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Abstract: The main limitation of lithium (Li) metal anodes lies
in their severe dendrite growth due to nonuniform Li* flux
and sluggish Li* transportation at the anode surface.
Fabricating artificial protective overlayer with tunable surficial
properties on Li metal is a precise and effective strategy to
relieve this problem. In this Concept article, we focus on the

basic principles of regulating interfacial Li* through artificial
protective overlayers and summarize the material preparation
as well as structural design of these overlayers. The remaining
challenges and promising directions of artificial protective
overlayers are then highlighted to provide clues for the
practical application of Li metal anodes. )

1. Introduction

With the surging demand for high-energy and high-power
batteries for electric vehicles and smart grids, lithium (Li) metal
anode with a high specific capacity (3861 mAh/g) and a low
potential (—3.04V vs. standard hydrogen electrode) is deemed
promising to afford higher energy beyond Li-ion batteries."™ Thus
far, the practical implementation of Li metal anodes still calls for
explorations since it is hindered by the growth of Li dendrites with
the resulting deteriorated battery performances and related safety
hazards® As is known, the formation of Li dendrites mainly
originates from the non-uniform Li* distribution at the Li metal
surface due to the heterogeneous solid-electrolyte interphase and
Li™ depletion induced space charge”® Therefore, realizing uni-
form Li* flux at the Li metal surface can solve the above problems
at their source for a dendrite-free Li metal anode. To achieve this
goal, numerous strategies have been proposed, mainly including
three-dimensional (3D) nanostructured hosts®'? electrolyte
engineering,*"® and artificial protective overlayers.'*'®

Among various strategies, incorporating artificial protective
overlayers on Li metal becomes increasingly popular for
dendrite-free Li metal anodes. On one hand, artificial protective
overlayers can be accurately designed to achieve desirable
surficial properties (e.g., homogeneous chemical component
and high mechanical strength) for uniform Li* distribution at
electrode surface."®®” On the other hand, the regulation and
acceleration effect of interfacial Li* transportation from artificial
protective overlayers contributes to a relieved Li™ depletion
with less distorted space charge at the electrode surface during
Li* deposition.?'™*

In this Concept article, we will briefly discuss the recent
advances in artificial protective overlayers composed of in-
organic salts, organic polymers, and carbonaceous materials for
interfacial Li* regulation, with emphasis on material designs
and working mechanisms. The remaining challenges and
potential directions for artificial protective overlayers are then
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highlighted to enlighten their future implementation for stable
Li metal anodes.

2. Inorganic Li* Conductive Protective
Overlayers

Inorganic protective overlayers are known for their high
mechanical  strength to  physically block  dendrite
penetration.®* In contrast, despite its feasibility, using in-
organic overlayers to regulate Li* conducting behaviour
aroused much fewer attention.”” Leveraging the constitution of
inorganic overlayers to direct the Li* flux along desired
pathways can afford uniform Li* distribution on electrode
surface with less aggregation.®® In this regard, several
protective overlayers composed of inorganic salts (e.g., Li;N, LiF
and Li-rich alloy) have been fabricated to regulate and
homogenize Li* flux for dendrite-free Li anodes.?’333

