


Experimentalsection

Preparationof the GR|CMhy-C

Commerciallyavailablecarboncloth (Toraylndustries,Inc.) wasusedfor a substratematerial The carboncloth
(4cm 5 cm)wasrinsedwith isopropanoland deionizedwater. Transitionmetal (TM) hydroxideswere coated
on the carbon cloth by simple chemicalbath deposition method For Fe hydroxide coated CC,solution was
preparedby mixing 200 mL of deionizedwater, 0.06 M Fe(NQ),;19H,0 (SigmaAldrich,»x98%), and 0.3 M urea
(SigmaAldrich, 99.0%) in a 500 mL beakerat room temperature In caseof Ni hydroxide coated CC,0.06 M
Ni(NQ),i6H,0 (SigmaAldrich,x97.0%) wasusedinsteadof Fenitrate nonahydrate Therinsedcarboncloth was
immersedinto the beakercontainingthe preparedsolution Then,the beakerwas sealedby an aluminumfoil
and heatedupto 90° Cfor 2 h in a convectiondryingoven After the solution naturally cooleddown to room
temperature, the carbon cloth was rinsed with deionizedwater severaltimes using ultrasonic and dried at
80 ° Cover 4 h under a vacuumto remove residualwater content in TM hydroxide coated CC The weight
changeof eachsamplewere presentedin TableSb.

To reduce the TM hydroxidesinto TM metals and trigger the catalytic hydrogenolysisthe asobtained TM

hydroxidecoatedCCswere placedin atube furnaceandannealedunder Ar/H, (90/ 10 volumeratio) atmosphere
with a flow rate of 0.8 L min®L, In this process,two annealingconditions were successivelapplied for the

hydroxidereduction (500°C for 30 min) andthe catalytichydrogenolysig950 °Cfor 45 min), respectively After

the TM catalytichydrogenolysisthe sampleswere naturallycooleddownto room temperature,andthe CM-hy-

Candhy-Cwerefinally obtainedwith areducedweightby carbongasificationTableS5).

Forthe galvanicreplacementreaction of eachsample,50 mL of 10 MM HAuCJi3H,O (SigmaAldrich, > 99.9%)
solutionwas preparedin a 100 mL vial with 20 mL of deionizedwater, and the CMhy-C and hy-Cwere placed
into the solution,respectively Then,the vialscontainingthe solutionand hydrogenatedcarboncloth wasstirred
lightly for 1 hour. After the galvanicdisplacementthe obtained GR|CMhy-C and GR|hy-C were washedby
isopropanolanddeionizedwater severaltimesanddried over4 h at 60 °Cunderavacuum Evenif all Auionsin
the solution are replacedand depositedon the substrate,the content of Auin GR|CMhy-Cis only below 0.05
wt% Theweightchangeof eachsampleafter the galvaniaeplacementwere plotted in TableSy.

Thegalvanicreplaced Fe patrticle coatedcarboncloth was preparedas a control samplewhich hasno catalytic
hydrogenolysiseactionduringsamplepreparationsteps TheFehydroxidecoatedcarboncloth waspreparedby
samemethod describedabove Then,it wasplacedin a tube furnaceand annealedat 500 °Cfor 30 min under
Ar/H, (90/ 10 volumeratio) atmospherewith a flow rate of 0.8 Lmin, to reducethe Fehydroxideinto Femetal.
The Fe coated carbonwas placedinto 50 mL of 10 mM HAuCJi3H,O solution for the galvanicdisplacement
reaction After 1 hour of stirring, the obtained GR|Cwas washedby isopropanoland deionizedwater several
timesanddried over4 h at 60 °Cunderavacuum



Material characterization

Structuralcharacterizatiorof the samplesvasconductedusingscanningelectronmicroscopy(SEMVERIO860,

FENand high-resolutiontransmissiorelectron microscopy(HRTEM,ARMB00, JEOL)Forthe TEManalysisthe

sampleswere preparedby duatbeamfocusedion beammilling (Helios450HP,FEIwith a 2-30 kV Gaion beam

