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HIGHLIGHTS

o This review covers recent advancements in protective coatings for Li metal anode.
o The design criteria for an effective coating are proposed.

e Ion conduction mechanisms of inorganic and polymeric coatings are discussed.

o Demonstration of the protective function in realistic cell condition is advocated.
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The demand for lithium batteries with energy densities beyond those of lithium-ion has driven the recent studies
on lithium metal anode. High-efficiency electrochemical cycling of lithium requires improved lithium deposition
morphology and reduced parasitic reactions between lithium and the liquid electrolyte. A protective layer on
lithium metal is expected to reduce contact between lithium metal and the organic solvent, exert compressive
mechanical force on the anode, and improve the selectivity and uniformity of lithium ion transport at the
electrode surface. This review covers recent advancements in this topic. We first establish the design criteria for
an effective coating followed by a brief description of the methods for depositing the layer, characterizing its
structure and morphology, and evaluating its electrochemical performance. Our discussion of the literature is
organized on resultant layer composition and corresponding ion conduction mechanisms. In the case of poly-
meric materials, the polarity difference between the polymer and electrolyte solvents determines the degree of
swelling and selectivity of lithium ion transport. We conclude by advocating for the need of increased mecha-
nistic study for the functioning mechanism, improved understanding of layer degradation, and demonstration of
the protective function in realistic cell environment, namely lean electrolytes and coupled with appropriate
cathodes.

Li batteries. Li metal anode is widely studied for the application in both
liquid-electrolyte-based and all-solid-state batteries. Advantages of

1. Introduction

Booming popularity of electric vehicles requires batteries to increase
the energy density to more than 500 Wh kg~* [1]. Conventional Lithium
(Li)-ion battery has achieved excellent cycling performance through the
intercalation chemistries, however, the low theoretical capacity of
graphite anode limits the energy density of the battery. Li metal anode
uses reversible electroplating and stripping of metallic Li to store energy
[2]. The theoretical capacity of Li metal anode (3860 mAh g™1) is ten
times higher than the value of graphite (372 mAh g~ 1). Therefore, Li
metal is regarded as the anode for next-generation high energy density
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liquid-electrolyte-based Li metal battery are the fast ion transport at the
electrode-electrolyte interface, and the mature battery mass production
process. Recently, liquid electrolyte based Li metal battery with an en-
ergy density of 300 Wh kg ™! and 86% capacity retention for 200 cycles is
reported [3]. However, the cycling life still needs to be improved for
practical applications.

Failure of Li metal battery often stems from the Li anode side: The Li
metal foil, initially of a shiny metallic color, turns black after several
cycles, because the Li metal forms a microporous and mossy structure
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(Fig. 1a) [3,4]. The surface of this mossy Li metal is covered with a
passivation (solid electrolyte interface, SEI) layer, and isolation of these
Li microparticle from the current collector (formation of “dead Li”) re-
sults in loss of anode capacity [5]. Furthermore, the porous Li metal with
high surface area promotes the side reactions and quickly consumes the
liquid electrolyte, which results in increased cell impedance.

Several strategies have been reported to improve the cycle life of Li
metal anode, primarily based on the hypotheses of minimizing reactions
between lithium metal and the electrolyte, and maintaining electric
contact between deposited lithium metal particles. These approaches
include: 1) electrolytes with low chemical reactivity with Li metal, for
example using highly concentrated salt or fluorinated solvent [6-8]; 2)
additives to passivate the surface of Li metal and regulate the
morphology [9,10]; 3) surface modifications of the polymer separator
[11,12]; 4) current collectors with 3D framework to guide the deposition
of Li metal [13-16]; 5) surface pretreatments of Li metal or the current
collector with a protective coating to stabilize the interface between Li
metal and electrolyte (focus of this review); 6) high external pressure to
promote flat depositions of Li metal [17,18].

Protective coatings are ion-conductive or electrolyte-permeable
layers underneath which Li metal can be electrodeposited (Fig. 1b). As
Li ions pass through the coating layer, the ion flux becomes more ho-
mogeneous at the electrode surface, leading to uniform Li metal depo-
sition [19,20]. The protective layer also reduces the contact area
between the electrolyte and Li, thus suppresses the side reactions. In
contrast to SEI layer formed by the side reaction inside the battery,
protective coatings for Li metal can be viewed as a preformed, artificial
SEI layer. The composition of the coating materials can be tuned to
optimize the ionic conductivity, the mechanical strength, and the
permeability to the solvent [21,22].

Previously, protective coatings were reviewed as one approach to
stabilize the electrolyte-Li metal interface, as reported by Archer, Cui,
Zhang et al., respectively [2,20,23,24]. More recently, a comprehensive
review covering the interface engineering at Li metal anode was pub-
lished by Zhang et al. [25] These reviews provide excellent and exten-
sive summaries of synthesis approaches for protective coatings, and
descriptions of how different coatings improve lithium metal anode
cycling performance.

The continuous publication of a large number of peer-reviewed
studies on the protective coating motivated us to focus our review on
works published from 2017 to 2019. We chose references reporting the
results of Li||Li symmetric cycling, Cu||Li CE test, Li||cathode cell test
with well-described testing conditions (discussed in Section 5) to allow
precise comparisons among different coating materials. Instead of
providing a comprehensive account of published literature, this review
attempts to analyze reported literature based on how different coating
materials accomplish both protective and ion-conducting functions
simultaneously and the intrinsic tradeoff between them. We hypothesize
that the protection mechanism of coatings to be: 1) mechanical sup-
pression of dendritic Li; 2) reduced side reaction by chemical selectivity.
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Fig. 1. (a) Porous morphology of electroplated Li metal after long period of
cycling. (b) Dense morphology of Li metal electroplated underneath the pro-
tective coating. The coating also protects Li metal from side reactions with the
electrolyte.
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In addition to these two protection mechanisms, ionic conductivity is an
essential feature of the coating, because Li ion is required to transport
through the layer.

This review is organized as the following: proposal of the functioning
mechanisms of the coating layer based on previous studies of interfacial
physics and chemistry between Li metal and the electrolyte (Section 2),
review of various techniques for the preparation of coating layers
(Section 3), the characterization techniques of the coatings (Section 4),
and the performance evaluation of the coatings (Section 5). The pro-
tective coatings are divided into inorganic materials (Section 6) and
polymeric materials (Section 7), and the material properties and the
stabilization effect on Li metal are discussed in detail. Composite coat-
ings of inorganic and polymer materials are also discussed in Section 7.
Based on the reported results and discussions, we provide guidelines for
designing effective coating layers and suggest testing protocols to
rigorously evaluate the performance of protective coatings on Li metal
under practical cell conditions (Section 8).

2. Protection mechanism and key requirements for the coating
layers

Protection mechanism of coating layers on Li metal can be catego-
rized into two types: mechanical suppression of Li dendrite, and high
selectivity toward Li-ion transport. For the mechanical suppression, a
theoretical calculation by Newman et al. showed that compressive forces
on the Li metal surface can promote Li deposition at the concave area, if
the surface layer has more than two-times higher shear modulus than Li
metal (Fig. 2a) [26,27]. This theory supports the basic idea of using hard
inorganic materials to suppress the dendritic growth of Li metal. For
example, a ceramic solid ion conductor, Li;LazZr,012 (LLZO), has the
shear modulus of 56-61 GPa, one order of magnitude higher than the
value of Li metal (4.25 GPa) to effectively suppress the Li dendrites [28].

Unlike inorganic materials, the shear modulus of organic polymer
materials (e.g. 26.2 MPa for PEO [29]) are significantly lower than the
value of Li metal to validate the Newman model. Srinivasan modified
the Newman model by taking into account for the plastic deformation of
Li metal under a high mechanical pressures [30]. The authors showed
that increasing yield strength of the polymer layer (i.e. lower elasticity)
promotes plastic deformation of Li metal and hence suppresses Li
dendrite. In contrast, Archer et al. showed increasing viscoelasticity of
electrolytes suppresses the Li dendrite growth based on the theory of
electro-convection [31,32]. This theory supports the stabilization effect
of Li metal by soft and gel-like polymer coatings [33,34].

