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Section 1. Experimental Procedures
1.1 Fabrication of BDLC and GC

Consisting of highly crystallized graphite layers, commercial carbon paper has been considered as a
competitive anode due to its higher surface area, flexible structure and light weight. A molecular
tunnelling strategy was introduced for the preparation of BDLC with abundant atomic channels based on
the carbon paper (Toray Industry). Specifically, the carbon paper was rinsed with ethanol and deionized
water for several times, and dried under vacuum at 60 °C overnight before use. Then the it was transferred
into the tube furnace and heated at 450 °C under ammonia/argon atmosphere (9:1 by volume). Based on
the penetration of thermal-activated NH; free radicals at the specific environmental condition, BDLC was
obtained with widened graphite layers channels, abundant intralayer voids and N active sites. For the
control experiment, the pristine carbon paper with standard graphite layers was labeled as GC (graphite
carbon).

1.2 Material Characterization

The morphology and element distribution of BDLC, GC were characterized by field emission scanning
electron microscope (SEM, ZEISS, Germany), TEM, aberration-corrected TEM and energy dispersive
X-ray spectroscopy (FEI Tecnai 20, USA and FEI Themis, USA). The chemical environment and bonding
information were detected by X-ray photoelectron spectroscopy (XPS, PHOIBOS150, Germany). Raman
spectroscopy (LabRam HR, France) was used at 532 nm wavelength.

1.3 In-Situ TEM Observation

The in-situ TEM electrochemical experiment was carried out on FEI Tecnai 20 at an acceleration voltage
0of 200 kV. The TEM-STM in-situ sample holders (ZepTools Technology and Chip-Nova Co. Ltd., China)
were used to demonstrate the plating/stripping process of BDLC and GC. A copper wire attached with
BDLC/GC nanosheets was employed as working electrode and a tungsten wire covered with Li was
regarded as the counter electrode. A thin Li,O layer on the surface of Li was acted as the all-solid-state
electrolyte for Li-ion diffusion. A relative bias of -3 V/3 V was induced between two electrodes during
the plating/stripping process.

1.4 Electrochemical Measurements

The electrochemical performance was conducted in the coin-type cells (CR2032). For the half-cell tests,
BDLC and GC (16 mm in diameter) were assembled with Li anodes (500 pum in thickness), electrolyte
and polypropylene separators (Celgard 2500) in an argon-filled glovebox. The used electrolyte was 1 M
LiPFs in ethyl methyl carbonate/ethylene carbonate mixture (1:1 by volume) with 5 wt.% of
fluoroethylene carbonate as an additive. 70 pL of electrolyte was used in each cell. After a pre-cycle at
0.2 mA cm between 0 and 1.0 V for 5 cycles (for the formation of a stable SEI layer), galvanostatic
cycling was conducted with a stripping potential cutoff of 1.0 V, including 1 mA c¢m for 2 mAh c¢cm
(Figure 5a), 2, 5 and 8 mA c¢cm for 1 mAh cm? (Figure 5b), 0.5 mA c¢cm for 5 mAh cm? (Figure S21).
For the symmetric-cell tests, BDLC and GC were assembled in half cells for electrodeposition of Li. After
a pre-cycle at 0.2 mA cm between 0 and 1.0 V for 5 cycles, 3 mAh cm™ of Li was electrodeposited at
0.2 mA cm? to obtain Li@BDLC, Li@GC, Li@Cu, and then the two identical electrodes were re-
assembled in coin-type cells cycling at 1 and 3 mA c¢cm™ for 1 mAh cm™. For the full-cell tests, the pre-
electrodeposited Li@BDLC and Li@GC were assembled with LiFePO, (LFP, Gotion High-Tech; 12 mm



in diameter, LFP:acetylene black:PVDF 93:4:3 mass ratio) cathode. The LFP cathode was calendared by
a built-in roll press before battery assembly. The areal mass loading of LFP was controlled at 25, 20 and
10 mg cm? (12 mm in diameter), coupled with 2.5, 2.5 and 1.2 mA h cm™ of Li@BDLC (0.2 mA c¢m?
for pre-electrodeposition, 16 mm in diameter), respectively. The batteries are activated between 2.5 and
4.0 V (0.05 C for rate performance, 0.2 C for cycling performance). To further evaluate the practical
application prospects, BDLC was directly used as interlayer between 100 um Li foil and separator in LFP
full cells. The frequency range of the electrochemical impedance spectroscopy (EIS) tests was from 100
kHz to 10 mHz. The electrochemistry tests were carried out on LAND cell test instrument (CT2001A)
and Multi Autolab electrochemical workstation (M204, Netherlands). All electrochemical tests were
carried out at room temperature.

