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HIGHLIGHTS

o Strengthened and protected LiZn alloys is realized by building [LiNBH], chains.
e Polymer-like [LiNBH],, chains facilitate Li plating into LiZn alloys.

e Polymer-like [LiNBH], chains alleviate the volume change of LiZn alloys.

o The thus-fabricated anode delivers an ultralong lifespan of 1200 h at 5 mA cm 2.
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Li metal are regarded as one of the most promising anodes for next-generation rechargeable batteries. The
continuous growth of Li dendrites, however, remains a big challenge for the practical application of Li metal
anodes. Herein, an artificial solid-electrolyte interphase layer composed of lithiophilic LiZn alloys under the
protection and strengthening of polymer-like [LINBH],, chains with high Li ion conductivity is built to develop
long-term dendrite-free Li metal anodes. The lithiophilic LiZn alloys, acting as homogeneous nucleation sites,
effectively reduce the nucleation barrier for Li plating and hence promote uniform Li plating and stripping
process. Simultaneously, the homogeneous layer of polymer-like [LiNBH], chains with high Li ion conductivity
that are uniformly built inside of LiZn alloys and on the surface of LiZn alloys facilitates Li diffusion down into
LiZn alloys and simultaneously alleviate the volume change of LiZn alloys during long-term Li plating and
stripping process. Impressively, the thus-fabricated anode delivers an ultralong lifespan of 1200 h at 5 mA em?
with a fixed capacity of 5 mA h cm™2. By pairing with commercial LiFePOy cathode, the thus-assembled full cell
exhibits a specific capacity of 133 mA h g™}, corresponding to a capacity retention of 88%, at 1 C after 400
cycles.

1. Introduction

Metallic Li, which exhibits an ultrahigh theoretical specific capacity
of 3860 mA h g~! and the ultralow electrochemical potential (—3.040 V
vs standard hydrogen electrode), has been widely regarded as an ideal
anode material for next-generation energy storage systems with high
energy density [1-4]. The practical application of Li metal anodes,
however, is significantly hindered by the uncontrollable growth of Li
dendrites [5-7]. The continuous accumulation of isolated Li dendrites
during repeated Li plating process could generate numerous “dead Li”
layer on the surface of Li metal anode, resulting in the increase of voltage
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polarization and the continuous capacity degradation [8-11]. More
importantly, the electrolyte could spontaneously react with Li that has
high chemical reactivity, leading to the formation of solid electrolyte
interphase (SEI), which is originally brittle and fragile that could be
usually cracked by the large volume change during repeated Li stripping
and plating process [12-14]. The thus-exposed fresh Li underneath
would constantly consume electrolyte, and the repeated fracture and
repair of SEI could finally result in the depletion of electrolyte and Li,
which accelerates the failure of batteries. Furthermore, the locally
enhanced ion flux at the cracks could further induce nonuniform Li
deposition and hence trigger the fast growth of Li dendrites.
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In order to tackle these issues caused by Li dendrites and infinite side
reaction between Li and electrolyte, considerable efforts have been
made, including the introduction of three-dimensional (3D) hosts
[15-171, the building of artificial SEI [18-23], and the optimization of
electrolytes [24-27]. The introduction of inactive frameworks as 3D
hosts, however, would reduce the theoretical specific capacity of
thus-built Li metal anodes, leading to the tremendous decrease of energy
density. In addition, the large surface area of 3D hosts could increase the
contact area between Li metal and electrolyte, which could exacerbate
side reactions between them and hence promote the depletion of elec-
trolyte and Li metal and the eventual failure of batteries. In addition, the
decomposition of isosorbide dinitrate as the additive of the electrolytes
could enrich the SEI with abundant LiN, O, and hence induce uniform Li
deposition [28]. Although the optimization of electrolytes via intro-
ducing additives could suppress the growth of Li dendrites to some
extent, this strategy is not suitable for achieving long-term cycling sta-
bility of Li metal anodes due to the continuous consumption of these
additives during Li stripping and plating process. Comparatively, it has
been demonstrated that the building of artificial SEI layers with Li-rich
alloys, which is capable of effectively reducing the nucleation barrier for
Li plating, could suppress the vertical growth of dendritic Li [29-32].
Although these artificial SEI layers play an important role in regulating
the Li plating behavior, the intrinsic and large volume change of Li-rich
alloys during cycling Li stripping and plating process is still capable of
breaking these fragile SEI layers, especially at high current densities and
areal capacities. Taking advantage of rigid hypercrosslinked skeletons
with excellent flexibility and uniform Li ion diffusion ability, novel
all-organic protective layers based on polymer brushes have also been
proposed as artificial SEI films, which enables Li metal anodes to deliver
stable Li plating and stripping performance for more than 2800 h under
a high areal capacity of 10 mA h em 2 [33,34]. More recently, an arti-
ficial SEI layer of polymer-like [LiNBH], chains with high Li ion con-
ductivity is developed to induce the uniform Li plating process and
protect Li metal from the corrosion of the electrolyte [35]. Only limited
cycling stability, however, could be obtained owing to the large volume
change involved during Li plating and stripping process and the limited
lithiophilicity of [LiINBH], chains. Therefore, building a robust artificial
SEI layer with high lithiophilicity and Li ion conductivity is of great
significance but a great challenge for inhibiting the growth of Li den-
drites and enabling long-term cycling stability of Li metal anodes.