Selective Li-ion transport means the coating layer selectively con-
ducts Li ion while expelling solvent or anion molecules from Li metal
surface (Fig. 2b). Li ion is always solvated by solvent molecules or anions
[35-37], and the contact between the Li metal and solvent molecule-
s/anions is inevitable during the electrodeposition. The contact between
liquid electrolytes and Li metal triggers side reactions and decreases the
CE by consuming the active Li metal. Desolvation of the solvent/anion
molecules from the coordinating Li ion at the coating surface can solve
this problem. Solid state electrolyte has ideally the highest selectivity for
Li ion (transference number = 1), because Li ion migrates via hopping
mechanism in the crystal structure. Abe and Janek et al. respectively
reported that Li-ion transport at the interface between liquid electrolyte
and solid state electrolyte has the highest activation energy and is the
rate-limiting step [38,39]. This activation energy is related to the des-
olvation energy of solvent molecules from Li ion [38]. Additionally,
Janek reported the formation of inorganic/organic composite layer at
the interface between the solid state electrolyte and the liquid electro-
lyte, which increases the interfacial resistance [39].

Solid state electrolytes are the ideal coating material for selective
transport of Li ions, however, the layer is brittle and usually has cracks
and voids. At the plating step, Li metal can eventually grow through
these defects and reach the liquid electrolyte. In contrast, polymer ma-
terials can realize uniform and defect-free coating thanks to the soft and
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Fig. 2. (a) Mechanical suppression of dendrite growth. A coating layer with high shear modulus (>8 GPa) promotes Li metal deposition at the concave regions to
reduce the surface roughness. (b) Selective conduction of Li cations through the coating layer. Less permeation of solvents and anions reduces the rate of side re-
actions with Li metal.

deformable nature. The disadvantage of using the polymer materials is, electrolytes is critical, as this parameter is closely related to the chemical
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ether solvent such as THF and dimethoxyethane than in carbonate sol-
vent such as DMC. This result indicates PDMS film repels more car-
bonate solvent than ether solvent. It is important to note that less solvent
in the polymer film results in lower ionic conductivity, because ion
conduction is carried by the solvent molecules incorporated inside the
polymer. Therefore, the balance between the chemical selectivity and
ionic conductivity must be precisely tuned by swelling ratio of polymer
film in the electrolyte.

To summarize, there are four major requirements for protective
coatings in Li metal battery. 1) Uniform and crack-free coating layer to
build a uniform current distribution over the entire electrode surface.
High Li-ion flux at the cracks leads to dendritic growth of Li metal. On
this point, flexible polymeric coatings have advantages over brittle
inorganic coatings. 2) Mechanical properties such as high shear
modulus, high yield strength, and high viscoelasticity of the coating help
to suppress Li dendrite growth. High mechanical strength also enables
the coating layer to survive long-term cycling of batteries. 3) Chemical
selectivity toward Li ion over solvents/anions to reduce the rate of side
reactions and increase the lifetime of Li metal anode. 4) High ionic
conductivity, because a sluggish ion conduction builds up concentration
gradient of Li ion and promotes dendritic plating of Li metal [19]. In
addition, at high-rate charging/discharging, the energy loss by Ohmic
resistance can be minimized by higher ionic conductivity.

3. Approaches for the formation of protective layers on Li metal
surface

Various approaches have been reported to form protective coatings
on Li metal surface. The range of obtainable thickness is dependent on
the coating methods, as summarized in Fig. 3a. Depositions using gas-
phase precursors (e.g. ALD, MLD, sputtering, see below) generally pro-
duce thinner coatings with thicknesses ranging from couple of nano-
meters to hundred nanometers. Methods using solution-phase
precursors (e.g. spin, dip, cast, and spray coatings) generate submicron
to a few micrometer thick coatings. Furthermore, the coating methods
can be categorized into those using inert substrate (Fig. 3b—d), and those
using reactivity of Li metal to initiate the formation of coating products
(Fig. 3e and f).

ALD is a versatile technique of preparing high-quality thin layer of
inorganic materials [41]. Based on the sequential and self-limiting
chemical reactions, gaseous precursors deposit on a solid surface
layer-by-layer at a growth rate of a few Angstroms per cycle [42]. For
example, a thin film of LiF can be prepared by ALD from t-BuOLi and HF
(Fig. 3b) [42]. In addition to the nanometer-level control of the thick-
ness, ALD produces a smooth and uniform coating, which is beneficial
for the protection of the electrode. MLD is a similar technique to ALD
and can prepare organic or inorganic/organic hybrid films [43]. The
organic components provide flexibility and functional groups to the film
[44]. The working mechanism of MLD is pulsing two reactants to a solid
surface alternatively and the polymerization takes place in a
layer-by-layer manner. For instance, Sun et al. reported a fabrication of
polyurea layer on Li metal by MLD from ethylenediamine and 1,
4-phenylene diisocyanate [45].

Sputtering is also a versatile coating technique and able to deposit
nanometer-thick film of metal or oxide/sulfide materials on wide range
of substrates [46-48]. Because sputtering technique only requires the
vacuum environment and the external field to ionize the noble gas
atoms, it is more cost-effective to produce inorganic thin films,
compared to the ALD technique. MoS,, (Fig. 3c), AlyOs, and LisPOy4
coating layer were successfully prepared on Li foil either by
electron-based sputtering or by magnetron sputtering [47-49].

For a solution-based precursor, spin, dip, cast, and spray coating
methods are used to form protective coatings. Spin coating produces a
thin polymer film on a rotating disk as the liquid droplet is spread out by
the centrifugal force while the solvent evaporates [50]. The coating
thickness ranges from nanometers to a few micrometers and is
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controllable through the rotation speed and the concentration of the
polymer solution. Dip coating is a simple method to produce a thin film
by immersing the substrate into a polymer solution and drying in air.
Multiple factors affect the thickness and morphology of the coating
layer, such as surface condition of the substrate, the immersion time, the
lifting speed, the number of dipping cycles, the operation temperature,
and the humidity [51]. Cast coating is a scalable and versatile technique
to make thin polymer films, often used in both laboratories and in-
dustries [52]. Thickness of coatings are tunable by various parameters,
such as viscosity of the polymer solution, volatility of the solvent, and
the drying temperatures. To prepare a film by cast coating, a homoge-
neous polymer solution is dropped on a flat substrate and casted with a
blade, followed by a drying process. Cast coating is suitable for thin layer
preparation in a range of sub-micrometers to micro-level thickness
[53-55]. Spray coating uses a stream of fine droplets striking at the
target substrates at high velocity to form a uniform layer [56]. This
technique is suitable for mass production due to its high efficiency, low
cost, and high reproducibility. For instance, Wei et al. employed spray
coating technology to fabricate a graphene oxide layer on Li foil (Fig. 3d)
[571.

Highly reactive surface of Li metal can be used as the initiator to
grow protective coatings on top of the Li metal. The thickness of pro-
tecting layer can be controlled by the reaction time and the concentra-
tion of the reactant. Cui et al. used a solid-gas reaction of sulfur vapor on
the reactive Li metal surface to form a homogenous Li,S layer in-situ
(Fig. 3e) [58]. LiF coating layers are prepared by the reduction of
fluorine-containing gas on the Li metal surface [59,60]. Hybrid silicate is
synthesized by reacting vapor of MPS and TEOS on the surface of Li
metal [61].

