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Broader context

Efficient Diffusion of Superdense Lithium via Atomic Channel for
Dendrite-Free Lithium-Metal Batteries

Shiyuan Zhou*,® Weixin Chen*,? Jie Shi*,> Gen Li,? Fei Pei,® Sangui Liu,® Weibin Ye,? Liangping
Xiao,® Ming-Sheng Wang,® Dan Wang,® Yu Qiao,*8 Ling Huang,® Gui-Liang Xu,° Hong-Gang
Liao,*2# Jian-Feng Chen,? Khalil Amine®&f and Shi-Gang Sun?

The non-uniform aggregation of fast-diffused Li on anode surface would aggravate its tip-effect-induced
nucleation/growth, leading to the notorious dendrite growth in Li metal batteries (LMBs). Tuning Li diffusion
on anode surface has been regarded previously as a mainstream method to induce its uniform deposition,
while the diffusion of Li in anode bulk is usually ignored. Here, conceptually different from the classic surface
modification, we propose a molecular tunnelling strategy to construct atomic channels in graphite bulk, which
enable the fast diffusion of superdense Li. Density functional theory calculations and ab-initio molecular
dynamics simulations prove that bulk diffusion through atomic channel could become a new and dominating
path. Its reversible and efficient diffusion has been further visualized by in-situ transmission electron
microscopy. As a result, when coupled with high-loading LiFePO, cathodes (20 mg cm-2), a high areal capacity
and 100% capacity retention is achieved over 370 cycles. This work develops a new strategy based on bulk-
diffusion of superdense Li for dendrite-free LMBs, which can be pervasive in other high-performance energy
storage systems.

The uncontrollable aggregation of Li at anode surface would always lead to the notorious dendrite growth, which extremely limit the

practical application of Li metal batteries (LMBs) in terms of electrochemical performance and safety. Since the surface diffusion of Li in

anode is much faster than bulk diffusion, tuning its surface diffusion/deposition has been regarded as a mainstream method. Prior to the

surface deposition of Li, the intercalation of Li* would lead to the formation of a typical CgLiCg state, sacrificing its diffusibility in bulk phase.

Therefore, the diffuse of Li in graphite layers has been largely prohibited. Here, different from the traditional surface modification of

anode, we built the interlayer and intralayer atomic channels in graphite by pre-tunnelling the graphite layers. Benefitting from its unique

configuration, the obtained atomic channels allow the free and fast diffusion of Li with much enhanced kinetics. As a result, high-

performance LMB full cells have been achieved with no capacity fading after long-term cycling. The using of atomic channels to diffuse

compact Li provides a new path for the inhibition of Li dendrites.

Introduction
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As an alternative to the commercial Li ion batteries, energy storage
systems using Li metal as an anode has been considered as an
effective solution to the next-generation high-energy-density
batteries, mainly owing to its extremely high theoretical capacity
(3860 mA h g1) and low redox potential (-3.040 V vs. standard
hydrogen electrode).}? Despite of great prospects, the practical
application of Li metal batteries (LMBs) is still hindered by the severe
safety issues resulting from Li dendrite growth.3* Compared with
electron transfer, the diffusion of highly reactive Li in anode side,
which proceeds mainly through the surface, is much sluggish, and is
consequently a dominated factor.®> The inhomogeneous and
uncontrollable aggregation of Li at electrode/electrolyte interface
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Typical Li* intercalation in graphite layers

Hindered Li diffusibility in C¢LiCg
Undesirable safety issues
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Superdense Li diffusion in atomic channels

Fast bulk diffusion kinetics
Dendrite-free plating/stripping reaction

Lithium-philic sites

Cross-layer channel

Fig. 1 | Comparative illustration of graphite layers and atomic channels. Schematic illustration of (a) typical Li* intercalation in graphite

layers and (b) superdense Li diffusion in atomic channels.

would always lead to notorious dendrite growth and limit their
further application due to the unsatisfying electrochemical
performance and severe safety issues. Since the surface diffusion of
Li in anode is much faster than bulk diffusion,®® tuning
diffusion/deposition of Li on anode surface has been regarded as a
mainstream method to induce its uniform deposition.

