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Supplementary Figure 1. lllustration of the influence of sulfur content and sulfur utilization on the specific
energy (based on the cathode weight) of lithium-sulfur all-solid-state batteries (Li-S ASSBs). Cell
configurations, testing conditions, and performance of the selected literature-reported Li-S ASSBs are listed

in Supplementary Table 3.

The estimation of the specific energy is based on the following equation:

m mg cm2xw%xa mAh g''xU V y 1 Ah y 1000 g
m mg cm 1000 mAh  1kg

where m is the cathode mass loading (mg cm2), w wt% is the gravimetric sulfur content in the cathode, « is

Specific energy =

=Uaw% Wh kg'!

the specific capacity (mAh g1), and U is the average voltage of the Li||S cell. We assumed the average voltage
(U V) is 2 V, and the specific capacity (@ mAh g*) and sulfur content (w wt%) of the literature reported Li-S

ASSBs used for calculation are listed in Supplementary Table 1.
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Supplementary Figure 2. Schematic illustration of the influences of SE's particle size ion Li* transport and

thus sulfur utilization.
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Supplementary Figure 3. lllustration of the relationship between sulfur's gravimetric content (wt%) and SE's

volumetric content (vol%) under different solid electrolyte (SE) densities.

To illustrate how sulfur's weight ratio and SE's density affect SE's volumetric content in the cathode, we

assume that the weight ratio of carbon and sulfur are 15 wt% and x wt%. Moreover, the density of carbon,

sulfur, and SE are 1.9, 2.07, and p g cm, respectively. Hence, the volume ratio of SE could be calculated

according to the following equation:

SE content (vol%)= 10015

(100-15-x)
p
-x) 15 «x
o 197207
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Supplementary Figure 4. lllustration of the influence of SE's density on the cell-level specific energy of Li-
S ASSBs (based on the weight of cathode, anode, SE membrane, and current collectors) using sulfur cathodes
(50 vol% of sulfur) with areal sulfur loading of (a) 3, (b) 5, and (¢) 6 mgsurur cM2. Calculation details are

provided in Supplementary Note 1.
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Supplementary Figure 5. Schematic illustration of the liquid-phase synthesis of LisPSs-2LiBH4 (LPB) SE.
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Supplementary Figure 6. Arrhenius plot for cold-pressed LPB SE pellet and the corresponding Nyquist
impedance plot of the Al-C|LPBJAI-C (Al-C stands for carbon-coated aluminum foil current collector) coin

cell tested at different temperatures (i.e., 25, 40, 60, 80, 100 °C). The error bar represents the standard

deviation of the measured ionic conductivity.



C

Supplementary Figure 7. (a) Scanning electron microscopy (SEM) and (b-d) energy-dispersive X-ray

spectroscopy (EDS) mapping images of LPB powders. The scale bars are 20 um.



Supplementary Figure 8. Scanning transmission electron microscopy (STEM) and EDS mapping of LPB

powders. The scale bars are 500 nm.



Supplementary Figure 9. Transmission electron microscopy (TEM) images of LPB powders corresponding
to the selected area diffraction pattern in Figure 2c. The porous structure observed in this image is caused by

electron beam damage.
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Supplementary Figure 10. N2 adsorption/desorption isotherms of LPB powders at 77 K.
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Supplementary Figure 11. X-ray powder diffraction (XRD) pattern of the Beryllium air-sensitive sample

holder.
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Supplementary Figure 12. XRD patterns of LPB referenced to the PDF cards of LisPSs(BHa)o.9, B-Li3PSa,
and LisP2Ss.
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Supplementary Figure 13. SEM images of (a) B-LisPS4 (LPS) and (b) Li1oGeP2S12 (LGPS). STEM images
of (c) LPS and (d) LGPS. The size of LPS and LGPS primary particles is ~ 1 pm.
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Supplementary Figure 14. (a) Cycling of a Li|LPBJ|Li symmetric cell at different current densities under 25
°C. (b) Evolution of voltage polarization, total resistance, and interfacial resistance during cycling. Calculation

of the resistances is illustrated in Supplementary Note 3.
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Supplementary Figure 15. X-ray photoelectron spectroscopy (XPS) spectra of (a-c) LPB SE, (d-i) solid
interface.
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electrolyte interphase (SEI) layer on the (d-f) Li metal surface, and (g-i) SE pellet surface at the Li/LPB
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Supplementary Figure 16. The Arrhenius plots of LPS, LGPS, and LisPSsCI (LPSC) from 25 to 100 °C. The

relative density of LPS pellet, LGPS pellet, and LPSC pellet is ~ 86% (1.57 g cm, bulk density), ~ 87% (1.78

g cm’3, bulk density), and ~ 92 % (1.64 g cm™, bulk density), respectively.

