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Supplementary Fig. 1. Schematics for the multi-functions of electrocatalyst in cathode during discharge/charge processes. [image: ]Electrocatalysts are capable of chemically capturing the soluble LiPS species (i.e., Li2S8, Li2S6, and Li2S4), suppressing the shuttle effect. Furthermore, these LiPS species adsorbed on the surface of electrocatalysts are rapidly converted to insoluble Li2S2 and Li2S with low kinetic energy barrier. This unique multi-effects of electrocatalysts on LiPS adsorption/conversion behaviors, enable to inhibit the formation of dead sulfur and decrease the spare-time for the LiPS dissolution. Thus, rational design of sulfur cathode with highly efficient electrocatalysts has attracted explosive attention to stabilize the Li-S cell performance under the condition of high areal sulfur loading and lean electrolyte.

[image: ]Supplementary Fig. 2. Schematics for LiPS adsorption/conversion behaviors with (a) single atom catalysts (SACs) and (b) particle-type catalysts (PTCs). In the case of SACs, atomically dispersed catalysts lead to the atom utilization efficiency of ~100%. Additionally, LiPS adsorbed on SACs can directly receive the electron from carbon framework, so additional LiPS diffusion step is not required for the conversion to Li2S. On the other hand, in the case of PTCs, the transfer of electron to LiPS adsorbed on the surface of PTCs is impeded due to the low electrical conductivity and larger particle size than electron tunneling dimension. Thus, additional diffusion of LiPS is inevitable to receive the electron from carbon framework and to be converted to Li2S. Moreover, LiPS species interact with only outermost atoms of PTCs, decreasing the atom utilization efficiency. 

[image: ]Supplementary Fig. 3. Energy density and cycle number for previously reported Li-S pouch cell assembled with electrocatalyst-embedded-cathode.1-8 Each specific energy density was calculated from suggested areal sulfur loading, E/S ratio, initial capacity, and the thickness of Li metal with the assumption of average operating potential of 2.1 V. The areal loadings of other cell components including polymeric separator and Al current collector were unified as conventional value, reported elsewhere.9 Most of previously reported Li-S pouch cells have not achieved the high energy density (>300 W h kg-1) with long-term cycle stability (>70 cycles).

[image: ]Supplementary Fig. 4. Molecular structures of the most common types of Heme; heme B and heme C. The heme B has oxygen containing functional group (carboxylic acid) around Fe-N-C site, whereas heme C has sulfur containing functional group (thiol) around Fe-N-C sites. These different local environments of Fe-N-C sites change the oxygen binding properties and redox activity (e.g., electron transport and redox catalysis) of cytochrome.
[image: ]Supplementary Fig. 5. Electron microscopy images of as-prepared mesoporous carbon. (a) SEM and (b) TEM images. The wormhole-like mesopores were well-developed throughout the whole particles.

[image: ]Supplementary Fig. 6. The results of nitrogen physisorption analysis. (a) Isotherm linear plot and (b) pore size distribution of mesoporous carbon. The mesoporous carbon exhibits type IV nitrogen physisorption isotherm, and the sudden increase in the peaks at ~0.85 P/Po implies the presence of mesopores. The pore size distribution is centered at 4.5 and 17 nm of pore diameter, well-consistent with isotherm linear plot and small 4.5 nm pores were generated owing to the etching of the silica template wall.10 The surface area and pore volume of this mesoporous carbon are 1122 m2 g-1 and 2.6 cm3 g-1, respectively. The surface area was estimated by Brunauer-Emmett-Teller (BET) method, and the pore size was deduced from adsorption branch of isotherm linear plot by Barrett-Joyner-Halenda (BJH) method.

[image: ]Supplementary Fig. 7. SEM and TEM images of (a and b) FeNC, (c and d) FeNC-EEB-1, and (e and f) FeNC-EEB-2.

[image: ]Supplementary Fig. 8. The results of nitrogen physisorption analyses. Isotherm linear plot and pore size distribution of (a and b) FeNC, (c and d) FeNC-EEB-1, and (e and f) FeNC-EEB-2. All the materials exhibit type IV nitrogen physisorption isotherm and show the sudden increase at ~0.85 P/Po in isotherm linear plot, indicating the presence of mesopores. The pore size distributions of all the materials are centered at 4.3 and ~14.8 nm. The detailed values of surface area, pore size, and pore volume are suggested in Table S1.

