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Table S1. Summary on the strategies and performances for AFLIBs (LIBs only).

Strategies Full cell Remark Ref

Replenishable extra Li metal Cu/Li ‖ LFP Quite slow discharge to 
reactivate LFP by using extra Li S1

Li-rich Li2[Ni0.8Co0.1Mn0.1]O2 

cathode Cu ‖ Li1.37NMC811 Convert to NMC811 after 1st 
charge S2Extra Li

Li2O as a sacrificing agent on 
NMC811 Cu ‖ Li2O/NMC811 Convert to Li2-xO after releasing 

extra Li+ during 1st charge S3

CVD-grown graphene Cu/graphene ‖ LFP 61% Q retention after 100 cycles S4

Al2O3/polyacrylonitrile composite 
layer Cu/AOP ‖ NMC111 30% Q retention for 82 cycles S5

Spin-coated GO Cu/GO ‖ NMC111 44% Q retention for 50 cycles  S6

PEO Cu/PEO ‖ LFP 30% Q retention after 200 cycles S7

Ag@PDA/GO Cu/Ag@PDA/GO ‖  
NMC111 55.7% Q retention after 60 cycles S8

Garnet:PVdF:LiClO4 Cu/Garnet/PVdF/LiClO4 ‖ 
NMC111 59% Q retention after 30 cycles S9

Spin coated LLZTO/PEO-CPE Cu ‖ LLZTO/PEO-CPE ‖ 
NMC

41.2% Q retention after 65 cycles 
at 55 °C S10

Sn primer layer Cu/Sn ‖ NCA
Convert to Sn-Li alloy during 
initial plating, then Li P/S cycles 
on Sn-Li

S11

Benzotriazole coated Cu BTA-Cu ‖ LFP 73% Q retention after 50 cycles S12

-PVDF on Cu with thermal-
electrochemical activation Cu/-PVDF‖ NMC111 61.4% Q retention after 30 cycles S13

Ag@P-APF Cu/Ag@P-APF ‖ NMC 40% Q retention after 70 cycles S14

LiF@PVDF dielectric layer Cu/LiF@PVDF ‖ LFP <60% Q retention after 40 cycles S15
Laser-induced SiOx layer Cu/LI-SiOx ‖ LFP 45.6% Q retention after 100 

cycles S16

Dielectric blocks of BaTiO3 
on Cu Cu/BTO ‖ NMC ~83% Q retention after 50 cycles S17

Surface 
modified

Cu

Ultrathin Zn-NC-CNT interfacial 
layer on Cu

Cu/Zn-NC-CNT ‖ 
NMC811 ~85% Q retention after 50 cycles S18

4M LiFSI in DME Cu ‖ LFP 54% Q retention after 100 cycles S19

1M LiPF6 in FEC/TTE/EMC Cu ‖ NMC111 40% Q retention for 80 cycles S20

Mixed salt (2M LiFSI + 1M LiTFSI) 
in DME/DOL Cu ‖ LFP 50% Q retention after 50 cycles S21

2M LiPF6 in EC/DEC/FEC Cu ‖ NMC111 40% Q retention for 50 cycles S22

3M LiFSI in DOL/DME, plating & 
then 24h resting Cu ‖ LFP 64% Q retention after 50 cycles S23

2 wt% KPF6 & 2 vol% TMSP in 1M 
LiPF6/EC:DEC Cu ‖ NMC111 48% Q retention after 20 cycles S24

KNO3 additive in 1M 
LiPF6/EC:DMC Cu ‖ NMC111 40% Q retention after 50 cycles S25

1M LiDFOB+0.05M LiPF6 in 
FEC:TTE:DEC Cu ‖ NMC532 45% Q retention after 35 cycles S26

1M LiPF6 in FEC:TTE (3:7) Cu ‖ NMC111 50% Q retention after 65 cycles S27

Cu ‖ NMC 47.3% Q retention after 100 
cycles

Electro-
lyte

2M LiFSI+2MLiNO3 in DME
Cu ‖ LFP 52.7% Q retention after 100 

S28
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cycles

1M LiTFSI in TMS+FEC(8:2) Cu ‖ NMC811 <30% Q retention after 25 cycles S29

0.2M LiPF6+3.8M LiTFSI +0.2wt% 
LiNO3

 in EC/DEC/EMC/TEP 
(1.5:2.5:1:5)