1.5 SEM and TEM Investigation of Cycled Electrode Materials

The cycled coin-type cells were disassembled in an argon-filled glovebox and the electrodes were rinsed
with DME thoroughly to remove residual electrolytes. The dried electrodes were sealed in air-isolated
container in glovebox and transferred into the SEM equipment to avoid air exposure. The morphologies
of cycled Li@BDLC and Li@GC were characterized by SEM (SU4800). The samples for TEM study
were also prepared in an argon-filled glovebox and was investigated by a FEI Talos at 200 kV.

1.6 Molten Li Adsorption for the Preparation of Li@BDLC

The molten Li adsorption was carried out in an argon-filled glovebox. In a typical process, BDLC (16
mm in diameter) was placed on the top of molten Li made by heating fresh Li foil on a hotplate to 330
°C. Subsequently, benefitted from its lithium-philicity, BDLC was easy to be wetted and filled by the
molten Li in a short time to form the Li@BDLC composite. The mass loading of Li in Li@BDLC could
be controlled by adjusting the adsorption time.

1.7 Computational Models and Methods

The graphene model was selected to simplify the calculation for the graphitized model with C active sites
or N active sites or no active sites in this work. As Supplementary Fig. S4 and S5 shown, the unit cell of
17.09 Ax17.22 Ax17 A was chosen and it contained 112 C atoms initially. Active sites of a single C atom
or two C atoms or three C atoms were constructed in the models with C active sites or N active sites. It
was worth noted that the C atoms around the active sites were substituted by N atoms in BDLC models.

Spin-unrestricted density functional theory (DFT) calculations for analyses of the interaction between Li
and carbon materials and the interlayer transportation of Li were carried out by using Vienna Ab initio
Simulation Package (VASP.5.4.4)!. The correlation energy and exchange energy were calculated by using
the Perdew-Burke-Ernzerhof (PBE) functional of the generalized gradient approximation (GGA)?. The
wave function projected in the real space was expanded by the plane wave whose cutoff energy was 400
eV. Brillouin zone sampling was restricted to the I" point in structural optimizations and 3x3x1 k-point
for electronic property calculations particularly. During the structural optimizations, all atoms were
allowed to fully relax until the maximum force on them was less than 0.01 eV/A. The binding energy of
Li was given by:

Ebinding = Etotal - Esubstrate - ELi (Supplementary Eq Sl)



where the Froral is the energy of the complex including the graphene substrate and adsorbed Li atom,
Esubstrate is the total energy of the graphene sheet with C active sites or N active sites or no active sites,
and Fli is the energy of the isolated Li atom.

The annealing method of ab-initio molecular dynamics (AIMD) simulations were used to explore the
diffusion of high-density Li between the layers in BDLC and graphite layers. We chose a double-layer
graphene model with 96 C atoms in single layer (4 C atoms in each layer in BDLC were replaced by
graphitic N atoms). The timestep was set as 2 fs, and the temperature was increased to 300 K at a heating
rate of 0.1 K/fs. Average the atomic z coordinates in the graphene layer during the AIMD operations to
obtain the real-time interlayer distances. The final annealing structures were fully optimized to get the
average interlayer spacings in Fig. 2a and Fig. S1b.