At 60 °C, LPB shows the highest ionic conductivity, LGPS exhibits the second highest ionic conductivity, and

LPS possesses the lowest ionic conductivity. The discharge performances of cells with sulfur cathodes (i.e.,

S-C-LPB, S-C-LGPS, and S-C-LPS) do not enhance as the ionic conductivity of SE increases.
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Supplementary Figure 17. (a) Cycling performance of a Li-In|LPB|C-LPB cell at 0.5 mA c¢cm™ and (b)
corresponding voltage profiles at the 1%, 2", 10" and 100" cycles. The cell was evaluated between 0.5 and
2.5V at 60 °C. The loading of the cathode is 8.03 mg cm and the specific capacity is based on the weight of
LPB.
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Supplementary Figure 18. (a) Rate performance of Li-In|LPB|S-C-SE cells having positive electrodes with
50 wt% of sulfur (KB/S/SE=20/50/30, w/w/w) using different SEs under 167.5, 502.5, 837.5, and 1675 mA
gL (b) Comparison of initial Coulombic efficiency (ICE, charge capacity/discharge capacity) and volume

ratios of SE and carbon for different cathodes. All cells were tested between 0.5 and 2.5 V vs. Li-In/Li* at 60

°C.
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Supplementary Figure 19. (a) Galvanostatic discharge-charge curves of Li-In|LPB|S-C-SE cells having a
positive electrode with 50 wt% sulfur and 40 wt% LPS or LGPS upon 167.5 mA g* at 60 °C, and (b)
corresponding differential capacity vs. voltage (dQ/dV) curves. (c) Comparison of initial Coulombic
efficiency (ICE, charge capacity/discharge capacity) and volume ratios of SE and carbon for different cathodes.
(e) Rate performance of cells having positive electrodes with 50 wt% of sulfur (KB/S/LPB=20/50/30, w/w/w)
using LPS or LGPS under 167.5, 502.5, 837.5, and 1675 mA g*. All cells were tested between 0.5 and 2.5 V
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Supplementary Figure 20. Cycling performance of the Li-In|LPBJ|S-C-LPB cell with high areal sulfur
loading of 5.9 mg cm™ under 167.5 mA g* at 60 °C.
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Supplementary Figure 21. Galvanostatic discharge-charge curves of the Li-In|LPBI|S-C-LPB cell cycled at
the 1%, 10", 100", 400", and 800" cycle. The cell was cycled at 837.5 mA g* under CCCV mode (cutoff
current, 167.5 mA g%; cutoff voltage, 2.5 V vs. Li-In/Li*) between 0.8 and 2.5 V at 60 °C.
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Supplementary Figure 22. Electrochemical impedance spectroscopy (EIS) spectra of the Li-In|LPBIS-C-

LPB cell (a) before cycling and (b) after 1000 cycles. The numerical values of the fitted equivalent circuit

elements are provided in Supplementary Table 4.
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Supplementary Figure 23. Linear sweep voltammetry (LSV) curves of Li-In|LPB|C-LPB and Li-In|LPSC|C-
LPSC (a) from open-circuit voltage to 0 V vs. Li/Li* (-0.62 V vs. Li-In/Li*) and (b) from open-circuit voltage
to 5V vs. Li/Li* (4.38 V vs. Li-In/Li"). The testing was performed at 60 °C. The areal loadings of C-LPB and

C-LPSC cathodes are between 3-4 mg cm™.
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Supplementary Figure 24. (a) XPS spectra of pristine S-C-LPB cathode and (b) XPS depth profiling spectra
of the S-C-LPB cathode disassembled from a Li-In|LPB|S-C-LPB cell after being cycled for 1000 cycles under
837.5 mA g (constant-current constant-voltage mode; cutoff current, 167.5 mA g*; cutoff voltage, 2.5 V)
between 0.8 and 2.5 V at the fully charged state. The sputtering duration is 0, 60, 120, and 150 mins for the
curves from top to bottom. The sputtering rate is approximately 10 nm min-* for SiO,. A detailed discussion

of the XPS spectra can be found in Supplementary Note 6.
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Supplementary Figure 25. Volumetric contents of cathode components in S-C-LPS, S-C-LPB, S-C-LGPS,

and S-C-LPB-65. For estimation, we assumed the density of sulfur, carbon, LPB, LPS, and LGPS are 2.07,
1.491, 1.83, and 2.04 g cm’,
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Supplementary Figure 26. Schematic illustration of bulky sulfur's influence on cathode powder aggregate

size. The primary cathode particles are composed of uniformly distributed sulfur, SE, and carbon.