Cu ‖ LFP 54.8% Q retention after 50 cycles S30

4.6M LiFSI+2.3M LiTFSI in DME Cu ‖ NMC622 ~55% Q retention after 25 cycles S31

VEC additive in 1M LiPF6 in 
EC/DMC Cu ‖ NMC811 <15% Q retention after 50 cycles S32

1.5M LiPF6+1wt% TMSB in 
FEC/EMC/DMC (34.6:57.2:8.2) Cu ‖ NMC811 <20% Q retention after 30 cycles S33

1M LiPF6 in EA/FEC/TTE/EMC 
(2:1:5:2) Cu ‖ NMC111 <25% Q retention after 60 cycles S34

1M LiFSI in Fluorinated 1,4-
dimethoxylbutane Cu ‖ NMC 80% Q retention after 100 cycles S35

Cu ‖ LFP 47.3% Q retention after 100 
cycles

Triethylmethylphosphonium 
bis(fluorosulfonyl)imide [P1222] 
[FSI] (Boron Molecular) ionic 
liquid and LiFSI (1:1 mol ratio) Cu ‖ sc-NMC622 53% Q retention after 100 cycles

S36

1M LiPF6 in FEC:TFEC under 1200 
kPa Cu ‖ NMC111 S37

0.6M LiDFOB:0.6M LiBF4/FEC:DEC 
under pressure Cu ‖ NMC111 80% Q retention after 90 cycles S38

P & Temp
control

Hot-formation with pressure Cu ‖ NMC532 80% Q retention after 195 cycles S39

Defective carbon layer coated 
carbon paper d-CP ‖ NMC811 56% Q retention after 100 cycles S40

Other 
substrates Mesoporous silica thin film on 

the stainless steel foil SS/MSTF ‖ LFP ~45% Q retention after 100 
cycles S41
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Table S2. List of abbreviations used in the manuscripts (excluding commonly used 

abbreviations. e.g. nm, µm, etc.)

Abbreviations               Full name

AFLIBs Anode-free Li-ion batteries
CC Carbon cloth
CP Carbon paper
CF Carbon foil
C/D Charge/discharge
ED Energy density
LIBs Li-ion batteries
LMBs Li-metal batteries
SEI Solid-electrolyte-interface
P/S Plating/stripping
wt% Weight percentage
LiPF6 Lithium hexafluorophosphate
EC/DMC Ethylene carbonate/dimethyl carbonate
TEMPO 2,2,6,6-tetramethylpiperidine-1-oxyl
LFP LiFePO4

FESEM Field emission scanning electron microscopy
EDX Energy dispersive X-ray spectroscopy
AFM Atomic force microscopy
FETEM Field-emission transmission electron microscopy
SEI/CCO SEI formed CC in the oxidized state
SEI/CCR SEI formed CC in the reduced state
XRD X-ray diffraction
XPS X-ray photoelectron spectroscopy
EIS Electrochemical impedance spectra
OCV Open circuit voltage
CVs Cyclic voltammograms
RMS Root mean square
CE Coulombic efficiency
LED Light Emitting diodes
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Comparison of carbon substrates used for this study

CF is a compressed graphite sheet with a thickness of 

220 m, obtained from Samjungcng, Korea 

(samjungcng.co.kr). It is made by homogeneously 

compressing the natural graphite flakes.

CP with a thickness of 190 m (Toray TGP-H-120) was 

purchased from FuelCellsEtc. CP is made of 

irregularly interwoven carbon fibers 

(polyacrylonitrile-based), which are firmly connected 

by carbon films. 

Plain CC with a thickness of 356 m (1071) was 

purchased from FuelCellsEtc. CC1071 has an 

interwoven structure, and usual paper production 

techniques are used for manufacture.

Prior to use, all electrodes were cleaned by brief 

flame-burning (ca. 10 s).

Fig. S1 FESEM images for CF, CP, 

and CC. Density () is from the 

manufacturers and BET  
(Brunauer, Emmett, and Teller 
surface area) was calculated 
from N2 adsorption (Belsorp-
max, MicrotracBEL, Corp.).