[image: ]Supplementary Fig. 9. N 1s XPS spectra of (a) FeNC, (b) FeNC-EEB-1, and (c) FeNC-EEB-2. Each spectrum was deconvoluted into three different types of N functionalities; pyridinic, pyrrolic, and graphitic N.

[image: ]Supplementary Fig. 10. Summary of pyridinic/pyrrolic N fractions and total N atomic contents, calculated by XPS N 1s spectra of FeNC, FeNC-EEB-1, and FeNC-EEB-2. The N 1s XPS spectra indicate that pyridinic and pyrrolic N were dominantly formed (80-83% of total N quantity), allowing Fe single atoms to be easily coordinated with N functionalities.

[image: ]Supplementary Fig. 11. High-angle annular dark-field STEM images of (a) FeNC and (b) FeNC-EEB-2. The Fe single atom spots are highlighted by white circles.

[image: ]Supplementary Fig. 12. STEM and EDS mapping images of (a) FeNC-EEB-1 and (b) FeNC-EEB-2.

[image: ]Supplementary Fig. 13. XRD patterns of FeNC, FeNC-EEB-1, and FeNC-EEB-2. The broad peak in 2 theta range of 20-30o is corrresponding to amorphous porous carbon used as conductive substrate.

[image: ]Supplementary Fig. 14. DFT calculations of Fe d-band center and electron exchange behaviors between Fe-N-C catalysts and two different types of EEB sites; thiophene-like S (-S) and oxidized S (-SO2).11

[image: ]Supplementary Fig. 15. CV curves of FeNC, FeNC-EEB-1, and FeNC-EEB-2. The current of CV analysis was measured with potential scan rate of 0.2 mV s-1. All CV curves exhibit the two cathodic peaks (I and II) and one anodic peak (III). The first cathodic peak I is corresponding to the solid-liquid conversion reaction from cyclo-S8 to soluble Li2S4. The second cathodic peak II is corresponding to the liquid-solid conversion reaction from soluble Li2S4 to insoluble Li2S. The anodic peak III is corresponding to the oxidation reaction from Li2S to cyclo-S8.

[image: ]Supplementary Fig. 16. Potentiostatic discharge curves at 2.05 V of (a) FeNC and (b) FeNC-EEB-2. (c) The summary of Li2S nucleation capacities and tm values for potentiostatic discharge to 2.05 V. To investigate only the Li2S electrodeposition behavior, each cell was galvanostatically discharged to 2.1 V for the reduction of Li2S8 and Li2S6 to Li2S4, and then potentiostatically discharged to 2.0 V to induce the conversion of Li2S4 to Li2S. Under this constant thermodynamic driving force, current-time curves show a sharp current drop at the initial stage due to the reduction of the remaining soluble LiPS species (i.e., Li2S8 and Li2S6), and then the current increases as a result of the nucleation and growth of Li2S. After the current reaches its maximum value, it decreases because charge transfer is inhibited by impingement and passivation of the insulating Li2S solid product. Potentiostatic charge curves at 2.35 V of (d) FeNC and (e) FeNC-EEB-2. (f) The summary of Li2S dissociation capacities and tm values for potentiostatic charge to 2.35 V.

[image: ]Supplementary Fig. 17. (a) Coin-cell configuration for in situ XRD analysis. The specially designed 2032 type coin-cell with small hole (1.5 mm size) in bottom and top was used. The hole was completely sealed by thin polyethylene film using 4460 epoxy to prevent the electrolyte evaporation during the in situ XRD analysis. (b) 2D mode XRD image of FeNC-EEB-1 electrode at OCV before cycling. This 2D XRD pattern was further converted to 2 theta-intensity plot for intuitive approach.

[image: ]Supplementary Fig. 18. (a) In situ XRD patterns of FeNC-EEB-2 electrode for the first discharge and charge process. (b) Magnified XRD patterns for Li2S nucleation and dissociation region of FeNC-EEB-2 electrode.
[image: ]Supplementary Fig. 19. (a) In situ XRD patterns of FeNC electrode for the first discharge and charge process. (b) Magnified XRD patterns for Li2S nucleation and dissociation region of FeNC electrode.