We speculate that the presence of micro-sized bulky sulfur particles could connect the primary particles
together into big aggregate powders, leading to larger aggregate size of cathode powders. And the large

aggregate powder size of the sulfur cathode composite may potentially indicate the presence of bulky inactive

sulfur and poor electrochemical performance.
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Phosphorous

Supplementary Figure 27. a SEM images of S-C-LPB-65 powders. b-d SEM and corresponding EDS
mapping images of pristine S-C-LPB-65 electrode.
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Supplementary Figure 28. XRD patterns of S-C-LPB-65 cathode powders.
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Supplementary Figure 29. Galvanostatic discharge-charge curves of Li-In|LPB|S-C-LPB-65 battery
(S/KB/SE=50/10/17, w/w/w) at 167.5 mA g*. Testing was performed at 60 °C.
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Supplementary Figure 30. Schematic illustration of the influence of SE's volumetric content on Li*

transport Kinetics and cathode resistance.
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Supplementary Figure 31. (a) SEM and (b) STEM images of LisPSsCl (LPSC) SE.
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Supplementary Figure 32. Electrochemical performance of Li-In|LPB|S-C-LPSC cells. (a, ¢) Initial
galvanostatic discharge-charge curves at 167.5 mA g and (c, d) rate performance of cells using S-C-LPSC
cathodes with 50 wt% of sulfur (a, b) and 40 wt% sulfur (c, d). All electrochemical testing was performed at

60 °C.
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Supplementary Figure 33. (a) SEM image and (b) XRD of S-C-LPSC powders. (c) SEM and EDS mapping

images of pristine S-C-LPSC cathode.
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Supplementary Figure 34. Galvanostatic intermittent titration technique (GITT) analysis of Li-S ASSBs with
S-C-LPB and S-C-LPS cathodes. (a) Schematic illustration of GITT curves at the selected steps during the
discharging process. (b-c) Open-circuit voltage (OCV) profiles between selected voltage ranges of (b) 1.57 ~
1.28 V during the discharging process and (c) 1.58 ~ 1.68 V during the charging process. The specific capacity
at the initial OCV of the selected voltage windows was manually set to be 0 mAh g*. (d) Comparison of sulfur
cathodes' specific capacities at the selected voltage ranges during lithiation/delithiation processes. (e-f) IR

drop profiles of S-C-LPB ad S-C-LPS cathode during (e) the discharging process and (f) the charging process.
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Supplementary Table 1. Summary of the density of different electrolytes for Li-S batteries.

Compositions Phase Density (g cm™) orT (MS cmM?)d
LisPS4-2LiBHa4 (This work) Solid 1491 6.09
1 M LiTFSI in DOL P:DME® (1:1, viv) Liquid 1.13 11
TTE® Liquid 1.533 6.5
poly(ethylene oxide) Solid 1.2 0.6
LisPS4 Solid 1.83 0.16
LizoGeP2S12 Solid 2.04 10
Li13Alo3Ti17(PO4)3 Solid 2.92 0.213
LizLasZr2012 Solid 5.108 0.2

9 jonic conductivity at room temperature; ® 1,3-dioxolane; @ 1,2-Dimethoxyethane;

tetrafluoropropyl ether.
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Supplementary Table 2. Summary of sulfide SEs synthesized through liquid-phase synthesis.