Previous works focus on constructing three-dimensional open-
structure carbon skeletons and/or introducing guidable seeds, such
as Au, Ag metal nanoparticles and Co, Ni single atoms.1%-13 Prior to its
surface deposition, Li* would have to overcome a large energy barrier
to intercalate into graphite layers, leading to a layer expansion of
~0.2 A, 415 and it would be restrained in a typical CgLiCg state in bulk,
sacrificing its diffusibility.’® Consequently, graphite bulk has rarely
been considered for carrying dense and rapid Li flux (Fig. 1a), and the
potential for diffusion of multilayer Li through graphite layers has not
been fully utilized. By using density functional theory (DFT)
calculations and in-situ transmission electron microscopy (TEM),
pioneering work reported by Kuhne et al. has demonstrated the
feasibility of multilayer compact Li existing between two graphene
layers, which far exceeds the typical C¢LiCg structure.’” However, the
intercalation and diffusion property of the reported bi-layer graphite
sheets is inequivalent to the bulk carbon they exfoliated from.
Additionally, their non-scalable material preparation makes them far
from practical application in high-performance LMBs. Inspired by this
work, a new Li diffusion pathway through bulk carbon can be
constructed by pre-tunnelling graphite layers. The obtained atomic
channels can allow the free and fast diffusion of superdense Li with
much enhanced kinetics and safety (Fig. 1b).

In this contribution, by adopting a molecular tunnelling strategy,
we construct a bulk diffusion Li conductor (BDLC) with abundant
atomic channels for superdense Li transportation. Via pre-tunnelling
graphite layers (layer spacing large as ~7 A), introducing voids and
lithium-philic sites simultaneously, the interlayer and intralayer
channels for Li diffusion are thus built. Different from the
conventional surface diffusion/deposition mechanism, the atomic
channel can effectively alleviate the dendrite issues caused by

2| J. Name., 2012, 00, 1-3

nonuniform surface deposition, and achieve rapid bulk diffusion. DFT
calculations illustrate that due to the high affinity and reduced
migration barrier of BDLC, bulk diffusion through atomic channel
could become a new and dominating path for Li transportation with
high diffusion kinetics compared with its surface diffusion. Climbing
image nudged elastic band (CI-NEB) and ab-initio molecular
dynamics (AIMD) simulations validate the diffusion behavior of
superdense Li within interlayer and intralayer of atomic channels.
Furthermore, highly reversible and dendrite-free plating/stripping
process of superdense Li in BDLC bulk is visualized by in-situ TEM. As
a result, LI@BDLC| |Li@BDLC symmetric cell can operate for more
than 2000 hours with a low hysteresis of 27 mV. When paired with
high-loading LiFePO, (LFP) cathodes over 20 mg cm, a high areal
capacity reaches 3.9 mA h cm2 (1.1x excess of Li), and 100% capacity
retention over 370 cycles is achieved (1.3x excess of Li), respectively.
The bulk diffusion strategy would provide a new perspective that is
different from conventional surface diffusion, and would expand the
knowledge about superdense Li diffusion and redefine research of Li
dendrite inhibition as well.

Results and discussion

Molecular Dynamics Simulations of Interlayer/Intralayer

Diffusion

Previous works have evaluated whether superdense Li can form in
two graphene layers by DFT calculations, but the dynamic diffusion
process has not been studied.!” Here, we perform AIMD simulations
to investigate the diffusion kinetics of different Li layers. Constrained
by the hexagonal symmetry of graphene, AA-stacking shows a higher
structural stability and smaller layer spacing than that of AB-stacking
in both C¢LiCg and CsLiCs structures (Supplementary Fig. S1). In order
to avoid the structure distortion, the AA-stacking is mainly
considered for Li diffusion in BDLC. AIMD simulations are performed
to calculate the layer spacing required for different amount of Li in
between graphite layers. Under a high interlayer Li density, Li would
quickly redistribute and shrink to a denser state after relaxation, and

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 | DFT calculations and AIMD simulations of Li diffusion through the atomic channels of BDLC. (a) Snapshots of AIMD simulations

for interlayer diffusion in BDLC. (b) Variation of layer spacing over

time for interlayer diffusion according to AIMD simulations. The

inserted images in Fig. 2b correspond to the top view of snapshots. (c) Layer spacing of C¢LiCs and C,LiC,. The inserted images in Fig. 2c

correspond to the structure of C¢LiCs and C,LiC,. (d) Migration energy profiles of Li diffusion regarding different layer spacings. The
inserted images in Fig. 2d are the structures of BDLC (6.8 A) corresponding to initial, transition and final state of Li diffusion. (e) Snapshots

of AIMD simulations for cross-layer Li diffusion in BDLC. (f) MSD curves of Li diffusion along z-axis direction. The inserted images in Fig.

