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Supplementary Fig. 1: Schematic of ASR representation in SE shell with infinitesimal

component.
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Supplementary Fig. 2: Properties and electrochemical performance of freestanding solid
polymer electrolyte. a EIS data of SS|SPE|SS coin cell and Arrhenius plot for calculation of
the activation energy of the SPE at 30°C, 40°C and 80°C. b EIS and CA results of Li|SPE|Li
coin cell for calculation of the lithium-ion transference number at 25°C. ¢ LSV curve of
Li|SPE|SS coin cell to show electrochemical stable window at 25°C. d CV curve of
Li|SPENCM622 coin cell to show the redox potential of NCM622 as an AM in the positive
electrode at 25°C. e DMA result showing the mechanical strength of the SPE. f TGA curve

showing the thermal stability of the SPE.
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Supplementary Fig. 3: FTIR data of SPE (consisting of PVDF-HFP as the polymer matrix,

LiTFSI as the Li salt, and SN as a plasticizer).
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Supplementary Fig. 4: Li symmetric cycling result. Li|SPE|Li coin cell with current density

of £0.15 mA cm 2 for 1 h as each cycle at 25°C.
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Supplementary Fig. 5: Li symmetric critical current density test. Li|SPE|Li coin cell with
constant areal capacity (0.15 mAh cm?) and different current densities (£0.3 mA cm 2 for 30
mins (for 1-5 cycles), £0.45 mA cm 2 for 20 mins (for 6-10 cycles), £0.6 mA cm 2 for 15 mins

(for 11-15 cycles), and 0.75 mA cm 2 for 12 mins (for 16-19 cycles) at 25°C.
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Supplementary Fig. 6: Comparison of the electrochemical characteristics of SSB pouch
cell and the corresponding simulated monodispersed and polydispersed PSD models. a
the electrochemical profile in Fig. 6a and the simulated profile from corresponding PSD
models, b the particle size distribution of NCM622 used in the modeling, and the visualized

electrode structure for ¢ polydispersed and d monodispersed PSD models.
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Supplementary Fig. 7: Specific energy comparison divided by composite for each case.
Case a-b are well-percolated cases and Case c-d are poor-percolated cases in each AM-poor

and AM-rich conditions, respectively.
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Supplementary Fig. 8: EDS data of positive electrodes prepared using different pressing
methods. a, d, g, j unpressed, b, e, h, k roll-pressed, and c, f, i, 1 isostatic-pressed methods

while represent a-¢ Ni, d-f Co, g-i Mn, j-1 F. The scale bars are 100 um.



Supplementary Fig. 9: 3D and 2D FIB and X-ray CT images of the positive electrodes
prepared using different pressing methods. 3D view of FIB image of positive electrodes
prepared using a unpressed, b roll-pressed, and ¢ isostatic-pressed methods. 2D FIB images of
positive electrodes prepared using d unpressed, e roll-pressed, and f isostatic-pressed methods
(the green and black colors indicate voids and AM, respectively.). 2D X-ray CT image of
positive electrodes prepared using g unpressed, h roll-pressed, and i isostatic-pressed methods

(the green and black colors indicate voids and AM, respectively. The scale bars are 50 pm.).
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Supplementary Fig. 10: Coin-cell performance of SSBs using different thicknesses of SE

membranes. a Charge—discharge curves of Li|SPE[NCM622 coin cell with thin SE membrane

(40 pm) without WIP, thin (40 um) and thick (80 pm) SE membranes compressed with WIP at

25°C. b, Photo of disassembled coin cells with 40 pm thick SE membrane without b and with

¢ WIP.
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Supplementary Fig. 11: Electrochemical characteristics and compositions of practical

SSB pouch cells. First charge—discharge electrochemical profiles at 25°C and weight

compositions of all the configuring materials of SSB pouch cells with a—b 156 mAh scale, 200

Wh kg!



Supplementary Fig. 12: Certification of specific energy of a ~280 Wh kg! and b ~310 Wh

kg™! by external third-party organization.
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Supplementary Fig. 13: Coin-cell performance of SSBs based on SPE. a Charge—discharge
curves of Li|[SPE[NCM622 coin cell with low positive electrode loading (3.50 mg cm™2). b
Charge—discharge curves of Li|SPE|[NCM622 coin cell with high positive electrode loading
(22.67 mg cm?). ¢ Discharging capacity during cycling of Li|SPE[NCM622 coin cells with
different positive electrode loading levels. d EIS results of Li|[SPE[NCM622 coin cells with

different positive electrode loading levels. All tests were performed at 25°C.
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Supplementary Fig. 14: Charge—discharge curves of Li|SPE|NCMS811 coin cell

performance at 25°C.

Supplementary Fig. 15: SEM images of the positive electrodes (NCM622 or NCM811)
before and after Li|SPE|NCM622 or Li|SPE|NCMS811 coin cell tests. SEM images of
NCM622. a before, and b after Li|SPE[NCM622 coin cell cycling test. SEM images of
NCMS8I11 ¢ before, and d after Li|SPE[NCMS811 coin cell cycling test. The scale bars are 20 pum.