The climbing image nudged elastic band (CI-NEB)? method was employed to search for the transition
states and minimum energy paths (MEP) for the diffusion of Li in BDLC and graphite layers. The models
about different active sites were set as the structures in Supplementary Fig. S8 and S9, with a triple-atom
active site (i.e. pyrrolic-N sites in the BDLC model) and a large void. The models about different layer
spacings were shown in Supplementary Fig. S3, in which the distance between two graphene sheets was
3.4 A (graphite layer model) and 6.8 A (BDLC model), respectively. There was no vacuum layer above
the graphene sheets, which was used to describe the Li diffusion in the bulk materials. Li atom diffused
from the large void to the triple-atom active site (or from one side of the two graphitic sheets to an
interlayer position of the two graphitic sheets) to complete an interlayer diffusion process. The models of
Li stripping from BDLC were shown in Fig. 4e, in which the distances between two graphene sheets were
both 6.8 A. Since in-situ TEM plating/stripping would lead to the SEI layers mainly composed of Li,O
layers, which was consequently considered for surface Li stripping A single layer of Li,O was fixed on
the graphite sheets at an optimal distance (~ 2.1 A) to imitate the surface deposition at the beginning of
the charging process. A vacuum layer of 12 A was set and the lattice length in the y direction is 14.37 A
(with a mismatch about 2.5 %). As shown in the potential energy profile, the symmetry of surface
structure controlled the migration process of Li over Li,0, as the potential energy was equal before and
after migration. Therefore, we could infer that the long-distance migration barrier on the surface was
equivalent to its short-range migration barrier. The spring force between adjacent images was set to 5.0
eV/A and the exact location of the saddle point was finally approached until the forces on each atom were
less than 0.02 eV/A. The energy barrier was calculated by:

Ers = Einitial (Supplementary Eq. S2)

Ebarrier =

where the £7s is the energy of the transition state and Einitial is the energy of initial state. In order to
accurately describe the dispersion interaction, all calculations performed by VASP used the semiempirical
van der Waals correction method of Grimme (DFT-D3).4

The model for studying the intralayer diffusion of Li consisted of 96 Li atoms above and 4 graphene
layers below, as shown in Fig. 2e and Supplementary Fig. S11. The hybrid Gaussian and plane waves
method as implemented in the Quickstep module of the CP2K package® was employed for AIMD
simulations. The PBE functional with the Grimme van der Waals correction method was used to calculate
the Li diffusion. The GTH pseudopotentials combined with DZVP-MOLOPT-SR-GTH basis set was
utilized for all atoms.® The time step was set as 2 fs, and the simulations were carried out in 700 K NVT
ensemble. To compare the difference of Li intralayer diffusion in BDLC and graphite layers, we
calculated the mean squared displacement along the z-direction (MSD-Z). That is,



N
MSD-Z = ((z - z;)*) Z (2,() = 2,(0))?
= (Supplementary Eq. S3)

where N is the number of Li atoms, “2(?) is the reference z position of each Li atom, Zn(D s the z position
of each Li atom at time t.

1.8 Estimation of the Ratio between C and Li

The contrasts of TEM image were mainly composed of diffraction contrast, mass-thickness contrast and
phase contrast. For the in-situ TEM imaging in this experiment (Supplementary Fig. S17 and Video S1),
the mass-thickness contrast, contributed by the scattering of C and Li atoms, was the dominant factor.
The intensity in images were approximately proportional to the average local atomic number. N, Ny,

Nii and Nearbon could be converted into corresponding gray value. In our case, the gray value could be

calculated by:

V"= Vikg = Vi~ Vearbon (Supplementary Eq. S4)

where Vokg, Vi, and Vearbon represent the gray value of background (bkg), Li, and C respectively. V
represents the gray value measured via image J.

As shown in Supplementary Fig. S17c, Vbkg was 139.22. Because Li was fully stripped in Supplementary
Fig. S17b, Vi was 0, Vearbon in Area Il was 14.89.

The Vbkg and Vearbon barely changed since the mass and thickness of carbon and bkg remained almost the
same during plating/stripping. Then % in Area II under different stripping stage could be calculated:

V= 12433 -V (Supplementary Eq. S5)

From Supplementary Fig. S17d, we deduced that Vi was 22.17.

The ratio of gray value in Supplementary Fig. S17f could be calculated by dividing the Vi by Vearbon, The
ratio of gray value decreased to ~0 after stripping, indicating that almost no Li was resided in/on the
BDLC.

As reported in previous work, A1 and Aearbon were 11.3 and 6.0 A respectively.” Therefore, in Area I, it
could be deduced that “si and Learbon were 250.5 and 89.3 A, respectively (Supplementary Eq. S5 and S6),
and the overall atomic ratio of Li/C could be estimated by the following equation:

LLi

overall atomic ratio =

Learbon (Supplementary Eq. S6)

Consequently, the overall atomic ratio reached 2.80.