Before the focusedion beam treatment, Ga depositionwas applied on the surfaceof eachsampleto avoid
damagefrom the Gaion beam Forthe crosssectionalSEManalysis the ion milling system(IM-4000 Hitachi)
was performed to cut and polish the crosssection of eachsample In caseof cycledor lithiated samples,a

preparation of their crosssectionwas done by cutting them with a razor blade The surface chemistry and

chemicalstatesof the samplewasanalyzedy X-ray photoelectronspectroscopyK-alphaspectrometer,Thermo
Scientific)with a depth profiling method. RamanspectroscopyNRS5000 Jascowasperformedto characterize
the carbon structure of samples The structural analysiswas performed using an Xray diffractometer
(D/Max2000 Rigaku) For the postcycling characterization,the cycled pouch or coin type cells were

disassembledand rinsed by dimethyl carbonateseveraltimes in an Ar-filled glovebox(KoreaKiyon O, < 0.1

ppm, H,O < 0.1 ppm). Then, the asprepared sampleswere sealedin an Ar-filled bag and immediately
transferredto the characterizationnstruments

Electrochemicatharacterizationfor LIB

Theelectrochemicaperformancesof eachsamplewith a metalliclithium counterelectrodewere evaluatedwith

a galvanostaticcycling of cointype cells (CR032 Hohsencorp.). The full-cell performanceswith NCMB11
cathodewere evaluatedin a pouchtype cells A 12 mm thick polyethylene(W-Scopewasusedasa separatorfor

all the cell tests including cointype and pouchtype cells The electrolyte formulation for the nucleation
overpotentialand Li plating/strippingtest (Fig.4a) was 1.0 M lithium bisgrifluoromethanesulfonylimide (LiTFSI
PanaxEteq in 1,3-dioxolane(DOL)1,2-dimethoxyethang DME)by 1:1 volumeratio.

Forboth the Liplating/fully delithiation test (Fig4b) and pouchtype cells,the electrolyte formulationwas0.6 M
LITFSI0.4 M lithium bis-(oxalate)borateLiBOBSigmaAldrich),and 0.05 M lithium hexafluorophosphatéLiPF,
PanaxEteq in ethylenecarbonate(EC Soulbrain:ethyl methyl carbonate(EMC,Soulbrain by 2:1 volumeratio
with 1 wt%fluoroethylenecarbonate(FECSoulbrain), 2 wt%vinylenecarbonate(VC,Soulbrair), 0.5 wt%lithium
nitrate (LINQ, Soulbrair), and 0.5 wt% lithium tetrafluoroborate (LiBE, Soulbrair). For the full-cell test in
conventionalLiPE-basedcarbonateelectrolyte, the electrolyte formulation was1.3 M LiPE in ECEMCDEChy
3:5:2 volumeratio with 5 wt%FEC0.2 wt%VC,and 0.2 wt%LiBE.

For the nucleationoverpotential and Li plating/stripping analysis,eachof Cufoil, pristine CC,CM-hy-C, hy-C,
GR|CMhy-C,and GR|hy-C (16 mm in diameter)were usedasthe working electrode,and 500 nm thick Lithium
foil (HonjoMetal, > 99%) wasusedasthe counterelectrode Beforethe Liplating/strippingtest (Fig.4a),2 mAh
cmb? of lithium was depositedon each samplewith a Grate of 0.1C. The Li nucleation overpotential and Li
plating/strippingtest was conductedby a battery cycler(TOSCA3100 Toyosystem)in anisothermalchamber
(25° Q)