All samples are state of charge of 0%, and for the samples for b and d are after 20 cycles of the

coin cell tests under 18 mA g~ ! (0.30 mA cm?).
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Supplementary Fig. 16: Galvanostatic intermittent titration technique (GITT) result and
the calculated diffusivity. a Charge-discharge curve of GITT for Li|SPE[NCM622 coin-cell at

25°C and b calculated diffusivity from GITT at each relaxed point.
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Supplementary Fig. 17: F 1s and N 1s XPS data of Li-metal negative electrode after full-
cell cycling of Li|SPE|NCM622 coin cell. The sample was prepared after 20 cycles of the coin

cell tests under 18 mA g ! (0.30 mA cm?) with state of charge of 0%.
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Supplementary Fig. 18: FTIR data of SPE before and after full-cell cycling of
Li|SPE|NCM622 coin cell. The sample was prepared after 20 cycles of the coin cell tests under

18 mA g ! (0.30 mA cm ™).
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Supplementary Fig. 19: Cycle performance of Li|SPENCM622 coin cells under different
specific current protocols. 9 mA g ! operation at 45°C with a drying and b annealing DI water
of washed positive electrode, ¢ 18 mA g ! charge / 36 mA g ! discharge at 25°C with drying
positive electrode, and d electrochemical voltage vs. time profiles during cycling of three cases

before the sudden capacity fading.
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Supplementary Fig. 20: Fabrication process of membrane-electrode assembly (MEA)
using WIP method. a Laminated positive electrode and SPE membrane. b covered with
parchment paper to avoid fluttering during vacuum sealing. Vacuum-packed ¢ before and d—e
after WIP. f membrane-electrode assembly (positive electrode-SPE-Li metal negative

electrode). The scale bar represents 2 cm.
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Supplementary Fig. 21: The scheme of positive electrode-SPE-negative electrode with
different sizes. The negative electrode is larger than the positive electrode because the negative

electrode should take lithium ions from the positive electrode during the charging. SPE is larger

than the electrodes to prevent the edge shortening.
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Supplementary Table 1. Parameters for SSB pouch cell targeting specific energy of 200

Wh kgl
Electrode Negative Positive Electrolyte
L NCM622 True density 0.00 g/cm®
. . ‘pm 10.00‘pm Excess ratio 0.00 vol%
Active material ;
100.00 wt% 93.00 wt% E/C ratio 0.00 g/Ah
100.00 vol% 83.71 vol% Volume 0.00 cm®
PVDF-HFP/LITFSI/SN Weight 0.00 g
Electrolyte 0.00 wt% 5.00 wt% Separator PVDF-HFP/LiTFSI/SN
0.00 vol% 11.90 vol% True density 1.80 g/cm®
Pore volume 0.00 cm®
Binder 0.00 wt% 0.00 wt% Porosity 0.00 vol%
0.00 vol% 0.00 vol% Areal ionic bulk resistance 8.20 Q cm?
Super P Super P Thickness 82.00 um
Conducting agent 0.00 wt% 2.00 wt% Edge margin 2.00 mm
0.00 vol% 4.39 vol% Width 3.40 cm
I i ey - mAh/g 207.74 mAh/g Height 4.55 cm
- mAh/cm® 3.69 mAhcm®>  Area 15.47 cm?
Initial discharge capacity 3860.00 mAh/g 187.14 mAh/g Volume 0.13 cm®
4.12 mAh/cm® 3.32 mAhcm® Weight 023 g
Initial coulombic efficiency - % 90.08 % Package Al pouch film
N/P 2.35 Tab type Single-side
Discharge nominal voltage 0.00 Vvs. LilLi* 3.81 Vs. LiLi"  Tab spacing 12.00 mm
Areal ionic bulk resistance Qcm® 115.74 Q cm? Areal weight 180.00 g/m?
Areal loading weight 1.07 mglem® 19.09 mg/cm? Thickness 110.00 um
Spatial loading density 0.53 glem® 3.70 glem® Tab sealing width 10.00 mm
True loading density 0.53 glcm® 4.28 g/cm® Side sealing width 3.00 mm
Pore volume 0.00 cm® 0.01 cm® Cup edge margin 1.50 mm
Porosity 0.00 vol% 13.64 vol% Width 3.90 cm
Thickness 20.00 pm 51.59 pm Height 545 cm
Edge margin 0.50 mm - mm Area 21.26 cm?
Width 3.00 cm 2.90 cm Volume 0.23 cm’®
Height 4.15 cm 4.05 cm Weight 0.38 g
Area 12.45 cm? 11.75 cm? Cell specification
Volume 0.02 cm® 0.06 cm® Parallel stack 4 unit cell
Weight 0.01 g 022 g C-rate 0.05 C
Current collector Cu Al Nominal discharge voltage 3.81 V
True density 8.96 g/cm® 2.70 g/cm® Discharge capacity 156.08 mAh
Thickness 0.00 pm 20.00 pm lonic bulk resistance 264 Q
Width 3.00 cm 2.90 cm Width 3.90 cm
Height 4.15 cm 4.05 cm Height 5.45 cm
Area (+ tab) 0.40 cm? 12.15 cm? Thickness 0.89 mm
Volume 0.00 cm® 0.02 cm® Volume 1.46 cm®
Weight 0.00 g 0.07 g Weight 292 g
Lead tab Ni tab Al tab Specific power 10.18 W/kg
Width 4.00 mm 4.00 mm Power density 20.39 WIL
Height 10.00 mm 10.00 mm Specific energy 203.64 Whl/kg
Weight 98.30 mg 36.90 mg Energy density 407.71 Wh/L
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Supplementary Table 2. Parameters for SSB pouch cell targeting specific energy of 280