Besides, LLi in Supplementary Eq. S5 consisted of Lyuikri and Lsurfaceri, The bulk Li and surface Li
distribution was measured in Supplementary Fig. S18a. The average thickness of surface-deposited Li (
Lurface Li) was measured to be 95.2 A after full plating. Considering the imaging mode of transmission
electrons, an ideal deposition of Li on both sides (Supplementary Fig. S18b) was investigated. Therefore,
Ltk i was measured to be 60.1 A. The atomic ratio of Li/C within bulk could be further estimated by the
following equation:

, o Ly
atomic ratio =

Learbon (Supplementary Eq. S7)

Hence, in Area II (Supplementary Fig. S17), the atomic ratio reached 0.67. Similarly, the atomic ratio of
Area Il reached 0.27. All the above results were much higher than 0.167 of conventional C¢LiCg structure,
confirming the superdense Li in the atomic channels of BDLC.

1.9 Discussion of the Reciprocal Lattice Rod

The shape effect of the specimen would cause the electron diffraction to deviate from the Bragg condition
(2dsinB=n}). Due to the difference in crystal structure of specimen, there are various degrees of expansion
and deformation inside the crystal, which would lead to the reciprocal lattice to have a certain volume
and shape in space. When performing electron diffraction to the thin crystal, the intensity distribution of
the diffracted beam has a certain width range, that is, under the condition of slightly deviating from the
Bragg condition, there is still a certain intensity of the diffraction beam. Therefore, the reciprocal lattice
is no longer a geometric point, but a reciprocal lattice rod that expands along the thickness of the crystal.
And the length of reciprocal lattice is inversely proportional to the thickness of crystal, that is, the thinner
the crystal, the longer the reciprocal lattice rod.



Section 2: Supplementary Characterization Result Figures S1-S30
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Supplementary Fig. S1 | (a) Top views and side views of C¢LiCq and C;LiC; under AA stacking and AB
stacking. (b) Layer spacings and energies of C4LiCs and C;LiC; under AA stacking and AB stacking. The
stacking structures of C¢LiCq and C;LiC; can maintain six-fold symmetry and the energy differences in
(b) reveals that the AA stacking tends to be more stable than the AB stacking. From the perspective of
the layer spacing, the structures with AA stacking have a smaller layer spacing and a tighter stacking. The

pink and purple balls represent Li and C atoms, respectively.



BDLC without N active sites
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Supplementary Fig. S2 | Corresponding to Fig. 2a-b in the main text, (a) top views, (b) side views of the
AIMD snapshots for interlayer diffusion within BDLC (without N active sites). The pink and purple balls

represent Li and C atoms, respectively.



Supplementary Fig. S3 | Corresponding to Fig. 2d in the main text, (a)-(g) side views of the successive
states of Li diffusion within graphite layers (3.4 A) and (h)-(n) side views of the successive states of Li
diffusion within BDLC (6.8 A). Amongst them, (a) and (i) correspond to the initial state. (f) and (m)
correspond to the transition state. (g) and (n) correspond to the final state. The pink and purple balls

represent Li and C atoms, respectively.
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Supplementary Fig. S4 | Top views and side views of the charge density difference (CDD) and the
corresponding CDD slices of graphitic N, single-atom pyridinic N (pyridinic Ng4), double-atom pyridinic
N (pyridinic Npa), and pyrrolic N. The green, red, and purple balls represent C, N and Li atoms,
respectively. It should be noted that: (i) the graphitic N model was a graphene sheet with no atomic active
sites, in which a graphitic C atom was replaced by a N atom, and the adsorbed Li was above the doped-
N site; (ii) the pyridinic Ngapa model was a graphene sheet with a single-atom active sites or a double-
atom active sites, in which the surrounding graphitic C atoms were all replaced by N atoms, and the
adsorbed Li was on the center of the active site; (iii) the pyrrolic N model was a graphene sheet with a
penta-atom active site, in which the three C atoms in the three surrounding five-membered rings were all

replaced by N atoms, and the adsorbed Li was on the center of the active site.
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Supplementary Fig. S5 | Top views and side views of the CDD and the slice of corresponding CDD of
graphitic C, single-atom C active site (Csp), double-atom C active site (Cpa), and triple-atom C active
site (Cra). The green and purple balls represent C and Li atoms, respectively. The models are similar to

those in Supplementary Fig. S4, except that there are no substitutions of N atoms.
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Supplementary Fig. S6 | CDD of Li in N active sites (a) and C active sites (b). (¢c) Average charges of
the C/N atoms around the active sites and (d) binding energies of Li in different active sites corresponding
to the models of Supplementary Fig. S4 and S5. As shown in CDD results (a) and (b), N active sites

