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Supplementary Fig. 1 | Reported partial structures of SPANs before chg./dischg. operations' .
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Supplementary Fig. 2 | Reversible chg./dischg. properties at 0.2C-rate and 30 °C for various electrode

active materials in coin cells (active materials | carbonate electrolyte solution | Li-metal anode).
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Supplementary Fig. 3 | Reversible chg./dischg. properties of SPAN cathodes with various liquid

(carbonate and ether) or solid (sulfide-argyrodite and polymer) electrolytes.
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Supplementary Fig. 4 | Investigations of interactions between SPAN and lithium polysulfides (Li2S;):
Visual adsorption ability tests using a Li>S4 solution** and molecular orbital calculations of association
energies between SPAN’s backbone-model molecules and LixS; with the Gaussian 09 program
package by using a density functional theory (DFT)®. A Becke’s three parameter hybrid functional
with the LYP correlation functional (B3LYP) was employed together with 6-311+G* basis set”®.
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Supplementary Fig. 5 | Chg./dischg. cycle performances at 0.5C-rate and 30 °C after a formation
process of ten cycles at 0.1C-rate and 30 °C for various cathode active materials in coin cells (active

materials | carbonate or ether electrolyte solutions | Li-metal anode).



Supplementary Fig. 6 | Photographs of 3D-Al foam sheets (AI-CELMETs) weight-saved by the
WIRED’s laser-drilling technique. a, Aperture area of 31% and flexibility. b, Aperture area of 46%

and rupture points.
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Supplementary Fig. 7 | Chg./dischg. cycle performances at 0.01-0.5C-rates and 30 °C for SPAN
cathodes in the 3D-Al foams with/without the laser drilling (31% aperture area) in pouch cells (SPAN

cathodes | carbonate electrolyte solution | Li-metal anode).
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Supplementary Fig. 8 | a, SEM image of a SPAN cathode with the SWCNT as the conductive agent.
b, Nyquist plots at SOC = 50% and 30 °C of SPAN cathodes using SWCNTs with/without the Nihon
Spindle Manufacturing’s JET PASTER (JP) treatment in pouch cells (SPAN cathodes | carbonate

electrolyte solution | Li-metal anode).



0.8 -
S
\'g
S 06 -
@ .
g A
© Optimum ratio
£ 04 ; P _’
S in this work
2
0.2 -
0.0 . . . : .
0 5 10 15 20 25

Fiber Ratio in SPAN Cathode (%)

Supplementary Fig. 9 | Relationship between ion diffusion resistance (Rion) estimated from EIS and

fiber ratio in SPAN cathodes with particle and fiber active materials.
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Supplementary Fig. 10 | GeoDict simulations of model SPAN cathodes consisting of secondary
particles with Dso = 3 um, fibers with 500 nm diameter and 5 pm length, and 55% void without
conductive agents and binders. a, 3D microstructure models with various particle/fiber ratios. b,

[lustrations of percolation networks for the ion transport paths and average tortuosity values (1).
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Supplementary Fig. 11 | SEM and EDX (sulfur mapping) images of SPAN fiber and porous fiber.
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Supplementary Fig. 12 | Photographs of SPAN cathodes mixing SPAN particle and SPAN fibers
when an electrolyte solution was dropped. a, SPAN non-porous fiber. b, SPAN porous fiber.
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Supplementary Fig. 13 | Energy levels in frontier orbitals (HOMO and LUMO) of various solvents
for the electrolyte solutions used in this work, calculated with the Gaussian 09 program package by

DFT at the B3LYP/6-311+G(2d,p) level®®.
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Supplementary Fig. 14 | Reversible chg./dischg. characteristic curves of the ultra-lightweight Li—
SPAN pouch cell with the ALIS-PC design in the 3.5-0.3 V and 0.1C-rate operation at 30 °C.

-15 -



Supplementary Fig. 15 | Photographs of the ultra-lightweight Li—SPAN pouch cell (>750 Wh/kg-
cell) fabricated in this work and commercial cylindrical LIB cells of 18650, 21700, and 26650 sizes

placed on a Japanese kimono obi belt (weaved in Kiryu, Gunma, Japan).
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Supplementary Fig. 16 | SEM image of the SPAN particle (ADEKA AMERANSA SAM-8).
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Supplementary Fig. 17 | Powder XRD analyses of various SPANs, elemental sulfur, and
polyacrylonitrile (PAN).
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Supplementary Table 1 | The highest and representative values in gravimetric energy densities of

various rechargeable battery cells (presumptive densities are not included.)

