


Experimentalsection

Preparationof the GR|CM-hy-C

Commerciallyavailablecarboncloth (TorayIndustries,Inc.) wasusedfor a substratematerial. Thecarboncloth
(4 cm 5 cm)wasrinsedwith isopropanolanddeionizedwater. Transitionmetal (TM)hydroxideswere coated
on the carbon cloth by simple chemicalbath deposition method. For Fe hydroxidecoated CC,solution was
preparedby mixing200 mLof deionizedwater, 0.06 M Fe(NO3)3ϊ9H2O (SigmaAldrich,җ98%), and 0.3 M urea
(SigmaAldrich,99.0%) in a 500 mL beakerat room temperature. In caseof Ni hydroxidecoated CC,0.06 M
Ni(NO3)2ϊ6H2O(SigmaAldrich,җ97.0%) wasusedinsteadof Fenitrate nonahydrate. Therinsedcarboncloth was
immersedinto the beakercontainingthe preparedsolution. Then,the beakerwassealedby an aluminumfoil
and heatedup to 90 ° Cfor 2 h in a convectiondryingoven. After the solutionnaturallycooleddown to room
temperature, the carbon cloth was rinsed with deionizedwater severaltimes using ultrasonic and dried at
80 ° C over 4 h under a vacuumto remove residualwater content in TM hydroxidecoated CC. The weight
changesof eachsamplewerepresentedin TableS5.

To reduce the TM hydroxidesinto TM metals and trigger the catalytic hydrogenolysis,the as-obtained TM
hydroxidecoatedCCswereplacedin a tube furnaceandannealedunderAr/H2 (90/10volumeratio) atmosphere
with a flow rate of 0.8 L minҍ1. In this process,two annealingconditions were successivelyapplied for the
hydroxidereduction(500oCfor 30 min) andthe catalytichydrogenolysis(950 oCfor 45 min), respectively. After
the TM catalytichydrogenolysis,the sampleswere naturallycooleddown to room temperature,andthe CM-hy-
Candhy-Cwerefinallyobtainedwith a reducedweightby carbongasification(TableS6).

For the galvanicreplacementreactionof eachsample,50 mL of 10mM HAuCl4ϊ3H2O (SigmaAldrich,җ99.9%)
solutionwaspreparedin a 100 mLvial with 20 mLof deionizedwater, and the CM-hy-Cand hy-Cwere placed
into the solution,respectively. Then,the vialscontainingthe solutionandhydrogenatedcarboncloth wasstirred
lightly for 1 hour. After the galvanicdisplacement,the obtained GR|CM-hy-C and GR|hy-C were washedby
isopropanolanddeionizedwater severaltimesanddried over4 h at 60 oCundera vacuum. Evenif all Auionsin
the solutionare replacedand depositedon the substrate,the content of Au in GR|CM-hy-Cis only below 0.05
wt%. Theweightchangeof eachsampleafter the galvanicreplacementwereplotted in TableS7.

Thegalvanicreplaced; Feparticlecoatedcarboncloth waspreparedasa control samplewhich hasno catalytic
hydrogenolysisreactionduringsamplepreparationsteps. TheFehydroxidecoatedcarboncloth waspreparedby
samemethod describedabove. Then,it wasplacedin a tube furnaceand annealedat 500 oCfor 30 min under
Ar/H2 (90/10 volumeratio) atmospherewith a flow rate of 0.8 Lmin-1, to reducethe Fehydroxideinto Femetal.
The Fe coated carbon was placed into 50 mL of 10mM HAuCl4ϊ3H2O solution for the galvanicdisplacement
reaction. After 1 hour of stirring, the obtainedGR|Cwaswashedby isopropanoland deionizedwater several
timesanddriedover4 h at 60 oCundera vacuum.