Solid-solution reaction is also widely applied to produce a variety of
coating materials on Li metal surface. Wu et al. reported a simple
method to coat a uniform LiF/polymer composite layer on Li metal
surface by reacting with PVDF dissolved in DMF (Fig. 3f) [62]. Poly-
merization of ethyl a-cyanoacrylate on the surface of Li metal was re-
ported by Cui et al. [63] LigPSy4 layer is produced on Li metal surface
inside the battery by the reduction reaction of LizSg/P2Ss in an ether
electrolyte [64].

4. Characterization techniques for physical and chemical
properties of the protective coatings

The characterization of surface coating on Li mainly focuses on the
composition, morphology, and mechanical property. Fig. 4 summarizes
the tools for characterizing the coating layer, SEI layer, Li layer, and
their interfaces. The EDX, XPS, XRD, FTIR, Raman spectroscopy, ED, and
EELS are widely used for composition analysis. The morphology of the
protective layer, SEI layer, and Li are studied by SEM and TEM. In-situ
techniques for the analysis of electrode-electrolyte interfaces are
reviewed in detail by Wang et al. [65].

XRD is a rapid analytical method used for crystalline phase identi-
fication. Benefiting from the high flux of synchrotron light sources, the
current synchrotron-based XRD allows us to identify the nanometer-
scale crystalline components such as Li, Li;O, Li,CO3, and LiF in the
SEI layer [58,66]. Furthermore, the Operando synchrotron XRD is
currently under development, which is able to monitor the evolution of
Li and crystalline SEI components throughout plating and stripping of Li.
Consequently, this technique provides qualitative and quantitative in-
formation on chemically reacted Li, physically isolated Li, and electro-
chemically active Li in real time [1].

XPS is a surface-specific analytical tool probing the outermost region
limited to 8-10 nm of the sampling depth. To avoid the reactions be-
tween Li sample and air, the XPS for Li metal study is usually equipped
with an argon filled glovebox. Another approach to eliminate the air
contamination is using a custom-designed, air-tight sample holder to
transfer the sample from glovebox to the XPS instrument. In addition to
identify the chemical species, XPS can quantify the ratio of chemical
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Fig. 4. Characterization techniques for the coating layers or the SEI layers on lithium metal anode: (a) Depth profile of the XPS spectra of Li,S coating layer on Li
metal after varied sputtering times [58]; (b) FTIR spectra of a-phase and p-phase PVDF coatings [67]; (c) EELS elemental mapping of the SEI layer on Li metal [73];
(d) TEM images of the Li metal dendrite observed under standard TEM (left); and under cryo-TEM (right), which is free from the beam damage [71]; (¢) AFM image
of LizP/LiCl composite layer showing high Young’s modulus of the coating [75]; and (f) QCM analysis of the mass gain of polyurea thin film growing on Li metal [45].

compounds at the sample surface. By etching the surface layer, the depth
profile of the chemical compositions from the outermost surface layer to
the bulk regions can be analyzed [22,58]. The depth profile of the
coating layer produced from the solid-gas reaction of sulfur vapor and Li
metal are shown in Fig. 4a as an example [58]. According to the S 2p and
Li 1s spectra, the outmost layer of the coating is composed of multiple
compounds such as LiCOs, LisS, LiSO3, LiSO9, and LizSO4. In contrast,
the main components from the middle to the bulk layer are simply Li>S
and LipCOs. The gradation of sulfide compounds represents that the
degree of sulfur reduction varies with the distance from the reductive
surface of Li metal.

FTIR and Raman spectroscopy are often employed to analyze the
composition of Li metal surface [55,61,62,67]. ATR-FTIR is particularly
sensitive to the sample surface and suitable for the surface analysis. For
example, a thin PVDF film coated on Cu current collector is analyzed by
this technique (Fig. 4b) [67]. ATR technique can be applied to in-situ
analysis of SEI composition on the anode surface [68]. As such, in-situ
characterization of the protective coating during plating/stripping of Li
metal can potentially provide useful information on the swelling
behavior or the compositional change in the coating. In-situ stimulated
Raman scattering has been demonstrated to monitor the concentration
gradient of anion at the electrolyte-Li interface, and the growth of Li
metal under a LisPO4 coating [19].

SEM is frequently used to study the morphologies of the coating
layer, the cross-sectional interface layer. Observation of Li metal elec-
trodeposited after varied times provides the time evolution of nucleation
and growth of Li metal particles or the dendrites inside the battery cell
[34,69]. The intensity of electron beam used in SEM is much lower than
TEM, and therefore minimum beam damage is expected in SEM [70].
However, the resolution of SEM is not high enough to observe a
nanometer-thick coatings (those formed by ALD or sputtering tech-
niques) and the SEI layer. In contrast, TEM enables observation of SEI
layer under the high-energy electron beam. The challenge of TEM
characterization has been the beam damage to thin Li and organic
samples (Fig. 4d, left), and then cryo-TEM which operates at cryogenic
temperature is developed by Cui [71], Meng [72], Kourkoutis et al. [73],
respectively, to minimize the beam damage on Li metal (Fig. 4d, right)

[71].

A few other analytical tools for elemental or chemical characteriza-
tions are often paired with electron microscopies. EDX is generally
combined with SEM to provide elemental mapping along with sample
morphology. Elemental Li is inactive in EDX analysis and therefore
observed as a black region in the EDX mapping image. The cross-
sectional EDX mapping of the coated Li metal is able to identify the
thickness and uniformity of the coating layer on the Li metal. For
example, cross-section of the MoS»-coated Li metal was characterized by
Mo and S signals in the EDX analysis, which shows that MoS; layer on Li
foil is structurally stable, and the uniform film is observable after 300
cycles. [48].

EELS provides abundant chemical information of the sample such as
the atomic composition, chemical bonding, and valence number. EELS
instrument is generally combined with TEM. In contrast to EDX, signals
from light elements such as Li is observable in EELS. Electron diffraction
is another analytical technique combined with TEM imaging to deter-
mine the crystal structure of the sample at a particle or even at an atomic
level. Because high-energy electron beam can damage organic samples
and Li metal, cryogenic condition has been used in EELS (Fig. 4c) [73],
and electron diffraction (Fig. 4d, inset) [71], to evaluate the chemical
composition or determine the crystal orientation of Li metal and the SEI
layer [74]. Kourkoutis et al. combined cryo-STEM and EELS to obtain
the nanoscale structure and composition of intact SEI on Li metal,
revealing the structure of Li dendrites and the SEI layers [73].

AFM probes the surface morphology and mechanical properties of
the samples, which achieves high vertical resolution of 0.1 nm [63].
AFM is unique for its capability of evaluating the Young’s modulus of the
coating layer by measuring the van der Waals forces between the
probing tip and the surface [22,75]. Qian measured the mechanical
properties of LigP/LiCl coating layer on Li metal by AFM in peak force
tapping (PFT) mode. As shown in Fig. 4e, LigP/LiCl layer on the Li
surface shows high Young’s modulus, which suppresses the growth of Li
dendrites [22,75].

QCM techniques measure nanogram-scale mass changes of the
electrode during the electrochemical reactions [76,77]. For instance,
Sun et al. used QCM to evaluate the growth rate of polyurea on Li foil
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(Fig. 4f) [45]. QCM can quantify and accurately control the film thick-
ness coated on Li foil, which has prominent influence on the ionic
conductivity of the film.

5. Morphology of Li metal and electrochemical method to
evaluate the protective function of coating layers

Protective effects of a coating layer on Li metal are usually evaluated
by observation of the morphology of electroplated Li metal, electro-
chemical performance in a Li||Li symmetric cell, Cu||Li cell, and Li||
cathode full cell. An effective coating layer leads to a dense and
dendrite-free deposition of Li metal even after extensive numbers of
cycles. Long cycle life and stable voltage curve in Li||Li symmetric cell,
especially under large current and capacity, indicate stable deposition of
Li metal. CE in plating/stripping cycle of Li metal can be evaluated by
Cu||Li cell and enables a quantitative evaluation of Li loss during the
cycles. Practical application of a protective coating can be assessed by
cycling the protected Li metal anode paired with a cathode. We briefly
summarize the key information obtainable from these characterization
and cell testing, the required condition for the testing, and the way of
interpreting the results. This section is intended to make the compari-
sons of the protection performance more comprehensive between
different coating materials as discussed in Section 6 and 7.