2f correspond to the top view of the typical model of BDLC for Li intralayer diffusion. The pink and violet balls represent Li and C atoms,

respectively.

the final state suggests a stable C,LiC, structure (Fig. 2a and b, and
Supplementary Fig. S2). The increasement of layer spacing to 6.79 A
when 3 times of Li than CglLiCg is inserted reveals that the widened
layer spacing is prerequisite for superdense Li diffusion (Fig. 2c). The
energy barrier of Li migration is compared between BDLC and
graphite layer under different layer spacings (3.4 A/6.8 A) to evaluate
the diffusion kinetics (Fig. 2d, and Supplementary Fig. S3). Under the
same atomic arrangement, the expansion of layer spacing can lead
to a decreased energy barrier and a lower final-state energy in BDLC.
The energy advantage of migration reflects the reduced barrier of
crossing the bottleneck and boosted the kinetics of interlayer
diffusion. Besides, benefited from a high degree of electron
localization, the N active sites exhibit a much better lithium-philicity
than typical C sites (Supplementary Fig. S4 and S5, and
Supplementary Table S1). The high affinity can make Li more incline
to diffuse through the bulk channel of BDLC than the surface of
graphite layer.181%20 Therefore, taking into account the N active sites,
we find that BDLC would allow a faster and tighter stacking of Li,
which should be attributed to the strong ionization and high affinity
to Li (Supplementary Fig. S6 and S7). What is more, the energy barrier
is also reduced with the presence of N active sites (Supplementary
Fig. S8-S10).

This journal is © The Royal Society of Chemistry 20xx

The typical cross-layer diffusion of high-dense Li is studied by
AIMD simulations. In Fig. 2e and f, Li mainly diffuses through the
voids of BDLC, which is quantitatively evidenced by the time
evolution of the mean square displacement along the z axis (MSD-z).
Besides, N active sites in BDLC could provide an additional intralayer
channel to mediate Li transportation, and realize a faster and more
uniform intralayer diffusion (Supplementary Fig. S11): i) The N-Li
interaction allows N active sites to continuously capture the diffused
Li; ii) Owing to the potential energy fluctuation, Li is inclined to
achieve cross-layer diffusion in BDLC. From static and dynamic
aspects, CINEB calculations and AIMD results validate the efficient
diffusion and enhanced kinetics of superdense Li in the atomic
channels of BDLC, which may lead to a different plating/stripping
behavior.

Construction of BDLC with Atomic Channels

Based on the thermal-activated NH3; molecules, we introduce a
molecular tunnelling strategy to penetrate the standard graphite
layers for the construction of atomic channels (Supplementary Fig.
$12).2! In scanning electron microscopy (SEM) images, compared
with the smooth interface of graphite carbon (GC), BDLC reveals a
hierarchical and rough surface structure (Fig. 3a and b). By comparing
the intensity of D-band and G-band (i.e. Ip/Ig) located at around 1330
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Fig. 3 | Structure characterization of BDLC and GC. SEM images of (a) GC and (b) BDLC. (b) Raman spectra of GC and BDLC. Aberration
corrected HRTEM images of the interlayer structure of (d) GC and (e) BDLC. The expanded layer spacings are marked with red squares.
(f) Schematic illustration along with the HRTEM images of typical expanded interlayer structure of BDLC, including ( I ) bulging channel,
(II') single-layer-graphene supported channel and (II) multi-layer-graphene supported channel. Aberration corrected HRTEM images of
the intralayer structure of (g) GC and (h) BDLC. The cross-layer voids are marked with red circles.

and 1570 cm! of Raman spectra (Fig. 3c), a higher ratio of BDLC (0.99)
indicates a larger proportion of disordered structure,?? which is
further confirmed by the aberration corrected high resolution TEM
images (HRTEM). In Fig. 3d and e, in contrast to the well-defined
graphite layers of GC, BDLC presents the twisty interlayer structure
and expanded layer spacings, while at the same time, the long-range
order of graphite layers would not be sacrificed. Three typical
interlayer channels of BDLC can be summarized as (I ) bulging
channel, (II) single-layer-graphene supported channel and (II)
multi-layer-graphene supported channel (Fig. 3f). We believe that it
is the undulating interlayer structure and small graphene nanosheets
that stabilize the significantly expanded graphite layers. The average
layer spacing demonstrates an expansion of 170%, from 3.33 A of GC
to 5.65 A of BDLC (Supplementary Fig. $13). It should be noted that

4| J. Name., 2012, 00, 1-3

the layer spacing can even reach ~7 A in some areas. Besides, the
thermal treatment at 450 °C leads to the most optimized interlayer
structure, avoiding insufficient expansion and structure collapse
(Supplementary Fig. S14). The intralayer structure of BDLC also
experience an evident variation, with the generation of abundant
cross-layer voids. In addition, the energy dispersive spectrum
mappings and N 1s X-ray photoelectron spectroscopy results confirm
the rich N active sites uniformly dispersed in BDLC (Supplementary
Fig. S15). BDLC also presents a good structural flexibility when
tension is applied or released (Supplementary Fig. S16). Therefore,
the BDLC is constructed with stable atomic channels, which is in
consistent with the calculation model.

