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Supplementary Table S1 | Assignments of the peaks in the Fourier-transform infrared 

spectroscopy (FTIR) spectra of Na3PS4−xOx SEs 

 

Position (cm−1) Assignment 

445 P–S linkage 

560 Asymmetric stretching of P–S 

590 Stretching of P–O–P 

634 Bending vibration of O–P–O 

685 Symmetric stretching of P–O–P 

720 Symmetric stretching of P–O–P 

895 Asymmetric stretching of P–O–P 

996 Symmetric stretching of −O–P–O− non-bridging oxygen 

1030 Motion of the P=O or P–O− non-bridging oxygen 

1090 Symmetric stretching of
 
−O–P–O− non-bridging oxygen 

1150 Symmetric stretching of −O–P–O− non-bridging oxygen 
 

Note: P–O connections are also observed in x = 0 sample, which may result from the oxygen 
contamination during synthesis. 
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Supplementary Table S2 | Fitting results of EIS spectra of Na3PS4−xOx (x = 0, 0.15, 0.30, and 

0.60) SEs for symmetric cells before and after contact Na metals for 5 hours. 

 
 

x value ASR 
[Ω∙cm2] Rb [Ω∙cm2] Cb [pF] Ri [Ω∙cm2] Ci [μF] Rct 

[Ω∙cm2] Cct [mF] 

0.00 before 1596.7 1240 1.20 272 0.16 84.7 9.90 

0.00 after 1753.0 1350 2.90 304 0.19 99.0 6.30 

0.15 before 253.1 216 0.24 6 4.50 31.1 53.0 

0.15 after 341.7 254 0.58 16 0.32 71.2 1.53 

0.30 before 367.2 334 0.24 24 0.45 8.9 0.45 

0.30 after 376.7 332 0.13 28 1.20 16.4 3.30 

0.60 before 664.9 644 0.79 - - 20.9 1.30 

0.60 after 662.2 640 0.89 - - 21.4 1.60 

 

Note: The obtained EIS spectra from high frequency to middle frequency to low frequency can 

be fitted into bulk resistance and capacitance (Rb + Rgb, Cb + Cgb) of the SEs, interfacial 

resistance and capacitance (Ri, Ci) between Na and SEs with characteristic capacitance in the 

range of 10−6~10−7 F, and the charge-transfer resistance and capacitance (Rct, Cct).  
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Supplementary Table S3 | Comparison of reported solid-state Na–S batteries with this work 
 

Electrolyte  Cathode Anode Voltage 
(V) 

Cathode 
capacity 
(Cc, mAh 
g−1) 

Full cell 
capacity  
(C, 
mAh 
g−1) 

Specific 
energy 
(Wh kg−1) 

Cycle  
life Ref. 

Na3.1Zr1.95Mg0.05Si2PO12 
(RT) S Na 1.75 527 363 635 10 1 

PEO-NaCF3SO3 
(90 °C) S Na 1.75 505 352 617 10 2 

PEO-NaN(SO2F)2-1% 
TiO2 (60 °C) S Na 1.40 713 442 619 100 3 

Na3PS4 (RT) S Na15Sn4 1.10 1522 544 599 2 4 

Na3PS4 (RT) S Na15Sn4 1.30 1112 481 625 25 5 

Na3PS4 (60 °C) Na2S Na15Sn4 1.25 869 429 536 50 6 

Na3PS4 (60 °C) Na2S Na15Sn4 1.25 800 411 514 50 7 

Na3SbS4 (RT) S Na3Sb 0.5 1560 464 232 55 8 

Na3PS4−xOx (60 °C) S Na 1.42 1281 610 866 150 This 
work 

Na3PS4−xOx (25 °C) S Na 1.29 894 506 658 - This 
work 

 

Note: The cell specific energy (Es) is calculated by Es = E × (Cc−1 + Ca−1)−1, where E is the 

average discharge voltage, Cc is cathode specific capacity. The anode specific capacity (Ca) for 

Na, Na15Sn4 and Na3Sb are 1165, 847 and 660 mAh g−1, respectively. The full cell capacity (C) 

is calculated by C = (Cc−1 + Ca−1)−1.  
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Supplementary Figure 1 | Lab-based X-ray diffraction patterns of amorphous Na3PS4−xOx SEs. 
Note that x = 0 sample here is different from HT-Na3PS4 that is heat-treated glass-ceramic SE. 
 
