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1. Materials systems

Table S1. Crystal structures and phase equilibria of solid electrolyte materials

Composition Acronym | Structure used | E above hull | Phase equilibria
(meV/atom)

Li;0GeP5S1, LGPS mp-696138' 21 Li3PS,, LisGeS,

Li325Geo.25P0.7554 - - Li3PS4, LisGeS4

Li;PS, : 0 Li;PS,

LisGeS, mp-30249° 0 LisGeS,4

Li;P3S; mp-641703° 22 Li;PS,, P5Ss

LigPSsCl ° 83 Li;PS,, Li,S, LiCl

Li7P,Sgl - - Li3PS,, Lil

Li,PO.N LiPON | ° 0 Li,PO,N

Li7La32r2012 LLZO ’ 7 Lizo, LaQO3, Li6ZI'207

Li0.33Lao_56TiO3 LLTO 8 68 TiOg, Li4Ti5012,
LazTi207

Li1.3Alo,3Ti1_7(PO4)3 LATP ? 29 LITIZ(PO4)3, Li3PO4,
AlIPO,

Li1.5Alo,5G61,5(PO4)3 LAGP - - AIPO4, GeSO(PO4)6,
GCOQ, Li4P207

Liz sZng,5GeO; LISICON | " 34 Li,ZnGeOy, LisGeO,

The crystal structures and the phase equilibria of the commonly used solid electrolyte
materials investigated in this study are summarized in Table S1. The energies of most materials
in this study were obtained from the MP database.'' The materials that were not included in MP
database were calculated on the basis of the experimentally determined structures. For the
structures with disordered site occupancies, we sampled 50-60 different configurations using the

1213 and chose the configuration with the lowest energy as

same method in the previous studies
the ground state structure. For example, the ground state structure of Lig 33Lag s¢Ti03 (LLTO)
material was ordered from the experimental structure determined in ref. *. The Li;PS4 phase
based on the Pmn2; y phase® was determined to have the lowest energy among its polymorphs
and was added into the phase diagrams including Li-P-S compositions.

For the materials with a non-zero energy above hull, we evaluated the electrochemical
window of the material by reducing the energy above hull to zero. These solid electrolyte
materials may be entropically stabilized by the disordering of Li and other ions as in the LGPS."

For those materials, such as Lis »5Geg 5P 7554, Lij sAlg5Ge;.5(PO4); and Li;P,Sgl, that

have no experimentally determined structures from the ICSD database, the materials entries were

constructed as the phase equilibria at the given composition with a zero energy above hull. There



is no experimentally determined crystal structure available for the LIPON material systems,
which are typically amorphous with a range of compositions. We used the crystalline structure of

Li,PO,N reported in Ref. % as the representative of the LiPON materials systems.

2. Calculated plateaus for the lithiation and delithiation of solid electrolyte materials.

Table S2. Calculated plateaus for the lithiation and delithiation of solid electrolyte materials.
(a) LimGGPlez

Potential ¢p ref | yy;reftoLi | Any; per | Phase equilibria
to Li/Li"(V) metal (eV) formula

0.28 -0.28 23.75 leS, Li15Ge4, L13P

0.45 -0.45 22.25 Li9G64, LIZS, L13P

0.56 -0.56 21 Li;P, LisS, LiGe

0.87 -0.87 20 LisP, LisS, Ge

0.93 -0.93 16 Li,S, LiP, Ge

1.17 -1.17 14.86 LizPs, Li,S, Ge

1.30 -1.30 14.29 Ge, Li;S, LiP;

1.62 -1.62 14 Li,S, P, Ge

1.71 -1.71 10 LisGeS4, P, Li,S
0 LimGGPlez

2.14 -2.14 -4 GeS,, LisPS4, S

2.31 -2.31 -10 P,Ss, GeSs, S

(b) Liz 25Geo.25P0,7554

Potential ¢p ref | yy;reftoLi | Any; per | Phase equilibria
to Li/Li"(V) metal (eV) formula

0.28 -0.28 23.75 leS, Li15Ge4, L13P
0.45 -0.45 22.25 Li9G64, LIZS, L13P
0.56 -0.56 21 LisP, Li»S, LiGe
0.87 -0.87 20 LisP, LirS, Ge
0.93 -0.93 16 Li,S, LiP, Ge
1.17 -1.17 14.86 LisP7, LisS, Ge
1.30 -1.30 14.29 Ge, Li,S, LiP;
1.62 -1.62 14 Li,S, P, Ge
1.71 -1.71 10 Li4GeS,, P, LiS
0 Li325Geo.25P0.7554
2.14 -2.14 -4 GeS,, LisPS4, S
2.31 -2.31 -10 P,Ss, GeS,, S
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(C) L13PS4