In this work, an artificial SEI layer, composed of lithiophilic LiZn
alloys serving as the lithiophilic sites [36-38], which is subsequently
strengthened and protected by polymer-like [LiINBH], chains with high
Li ion conductivity, is built to develop dendrite-free Li metal anodes with
long-term cycling stability. Lithiophilic LiZn alloys is first fabricated on
the surface of Li metal via in-situ reaction between Li and diethylzinc,
with the formation of LiH as the by-product that are uniformed
distributed inside of thus-formed LiZn alloys [39]. This unique structure
enables the strengthening and protection of lithiophilic LiZn alloys via
the uniform formation of polymer-like [LiNBH], chains with high Li ion
conductivity that is achieved by in-situ reaction between LiH and
ammonia borane followed by thermal heating. Therefore, not only the
volume change and the corrosion of lithiophilic LiZn alloys, which could
significantly lower the nucleation barrier of Li plating, could be effec-
tively alleviated, but also the homogeneous Li ions diffusion could be
realized due to the high Li ion conductivity of polymer-like [LiNBH],
chains as the protective layer, which promotes Li plating down into
lithiophilic LiZn allys. As a result, the thus-modified Li metal anodes by
strengthened and protected lithiophilic LiZn alloys (denoted as
LINBH@Zn@Li) exhibit stable voltage polarization (~9 mV) at a current
density of 1 mA cm™2 for 3200 h. Impressively, upon increasing the
current density to 5 mA cm ™2 with a deep stripping and plating capacity
of 5 mA h cm™2, an ultralong lifespan of 1200 h could still be achieved
for LINBH@Zn@Li anode. Furthermore, upon coupling LINBH@Zn@Li
anode with commercial LiFePO4 (LFP; 10.5 mg em~?) cathode, the
thus-assembled full cell delivers a high specific capacity of 133 mA h
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g1, corresponding to a capacity retention of 88%, at 1 C after 400
cycles.

2. Experimental section/methods

Preparation of Zn@Li anode: Commercial Li foil anode was first
scraped to remove the oxide layer on its surface to facilitate subsequent
reactions. The fabrication of LiZn alloy layer on the Li foil (denoted as
Zn@Li) was realized by dipping Li foil (9 mm in diameter) into a solu-
tion of diethylzinc and then heated at the temperature of 150 °C for
several seconds.

Preparation of LINBH@Zn@Li anode: A amount of 0.05 M AB/THF
(ammonia borane dissolved in tetrahydrofuran) was dripped by pipette
onto the surface of the thus-obtained Zn@Li electrode, which was
further heated at 80 °C for 5 min, followed by natural cooling down to
the ambient temperature. Subsequently, this electrode was heated up to
150 °C for hydrogen desorption to obtain the LINBH@Zn@Li anode.