2.1. Li;N

Li;N is a promising component for artificial protective overlayer
due to its low electrical conductivity (<1072 S/cm), high ionic
conductivity (up to 107> S/cm), and high Young’s modulus (up
to 48 GPa).”’® Its lamellar crystal structure allows rapid Li*
motion along layers and benefits its high ionic conductivity
(Figure 1a—c).” Moreover, negative charges on the nitride ions
form a space charge layer at the surface, enhancing surficial Li*
diffusion and promoting smooth Li depositing. The Li;N
protective overlayer could be fabricated through ex situ
methods, such as mechanically compressing Li;N particles into
thin films stacked on Li metal and drop coating the Li;N/binder
mixture to form Li;N droplets on Li metal.®?**" However, these
ex situ formed Li;N overlayers exhibited unsatisfying ionic
conductivity due to their as-prepared, porous structures
comprised of weakly interconnected and randomly dispersed
crystal grains (Figure 1d). Controlling the nanostructure and
crystal grain orientation can promote the ionic conductivity of
Li;N overlayers. To this end, an in situ fabrication method of
reacting clean molten Li foil with pure nitrogen gas was
reported to obtain a pinhole-free Li;N overlayer with strongly
interconnected, large crystal grains (Figure 1e).”” The pinhole-
free Li;N overlayer was vertically bonded to Li metal along the
[001] lattice plane of Li;N. The large grain size and oriented
crystals of this compact Li;N overlayer rendered a high ionic
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Figure 1. a) Schematic of Li;N crystal structure. b) 2D X-ray diffraction pattern of the Li;N crystal. c) Pole figure of the [001] plane of a compact Li;N layer. d) A
Li metal anode modified with a porous Li;N overlayer. e) A Li metal anode modified with a dense Li;N overlayer. Reproduced with permission.?” Copyright

2018, American Chemical Society.

conductivity of 5.2x107*S/cm, supporting rapid Li* transfer
and relieving Li™ depletion. With a pinhole-free Li;N overlayer,
dendrite growth had been restrained and the Li|Li,TisO,, cell
had achieved a stable cycling performance over 500 cycles at
1 C. More recently, a flower-shaped Li;N protective overlayer
with [001] plane orientation was synthesized through a nitro-
gen plasma technique, i.e., the nitrogen plasma generated by
high radio frequency reacted with fresh Li metal to form Li;N
overlayer in situ®? The fabrication process was carried out
under a mild condition of room temperature within several
minutes, demonstrating a potential in large-scale manufactur-
ing. The obtained Li metal anode exhibited a stable cycling
performance of 500 h at 0.5 mA/cm? and 1 mAh/cm? It should
be noted that, despite of the above advantages, Li;N has a
narrow electrochemical stable window (0-0.44 V vs. Li), limiting
its applications in high-voltage electrolytes.

2.2.LiF

LiF demonstrates many excellent properties, for example, a
large bandgap (13.6 eV) and a wide electrochemical stability
window (0-6.4V vs. Li), making it a highly stable protective
overlayer toward Li metal.®**¥ According to the joint density
functional theoretical studies, LiF exhibits a relatively low
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energy barrier for surficial Li* diffusion and thus the Li*
transport along the LiF surface is facilitated.®>*® This promoted
surface conduction reduces the Li* aggregation at surficial
defect and homogenizes Li* flux at the anode surface, inducing
a lateral Li deposition without dendrite. In addition, the LiF-
based overlayer with high surface energy is less vulnerable to
the formation of fractures upon large volume change during Li
plating/stripping. As a typical paradigm, an amorphous LiF
overlayer was coated on a routine copper current collector by
in situ hydrolysis of lithium hexafluorophosphate (LiPF¢) when
copper foil was dropped into an aqueous LiPF solution.*” The
low Li* diffusion energy barrier along the LiF [100] surface
afforded a rapid Li* diffusion, and the Li™ adsorbed on the LiF
surface could rapidly penetrate the LiF overlayer to deposit on
copper substrate according to the DFT calculations (Figure 2a).
The facilitated Li* transportation combining with chemical
uniformity in the LiF overlayer concurrently enabled a uniform
Li* distribution and an aligned columnar morphology of Li
deposits (Figure 2b, c).

Optimizing and controlling the morphology and thickness
of LiF overlayers could further improve the Li* flux compared
with the amorphous ones. In this regard, a LiF overlayer was
made by a physical method of radio-frequency magnetron
sputtering deposition at room temperature.®® The thickness of
LiF overlayer was rigorously controlled by the sputtering time
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Figure 2. a) The binding energy of Li on the LiF [100] face and the schematic illustration for the Li deposition process with LiF protective overlayer. b) and c)
The columnar morphology of Li deposits with LiF protective overlayer. Reproduced with permission.?”” Copyright 2017, Wiley-VCH. d) Schematic
demonstration of fabricating and Li deposition for the patterned LiF-coated Li metal anode. e) SEM image of the patterned LiF-coated Li anode after
deposition. Reproduced with permission.*® Copyright 2017, Royal Society of Chemistry.