Compositions Precursors Solvent T(C)®  ogr (MScmt)D) Refs
B-LisPSs Li,S, P2Ss THF 140 0.16 9
B-LisPSs Li,S, P,Ss EAY 160 0.33 10
B-LisPSs Li5S, P2Ss ACN® 200 0.12 1
B-LisPSs Li,S, P2Ss, LiSCoHs THF 140 0.132 12

LisPS4 Li,S, P,Ss BA" 100 0.509 12
LizP3Su Li5S, P2Ss ACN 220 1.5 13,14

LizP3Su1 Li5S, P2Ss DMEY 250 0.27 5
LizP3Su1 Li5S, P2Ss ACN 250 0.97 16
LizP3Su1 Li5S, P2Ss ACN 260 15 o
Li7P2Ssl Li.S, P,Ss, Lil ACN 200 0.63 18
Li7P2Ssl LizS, P2Ss, Lil EP 170 0.46 19
LisPSal Li,S, P,Ss, Lil DME 200 0.12 2
LisPSsCl Li2S, P2Ss, LiCl EA 550 1.1 A
LisPSsCl LigPSsCI-BM Ethanol 80 0.014 2
LisPSsCl LisPSsCI-BM Ethanol 180 0.19 3
LisPSsCl LizS, P2Ss, LiCl ACN-ethanol 180 0.6 2
LisPSsBr Li2S, P2Ss, LiBr THF-ethanol 550 3.1 %
LisPSsBr Li;S, P2Ss, LiCl EP-ethanol 180 0.034 %
LisPSsCl Li2S, P2Ss, LiCl THF-ethanol 180 24 2
LisPSsClosBros Li,S, P2Ss, LiCl, LiBr THF-Ethanol 550 3.9 2
LissPS45Cl1s LisS, P2Ss, LiCl THF-Ethanol 550 3.9 z
LisPSsCl Li2S, P,Ss, LiCl Anisole-Ethanol 550 2.1 8
LisSnSs4 Li2S, SnS; Methanol 200 0.09 3
LisSnS4 Li,S, SnS; Water 320 0.14 %
0.6Li4SnS4-0.4L.il LizS, SnSy, Lil Methanol 299 0.41 3
Li1GeP2S12 Li2S, P.Ss, GeSy, Hydrazine 240 0.113 3
Lie.5PosGeo.sSsl LizS, P2Ss, GeSy, Lil Ethanol 180 0.54 %0

LisPS4-2LiBH4 Li2S, P2Ss, LiBH4 THFY 160 6.09 This work

3 annealing temperature; ® ionic conductivity at room temperature; © tetrahydrofuran; @ ethyl acetate; © acetonitrile; ? butyl

acetate; 9 1,2-dimethoxyethane.
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Supplementary Table 3. Summary of the Li-S ASSBs performance in reported literature.

i : wsulfura) mSulfurb) Jo Specific capacity T9
No. Cell configuration (Wt%) (mg cm) (MA cm?) (MAh g Cycle number °C) Refs
1 Li|LisPS4|S 30 0.75 0.025 1600 10 RM 8
Li|75Li2S-24P,Ss- 6
2 P2Os|Liz0GeP2S12/S 12 0.4-0.5 0.42 1077 750 60
3 Li-In|LisPSa-Lil|S 15 25 0.0835 710 20 RM 7
4 Li|LisPS4|SeSx 40 1.6 0.64 970 100 60 !
5 Li|LisPS4-0.5Lil|S 35 2.73 2.28 1070 90 60 2
6 Li-In|LisPS4|S 20 1.9 0.27 1444 200 RM 5
7 Li|Li10GeP2S12|S 13.2 0.462 0.077 1193.3 400 60 3
8 Li-In|Li10GeP2S12|S 25 11 0.18 1270 100 RM® 4
. This
9 Li-In|LPB|S 60 2.57 2.15 1004.6 1000 60
work

3 sulfur content: ® sulfur mass loading; © current density; 9 testing temperature; ® room temperature.
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Supplementary Table 4. Fitting parameters for the EIS spectra of the Li-S ASSB with the S-C-LPB

cathode after 1000 cycles.

RS RCT-1 IRCT—Z Ws
-V ;Tj/ \V/ L'—Tw/ V' —Ww
CPE-1 CPE-2
Parameters Fitted values Error Error (%)

