15
54 Lis25Ge0.5Sbo.2sM00.25S5Cl 0.38
55 Lis.25Geo.sSbo.2sM00.25SsBr 0.38
56 Lie6.25S10.55b0.2sWo.25SsBr -0.10
Group 57 Lis.25Ge0.5Sbo.2sWo.25SsCl 0.27
(4-1) 58 Li6.5S10.7sWo0.25S5Cl -0.15
59 Lis.sGeo.7sWo.25SsBr 0.37
60 Li6Si0.7sWo0.25S4.5Cl1.0Bro s -0.05
61 Lie.5Si0.7sM00.25S5C1 -0.15
62 LisGeo.75Wo.2584.5Cl1.0Bro.s 0.69
63 Li6.25S10.5Sb0.2sWo.25S5Cl -0.10
64 LissGeo.7sM00.25S5Cl1 0.37
65 Li6.25S10.55b0.2sM00.25S5Cl -0.08
66 Lie.5Si0.7sM00.25SsBr -0.15
67 Lis.75Ge0.5Sbo.2sM00.25S4.5Cl1.0Bro s 0.55
68 Lis.75Ge0.5Sbo.2sM00.25S4.5Clo.sBri.o 0.55
69 LicGeo.7sM00.25S45Clo.sBri.o 0.69
70 Lis.75Geo.5Sbo.2sWo.2554.5Clo.sBr1.0 0.55
71 Lis 75S10.5Sb0.2sWo.25S4.5Br1.0Clo s -0.19
72 Lis.75S10.5Sb0.25M00.25S4.5Br1.0Clo s -0.19
((}Z(_);)p 73 Lis75810.5Sbo 25M00.2584.5Cl1 0Bro 5 -0.19
74 Li6S10.75W0.25S4.5Clo.sBr1.0 -0.05
75 Lis 75S10.5Sb0.2sWo.25S4.5Cl1 0Bro s -0.19
76 LisGeo.75Wo.2554.5Clo.sBrio 0.69
77 Lis.75Geo.5Sbo.2sWo.2554.5Cly .0Br1o.5 0.55
78 Li6Si0.7sM00.2584.5Cl1.0Bro s -0.05
79 Li6Si0.7sM00.2584.5Clo.sBr1.0 -0.05
Group 80 Lis 75Ge0.7sM00.25S4.25Cl1 25Bro 5 0.72
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(4-3)

81
82
&3

84

LissGeosSbo2sWo.25S4.25Cl25Bro s
Lis 5Si0.5Sbo.2sM00.25S4.25Cl1 25Bro 5
Lis 5Si0.5Sbo.2sWo.25S4.25Cli 25Bro s
Lis sGeo.5Sbo.2sMo00.25S4.25Cly 25Bro 5

0.54
-0.20
-0.20
0.54
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