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Figure S1. XRD patterns of as-synthesized and 15 min etched LLZO. The thin amorphous 

and/or poorly crystallized Li2CO3 layers are not detectable in as-synthesized LLZO. There is 

no noticeable modification in the XRD pattern after etching, indicating no significant 

degradation of LLZO crystalline structure. Reference pattern (bottom spectra) is provided to 

identify cubic phase of LLZO. 

  



 

 

Figure S2. XPS profiles for deconvoluted core scans of (a) C 1s, (b) O 1s and (c) Li 1s from 

20 min etched LLZO filler surface. There is no significant difference in the 15 and 20 min 

etching, implying that 15 min is sufficient to remove Li2CO3 layers. LLZO peak was weakened 

after 20 min etching, revealing that excessive RIE may cause the degradation of LLZO. A trace 

amount of carbonate residue still remains after 20 min etching due to the exposure to air during 

the XPS sample preparation 

 



 

 



Figure S3. We applied various etching conditions and compared the resulting XPS data. (a-c) 

XPS data from LLZO filler surface were collected by varying etching condition. (d) Details of 

etching conditions are listed for clarification. The condition “15 min” means LLZO fillers were 

etched for 15 min and then directly measured by XPS without any mixing step. The condition 

“random” means mixing etched LLZO fillers physically prior to XPS analyses. There is no 

significant difference in carbon content for differently treated samples, indicating that “15 min 

etching random” used to prepare HSE is the optimal condition to remove the resistive surface 

layers and prepare HSEs. (e) Plot of atomic ratios (C/La and C/Zr) along with various etching 

conditions. Data of non-etched LLZO are plotted for comparison. 

  



 

Figure S4. (a-c) XPS data and (d) the resulting atomic ratio (C/La and C/Zr) of etched LLZO 

fillers (15 min random x 2) following by being exposed to the ambient air for one month. The 

atomic ratios of as-synthesized and etched LLZO fillers are plotted for comparison. The Li2CO3 

layers were formed again through the reaction between LLZO and H2O and/or CO2 in the 

ambient air. It should be noted that sample exposed to air for one month does not have the large 

amount of adventitious carbon observed in as-synthesized sample. This means the increase of 

carbon content is ascribed to the formation of Li2CO3 layers. 

  



 

Figure S5. Consecutive SEM images and EDS-mapping of LLZO fillers during dry etching 

from 0 to 15 min. While the signals from main elements such as La, Zr and O in LLZO were 

preserved, carbon signal became blur along with etching time. To elucidate the removal of 

carbon, Si wafer was used as a substrate in place of carbon tape. 

  



 

Figure S6. Comparison of Raman spectra for as-synthesized and etched LLZO fillers together 

with Li2CO3 as a reference. The peaks at 153, 190, 746 and 1087 cm-1 are assigned for the 

typical Li2CO3,S1 while the those at 122, 250, 360, 560 and 645 cm-1 are attributed to the 

characteristic feature of cubic LLZO.S2 Comparison of the Raman spectra before and after dry 

etching validates that Li2CO3 layers were successfully removed. A few unidentified minor 

peaks might be ascribed to the local transition of cubic LLZO to tetragonal phase induced by 

RIE etching.S2  

  



 

Figure S7. XRD patterns of as-synthesized LLZO (referred to as asLLZO) and ball-milled 

LLZO (referred to as bmLLZO). There is no noticeable difference in XRD patterns before 

and after ball-milling. 

  



 

Figure S8. Scheme procedure for preparation of free-standing films of the PVDF-based solid 

polymer electrolyte (SPE) and PVDF-LLZO HSE by solution-casting. 

  



 

Figure S9. Comparative XRD patterns of as-synthesized LLZO, PVDF power, PVDF-SPE and 

HSEs with asLLZO (10, 30, 50 wt%), bmLLZO (10, 30, 50 wt%) and etched bmLLZO (30 

wt%). The characteristic peak for pure PVDF at ~20° is shifted to ~21° after the film formation 

complexed with LiClO4.S3 Weak crystalline pattern of PVDF-SPE is further weakened by 

adding LLZO fillers. As the composition of LLZO increases, XRD pattern of LLZO becomes 

more prominent. 