Visualization of Plating/Stripping of Superdense Li

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 | In-situ TEM characterization of Li plating/stripping process. (a) Schematic illustration of in-situ TEM device. (b, c) In-situ TEM
images of BDLC plated for (b;) O's, (b,) 198 s and then stripped for (c;) 22 s, (c;) 75's, (c3) 120 s, (c4) 268 s. (d) Surface details of the 15t Li
(d1) plated /(d,) stripped BDLC selected from a 10 cycles reversible Li plating/stripping process under a higher magnification. (e) Migration
energy profiles of Li diffusion regarding bulk stripping and surface stripping. The models of BDLC have a layer spacing of 6.8 A to imitate
bulk stripping, and a single layer of Li,O is fixed on it to imitate surface stripping. The inserted images in Fig. 4e are the structures of bulk
stripping and surface stripping corresponding to initial, transition and final state. (f) In-situ TEM images of GC plated for (f;) O s, (f,) 206
s and then stripped for (f3) 57 s, (f;) 148 s. (g) SAED images of BDLC obtained after a 10 cycles reversible Li plating/stripping process in
Fig. S19, (h) GC obtained after an irreversible Li plating/stripping process in Fig. S20. (i, j) Comparison of surface structures between BDLC
and GC after in-situ TEM plating/stripping under a higher magnification. The inserted HRTEM images in Fig. 4i and j are the layer spacings
of Li,O corresponding to BDLC and GC, respectively. The diffusive directions of Li* are marked in Fig. 4b4, c;, d,, f; and f3. The pink, violet

and blue balls represent Li, C and O atoms, respectively.

In order to investigate the Li diffusion behaviors in BDLC, we conduct
in-situ TEM to study the plating/stripping of superdense Li (Movie
S1), and its reversibility over 10 cycles (Movie S2) and in-situ
selected-area electron diffraction (SAED) to distinguish Li in atomic
channels (Movie S3). In an open-cell nanobattery setup, Li and Li,O
are used as counter electrode and solid electrolyte, respectively (Fig.
4a). The diffusive direction of Li is driven by applying opposite bias.
Sequential TEM images show the typical morphologies of BDLC
during plating/stripping process (Fig. 4b, c and Movie S1). With the
continuous plating of Li, the contrast of the areas outlined with
orange dashed lines would increase gradually. The plated Li of BDLC
reveals an irregular shape and undergoes a continuous reshaping,
unlike the typical Li crystal, which usually has a preferred crystal facet
due to the rule of lowest surface energy. The as-plated Li metal
would not be fixed in specific sites, but present a liquid-like
diffusibility in BDLC. Even so, the plated Li should not be attributed

This journal is © The Royal Society of Chemistry 20xx

to liquid phase since it is proved to be nanocrystalline by the SAED
pattern. A reciprocal lattice rod, attributed to the (110) plane of Li
metal, is observed in an in-situ SAED investigation of BDLC (Fig. 4g
and Movie S3). The shape effect of specimen, especially for an ultra-
thin two-dimensional crystal, would cause the electron diffraction to
deviate from the Bragg condition (2dsin6=nA). 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. It
should be noted that only when Li metal appears in the atomic
channels of BDLC, it is possible to be thin enough to induce the
intensity distribution of diffracted beam with a certain width range.
The crystal lattice of few layered Li would deform along with the
distortion and expansion of BDLC graphite layers, which would
eventually elongate a diffraction spot into a reciprocal lattice rod.?3

J. Name., 2013, 00, 1-3 | 5
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Therefore, SAED pattern verifies the few layered Li in the atomic
channels of BDLC. These channels are in well contact with the
flowable superdense Li metal, so they can diffuse freely in a Coble
creep state,?* and their inhomogeneous aggregation and the
formation of Li dendrites on surface can be effectively avoided.
During Li stripping, the contrast of BDLC decreases rapidly. The
plated Li outlined in Fig. 4b, begins to shrink in a similar flowable
state until totally stripped (Fig. 4c). Noticeably, even though the
outlined areas appear to be isolated and not directly connected to
the Li,0 electrolyte on the surface of BDLC, the stripping of metallic
Li is not affected (Fig. 4c;). In contrast, the discontinuously plated
areas and its creep-like stripping exemplify that the diffusion of Li
occurs efficiently within the atomic channels of BDLC rather than on
the surface. It is commonly accepted in all solid-state in-situ TEM that
inefficient ion diffusion would always lead to the direct deposition of
alkali metal on the surface, and it is often difficult to achieve a
complete stripping process due to the Li concentration gradient.?>2¢
However, in atomic-channel-rich BDLC, either on the side close to the
Li,O electrolyte or the side far from it we do not observe the dendrite
growth (Fig. 4c, and c3). All the plated Li metal could be completely
stripped from BDLC, ensuring a good reversibility on the electrode
(Fig. 4c4). Such a dendrite-free and fast bulk diffusion behavior of Li
highlights the role of atomic channels.