For the pouchtype full-cell evaluation, cathode electrode of over 3.2 mAh cmb? LiNjgCq,;Mn,,0, (single
crystallineNCMB11, homemade)was fabricated by spreadinga slurry composedof 95 wt% NCMB11, 2 wt%
carbonblack (SuperGs5, ImerysGraphite& Carbon),1 wt%graphite (SFGL, ImerysGraphite& Carbon)and 2
wt% poly(vinylidenefluoride) (Sole6020, Solvay)in 1-methyt2-pyrrolidinone (SigmaAldrich) on aluminumfoil
(15 mm). Arealmassloadingof the cathodewasover 16.7 mg cm<2. Thecathodeelectrodewascalenderedup to
3.3 gcm® of electrodedensityby a roll pressingnachineanddriedat 120° Cfor 10 hoursundervacuum Each
electrodewas cut to 2.8 cm 2.8 cm (cathode)and 3 cm 3 cm (anode) The pouchtype full-cell was
fabricated in a dry room (relative humidity, 0.05% 20 ° C) by conventional pouch cell assemblymethods
(ultrasonicwelding and vacuumsealingwith electrolyte injection). Theamount of electrolyte per capacitywas
20 m mAHL.



Thepouchtype full-cell cyclingwascarriedout within the voltagewindow of 4.3 Vand 3.0 Vat 25° C(charge

0.25C,0.75mAcmP?, discharge 0.5 C,1.5 mA cm?) by the TOSCAB100cycler LiHree testswere conductedin

cointype cell after precyclingof anodefor 1 cycle Forthe pre-stored Li, pouchtype cellsof eachsamplewere

fabricatedwith Li metal foil, and the Liwaselectrochemicallydeposited(2.0 mAh cmb2) on eachsample Then,
the pouchcellwasdisassemble@ndre-assembledvith cathodeelectrodefor full-celltests. For 3-electrodefull-

cellevaluation the additionallithium piecewasintroducedinto the pouchtype full-cellasareferenceelectrode

The3-electrodeanalysisvasconductedwithin the voltagewindow of 4.3Vto 2.8 Vat 25° C(charge/discharge
0.3 C,0.9 mAcnt?) by asinglechannelcycler(Wonatecl).

Forhightemperature cyclingtest, the pouchtype full-cellswere placedat an isothermalchamberwith ambient
temperature (60 AC) The cyclingcondition was same with those of testing protocols for room temperature
cycling

For a DCIRmeasurement pouchtype full-cell usingeachanode was carried out. After finishingthe 15t charge
and dischargeprocesswith 0.1 Grate, the cellswere chargedup to 50% of state of charge(SOCunder0.2 G
rate. Then,the seriesof dischargeand chargeprocesswere appliedfor 10 secondswith 0.5, 1.0, 1.5, 2.0, and 2.5
Grate, respectively Voltage difference before and after applying the current pulse, derived from ohmic
resistanceyere usedto calculatethe cellresistanceasappliedcurrentdensities

In-situ dilatometry

In-situ thicknesschangeof the pouchtype cells with NCMB11 cathode for each sample was measuredby
customizeddilatometry system (Mitutoyo) with a battery cycler (WBCS000Q Wonatech. The small constant
pressureof 2.23 kPawasappliedon the pouchcell by weightsto avoid electrodefloating. Thedilatometry was
carriedout within the voltagewindow of 4.3 V and 3.0 V at the room temperature by the WBCS000cycler In
this dilatometry evaluation,we assumedhat NCMB11 just actsasa lithium sourceand will not contribute any
electrodethicknesschangebecausethe volume changeof layeredcathodeis hormally negligiblecomparedto
those of lithium metal anode Forthe precisemeasuremenbf thicknesschange all test was performedon the
precisiongranitesurfaceplate.