Potential ¢p ref | yp;reftoLi | Any; per | Phase equilibria
to Li/Li"(V) metal (eV) formula
0.87 -0.87 8 Li;P, LiS
0.93 -0.93 6 LiP, Li,S
1.17 -1.17 543 LizP7, Li,S
1.30 -1.30 5.14 LiP7, Li;S
1.71 -1.71 5 P, Li,S
0 Li;PSy
2.31 -2.31 -3 P,Ss, S
(d) LisGeS4
Potential ¢p ref | yy;reftoLi | Any; per | Phase equilibria
to Li/Li"(V) metal (eV) formula
0.28 -0.28 7.75 LizS, Li15G64
0.45 -0.45 6.25 LigGey, LixS
0.56 -0.56 5 Li,S, LiGe
1.62 -1.62 4 Li,S, Ge
0 Li4GCS4
2.14 -2.14 -4 GeS,, S
(e) Li7P3Sy;
Potential ¢p ref | yy;reftoLi | Any; per | Phase equilibria
to Li/Li"(V) metal (eV) formula
0.87 -0.87 24 Li;P, LiS
0.93 -0.93 18 LiP, Li,S
1.17 -1.17 16.29 LizP7, Li,S
1.30 -1.30 15.43 LiP7, Li;S
1.71 -1.71 15 P, Li,S
2.03 -2.03 1.25 Li;PS4, P
2.15 -2.15 1.08 Li3PS4, P4S5
2.24 -2.24 0.67 Li3PS4, P4S;
2.28 -2.28 0.29 Li3PS4, P4So
0 Li7P3S“
2.31 -2.31 -7 P,Ss, S
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(f) LigPSsCl

Potential ¢p ref | yy;reftoLi | Any; per | Phase equilibria
to Li/Li"(V) metal (eV) formula
0.87 -0.87 8 Li;P, LipS, LiCl
0.93 -0.93 6 LiP, Li,S, LiCl
1.17 -1.17 543 Li;P5, Li,S, LiCl
1.30 -1.30 5.14 LiP7, Li,S, LiCl
1.71 -1.71 5 P, Li,S, LiCl
0 LicPSsCl
2.01 -2.01 -2 Li;PS,, S, LiCl
231 -2.31 -5 P,Ss, S, LiCl
2.88 -2.88 -6 P,Ss, S, PCl3
(g) Li7pzsgl
Potential ¢p ref | yp;reftoLi | Any; per | Phase equilibria
to Li/Li"(V) metal (eV) formula
0.87 -0.87 16 Li;P, LipS, Lil
0.93 -0.93 12 LiP, Li,S, Lil
1.17 -1.17 10.86 Li;P5, Li,S, Lil
1.30 -1.30 10.29 LiP7, LipS, Lil
1.71 -1.71 10 P, Li,S, Lil
0 Li;P,Sgl
231 -2.31 -6 P,Ss, S, Lil
2.47 -2.47 -7 P,Ss, S, 1
(h) LiPON
Potential ¢p ref | yy;reftoLi | Any; per | Phase equilibria
to Li/Li"(V) metal (eV) formula
0.01 -0.01 8 Li;P, LisN, Li,O
0.61 -0.61 6 Li;P, Li;PNy, Li,0O
0.68 -0.68 4 Li;P, LiPN,, Li,O
0 Li,PO,N
2.63 -2.63 -0.86 Ps;Ns, LisP,O7, N,
2.75 -2.75 -0.92 P4ONg, Li4P,07, N,
2.77 -2.77 -1.36 P4ONg, LiPO3, N»
3.05 -3.05 -1.50 PON, LiPO;, N,
3.63 -3.63 -2 PON, P,0s, N,
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(i) LLZO