Materials characterization: The phase structure of LINBH@Zn@Li and
Zn@Li anode was measured by X-ray diffraction (XRD, D8 Advance,
Bruker AXS Corporation) with Cu Ka radiation (A = 1.5418 10\). Top-view
and side-view images of LINBH@Zn@Li, Zn@Li and bare Li anode were
obtained by a field-emission scanning electron microscope (FE-SEM;
JEOL 7500FA, Tokyo, Japan). X-ray photoemission spectroscopy (XPS)
experiments were performed on Thermo Scientific K-Alpha™ with single
X-ray source, using an Al Ka (1486 eV) anode. All binding energies were
calibrated by using the contaminant carbon (C 1s = 284.8 eV) as a
reference. The surface chemical environment of the modified anode was
further investigated by the fourier-transform infrared (FT-IR; Magna-IR
550, Nicolet) spectra. A small spoon was used to carefully scrape off the
modified layer on the surface of LINBH@Zn@Li anode, and then the
scraped powder was mixed completely for X-ray diffraction as well as
the fourier-transform infrared spectra.

Electrochemical measurement: CR2032 type coin cells and Celgard
2400 pp membrane separator were used to assemble all the tested cells.
All the cells were assembled in an argon-filled glovebox. In symmetric
cells, 1 M LiTFSI in 1,3-dioxolane (DOL) and dimethoxyethane (DME)
(1:1 in volume) with 0.2 M LiNO3 was employed as the ether-based
electrolyte. Carbonate-based electrolyte used in this work was 1 M
LiPFs in ethyl carbonate (EC) and diethyl carbonate (DEC) (1:1 in vol-
ume) with the addition of 10 wt% fluoroethylene (FEC) and 1 wt%
vinylene carbonate (VC). 1 M LiPFg in ethyl carbonate (EC) and diethyl
carbonate (DEC) (1:1 in volume) with the addition of 10 wt% fluoro-
ethylene (FEC) was used in full cells coupling with LFP (LFP:10.5 mg
cm™2). In each tested cells, the volume of electrolyte was controlled
around 30 pL. The mass loading of LFP cathode was about 10.5 mg cm ™2
and the mass loading of S cathode was about 1.5 mg cm 2. All the tested
electrodes, including LINBH@Zn@Li, Zn@Li and bare Li, were punched
into disks with a diameter of 9 mm in symmetric cells and 12 mm in full
cells, respectively.

Electrochemical performance was investigated in a galvanostatic
mode at various current densities using a LAND battery tester. The
electrochemical impedance spectroscopy (EIS) and the corresponding
exchange current density measurements were performed on a Biologic
VMP-3 electrochemical workstation. The voltage window was 2.5-4 V
for full cells using LFP as the cathode and 1.7-2.8 V for full cells using S
as the cathode. EIS tests were conducted in the frequency range from
100 kHz to 0.1 kHz and linear sweep voltammetry (LSV) was performed
in a range between —200 and 200 mV versus Li*/Li at a fixed sweep rate
of 1 mv st

3. Results and discussion

As schematically illustrated in Fig. 1a, a uniform layer of lithiophilic
LiZn alloys is first built on the surface of Li foil (denoted as Zn@Li) based
on the in-situ reaction between Li and diethylzinc upon heating at 150 °C
for several seconds, with the formation of LiH as the by-product that are
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Fig. 1. (a) Schematic illustration for the fabrication of the LINBH@Zn@Li anode. (b) Top-view SEM image (inset: the optical photograph of the as-fabricated Li meal
anode). (c) Elemental mapping results and (d) cross-sectional SEM image of the as-prepared Zn@Li anode. (e) Top-view SEM image and (f) cross-sectional and the
corresponding line scanning element analysis of the as-prepared LINBH@Zn@Li anode.