R, (ohm) 23.87 0.34196 1.4326
Rer.; (ohm) 76.18 5.5316 7.2612
CPE1-T (Fs™) 1.04E-05 2.06E-06 19.782
CPEI-P 0.68445 0.019495 2.8483
Rer., (0hm) 782.3 24.602 3.1448
CPE2-T (F s"?) 0.00027233 1.27E-05 4.6458
CPE2-P 0.50789 0.012968 2.5533
W,-R (ohm) 5376 172.48 3.2083
W.-T (s) 100 6.3335 6.3335
W,-P 0.76653 0.014512 1.8932
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Supplementary Note 1. Estimation of the specific energy of Li-S ASSBs.
The specific energy of Li-S ASSBs is estimated using the following parameters:
1. Sulfur cathode
1) The volumetric content of sulfur is 50 vol%.
2) The weight percent of sulfur in the cathode is w wt%.
3) The volumetric carbon content in the cathode is fixed to be 15 vol%.
4) The density of SSE is p¢,.
5) The specific discharge capacity of the sulfur cathode is 1000 mAh g,
6) The average voltage during discharge is 2.0 V.
7) Areal sulfur loading is m gsuifur cM2.
2. Membrane
1) The thickness of the membrane is 25 pm.
3. Anode
1) The areal capacity ratio of the negative electrode to the positive electrode (N/P) is 2.
4. Current collectors
1) The areal weight of current collectors (Cu and Al) is 5.83 mg cm™, which is estimated based on
the double-sided electrode cell design.

Next, the cell-level specific energy of Li-S ASSBs could be estimated using the following equation:

1000 mAh g'xm g . cm?x2.0 V
2x1000 mAh g'lxm g_ . cm? LM 8y T
3860 mAh g! w %

The weight percent of sulfur in the cathode could be calculated using the following equation:

Specific energy= 5
+0.00583 g cm?

0.0025 cmxp . g cm +

2.07 g cm™x50 vol%

(y:
Y7207 g em3x50 vol%t1.9 g cm?x15 vol%tp * (100-50-15) vol%

With different SE densities and areal sulfur loading, the specific energy of Li-S ASSBs and sulfur content

(wt%) in the cathode can be calculated, and the results are depicted in Figure 1b and Supplementary Figure 4.

40



Supplementary Note 2. Crystal phase composition in LPB.

Compared with solid-phase synthesized sulfide SEs, liquid-phase synthesized sulfide SEs usually have
more impurities due to the side reactions of precursors with organic solvents, making the determination of the
detailed composition of SE crystals challenging. In previous literature, the molar ratios of added precursors
are typically used to determine the composition of the formed crystals synthesized via the liquid-phase
method®!82’,  According to the molar ratios of the precursors used for synthesizing LPB
(Li2S/P.Ss/LiBH4=3/1/4), the composition of the formed crystal should be LisPSs(BHs4)2. However,
considering the presence of impurities, the actual composition may differ from the calculated formula.
Although the XRD patterns LPB share similar peak position and relative peak intensity with previously
reported XRD patterns of LisPSsBH4%2, we believe it is inaccurate to assign the liquid phase synthesized crystal
to be LisPSsBHs argyrodite. Therefore, we use LiexPSsx(BHs)1+x (-1<x<1) to represent the crystal

composition of LPB.
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Supplementary Note 3. Electrochemical stability of LPB against lithium metal anodes.

Furthermore, we also examined the electrochemical stability of LPB against lithium metal using a
Li|LPBJLi symmetric cell. The cell was assembled using a hot-pressed LPB pellet and cycled at different
current densities from 0.1 mA cm to 1.0 mA cm™ under 6 ~ 8 MPa at room temperature. The voltage profile
as a function of time is shown in Supplementary Figure 14a. The cell cycled stably without short circuit failure
until the current density reached above 1 mA cm, demonstrating that the critical current density is 1 mA cm"
2, To gain an in-depth understanding of the evolution of the SEI layer, both areal total resistance (R,) and areal

interfacial resistance (R;,;) were calculated using the following equations:

R== (1)

/
Rpellet: - (2)

o25°C
Rip==2(3)

where U is the voltage polarization, J is the current density, R, is the areal bulk resistance contributed by
the electrolyte pellet, / is the thickness of the pellet, and o, is the measured ionic conductivity of LPB at 25
°C. The calculated resistance and the voltage polarization are illustrated in Supplementary Figure 14b. During
the first few cycles at 0.1 mA cm, the voltage polarization, total resistance, and interfacial resistance
gradually increased due to the growth of the SEI layer. After the current density increased to 0.25 mA cm,
the evolution of the SEI layer stabilized with a low interfacial resistance of 6 ~ 7 Q cm?, which remains almost
constant even at 1 mA cm. This result demonstrates the formation of a low-resistance metastable SEI layer
at the Li/LPB interface.