Potential ¢p ref | yp;reftoLi | Any; per | Phase equilibria
to Li/Li"(V) metal (eV) formula
0.004 0.004 8 Zr, Lay03, Li,0
0.048 -0.048 6.67 7130, La,03, Li,0
0 Li7La32r2012
2.91 -2.91 -0.50 LizOz, La203, LiéZI'207
3.17 -3.17 -3.50 LizOz, La203, LaZZr207
3.30 -3.30 -7 02, La203, LaZZrZO7
(j) LLTO
Potential ¢p ref | yp;reftoLi | Any; per | Phase equilibria
to Li/Li"(V) metal (eV) formula
0.018 -0.018 3.67 Tis0, La,03, Li,0
0.12 -0.12 3.33 Ti30, La,03, Li,0
0.29 -0.29 1.67 T130, LaQO3, L14TIO4
0.37 -0.37 1.57 leO, LaQO3, L14TIO4
0.46 -0.46 0.92 LlTlOz, La203, L14TIO4
0.50 -0.50 0.64 LlTlOz, LazT105, L14TIO4
1.12 -1.12 0.56 LlTlOz, LazT105, L12T103
1.14 -1.14 0.28 L1T1204, La2T105, L12T103
1.63 -1.63 0.14 L1T1204, LazTi207, L12T103
1.749 -1.749 0.09 Li7/6Ti11/604, LazTi207, L12T103
1.752 -1.752 0.01 Li7/6Ti11/604, LazTi207, Li4Ti5012
0 Ligp33Lap56 1103
3.71 -3.71 -0.33 Oz, LazTi207, T102

S-6



(k) LATP

Potential ¢p ref | yy;reftoLi | Any; per | Phase equilibria
to Li/Li"(V) metal (eV) formula
0.026 -0.026 30.30 Ti;P, TiAl, LisP, Li,O
0.082 -0.082 29.60 Ti,P, TiAl, LisP, Li,O
0.088 -0.088 29.38 Ti,P, TiAl,, LisP, Li,O
0.23 -0.23 28.25 Ti,P, LisAlOy, LisP, Li,O
0.69 -0.69 24 Li4TiO4, LisAlO4, LisP, Li,0O
0.75 -0.75 16 Li4TiO4, LisAlQ4, LisP, LizPOy4
0.79 -0.79 14.80 Li4TiO4, LiAlO,, Li3P, LisPO4
0.86 -0.86 8.33 Li4TiO4, LiAlO,, TiP, LisPO4
1.49 -1.49 7.33 Li,TiOs, LiAlO,, TiP, LisPO4
1.55 -1.55 6.52 LiTi,04, LiAlO,, TiP, LisPO4
1.71 -1.71 6.35 LiTi,04, LiAlsOs, TiP, LisPO4
1.84 -1.84 5.82 Ti0,, LiAlsOs, TiP, LisPO4
1.94 -1.94 543 Ti0,, LiAlsOs, TiP,, LisPO4
1.98 -1.98 4.76 Ti0,, AIPQy, TiP,, Li3POy4
2.12 -2.12 4.25 Ti0,, AIPOy4, P, LisPO4
2.17 -2.17 2.13 LiTiPOs, AIPOy, P, Li3PO4

0 Li1.3A10,3Ti1_7(PO4)3
4.21 -4.21 -0.15 LiTiy(PO4)3, AIPO4, Li4P,07, O
4.33 -4.33 -0.60 LiTi,(POy);, AIPO4, TiP,07, O,
4.66 -4.66 -1.30 Ti5P4Oy0, AIPO4, TiP,07, O,
(1) LAGP
Potential ¢p ref | yy;reftoLi | Any; per | Phase equilibria
to Li/Li"(V) metal (eV) formula
0.06 -0.06 38.25 Li,0, Li;sGes, LisP, LigAly
0.28 -0.28 35.63 Li,0, Li;sGes, LisP, LisAlOy4
0.45 -0.45 33.38 Li,0, LigGes, Li3P, LisAlO4
0.56 -0.56 31.50 Li,0, LiGe, LisP, LisAlO4
0.69 -0.69 30 Li,0, Ge, LisP, LisAlOq4
0.75 -0.75 10 L13PO4, Ge, L13P, L15AIO4
0.87 -0.87 8 Li3PO4, Ge, Li3P, L1A102
0.93 -0.93 7.50 Li;PO4, Ge, LiP, LiAlO,
1.17 -1.17 7.36 L13PO4, Ge, L13P7, LIAIOZ
1.30 -1.30 7.29 Li;POy, Ge, LiP4, LiAlO,
1.49 -1.49 7.25 Li;PO,, Ge, P, LiAIO;
1.94 -1.94 7 Li3PO4, Ge, P, L1A150g
2.64 -2.64 6 Li;PO4, Ge, AIPOy4
2.70 -2.70 3.50 Ge, GeO,, Li4P,07, AIPO,4