Wh kgl
Electrode Negative Positive Electrolyte
L NCM622 True density 0.00 g/cm®
. . ‘pm 10.00‘pm Excess ratio 0.00 vol%
Active material ;
100.00 wt% 94.00 wt% E/C ratio 0.00 g/Ah
100.00 vol% 85.88 vol% Volume 0.00 cm®
PVDF-HFP/LITFSI/SN Weight 0.00 g
Electrolyte 0.00 wt% 4.00 wt% Separator PVDF-HFP/LiTFSI/SN
0.00 vol% 9.66 vol% True density 1.80 g/cm®
Pore volume 0.00 cm®
Binder 0.00 wt% 0.00 wt% Porosity 0.00 vol%
0.00 vol% 0.00 vol% Areal ionic bulk resistance 9.60 Q cm?
Super P Super P Thickness 96.00 um
Conducting agent 0.00 wt% 2.00 wt% Edge margin 2.00 mm
0.00 vol% 4.46 vol% Width 3.40 cm
I i ey - mAh/g 195.33 mAh/g Height 4.55 cm
- mAh/cm® 4.82 mAhcm®  Area 15.47 cm?
Initial discharge capacity 3860.00 mAh/g 173.16 mAh/g Volume 0.15 cm®
4.12 mAh/cm® 4.27 mAhcm® Weight 027 g
Initial coulombic efficiency - % 88.65 % Package Al pouch film
N/P 2.09 Tab type Single-side
Discharge nominal voltage 0.00 Vvs. LilLi* 3.75 Vs. LiLi"  Tab spacing 12.00 mm
Areal ionic bulk resistance Qcem® 207.88 Q cm? Areal weight 180.00 g/m?
Areal loading weight 1.07 mglem® 26.23 mglcm? Thickness 110.00 um
Spatial loading density 0.53 glem® 3.70 glem® Tab sealing width 10.00 mm
True loading density 0.53 glcm® 4.35 g/cm® Side sealing width 3.00 mm
Pore volume 0.00 cm® 0.01 cm® Cup edge margin 1.50 mm
Porosity 0.00 vol% 14.92 vol% Width 3.90 cm
Thickness 20.00 pm 70.90 pm Height 545 cm
Edge margin 0.50 mm - mm Area 21.26 cm?
Width 3.00 cm 2.90 cm Volume 0.23 cm®
Height 4.15 cm 4.05 cm Weight 0.38 g
Area 12.45 cm? 11.75 cm? Cell specification
Volume 0.02 cm® 0.08 cm® Parallel stack 20 unit cell
Weight 0.01 g 031 g C-rate 0.05 C
Current collector Cu Al Nominal discharge voltage 3.75 V
True density 8.96 g/cm® 2.70 g/em® Discharge capacity 1002.93 mAh
Thickness 0.00 pm 20.00 pm lonic bulk resistance 0.93 Q
Width 3.00 cm 2.90 cm Width 3.90 cm
Height 4.15 cm 4.05 cm Height 5.45 cm
Area (+ tab) 0.40 cm? 12.15 cm? Thickness 418 mm
Volume 0.00 cm® 0.02 cm® Volume 6.28 cm®
Weight 0.00 g 0.07 g Weight 13.38 g
Lead tab Ni tab Al tab Specific power 14.06 W/kg
Width 4.00 mm 4.00 mm Power density 29.96 WIL
Height 10.00 mm 10.00 mm Specific energy 281.19 Whl/kg
Weight 98.30 mg 36.90 mg Energy density 599.24 Wh/L
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Supplementary Table 3. Parameters for SSB pouch cell targeting specific energy of 310