uniformly dispersed inside of LiZn alloys. After this procedure, the
fourier-transform infrared (FTIR) spectra (Fig. 2a) validate the existence
of LiH and X-ray diffraction (XRD) pattern (Fig. 2b) demonstrates the
formation of LiZn alloys, which provides direct evidence to the forma-
tion of LiZn alloys and LiH resulting from the chemical reaction between
Li and diethylzinc. Additionally, the chemical environment of the sur-
face of Zn@Li was investigated in detail by high-resolution Li 1s X-ray
photo-electron spectroscopy (XPS). The characteristic peaks of 53.9 eV
and 55.5 eV the Li 1s spectrum could be attributed to Li-Zn of LiZn alloys
and Li-H bond of LiH (Fig. S1), which agrees well with the observation
of LiZn alloys and LiH as the by-products. Scanning electron microscopy
(SEM) images and the related elemental mapping results illustrate the
uniform formation of LiZn alloys and LiH on the surface of Zn@Li
(Fig. 1b-d and Fig. S2) with a thickness of ~10 pm as evidenced by
cross-sectional SEM image (Fig. S3).

Subsequently, the as-formed LiZn alloys is strengthened and pro-
tected by the uniform synthesis of a polymer-like [LiNBH], chains,
which is realized through in-situ reaction between LiH and ammonia
borane (AB) solution, followed by thermal heating for H, desorption-
induced polymerization. Owing to the uniform distribution of LiH in-
side of the thus-formed LiZn alloys and the favorable interaction be-
tween LiH and AB (i.e., LiH + NH3BH;3 — LiNH,BH3 + Hy) [40-42], the
uniform formation of LiNH,BHj3, as verified by the detection of

characteristic peaks of B-H bonds and N-H bonds and the disappearance
of LiH (Fig. 2a), is expected on the surface of Zn@Li (denoted as
LIAB@Zn@Li). After facile Hy desorption, FTIR spectra validates the
significant decrease of B-H and N-H peaks, accompanied by the increase
of the peak intensity of B-N bonds (Fig. 2a), leading to the formation of
[LiNBH],, chains via the intermolecular reaction between B-H bonds and
N-H bonds as schematically illustrated in Fig. S4. These [LiNBH], chains
would be effectively crosslinked by the abundant strong Li-N ionic
bonds between them, leading to the formation of a stable crosslinked
and polymer-like structure [35,43]. The formation of the polymer-like
[LiNBH],, chains could effectively enhance the structural integrity of
the thus-built artificial SEI layers. It is worth noting that the charac-
teristic XRD peaks related to LiZn alloy of LINBH@Zn@Li electrode is
obviously decreased compared with Zn@Li electrode, indicating the
uniform coverage of polymer-like [LiNBH], chains on the surface of Li
metal anode (Fig. 2b). Top-view SEM images illustrate that the flat
surface of Zn@Li electrode is well preserved after the formation of
polymer-like [LiNBH], chains (Fig. le and Fig. S5). Moreover, the
energy-dispersive spectroscopy (EDS) elemental mapping results
confirm that B, N, and Zn elements are uniformly dispersed inside of
thus-built artificial layer (denoted as LINBH@Zn layer), indicating the
homogeneous distribution of LiZn alloy and polymer-like [LiNBH],
chains on the surface of LINBH@Zn@Li anode (Fig. S5a). Accordingly,
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Fig. 2. (a) FTIR spectra of the top surface of the as-synthesized LINBH@Zn@Li, LIAB@Zn@Li, and Zn@Li. (b) XRD patterns of the as-prepared LINBH@Zn@Li and
Zn@Li. In-depth XPS profile of Li 1s (c), N 1s (d), and Zn 1s (e) for the as-prepared LINBH@Zn@Li.

cross-sectional SEM image and its line-scanning elemental analysis
result illustrates the uniform distribution of B, N, and Zn elements of
LINBH@Zn@Li anode and the significant decrease of their signals upon
the increase of depth, indicating a thickness of approximately 10 pm for
the thus-built LINBH@Zn layer (Fig. 1f and Fig. S5c), which is compa-
rable to the thickness of LiZn alloys of Zn@Li anode.

