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Supplementary Discussion 1

Discussion of the decomposition of the solid electrolyte

In the all-solid-state batteries with sulfide-based SE, it is common that the decomposition of the
sulfide-based SE occurs when it intimately contacts with carbon, but the decomposition products
are highly reversible during cycling and further protect the unreacted SE.!?> The decomposition
became obvious when the cells were operated at a slow rate and high temperature. The slow rate
and high temperatures under the high voltage (> 2.5V) provide sufficient time and energy for the
SE decomposition reaction to take place, resulting in this additional oxidation peak.
Supplementary Fig. 4 shows the CV curve of the Na3;PS4 SE when it intimately contacts with
carbon at 90 °C. We also evaluated the capacity provided by the catholyte by mixing SE with the
PPCF (85:15) as the cathode material, and the specific capacity of the catholyte is around 40-60
mAh/g with high reversibility (Supplementary Fig. 5). Although the decomposition cannot be
avoided, it can be effectively limited by controlling the interface between SE and carbon.?* In our
work, for the preparation of the composite cathode (S: C: SE= 35: 15: 50), sulfur was first coated
on the PPCF by the melting method and further mixed with the SE to minimize the interface
between carbon and SE. Based on the capacity ratio from the catholyte, we expect that less than
5% of the total capacity is contributed by the SE decomposition even at 90°C. This number can be
even lower at 25°C. Therefore, the decomposition of the solid electrolyte will not alter the

electrochemical behavior of the sulfur cathode we are studying.



Figure S1. Digital image of the setup for the in-situ Raman test in the glovebox



Figure S2. Cyclic voltammetry (CV) curves of the all-solid-state sodium-sulfur batteries
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Figure S3. CV curves of the all-solid-state sodium-sulfur batteries operated at 90°C under 0.02
mV/s
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Figure S4. The CV curves of NazPS4 solid electrolyte at 90°C
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Figure S5. Cycling capacity of the all-solid-state battery with Na;PS4 (mixing with PPCF) as the
cathode material at 60°C.
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Figure S6. The comparison of the galvanostatic voltage profiles of the all-solid-state sodium
sulfur batteries at 90°C under (a) C/100, (c) C/50, (e) C/20, and (g) C/10 and corresponding dQ/dV
curves under (b) C/100, (d) C/50, (f) C/20, and (h) C/10.
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Figure S7. Galvanostatic intermittent titration technique (GITT) test profile of the ASSSBs
operated at 60°C.
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Figure S8. The long cycling performance of the ASSSB operated at 60°C.
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Figure S9. Voltage profiles of the long cycling performance of the ASSSB operated at 60°C.
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Figure S10. S K-edge XANES spectrum of Na3;PS4
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Figure S11. (Left) The comparison of the S K-edge XANES spectra of Sg, Na3PS4, and Pristine
cathode. (Right) The linear combination fitting result of the pristine cathode by Ss and NazPSa.
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Figure S12. The comparison of the Pristine, 25% DOD, and 100% SOC S K-edge XANES
spectra at 25°C.
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Figure S13. The comparison of the Pristine, 25% DOD, and 100% SOC S K-edge XANES
spectra at 60°C (left) and 60°C (right).
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Figure S14. Linear combination fitting (LCF) result of the XANES spectrum of the 50% SOC at
90°C and the reference spectra plotted by the weight of their contributions.
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Figure S15. Raman spectrum of the pristine composite cathode at different places.
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Figure S16. Operando Raman measurement for the most surface layer of the sulfur cathode from
0 to 3h, the change of the sulfide species are hard to detect. The change of the intensity of the
peaks from Sg and SE is due to the slight moving of the position.
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Figure S17. Comparation of the ex-situ Raman spectra of (a) pristine cathode, and the cathode at
100% SoC operated at (b) 25°C, (¢) 60°C, and (d) 90°C



Table S1. Lattice constants of different phases

Phase aconstant (A) | b constant (A) ¢ constant (A) volume (A%/atom)
4(S8) 8.507 8.507 13.551 27.560
4(Na2Ss) 5.784 7.677 14.529 23.041
4(Na2S4) 8.952 8.952 8.952 22414
2(NazS2) 4.443 4.443 10.205 21.810
NazS 4.601 4.601 4.601 22.954
Na; 3.730 3.730 6.099 36.738

Equation S1. Diffusion coefficient calculated by GITT test*

4 nm AE

D= (5™ )’

Where, 7 (s) is the duration of the current pulse; n, (mol) is the number of moles of the active
material; V,, (cm®/mol)is the molar volume of the electrode; S (cm?)is the electrode
area; AE; (V) is the steady-state voltage change, due to the current pulse and AE; (V) is the voltage
change during the constant current pulse, excluding the iR drop.
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