Material characterization

Structuralcharacterizationof the sampleswasconductedusingscanningelectronmicroscopy(SEM,VERIOS460,
FEI)and high-resolutiontransmissionelectronmicroscopy(HR-TEM,ARM300, JEOL). For the TEManalysis,the
sampleswere preparedby dual-beamfocusedion beammilling (Helios450HP,FEI)with a 2-30 kVGaion beam.
Before the focusedion beam treatment, Ga depositionwas applied on the surfaceof eachsampleto avoid
damagefrom the Gaion beam. For the cross-sectionalSEManalysis,the ion milling system(IM-4000, Hitachi)
was performed to cut and polish the cross-section of eachsample. In caseof cycledor lithiated samples,a
preparation of their cross-section was done by cutting them with a razor blade. The surfacechemistryand
chemicalstatesof the samplewasanalyzedby X-rayphotoelectronspectroscopy(K-alphaspectrometer,Thermo
Scientific)with a depth profilingmethod. Ramanspectroscopy(NRS-5000, Jasco)wasperformedto characterize
the carbon structure of samples. The structural analysis was performed using an X-ray diffractometer
(D/Max2000, Rigaku). For the post-cycling characterization, the cycled pouch or coin type cells were
disassembled,and rinsed by dimethyl carbonateseveraltimes in an Ar-filled glovebox(KoreaKiyon, O2 < 0.1
ppm, H2O < 0.1 ppm). Then, the as-prepared sampleswere sealed in an Ar-filled bag and immediately
transferredto the characterizationinstruments.

Electrochemicalcharacterizationfor LIB

Theelectrochemicalperformancesof eachsamplewith a metalliclithium counterelectrodewereevaluatedwith
a galvanostaticcyclingof coin-type cells (CR2032, Hohsencorp.). The full-cell performanceswith NCM811
cathodewereevaluatedin a pouch-type cells. A 12mm thick polyethylene(W-Scope)wasusedasa separatorfor
all the cell tests including coin-type and pouch-type cells. The electrolyte formulation for the nucleation
overpotentialandLi plating/strippingtest (Fig.4a) was1.0 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI,
PanaxEtec) in 1,3-dioxolane(DOL):1,2-dimethoxyethane(DME)by 1:1 volumeratio.

Forboth the Liplating/fully delithiation test (Fig.4b) andpouch-type cells,the electrolyteformulationwas0.6 M
LiTFSI, 0.4 M lithium bis-(oxalate)borate(LiBOB, SigmaAldrich),and0.05 M lithium hexafluorophosphate(LiPF6,
PanaxEtec) in ethylenecarbonate(EC,Soulbrain):ethyl methyl carbonate(EMC,Soulbrain) by 2:1 volumeratio
with 1 wt%fluoroethylenecarbonate(FEC,Soulbrain), 2 wt%vinylenecarbonate(VC,Soulbrain), 0.5 wt%lithium
nitrate (LiNO3, Soulbrain), and 0.5 wt% lithium tetrafluoroborate (LiBF4, Soulbrain). For the full-cell test in
conventionalLiPF6-basedcarbonateelectrolyte, the electrolyte formulation was1.3 M LiPF6 in EC:EMC:DECby
3:5:2 volumeratio with 5 wt%FEC,0.2 wt%VC,and0.2 wt%LiBF4.
For the nucleationoverpotentialand Li plating/strippinganalysis,eachof Cufoil, pristine CC,CM-hy-C,hy-C,
GR|CM-hy-C,andGR|hy-C(16 mm in diameter)were usedasthe workingelectrode,and500mm thick Lithium
foil (HonjoMetal, > 99%) wasusedasthe counterelectrode. Beforethe Liplating/strippingtest (Fig.4a),2 mAh
cmҍ2 of lithium was depositedon eachsamplewith a C-rate of 0.1C. The Li nucleationoverpotential and Li
plating/strippingtest wasconductedby a battery cycler(TOSCAT-3100, Toyosystem)in an isothermalchamber
(25 ° C).
For the pouch-type full-cell evaluation, cathode electrode of over 3.2 mAh cmҍ2 LiNi0.8Co0.1Mn0.1O2 (single
crystallineNCM811, homemade)was fabricatedby spreadinga slurry composedof 95 wt% NCM811, 2 wt%
carbonblack(SuperC65, ImerysGraphite& Carbon),1 wt%graphite(SFG6L, ImerysGraphite& Carbon),and 2
wt% poly(vinylidenefluoride) (Solef6020, Solvay)in 1-methyl-2-pyrrolidinone(SigmaAldrich)on aluminumfoil
(15mm). Arealmassloadingof the cathodewasover16.7 mgcmς2. Thecathodeelectrodewascalenderedup to
3.3 g cm-3 of electrodedensityby a roll pressingmachineanddriedat 120° Cfor 10 hoursundervacuum. Each
electrode was cut to 2.8 cm 2.8 cm (cathode)and 3 cm 3 cm (anode). The pouch-type full-cell was
fabricated in a dry room (relative humidity, 0.05%; 20 ° C) by conventionalpouch cell assemblymethods
(ultrasonicweldingand vacuumsealingwith electrolyte injection). Theamount of electrolyte per capacitywas
20ml mAhҍ1.