Further analysis of the SEI layer by XPS reveals that this low-resistance SEI layer is mainly composed of
Li>S. High-resolution XPS spectra of Li 1s, P 2p, and S 2p were collected for the original LPB SE
(Supplementary Figure 15a-c) and the lithium/SE interface at both lithium metal (Supplementary Figure 15d-
f) and the SE (Supplementary Figure 15h-j) surfaces. On the surface of the SE pellet, with peaks sitting at
their original position, there is no sign of LPB's decomposition. On the lithium metal surface, a peak
corresponding to Li® of Li metal was observed at ~ 54.8 eV in Li 1s spectra, distinct from the Li 1s spectra of
LPB SE, with the peak sitting at ~ 56 eV. In the P 2p spectra of SEI on Li, only one pair of doublet peaks
attributed to LPB SE were observed at ~ 131.8 and ~ 132.6 eV with weak intensity, while any peak associated
with LisP from the reduction of the SE was not observed. In the S 2p spectra of SEI on Li, the formation of

Li>S was confirmed by the presence of doublet peaks of Li»S at ~ 160 and ~ 161 eV. Together, the results
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demonstrated the formation of a Li»S-rich metastable SEI layer at the Li/LPB interface, making LPB stable

against the lithium metal anode.
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Supplementary Note 4. Calculation of the specific energy and volumetric energy density of Li-S ASSBs
(based on the weight/volume of the sulfur cathode) .
1. The estimation of sulfur cathodes' specific energy is based on the following parameters:
1) The weight percent of sulfur in the cathode is w wt%.
2) The specific discharge capacity of the sulfur cathode is a mAh g.
3) Forthe S-C-LPB cathode, we used the average discharge voltage of 1.935 V (vs. Li/Li") for estimation.
4) Areal cathode loading is m mg cm™,
Next, based on the above parameters, the specific energy of sulfur cathodes could be estimated using the

following equation:

m mg cm2xw% xa mAh g''x1.935 V 1 Ah 1000 g
X X
m mg cm> 1000 mAh  1kg

2. The energy density of sulfur cathodes can be similarly calculated based on the following parameters:

=2aw% Wh kg'!

Specific energy =

1) Areal mass loading of sulfur, carbon and solid electrolyte of the cathode are mg, m., and mgy,
respectively. mg/mc/mg,=50/20/24.

2) The specific discharge capacity of the sulfur cathode is a mAh g™

3) For the S-C-LPB cathode, we used the average discharge voltage of 1.935 V (vs. Li/Li*) for
estimation.

4) The porosity of the cathode is 95%.

5) The density of sulfur, carbon and solid electrolyte in the cathode are ps, p, and pgg, respectively.
p¢=2.07 gem™, p =1.9 gcm™, and p,=1.491 g cm™ for LPB.

a mAh g''xmg mg cm?x1.935 V 1Ah 1000 ml

X X
(@+@+m> 959, 1000 mAh 1L
Pc Ps Psg

Energy density=
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Supplementary Note 5. Capacity contribution from LPB.

LPB, like other sulfide-based SEs, is electrochemical redox active and can contribute to capacity during
charge/discharge cycles in the S-C-LPB cathodes (Supplementary Figure 17). Here, we further discuss the
capacity contribution from the LPB redox reaction in the S-C-LPB cathode (KB/S/SE=10/50/24, w/w/w)

based on the data in Figure 3e. If we assume the LPB delivers the same discharge capacity as was measured

in Supplementary 17, the discharge capacity contribution of LPB is ~ 5.8 mAh g’ . (~12.1 mAhg,.) at

the first cycle and < 187.7 mAh g in the following cycles. It shows that sulfur contributed to ~ 99.5 %

-1
sulfur

discharge capacity at the first cycle and > 82% discharge capacity (based on the discharge capacity of the S-
C-LPB at the last cycle in Figure 3e and LPB's maximum capacity contribution of 187.7 mAh g;llﬂfur in the

following cycles at 167.5 mA g™. Note that it is just a rough estimation. The capacity contribution of LPB
may vary depending on the internal resistance of the sulfur cathode, the contacting area between carbon and
LPB, and the current density applied. Considering the S-C-LPB cathode with a large amount of sulfur and a
small amount of LPB & carbon, the actual capacity contribution from LPB might be smaller than the above-
calculated values. Collectively, the results show that the good discharge capacity of S-C-LPB is mainly

attributed to the high sulfur utilization.
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Supplementary Note 6. Causes for the capacity decay of Li-S ASSBs during long-term cycling.