To quantitatively distinguish the density and distribution of plated Li,
we have estimated the content ratio of Li and C atoms. For the in-situ
TEM imaging in Fig. 4b, c and Movie S1, the mass-thickness contrast
contributed by the scattering of C and Li atoms is the dominant
factor. Among them, the ratio of scattered electrons (N) to the total
number of electrons (Ny) from specimens (1, 2, ...) arriving at the
detector could be expressed as:?7-%°

N Ly L
N = 1 —exp[ - ()Tl-i- )Tz+ )] (Eq. 1)

where L and A are the thickness and electron mean free path of
specimens, respectively. By using the first order approximation from
Taylor expansion, the mass-thickness contrast of specimens can be
attributed to the background (Np), Li atoms (N,;) and C atoms
(Ncurban):

Lbkg LLl Lcarbon
N=N, (7 +

Abkg A

;\mrbml) = kag + N + Nearbon (Eq. 2)

Therefore, by analyzing the relative contrast before and after Li
plating in specific areas (detailed calculation is presented in
Supplementary Fig. S17 and Supplementary Eq. S4-S7), we could
calculate overall specimen thickness of Li (L;=250.5 A) and C
(Learbon=89.3 R), respectively. In the fully plated BDLC, the highest
overall Li/C atomic ratio is around 2.8. By comparing the fully plated
and fully stripped BDLC (Supplementary Fig. S18), most areas have
limited Li plated on surface, which is further confirmed by HRTEM
images to be ultra-small nanograins (Fig. 4d). Then, by measuring the
surface areas, the average thickness of surface Li (Lsurace 1) reaches
95.2 A. Even considering an ideal surface-plated Li on both sides in
TEM imaging mode, the thickness of bulk Li (Lyy Li) is measured to
be 60.1 A, and the bulk Li/C atomic ratio can be correspondingly
estimated to be at least 0.67 (Lyuk ri/lcarbon), 4 times of the

6 | J. Name., 2012, 00, 1-3

conventional CgLiCg structure (0.167). It indicates the superdense Li
within the atomic channels of BDLC. More surface details of BDLC can
be found in a 10 cycles reversible Li plating/stripping process under
a higher magnification (Fig. 4d, Supplementary Fig. S19 and Movie
S2). After the 1%t Li plating, numerous tiny nanograins are observed
on the surface of BDLC (Fig. 4d;), which then can be immediately and
completely stripped within a short time, leaving a smooth surface
without Li dendrite and dead Li (Fig. 4d,). Even after the 10t
plating/stripping, the surface of BDLC still remains smooth and intact
(Supplementary Fig. S19). It not only verifies a small amount of Li on
the surface of BDLC, but also demonstrates a highly reversible Li
plating/stripping behavior. More importantly, both the surface and
the bulk of BDLC provide fast Li diffusion channels. Therefore, it
motivates us to further comparatively study the Li stripping
efficiency through these channels, and the DFT-based calculation
shows that both bulk and surface stripping of Li have extremely low
energy barriers (<0.5 eV), as shown in Fig. 4e.