and the optimal thickness was determined as 150 nm. With this
thickness, the Li* conduction was maximized with a restrained
dendritic deposition. Further increasing the layer thickness
increased the Li* transfer distance and interfacial resistance,
resulting in the undesirable Li* depletion or Li* concentration
polarization at the electrode surface. To directly evaluate the
effect of LiF coating, patterned LiF overlayers with controllable
holes were constructed on Li metal surface (Figure 2d). As
expected, the area covered by LiF was smooth and compact in
contrast to dendrite growth at hole sites without LiF protection
(Figure 2e). It should be noted that LiF exhibited low Li*
conductivities of 107 ~107"* S/cm, which largely compromised
its effectiveness in high-rate Li plating/stripping.”” Constructing
hybrid LiF-rich protective overlayer with highly Li* conductive
component, in this regard, presents a promising solution.

2.3. Li-rich alloys

Li-rich composite alloy (Li,M, M=In, Zn, Bi, Al, and As) overlayer
with much higher Li* diffusion coefficients (1072-107° cm?/s)
than that of Li metal (5.69x107"" cm%s), can boost Li*
penetration through the overlayer.®® More interestingly, pre-
stored abundant Li* in the overlayer effectively relieves Li*
depletion and Li* concentration polarization in the anode
vicinity, leading to homogenized Li* flux. The Li-rich alloy
overlayer is fabricated through a facile process of immersing Li
metal in MCI, solution. The thickness of alloy overlayer can be
regulated by the immersion time and concentration of MCI,
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solution. The MCI, is first reduced by Li metal:
xLi + MCl, — M + xLiCl (M=In, Zn, Bi, Al, and As) (Figure 3a)."*”
The generated metal then reacts with Li metal to produce a
single phase composition: yLi 4+ zM — Li,M;. Although the alloy
is a small band-gap semiconductor, the massive insulating LiCl
co-product still renders the composite overlayer resistive. For
instance, direct reduction of In;Cl by Li metal at room temper-
ature produced a highly ionic conductive overlayer (Li*
conductivity at 2x107*S/cm) composed of Lisin; and LiCLE?
The protected Li metal anode exhibited a cycling life of 1400 h
at a current density of 2 mA/cm?® and the Li| Li,TisO;, full battery
cycled for 1500 cycles at a high rate of 5C. Under the same
guidance, a Li—Al alloy based protective overlayer was designed
to obtain an ionic conductivity of 0.27x107*S/cm and an
enhanced mechanical strength of 776 MPa.*” Benefited from
the fast Li* transport and prestored Li* at the electrode surface,
the resulting Li metal anode achieved an excellent rate
performance at a high current density of 20 mA/cm?.

It should be noted that although the inorganic protective
overlayers with high ionic conductivity contribute to rectify Li*
flux and extend cycle life of Li anode, their intrinsic nature (e.g.,
frangibility, rigidity, and non-flexibility) has restrained the
application in high-areal-capacity cycling.*"*? In such circum-
stance, drastic volume change during Li plating/stripping may
crack inorganic overlayers and lead to even exacerbated
dendrite growth. Combining with elastic components to
construct hybrid overlayers helps to promote the durability of
inorganic overlayers, and the detailed discussion is presented in
Section 3.3.
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Figure 3. a) Schematic demonstration of the fabrication process of the Al Li, alloy protective overlayer. b) The dendrite-free Li plating/stripping process with
the AlLi, alloy protective overlayer. Reproduced with permission.*” Copyright 2020, Wiley-VCH.