 

 
Supplementary Figure 2 | Differential scanning calorimeter (DSC) curves of Na3PS4−xOx SEs. 
Tg and Tc represent the glass transition temperature and crystallization temperature, respectively. 
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Supplementary Figure 3 | (a-b) SEM images and (c) particle size distribution of Na3PS3.85O0.15 
SE powders. 
 
 

 
Supplementary Figure 4 | Transmission electron microscope (TEM) image and fast Fourier 
transform (FFT) patterns of Na3PS3.85O0.15 SE. 
 
 

 
Supplementary Figure 5 | Gaussian fitting results of PS4 mode in Raman spectra of Na3PS4−xOx 
SEs. 
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Supplementary Figure 6 | Galvanostatic cycling of Na|HT–Na3PS4|Na symmetric cells at 60 °C 
under current density of 0.1 mA cm−2 with a stripping/plating capacity of 0.1 mAh cm−2. 
 
 

 
Supplementary Figure 7 | SEM images of cross-sectional Na3PS4 glass SE pressed at (a) 150 
MPa and (b) 375 MPa, in comparison with Na3PS3.4O0.6 glass SE pressed at (c) 150 MPa and (d) 
375 MPa (scale bar: 20 μm). 
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Supplementary Figure 8 | SEM images of (a) Na3PS4 glass and (b) Na3PS3.4O0.6 glass powders 
(scale bar: 5 μm). 

 
Supplementary Figure 9 | Nanoindentation load-displacement curves of Na3PS3.85O0.15 and 
Na3PS3.7O0.3 glass SEs. 

 
Supplementary Figure 10 | Areal Specific Resistance (ASR) change of Na3PS4−xOx SEs before 
and after contacting with Na metal for 5 hours. 

a b
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Supplementary Figure 11 | P 2p and S 2p orbitals in XPS spectra of pristine Na3PS4−xOx SEs. 
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Supplementary Figure 12 | ToF-SIMS spectra for Na|Na3PS4 and Na|Na3PS3.4O0.6 interface 
using Bi3+ primary ions and Cs+ sputtering ions. 
 

 
 
Supplementary Figure 13 | Electrochemical impedance spectra (EIS) of Na3PS4−xOx SEs in 
Cu|SE|Cu cells at 60 °C. 
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Supplementary Figure 14 | Plots of activation energies (Ea) and conductivity of Na3PS4−xOx SEs 
at 60 °C. 
 

 
Supplementary Figure 15 | Cross-sectional SEM images of the tri-layer electrolyte. 
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Supplementary Figure 16 | Comparison of reported Na|SE|Na symmetric cell performance with 

this work in terms of the capacity of Na metal plated per cycle (circle area), current density, 

cycling time. SEs include sulfide-based (Na3PS4, Na3SbS4, Na2.9375PS3.9375Cl0.0625)9-11, oxide-

based (Na3.1Zr1.95Mg0.05Si2PO12, heat-treated Na3Zr2(PO4)(SiO4)2)1,12, boride-based 

(Na2(B12H12)0.5(B10H10)0.5)13, polymer-based (poly(ethylene oxide) (PEO), hollow mesoporous 

organic polymer-PEO composite)14,15, and polymer-oxide composite (cross-linked poly(ethylene 

glycol) methyl ether acrylate (CPMEA)–Na3Zr2(PO4)(SiO4)2)12.  
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Supplementary Figure S17 | Symmetric cell performances: (a) Scheme of tri-layer electrolyte 

composed of Na3PS3.4O0.6|HT–Na3PS4|Na3PS3.4O0.6; (b) SEM image of the tri-layer electrolyte; 

(c) SEM image of enlarged interface between Na3PS3.4O0.6 (top layer) and HT–Na3PS4 (bottom 

layer); (d) and (e) galvanostatic cycling of Na|Na3PS3.4O0.6|HT–Na3PS4|Na3PS3.4O0.6|Na 

symmetric cells at 60 °C under current densities of 0.2 mA cm−2 and 0.5 mA cm−2, respectively. 
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Supplementary Figure 18 | All-solid-state Na–S full cell based on the oxysulfide SEs measured 
at room temperature. 

 
 

 
Supplementary Figure 19 | Voltage profiles of Na-S full cells at 60 °C under current densities 

from 0.05 to 0.35 mA cm−2. 
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