In comparison, in-situ TEM plating/stripping of GC nanosheets with a
standard graphite layer is studied under the same conditions (Figure
4f and Movie S4). During Li plating, the edges of GC would become
rough gradually, but seldom can we observe the distinct contrast
change on GC (Fig. 4f; and f,). Compared with the plating behaviors
of superdense Li in atomic channels of BDLC, it indicates that the
plated Li is mainly on the surface rather than in the bulk of GC.
However, when the stripping begins, explosive growth of Li takes
place on the surface of GC directly (Fig. 4f; and f;), and the as-formed
Li metal cannot disappear during the subsequent plating process,
remaining as Li dendrite or dead Li on the surface of GC
(Supplementary Figure S20). In the in-situ TEM plating/stripping of
GC under a higher magnification, the sluggish Li diffusion and rapid
dendrites growth during stripping has been further verified
(Supplementary Fig. S19 and Movie S5). As shown in SAED pattern of
GC (Fig. 4h), unlike the polycrystalline diffraction rings of Li in BDLC,
GC presents a superposition of multiple separate metallic Li
diffraction spots, which is obtained from an irreversible growth of Li
dendrites.?> The stripped Li would grow along a preferred crystal
facet on the surface of GC, and this contributes to the typical
reciprocal lattice of metallic Lip, (body-centered cubic).30 After
stripping of Li, a thin and homogenous Li,0O layer is observed on the
surface of BDLC (Fig. 4i), in sharp contrast to the thick and
inhomogeneous SEI layer of GC (Fig. 4j). Their lattice fringes reach
2.66 and 2.61 A, respectively, belonging to (111) plane of Li,O. Two
sets of SAED patterns and HRTEM images comparatively reflects the
difference in Li morphology and SEI layers of BDLC and GC. The in-
situ TEM observation of GC intuitively reflects that Li diffusion has a
higher energy barrier and lower spontaneity, so Li metal tends to be
plated on its surface instead of in the bulk. During stripping, the
sluggish diffusion kinetics and local concentration of Li would lead to
a rapid dendrite growth. If it happens in a real battery, the
plating/stripping behaviors of GC would probably cause unbearable
problems such as low CE, poor cycling performance, sever safety
issues, etc.

To verify the performance of BDLC in a real coin-type cell, ex-situ SEM
characterization is conducted to observe the plated/stripped Li
morphologies of BDLC and GC at the 1%t, 5t and 10t cycles (0.5 mA
cm?, 5 mA h cm?, ester-based electrolyte), accompanied with the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 | Electrochemical performance of BDLC and GC. CE under the current density of (a) 1 mA cm for 2 mA h cm?2, (b) 2,5 and 8 mA
cm2for 1 mA h cm2. For the half-cell tests, a pre-cycle is performed at 0.2 mA cm2 between 0 and 1.0 V for 5 cycles to form a stable SEI
layer. (c) Constant charging/discharging voltage profiles of symmetric cells under the current density of 1 mA cm= for 1 mA h cm2. After
a pre-cycle at 0.2 mA cm2 between 0 and 1.0 V for 5 cycles, 3 mAh cm2 of Li is pre-electrodeposited at 0.2 mA cm to obtain Li@BDLC,

Li@GC, Li@Cu. The inserted image in Fig. 6c is the details of representative voltage-time profiles. (d) Charge/discharge profiles of LFP
cathodes against Li@BDLC at the 4th, 100t, 200t and 300t cycles (after activation at 0.2 C for 3 cycles). (e) Comparison of cycling
performance between Li@BDLC| |LFP and Li@GC| |LFP with high LFP areal loading of 20 mg cm2, 1.3x limited excess of Li, at 0.5 C. (f)
Comparison of electrochemical performance against Li@BDLC| |LFP full cell regarding LFP areal loading, capacity retention rate and

specific capacity (details are provided in Supplementary Table S4). All the coin-type cells are tested in ester-based electrolyte.

corresponding electrochemical profiles (Supplementary Fig. S21).
After the 15t plating, BDLC presents a compact and smooth surface
morphology, while some gaps are observed in GC. These unfilled
areas would increase after the 5t plating in GC with its decreased CE
(91.4%), leading to the formation of blocky Li metal. The non-
uniformly plated Li is hard to be fully stripped. An irreversible and
uneven Li stripping is observed in GC after the 5t stripping, in
comparison with the fully stripped surface of BDLC. After the 9t
plating/stripping, BDLC| |Li maintains a high CE of 96.6 %, while
GC| | Li quickly declines to 65.8%. Therefore, in sharp contrast to the
smooth surface of BDLC, filamentous Li dendrite are observed in the
most area of GC after the 10t plating. This would increase the
irreversible reaction in GC and finally lead to the battery failure and
safety issues.332 In comparison, BDLC demonstrates a uniform and
stable plating/stripping reaction after several cycles, which is also in
accordance with in-situ TEM results. Generally, bulk diffusion of
superdense Li predicted by DFT and AIMD has been visualized by in-
situ TEM and ex-situ SEM studies. The distinct difference of the Li
plating/stripping behavior between BDLC and GC confirms that
atomic channels are constructed in the entire self-supported BDLC

This journal is © The Royal Society of Chemistry 20xx

electrode, which enable the fast diffusion of massive Li and facilitate
the highly reversible reaction via a dendrite-free way.