Thepouch-type full-cell cyclingwascarriedout within the voltagewindow of 4.3 V and3.0 V at 25 ° C(charge:
0.25 C,0.75mAcmҍ2, discharge: 0.5 C,1.5 mAcmҍ2) by the TOSCAT-3100cycler. Li-free testswereconductedin
coin-type cell after precyclingof anodefor 1 cycle. For the pre-storedLi,pouch-type cellsof eachsamplewere
fabricatedwith Li metal foil, and the Li waselectrochemicallydeposited(2.0 mAhcmҍ2) on eachsample. Then,
the pouchcellwasdisassembledandre-assembledwith cathodeelectrodefor full-cell tests. For3-electrodefull-
cellevaluation,the additionallithium piecewasintroducedinto the pouch-type full-cellasa referenceelectrode.
The3-electrodeanalysiswasconductedwithin the voltagewindowof 4.3V to 2.8 V at 25 ° C(charge/discharge:
0.3 C,0.9 mAcmҍ2) by a singlechannelcycler(Wonatech).
Forhightemperaturecyclingtest, the pouch-type full-cellswere placedat an isothermalchamberwith ambient
temperature (60ÁC). The cyclingcondition was samewith those of testing protocols for room temperature
cycling.

For a DCIRmeasurement,pouch-type full-cell usingeachanodewascarriedout. After finishingthe 1st charge
and dischargeprocesswith 0.1 C-rate, the cellswere chargedup to 50%of state of charge(SOC)under 0.2 C-
rate. Then,the seriesof dischargeandchargeprocesswereappliedfor 10secondswith 0.5, 1.0, 1.5, 2.0, and2.5
C-rate, respectively. Voltage difference before and after applying the current pulse, derived from ohmic
resistance,wereusedto calculatethe cell resistanceasappliedcurrentdensities.

In-situ dilatometry

In-situ thicknesschangeof the pouch-type cells with NCM811 cathode for each sample was measuredby
customizeddilatometry system(Mitutoyo) with a battery cycler (WBCS-3000, Wonatech). The small constant
pressureof 2.23 kPawasappliedon the pouchcell by weightsto avoidelectrodefloating. Thedilatometry was
carriedout within the voltagewindow of 4.3 V and3.0 V at the room temperatureby the WBCS-3000cycler. In
this dilatometry evaluation,we assumedthat NCM811 just actsasa lithium sourceand will not contribute any
electrodethicknesschangebecausethe volumechangeof layeredcathodeis normallynegligiblecomparedto
thoseof lithium metal anode. Forthe precisemeasurementof thicknesschange,all test wasperformedon the
precisiongranitesurfaceplate.

Electrodeandcell preparationfor ASSB

CommercialLi6PS5Cl(NEICorporation,Unitedstates)wasusedfor the solid-state electrolyteseparatorlayer. 90
mgpower-typedLi6PS5Clwasloadedin a pressurizedcellwith a diameterof 1 cm andthen wascalenderedwith
the pressureof 200 MPa to make it pellet-shaped. Homemadeniobium coated single crystallineNCM811,
Li6PS5Cl, and SuperC65 were first mixed in a mortar and pestle in a weight ratio 67:30:3, respectivelyand
preparedmixed powder (30.4 mg cmҍ2) was put in cathodeside of the cell. TheGR|CM-hy-C was grinded in
mortar and preparedpowder (1.2 mg cmҍ2) was usedfor the anodeelectrodefilm which contains95 wt% of
GR|CM-hy-Cand 5 wt% of carboxymethylcellulose(Nipponpaper). Subsequently,the cathodemixture, solid-
stateelectrolyteseparatorlayer,andpreparedGR|CM-hy-Cfilm werestackedtogetherandpressedat 700MPa
and then Li foil (50˃Ƴ) were added to the bottom of the anodeside. As sulfide-basedmaterialsand Li are
sensitiveto air andmoisture,all theseprocedureswere donewithin an Argon-filled glovebox(KoreaKiyon, H2O
< 0.1 ppm,O2 <0.1 ppm).