Wh kgl
Electrode Negative Positive Electrolyte
“Li NCM622 True density 0.00 g/cma
) ) “um 10.00 " pm Excess ratio 0.00 vol%
Active material -
100.00 wt% 94.00 wt% E/C ratio 0.00 g/Ah
100.00 vol% 85.88 vol% Volume 0.00 cm®
M PVDF-HFP/LITFSI/SN Weight 0.00 g
Electrolyte 0.00 wt% 4.00 wt% Separator PVDF-HFP/LIiTFSI/SN
0.00 vol% 9.66 vol% True density 1.80 glcm®
Pore volume 0.00 cm®
Binder 0.00 wt% 0.00 wt% Porosity 0.00 vol%
0.00 vol% 0.00 vol% Areal ionic bulk resistance ) 8.40 Qcm®
Super P Super P Thickness 84.00 pm
Conducting agent 0.00 wt% 2.00 wt% Edge margin 1.50 mm
0.00 vol% 4.46 vol% Width 3.30 cm
e - mAh/g 209.35 mAh/g Height 4.45 cm
- mAh/cm? 6.05 mAh/cm? Area 14.69 cm?
o ) 3860.00 mAh/g 181.21 mAh/g Volume 0.12 cm®
Initial discharge capacity ) ) 2
4.12 mAh/cm 5.24 mAh/cm Weight 022 g
Initial coulombic efficiency - % 86.56 % Package Al pouch film
N/P 1.94 Tab type Single-side
Discharge nominal voltage 0.00 Vvs. LiLi* 3.76 Vs. LilLi*  Tab spacing 12.00 mm
Areal ionic bulk resistance M Q cm? 250.38 Q cm? Areal weight 180.00 g/m?
Areal loading weight 1.07 mglcm? 30.74 mg/cm? Thickness 110.00 pm
Spatial loading density 0.53 g/cm® 3.60 g/cm® Tab sealing width 10.00 mm
True loading density 0.53 glem® 4.35 glem® Side sealing width 3.00 mm
Pore volume 0.00 cm® 0.02 cm® Cup edge margin 1.50 mm
Porosity b 0.00 vol% 17.22 vol% Width 3.90 cm
Thickness 20.00 pm 85.39 pm Height 5.45 cm
Edge margin 0.50 mm - mm Area 21.26 cm’
Width 3.00 cm 2.90 cm Volume 0.23 cm®
Height 4.15 cm 4.05 cm Weight 0.38 g
Area 12.45 cm? 11.75 cm? Cell specification
Volume 0.02 cm® 0.10 cm® Parallel stack 8 unit cell
Weight 0.01 g 0.36 g C-rate 0.05 C
Current collector Cu Al Nominal discharge voltage 3.76 V
True density 8.96 glcm® 2.70 glcm® Discharge capacity 491.99 mAh
Thickness 0.00 um 20.00 pm lonic bulk resistance b 275 Q
Width 3.00 cm 2.90 cm Width 3.90 cm
Height 4.15 cm 4.05 cm Height 5.45 cm
Area (+ tab) 0.40 cm? 12.15 cm? Thickness 1.84 mm
Volume 0.00 cm® 0.02 cm® Volume 2.84 cm®
Weight 0.00 g 0.07 g Weight 596 g
Lead tab Ni tab Al tab Specific power 15.51 W/kg
Width 4.00 mm 4.00 mm Power density 32.58 W/L
Height 10.00 mm 10.00 mm Specific energy 310.13 Wh/kg
Weight 98.30 mg 36.90 mg Energy density 651.51 Wh/L
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Supplementary Table 4. Comparison of pouch-cell performance of SSB between this work

and other references.

Gl AM. SE. CA. Bir}der IF;Eading ﬁ)Eading IT)Eding ;?at:ilncge" gi’;i(:;i:ge :i‘;?:‘:;?;e ﬁirse:lllarge REsciic