3. Polymeric Protective Overlayers

Polymeric protective overlayers, featured with high flexibility
and tunable chemical diversity, are expected to endure large
volume change and keep structural integrity during long-term
and recurring Li plating/stripping.*™*' Designing polymeric
overlayers with varying composition and structure can mediate
the Li deposition for desirable performances. For instance,
polymeric overlayers containing polar functional groups gen-
erally show strong interactions with Li* through chemical
binding. This interaction enhances Li* extraction from the
solvation sheath, changes the solvation structure, and affords
relatively smooth Li deposition upon high current density due
to the increased Li* diffusion rate.”® Besides, the Li* conduct-
ing properties can also be improved by synthesizing micro/
nano-structured polymeric overlayers with optimized electrolyte
pathways.*” Benefited from the structural and chemical tuna-
bility of polymeric overlayers, uniform Li* flux and fast Li*
transportation at the interface can be achieved with a lateral Li
deposition without dendrite.

3.1. Polar polymers

Lithiophilic polymeric overlayers with abundant polar functional
groups, such as poly(ethylene oxide), polyacrylonitrile, poly-
imide, and polyurea, exhibit strong interactions between polar
groups and Li* at molecular scale.”* It was demonstrated
that an improvement in polarity of protective overlayer could
render enhanced electrochemical performances of Li metal
anodes.®™™ By tuning the crystal structure of polyvinylidene
difluoride (PVDF), artificial protective overlayers based on polar
[p-phase PVDF (B-PVDF) and non-polar a-phase PVDF (a-PVDF)
were fabricated.®” Compared with the a-PVDF/Li anode, the p-
PVDF protected Li metal anode exhibited a lower voltage
hysteresis, a higher coulombic efficiency, and a longer cycle life.
These improved electrochemical performances clearly illus-
trated the importance of interaction between Li* and artificial
protective overlayers. In addition, the alignment of F atoms in
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the -phase PVDF provided preferential diffusion pathways that
helped Li* hopping across the overlayer to achieve high-rate Li
deposition. Consequently, the (-PVDF/Li anodes realized a
stable Li plating/stripping at a high current density of 5 mA/
cm?

The interaction between protective overlayers and Li* could
be further enhanced by the introduction of proton-containing
polar functional groups, for example, —COOH, —NH,, and —SH.
Moreover, the interaction of Li with the polymer rendered a
chelation between Li and electronegative atoms (e.g., N and O)
among intra- and inter-polymer chains, leading to a crosslinking
of the bulky polymer and its enhanced stability in solvents.
Meanwhile, the reaction between Li metal and proton-contain-
ing groups enhanced the interfacial contact during huge
interface fluctuation. In this regard, a supramolecular copolymer
based overlayer comprising of pendant poly(ethylene oxide)
(PEO) segments and ureido-pyrimidinone (UPy) quadruple-
hydrogen-bonding moieties was carefully investigated (Fig-
ure 4a)."? The PEO with abundant electronegative oxygen-
containing segments provided strong binding with Li". More-
over, the quadruple-hydrogen-bonding moieties in the UPy
formed electrostatic chelation toward Li*, further enhancing
the Li*-affinity. Benefited from this synergistic interaction with
Li*, the resulting PEO-UPy overlayer provided ion-conductive
networks with an ionic conductivity of 2.37x 10™° S/cm, indicat-
ing a fast Li* permeation and high rate performance. And the
resulting Li metal anode had achieved stable cycling for 1000 h
at a high areal capacity of 10 mAh/cm® and a high current
density of 5 mA/cm’. Despite of the above advantages, the
reaction between Li and functional groups also caused extra
consumption of active Li, which should be considered and
minimized when constructing polar protective overlayers.'?

Beyond the strong interaction between Li* and functional
groups, an electrokinetic phenomena of polar protective over-
layer can further enhance Li* transport.”¥ The electrokinetic
phenomenon is a tangential motion of liquid along a charged
surface. In a protective overlayer with strong Li*-affinity, the
electronegative surface adsorbed Li* to generate an electric
double layer (EDL). When applied with electric field, the EDL-
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Figure 4. a) Chemical structure of the PEO-UPy protective overlayer and its binding with Li*. Reproduced with permission.® Copyright 2019, Wiley-VCH. b)
Chemical structure of the PEIPU-PEO protective overlayer. c) The electrokinetic surface conduction phenomena of the PEIPU-PEO protective overlayer to
enhance Li* transportation. Reproduced with permission.”® Copyright 2019, Wiley-VCH.