Electrochemical Performance of BDLC

To study the Li plating/stripping reversibility of BDLC in LMBs, half
cells are employed to investigate the Coulombic efficiency (CE) with
different current densities and Li areal capacities, using an ester-
based electrolyte (1 M LiPFg in EMC/EC+5 wt.% FEC). Under a current
density of 1 mA cm2 and an area capacity of 2 mA h cm?, the CE of
BDLC| |Li reaches 98.5% after 150 cycles, while the CE of GC||Li
would decline to 91% (Fig. 5a). What is worse, the CE of Cu| | Li would
quickly get exhausted to 40.9% around 60 cycles. To evaluate the
diffusion kinetics, the CE is tested at 2 and 5 mA cm2 with an area
capacity of 1 mA h cm, BDLC| |Li delivers the stable CE at the
increasing current densities, maintaining at 99.6% and 98.6% after
100 cycles (Fig. 5b). Even at a fast-charging current density of 8 mA
cm2, BDLC| | Li can still operate stably after 100 cycles (85.9%), while
GC| |Liand Cu| | Li would experience an obvious fluctuation of CE and
decrease rapidly. Benefited from the atomic channel, Li in BDLC
achieves a rapid diffusion and the unsatisfied cyclability decay
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caused by Li dendritic growth has also been effectively inhibited.
Compared with the previous works, BDLC| | Li reveals an appealing
stability of CE in ester-based electrolyte (Supplementary Table S2). In
electrochemical impedance spectroscopy (Supplementary Fig. S22
and Table S3), BDLC presents a much smaller charge-transfer
resistance (R¢) of 53.8 Q compared with GC (86.3 Q) and Cu (337.9
Q). The above investigation should be attributed to the high
electrode conductivity and enhanced diffusion kinetics of BDLC, in
accordance with the reduced energy barrier. To estimate the stability
of plating/stripping process, symmetric cells are assembled by
pairing two identical electrodes with the same Li areal deposition of
3 mA h cm2. After 2000 h at 1 mA cm™ for 1 mAh cm, the hysteresis
voltage of LI@BDLC| | Li@BDLC maintains at 27 mV, showing a highly
stable Li plating/stripping (Fig. 5¢ and Supplementary Fig. $22). No
obvious increase in overpotential can be found in the voltage curves
at the selected cycles of Li@BDLC (inserted image of Fig. 5c). In
contrast, the hysteresis of Li@GC| |Li@GC reaches 281.9 mV and
tends to increase continuously while the hysteresis of Li@Cu| | Li@Cu
quickly soars up in just 46 cycles. Moreover, even under a higher
current density of 3 mA cm?, the Li@BDLC| | Li@BDLC still exhibits a
high stability with a hysteresis of 28.5 mV after 800 cycles
(Supplementary Fig. S23). The stable cycling performance of BDLC in
symmetric cells should be ascribed to the uniform and reversible Li
plating/stripping process endowed by its abundant atomic channels.

To investigate the application potentials of BDLC, the full cells are
assembled by pairing Li@BDLC anodes with LFP cathodes under the
harsh conditions of high LFP areal loading, limited Li excess, long
cycles and fast charge/discharge rates. For high areal loading of LFP
(Supplementary Fig. S24), in order to better utilize its 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 (170 mA h g1 = 1 C). In Fig. 5d and e, after activation
(20 mg cm=2LFP,1.3x excess of Li, 0.5 C), the full cell of Li@BDLC| | LFP
delivers a higher discharge capacity and more stable cyclability (156
mAh glversus 147 mAh g?, 1stcycle at 0.5 C), while the LI@GC| | LFP
experiences a rapid capacity decline with an obvious fluctuation of
CE only after 60 cycles and finally retains 27% of the initial capacity
after 220 cycles (Supplementary Fig. S25). Noticeably, the
Li@BDLC| |LFP achieves an ultra-high cycling stability, delivering a
discharge capacity of 157 mA h g over 370 cycles with 100% capacity
retention. When we further increase the areal loading of LFP and
decrease the excess of Li (25 mg cm2 LFP, 1.1x excess of Li, 0.5 C),
the highest areal capacity of Li@BDLC| | LFP could reach 3.9 mA h cm-
2, and it can still operate stably over 100 cycles after activation
(Supplementary Fig. S26). Compared with the most reported LFP-
based LMBs, the Li@BDLC||LFP reveals a superior cycling
performance especially when considering the high areal loading and
limited excess of Li (Fig. 5f and Supplementary Table S4). When we
increase the charge/discharge rate to 1 C (10 mg cm™ LFP, 1.3x
excess of Li), Li@BDLC||LFP can still achieve a stable cycling
performance, delivering 138 mA h g after 500 cycles and 97%
capacity retention (Supplementary Fig. S27). In comparison,
Li@GC| |LFP would experience a much faster capacity fading,
retaining 36% after 110 cycles (49 mA h g1). It should be attributed
to the sluggish Li* diffusion kinetics and the irreversible Li
plating/stripping process, as this difference would exacerbate in the
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Fig. 6 | HRTEM investigation of LI@BDLC| |LFP and Li@GC| |LFP
after rate performance at a discharge state. HRTEM images of
pristine LFP cathode at (a) low magnification, (b) high
magnification, showing a typical carbon-coated structure. HRTEM
images of cycled LFP cathodes from (c) Li@BDLC||LFP and (d)
Li@GC| |LFP. HRTEM images of cycled (e, f) Li@BDLC and (g, h)
Li@GC anodes at different magnifications.