Ref content ratio  ratio  ratio ratio |, iont weight weight weight  capacity  voltage capacity  °"¢'%Y
mgcm?  wt% Wt% wit% wit% mgcm? mgcm? mgcm? mgcm? mAhg!’ v mAh cm2  Wh kg™’
5 5.15 68.6 294 2.0 0.0 750  151.00 530  163.80 125.0 3.59 0.64 14.10
6 6.23 70.0 30.0 0.0 0.0 890  127.40 430 14060 131.0 3.76 0.82 21.83
7 3.77 37.7 56.6 5.7 0.0 10.00  200.00 39.00  249.00 120.0 3.85 0.45 6.99
8 5.89 785 215 0.0 0.0 750  150.70 2940  187.60 130.0 3.92 0.77 15.99
9 1.38 60.0 35.0 5.0 0.0 2.30 90.40 3.00 95.70 100.0 3.28 0.14 473
10 7.00 70.0 25.0 25 25 10.00 90.40 530  105.70 168.0 37 1.18 41.17
11 29.30 79.2 195 13 0.0 37.00 7.50 27.00 71.50 120.0 3.57 352 17558
11 14.30 68.1 292 13 14 21.00 4.90 13.00 38.90 110.0 3.67 157 14841
12 15.93 76.2 19.0 1.9 29 2090 13.90 21.50 56.30 122.0 3.51 194 12113
13 9.50 66.0 28.3 2.8 2.8 14.40 11.30 10.20 35.90 111.0 3.62 1.05  106.38
14 4.86 60.0 34.0 6.0 0.0 810  49.80 6.00 63.90 110.0 3.71 0.53 31.04
15 115.29 61.0 36.0 3.0 00  189.00 18.00 11200  319.00 123.0 375 1418 166.70
16 6.78 60.0 35.0 5.0 0.0 11.30 52.70 11.30 75.30 121.0 3.59 0.82 39.11
17 10.01 86.3 11.0 1.8 0.9 11.60  134.60 600  152.20 119.0 3.69 1.19 28.88
18 34.30 70.0 30.0 0.0 00  49.00  133.00 81.00  263.00 89.0 2.11 3.05 24.49
19 0.60 30.0 60.0 10.0 0.0 2.00 75.00 5.00 82.00 1640.0 1.94 0.98 23.28
20 3.60 40.0 50.0 10.0 0.0 9.00  180.00 500  194.00 501.0 1.25 1.80 11.62
21 572 45.0 50.0 5.0 0.0 1270 191.10 500  208.80 550.0 1.45 3.14 21.83
22 9.90 450 25.0 15.0 15.0 2200  101.00 18.00  141.00 102.0 1.13 1.01 8.09
23 7.00 50.0 50.0 0.0 0.0 14.00  263.00 11.00  288.00 116.0 3.91 0.81 11.02
24 60.75 75.0 15.0 10.0 0.0 81.00 15.00 500  101.00 155.0 3.11 942  289.95
25 6.00 60.0 30.0 10.0 0.0 10.00 23.00 11.00 44.00 165.0 3.68 0.99 82.80
26 11.70 90.0 10.0 0.0 0.0 13.00 24.00 5.00 42.00 136.0 3.85 159 14586
27 7.39 67.2 28.8 2.0 2.0 11.00 16.00 6.00 33.00 139.0 373 103 116.14
28 14.70 70.0 25.0 5.0 0.0 21.00 3.00 2.00 26.00 165.0 3.27 243 305.05
29 5.20 65.0 20.0 15.0 0.0 8.00 2.00 5.00 15.00 152.0 34 079  179.16
30 4.80 60.0 32.0 8.0 0.0 8.00 8.00 5.00 21.00 162.0 3.38 078  125.16
31 29.28 81.3 14.4 2.9 1.4 36.00 4.62 0.27 40.89 215.0 375 6.30  577.42
32 21.65 773 19.3 2.9 05 2800  107.80 500  140.80 200.0 3.75 433 115.30
33 10.30 70.0 10.0 10.0 10.0 14.72 255 1.87 19.14 210.0 3.75 216 42397
34 47.25 90.0 10.0 0.0 0.0 5250  178.25 135 23210 95.0 375 4.49 72,52
(2;??/\/\7101{;") 24.66 94.0 4.0 2.0 0.0 26.23 17.51 1.07 44.81 173.2 3.75 427  357.54
(JgifN";’f;;U 28.90 94.0 4.0 2.0 0.0 30.74 13.61 1.07 45.42 181.21 3.76 524 43357
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Supplementary Table 5. 3D digital twin structure information.

AM:SE Value Porosity Thickness Domain size Specific capacity
(exclude CA) (%) (um) (UM x pmx um) (mAh g™)
Experiment 14.92 70.9 - 173.16
(Pofg;“ce”) per\(’;\ﬂt‘ion Polydispersed PSD 15.16 708 48.4x48.4x70.8 -
Monodispersed PSD 15.23 72.0 48.4x48.4x72.0 -
Experiment 35.38 51.6 - 165.79
Poor-
percolation
Polydispersed PSD 35.55 51.6 48x48x51.6 -
( A&G;ih) Experiment 14.00 42.0 - 175.83
Well- .
. Polydispersed PSD 14.26 42.0 48x48x42 -
percolation
Monodispersed PSD 15.23 42.0 48x48x42 -
Experiment 26.94 49.2 - 177.15
Poor-
percolation .
Polydispersed 27.05 49.2 50.0x50.0x49.2 -
PSD
(Aelz/(l):p?é)or) Experiment 15.52 34.2 - 190.26
Well- .
. Polydispersed PSD 15.27 34.2 55.2x55.2x34.2 -
percolation
Monodispersed PSD 14.74 346 55.2x55.2x34.6 -
Supplementary Table 6. Modeling parameters.
Parameters Value
Intrinsic electronic conductivity of NCM622 at 45°C (S cm™) 9.79 x 10
Intrinsic lithium diffusion coefficient of NCM622 at 45°C (m? s™") 1.53 x 10713
Maximum lithium concentration of NCM622 (mol m-3) 4.92 x 104
Intrinsic ionic conductivity of SPE at 45°C (S cm™) 1.25 x 1073
Intrinsic lithium diffusion coefficient of SPE at 45°C (m2 s) 4.20 x 10~
Lithium transference number of SPE 0.90
Lithium concentration of SPE (mol m=3) 845
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Supplementary Note 1

Calculation of ionic ASR of the particle composing the composite positive electrode
For calculation of the ionic ASR of the particle composing the composite positive electrode,
there is the assumption that the particle has a core—shell structure. Here, the core and shell

consist of the AM and SE, respectively.