5.1. Morphology of Li metal

SEM is a common tool to study the morphologies of the coating layer
and deposited Li. SEM analysis provides three key information. 1) Po-
sition of electrodeposited Li metal. To exert the protective function of
the coating layer, Li metal has to be deposited underneath the coating
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layer. 2) Morphology of electrodeposited Li metal particles. Round
shape and large particles (>5 pm of diameter) has smaller contact area
with the electrolyte than fibrous and dendritic shape, and thus less side
reaction is expected [8]. 3) Total thickness of deposited Li metal on the
current collector. To reduce the contact area with the electrolyte, low
pore volume inside the deposited Li metal is desirable. The porosity in Li
metal can be evaluated from the total thickness of deposited Li metal. A
useful standard is that 1 mAh cm ™2 of Li metal with zero porosity yields
a deposition thickness of 4.85 pm. Assuming an isotropic pore, total
thickness as d um, the porosity in Li metal deposited after Q, mAh cm 2
can be calculated from the formula, (d - 4.85Q,)/d.

5.2. Li||Li symmetric cell cycling

Cycling the Li||Li symmetric cell at different current densities with
various areal capacities is the first approach to assess the performance of
the surface protected Li. Voltage curves reflect the morphology evolu-
tion of Li metal. There are two typical symptoms of cell failure due to the
Li dendrite growth (Fig. 5a). The voltage suddenly drops to 0 V as a
result of Li dendrites penetrating the separator and shorting the cell
(Fig. 5b, pure Li metal) [58]. Another phenomenon is the dramatic in-
crease of the cell polarization, which is also associated with dendritic Li
formation leading to high surface area porous Li deposition (Fig. 5b,
Li»Sg preplant Li). The Li metal with high surface area not only reacts
with the electrolyte to generate highly resistive side reaction products,
but also absorbs the electrolyte into the pores. Although the cell is not
shorted, the increase of the polarization and unstable voltage curves
indicate massive Li dendrites formation. Long-term cycling without
apparent increase of voltage polarization is a good indication of stabi-
lization of Li metal (Fig. 5b, LipS-coated Li). Because Li metal becomes
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Fig. 5. (a) Schematic diagram of two possible Li failure mechanisms. (b) Li||Li symmetric cell cycling with/without coating [58]. (c) Cycling stability of Li||LCO cells
tested under 17-fold excess amount of Li metal [79]. (d) Cycling stability of Li|[NMC811 cells tested with one-fold excess of Li metal [80].
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less stable at higher current density and higher capacity, Li||Li cycling
test at such conditions can clearly show the validity of protective coat-
ings. It is worth mentioning that the Li||Li cycling test fails to distinguish
the internally-shorted cell, when the voltage curve appears smooth and
stable for long period of time, while the voltage does not reach 0 V (often
referred as soft short). Then, EIS test is required to prove the cell is not
shorted.

5.3. Coulombic efficiency

CE test is conducted in a two-electrode cell with Cu as the working,
and Li as both counter and reference electrodes. Li metal is repetitively
plated on and stripped from Cu electrode. CE is calculated from the ratio
of stripping capacity to plating capacity (CE = Qs/Qp). CE less than unity
means loss of Li metal in the plating/stripping cycles. Influence of cur-
rent density, Qs, and Qp on CE and other cycling protocols is detailed
elsewhere [78]. The irreversible loss of the Li originates from either
chemical reaction with the electrolyte to form SEI, or formation of
electrically isolated Li particles. The effectiveness of a protective coating
is evaluated by comparing the CEs with or without the coating covered
on the Cu working electrode. An effective coating layer suppresses the
irreversible chemical reaction by reducing the contact between the Li
and electrolyte, and mitigates the formation of isolated Li metal particles
by promoting dense uniform Li deposition.

5.4. Full cell

Li||cathode full cell is the ultimate evaluation of the coating, which
provides insight for practical application. Depending on the compati-
bility between the coating and the electrolyte solvent, the cathode for
the full cell testing is usually LFP, sulfur, and NMC. Although there are
reports of stable cycling at high current densities in Li| |Li cells, the re-
ported current density used in Li||cathode full cell is usually much lower
than the value used in Li||Li cells. Cathode with high loading of active
materials are required to test the full cell at higher current density. The
benefits from the coating are obvious when limited Li and/or lean
electrolyte is used. For instance (Fig. 5c), high CEs of >99.8% are re-
ported as Li efficiencies with more than 10-fold excess of Li in the full
cell. However, the excess Li means the reported efficiency value is really
a measure of the cathode reversibility [79]. In comparison, Fig. 5d

Table 1
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shows the performance of Li||[NMC 811 cells with one-fold excess of Li.
Before the excess Li is consumed the capacity of the cell is stable and the
CE is 99.93%, which represents the CE of the cathode [80]. Once the
excess Li is consumed, the capacity of the cell decay much faster and the
CE of the cell reflects the efficiency of the Li anode. Since the CE of the
full cell with excess Li is basically the CE of the cathode, a proper way to
evaluate the CE of Li metal in a full cell is to test the anode free cell,
which only utilize the Li from cathode side.

6. Inorganic coating

Inorganic coatings generally possess high shear modulus and can
serve as a physical barrier to Li metal dendrite [26,28]. Table 1 lists the
intrinsic shear modulus and ionic conductivity of inorganic materials
used as the protective coating on Li metal. Al;Os3, fluorinated graphene
(GF), LiF shows notably high shear modulus, while sulfide-based ma-
terials such as MoSs and LisPS4 shows lower shear modulus. Materials
with high ionic conductivity is expected to transport Li cations via
hopping mechanism and show the highest selectivity toward Li cations.
Meanwhile, ion transport through non-conductive coating layer is only
possible in the liquid electrolyte permeating the layer, and therefore, the
selectivity toward Li ion through non-conductive layer is limited. In
short, high ionic conductivity of inorganic coating materials directly
leads to high selectivity of Li cation. This relation is only true for
single-ion conductor and not true for polymeric materials (Section 7).

Coating uniformity is the essential factor which determines the
performance of inorganic coating. Presence of defects, grain boundaries,
and pores in coating layer significantly reduce shear modulus, ionic
conductivity, and the Li" selectivity. Most of the inorganic coatings is
directly formed on the Li surface by ALD, sputtering, or solution-phase
reaction (Table 1). Then, high-pressure compression or high-
temperature sintering to eliminate the defects in the coating layer is
not available [81], because those processes result in deformation or
melt-down of metallic Li.

Performance of inorganic coating is often evaluated as the cycling
life of Li||Li symmetric cell (Table 1). Longer cycle numbers at higher
current density and higher capacity indicate superior protection effect
on the Li metal. However, one must note that Li metal foil used in the cell
is usually very thick (>250 pm), corresponding to nearly 50 mAh cm 2
in capacity. Given such an excess amount of Li as a reservoir, the cycle

Conditions and cycle numbers of Li||Li symmetric cells with various inorganic coatings on the Li metal. Note thick Li metal foil (>250 pm) is used in the test. Reference
for ionic conductivity at room temperature: LiF = ref [82]; Al;03 = ref [83]; LiPON(Li3 3PO3 gNg.22) = ref [84]; LisPS4 = ref [81]; LisP = ref [85], Reference for shear
modulus: LiF/LiCl = ref [86]; Al,O3 = ref [87]; LiPON = ref [88]; LizPS; = ref [89]; MoS, = ref [90]; GF = ref [91].