Electrodeand cell preparationfor ASSB

CommerciaLPSCI(NEICorporation,United states)wasusedfor the solid-state electrolyte separatorlayer. 90
mg powertyped LgP3Clwasloadedin a pressurizectell with a diameterof 1 cm andthen wascalenderedwith
the pressureof 200 MPato make it pelletshaped Homemadeniobium coated single crystalline NCMB11,
LgPSCI, and Super G55 were first mixed in a mortar and pestle in a weight ratio 67:30:3, respectivelyand
prepared mixed powder (30.4 mg cmb?) was put in cathode side of the cell The GR|CMhy-C was grindedin
mortar and preparedpowder (1.2 mg cmf?) was usedfor the anode electrodefilm which contains95 wt% of
GR|CMhy-C and 5 wt% of carboxymethylicellulose(Nippon paper) Subsequentlythe cathodemixture, solid-
state electrolyte separatorlayer,and preparedGR|CMhy-Cfilm were stackedtogether and pressedat 700 MPa
and then Lifoil (50 > Y were addedto the bottom of the anode side As sulfidebasedmaterialsand Li are
sensitiveto air and moisture, all these procedureswere done within an Argonilled glovebox(KoreaKiyon H,O
<0.1ppm,02<0.1 ppm).

Electrochemicatharacterizationfor ASSB

At the first cyclein a full-cell configuration,0.41 mA cmb? of current density was applied, and the operating
voltagerangewasbetween4.3 V and 2.5 V. At the rest of cycles,1.25 mA cmb? of current densitywasapplied,
and the voltagerangewasbetween 4.3 V and 2.7 V. All cellswere evaluatedin isothermalchamber(60 ° C)
with the stackpressureof 60 MPa



Fig.S1. a-c, SEM images of Ni hydroxide coated carbon cloth. d-f, SEM images of Fe hydroxide coated
carbon cloth.




Fig.S2. a, SEM image of commercial graphite after the catalytic hydrogenolysis reaction. b, magnified SEM
image of Ni catalyst for the catalytic hydrogenolysis. In case of the graphite having high crystallinity, the
catalytic hydrogenolysis anisotropically occur parallel to the <p g1 directions.
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Fig.S3. XPS depth profiling analysis of hy-C. The hy-C had similar XPS profiles between surface and sub-
surface without any Ni-C characteristic peak because of unstable Ni-C phase.



Fig.S4. a-c, SEM (left) and back-scattered electron SEM (right) images of hy-C in various magnification.
Carbon substrate was etched, and porous nano-channels were produced by Ni catalysts during the catalytic
hydrogenolysis (c).




Fig.S5. a,b, SEM images of CM-hy-C. c¢,d, SEM images of cross-sectional CM-hy-C. The sample was cut by
razor blade. e, SEM image of the surface of CM-hy-C indicating Fe-catalyzed layer with numerous graphitic
shells and nano-channels.



Fig.S6. a,b, SEM images of pristine carbon cloth.



——— CM-hy-C

| | _maufﬁ“'//\::ji’\u

1200 1600 2000 2400 2800
Raman shift (cm™?)

—— hy-C

2D

| ' | ' | ' | ' |
1200 1600 2000 2400 2800

Raman shift (cm™?)

Fig.S7. a,b, Raman spectroscopy of CM-hy-C (a) and hy-C (b).
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Fig.S8. Raman spectroscopy of pristine carbon cloth.
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Fig.S9. Raman spectroscopy of commercial graphite.



Fig.S10. TEM images of cross-sectional CM-hy-C. The cross-sectional sample was prepared by FIB
treatment. a, low magnification image. b-d, TEM images of graphitic shell on the surface of CM-hy-C. The
dot-lined yellow boxes (c and d) indicate Fe catalysts placed in the graphitic shell and nano-channel.



Fig.S11. a, High-resolution TEM image from Fig.2f. b, inversed FFT image of yellow boxed area in (a) to
investigate the defective structure of graphitic shell.



Fig.S12. a, High-resolution TEM image of graphitic shell in CM-hy-C. b,c, inversed FFT images from the
dot-lined boxes of (a) to investigate the defective structure of graphitic shell.



Fig.S13. TEM images of cross-sectional hy-C. The cross-sectional sample was prepared by FIB treatment.
a, low magnification image. b-c, TEM images of nano-channels on the surface of hy-C.



Fig.S14. SEM images of pristine carbon cloth after galvanic replacement reaction. There was no Au
displacement on the surface of pristine carbon cloth because of absence of electron donor sacrificial metal
species. Trace of residual HAuCl, was observed (c and d).



