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Supplementary Figures and Tables 

 

Fig. S1 Chemical stability of the CSE components after being kept for seven days. a 

Photographs and b XRD patterns in which the LPSCl was mixed with G3, LiG3 (LiFSI/G3 

= 1/1 (mol/mol)), and GPE precursor (LiG3/ETPTA monomer = 85/15 (w/w))  
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Fig. S2 Schematic representation depicting the stepwise fabrication procedure of the CSE, 

in which its chemical structure and photograph depicting CSEs (after the pressing at 74 

MPa) was also provided. Depending on the LPSCl contents in the CSEs, the detailed 

fabrication processes of CSE pellets were adjusted as follows: a CSE slurry state (low 

LPSCl content (e.g., 10 vol.%)) and b CSE powdery state (high LPSCl content (e.g., 90 

vol.%)) prior to the pressing 
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Fig. S3 Ionic conductivity of the CSE as a function of the applied pressure at a fixed 

composition ratio of LPSCl (and Al2O3)/GPE = 70/30 (v/v)  
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Fig. S4 Nyquist plots of the individual LPSCl and GPE layer 

 

Fig. S5 Flow chart of MD simulation for a Li+ conduction in the single- and hetero-phase 

system and b Li+ solvation free energy calculation in the LiGX (X=1, 2, and 3) system 
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Fig. S6 a Model systems used to simulate Li+ conduction through single-phase electrolytes 

(LPSCl and GPE, respectively) in the CSE. b Mean square displacement (MSD) of the Li+ 

inside the single-phase (LPSCl and GPE) and hetero-phase electrolytes (i.e., across the 

LPSC-GPE interface) in the CSE 

 

Fig. S7 Young’s modulus of the pristine GPEs as a function of ETPTA polymer content 

 

Fig. S8 Photographs of a GPE-30 and b GPE-220 upon being subjected to an 

environmental pressure of 74 MPa  
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Fig. S9 a Ionic conductivity of the LPSCl/LiG3 as a function of LPSCl content. The ionic 

conductivities of the samples were repeatedly measured three times to ensure the data 

reliability. b Photographs of the LPSCl/LiG3 (LPSCl content = 10 and 20 vol.%) slurries. 

c Photographs of the LPSCl/LiG3 (LPSCl content = 10 vol.%) upon being subjected to an 

environmental pressure of 74 MPa. d Schematic illustration of the ionic conductivity 

measurement for the samples with low LPSCl contents 

 

Fig. S10 Voltage profiles of the 6Li||6Li symmetric cell at a current density of 50 µA cm−2 

and a plating/stripping capacity of 8.3 µAh cm−2: a CSE-30 and b CSE-220  

https://springer.com/journal/40820
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Fig. S11 Time-dependent current profiles and EIS profiles (inset) of the Li||Li symmetric 

cells at 10 mV polarization: a CSE-30 and b CSE-220 

 

Fig. S12 Schematic illustration depicting the stepwise fabrication procedure of the two 

model CSEs: a tri-layered and b bi-phasic systems. c Photographs of the self-standing 

LPSCl and GPE layers used for the model CSEs 

 

Fig. S13 Model systems used to simulate solvation of Li+-glyme complexes as a function 

of glyme chain length: a LiG1, b LiG2, and c LiG3  

https://springer.com/journal/40820
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Fig. S14 Li+ coordination number of the Li+-glyme complexes obtained by radial 

distribution function (RDF) analysis: a LiG1, b LiG2, and c LiG3 

 

Fig. S15 a EIS spectra after the cycling test and b comparison in the RBulk, RInt, and RCT of 

the Li||Li symmetric cells with different Li+-glyme complexes (LiG1, LiG2, and LiG3) 

 

Fig. S16 Chemical stability of the LiGX (X = 1, 2, and 3) with the LPSCl after being kept 

for seven days. a Photographs and b XRD patterns  
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Fig. S17. Nyquist plots of the CSEs (LPSCl/LiGX-containing GPE = 7/3, v/v), in which 

the composition ratio of LiGX (X = 1, 2, and 3)/ETPTA in the GPE was set to 96.5/3.5 

(w/w) 

 

Fig. S18 a Nyquist plots of tri-layered GPE/LPSCl/GPE model electrolytes, in which GPE 

consisted of LiGX (X = 1, 2, and 3) and ETPTA polymer. b Schematic depicting the in-

series configuration of the model electrolyte and corresponding equivalent electrical circuit 

model.  
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Fig. S19 Model systems used to simulate Li+ conduction across the LPSCl-GPE interface, 

in which the GPE contained different Li+-glyme complexes: a LiG1, b LiG2, and c LiG3. 