  



 

Figure S10. Planar SEM and corresponding elemental mapping images of (a) HSE-asLLZO30 

and (b) HSE-bmLLZO30 films. Due to the smaller size of filler, the large contact areas at the 

PVDF/LLZO interface are formed in the case of HSE-bmLLZO compared to HSE-asLLZO30 

at the same composition of 30 wt% LLZO. 



 

Figure S11. A color change is observed in prepared PVDF-LLZO HSE films. It is considered 

that the reaction between N,N-Dimethylformamide (DMF) and LLZO provides alkaline-like 

environment, which in turn induces the dehydrofluorination of PVDF through the 

deprotonation of CH2.37, S4 In Figure 2d, while pure PVDF-SPE is transparent, HSEs show a 

dramatic variation in the color, depending on the dimension and surface chemistry of loaded 

fillers. HSE-bmLLZO30 turns dark brown. By contrast, HSE-asLLZO30 is translucent, which 

is attributed to limited contact areas at the PVDF/asLLZO interface. HSE-etched bmLLZO30 

turns light brown, illustrating a structural change in PVDF, closely related to the surface 

chemistry of LLZO fillers is not significant in an absence of surface layers. (a) Photographic 

images of prepared HSE-bmLLZO films by varying composition of bmLLZO. The effect of 

the bmLLZO composition on the color variation of the HSEs is also verified. As the 

composition of bmLLZO increases, HSE-bmLLZO turns from light yellow to deep dark brown. 

It should be noted that dramatic color change happens in HSEs with 0-30 wt% LLZO, followed 



by a mild variation up to 50 wt% LLZO. (b) Comparison of pH value of 0.5 M DMF aqueous 

solution without and with LLZO, etched LLZO and Li2CO3. Less alkaline-like condition 

caused by etched LLZO might alleviate the degradation of PVDF in HSE. 



 

Figure S12. Enlarged profiles of galvanostatic cycling in Fig. 3b and c (a) from 4 to 16 h, (b) 

from 104 to 116 h and (c) from 204 to 216 h for Li/HSE-bmLLZO30/Li cell and (d) from 4 to 

16 h, (e) from 104 to 116 h and (f) from 204 to 216 h for Li/HSE-etched bmLLZO30/Li cell, 

respectively. 

  



 

Figure S13. Comparison of the interfacial ASR for the Li symmetric cells based on (a) HSE-

bmLLZO30 and (b) HSE-etched bmLLZO30 during Li stripping/plating test where the current 

direction was switched every 1 h with 10 min rest. EIS was carried out at each step of current 

rate. Note that ASR corresponds to two symmetric interfaces. 

  



 

Figure S14. The selected charge/discharge profiles of (a) LiNi0.6Mn0.2Co0.2/HSE-

bmLLZO30/Li and (b) at LiNi0.6Mn0.2Co0.2/HSE-etched bmLLZO30/Li at various current 

densities. 

  



 

Figure S15. Comparison of cycling profiles of SSBs with HSE-bmLLZO30 and HSE-etched 

bmLLZO30 under a low temperature of 10 ℃ at 0.1 and 0.2 C. 

 

 

  



 

 

Figure S16. 7Li MAS NMR signals of HSE-bmLLZO30 and HSE-etched bmLLZO30 before 

and after cycling in 6Li symmetric cells. The amounts of 7Li decrease after cycling through 6Li-

7Li replacement. Noticeably, the signal of HSE-etched bmLLZO30 is dissimilar to that of HSE-

bmLLZO30 after cycling. This means that Li-ion migration shows different behavior in both 

samples. 

  



 

Figure S17. 7Li MAS NMR spectra and the corresponding deconvolutions for the (a) HSE-

bmLLZO30 and (b) HSE-etched bmLLZO30 before cycling in 6Li symmetric cells. 