Equation (1):
R l
(Here, R is the ionic ASR of the shell, p is the resistivity of the shell, [ is the nominal length

of the shell, and A is the cross-sectional area of the shell.)

Equation (2):

dR = dl B r do B p dé
il dA P 27r sinf dr 27 sin@ dr

(Here, r is the spherical radius of the shell, 8 is the angle from the pole to the compressed

edge point at the spherical core.)

Equation (3): integration of dR from 6 to m — @ (pole-to-pole compression)

. p j”“’ de 1 f”“’ dae
C2m(r,—1y) g sinf S 2mo (rp—1y) g sinf

(Here, 7, is the outer radius of the shell, r; is the inner radius of the shell, o is the ionic
conductivity of SE. dr = 1, — r; is the thickness of shell, not infinitesimal.)
We should note that the ASR of trace amounts to the near compressed edge (hatched area) was

neglected due to the ease of calculations at the spherical coordinate system.

Equation (4):
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R

1 (1 + cost9> 1 (rz + r2c0s8>
n

~ 2na (ry — 1) "1 cos8) ~ 2n0 (ry, — 1)  \ry, —rycosf

_ 1 1 (rz + x)
C2mo (1, —1y) " T, —X
(Here, x = rycos6 and r, — rycosf is the compressed shell thickness, where 0 < 8 < g.)

We should note that the ASR of trace amounts to the near compressed edge (hatched area in
Supplementary Fig. 1) was neglected due to the ease of calculations at the spherical coordinate

system.
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Supplementary Note 2

The partial dehydrofluorination of PVDF-HFP can improve the mobility of ions, leading to
high ionic conductivity, as proven by the appearance of hydroxyl and C=C double bonds in the

FTIR data! as shown in Supplementary Fig. 3.

Supplementary Note 3

The compatibility of the SPE and Li-metal negative electrode was identified by Li symmetric
cycling testing (Supplementary Fig. 4). The SPE showed stable cycling with Li metal,

indicating that it is compatible with a Li-metal negative electrode.

Supplementary Note 4

The critical current density test of symmetric cells of Li|SPE|Li coin cell was performed with
different current densities (Supplementary Fig. 5). Based on the result, there was a short-
circuit at 0.25 C (0.75 mA cm?). This result can stem from several reasons such as 1)
chemically not optimized SPE (due to dehydrofluorination of SPE during cycling) or 2)
insufficient interfacial stability between lithium metal and SPE. To solve this problem, further
optimization of SPE components in terms of both chemistry and engineering should be studied

in future work.
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Supplementary Note 5

Calculation of electrode porosity of composite positive electrode
Equation (5):

1- delectrode
¢ = WAM+SE x 100

) + (2

Here, the ¢ is the volumetric porosity of the electrode [vol%], and the dj.ir0q. 1 the density

of the electrode [g cm ], wpuse is the total weight fraction of the AM and SE [wt%], Wy
is the weight fraction of the AM [wt%], wgg is the weight fraction of the SE [wt%], dy 18

the true density of the AM [g cm ], and dgg is the true density of the SE [g cm™].
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Supplementary Note 6

In Supplementary Fig. 8, the EDS analysis focused on Ni, Co, Mn, and F atoms because
NCM622 consists of Ni, Co, and Mn atoms, and PVDF-HFP in the binder consists of F atoms.
The Ni, Co, Mn, and F atoms were uniformly distributed in the positive electrode,

demonstrating the positive electrode uniformity.
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Supplementary Note 7

In the FIB results (Supplementary Fig. 9), the positive electrode prepared using the WIP
method also showed the lowest electrode porosity with reduced voids. Moreover, according to
the X-ray CT analysis of the positive electrodes prepared using different compressing methods,
the positive electrode prepared using the WIP method showed the lowest electrode porosity
and highest electrode density. In summary, the WIP method is efficient for preparing ideal
positive electrodes with low electrode porosity and high electrode density, leading to the

formation of uniform and desirable interfacial contact with lowered resistance of the electrode.
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Supplementary Note 8

Calculation of the positive electrode IR drop of SSBs

Equation (6):

v —(Q X e X T )X(ASR X T )
IR drop core-shell rate 2 X AM core-shell 2 % AM

= (Jeore-shell X Meore-shelt) X (ASR ore-shell X Meore-shelt)

= Jiotal X ASR¢ota1
Here, Vg grop 18 the IR drop [mV]; Qcore-shenn [MAD cm 2], ASR preshel [Ohm em?], Jeore-shells
Neore-shell ar€ the areal specific capacity, the areal specific resistance, the current density, and
the total number of units in the positive electrode of a core-shell unit building block composed
of AM/SE, respectively; I, is the current rate at which the battery is providing energy [C =
1/h]; Tpg [cm] is the thickness of the positive electrode which can be calculated by dividing
the areal positive electrode loading by the electrode density; 1y [cm] is the radius of a single
particle of AM; Jior1 [MA cm 2] and ASR,.,; [Ohm cm?] are the current density and the areal

specific resistance of the positive electrode, respectively.