Two main factors contribute to the capacity fading of Li-S ASSBs using S-C-LPB cathode, namely,
electrochemical and chemical degradation of LPB SE.
1. Electrochemical degradation of LPB SE.

Sulfide SEs typically possess a narrow electrochemical stability window between 2 ~ 2.5 V (vs.
Li/Li*).3334 LSV results in Supplementary Figure 23 illustrate that LPB with improved reduction stability
than LPSC will still inevitably undergo electrochemical oxidation/reduction in the designated electrochemical
voltage window of 0.8 ~ 2.5V (vs. Li-In/Li*, or 1.42 ~ 3.12 VV vs. Li/Li"). Luckily, within the voltage window,
the lithiation/delithiation of LPB is relatively stable with minor capacity decay (Supplementary Figure 17),
which explains the good cycling stability of the S-C-LPB cathode. However, it should be noted that after
hundreds of cycles, the side effects caused by LPB degradation may accumulate and impede ion transport,
giving rise to higher internal resistance and capacity decay.

In addition to the electrochemical characterization results, XPS analysis also confirms the oxidation of
LPB. Within the adopted operation voltage, two main decomposition products are S%Li,S and P.S7*. One
possible exemplary oxidation reaction of LPB SE** is

2PS3 —P,S7+S%4+2e” (1)

The formation of P.S7* was confirmed by the observation of P-Sx-P species in the P 2p XPS spectra
(doublet peaks at 133.23 & 134.10 eV) of the cycled S-C-LPB cathode (Supplementary Figure 24). Meanwhile,
the other decomposition product, S%Li,S, is electrochemically active and thus contributes to the capacity
increase in the first 20 cycles of the cell.

2. Chemical degradation of LPB SE.

Sulfide SEs are mostly chemically unstable against moisture.® Since our testing cell is not fully protected
from moisture in the air, the chemical degradation of LPB SE may still occur. As a result, the chemically
decomposed LPB SEs, forming sulfate species (Supplementary Figure 24, doublet peaks of 176.69 & 168.85
eV and 169.65 & 170.81 eV in S 2p spectra), also induce higher resistance and contribute to the continuous
capacity fading of the Li-S ASSB. In addition, we noticed that the doublet peaks attributed to the LPB SE in
P 2p spectra slightly shifted from 132.20 & 133.07 eV to 132.49 & 133.23 eV, which might be caused by the
formation of the P-O bond.

Together, the degradation of LPB SE will impede ion transport and increase charge-transfer resistance

(Supplementary Figure 22), leading to the continuous growth of voltage polarization (Supplementary Figure
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21) and capacity decay. After 1000 cycles, even though no Li.S was observed in the cathode at the charging
state, the intensity of the bridging sulfur (Sg°) peak significantly decreased. Instead, the peak corresponding
to terminal sulfur (St1)/P-Sx-P shows the highest intensity, possibly suggesting that lithium polysulfide (Li>Sx)

reaction intermediates were not fully oxidized to Sg due to the large resistance of the cathode.
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Supplementary Note 7. Influence of SE particle size on cathode performance.

The influence of SE particle size on LiNiosMno3C00.202 (NMC) cathode performance in all-solid-state
lithium batteries has been reported in the literature, revealing that smaller SE particle size is beneficial for
attaining sufficient ionic percolation pathways in the cathode.®® Here, we additionally show that SE particle
size will also influence sulfur cathode performance by regulating ionic transport pathway sufficiency.