[image: ]Supplementary Fig. 20. DFT optimized structures of (a) sulfur species invovled in Li-S electrochemistry and (b) FeNC, FeNC-S, and FeNC-SO2.

[image: ]Supplementary Fig. 21. The most stable adsorption configurations of sulfur species on the surface of (a) FeNC, (b) FeNC-S, and (c) FeNC-SO2 models. The black arrows in (c) indicate the formation of strong bonding between Li atoms of LiPS species and O atoms of -SO2 functionalities.

[image: ]Supplementary Fig. 22. (a) Initial voltage profile of mesoporous carbon without introduciton of Fe-N-C catalysts, operated at 0.2 C rate. The mesoporous carbon electrode exhibited initial discharge capacity of 1009 mA h g-1. (b) Cycle performance of bare mesoporous carbon electrode, operated at 0.2 C rate. After 100 cycles, only 62.1% of initial discharge capacity was maintained, showing high capacity decay ratio per cycle (0.38%). This poor cycle stability of mesoporous carbon electrode is attributed to the weak LiPS adsorption energy of non-polar carbon surface and sluggish sulfur redox kinetics.

[image: ]Supplementary Fig. 23. The galvanostatic results of FeNC, FeNC-EEB-1, and FeNC-EEB-2 electrodes at 0.2 C rate for 200 cycles.

[image: ]Supplementary Fig. 24. Voltage profiles of (a) FeNC, (b) FeNC-EEB-1, and (c) FeNC-EEB-2, operated at different current densities from 0.3 to 2.0 C rate. The FeNC showed the discharge capacities of 968, 870, 794, and 679 mA h g-1 at 0.3, 0.5, 1.0, and 2.0 C rate, respectively. The FeNC-EEB-2 showed the discharge capacities of 1007, 929, 871, and 738 mA h g-1 at 0.3, 0.5, 1.0, and 2.0 C rate, respectively. The FeNC-EEB-1 exhibited 1232 and 966 mA h g-1 discharge capacity at 0.3 C and 2.0 C rate, respectively.
[image: ]Supplementary Fig. 25. (a) Polarization potential and (b) QL fraction of FeNC, FeNC-EEB-1, and FeNC-EEB-2 electrodes at different current densities from 0.3 to 2.0 C rate. The QL at ~2.1 V was calculated to confirm the conversion reactivity of Li2S4 to Li2S because 75% of theoretical capacity of sulfur is attributed to redox reaction between Li2S4 to Li2S.

[image: ]Supplementary Fig. 26. The ToF-SIMS 3D rendering images of S- secondary ion distribution for cycled electrodes. (a) FeNC-EEB-2 and (b) FeNC electrodes. To characterize the ToF-SIMS profiles, all electrodes were cycled at 0.2 C rate for 20 cycles.

Supplementary Fig. 27. [image: ]Schematic presentation of LiPS dissolution behavior in S cathode without EEB sites around Fe-N-C catalysts.
Supplementary Fig. 28. [image: ]Schematic correlation of sulfur conversion reaction kinetics on Fe-N-C catalysts by the control of -SO2/-S ratio of EEB sites and LiPS adsorption energy.

[image: ]Supplementary Fig. 29. Cycle performance of FeNC-EEB-1 electrode at 1.0 C, 2.0 C, and 3.0 C rate for 250 cycles.

[image: ]Supplementary Fig. 30. Comparison of Li-S coin cell performance with recently reported works which improved the Li-S cell performance by designing electrocatalysts in cathode.6,12-20

[image: ]Supplementary Fig. 31. (a) Photograph of 2.5 cm  2.5 cm FeNC-EEB-1 electrodes with S loading of 3.6 mg cm-2. (b) Schematic description of Li-S pouch cell configuration. For the fabrication of Li-S pouch cell, Cu current collector with 10 μm thickness and Li metal with 100 μm thickness were used to design anode part, whereas Al current collector with 20 μm thickness was used for cathode part design.