The 3D bluish-green colored polyhedra represent the possible Li+ diffusion path across the 

hetero-phase 

 

Fig. S20 SEM image of the aramid nonwoven substrate  
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Fig. S21 Nyquist plots of the CSE (LPSCl/GPE-30 (containing the LiG1)) and n-CSE 

(nonwoven-embedded CSE) 

 

Fig. S22 Photographs of the n-CSE after the peel-off test 

 

Fig. S23 a Photographs showing the folding of the n-CSE. b Nyquist plot of the n-CSE 

both before and after the 100th folding cycle  
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Fig. S24 Nyquist plots of the n-CSE (LPSCl/GPE (LiG1, 3.5wt% ETPTA (30 MPa)), 

control 1 (LiG3, 220 MPa) consisting of LPSCl and GPE1 (LiG3 and 15 wt.% ETPTA), 

control 2 (LiG1, 220 MPa) consisting of LPSCl and GPE2 (LiG1 and 15 wt.% ETPTA), 

and control 3 (LiG3, 30 MPa) consisting of LPSCl and GPE3 (LiG3 and 3.5 wt.% ETPTA) 

 

Table S1 Comparison of the RBulk (ohm·cm2) and RInt (kohm·cm2) values fitted from the 

EIS profiles of the tri-layered GPE/LPSCl/GPE model electrolyte 

 RBulk (ohm·cm2) RInt (kohm·cm2) 

 LPSCl GPE LPSCl-GPE 

Tri-layer CSE 

(GPE-LPSCl-GPE) 
24.7 44.7 83.6 

 

Table S2 Quantitative analysis of the MAS 7Li NMR spectra of the symmetric cells 

(6Li|CSE|6Li) both before and after the cycling test (900 h), with a focus on the change in 

the peak intensity at 1.05 ppm (for the LPSCl) and –1.17 ppm (for the GPE), respectively 

 Before the cycling test After the cycling test 

 LPSCl GPE LPSCl/GPE LPSCl GPE LPSCl/GPE 

CSE-30 227.3 23.0 9.9 54.5 10.3 5.3 

CSE-220 221.2 32.3 6.9 130.1 19.0 6.8 
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Table S3 Composition ratios of the model CSEs (tri-layered vs. bi-phasic) 

-Volume of the model CSEs (tri-layered and bi-phasic) 

Model CSE 
CSE 

Configuration 
CSE components 

Weight 

(mg) 

Density 

(g mL−1) 

Volume  

(µL) 

Tri-layered 

LPSCl/GPE-220/LPSCl 
LPSCl 140.0 1.86 75.3 

GPE-220 5.4 1.37 4.0 

LPSCl/GPE-30/LPSCl 
LPSCl 140.0 1.86 75.3 

GPE-30 5.7 1.42 4.0 

Bi-phasic 

(LPSCl/GPE-220)  2 
LPSCl 140.0 1.86 75.3 

GPE-220 5.4 1.37 4.0 

(LPSCl/GPE-30)  2 
LPSCl 140.0 1.86 75.3 

GPE-30 5.7 1.42 4.0 

- Volume ratio of the model CSEs (tri-layered and bi-phasic) 

Model 

CSE 

CSE 

Configuration 

Total volume 

(µL) 
CSE components 

Volume  

(µL) 

Volume ratio 

(vol.% ) 

Tri-layered 

LPSCl/GPE-220/LPSCl 79.3 
LPSCl 75.3 95 

GPE-220 4.0 5 

LPSCl/GPE-30/LPSCl 79.3 
LPSCl 75.3 95 

GPE-30 4.0 5 

Bi-phasic 

(LPSCl/GPE-220)  2 79.3 
LPSCl 75.3 95 

GPE-220 4.0 5 

(LPSCl/GPE-30)  2 79.3 
LPSCl 75.3 95 

GPE-30 4.0 5 

Volume ratios of the model CSEs (tri-layered and bi-phasic) were obtained using the 

following Eq. S1: 

Volume ratio (vol.%) =
VolumeLPSCl (or GPE)

Total volume (LPSCl + GPE) 
     (S1) 

 

Table S4 Porosity of the bi-phasic CSE with and without the GPE 

CSE configuration CSE components Ai M (g) D (cm) t (cm) ρ (g cm−3) 

(LPSCl/GPE-30)  2 

LPSCl 0.961 0.14 1.3 0.06 1.86 

GPE-30 0.039 0.0057 1.3 0.003 1.42 
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Sample name Inclusion of GPE Porosity (%) 

LPSCl-LPSCl 

(LPSCl  2) 
X 9.1 

Bi-phasic CSE 

 ((LPSCl/GPE-30)  2) 
O 5.2 

Calculation details on the porosity of the bi-phasic CSE 

Porosity value of the bi-phasic CSE was obtained using the following Eq. S2.  