  



Table S1. Summary of temperature-dependent conductivities and activation energies of 

prepared electrolyte films. In the conductivity calculation, area of all samples is 1.32 cm2. 

Electrolyte 

system 

Thick

ness 

(um) 

Conductivity at various temperatures (S cm-1) Activation 

energy (eV) 0℃ 10℃ 30℃ 50℃ 75℃ 100℃ 

PVDF-SPE 130 5.6×10-7 2.0×10-6 4.7×10-6 2.0×10-5 5.3×10-5 2.1×10-4 0.50 

HSE-

asLLZO30 
100 4.1×10-6 1.4×10-5 8.3×10-5 2.7×10-4 4.1×10-4 5.4×10-4 0.46 

HSE-

bmLLZO30 
150 2.9×10-5 9.1×10-5 1.8×10-4 8.7×10-4 1.3×10-3 2.4×10-3 0.41 

HSE-etched 

bmLLZO30 
110 1.1×10-4 2.2×10-4 3.9×10-4 9.4×10-4 1.8×10-3 2.8×10-3 0.31 

 

 



Table S2. Characteristics comparisons of HSE-based SSBs. 

Composition of HSE 

Active material 

1st discharge 

Capacity  

[mA h g-1] 

Rate capability 
Mass loading 

[mg cm-2] 

Operating 

temperature [℃] 
Ref. 

Solid electrolyte (wt %) Polymer (salt) 
Current density 

[mA g-1] 

Capacity 

[mA h g-1] 

Li6.2Al0.2La3Zr1.8Ta0.2O12 (30) 
PVDF  

(LiClO4) 
LiNi0.6Co0.2Mn0.2O2 168 680 79.1 3.0 27 

This 

work 

Li6.4La3Zr1.4Ta0.6O12 (12.7) 
PEO 

(LiTFSI) 
LiFePO4 153.3 340 77.8 N/A 60 49 

Li6.4La3Zr1.4Ta0.6O12 (10) 
PEO 

(LiTFSI) 
LiFePO4 149.1 510 44.5 2~3 55 S5 

Li7La3Zr2O12 (50) PVDF-HFP LiFePO4 140 340 80 2.2 25 S6 

Li7La3Zr2O12 (7.5) 
PEO 

(LiTFSI) 
LiFePO4 150.1 170 100.2 N/A 60 S7 

Li7La3Zr2O12 (10) 
PVDF-HFP 

(LiTFSI) 
LiFePO4 145 340 81 2 RT S8 

Li10GeP2S12(3) 
PEO/PEG 

(LiTFSI) 
LiFePO4 168 85 158 N/A 60 S9 

Li6.4La3Zr1.4Ta0.6O12 (N/A) 
PEO 

(LiTFSI) 
LiFePO4 118.6 85 63.2 N/A 30 S10 

Li6.4La3Zr1.4Ta0.6O12 (15 v/v) 
PEO 

([BMIM]TF2N) 
LiFePO4 133.2 340 60.5 2 30 S11 

Li1.5Al0.5Ge1.5(PO4)3 (70) 
PBA 

(LiClO4) 
LiNi0.6Co0.2Mn0.2O2 169.5 N/A N/A 6 55 S12 

Li1.5Al0.5Ge1.5(PO4)3 (20) 
PEO 

(LiTFSI) 
LiFePO4 166 170 108 N/A 60 S13 

Li1.3Al0.3Ti1.7(PO4)3 (70) 
PEO/BPEG 

(LiTFSI) 
LiFePO4 158.2 340 94.2 0.4~0.6 60 S14 

Li3PS4 (2 v/v) 
PEO 

(LiClO4) 
LiFePO4 153 150 127 2.2 60 S15 

Li0.33La0.55TiO3 (5) 
PEO 

(LiTFSI) 
LiFePO4 153 170 127 N/A 60 S16 
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