Supplementary Fig. 32. [image: ]The weight fraction of each cell component for the fabrication of 2.5 cm  2.5 cm Li-S pouch cell with E/S ratio of 4.0 μL mg-1 and S loading of 3.6 mg cm-2.

[image: ]Supplementary Fig. 33. The initial voltage profiles of 2.5 cm  2.5 cm Li-S pouch cell with FeNC-EEB-1 cathode at the current density of (a) 0.18 mA cm-2 and (b) 0.36 mA cm-2.

Supplementary Fig. 34. (a) Photograph of 4 cm  4 cm FeNC-EEB-1 electrodes with S loading of 8.4 mg cm-2.[image: ] (b) Weight fraction of each cell component for the fabrication of 4 cm  4 cm Li-S pouch cell with E/S ratio of 4.0 μL mg-1 and S loading of 8.4 mg cm-2.

[image: ]Supplementary Fig. 35. The initial voltage profiles of 4 cm  4 cm Li-S pouch cell with FeNC-EEB-1 cathode at the current density of 0.42 mA cm-2.

[image: ]Supplementary Fig. 36. The voltage profile of 4 cm  4 cm Li-S pouch cell with FeNC-EEB-1 cathode at the current density of 0.42 mA cm-2 after 80 cycles.

[image: ]Supplementary Fig. 37. Weight fraction of each cell component for the fabrication of 4 cm  4 cm Li-S pouch cell with E/S ratio of 2.0 μL mg-1 and S loading of 8.4 mg cm-2.

[image: ]Supplementary Fig. 38. The voltage profile of 4 cm  4 cm Li-S pouch cell with FeNC-EEB-1 cathode at the current density of 0.42 mA cm-2 after 10 cycles. The E/S ratio was fixed to 2.0 μL mg-1.

	Samples
	BET surface area
(m2 g-1)
	Pore size
(nm)
	Pore volume
(cm3 g-1)

	FeNC
	806
	4.3, 14.7
	2.1

	FeNC-EEB-1
	708
	4.3, 14.8
	1.8

	FeNC-EEB-2
	731
	4.3, 14.8
	1.8


Supplementary Table 1. Summary of surface area, pore size, and pore volume of FeNC, FeNC-EEB-1, and FeNC-EEB-2. The similar porous architectures imply that Li-S cell performance is not affected by porous structures of the cathode host materials.

	References
	E/S ratio
(μL mg−1)
	E/C ratio
(μL [mA h]−1)
	S loading
(mg cm-2)
	Areal capacity (mA h cm-2)
	Retention ratio
(% for 100 cycles)

	This work
	4.0
	4.2
	5.0
	4.76
	85%

	Ref S12
	N/A
	N/A
	5.0
	4.8
	78.3%

	Ref S13
	5.0
	5.5
	5.0
	4.5
	77.8%

	Ref S14
	7.0
	7.1
	3.0
	2.97
	81.8%

	Ref S6
	7.0
	9.0
	6.1
	4.75
	N/A

	Ref S15
	12.0
	13.0
	4.4
	4.0
	80%

	Ref S16
	8.0
	7.0
	5.3
	6.1
	70.5%

	Ref S17
	5.0
	5.5
	4.9
	4.4
	82.8%(50th)

	Ref S18
	5.0
	5.6
	6.7
	6.0
	66.6%(90th)

	Ref S19
	N/A
	N/A
	4.7
	3.8
	80.2%

	Ref S20
	6.5
	6.5
	6.0
	6.0
	~100%


Supplementary Table 2. Comparison of Li-S coin cell performance with recently reported works which improved the Li-S cell performance by designing efficient electrocatalysts in cathode.

	Li-S pouch cell (2.5 cm  2.5 cm with E/S ratio of 4.0 μL mg-1)

	Cell component
	Details
	Weight
(mg)

	Electrolyte
	0.231 mL
	231

	Li metal
	Thickness of 100 μm
	33.4

	Separator
	Polypropylene
(Celgard 2400)
	9.2

	Cathode
	Sulfur
	22.2

	
	Carbon/catalyst
	9.5

	
	Binder
	3.5

	Cathode 
current collector
	Al foil (20 μm)
	33.6

	Anode 
current collector
	Cu foil (10 μm)
	55.6

	Total weight
	
	398


Supplementary Table 3. The composition of 2.5 cm  2.5 cm Li-S pouch cell with E/S ratio of 4.0 μL mg-1 and S loading of 3.6 mg cm-2.