Porosity [%] = 100 – 100∑(AiM/i)/[(π/4)D2 t]       (S2) 

Where Ai: weight fraction of component i in the bi-phasic CSE; M: weight of the sample 

(g); D: diameter of the sample (cm); t: thickness of the sample (cm); : apparent density (g 

cm−3) 

Table S5 Porosity of the tri-layered CSE with and without the GPE-30 

CSE configuration CSE components Ai M (g) D (cm) t (cm) ρ (g cm−3) 

LPSCl/GPE-30/LPSCl 
LPSCl 0.961 0.14 1.3 0.06 1.86 

GPE-30 0.039 0.0057 1.3 0.003 1.42 

 

Sample name Inclusion of GPE-30 Porosity (%) 

LPSCl-LPSCl 

(LPSCl  2) 
X 9.1 

Tri-layered CSE 

(LPSCl-GPE30-LPSCl) 
O 5.2*  

* The UV-cured self-standing GPE-30 layer (thickness ~ 30 m) was placed between the 

two self-standing LPSCl layers (thickness ~ 300 m) and followed by pressing at 74 MPa. 

Calculation details on the porosity of the tri-layered CSE 

Porosity values of the tri-layered CSE was obtained using the following Eq. S3:  

Porosity [%] = 100 – 100∑(AiM/i)/[(π/4)D2 t]     (S3) 

Where Ai: weight fraction of component i in the tri-layered CSE; M: weight of the sample 

(g); D: diameter of the sample (cm); t: thickness of the sample (cm); : apparent density (g 

cm−3) 
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Table S6 Comparison of the RInt (ohm·cm2) and RCT (ohm·cm2) values fitted from the EIS profiles 

of the SSB full cells with the n-CSE (vs. control 1 and control 2) both before and after the cycling 

test 

Electrolyte 

1st cycle 100st cycle 

RInt  

(ohm·cm2) 

RCT  

(ohm·cm2) 

RInt  

(ohm·cm2) 

RCT  

(ohm·cm2) 

n-CSE (LiG1, 30 MPa) 15.6 96.5 21.8 135.1 

Control 1 (LiG3, 30 MPa) 27.9 153.2 61.4 337.0 

Control 2 (LiG1, 220 MPa) 19.0 130.1 32.3 221.2 

Table S7 Calculation details for the volumetric energy densities (excluding the packaging 

substances) of the SSB full cell with the n-CSE 

C/A Nominal voltage Tcathode Tanode Teletrolyte Tcurrent collector  Ttotal Energy 

density 

(mAh cm⁻2) (V) (μm) (μm) (μm) (μm) (μm) (Wh L⁻1) 

3.5 3.73 100.2 106.8 40.0 25.0 272.0 480.0 

As shown in Fig. 5i, the volumetric energy density of the SSB full cell is plotted. The equation be 

derived according to,  

Volumetric energy density (Wh L⁻1) 

=
Energy

Thickness of the cell
= 

Nominal Voltage × C/A

Tcathode + Tanode + Telectrolyte+ Tcurrent collector
 

where Tcathode, Tanode, Telectrolyte, and Tcurrent collector are the thickness of cathode, anode, electrolyte 

and current collector (Al (15 μm) and Ti (10 μm)), respectively.  

https://springer.com/journal/40820
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Table S8 Comparison between the SSB bi-cell containing the n-CSE (this study) and previously reported CSE-based SSBs, with 

a focus on the thickness of solid electrolytes, Li+ conduction characteristics, cell components, areal mass loading of electrodes, 

N/P ratios, and volumetric energy densities. Despite the extensive reports on the CSEs, very few studies explicitly provided cell 

energy densities and N/P ratios. For this reason, the cell energy densities of the previous works were indirectly estimated using 

the physical/electrochemical results of the electrodes and CSEs. 

Electrolyte 

composition 

Electrolyte 

thickness 

Electrolyte 

Area 

Ionic  

conductivity 
Cathode Mass loading Anode n/p 

Charge cut-off  

voltage (V) 

Volumetric Energy 

Density 
Refs. 

