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Supporting Figures (and Corresponding Discussions)

Figure S1. TGA analysis of C-S composite

Figure S2. Schematic diagram shows the configurations of Li-S batteries in our studies. (a) Liquid-based Li-S battery; (b) 

All-solid-state Li-S battery with PEO SPE; (c) All-solid-state Li-S battery with PLP SSE; (d) All-solid-state Li-S battery with 

ALD-PLP SSE
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Figure S3. SEM images of LATP precursor after calcinating at 700 oC for 2 h. (a) high magnification, (b) low 

magnification.

Figure S4. Cross section SEM image of LATP SSE after sintering at 900 oC, 6 h.
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Figure S5. XRD patterns of LATP after calcinating at 700 oC and after sintering at 900 oC.

Figure S6. Temperature dependent ionic conductivity of LATP SSE after sintering at 900 oC.

NASICON-type LATP was prepared by a solid-state reaction method described in our previous work.1 LATP pellets 

were polished to a thickness of around 500 μm before ALD Al2O3 coating process. The morphology of LATP after 

calcination are presented in Figure S3a, b. The particle size of the LATP precursor is around 200-500 nm with secondary 

aggregates ranging from 10 to 50 μm in dimension (Figure S3b). After sintering at 900 oC, LATP particles are well bonded 

to each other and a dense structure can be obtained (Figure S4). Both LATP powder and LATP pellet are found to exhibit 

the same phase as parent crystal structure LiTi2(PO4)3 (PDF 35-0754) phase structure (Figure S5). The ionic conductivity 
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of LATP is 1.6*10-4 S/cm at RT with an activation energy (Ea) of 0.293 eV (Figure S6), which is consistent with previously 

reported results.1, 2

Figure S7. EIS of (a) PEO-based SPE at RT, (b) PEO-based SPE at 60 oC, (c) PLP sandwich-type hybrid electrolyte at RT 

and (d) 60 oC.

Figure S8. (a) CV cure of liquid-based Li-S battery, (b) charge/discharge profile of liquid-based Li-S battery, (c) 

discharge capacity and coulombic efficiency of liquid-based Li-S battery. All testing is performed at 60 oC.

5



Figure S9. EIS of ASSLSBs with different cycles ALD coating PLP sandwich-type hybrid electrolyte at 60 oC (a) before 

charge/discharge testing and (b) after 100 charge/discharge cycles. 

Figure S10. EIS of Liquid-based Li-S battery at 60 oC before charge/discharge testing. The overall impedance of liquid-

based Li-S battery is 44 Ω, much smaller than that of ASSLSBs with PLP electrolyte (~500 Ω).
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Figure S11 Comparisons of Li 1s and Al 2p XPS on 50cy ALD coating LATP surface before charge/discharge and after 10 

cycles charge/discharge.

Figure S12. Potential profile of lithium symmetric cell with PLP SSE at 60 oC, current density 0.1 mA/cm2, with a cut-off 

capacity 0.1 mAh/cm2.  

The LATP SSE is known to suffer from chemical instability against the lithium metal anode where the Ti4+ is reduced. 

However, SPEs can be applied between the LATP SSE and lithium anode, leading to the formation of a stable interface 

that can inhibit dendrite growth3. Figure S12 shows the lithium plating/stripping process of lithium symmetric cell with 

PLP sandwich-type hybrid electrolyte at a current density of 0.1 mA/cm2. Over 500 h testing period, no short circuit or 

overpotential growth could be observed, which indicates a stable plating/stripping process with no dendrite formation. 
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The symmetric cell observation is consistent with previous reports.3 This result eliminates the possibility of the reduction 

of LATP in ASSLSBs by lithium anode. 

Figure S13. Bare LATP after 100 charge/discharge cycles in ASSLSB. The formation of the small particles indicates the 

decomposition of LATP by polysulfide.

Figure S14. (a) Ti 1s XPS of pristine LATP and (b) Ti 1s XPS of reduced-LATP by polysulfide solution.
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Figure S15. XRD of completely reduced-LATP. (* sulfur) The existence of sulfur peaks is due to the oxidation of Li2S6 by 

LATP.

Figure S16 Cross-section SEM images of (a) C-S cathode; (b) C-S cathode after 100 cycles charge/discharge. (c) Lithium 

anode after 100 cycles charge/discharge.

Figure S16(a) is the cross-section SEM image of a C-S cathode with current collector. The thickness of the cathode 

layer is 25 μm. After the cathode was charge/discharge for 100 times, the thickness of the cathode is 40 μm. The volume 

expansion is 60 % which is significant large. For the anode part, the SEM image of lithium anode after 100 cycles was 

obtained, whose thickness is 420 μm. 10 μm thicker than the original lithium anode (410 μm). 
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Table S1. A comparison of the all-solid-state Li-S batteries performances

Solid-state electrolyte
Sulfur loading

(mg/cm2)

Initial capacity 
(mAh/g)

Cycling performance 
(mAh/g) Refs.

PEO-LiCF3SO3 / 520 (0.05C) 300 (Second cycles, 0.05C) 4

PEO-PEGDA-DVB cross-

linking polymer-LITFSI
/ 375 (0.05C) 175 (50th cycles, 0.05C) 5

Polyether-based 

polymer-LiClO4-SiO2

0.34 1131 About 965 (first charge) 6

Sucrose-boron 

polymer-PEO-LITFSI
About 0.8 (PAN-S) 1302 (0.1C)

About 620 (100th cycles, 

0.1C)
7

PEO-LITFSI / 900 (0.05C) About 700(50th cycles, 0.05C) 8

PEO-LiCF3SO3-ZrO2 / About 170 About 172 (50th cycles) 9

PEO-LiTFSI-SiO2 / 1265 800 (25th cycles) 10

PEO-LiTFSI-LiAlO2 609 280 (10th cycles) 11

PEO/ALD-LATP/PEO 0.6~1 1035 (0.1C) 823 (100th cycles, 0.1C) This work

Table S2. XPS fitting results

Sample name Bare LATP 5 ALD-LATP 10 ALD-LATP 20ALD-LATP

Content of Ti4+ (%) 28.7 56.8 62.6 70.8

Content of reduced-Ti (%) 71.3 43.2 37.4 29.2
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