induced electrokinetic phenomena, for example, electrophore-
sis, electroosmosis, and surface conduction, contributed to
largely enhanced Li* transportation. As a typical paradigm, a
super LiT-affinity overlayer was fabricated with cross-linked
polyethylenimine  (PEl)-based  polyurea  (PEIPU)  and
poly(ethylene oxide) (PEO) (Figure 4b). The Li*-affinity func-
tional groups (e.g.,, —CO—NH-) drove the formation of the EDL,
which pumped Li* toward anode and concentrated Li™ at the
anode vicinity.®¥ Consequently, Li* depletion and ion concen-
tration polarization were relieved that benefited a dendrite-free
Li deposition (Figure 4c). The resulting Li metal anodes
exhibited an outstanding rate performance of stable cycling at
a high current density of 40 mA/cm?” and a deposition capacity
of 6 mAh/cm?.

3.2. Non-polar polymers

The non-polar polymeric overlayers present weak interaction
with Li* and thus have poor Li* conducting ability. Generally,
the Li* conducting behaviour of the non-polar polymeric
overlayers derives from constructing porous structure in over-
layers that allows electrolyte absorption to form Li* trans-
portation pathway. For instance, flexible polydimethylsiloxane
(PDMS) with mechanical and chemical stability was employed
as protective overlayer for Li metal after intentionally creating
nanopores by acid treatment.“*® The Li plating/stripping behav-
iour was highly relevant to the pore size of PDMS overlayer.
Pore sizes around 40-400 nm were favourable to support Li*
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transport and restrain dendrite penetration. Larger pores led to
Li dendrite growth through the pores, and too small pores
would retard the formation of ion conducting pathway and
block Li* transportation to anode surface. With this PDMS
overlayer, Li metal anodes stably cycled for 800 h at 1 mA/cm?
and 1 mAh/cm? Although non-polar polymeric overlayers help
suppressing dendrite growth during cycling, their low Li*
conductivity and consequently poor rate performance of the Li
metal anodes have limited their applications.

The swelling behaviour of polymeric protective overlayers is
also a key parameter to be considered for the construction of Li
metal anodes.”™ As is known, polymeric structures with high
swelling ratio generally possess more ionic channels inside. This
will contribute to both increased ionic conductivity and rate
capability of the resulting Li metal anodes. It should be also
noted that, swelling may lead to dynamically structural change
after the assembly of batteries, causing instability in the
protective overlayer and nonuniform Li deposition. Therefore, it
is important to seek a balance and leverage the swelling feature
well for Li metal anodes. In this regard, combining polymeric
structures with other non-swelling components or increasing
the cross-linking degree are helpful to make the swelling
behaviour controllable and tunable for optimized battery
performances.
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3.3. Polymeric-inorganic composites

Combining the flexibility of polymer with the strong mechanical
strength of inorganic materials produces protective overlayers
with improved structural integrity. Based on this concept, an
organic/inorganic protective overlayer was explored with both
enhanced mechanical strength and Li* conducting ability by
mixing lithiated Nafion and LiCl salt.* The lithiated Nafion
polymer with Li* conducting -SO,Li groups provided a high
jonic conductivity of 1.097x107*S/cm, supporting fast Li*
diffusion and homogeneous Li* flux. The LiCl salt endowed an
enhanced Young’s modulus of 6.12 GPa (higher than original
solid-electrolyte interphase of 0.15 GPa) for the composite film,
suggesting a dendrite blocking ability and more stable structure
upon intensive volume change. With this hybrid protective
overlayer, the Li metal anode achieved a cycle life over
400 cycles at 8 mA/cm® and 1 mAh/cm’. Designing rationally
structured composite overlayer presents another promising
strategy for Li* regulation, because it may produce unique Li*
conducting behaviours."****” As a paradigm, a dual-layered
protective overlayer was designed to include robust inner layer
of rigid garnet Al-doped Lig,sLasZr,,sTag,50,, (LLZTO) and
flexible outer layer of lithiated Nafion (Figure 5a, b).*® The dual-
layered structure rendered a single-ion conducting behaviour in
the composite film, which was beneficial for fast Li* trans-
portation and dendrite-free deposition. The Nafion top layer
could extract Li* from the solvent sheath and then inject Li*
into the LLZTO bottom layer, affording the single Li* conduct-
ing behaviour. As a result, the hybrid protective overlayer
showed an ionic conductivity of 3x107°S/cm, a drastically
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improved t;, of 0.82, and a compressed Li* concentration
gradient at the anode vicinity (Figure 5c, d).