Material Tonic conductivity Shear modulus  Coating method Thickness  Electrolyte Current (mA Capacity (mAh Cycle Ref.
(Sem™) (GPa) cm?) cm?) number
LiF 107121077 76 (LiF) ALD 8 nm EC/EMC (3:7), 1 1 130 [42]
1 M LiPFg
LiF 107131077 76 (LiF) Solid-gas 380 nm EC/DEC (1:1), 5 1 300 [60]
reaction 1 M LiPFe
LiF + 107131077 76 (LiF) Solution 300 nm EC/DEC (1:1), 3 1 300 [62]
polymer reaction 1 M LiPFg
Al,03 10~%° (amorphous 165 (Al,03) Magnetron 20 nm EC/DEC/DMC (1:1:1), 1 0.5 0.5 600 [471
Al,053) sputtering M LiPFg
LiPON + 2.4 x107° (LiPON) 31 (LiPON) ALD 15 nm EC/DEC (1:1), 2 2 100 [92]
polymer 1.5 M LiPFg
LizPS4 3 x 10 * (LisPS,) 8.7 (LisPS,) Solution 2 um DOL/DME, 1 M LiTFSI, 4 1 800 [64]
+LSPS reaction 25 mM LiSe/P2Ss
LisP + LiCl 10~ (LisP) 34 (LiCD Solution 15 pm EC/DMC/EMC (1:1:1), 1 3 2 100 [75]
reaction M LiPFe,
5% FEC
Lijzlng + Mixed conductor - Solution 10 pm DOL/DME (1:1) 2 2 600 [93]
LiCl reaction 1 M LiTFSI
MoS, Mixed conductor 18 (MoS5) Sputtering 10 nm DOL/DME (1:1), 10 5 300 [48]
1 M LiTFSI,
0.25 M LiNO3
GF + LiF Mixed conductor 140 (GF) Solid-solid 1 pm EC/DEC (1:1), 10 1 165 [94]
reaction 1 M LiPFg
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life of the cell is determined by the rate of electrolyte consumption or
cycle life before internal shorting, rather than by the consumption rate
of metallic Li. Measurement of CE or use of thin (controlled amount of)
Li foil is highly recommended to evaluate the reduction rate of side re-
actions by protective coatings (Section 5.3).

6.1. Ionically non-conductive materials

6.1.1. Lithium halide

LiF is a major SEI compound formed from the decomposition of
fluorinated salts or fluorinated organic solvents [95-97]. Because Li
metal generally shows stable cycling in those fluorinated electrolytes,
LiF is believed to protect Li metal surface. Rochefort et al. reported that
Li metal immersed in FEC solvent can be cycled in acetonitrile (1 M
LiPFg as the salt), a solvent known to react with Li metal [98]. XPS and
AFM analysis of the SEI layer on Li metal after the immersion in FEC
revealed the presence of LiF, Li;COs, and polymeric compounds. The
authors suggested that the soft polymeric components also play the
important role in protecting Li metal surface.

Mechanism of ion transport and the exact ionic conductivity in LiF is
still unclear today. A theoretical study showed defects in LiF can
contribute to the ionic conductivity [99]. Pan et al. shows Schottky pairs
are likely formed at the anode side, and the ionic conductivity of LiF is
estimated as 103! S em ™. On the cathode side, p-type defect is formed,

(@)
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and the ionic conductivity of LiF is estimated as 1072 S cm™!. The
authors suggested doping divalent cation (e.g. Mg?*") in LiF increases the
carrier concentration and improve the ionic conductivity. Greeley et al.
calculated the conductivity of LiF to be in the range of 1077-10713 §
cm_l, much higher than the value reported by Pan et al. [82] Li et al.
reported that LiF thin film deposited on silica (0001) surface is struc-
turally disordered, and the ionic conductivity is experimentally evalu-
atedas 6 x 10°®Scm ™! at 50 °C [100]. The cause of high conductivity is
attributed to the interface region between the amorphous and the
crystalline phases in LiF. The authors reported thermal annealing of the
LiF film at a moderate temperature (350 °C) is the key to growing the
amorphous-crystalline interface.

Several methods have been reported to form LiF layers directly on Li
metal. Elam et al. used ALD with t-BuOLi and HF as the precursors [42].
Cui et al. produced LiF layer by the direct reaction of fluorine (F3) gas on
Li metal surface (Fig. 6a) [60]. The Fy gas is generated from thermal
decomposition of perfluoro-3-butenyl vinyl ether (commercially known
as Cytop) and diffuses to the Li surface to initiate the formation of LiF.
Li||Li symmetric cell with the LiF layer (380 nm) cycles for 300 cycles at
5mA cm ™2, 1 mAh cm ™2 in an electrolyte composed of EC and DEC with
1 M of LiPFg (Fig. 6b). Wu et al. reported that Li metal immediately
reacts with a DMF solution of PVDF to form a composite film (300 nm
thick in total) of LiF and polymers derived from PVDF [62]. Li||Li
symmetric cell with the LiF/polymer coating cycles for 300 cycles at 3
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Fig. 6. (a) TEM images of LiF coating on Li metal surface. (b) Li||Li symmetric cell cycling in EG/DEC electrolyte at 5 mA cm~2 and 1 mAh ecm ™2 with/without LiF
coating [60]. (c) Cross-sectional SEM images of Cu current collector after 1 mAh cm 2 of Li metal is deposited (top) and then stripped (bottom) in 0.2 M Lil EC/DMC
solution. A layer of 1 pm-thick lithium methyl carbonate (LMC) is observed on the surface. (d) CE of Li plating/stripping on Cu current collector without coating, with
LMC coating in normal LP 30 electrolyte (EC/DMC + 1 M LiPF¢), and with LMC coating in LP30 electrolyte saturated with LMC [108]. (e) Cross-sectional SEM image
of Li metal after 4 mAh cm~2 of Li is plated in 0.025 M of L,S/P2Ss (LSPS) ether solution. A layer of LisPS, is formed on the Li surface. Scale bar = 20 pm. (f) Li||Li
symmetric cell cycling at 4 mA cm™2 and 1 mAh cm~2 in DOL/DME electrolyte added with LySe/P,Ss [64].
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mA cm 2 and 1 mAh cm ™2 in a carbonate electrolyte (EC/DEC (1:1) +1
M LiPFe).

LiCl is another Li halide salt having higher shear modulus (34 MPa)
than Li metal. Yang et al. prepared a LiCl/polymer composite layer from
the reaction between C,Cly and LiOH on the Li metal surface [101].
Lithiophilic nature of LiCl surface facilitates the Li* transport through
the composite layer. The surface-modified Li||Li cell cycles for 1000 h
without increase of voltage hysteresis at 2 mA cm ™2 and 1 mAh cm™2 in
ether electrolyte (DOL/DME + 1 M LiTFSI + 2% LiNOs).

6.1.2. Aluminum oxide

An ultrathin coating of Al,O3 is commonly prepared by ALD tech-
nique (Section 3), using a reactive organometallic precursor (trimethy-
laluminum) and water vapor. Nanometer-thin amorphous Al;O3 layer
has been proven to protect cathode materials from the decomposition
reaction by HF in the electrolyte [102]. To understand the ion transport
through amorphous Al,O3 layer, Wolverton et al. calculated the Li
diffusivity as 2.7 x 10 ¥ m2s1at 600 K [83]. Based on this result, the
conductivity of Al,Os is estimated as only 1073° S em™! at 300 K. Such
low ionic conductivity requires AlyO3 layer to be nanometer-thin to
allow Li" diffuse through.

On the surface of Li metal, reduction of AlyO3 produces LiAlsOg
phase. Recent ab initio calculation shows LiAlsOg has a lower Li-ion
migration barrier (0.33 eV) and higher Li-ion diffusivity (3.6 x 1078
cm? s~ than Al,0O3 (2.69 eV, and 9.3 x 10~ ¢m? s’l, respectively)
[103]. Therefore, LiAl5Og coating layer is expected to be a more ideal
single-ion conductive coating layer than AlyOs.