FESEM images show that, while CF has no 

characteristic surface features, CC has an aligned 

carbon fibers (10 m in diameter). CP is composed of 

randomly oriented carbon fibers (ca. 10 m in 

diameter) integrated with graphitic binders.
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Determination of electrochemically active surface areas of CF, CP, and CC

Electrochemically active areas were determined from cyclic voltammograms of TEMPO 

(2,2,6,6-tetramethylpiperidine-1-oxyl, 20 mM) in 1.0 M LiPF6/EC:DMC. Fig. S2 shows quasi-

reversible voltammograms of TEMPO at 0.5 mV·s-1. The Randles-Sevcik equation was applied 

to calculate the electrode area. The anodic peak current and the diffusion coefficient of 9.2 x 

10-6 cm2·s-1 (Energy Adv. 2022, 1, 21.) were adopted. The smallest area of 1.04 cm2 was 

obtained for CC, relative to 1.69 and 1.50 cm2 for CF and CP, respectively, in CR2032 coin-type 

cells.

 Note that, though CC has a cylindrical shape, the Randles-Sevcik equation, which is 

based on the linear diffusion, can be applied for the determination of an electrode area. The 

radial diffusion becomes important either when the length of cylinder is short compared to 

the radius (Phys. Chem. Chem. Phys. 2018, 20, 148.) or when the scan rate is slow (J. 

Electroanal. Chem. 2020, 859, 113865.), both of which are not the case in this study.   

Fig. S2 Cyclic voltammograms of TEMPO on CF, CP, and CC in coin-type cells. The electrochemically 

active areas of 1.69, 1.50, and 1.04 cm2 for CF, CP, and CC, respectively, were obtained.
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Marginal changes in SEI compositions on CC

In contrast to a gradual increase in oxygen and fluorine contents of SEI on CF and CP, 

the SEI compositions on CC are almost invariant with cycling (0.02 - 3.0 V, 20 mA·g-1) once 

formed during the 1st cathodic scan (1R). For example, the fluorine and oxygen contents 

slightly increase after the 1st anodic scan (from 1R to 1O), but the change is negligible 

considering an error range in EDX. The compositional variation is also marginal after 5 and 10 

cycles irrespective of the redox states, which signifies the irreversible formation of the robust 

SEI on the CC after the 1st cathodic scan (1R).

Fig. S3 Variation of elemental compositions examined using EDX. Superscript numerals on the abscissa 

indicate the number of galvanostatic cycles in a cell of CC ‖ Li, and R and O denote the reduced state 

at 0.02 V and the oxidized state at 3.0 V, respectively.
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EDX spectra of SEI-formed CF and CP with cycles

Fig. S4 EDX spectra of CF and CP electrodes subjected to galvanostatic cycles in coin-type cells between 

0.02 and 3.0 V.  Superscript numerals indicate the number of cycles, and O denotes the oxidized state 

at 3.0 V.
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EDX spectra of SEI/CCR and SEI/CCO with cycles

Fig. S5 EDX spectra of CC electrodes subjected to galvanostatic cycles in coin-type cells between 0.02 

and 3.0 V.  Superscript numerals indicate the number of cycles, and R and O denote the reduced state 

at 0.02 V and the oxidized state at 3.0 V, respectively.
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FETEM image also supports that SEI is immediately formed on CC

Fig. S6 FETEM image of SEI/CCR after a single scan to 0.02 V. The thickness and uniformity of SEI are 

identical to that in Figure 2B, indicating that the SEI formation on CC is complete after a single cathodic 

scan to 0.02 V. 

FESEM image of stripped CC reveals the perfect reversibility for Li P/S

Fig. S7 FESEM images of fully stripped CF, CP, and CC. In contrast to CF and CP, CC shows no Li 

remaining, indicating the perfect reversibility for Li P/S processes.
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Negligible Li+ intercalation at voltages lower than 0.02 V

Fig. S8 Evolution of XRD patterns of CC during a scan toward the negative voltages. It is obvious that 

the d002 peaks move toward lower 2 angles with Li+ intercalation, but become stationary from the 

voltage lower than 0.02 V, which implies that no more Li+ ions are intercalated into SEI/CCR. 

XPS reveals continuous increase of oxygen functionalities with ozone irradiation

Fig. S9 Survey XPS spectra of CC after ozone irradiation to introduce oxygen functional groups to the 

CC surface. 
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SEI/CCR can be handled in dry air for ca. 1 h with no serious degradation

Fig. S10 Change of XRD patterns of SEI/CCR when stored in the dry-room condition (air, dew point = -

40 oC) during 1, 2, 3, and 12 h. From 2h-exposure, the d002 peak begins to shift to the positive 2 

direction along with the appearance of Li2O2.

Fig. S11 C/D profiles of AFLIBs consisting of SEI/CCR exposed to dry air and LFP at 1.0 C.  