Fig.S15. Schematic illustrations of galvanic replacement reaction on CM-hy-C (a) and hy-C (b).
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Fig.S16. Comparison of noble metal (Ag and Au) content (a) and areal mass loading (b) with recent
published studies which developed the Li host matrix decorated with lithiophilic heterometals



Fig.S17. a-d, SEM images of GR|CM-hy-C in low magnification (a and b) and high magnification (c and d).
e,f, Magnified HAADF-STEM images of GR|CM-hy-C in Fig.3e and h. The yellow dot-lined boxes indicate
the Au nano-dots placed in the nano-channel (e) and on the surface of graphitic shell (f).



Fig.S18. a-e, SEM images of GR|hy-C in low magnification (a), Au-rich side (b and c), and Au-poor side (d
and e). f, HAADF-STEM image of cross-sectional GR|hy-C.
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Fig.S19. Li nucleation overpotential for each sample under various applied current densities from 0.2 to 10
mA cm™2.
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Fig.S20. Li nucleation overpotential of GR|CM-hy-C under various applied current densities.
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Fig.S21. Li plating/stripping test for GR|hy-C. 2.0 mA cm2 of current density was applied for both Li plating
and stripping step.
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Fig.S22. a, Li plating/stripping test for CM-hy-C and hy-C. All tests were used 0.5 mA cm? of current
density for both Li plating and stripping step. b-d, Magnified Li plating/stripping plot for each sample.



Fig.S23. SEM images of GR|CM-hy-C after 0.5 mAh cm2 (a-c), 1.0 mAh cm2 (d-f), and 2.0 mAh cm2 (g-i)
of Li deposition.



Fig.S24. a-c, SEM images of GR|CM-hy-C after 3.5 mAh cm of Li deposition.



Fig.S25. SEM images of GR|CM-hy-C after 3.0 mAh cm2 (a-c) and 5.5 mAh cm-? (d-f) of Li deposition.



Fig.S26. a-d, SEM images of Li deposited GR|CM-hy-C with 2.0 mAh cm (a and b) and 0.5 mAh cm2 of Li
residue after Li stripping. 3.0 mAh cm2 of Li was deposited on GR|CM-hy-C before the Li stripping process.



Fig.S27. a-d, SEM images of pristine carbon cloth after Li deposition test. Back-scattered electron SEM of
the pristine carbon cloth (d).
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Fig.S28. a-f, Summary of SEM characterization (a-e) for Li deposition behavior analysis on GR|CMi hyi C
as various amount of Li plating. Schematic illustrations (f) of Li deposition behavior on GR|CMi hyi C as
amount of deposited Li increases.
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Fig.S29. a-c, XPS analysis for GR|CM-hy-C after various amount of Li deposition. a, Au 4f spectrum of
pristine GR|CM-hy-C. b and ¢, Au 4f spectrum of GR|CM-hy-C after 0.5 mAh cm (b) and 3.0 mAh cm? of
Li deposition
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Fig.S30. a and b, XRD analysis for GR|CM-hy-C (a) and excessive Au replaced GR|CM-hy-C (b) with 0.5
mAh cm-2 of Li deposition.
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Fig.S31. a, Voltage profile of NCM811 cathode half-cell at the first cycle. b, Cycling performance of
NCM811 cathode in half-cell.
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Fig.S34. a-d, SEM images of Cu foil after Li deposition test. Back-scattered electron SEM of the pristine
carbon cloth (b-d).
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Fig.S35. a, Full-cell cycling Coulombic efficiency of each sample. b,c, Magnified plot of the cycling efficiency.
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Fig.S37. a-d, Full-cell cycling performance test to confirm the reproducibility of cycling data. (a) Cycle
stability and (b) cycling CE of GR|CM-hy-C. (c) Cycle stability and (d) cycling CE of GR|hy-C.
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Fig.S38. Full-cell cycling stability of GR|CM-hy-C in different electrolytes.



Fig.S39. a-d, SEM images of Fe particle coated carbon cloth synthesized without the catalytic
hydrogenolysis reaction.