	Li-S pouch cell (4 cm  4 cm with E/S ratio of 4.0 μL mg-1)

	Cell component
	Details
	Weight
(mg)

	Electrolyte
	0.54 mL
	540

	Li metal
	Thickness of 100 μm
	85.4

	Separator
	Polypropylene
(Celgard 2400)
	23.6

	Cathode
	Sulfur
	134.7

	
	Carbon/catalyst
	57.9

	
	Binder
	21.4

	Cathode 
current collector
	Al foil (20 μm)
	86

	Anode 
current collector
	Cu foil (10 μm)
	142.4

	Total weight
	
	1.09 g


Supplementary Table 4. The composition of 4 cm  4 cm Li-S pouch cell with E/S ratio of 4.0 μL mg-1 and S loading of 8.4 mg cm-2.

	Li-S pouch cell (4 cm  4 cm with E/S ratio of 2.0 μL mg-1)

	Cell component
	Details
	Weight
(mg)

	Electrolyte
	0.27 mL
	270

	Li metal
	Thickness of 100 μm
	85.4

	Separator
	Polypropylene
(Celgard 2400)
	23.6

	Cathode
	Sulfur
	134.7

	
	Carbon/catalyst
	57.9

	
	Binder
	21.4

	Cathode 
current collector
	Al foil (20 μm)
	86

	Anode 
current collector
	Cu foil (10 μm)
	142.4

	Total weight
	
	821.4


Supplementary Table 5. The composition of 4 cm  4 cm Li-S pouch cell with E/S ratio of 2.0 μL mg-1 and S loading of 8.4 mg cm-2.

	References
	Energy density 
(W h kg-1)
	E/S ratio
(μL mg−1)
	E/C ratio
(μL [mA h]−1)
	N/P
ratio
	S loading
(mg cm-2)
	Areal
capacity
(mA h cm-2)
	Cycle

	This work
	361.8
	2.0
	1.9
	2.3
	8.4
	8.8
	10

	
	325.4
	4.0
	3.2
	2.0
	8.4
	10.6
	80

	Nat. Nanotech. 16, 166, 173 (2021)8

	317
	4.0
	3.3
	2.0
	6.0
	7.2
	80

	Adv. Mater. 32, 2007298 (2021)3

	301
	4.0
	3.0
	1.6
	4.9
	6.5
	30

	Adv. Mater. 32, 2004741 (2020)6

	167.4
	4.5
	4.8
	6.2
	3.5
	3.3
	55

	ACS Energy Lett. 5, 1177-1185 (2020)5

	118
	7.0
	7.7
	4.6
	5.0
	4.5
	50

	Angew. Chem. Int. Ed. 60, 11359-11369 (2021)21

	303
	2.4
	3.0
	2.0
	13.6
	11.0
	30

	Nano Lett. 21, 6656-6663 (2021)22

	307.8
	5.9
	4.9
	1.6
	10.7
	12.8
	N/A

	Adv. Energy Mater. 2102024 (2021)23

	299
	2.5
	2.8
	1.2
	6.5
	5.9
	10

	Nat. Commun. 12, 1-15 (2021)24

	206
	6.0
	5.0
	4.3
	4.0
	4.8
	40

	ACS Nano 15, 8583-8591 (2021)16

	150
	4.5
	5.6
	7.0
	4.1
	3.3
	66

	Angew. Chem. Int. Ed. 60, 15503-15509 (2021)25

	301.4
	3.0
	2.6
	1.4
	6.1
	7.1
	23


[bookmark: _GoBack]Supplementary Table 6. Comparison of Li-S pouch cell performance with recently reported works.
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S2	Xue, W. et al. Manipulating sulfur mobility enables advanced Li-S batteries. Matter 1, 1047-1060 (2019).
S3	Zhao, M., Chen, X., Li, X. Y., Li, B. Q. & Huang, J. Q. An Organodiselenide Comediator to Facilitate Sulfur Redox Kinetics in Lithium–Sulfur Batteries. Adv. Mater. 33, 2007298 (2021).
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