The chemical environment of the surface of LINBH@Zn@Li is
investigated in detail by in-depth X-ray photo-electron spectroscopy
(XPS) via continuous Ar ion etching (Fig. 2c—e). The characteristic peaks
of 397.5 eV in the N 1s spectrum and 54.5 eV in the Li 1s spectrum could
be assigned to N-Li bond of [LiNBH], layer, and the characteristic peak
of 399 eV in the N 1s spectrum could be attributed to N-B bonds of
[LiNBH], layer, which provides additional evidence to the formation of
polymer-like [LiNBH],. The Li content of [LiNBH], chains reaches 21.2
wt%, endowing it with a high Li ion conductivity of approximately 0.66
x107>Sem ™! [35], which is several orders of magnitude of higher than
that of the previously reported SEI layers. It could effectively promote
uniform Li diffusion of the whole electrode. Upon the proceeding of
etching down to 100 nm, the Zn-Li bonds could be detected in the
high-resolution Zn 1s spectrum and Li 1s spectrum, indicating the for-
mation of LiZn alloy beneath the polymer-like [LiNBH], layer, which
enables the protection of LiZn alloys from the corrosion of the electro-
lyte. More importantly, no obvious change of the relative signals of
[LiNBH], could be observed during the etching of thus-fabricated Li
metal anodes, suggesting the uniform distribution of [LiNBH],, chains

inside of LINBH@Zn layer, which could not only facilitate the uniform Li
diffusion due to the presence of massive Li-N bonds of [LiNBH],, but also
restrain the volume change across the whole electrode due to the
cross-linking of [LiNBH], chains induced by the intramolecular reaction
between B-H and N-H bonds [44-46]. As verified by atomic force mi-
croscopy (AFM) measurement, the average Young's modulus on the
surface of LINBH@Zn@Li is measured to be 2.5 GPa, much lower than
that of Zn@Li (i.e., ~5 GPa), which provides further evidence to the
uniform coverage of polymer-like [LiNBH], chains (Fig. S6).

The Li plating behavior of LINBH@Zn@Li is first investigated using
symmetric cells, with Zn@Li and bare Li metal anode included for
comparison (Fig. S7). Based on the voltage-capacity profile, a large
overpotential of ~320 mV could be observed for bare Li metal anode at
1 mA cm™2, indicating the presence of a large nucleation barrier for
pristine Li metal. As a result, induced by the lithiophilic nature of LiZn
alloys [47-49], which could effectively reduce the nucleation barrier for
Li plating, the nucleation overpotential is significantly decreased to 25
mV for Zn@Li anode. Interestingly, almost no nucleation overpotential
could be detected for LINBH@Zn@Li anode, validating the synergistic
role of polymer-like [LiNBH],, chains and LiZn alloys in facilitating ho-
mogeneous Li deposition process. To unravel the synergistic effect of
[LiNBH], layer and LiZn alloys in stabilizing Li metal anodes, the elec-
trochemical impedance spectra (EIS) of these symmetric cells is further
conducted (Fig. 3a and b). Before cycling, the interfacial charge-transfer
(R¢y) of bare Li metal anode reaches 177 Q. Although this value could be
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reduced to 60 Q for Zn@Li owing to the uniform decoration of lith-
iophilic LiZn alloys, it is still much higher than that of LINBH@Zn@Li (i.
e., ~41 Q), indicative of improved interfacial conductivity and the
suppressed corrosion by the electrolyte (Fig. S8). In addition, the ex-
change current density (Ip) for Li stripping and plating of LINBH@Zn@Li
is calculated to be 2.66 mA cm ™2, much higher than that of both bare Li
(0.26 mA cm_z) and Zn@Li (0.93 mA cm_z), which directly demon-
strates that the uniform introduction of polymer-like [LiNBH], chains
with high Li ion conductivity could effectively not only improve the
structural integrity but also enhance the Li ion conductivity of the whole

electrode (Fig. S10). To further prove the superior diffusion of Li* in the
LINBH@Zn@Li, the diffusion of Li* in the electrode is measured based
on galvanostatic intermittent titration technique (GITT) (Fig. S11). The
diffusion coefficient of Li™ (Dy;) of LINBH@Zn@Li is calculated to be
approximately 9.44 x 1078 ecm? s™!, much higher than that of Zn@Li
anode (2.36 x 1078 cm? s’l), which confirms that the uniform intro-
duction of polymer-like [LiNBH], chains could enhance the diffusion of
Li ions inside the LINBH@Zn@Li anode. The improvement of both Li ion
diffusion and electron conductivity due to the synergistic role of
polymer-like [LiNBH], chains with high Li ion conductivity and