(µm) (mm2) mS cm-1  (mg cm-2)   (V) Wh Lcell

-1
 

LPSCl/GPE (LiG1/ETPTA)  40 4800 0.41 (25℃) NCM711 39.0 Graphite 1.1 2.5-4.3 
480.0 

(at 25 
o
C) 

This 

work 

77.5Li
2
S-22.5P

2
S

5
/ 

Methyl-imine 
63.7 - 0.092 (25℃) FeS

2
 3.8 Li-In - 1.0-3.0 100.0  [S1] 

LLZO/PEO (LiTFSI) 150 - 0.9 (60℃) LFP 2.0-3.0 Li - 3.0-3.8 - [S2] 

LATP/PEGDA-PDMS 1000 - 0.0024 (25℃) - - - - - - [S3] 

LLZTO/PEO-PEG (LiTFSI) 100 - 0.0624 (25℃) LFP 2.0-3.0 Li - 2.6-4.0 - [S4] 

LLZO/PEO (LITFSI) 150 - 0.18 (25℃) - - - - - - [S5] 

Li5.4PS4.4Cl1.6/PTFE 30 - 8.4 (25℃) NCM523 11.6 Li 9.2 (*) 2.8-4.2 182.8 (*) [S6] 

Ga-LLZO/PEO 50 - 0.072 (30℃) LFP - Li - 2.4-3.8 - [S7] 

LGPS/PEO (LiTFSI) - - 0.22 (25℃) - - - - - - [S8] 

70Li2S-30P2S5/Kevlar fiber 100 - 2.4 (25℃) - - - - - - [S9] 

LPSCl/LiG3-NBR 70 - 0.33 (30℃) NCM711 36.1 Li-In - 3.0-4.3 407.7 (*) [S10] 

https://springer.com/journal/40820
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LLZO-Ga/PVDF-HFP 

(LiFSI)/TEP/FEC 
55 - 1.84 (20℃) NCM532 5.0 Li - 2.8-4.3 - [S11] 

Al-LLZO/PEO (LiClO4) - - 0.009 (-) - - - - - - [S12] 

LLZTO@PDA/PEO (LiTFSI) - - 0.11 (30oC) LFP 1.0 Li - 3.0-3.9 - [S13] 

LGPS/PEO-Pyr14TFSI (LiTFSI) - - 0.54 (-) NCM811 - Li-In - 2.0-3.6 - [S14] 

LLZTO/PEO (LiTFSI) 60 - 0.023 (30℃) LFP - Li - 2.8-3.8 - [S15]  

NASICON-LiZr2(PO4)3/PEO 

(LiTFSI) 
200 - 0.12 (30℃) NCM811 3.0-5.0 Li - 2.8-4.3 - [S16] 

LGPS/CTMS/PEG-PEO 

(LiTTFSI) 
48 - 0.983 (25℃) LFP - Li - 2.5-4.0 - [S17] 

LATP/PEO (LiTFSI) 25 - 0.035 (20℃) - - - - - - [S18] 

LLATO@Li3PO4/PVDF-HFP 

(LiTFSI)/1 M LiPF6 in 

EC/DMC/DEC 

80 - 0.51 (25℃) LFP - Li - 2.5-4.2 - [S19] 

LLZTO/SN 

(LiTFSI)/PTFE/Nylon mesh 
100 - 0.12 (25℃) NCM532 3.5 Li-FEC - 2.5-4.3 - [S20] 

LGPS/PFPE/PVDF-HFP 

(LiTFSI)  
- - 0.18 (25℃) LFP 1.5 Li - 2.5-3.8 - [S21] 

3D LLZAO/PEO (LiTFSI) 240 - 0.251 (25℃) LFP 1.5 Li - 2.5-4.2 - [S22] 

LATPO/Cellulose acetate-PEG 

(LiTFSI)/Pyr13TFSI 
45 - 0.132 (60℃) LFP 2.5 Li - 2.5-4.0 - [S23] 

LLZO/PEO (LiClO4) 1000 - 0.0088 (25℃) - - - - - - [S24] 

Mxene/PEO (LiTFSI) - - 0.022 (28℃) LFP 2.9 Li - 2.5-4.0 - [S25] 

https://springer.com/journal/40820
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LPS/PPTA nonwoven 70 - - NCM622 6.4 Graphite ~ 2.4 2.5-4.2 109.0 [S26] 

PBA-LiClO4/ 

Li1.5Al0.5Ge1.5(PO4)3 
75 - - NCM622 6 Li - 3.0-4.2 120.9 (*) [S27] 

Li7La3Zr2O12/PEO (LiTFSI) 200 - - LCO 11.3 Li - 3.0-4.2 181.5 (*) [S28] 

β-Li3PS4/PEO (LiTFSI) 121 - - NCM622 7.6 Li - 3.0-4.2 146.1 (*) [S29] 

Li2S6/PEO (LiTFSI) 200 - 0.17 LFP 3-5 Li - 2.8-3.8 - [S30] 

PEC/LiMNT/FEC/PTFE (LiFSI) 70 - 0.83 (-) NCM532 2.0-3.0 3D Li - 2.5-4.3 - [S31] 

*Estimated from the data provided in the corresponding reference

https://springer.com/journal/40820
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