Equation (7):

Qam X dam X Vay

Acore-shell

Qcore-shell =

Here, Q.oeshen 18 the areal specific capacity of a core-shell unit building block composed of
AM/SE [mAh cm2]; Qayp is the specific capacity of the AM [mAh g']; d,y is the material
true density of the AM [g cm™]; V4 is the volume of a single particle of AM [cm?®], which
can be calculated by Equation (8); and Ay .c.qhen 1S the area of the composite consisting of the

AM and SE [cm?], which can be calculated using Equation (9).
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Equation (8):

Vam =57 X (Tam)?

Equation (9):

— 2
Acore-shell =nX (rAM + tswelled SE)

Here, tgyenease 18 the swelled thickness of SE after compression [cm].

Equation (10):

1 (rAM + tswelled SE) + TAM
ASR = (Tam t tswelled SE) — TAM

(4 X tyyelled SE X Osg) X (Tam T twelied SE)

Here, ogg is the ionic conductivity of the SE [S/cm].
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Supplementary Note 9

Calculation of electrode specific energy of SSBs

To calculate the electrode specific energy considering only the positive electrode side, which
consists of the positive electrode and Al current collector, Equation (11) was used.

Equation (11):

2 x Qam X Wanm X Lpg x Vpg

Eelectrode = d
xT,
(2 X LPE + —Allo Al)

Here, &.ecrode 1S the specific energy of the electrode [Wh kg™!]; Qan is the discharging
capacity of the AM [Ah kg !]; wuy is the weight ratio of the AM [wt%]; Lpg is the areal total
loading of the positive electrode [kg cm 2], which can be calculated by multiplying the positive
electrode loading thickness by the electrode density; Vpg is the voltage of positive electrode
vs. Li/Li*; d,; is the density of the Al current collector [kg cm>]; and Ty, is the thickness of

the Al current collector [cm].

To calculate the electrode specific energy considering both the positive electrode and negative
electrode sides using graphite as the negative electrode material, Equation (12) and Equation
(13) were used.
Equation (12):

2 X Qam X Wapm X Lpg x (VPE - Vgraphite)

da x T dey x T,
(2 X LPE + M) + (2 X Lgraphite + M)

Eelectrode =

10 10

Here, Lgapnie 18 the areal total loading of graphite [kg cm 2], which can be calculated using
Equation (13); Vyapnie 18 the voltage of graphite vs. Li/Li"; dg, is the density of the Cu

current collector [kg cm>]; and T, is the thickness of the Cu current collector [cm].

Equation (13):
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Qam

Lgraphite = X N/P ratio X LPE

Qgraphite
Here, Qay is the discharging capacity of the AM [Ah kg™'], Qgraphite 18 the discharging
capacity of graphite [Ah kg '], and N/P ratio is the areal capacity ratio of the negative to

positive electrode.

To calculate the electrode specific energy considering both the positive electrode and
negative electrode sides using Li metal instead of graphite as the negative electrode material,
Equation (14) was used.

Equation (14):

2 x Qam X Wan X Lpg x Vpg

(2 x Lpg + dai X Tl ;:) TAl) + (2 x Li;+ dey x Tey ;:) TC“)

Eelectrode =

Here, Lj; is the areal total loading of Li [kg cm2].

To calculate the electrode specific energy considering both the positive electrode and
negative electrode sides using Li metal as the negative electrode material except with a Cu
current collector, Equation (15) was used.

Equation (15):

2 X Qam X Wam X Lpg x Vpg

(2 X LPE +dA%O’TA1) + (2 X LLi)

Eelectrode =
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Supplementary Note 10

In Supplementary Fig. 10, the SPE membrane with 40 um thickness was tested as an SE
separator for Li|SPE[NCM622 coin cell cycling to enhance the cell-level specific energy.
However, the cell-shortening occurred during the initial charge, and it was observed the uneven
contact between the SE membrane and the positive electrode with lithium dendrite formation
after the cell disassembly. So MEA without lithium metal negative electrode was attacked via
WIP until 550 MPa, and it was confirmed that the charge voltage profile was relatively
stabilized, but still had the cell shortening with tiny lithium dendrites. Therefore, it was
speculated that the uniformly high pressure was not the solution and the thin SE membrane
was insufficient to accommodate the high areal capacity of around 4 mAh cm? of lithium
electroplating due to the inhomogeneous charge-transfer. The further thickened SE membrane
up to 80 um had a stable electrochemical cycling profile without cell shortening. The thickness
of the SE membrane is quite crucial to the specific energy of SSBs as plotted in Fig. 5i, but
those should be carefully designed depending on the amount of charge per unit area of the thick

positive electrode.
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Supplementary Note 11

Calculation of specific energy considering the electrode and SE of SSBs
To calculate the electrode specific energy considering the electrode and SE, Equation (16) was

used.