Y. Lai et al.

lithiophilic LiZn alloys is capable of effectively promoting uniform Li
stripping and plating process (Figs. S12 and S13). More importantly,
after repeated Li stripping and plating process for 100 cycles, the Rt
value of LINBH@Zn@Li anode is decreased to 9 Q, much lower than that
of Zn@Li, indicating the positive role of polymer-like [LINBH], chains in
preserving structural integrity of Zn@Li, which leads to the formation of
stable SEI layer with high charge-transfer kinetics. As a comparison, a
clear increase of R could observed for Li anode after only 100 cycles.
Interestingly, similar phenomenon could be observed in symmetric cells
when using carbonate-based electrolytes, indicating the structural sta-
bility of LINBH@Zn@Li anode in various commercial electrolytes
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(Fig. S8d).

After the initial Li stripping process at 1 mA cm™2 with a fixed ca-
pacity of 1 mA h cm ™2, uneven Li stripping could be clearly observed for
bare Li metal and, after the reverse Li plating process, the surface of bare
Li metal is covered by dead Li with the observation of obvious cracks
(Fig. 3c, Figs. S12 and S13). This phenomenon is significantly aggra-
vated upon the increase of Li stripping and plating capacity to 5 mA h
cm ™2, which directly demonstrates uneven Li stripping and plating
process for bare Li metal. Interestingly, after the decoration of LiZn al-
loys with lithiophilic nature, the formation of dead Li is suppressed
effectively due to the decrease of nucleation barrier for Li plating under
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LINBH@Zn@Li, Zn@Li, and bare Li in symmetric cells at various current densities.
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identical condition. The thickness of LiZn alloys, however, is signifi-
cantly increased to 45 pm after deposition of 5 mA h cm™2 of Li, cor-
responding to a volume change ratio of 350% (Fig. 3d). In strong
contrast, under the protection and strengthening of polymer-like
[LINBH], layer, the change of the thickness of artificial layers
composed of LiZn alloys and polymer-like [LiNBH], chains is limited to
be 250%, which directly demonstrates that the homogeneous presence
of polymer-like [LiNBH], layer could facilitate the Li plating down to Li
metal and hence alleviate the volume change of Li metal anodes
(Fig. 3e). Moreover, induced by the synergistic role of lithiophilic LiZn
alloys and polymer-like [LiNBH], chains with high Li ion conductivity, a
dendrite-free and smooth surface could still be observed for
LINBH@Zn@Li even upon increasing the applied capacity to 5 mA h
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em 2,
The cycling stability and reversibility of LINBH@Zn@Li anode is
subsequently evaluated by galvanostatic Li stripping and plating tests
using symmetric cells with a fixed capacity of 1 mA h em 2. An obvious
increase of overpotential could be observed for bare Li metal anode after
cycling for only 200 h owing to the severe reaction between Li metal and
electrolyte during repeated Li stripping and plating process (Fig. 4a).
Owing to the uniform modification of LiZn alloys with lithiophilic na-
ture, the cycling life of Zn@Li anode could be effectively prolonged to
3200 h. The continuous increase of overpotential, however, could still
be detected for Zn@Li anode upon the proceeding of cycling, which
could be attributed to the limited stability of LiZn alloys induced by its
volume change upon long-term Li stripping and plating process
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(Fig. 3d). In strong contrast, a stable voltage profile and ultralong life-
span for over 3500 h at a current density of 1 mA cm ™2 could be obtained
for LINBH@Zn@Li anode (Fig. 4a). When the current density increases
to 2 mA cm~ 2 and 5 mA cm’z, LINBH@Zn@Li anode still exhibits a
stable cycling life of over 1000 h and 550 h, respectively, much superior
than that of both bare Li metal anode and Zn@Li anode (Fig. 4b and
Fig. S14). More impressively, upon increasing the current density to 5
mA cm ™2 with an increasing capacity of 5 mA h em ™2, a cycling lifespan
of over 1200 h could still be achieved for the LINBH@Zn@Li anode,
which is among the best performance of Li metal anodes reported so far,
while a sudden short circuit would be observed for bare Li after only 200
h of cycling (Fig. 4c). Interestingly, the overpotential of the
LiINBH@Zn@Li anode slightly increases initially followed by the gradual
decrease of the overpotential between 200 and 500 h, which could be
widely observed during cycling process of various Li metal anodes re-
ported previously [50-53]. It could be derived from the possible acti-
vation of Li metal anodes, which would lead to the gradual wetting of
the electrolyte into the structure of LINBH@Zn@Li anode, and the
progressive structural modification of LINBH@Zn@Li anode induced by
its volume change towards stable cycling performance. Moreover, the
LiINBH@Zn@Li anode displays a superior rate capability than both bare
Li and Zn@Li anode under different current densities with a fixed ca-
pacity of 1 mA h cm™2, indicating the enhanced kinetics for Li stripping
and plating process (Fig. 4d). When the current density drops to 1 mA
cm ™2, the overpotential of LINBH@Zn@Li anode turns back to 12 mV
immediately, demonstrating the excellent reversibility of Li stripping
and plating process of LINBH@Zn@Li anode. In addition, these sym-
metric cells are further measured in commercial carbonate electrolyte.
LINBH@Zn@Li anode exhibit a stable cycling performance for over
1700 h and 550 h at a current density of 1 mA cm ™2 and 2 mA cm ™2,
respectively, with a fixed capacity of 1 mA h cm™2 (Figs. S15 and S16a).
Even at a high current density of 3 mA cm™2 with a large areal capacity
of 3 mA h cm™2, LINBH@Zn@Li anode maintains a stable discharging
and charging process for over 300 h in carbonate-based electrolyte,
while the voltage profile of bare Li| |bare Li cells exhibit huge fluctuation
after cycling for only 100 h (Fig. S16b).