LisPSsCl (LPSC) SE with high ionic conductivity (Supplementary Figure 16), low density (1.64 g cm™)
but large particle size (Supplementary Figure 31) was employed for preparing the sulfur cathode with ~ 60
wit% of sulfur (S/KB/LPSC=50/10/24, denoted as S-C-LPSC). Despite LPSC's higher volume ratio (~ 33.2
vol%) and ionic conductivity than LPS (~ 30.8 vol%), the S-C-LPSC cathode demonstrated worse
electrochemical performance than S-C-LPS cathodes with lower initial Coulombic efficiency (41.77 %) and
smaller discharge specific capacities at all current rates (Supplementary Figure 32a, b, and Figure 3e). As
shown in Supplementary Figure 32c, d, the sulfur cathode using LPSC SE with a large particle size can deliver
good electrochemical performance only after enough LPSC is added (S/KB/LPSC=50/10/40, SE volume ratio
of 45.3%). We speculate that the larger particle size of LPSC (particle size of 5~10 um, Supplementary Figure
31) than that of LPS (Supplementary Figure 13) is causing the poor electrochemical performance of S-C-
LPSC cathodes. Further analysis of the S-C-LPSC cathode powders and electrode via SEM-EDS and XRD
revealed large S-C-LPSC aggregate powders and bulky inactive crystalline sulfur particles in the S-C-LPSC
electrode (Supplementary Figure 33), similar to that of the S-C-LPS powders and electrode (Figure 4a-d),
indicating poor content uniformity and insufficient Li-ion transport pathway. Intriguingly, in the meantime,
we also observed phase separation between SE and carbon in the SEM-EDS images, possibly originating from
the large particle size of LPSC. The phase separation, detrimental to ion/electron transport, shall further
jeopardize the electrochemical performance of the cathode. Collectively, the results show that, besides the
volume ratio of SE in the cathode, the large particle size of SE shall also compromise cathode content
uniformity and induce the formation of inactive bulky sulfur, rendering insufficient Li-ion transport pathways
and poor sulfur utilization. These results also highlight the uniqueness of the LPB SE developed via a novel

liquid-phase method with low density and small particle size.
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Supplementary Note 8. GITT results analysis

Assumptions:

a. The batteries reached thermodynamics equilibrium after each 4-hour resting.
b. The electrochemical reactions in both cathodes are identical at the same OCV.
1. Comparison of the amount of active sulfur (Supplementary Figure 34b-d)

The specific capacity of the S-C-LPS and S-C-LPB cathodes is quantified within certain OCV ranges
during the lithiation/delithiation process. It allows us to exclude the kinetic contribution in specific capacity
differences between the two sulfur cathodes and compare active sulfur amounts. We manually selected the
OCV windows of 1.57 ~ 1.28 V (2.19 ~ 1.9 V vs. Li/Li") during lithiation and 1.58 ~1.68 V (2.20 ~ 2.30 V
vs. Li/Li") during delithiation for calculation and comparison. 1.9 V was chosen because almost all the active
sulfur was converted to Li»S at this stage. The OCV profiles within the selected voltage windows are shown
in Supplementary Figure 34b-c. The evolution trends of OCV curves in both cathodes are similar, especially
at the beginning and end of the discharging/charging process, indicating similar electrochemical reactions at
the same OCV. However, we also notice some disparities in the OCV profiles. Specifically, during the
lithiation process between 1.55 and 1.50 V, the OCVs of the S-C-LPS cathode are slightly higher (< 20 mV)
than that of the S-C-LPB cathode at the same discharge capacity. Meanwhile, during the delithiation process
between 1.60 and 1.64 V, the OCVs of the cell with the S-C-LPS cathode are slightly lower (< 10 mV) than
that of the cell with S-C-LPB cathode at the same charge capacity. We speculate that the redox reactions of
SE or the tiny potential differences of Li-In anodes in the two batteries cause such minor differences in OCV
profiles. However, despite such differences, we suppose the total specific capacity differences in the selected
OCV windows (Supplementary Figure 34d) can still reflect the amount of electrochemically active sulfur in
the two cathodes, considering the sufficiently large OCV voltage windows and the significantly higher specific
capacity contribution from the active material than thiophosphate SE within the selected OCV ranges.
Therefore, the result indicates more electrochemically active sulfur in the S-C-LPB cathode than in the S-C-
LPS cathode.

2. Comparison of ion transport kinetics

The overpotential, which reflects the total resistance of the cell, and IR drop, which is related to the charge
transfer resistance and uncompensated resistance, are monitored to compare the ion transport kinetics in S-C-
LPB and S-C-LPS cathodes (Figure 4k and Supplementary Figure 34e-f). Since the anode and SE membrane

are the same in both batteries, the differences in overpotential and IR drop are attributed to the resistance of
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the sulfur cathodes. Therefore, the lower overpotential and IR drop in the Li-S ASSB with the S-C-LPB
cathode suggest a lower resistance of the S-C-LPB cathode than that of the S-C-LPS cathode. Considering the
higher ionic conductivity of LPB than LPS and less inactive bulky sulfur in the S-C-LPB cathode than in the
S-C-LPS cathode (Figure 4i and Supplementary Figure 30), we deem that the better Li* transport kinetics in

the S-C-LPB cathode contributes to its lower resistance.
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