Cell Energy Density

Battery Type [Whikg-cell] (C-rate) Ref
LIB (product) 250-300 9-12
LIB (development) 300-350 13-15
LIB [Si anode] (development) 350-500 16,17
Li—S (research) *unstable (only first dischg.) 695 (0.005C) 18
Li—S (research) 300-600 19-27
Li—S (development) 609 26,27
Li—S (development) 300-600 26-31
Li-S (SPAN / this work ) 713 (0.1C) —
Li-S (SPAN / this work ) 761 (0.05C) —
LMB (research) 564 (0.1C) 32
LMB (development) 524 (0.1C) 33
LMB (research & development) 300-550 3341
LAB (research) 543 (0.1C) 42
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Supplementary Table 2 | Characteristics of various electrolyte solutions and densities of solid

electrolytes for lithium-based rechargeable batteries

Electrolyte Solution d (g/cm?) n [mPa-s] o [mS/cm] Ref
1.0 M LiPFg in EC/EMC (30/70, vol%) 1.21 3.4 8.1 at 25 °C —
1.0 M LiPFg in EC/DEC (50/50, vol%) 1.25 — — at 25 °C —
1.0 M LiPFg in EC/DEC (1/2, vol) 1.21 3.8 10.6 at 30 °C 43
1.0 M LiPFg in FEC/DEC (50/50, vol%) 1.32 — — at 25 °C —
LiFSA: DMC = 1: 10 (molar ratio) *1.08 M 1.18 15 9.9 at 30 °C 44
LIFSA: DMC = 1: 2.9 (molar ratio) *3.04 M 1.36 12.9 8.1 at 30 °C 44
LiIFSA: DMC =1: 1.1 (molar ratio) *5.49 M 1.57 238.9 11 at 30 °C 44
LIFSA: EC = 1: 10 (molar ratio) *1.34 M 1.43 8.1 9.7 at 30 °C 44
LIFSA: EC =1: 2.9 (molar ratio) *3.56 M 1.57 103.2 2.3 at 30 °C 44
LiIFSA: EC = 1: 1.3 (molar ratio) *5.67 M 1.71 621.9 0.8 at 30 °C 44
1.0 M LiTFSIin DOL/DME (50/50, vol%) + 2 wt% LiNO3 1.17 1.7 12.3 at 25 °C 45
1.0 M LiTFSA + 0.2 M LiNO3 in DOL/DME (50/50, vol%) 1.14 1.6 13 at 30 °C 46
7 m LiTFSI in DOL/DME (50/50, vol%) 1.52 ca. 150 1.0 at 25 °C 45
[Li(GA)|[TFSA] 1.40 106.0 1.6 at 30 °C 47
[Li(G4)][TFSA]-4.0HFE 1.49 5.0 5.6 at30°C 46
[Li(SL)][TFSA]-4.0HFE 1.55 8.7 0.7 at 30 °C 46
0.2 mLITFSI + 0.4 m LINO3 in DME/MPE (48/52, vol%) 0.83 0.6 35 at25°C 48
in OMEIDOLITEMTMS (G817/35, vo) w2 72 A s
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LITFSI LiFSI LiINO3 LiIHFDF DME DOL TFMTMS
Solid Electrolyte d (glem®) Ref
75Li,S*25P,Ss [LPS] 1.88 49
LigPSsCl [LPSCI] 1.64 50
Li;oGeP,S;, [LGPS] ca.2 51,52
Li;LazZr,04; [LLZO] ca.5 51-53
Liz 6 Al Tip(PO4)3 [LATP] ca. 3 51
PEO /LITFSI ca. 1.2 52
(PVDF-based polymer / electrolyte solution) 1.84 54
Complex hydride ca. 1l 55
LiBHy, Lil (for complex hydride) 0.666, 3.49 56
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Supplementary Table 3 | Correlation between separator properties and chg./dischg. short-circuit

phenomenon
Separator Thickness Porosity Short-circuit phenomenon
(um) (%) after 50 cycles

GA-100 (Glass Fiber) 440 40-80 stable
Non-woven (PAN) 50 >40 stable
Non—woven (PAN) 30 >40 micro-short
Non-woven (PAN) 10 >40 short
Celgard 2325 (PP/PE/PP) 25 39 stable
Celgard 2400 (PP) 25 41 stable
Microporous membrane (PP) 20 40 stable
Microporous membrane (PP) 17 39 micro-short
Microporous membrane (PE) 15 38 stable
Microporous membrane (PE) 10 37 short
SETELA-05C (PE) 5 35 stable
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