The morphology change is further investigated to directly illustrate
the effect of LINBH@Zn@Li in suppressing the growth of Li dendrites. As
shown in Fig. 5a, owing to the inhomogeneous Li plating, obvious for-
mation of Li dendrites and cracks could be observed after 50 cycles of Li
stripping and plating process. After the modification with lithiophilic
LiZn alloys, the growth of Li dendrites could be effectively suppressed
upon the proceeding of Li stripping and plating process. The formation
of cracks, however, is still verified for Zn@Li anode owing to the thus-
induced stress by repeated volume change of LiZn alloys during
cycling (Fig. 5b). By comparison, LINBH@Zn@Li anode displays a
relatively smooth and dense surface without the observation of any Li
dendrites (Fig. 5c), which is comparable to the morphology of the
freshly fabricated electrode. As schematically illustrated in Fig. S17, this
sharp contrast directly validates the long-term stability of the as-
prepared LINBH@Zn@Li anode towards dendrite-free cycling perfor-
mance, which could be attributed to the synergistic role of lithiophilic
LiZn alloys in lowering the nucleation barrier of Li plating and polymer-
like [LiNBH], chains with high Li ion conductivity in regulating Li ion
diffusion towards Li plating down into lithiophilic LiZn allys and alle-
viating the volume change of LiZn alloys.