rate performance (10 mg cm2 LFP, 1.3x excess of Li). Li@BDLC| |LFP
demonstrates a better rate capability especially with the increase of
charge/discharge rates, delivering discharge capacities of 157, 154,
151, 146, 135,122 and 105 mA h gtat0.1,0.2,0.3,0.5, 1, 1.5and 2
C, respectively (Supplementary Fig. $28). However, Li@GC| | LFP can
only provide 151, 148, 143, 132, 109, 87 and 69 mA h g. Even when
operating back to 0.1 C, the capacity of Li@GC| | LFP would still drop
rapidly. To further understand the reasons for the distinct difference
in electrochemical performance, ex-situ TEM investigation is
conducted to both anodes and cathodes of Li@BDLC||LFP and
Li@GC| | LFP after rate performance at a discharge state (Fig. 6). It
can be observed that the carbon-coated LFP cathodes of both
Li@BDLC| |LFP and Li@GC| | LFP remain well after rate performance
compared with the pristine LFP, which can be consequently excluded
for the capacity decay in LFP electrochemical performance (Fig. 6a-
d). In sharp contrast, Li@BDLC and Li@GC anodes demonstrate a
distinct difference on the surface. Compared with the homogeneous
surface structure of LI@BDLC (Fig. 6e and f), Li@GC has a thick and
rough surface (Fig. 6g). Investigation at a higher magnification
reveals an irregular mosaic and inhomogeneous SEI layer of Li@GC
(Fig. 6h), which is in accordance with in-situ TEM study. It illustrates
that the atomic channels of BDLC can facilitate uniform Li
plating/stripping at various rates, diminish focused Li nucleation on
the surface, as well as enable a dendrite-free electrochemical
performance.

Considering the excellent electrochemical performance of pre-
electrodeposited Li@BDLC, we further explore its potential through
a simpler fabrication (molten Li adsorption in an argon-filled
glovebox) and a practical application (directly using as an interlayer

This journal is © The Royal Society of Chemistry 20xx
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without pre-electrodeposited Li).33 Specifically, for molten Li
adsorption in an argon-filled glovebox, BDLC is placed on the top of
molten Li made by heating fresh Li foil on a hotplate to 330 °C
(Supplementary Fig. S29). Benefitted from its lithium-philicity, BDLC
is easy to be wetted and filled by the molten Li in a short time. SEM
images reveal the uniform surfaces of Li deposited areas. By further
regulating the heating area and the amount of Li, it is relatively easy
to prepare a large-scale Li@BDLC electrode with a specific areal
capacity. For BDLC interlayer, the coin-type cell is assembled with a
high-loading LFP cathode (10 mg cm2), BDLC interlayer without pre-
electrodeposition and 100 um Li foil, and operates at 1 C
(Supplementary Fig. $30). During the initial charging, Li* would be
deintercalated from LFP cathode and intercalated/deposited in
BDLC. It is worth noting that the simple and practical battery
assembly method would not sacrifice the excellent cycling
performance of BDLC, and it achieves a discharge capacity of 141 mA
h g1 with 100 % capacity retention after 100 cycles, compared with
27 mA h g of GC (19 % capacity retention after 100 cycles). The
above preparation method and battery applications further verify
the significant role of atomic channels of BDLC, and also reveal its
large-scale prospect for dendrite-free and high-performance LMBs.

Conclusions

In conclusion, different from the traditional surface modification of
current collector, we construct atomic channels inside graphite to
enable the bulk diffusion of superdense Li, which realizes dendrite-
free LMBs. By using DFT calculations and AIMD simulations, the
dynamic diffusion of multilayer dense Li in atomic channels is
predicted. We further visualize the fast and reversible diffusion of
superdense Li through the atomic channels of BDLC by in-situ TEM. It
demonstrates an ideal application potential under limited Li excess
when paired with a high areal loading of LFP cathodes, delivering the
highest areal capacity of 3.9 mA h cm2 and 100% capacity retention
for 370 cycles. This work validates the possibility of bulk diffusion
through atomic channels other than surface diffusion, which points
out a new avenue in guiding reversible Li plating/stripping for
dendrite-free LMBs.
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