present a stronger ionization and higher affinity to Li.
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BDLC with N active sites
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Supplementary Fig. S7 | (a) top views, (b) side views of the AIMD snapshots for interlayer diffusion
within BDLC (with N active sites). (¢) Variation of layer spacing over time for interlayer diffusion
according to AIMD simulations, regarding BDLC with/without N active sites. Compared with the
structures in Supplementary Fig. S2, the interlayer diffusion of Li is accelerated in BDLC with N active
sites, which is mainly due to its better lithium-philicity. Especially for the structures at 0.5 and 1 ps, Li in
BDLC with N active sites redistributes quickly from a three-layer metastable structure to a two-layer

stable structure. The pink, purple and green balls represent Li, C and N atoms, respectively.
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Supplementary Fig. S8 | (a)-(h) side views of the successive states of the Li interlayer diffusion in N
active sites (with a triple-atom N active site and a large void) and (i)-(p) top views of the successive states
of the Li interlayer diffusion in N active sites. Amongst them, (a) and (i) correspond to the initial state.
(d) and (1) correspond to the transition state. (h) and (p) correspond to the final state. The pink, purple,

and green balls represent Li, C and N atoms, respectively.
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Supplementary Fig. S9 | (a)-(h) side views of the successive states of the Li interlayer diffusion in C
active sites (with a triple-atom C active site and a large void) and (i)-(p) top views of the successive states
of the Li interlayer diffusion in C active sites. Amongst them, (a) and (i) correspond to the initial state.
(d) and (1) correspond to the transition state. (h) and (p) correspond to the final state. The pink and purple

balls represent Li and C atoms, respectively.
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Supplementary Fig. S10 | Corresponding to Supplementary Fig. S8 and S9, migration energy profiles of
Li diffusion regarding different active sites (N and C) at the initial, transition and final state. It should be
note that the response of N active sites to Li migration can lead to a decreased energy barrier and a lower

final-state energy, compared with the C active sites.
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Supplementary Fig. S11 | (a) MSD curves of Li diffusion along z-axis direction, regarding BDLC
with/without N active sites. (b) top view of the constructed model for Li intralayer diffusion simulation
within BDLC (with N active sites). (c) and (d) snapshots of AIMD simulations of the cross-layer diffusion
through atomic channels. It is worth mentioning that Li could hardly diffuse across the pristine graphite
layers if the voids and N active sites are absent according to our calculation. This result highlights the
significance of the intralayer atomic channels. As shown in the snapshots (d), N active sites can provide
an additional intralayer channel for Li diffusion, as the four Li atoms pass the same N active sites

successively.
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Molecular tunnelling strategy:
Expanded layers and interlayer voids
created by free radicals —— Graphite layer

@& Free radicals
Supplementary Fig. S12 | Schematic illustration of molecular tunnelling strategy. The NH3 decomposes
to free radicals such as NH,, NH, and H under heating, and the free radicals penetrate and diffuse in the
graphite layers, leaving channels with widened layer spacing and intralayer voids simultaneously.® This
simple method of NH;-based thermal treatment is also easy to scale up and achieve large-scale fabrication,
for example, by designing the mechanical components of the tube furnace to have a specific size, and a
higher accuracy of temperature rise and control; regulating NH; environment with uniform concentration

and flow rate, etc.
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Supplementary Fig. S13 | (a)-(c) Aberration corrected HRTEM images of BDLC. The typical expanded
layer spacings are marked with red squares. (d) Statistics of the layer spacing distribution of BDLC and
GC. Profile plots of the calibration for measuring the layer spacings of (e) bulging channel, (f) single-
layer-graphene supported channel and (g) multi-layer-graphene supported channel, corresponding to Fig.
3f. It should be noted that the molecular tunnelling would often leave small graphene nanosheets in the
undulating interlayer structure, as reflected by the fluctuated intensity in profile plots. Besides, for a
typical interlayer structure (I), the layer spacings are expanded to around 4 A. In some areas (II), the
interlayer structure would be further opened, resulting in an expanded interlayer spacing to more than 10
A. We think this is also beneficial to the diffusion of Li in BDLC, but these large interlayer spacings are