The specific capacity of LINBH@Zn@Li with a thickness of 200 pm
was first evaluated by galvanostatic charging method to confirm the
ratio of Zn and [LiNBH], polymers in the electrode. The voltage profile
shows that a high specific capacity of 3582 mA h g~! could be obtained,
equaling to a weight ratio of 92.8 wt% for activated Li in the as-prepared
LINBH@Zn@Li electrode, which is close to the theoretical specific ca-
pacity of Li metal (Fig. S18). In order to verify the feasibility of
LINBH@Zn@Li anode for practical application, full cells coupled with
commercial LiFePO4 (LFP; ~10.5 mg em™2) cathode (denoted as
LINBH@Zn@Li||LFP) are assembled for investigating electrochemical
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performance. Long-term cycling performance validates that bare Li| |LFP
full cells exhibit a sharp capacity degradation after only 110 cycles
(Fig. 5d and Fig. S19) owing to the tremendous growth of Li dendrites
and dead Li (Fig. S20a). Although the cycling life of Zn@Li| |LFP full cells
could be extended to 330 cycles, a sharp decrease of specific capacity
could be subsequently observed for Zn@Li| |LFP full cells owing to the
limited role of lithiophilic LiZn alloys in suppressing the growth of dead
Li (Fig. S20b), delivering a capacity retention of 66% after 400 cycles. By
comparison, a specific capacity of 133 mA h g™}, corresponding to a
capacity retention of 88%, could still be achieved for LINBH@Zn@Li |
LFP full cell after 400 cycles, which could be attributed to the uniform Li
plating and stripping process of LINBH@Zn@Li anode (Figs. S20c and f).
Upon cycling at a high rate of 2 C, bare Li||LFP full cells exhibit a sharply
decreased capacity of 80 mA h g™! after only 110 cycles. On the con-
trary, LINBH@Zn@Li||LFP full cells maintain a high capacity retention
of 82.8% even after 150 cycles (Fig. 5e and Fig. S19b). In addition, rate
capability verifies that LINBH@Zn@Li||LFP full cells present higher
reversible specific capacity of 149, 138,121, and 101mAh g 'at1C, 2
C, 3 C, and 5 C, respectively, than that of both Zn@Li||LFP full cells and
Li||LFP full cells (Fig. 5f). Moreover, when the current density is
returned back to 1 C, the reversible capacity of LINBH@Zn@Li anode
could be completely recovered, indicating stable reversibility of the
thus-assembled full cells. The enhancement of reversible capacity of
LiINBH@Zn@Li||LFP full cells could be attributed to the superior ki-
netics of LINBH@Zn@Li anode as validated by the lower overpotential
in the discharge and charge profiles at various current densities
(Fig. 5g). The advantage of LINBH@Zn@Li anode for practical appli-
cation is further investigated in Li-S cells, which have been regarded as
one of the most promising next-generation rechargeable batteries
[54-57]. The specific capacity of Li||S full cells dramatically drop to 586
mA h g~} after only 100 cycles at the rate of 1 C (Fig. $21). In strong
contrast, LINBH@Zn@Li||S full cells deliver a high specific capacity of
799 mA h g~! under the identical conditions and a reversible capacity of
607 mA h g~ ! could still be obtained after over 400 cycles.

4. Conclusion

In conclusion, we develop a facile strategy to fabricate a stable
artificial SEI layer composed of lithiophlic LiZn alloy under the protec-
tion and strengthening of polymer-like [LiNBH], chains with high Li ion
conductivity to realize long-term dendrite-free Li meal anode. The
lithiophilic LiZn alloys, serving as homogeneous nucleation sites,
effectively reduce the nucleation barrier for Li plating and hence pro-
mote uniform Li plating and stripping process based on the reversible
solid solution-based alloying reaction. More importantly, the homoge-
neous layer of polymer-like [LiNBH], chains with high Li ion conduc-
tivity that are uniformly built inside of LiZn alloys and on the surface of
LiZn alloys is able to promote Li diffusion down into LiZn alloys towards
dendrite-free Li plating and simultaneously alleviate the volume change
of LiZn alloys towards long-term structural integrity during repeated Li
stripping and plating process. As a result, the as-fabricated
LINBH@Zn@Li anode exhibits a very stable voltage profile and ultra-
long lifespan for over 3500 h at a current density of 1 mA cm ™2 with a
fixed capacity of 1 mA h cm™2. More impressively, when the current
density is increased to 5 mA cm ™2 with a deep Li plating and stripping
capacity of 5 mA h cm™2, the LINBH@Zn@Li anode is still capable of
delivering stable cycling performance for 1200 h. Moreover, when
coupling LINBH@Zn@Li anode with commercial LFP cathode, the thus-
assembled full cells could stably operate for over 679 h with a capacity
retention of 88% at 1 C after 400 cycles. This work provides a feasible
method to realize Li metal anodes with long-term cycling stability,
which could be further extended to the protection of Na or K metal
anodes.
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