Electrochemicalcharacterizationfor ASSB

At the first cycle in a full-cell configuration,0.41 mA cmҍ2 of current density was applied,and the operating
voltagerangewasbetween4.3 V and 2.5 V. At the rest of cycles,1.25 mA cmҍ2 of current densitywasapplied,
and the voltagerangewasbetween4.3 V and 2.7 V. All cellswere evaluatedin isothermalchamber(60 ° C)
with the stackpressureof 60MPa.



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

carbon cloth.
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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 <ρρςπ> 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.
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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).
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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.
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Fig.S6. a,b, SEM images of pristine carbon cloth.
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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.
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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.
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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.

a b

20 nm



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.
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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.
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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 HAuCl4 was observed (c and d).
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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
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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).
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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.



Fig.S21. Li plating/stripping test for GR|hy-C. 2.0 mA cm-2 of current density was applied for both Li plating

and stripping step.

0 100 200 300

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

V
o
lt
a
g
e
 (

V
)

Cumulative capacity (mAh cm-2)

 GR|hy-C



0 50 100 150 200

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06
 CM-hy-C

 hy-C

V
o

lt
a

g
e

 (
V

)

Cumulative capacity (mAh cm-2)

0 1 2 3 4 5
-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

V
o

lt
a

g
e

 (
V

)

Areal capacity (mAh cm-2)

100 102 104 106 108

-0.02

0.00

0.02

0.04

V
o

lt
a

g
e

 (
V

)

Areal capacity (mAh cm-2)

196 198 200 202 204

-0.02

0.00

0.02

0.04

V
o

lt
a

g
e

 (
V

)

Cumulative capacity (mAh cm-2)

Fig.S22. a, Li plating/stripping test for CM-hy-C and hy-C. All tests were used 0.5 mA cm-2 of current

density for both Li plating and stripping step. b-d, Magnified Li plating/stripping plot for each sample.
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Fig.S23. SEM images of GR|CM-hy-C after 0.5 mAh cm-2 (a-c), 1.0 mAh cm-2 (d-f), and 2.0 mAh cm-2 (g-i)

of Li deposition.
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Fig.S24. a-c, SEM images of GR|CM-hy-C after 3.5 mAh cm-2 of Li deposition.
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Fig.S25. SEM images of GR|CM-hy-C after 3.0 mAh cm-2 (a-c) and 5.5 mAh cm-2 (d-f) of Li deposition.



Fig.S26. a-d, SEM images of Li deposited GR|CM-hy-C with 2.0 mAh cm-2 (a and b) and 0.5 mAh cm-2 of Li

residue after Li stripping. 3.0 mAh cm-2 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|CMïhyïC

as various amount of Li plating. Schematic illustrations (f) of Li deposition behavior on GR|CMïhyïC as

amount of deposited Li increases.



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 c, Au 4f spectrum of GR|CM-hy-C after 0.5 mAh cm-2 (b) and 3.0 mAh cm-2 of

Li deposition



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.



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.S32. a, Cycling performance (left) and efficiency (right) of Li-free GR|CM-hy-C full-cell with NCM811

cathode. b, Schematic plot for Li pre-stored full-cell design for higher energy density.
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Fig.S33. a, Voltage profiles of Li-free full-cell cycling test for GR|CM-hy-C. b, Normalized discharge

capacity plot to investigate the effect of carbon contribution in cycling. c, Voltage profiles of Li-free GR|CM-

hy-C during cycling.
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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.S36. a-d, Voltage profiles of full-cell cycling test for GR|CM-hy-C (a), GR|hy-C (b), Li foil (c), and Li

deposited Cu foil (d).
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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.
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Fig.S39. a-d, SEM images of Fe particle coated carbon cloth synthesized without the catalytic

hydrogenolysis reaction.
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