Hu et al. coated ultrathin layer of Al;03 on a garnet Li-ion conductor,
LLCZN [104]. The lithiophilic nature of Al,Oj3 interface layer results in
intimate contact between the Li metal and LLCZN, and the interfacial
impedance is reduced significantly. TEM/EELS analysis reveals that
Al,O3 is converted into LipAl4O7 (another Li-ion conductive phase) at
the interface with Li metal. Their study provides a perspective for
solving the inherent problem of high interfacial resistance in
all-solid-state Li metal batteries [105].

Li et al. used magnetron sputtering to coat AlyOs layer directly on Li
surface [47]. The authors compared the Li||Li cycling life with different
thickness of AlyO3 layer (0, 7, 20, 40 nm) in a carbonate electrolyte, and
20 nm-thick Al,O3 layer showed the longest cycling life (>~1000 h at 0.5
mA cm 2, 0.5 mAh cm™2). Interestingly, the authors observed Li metal
deposited on top of the AlyO3 layer rather than underneath the layer.
This result indicates the ionic conductivity of 20-nm-thick Al;O3 layer is
too low, and Li metal deposits through the cracks in the Al,O3 layer.

6.1.3. Lithium methyl carbonate

LMC is another class of SEI component often observed in carbonate
electrolytes [106]. Liu et al. demonstrated that a uniform coating of LMC
can be formed on Li metal surface by a selective demethylation of DMC,
catalyzed by Lil (Fig. 6¢) [107-109]. Because LMC is soluble in EC/DMC
solvent, the electrolyte is saturated with LMC powder to suppress the
dissolution of the LMC coating layer. The CE of Li deposition of
LMC-coated Li metal in LMC-saturated carbonate electrolyte (EC/DMC
(1:1) + 1 M LiPF¢ + sat. LMC) is 96%, which is higher than the efficiency
in a commercial LP30 carbonate electrolyte (EC/DMC (1:1) + 1 M LiPFg)
(Fig. 6d) [108].

6.1.4. Lithium sulfide

LiyS is often observed on the Li metal anode in Li||S batteries due to
the reaction between polysulfide and Li metal [110]. Although the for-
mation of LiS on the anode decreases the amount of active sulfur, the
solid LisS layer is believed to hinder the growth of Li dendrite. Cui et al.
made a dense layer of Li»S (62 nm thick) on Li surface via solid-gas
reaction between vaporized sulfur and solid Li metal [58]. The CE of
Li deposition is evaluated by measuring the consumption rate of thin Li
metal anode (10 mAh cm 2 capacity) in a ether electrolyte (DOL/DME
(1:1) + 1 M LiTFSI), and the efficiency is 98.9%.
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6.2. Ion-conductive materials

6.2.1. Lithium phosphorous oxynitride

LiPON is an amorphous solid-state electrolyte, which can be pre-
pared either by radio frequency reactive sputtering or ALD techniques.
Xie et al. coated 2 pm-thick LiPON on both Cu current collector and Li
metal, each of which were assembled into a pouch cell [111]. The au-
thors demonstrated prolonged cycle life in both LiPON-coated Cul|
LiCoOj, cell and LiPON-coated Li||LiCoO2 cell. However, when NCA and
elemental sulfur are used as the cathode materials, LIPON coating de-
teriorates the cycle life. Because the capacity of NCA and sulfur is higher
than the LiCoO,, larger amount of Li metal is deposited during the
charging cycle, which leads to the crack formation in LiPON layer and
eventually causes the deterioration of the cycling performance.

To overcome this brittle nature of LIPON, Noked et al. put a 800-nm-
thick polymer layer underneath a LiPON layer (15 nm) [92]. The
polymer layer is prepared by electrochemical polymerization of DOL on
Li metal surface. However, thermal expansion of the underlying polymer
layer during the 150 °C ALD process results in formation of cracks in the
top LiPON layer. After 100 cycles of plating/stripping, electroplated Li
metal is observed at the surface cracks in LiPON layer. Although the
surface of Li metal is exposed to the electrolyte, the morphology of Li
metal was smooth and densely packed on top of the LiPON layer. This
result indicates that the surface composition of the substrate can alter
the electroplating behavior of Li metal.

6.2.2. Lithium phosphorous sulfide

LisPS4 is a glassy solid-state electrolyte widely used in solid state Li
metal battery. Compared to garnet type solid electrolyte, LisPS4 is more
malleable and ductile, offering great processing ability to form a thin
film [112]. LigPS4 can be synthesized from a solution phase, which en-
ables a facile way to form a uniform coating on Li metal surface [113].
Nazar et al. formed LisPS4 coating directly on Li surface by soaking a Li
foil into a DOL/DME mixed solution of Li3Sg and PoSs [64]. The resulting
layer is a mixture of conductive LigPS4 and non-conductive phosphorous
sulfide species. Thickness of the resulting LisPS4 coating was approxi-
mately 2 pm (Fig. 6e). In the electrochemical test, LisSg and P,Ss are
added directly into the electrolyte to form LigPS4 layer in-situ on the
surface of Li metal electrode. As a result, Li metal can be stably pla-
ted/stripped for 400 h at a high current density of 4 mA cm ™2 (Fig. 6f),
and no dendritic nor mossy Li is observed during the cycling under the
optical microscopy. Sun et al. used an alternative pathway to form
LisPS4 layer on Li metal surface, where Li foil is soaked in a solution of
P4S16 in NMP [114]. The authors showed improved capacity retention of
Li||S battery with the LizPS4 coating.

6.2.3. Lithium phosphide

Yang et al. prepared LizP from the direct reaction between Li metal
and PCl3 [75]. LisP is known as a fast Li-ion conductor (1 04Sem!at
room temperature) [85]. The overpotential of LisP-coated Li||Li sym-
metric cycling is reduced and achieves 100 cycles at 3 mA cm ™2 and 2
mAh cm™2 in a carbonate electrolyte (EC/DMC/EMC (1:1:1) + 1 M
LiPFg + 5% FEC).

6.3. Mixed ion-electron conductor

6.3.1. Composite of metal and lithium halide

Nazar et al. formed a layer of lithium alloy (e.g. LijsIng, LiZn, Li3Bi,
LizAs) by soaking a lithium metal in THF solution of metal chloride
(MCly; M = In, Zn, Bi or As) [93]. LiCl is a byproduct in the reaction and
remained in the alloy layer. The Li;3Ing coating layer shows particularly
effective protection on Li metal. Lijsing-coated Li||Li symmetric cell
cycles for 1200 h at 2 mA cm ™2 and 2 mAh cm ™2 in an ether electrolyte
(DOL/DME (1:1) + 1 M LiTFSI).

Xie et al. prepared a composite Li-Sn alloy/polymer layer by soaking
a Li metal into a THF solution of SnCl4 [115]. SnCly4 reacts with Li metal
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to form Li-Sn alloy and LiCl, while THF polymerizes into PTMEG. Li
metal with the composite coating becomes more resistant against water.
With the Li-Sn/polymer coating, Li||Li cycling achieves 1000 h at 1 mA
cm~2/1 mAh cm ™2 in an ether electrolyte (DOL/DME + 1 M LiTFSI + 1
wt% LiNO3). In addition, a Cu||Li cell achieves 200 cycles at 0.5 mA
cm~2/1 mAh cm ™2 with a CE of over 95%.

Yan et al. reported a LiF/Cu composite layer prepared by the
reduction of CuFs on the Li metal surface [116]. LiF/Cu layer is a mixed
conductor, and the electronic and ionic conductivities are 2.06 x 1075 S
em Y and 1.79 x 107%S em ™}, respectively. CE of Li metal covered with
LiF/Cu layer is evaluated as 96.3% under 0.5 mA cm ™2 with 0.5 mAh
em ™2 in a carbonate electrolyte (EC/DEC (1:1) + 1 M LiPFg).