4. Carbonaceous Materials

Carbonaceous materials with excellent chemical stability, strong
mechanical strength, light weight, and tunable nanostructure,
are regarded as excellent choices for protective overlayers of Li
metal anodes.”* Their strong mechanical strength, for exam-
ple, over 200 GPa, enables the resulting overlayers to effectively
block dendrite penetration.”” Meanwhile, the carbonaceous
protective overlayer are also able to alter the distribution and
transportation of Li* through their unique electronegative -
electrons that presents strong interaction with Li*.1*?
Carbonaceous materials present a Fermi level at ~5.0 eV, in
contrast to ~2.9 eV of Li metal.®*** This difference in Fermi level
yields an electrochemical potential between two materials (also
known as Volta or contact potential), enabling a spontaneous
reduction and lithiation of carbonaceous materials by Li metal.
The lithiated carbonaceous materials play a special role in
regulating Li* transportation. As a typical example, a lithiated
multiwalled carbon nanotube (Li-MWCNT) protective overlayer
was employed to improve Li* transportation.”™ The Li-MWCNT
overlayer was in situ constructed through the physical contact
between an electrolyte-wetted MWCNT film and a Li metal foil
(Figure 6a). Then the contact potential drove a spontaneous
reduction and lithiation of MWCNT. The Li-MWCNT overlayer
served as a Li* reservoir and a Lit diffusion mediator, which
guided uniform Li deposition underneath the overlayer. The Li*
stored in the Li-MWCNT was first plated on Li metal surface and
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Figure 5. a) The cross-sectional SEM image of the dual-layered protective overlayer. b) Schematic of the dual-layered protective overlayer and its single-ion-
conducting behaviour. ¢) The Li* transference numbers for different overlayers. d) The finite element method simulation results of Li* concentration
distribution upon Li plating with (left) and without (right) protective overlayer. Reproduced with permission.*® Copyright 2019, Wiley-VCH.
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Figure 6. a) Schematic of the fabrication process of the Li-MWCNT protected Li metal anode. b) Schematic of the dendrite-free Li deposition with Li-MWCNT
protective overlayer. Reproduced with permission.”®! Copyright 2018, Wiley-VCH. c) and d) Schematics of the Li* depletion without LAL and Li* adsorbing
with LAL protective overlayer upon Li deposition, respectively. €) Schematic of the preparation process and design rationale of the graphene quantum dot
building blocks for the LAL. Reproduced with permission.® Copyright 2021, Wiley-VCH.