not counted in the statistics.
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Supplementary Fig. S14 | TEM images of graphite layers being annealed under (a) 300 °C and (b) 600
°C. When annealed at 300 °C, the interlayer structure is not sufficiently expanded and the ordered
structure remains almost unchanged. When annealed at 600 °C, the graphite structure is largely etched
into an amorphous structure, which can lower its electroconductivity. What is worse, the electrode would
become fragile that can be easily pulverized. Hence, annealing at 450 °C delivers the most appropriate

interlayer structure of BDLC.
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Supplementary Fig. S15 | (a) SEM image of BDLC. (b) Scanning transmission electron microscopy
image of BDLC and the corresponding EDS mapping images of C and N elements. (c) XPS survey, (d)
C 1Is and (e) N 1s spectra of BDLC. The C 1s spectrum can be deconvoluted into two sub-bands of C-C
(284.127 eV) and C-N (285.95 eV). The N 1s spectrum demonstrates that the N active sites are composed
of pyridinic N (399.04 eV), pyrrolic N (399.96 eV) and graphitic N (401.73 eV).
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Supplementary Fig. S16 | TEM images of (a) a nanosheet from BDLC placed between the Cu substrate
and Li/Li,O solid electrolyte, (b) applied tension, (c) released tension. (d) Optical image of the bent
BDLC. BDLC shows a good structural flexibility when the tension was applied or released from both

microscopic and macroscopic conditions.
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Supplementary Fig. S17 | TEM images of BDLC (a) before and (b) after plating. The gray value
distribution of (c) bkg before and after stripping, (d) C, C+Li, and bkg in Area Il, and (e) C, C+Li, and
bkg in Area III. (f) Change of Li/C gray value ratio over time. The gray value was measured by Image J.
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Supplementary Fig. S18 | (a) In-situ TEM image of BDLC after Li plating (C+Li) with the overlapped
area (light green) of BDLC after Li stripping (C). The surface Li can be distinguished for the measurement
of thickness. (b) Statistics of thickness distribution of surface Li of BDLC, according to which the average

thickness of surface Li is 95.2 A. (c) Schematic illustration of an ideal Li deposition on the both sides of

BDLC, considering the TEM imaging mode of transmission electrons.
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Supplementary Fig. S19 | (a;-a4) In-situ TEM images of the 2"d and the 10 plating/stripping of BDLC
selected from a 10 cycles reversible Li plating/stripping process under a higher magnification. (b;-bs,
ci-c3) In-situ TEM images of an irreversible Li plating/stripping process of GC under a higher
magnification. The growth of Li dendrite on the surface of GC are outlined with green dashed lines. (d)
Comparative schematic illustration of Li plating/stripping between (d;) BDLC and (d,) GC according to
in-situ TEM studies. In BDLC, multi-layered Li would be plated within the distorted and expanded atomic
channels, and it can be reversibly plated/stripped with a fast Li diffusion kinetics. After a dendrite-free
stripping of Li, a thin and homogeneous SEI layers would form. In comparison, Li would be plated on
the surface of GC, and the sluggish Li diffusion commonly results in an inhomogeneous SEI and direct

growth of Li dendrite.
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Supplementary Fig. S20 | TEM images of GC stripped for (a) 212 s and (b) 380 s. The stripped Li
becomes Li dendrite or dead Li that cannot be used in the following Li plating/stripping.

27



BDLC||LI GCJ|Li
0.5mA em? 5mA h cm?

@
=y

\ 1% plating

Voltage (V)

1st plating

0 1 2 3 4 5
Areal Capacity (mA h cm?)

BDLC 96.1%
| GC91.4%

‘\I 4™ plating/stripping

5th plating

0 1 2 3 4 5
Areal Capacity (mA h em?)

E’ BDLC 96.4%
= | GC 85.1%
o | 5% plating/stripping
™
=]
[7/]
£ i -
h —

o 1 2z 3 4 s
Areal Capacity (mA h cm?)
BDLC 96.6%

|GC 65.8%

|
9" plating/stripping

10t plating
Voltage (V)

0 1 2 3 4 5
Areal Capacity (mA h cm?)