6.3.2. 2D materials and carbon nanotube

2D materials such as graphene, GO, GF, and MoS; can conduct Li ion
in between the layered structures. These layers are highly selective to-
ward Li ion and expected to expel the solvent molecules from the Li
metal surface. Cui et al. studied electroplating of Li metal on Cu foil
where the surface is covered with boron nitride or graphene nanosheets
[117]. Li metal plating through the 2D layers forms dense morphology,
and the CE is increased to 97% at the cycling condition of 0.5 mA cm ™2
and 5 mAh cm ™2 in a carbonate electrolyte (EC/DEC + 1 M LiPFg). Choi
et al. coated MoS; layer directly on Li metal via sputtering technique
(Section 3) [48]. The authors demonstrated stable cycling of MoSy--
coated Li metal at high current density (10 mA cm™2) and large capacity
(5 mAh cm 2.

Qian et al. reported a composite coating of LiF with graphene fluo-
ride (GF), which was prepared by reacting GF with molten Li metal [94].
The GF-LiF coating suppresses growth of Li dendrite and enables stable
Li||Li cycling at high current density (10 mA cm™2) in a carbonate
electrolyte. The coating is hydrophobic and protects Li metal from
moisture damage when exposed to ambient air.

Carbon nanotube (CNT) is an electron conductive material, and Li
metal is expected to grow on the top when placed on Li metal anode.
However, lithiophobic nature of CNT prohibit Li metal to deposit
directly on CNT surface. Zhang et al. prepared a multilayer ZnO/CNT
coating film with lithiophilic-lithiophobic gradient where the inner
layer of CNT is coated with ZnO to alter the surface nature to be more
lithiophilic, while the outer layer of CNT remains bare and lithiophobic
[118]. The gradual increase of lithiophilicity of the ZnO/CNT film to-
wards Li metal surface guides uniform deposition of Li metal underneath
the coating layer. Stable Li||Li cycling was demonstrated under 10 mA
cm 2 with 1 mAh em ™2 in coin cell, and 1 mA cm 2 with 1 mAh em™2in
pouch cell.

7. Polymer and polymer/inorganic composite coatings

Polymer coatings are more flexible and elastic compared to inorganic
coatings and thus more capable of accommodating volume change
during Li plating/stripping. Intimate contact between polymer layer and
Li metal is often observed, because polymer itself or the liquid that
swells the polymer wets the surface of Li metal better than rigid inor-
ganic precursors. Polymer can be made into a uniform film by spin
coating, solution casting, and even direct polymerization on Li metal
surface. Thickness is controllable by the concentration of the polymer
solution used in the coating process or by the reaction times. Thinner
coating can increase the ionic conductivity of the polymer film, while
thicker coating can enhance the film toughness and the selectivity to-
ward the conduction of Li* [119].

In addition to film thickness, ionic conductivity of polymer films
depends on the swelling ratio in the electrolyte. Hildebrand solubility
parameter is a square-root of intermolecular cohesive energy within a
unit volume of material (unit = MPa'/?) [40]. Solubility parameter is
useful to predict the swelling behavior of polymers in solvents: Polymer
swells more in a solvent with similar solubility parameter as the poly-
mer. Solubility parameter is higher in polar solvent because of stronger
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dipole-dipole interaction. For example, solubility parameter of ethers
ranges between 15 and 20 MPal’? (e.g. diethyl ether = 15.8; 1,
4-dioxane = 20.5); linear carbonates range between 17 and 20 MPal/?
(e.g. DEC = 17.9; DMC = 19.4); cyclic carbonates range between 27 and
30 MPa'/? (e.g. PC = 27.3; EC = 29.6) [40,120]. Solubility parameters of
polymer films used as protective coating of Li metal is listed in Table 2.
Solubility parameters of some polymers have not been reported in
literature. In this case, we listed the solubility parameter of the solvent
which dissolves the polymer, since the solubility parameter of the
polymer is expected to be similar to the value of the solvent.

Polymer materials are categorized into three types based on the
solubility parameters: non-polar polymer (Section 7.1) with solubility
parameter below 16 MPa'/?; polar polymer (Section 7.2) with solubility
parameter in the range of 20-25 MPa'/?; strongly-polar polymer (Sec-
tion 7.3) with solubility parameter above 26 MPa'/2. A Polymer film
swells and becomes ion-conductive only in a solvent with similar solu-
bility parameter as the polymer. Therefore, non-polar polymer coating is
usually used with less polar electrolyte such as ether electrolytes to
maximize the film conductivity, except in the case the film has pores to
let the solvent permeate through. Polar polymer films are conductive in
both less-polar ether electrolyte, and polar carbonate electrolytes.
Strongly-polar polymer films are only conductive in polar carbonate
electrolytes. Chemical selectivity is generally observed in strongly-polar
polymer, which is advantageous as a protective coating of Li metal
(Section 2). For example, electrostatic interaction between Li™ and
sulfonate group enables a selective conduction of Li* through Nafion
film (Section 7.3.1). Dipole-dipole interaction between EC and nitrile
group of PAN reduces the reactivity of EC with Li metal (Section 7.3.2).
On the other hand, polar group is generally at high oxidation state and
therefore tends to be reduced by Li metal. Addition of a designed
functional group to the polymer backbone which can form a stable SEI
layer on Li metal can mitigate decomposition of both the coating layer
and the electrolyte (Section 7.2.5-6).

Inorganic components such as LiF, Aly03, L3PSy4, or GO can be mixed
with polymers to increase the mechanical strength of the protective
layer. High shear modulus of inorganic compounds can suppress the
dendrite growth (Section 2). In polymer/inorganic composite film, the
polymer matrix glues the inorganic components together to enhance the
film elasticity. Uniform distribution of the inorganic components, and
the higher degree of bonding between the inorganic and polymer phases
are the important conditions to realize uniform current distribution
through the film.

CE of Li plating/stripping on polymer-coated Cu or inert metal
electrode (e.g. stainless steel) are summarized in Table 2. High CE over
99% in a carbonate electrolyte was reported recently, which makes
polymer or polymer/inorganic composite a promising material for sta-
bilization of the electrolyte-Li interface.

7.1. Non-polar polymer

7.1.1. Poly(dimethyl siloxane)

PDMS is widely used because of the chemical stability against
metallic Li, and the elastic property enables PDMS to form a thin film
[125]. The protective function of PDMS film is often evaluated in an
ether electrolyte consisting of DOL/DME as the mixed solvent, LiTFSI as
the salt, and LiNO3 as the additive. The ether electrolyte itself shows
high CE without any coating layer (>98.5%) [126], and the efficiency
with PDMS film in the ether electrolyte shows only limited enhancemnt.
Meanwhile, PDMS coating enables longer cycle life (>100 cycles) of Li
deposition/stripping, compared to bare electrodes [54,127].

PDMS is a non-polar material and thus no Li salt can directly dissolve
into this polymer [128]. The ion conduction through the PDMS layer
must be mediated by the solvent molecules dissolved inside the film.
PDMS film swells more in ether electrolytes, because the solubility
parameter of PDMS (15.5 MPa'/?) is closer to that of the ether electro-
lyte. In contrast, swelling ratio of PDMS is much lower in carbonate
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Table 2
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Conditions and CE of Li metal plating/stripping with various polymer or composite coatings on a flat working electrode. Note all electroplated Li metal is stripped at the
end of each cycle. Solubility parameters of the solvent of the polymer are listed, in case the value of polymer is not available in literatures. Reference of solubility

parameters: ref [121] for polymers, and ref [120] for solvents.