then refilled from electrolyte during Li plating, and a reversed
process was conducted upon Li stripping (Figure 6b). The
resulting Li metal anode achieved a long cycle life for 1000 h at
2 mA/cm? and 4 mAh/cm? This strategy of altering the Li*
diffusion pathway presented a promising method to homoge-
nize Li* distribution and reduce Li* concentration polarization
for high-performance Li metal anodes. Particularly, the employ-
ment of aromatic carbon as intermediate layer was beneficial,
because it selectively intercalated Li* and prevented the
intercalation of larger anions (e.g., PFs~, FSI~, and TFSI™).1%6%”
Reducing the size of carbonaceous building blocks for
protective overlayers demonstrates an effective strategy to
enhance the Li* diffusion and homogenize Li* distribution. In
this regard, we synthesized zero-dimensional quantum-sized
graphene dots and then constructed an ultrathin Li* adsorbing
layer (LAL) on Li metal surface (Figure 6¢, d).*® The graphene
quantum dots exhibited typical sizes of 3-5 nm, and they were
comprised of nanocrystalline carbon cores with surface polar
functional groups (e.g., —OH, —NH,, C(=O/C=N, and C=S). This
unique quantum-sized graphene dots could localize the sp*
electrons that induced attraction forces toward Li*. Moreover,
they presented large amount of edge sites that afforded
enhanced surface grafting of electronegative functional groups
to achieve superior Li*-affinity (Figure 6e). According to the
DFT simulations, the graphene quantum dot exhibited strong
interaction with Li* at the molecular level due to its increased
localized negative charges. This strong interaction was advanta-
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geous to adsorb and concentrate Li* at the Li metal surface in a
uniform manner which resulted in a relieved Li* depletion, a
uniform Li* flux (Figure 6d). Meanwhile, Li* could penetrate
through the LAL and deposit beneath the LAL, leading to the
continuous Li* adsorbing effect and dendrite-free Li deposition.
With the protection of LAL, the Li metal anode exhibited an
excellent rate performance upon a spectrum of current
densities from 1 to 60 mA/cm” with only marginally increased
overpotentials. And the LAL/Li anode even stably cycled for
over 1000 h at both ultrahigh current density of 60 mA/cm?” and
areal capacity of 60 mAh/cm’ By designing the molecular
structure and synthetic route, various carbon quantum dots
with outstanding properties can be obtained and may further
enhance the electrochemical performances of Li metal
anodes.” |t should be noted that carbonaceous materials
with relatively high electronic conductivities may cause Li
deposition in or above the resulting overlayers, invalidating the
functionality of protective overlayers.”? Reducing the electrical
conductivities of carbonaceous materials can relieve this
problem to some extent.”""?

5. Others

Porous materials with subnanochannels, such as covalent
organic frameworks (COFs) and metal-organic frameworks
(MOFs), are drawing attention for constructing artificial protec-
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tive overlayers due to their extraordinary characteristics,
including tunable porosity, structural diversity, and strong
mechanical strength.”>’* Their unique narrow subnanochannels
can be elaborately tuned to allow Li* transportation and block
the bulky anions or solvents. This selected Li* transportation is
beneficial for improving the Li* transfer efficiency and facilitat-
ing fast Li* replenishment to inhibit Li* depletion. The large
specific surface area of MOFs and COFs is also advantageous to
homogenize Li* flux and induce smooth Li depositing.

Under this guideline, a protective overlayer was prepared
by employing 2D anionic covalent frameworks on Li metal
surface for dendrite suppression (Figure 7a).”™ These 2D nano-
sheets possessed a hexagonal honeycomb-like network with
nanoporosity (Figure 7b). The comparable size between the
nanopore channel (~0.6 nm) and the PF;~ anion (~0.5nm)
caused steric confinement that hindered penetration of anion,
while facilitated the Li* transportation (Figure 7b). This phe-
nomenon enabled a higher Li* mobility over anion and
consequently a near-unity t;, of 0.82. Moreover, the layered
anionic frameworks shortened the translocation distance of Li*
and provided a superior ionic conduction (>1072S/cm). The
synergy of both high t;, and ionic conductivity was conducive
to eliminating Li* depletion in the anode vicinity and
promoting dendrite-free deposition. The function mode of
porous organic frameworks had been further clarified from the
viewpoint of thermodynamics.”® The MOFs could selectively
exclude extra solvent molecules within a Li* solvation sheath
and reduce the desolvation energy barrier of Li*, leading to an
easier access of Li™ to Li metal anode and a facilitated Li
deposition process (Figure 7c, d). With the MOF overlayer, the Li
metal anode exhibited a plating/stripping overpotential at

ACOF-coated Li

g g
Ve E
29A7 sop
& W uAl 4= &
e free solvent
MOF framework
(PSS modified CuBTC)

Liquid electrolyte laden ACOF

Diluent Electrolyte

merely 100 mV at a current density of 3 mA/cm?, verifying the
effectively reduced energy barrier and facilitated Li*™ trans-
portation. Except for COFs and MOFs, other types of porous
materials, such as hydrogen-bonded organic frameworks,
polyoxometalates, and porous organic crystals, also show great
potential to promote Li* transportation and achieve stable Li
metal anodes.””