Supplementary Fig. S21 | Ex-situ SEM characterization of Li plating/stripping morphologies at 0.5 mA
cm? for 5 mAh cm? (after a pre-cycle at 0.2 mA cm™ between 0 and 1.0 V for 5 cycles) at the 1%, 5" and
10t cycles, between BDLC (aj-as, b;-by) and GC (ci-c4, di-dg). (ej-e4) The corresponding
plating/stripping profiles of BDLC and GC.
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Supplementary Fig. S22 | Nyquist curves of BDLC||Li, GC||Li and Cu||L1i after 5 cycles under the current

density of 1 mA c¢cm for 2 mA h cm=.
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Supplementary Fig. S23 | Constant charging/discharging voltage profiles of symmetric cells under the
current density of 3 mA cm™ for I mA h cm. Plots of hysteresis symmetric cells under (b) 1 mA cm2,

1 mA h em? and (¢) 3 mA cm™?, 1 mA h cm™.
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Supplementary Fig. S24 | Cycling performance of Li@BDLC||LFP without battery activation at 0.5 C
for three cycles (LFP 20 mg cm, 0.5 C, 1.3% excess of Li). Due to the high areal loading of LFP, it would
take a longer time for battery activation, and cycling at a low rate for a few cycles is commonly adopted
in most reported full-cell tests. As shown in Fig. S24, Li@BDLC||LFP would experience a capacity
climbing over the initial 20 cycles. Therefore, in order to better take the advantage of LFP capacity, the

full cells are activated for a few cycles between 2.5 and 4.0 V, for instance, 0.2 C for cycling performance

and 0.05 C for rate performance.
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Supplementary Fig. S25 | Charge/discharge profiles of Li@GC||[LFP at the 4%, 100" and 200"
corresponding to Figure 5¢ (LFP 20 mg cm™2, 1.3x excess of Li, 0.5 C).
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Supplementary Fig. S26 | (1) Charge/discharge profiles of LFP cathode against Li@BDLC at the 4,
25t 50t and 200%™ with LFP areal loading of 25 mg cm? at 2.07 mA cm. (a) Cycling performance of
Li@BDLC||LFP with LFP areal loading of 25 mg cm™ at 2.07 mA cm™.
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Supplementary Fig. S27 | Comparison of cycling performance between Li@BDLCJ||LFP and
Li@GC]||LFP with LFP areal loading of 10 mg cm at 1 C (1.3x excess of Li).
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Supplementary Fig. S28 | (a, b) Charge/discharge profiles of Li@BDLC||LFP and Li@GC]||LFP at
various rates (LFP 10 mg cm?, 1.3x excess of Li). (c) Rate capabilities of Li@BDLC|[LFP and
Li@GC|LFP at0.1,0.2,0.3,0.5, 1, 1.5and 2 C (LFP 10 mg cm2, 1.3% excess of Li). (d) Charge/discharge
profiles of Li@BDLC|LFP and Li@GC]||LFP at 100™ cycle of rate performance.
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Supplementary Fig. S29 | Investigation of large-scale fabrication for practical application: molten Li
adsorption to prepare Li@BDLC. (a) Optical photograph of pristine BDLC (16 mm in diameter). (b;-b)
Time series optical photographs during molten Li continuously adsorbed into BDLC. (¢) Optical
photograph of Li@BDLC after molten Li adsorption. (d-1, e-II) SEM images of Li@BDLC prepared by

molten Li adsorption at specific areas.
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Supplementary Fig. S30 | Investigation of large-scale fabrication for practical application: using BDLC
as an interlayer without pre-electrodeposition. (a) Schematic illustration of coin-type cell configuration,
composed of high-loading LFP cathode (10 mg cm2, 12 mm in diameter), Celgard separator, BDLC
interlayer (16 mm in diameter) and 100 pm Li foil. (b) Charge/discharge profiles of 100 pm Li
foil[BDLC||LFP at the 4%, 50* and 100% (LFP 10 mg cm?, 1 C, without pre-electrodeposited Li). (c)
Comparison of cycling performance between 100 um Li foil|[BDLC||LFP and 100 um Li foil||GC||LFP
over 100 cycles (LFP 10 mg cm2, 1 C, without pre-electrodeposited Li).
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Section 3: Supplementary Tables S1-S4

Supplementary Table S1 | The average charge and binding energy of different constructed sites.

Average Charge Binding Energy

Graphitic N -1.17065 -1.07572
Pyridinic Ngu -1.16704 -5.35576
Pyridinic Npa -1.11666 -4.73138
Pyrrolic N -0.84601 -5.95083
Graphitic C -0.10293 -0.95032
Csa -0.08977 -2.53802

Cpa -0.21299 -2.79092

Cra -0.23240 -3.10815

38



Supplementary Table S2 | The comparison of the half-cell performance of our work with previously

reported works.