0 Li1.5A10,5G61,5(PO4)3
4.27 -4.27 -0.10 GesO(POy)g, Oy, LigP207, AIPO4
4.31 -4.31 -1.50 GesO(PO4)s, O, GeP,07, AIPOy4
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(m) LISICON

0.18 -0.18 8.50 Li,0, Li;sGeq, LiZn
0.28 -0.28 7.85 Lizo, Li15G€4, LiangGe3
0.42 -0.42 6.91 Lizo, Li9G64, Ling’lzGe3
0.45 -0.45 6.69 Li,0, LigGey, Li,ZnGe
0.56 -0.56 5.75 Li,0, LiGe, Li,ZnGe
0.61 -0.61 5 Li,0, Ge, Li,ZnGe
0.73 -0.73 4.75 Li,0, Ge, LiZnGe
1.02 -1.02 4.50 Li;0, Ge, Zn
1.44 -1.44 0.50 Li4GeQOy, Zn

0 Li3.5Zno_25G€O4
3.39 -3.39 -1.50 Li,ZnGeO0y, Li,GeOs, O,
3.84 -3.84 -2.40 LizZl’lGCO4, Li4G€5012, Oz
3.85 -3.85 -2.79 LizZl’lGCO4, Li2G€7015, Oz
3.89 -3.89 -3.19 LiZn1_5Ge3Og, Li2G€7015, 02
3.98 -3.98 -3.33 LiZn1_5Ge3Og, GGOQ, 02
4.00 -4.00 -3.50 Zn,GeOy, GeOy, Oy

3. Calculated plateaus for the lithiation and delithiation of coating layer materials.

Table S3. Calculated plateaus for the lithiation and delithiation of coating layer materials.
(a) Li4Ti5012

Potential ¢p ref | yp;reftoLi | Any; per | Phase equilibria
to Li/Li"(V) metal (eV) formula

0.018 -0.018 18.33 Tis0O, Li,0

0.12 -0.12 16.67 Ti;0, Li,O

0.29 -0.29 7.27 Ti30, LigTiO4

0.37 -0.37 6.86 Ti,0, LigTiO4

0.50 -0.50 4 LiTiO,, LisTiO4

1.12 -1.12 3 LiTiO,, Li,TiO3

1.63 -1.63 1.5 LiTi,04, Li,TiO3

1.75 -1.75 1 Li7/6Ti11/6O4, LizTiO3
0 Li4Ti5012

3.71 -3.71 -4 03, TiO,

(b) LiNbO;

Potential ¢p ref | yp;reftoLi | Any; per | Phase equilibria
to Li/Li"(V) metal (eV) formula

0.55 -0.55 5 Nb, Li,0

0.62 -0.62 2 LiNbO,, Li,O

0.94 -0.94 1.2 LiNbO,, LigNbyOy

1.74 -1.74 1 LiNbO,, Li3NbO4
0 LiNbOs3

3.88 -3.88 -0.67 LiNb3;Og, O,

3.92 -3.92 -1 Nb,Os, Oy




(C) LizSiO3

Potential ¢p ref | yp;reftoLi | Any; per | Phase equilibria
to Li/Li"(V) metal (eV) formula
0.10 -0.10 8.2 Li,;Sis, Li,O
0.23 -0.23 7.25 Li;3Si4, Li2O
0.26 -0.26 3.62 Li;3S14, LigSi0g
0.26 -0.26 1.81 Li;3S14, Li14S104
0.37 -0.37 1.43 Li;5Si7, Li4Si04
0.39 -0.39 1.25 LiSi, Li4Si04
0.76 -0.76 1 Si, Li4Si04

0 Li,Si0;
3.74 -3.74 -1 Li,S1,0s, O,
3.78 -3.78 -2 Si0,, O,
(d) LiTaOs;
Potential ¢p ref | yp;reftoLi | Any; per | Phase equilibria
to Li/Li"(V) metal (eV) formula
0.35 -0.35 5 Ta, Li,0
0.54 -0.54 2 Ta, Li5Ta05
1.18 -1.18 1.25 Ta, Li3TaO4

0 L1Ta03
3.95 -3.95 -0.67 LiTa;0s, O,
4.12 -4.12 -1 Ta,0s, O
(e) L13PO4
Potential ¢p ref | yp;reftoLi | Any; per | Phase equilibria
to Li/Li"(V) metal (eV) formula
0.69 -0.69 8 Li;P, Li,O

0 Li;POy4
4.21 -4.21 -1 Li,P,07, O,
4.33 -4.33 -2 LiPOs;, O,
4.99 -4.99 -3 P,0s, O,
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