6. Conclusions and Perspectives

In summary, artificial protective overlayers with designed
components and structures are effective to enable dendrite-free
and high-performance Li metal anodes for next-generation
high-energy-density batteries. In this Concept article, we have
highlighted the recent advance of artificial protective overlayers
under the category of inorganic, polymeric, and carbonaceous
overlayers with an emphasis on their influence on interfacial Li*
distribution. We conclude this work with some perspectives on
the remaining challenges and future directions as follows:
Mechanism understanding and model constructing. The
establishment of an accurate mathematical correlation between
ionic conductivity or mechanical properties of protective over-
layers and Li dendrite inhibition is important to better under-
stand how the protective overlayers can be optimized. For
instance, modeling and quantifying the effect of ionic con-
ductivity/mechanical strength on the Li depositing morphology,
can yield an optimum parameter for dendrite suppression and
guide the material screening process. In addition, based on the
experimental and theoretical results, a material database of
protective overlayer should be established and the artificial

? .
£y 4L Y-

desolvated desolvation of

solvent & coordinated solvent

MOF Channel (6.5 A)

Figure 7. a) Schematic of the ACOF-coated Li metal anode and the ACOF constructed by particles of 2D nanosheets. b) The chemical structure of the ACOF
and the selective ion transport in ACOF. Reproduced with permission.” Copyright 2020, Wiley-VCH. c) and d) Schematics of the sub-nanostructure in the MOF
protective overlayer and the electrolyte structure inside MOF channels, respectively. Reproduced with permission.”® Copyright 2021, Wiley-VCH.
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intelligence of machine learning can be further utilized to
predict and guide the design of protective overlayers.

Electrochemical performances. Despite of achievements in
extending cycle life of Li metal anodes by artificial protective
overlayers, the cycling current density and areal capacity are
still far from the high-power outputs and fast charging of
advanced battery systems. In this regard, the protective over-
layer should possess high ionic conductivity to allow rapid Li*
permeation that prevents Li* depletion at electrode surface
upon high-rate cycling. Simultaneously, the protective overlayer
should be strong and flexible enough to withstand the large
volume change upon high-areal-capacity cycling. As single
material can hardly meet all the requirements, rationally
designed composite protective overlayers present a promising
solution.

Scalable production. The highly reactive nature of Li metal
toward oxygen and moisture in ambient air has confined the
fabrication of Li metal-based battery in argon-filled glove box,
which hinders their large-scale manufacturing and increases
production costs. Artificial protective overlayers possess unique
advantages in promoting the air-stability of Li metal anode. In
consideration of water-proof ability, protective overlayers with
large water contact angle are favourable. But the hydro-
phobicity may cause poor Li* conductivity and undermined
electrochemical performances. Thus, a tradeoff between water-
proof ability and Li* conductivity is required. Blocking oxygen
is more difficult than water and the so far reported Li metal
anodes exhibit unsatisfying air endurances within only several
hours. Breakthroughs in component and structure of protective
overlayers are required to address these problems. In addition,
the construction method of protective overlayers should be
carefully valued upon industrial application. The chemical vapor
deposition method allows a precise control in thickness and
uniformity of the overlayer, but this method is complex, time-
consuming and expensive. In comparison, solution casting
methods like dip-coating, spin-coating, and spray-casting are
low-cost and scalable, exhibiting greater potentials in large-
scale manufacturing.

The uniform Li* distribution and fast Li* transportation at
electrode surface are essential for dendrite-free and high-
performance Li metal anodes, while remain challenging and
need further investigation. We believe that with the develop-
ment of material science and manufacturing technology, break-
throughs in artificial protective overlayers are foreseeable and
the Li metal anodes will achieve fast charge and high-capacity
goals with long life span. We hope this progress report provides
valuable information and insights for the future research on
artificial protective overlayers for high-performance Li metal
batteries.
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