Current Density Capacity

Current Collector (mA cm?) (mA h cm?) Cycle Number CE
BDLC 1 2 200 98.30%
9 99%
GC 05 10 100 (Ether-based electrolyte)
10
Ag@GC - - - -
. 11 98.5
Ni@cc 0.3 ! 200 (Ether-based electrolyte)
Nitrogen-doped
& p12 1 1 200 97.30%
carbon/ZnO
Porous dealloyed Cu" 1 1 120 97%
3D Cu,S NWs/Cu'* 1 2 150 95.50%
15 98.3%
CosN/NF 0.5 ! 200 (Ether-based electrolyte)
TiO, nanotube arraysl() - - - -
17 97.4%
CuNW-P ! ! 150 (Ether-based electrolyte)
Dynamic intelligent Cu'"® 1 1 800 higher than 99%
CuO@Cu foam" 1 1 270 97.10%
3DP Cu mesh”™ 1 5 500 95.50%
CuO NAs/CF”! 1 5 100 98%
Ag/Cu” 1 1 100 94.50%
3D porous Cu—Zn alloy” 1 1 160 98.30%
Cu-Zn alloy”" 1 1 200 97.90%
Gra_phe]’le@cl_lz5 2 1 unmentioned 98%
rGO@Ni 0.25 1 100 higher than 97%
CuNw”’ 1 3 120 about 97%
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Supplementary Table S3 | The R ; and R, table of BDLC, GC, and Cu.

BDLC GC Cu
R 53.84 Q 86.25 Q 337.9Q
R 4474 Q 2.12Q 9.807 Q
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Supplementary Table S4 | The comparison of the full-cell performance of our work with previously

reported works.

Current Collector

Cycle Rate (C)

Cycle Number

Retention Rate

(against LFP)
BDLC 500 83.20%
Gc’ 4 600 76.30%
Ag@GC" 500 63%
Ni@cc' 0.5 330 91.70%
Nitrogen-doped .
carbon/Zn0'> 2 200 unmentioned
Porous dealloyed cu” 0.5 150 80%
3D Cu,S NWs/Cu'* 0.5 100 95.50%
Co;N/NE" 0.5 600 93%
TiO, nanotube arrays'® 1 400 54.80%
CuNW-P"’ 0.5 300 about 61.2%
Dynamic intelligent )
cu'® unmentioned 500 89.10%
CuO@Cu foam'’ 1 100 80
3DP Cu mesh™ - - -
CuO NAs/CF’' 0.2 250 90%
Ag/Cu22 1 200 unmentioned
3D porous Cu—Zn
alloy23 i ) )
Cu-Zn alloy24 1 400 unmentioned
Graphene@Cu”’ 0.5 100 98%
rGO@Ni”™* 1 350 88.50%
CuNw”’ 1 300 71%
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Section 4: Supplementary Movies S1-S5

Movie S1 .mp4 | In-situ TEM observation of a full Li plating/stripping process in BDLC. The as-plated
Li metal would not be fixed in specific sites, but present a liquid-like diffusibility in BDLC. Then, the
deposited Li metal could be completely stripped through the atomic channels of BDLC, showing a
dendrite-free and fast bulk diffusion behavior. (Displayed with a 40% speed of a real time process)

Movie S2 .mp4 | In-situ TEM observation of a full Li plating/stripping process for 10 cycles in BDLC
under a higher magnification. The atomic channels in BDLC reveal a high stability during the reversible

Li plating/stripping. (Displayed with a 60x speed of a real time process)

Movie S3 .mp4 | In-situ SAED observation of a Li plating process in BDLC following Movie S2. A
reciprocal lattice rod, attributed to the (110) plane of Li metal, is observed in the in-situ SAED
investigation of BDLC. (Displayed with a 30x speed of a real time process)

Movie S4 .mp4 | In-situ TEM observation of a Li plating/stripping process in GC. During plating, carbon
nanosheet surface becomes rough with the growth of numerous Li crystal. What is worse, when the
stripping begins, explosive growth of Li dendrites takes place in almost every direction of the carbon

nanosheet. (Displayed with a 30x speed of a real time process)

Movie S5 .mp4 | In-situ TEM observation of a Li plating/stripping process in GC under a higher
magnification. Observation under a higher magnification further verify the sluggish Li diffusion and rapid

Li dendrite growth of GC. (Displayed with a 5x speed of a real time process)
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