Equation (16):
2 x Qam X Wanm X Lpg x Vpg

(2 x Lpg + —d‘“l):) TAI) + (2 x Li; + —dc“;; TC“) + (2 x —dSE;:) TSE)

Eelectrode+SE =

Here, £.jeerodessg 15 the specific energy of the electrode and SE [Wh kg ']; Qay is the
discharging capacity of the AM [Ah kg™!]; wuy is the weight ratio of the AM [wt%]; Lpg is
the areal total loading of the positive electrode [kg cm™2]; Ly; is the areal total loading of Li
[kg cm™2]; Vpg is the voltage of positive electrode vs. Li/Li; d,; is the density of the Al
current collector [kg cm™3]; T4, is the thickness of the Al current collector [cm]; d(, is the
density of the Cu current collector [kg cm]; T, is the thickness of the Cu current collector
[cm]; dgg is the density of the SE membrane [kg cm™]; and T is the thickness of the SE

membrane [cm)].
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Supplementary Note 12

As shown in Supplementary Fig. 13, to evaluate the cell performance of SSBs using the
developed SPE and freestanding Li-metal negative electrode design, coin-cell tests were
performed to examine the effect of the areal positive electrode loading on the cell performance.
The weight ratio of AM was 94 wt%, and the current rate was 0.1 C for all the coin-cell tests.
One coin cell had a low positive electrode loading of 3.50 mg cm 2, and the other had a high
positive electrode loading of 22.67 mg cm 2.

The results of the cycling test indicated that the areal discharging capacity was 179.2 mAh
gam | with the low areal positive electrode loading and 174.4 mAh gay ! with the high areal
positive electrode loading, which are similar values. However, the discharging capacity and
energy increased from 0.791 mAh and 3.01 mWh with the low areal positive electrode loading
to 6.081 mAh and 23.18 mWh with the high areal positive electrode loading. This result
indicates that a high areal positive electrode loading is necessary for producing high capacity
and energy output of the SSBs.

The coulombic efficiency was similar for the low areal positive electrode loading (99.25%)
and high areal positive electrode loading (99.20%). However, the energy efficiency was lower
for the coin cell with high areal positive electrode loading (96.70%) than for that with the low
areal positive electrode loading (99.25%). This result suggests a trade-off between the energy
and energy efficiency depending on the areal positive electrode loading. The higher positive
electrode IR drop with higher areal positive electrode loading results in low energy efficiency.

Capacity retention is also an essential parameter in cell performance. The coin cell exhibited
stable capacity retention when using low areal positive electrode loading during 20 cycles.
However, sudden capacity fading was observed after the 7™ cycle for the coin cell using high
areal positive electrode loading. This result indicates that a high areal positive electrode loading
induces a high IR drop, leading to the high resistance of the cell and capacity decay. The
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resistance of the cell before and after full-cell cycling was measured using EIS, and it increased
as expected in calculating the positive electrode IR drop tendency depending on the areal
positive electrode loading. In summary, both the negative electrode and SPE showed good
stability during cycling, and the capacity decay may stem from the increased resistance of the

cell due to the high positive electrode IR drop when using high areal positive electrode loading.
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Supplementary Note 13

Li|SPENCMS811 configured coin cells were not well-operated for unspecified reasons. The
laminate MEA composed of NCM&811 as an AM, the SE membranes turned brownish, the yield
rate of those cells was low, and some were not discharged well as shown in this figure. The
issues of SE membrane color change were also found in the degraded cell with NCM622 after
cycle test in Supplementary Fig. 10. We assumed that those were related to
dehydrofluorination of PVDF based polymers which is well-known to this chemical under the
high pH conditions?? based on the several supporting data. According to this, we also specified
that the residual lithium compounds, such as LiCO3 or LiOH on the surface of NCM811,

triggered the degradation of SPE and were found to have low electrochemical cycling behavior.
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Supplementary Note 14

After the full-cell cycling of the coin cell in Supplementary Fig. 17, F 1s XPS data of the Li-
metal negative electrode side was collected, and formation of C-F and LiF, stemming from the
PVDF-HFP in the SPE, was observed. In addition, N 1s XPS data of the Li-metal negative
electrode after cycling could show the formation of LisN, stemming from the SN
decomposition, was observed. The LiF and LizN formed the stable layer on the Li metal

negative electrode®.

Supplementary Note 15

FTIR spectra of the SPE before and after full-cell cycling were analyzed and indicated no

structural change during cycling (Supplementary Fig. 18).
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Supplementary Note 16

In Supplementary Fig. 20, as the first step, the positive electrode and SPE were compressed
by the WIP separately. The WIP method can make not only uniform interface formation for the
positive electrode but also squeeze and enhance the mechanical strength of SPE. After that, the
compressed positive electrode and SPE were laminated and compressed again using the WIP
method to maximize the interfacial contact between the positive electrode and SPE. The WIP
method consists of three steps. The first step is increasing the pressure to 5500 bar gradually
for 5 mins. Second, the pressure was maintained at 5500 bar for 5 mins. Finally, the pressure
was reduced to zero gradually for 10 mins. After the WIP, the Li metal negative electrode can

be simply put onto the SPE of laminated positive electrode-SPE composite.
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