Solubility parameter Coating method Thickness Electrolyte Current (mA Capacity (mAh CE Ref.
Material (MPa'/?) cm™?) cm™?)
PDMS (dense) 15.5 Melt casting 1 pm DOL/DME (1:1), 1 M LiTFSI, 1 wt 1 1 97% [54]
% LiNO;
PDMS (porous) 15.5 Spin coating 500 nm EC/DEC (1:1), 0.5 1 94.5% [122]
1 M LiPF¢
PVDF-HFP 20.0 (acetone) Solution casting 12 pm DOL/DME (1:1) 0.5 1 97.2%  [66]
+ LiF 1 M LiTFSI, 2% LiNO3
Poly(SF-DOL) + 20.3 (DCM) Solution casting 3 pm EC/EMC (3:7), 1 1 99.3% [22]
GO 1 M LiPFs, 2% LiBOB
p-PVDF 23.2 Solution casting 4 ym DOL/DME (1:1), 1 M LITFSI, 3 wt 1 0.5 98% [67]
% LiNO;
Alucone - MLD 6 nm DOL/DME (1:1), 0.4 1 99.5% [44]
1 M LiTFSI, 0.18 M Li5Ss, 2%
LiNO3
Poly(Imide- 24.8 (DMF) Solution casting 2 pm EC/EMC/FEC (3:7:1), 1 M LiPFg 0.5 1 98.3%  [53]
DOL)
PEDOT-PEO 25.1 (NM) Spin coating 380 nm EC/DMC (1:1), - - - [123]
1 M LiClO4
PAN 26.1 Thermal 40-200 EC/DEC (1:3), - - - [124]
crosslinking pm 1 M LiPFg
Li-Nafion 27.3 (PC) Solution casting 200 nm EC/DMC (1:1), 1 M LiPF¢, 10% 3 3 92% [21]
+ Al,03 FEC, 1% VC
Polyurea 30.1 MLD 4 nm EC/DEC/DMC (1:1:1), 1 M LiPF¢ - - - [45]
Nafion 31&21 Spray coating 4 pm EC/DEC (1:1), - - - [119]

1 M LiPFg

electrolytes, and thus the film is non-conductive. Zhu et al. reported a
treatment of PDMS film with hydrofluoric acid (HF) creates nanopores
to increase the ionic conductivity of PDMS film in carbonate electrolytes
[122]. An average CE with the HF-treated PDMS film in a carbonate
electrolyte (EC/DEC (1:1) + 1 M LiPFg) reaches 94.5%.

Bao and Cui et al. studied flowable PDMS films, which can deform as
Li dendrite grows [54]. Dynamic crosslinking between the polymer
chains imparts fluid-like property to the coating layer and successfully
suppress the dendritic growth of Li metal. With the flowable PDMS film
coated on Cu electrode, the average CE achieves 97.0% over 100 cycles
in an ether electrolyte (DOL/DME (1:1) + 1 M LiTFSI + 1 wt% LiNO3) at
1 mA cm 2 and 1 mAh cm~2 The authors also reported fluid-like
polymer film made from polyamine [129]. Biased random walk simu-
lation suggests that reduced ion conductivity in the fluid-like polymer
coating may contribute to uniform deposition of Li metal [129].

Nazar et al. used PDMS as an elastic polymer support for LigPS4 solid
ion conductor [130]. LigPS; powder is cold pressed into a solid
ion-conductive layer, and then the in-situ crosslinking among PDMS
oligomers fills the void inside the LizPS4 layer. An average CE of 95.8%
over 200 cycles (1 mA cm’z, 1 mAh cm’z) is reported in an ether
electrolyte with the LisPS4-PDMS composite coating. While the presence
of PDMS clearly improved the cycling stability, the moderate efficiency
values indicate that significant electrolyte permeation takes place which
reacts with lithium metal.

7.2. Polar polymers

7.2.1. Poly(vinylidene fluoride) and poly(vinylidene fluoride-co-
hexafluoropropylene)

PVDF can react with Li metal to produce LiF at the interface. PVDF
film contains both polar and non-polar phases, depending on the
conformation of electronegative fluorine (F) atoms on the polymer
chains: in a-phase, F atoms take alternating trans-gauche conformation
with antiparallel dipole moments, and thus o-PVDF film exhibits
nonpolar property; in f-phase, F atoms take all-trans conformation with
parallel dipole moments, and thus $-PVDF film exhibits polar property.
Wu et al. observed a flat deposition of Li metal on p-PVDF-coated Cu
substrate, in contrast to the dendritic Li metal on bare Cu (Fig. 7a) [67].
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The CE of Li plating in an ether electrolyte reaches 98% in the first 10
cycles on a copper electrode coated with polar p-PVDF film (Fig. 7b).
Meanwhile, with the nonpolar a-PVDF coating, the initial CE begins
from only 85% and then gradually improves to 98% after 200 cycles.
The voltage hysteresis of polar p-PVDF coated copper is the same as the
bare copper, while the hysteresis is doubled with non-polar a-PVDF
coating. The polar f-PVDF film provides more conductive pathways to Li
ion to diffuse through the polymer coating and plate underneath the
coating layer.

PVDF-HFP is a highly fluorinated version of PVDF possessing tri-
fluoro methane group. Because of uniform distribution of the dipole
moment, PVDF-HFP is less polar than PVDF, and the surface energy is
extremely low [131]. Huang et al. reported a composite film of
PVDF-HFP and LiF microparticles to increase the mechanical strength of
the polymer film [66]. The CE of Li deposition through the
PVDF-HFP/LiF composite film in an ether electrolyte with LiNO3 addi-
tive is 97.2%. Although the CE shows little increase from the bare Cu
electrode, the protected Cu||Li cell cycles longer than the control cell
(120 cycles).

7.2.2. Poly(3,4-ethylenedioxythiophene-co-ethylene oxide)

PEDOT is an electron-conductive polymer, while PEO is a Li'-
conductive polymer. The direct use of PEO (solubility parameter = 24.0
MPal/ 2, [121]) as the coating layer is not feasible due to its solubility in
common organic electrolytes. Kim et al. reported the copolymer of
PEDOT and PEO (PEDOT-co-EO), which is insoluble in organic electro-
lytes and strongly adheres to Li metal surface [123]. PEDOT-co-EO
swells in a carbonate electrolyte (EC/DMC + 1 M LiClO4) and shows
high ionic conductivity (3.5 x 1072 § em™1). The cycling life of Li||
LiCoO, cell is increased when Li metal anode is coated with PEDOT--
co-EO coating. Kim et al. also incorporated AlF3 particles in PEDOT--
co-EO to form a composite coating [132]. AlF3 is expected to serve as a
solid component to mechanically suppress growth of the Li dendrite. As
a result, the voltage polarization is reduced by this composite coating,
and also cycling life of a Li||Ox cell is extended.

7.2.3. Alucone
Alucone is a hybrid metal-organic material where ethylene oxide
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Fig. 7. (a) SEM images of copper surface after electrodeposition of Li metal (1 mA cm ™2, 2 mAh cm~2) without coating (left) and with p-PVDF coating (right). (b) CE
of Li metal plating/stripping with polar p-PVDF coating; nonpolar a-PVDF coating; and without coating [67]. (c) Formation of SEI layer after the application of
reactive polymer coating (RPC consisting of poly(SF-DOL) and GO) on Li metal surface. (d) CE of RPC-stabilized Li metal deposited in 3D carbon host, and the
comparison with uncoated 3D host (2 mA cm~2, 4 mAh cm~2). (e) Capacity retention of RPC-stabilized 3D Li ||NCM 523 full cell under lean electrolyte condition
[22]. (f) Cross-sectional SEM images and EDX mappings of ionomer (Li-Nafion) coating at a thickness of 9 ym (top) and 200 nm (bottom). (g) Roughness of elec-

troplated Li metal at various deposition capacity [21].

units are bridged by aluminum cation. Alucone is directly grown from Li
metal surface by MLD with trimethyl aluminum and ethylene glycol as
the precursors. Elam et al. reported that the Li||Li cycling life is
enhanced in a carbonate electrolyte with 6-nm-thick alucone coating
[44]. The morphology of electrodeposited Li is denser with the alucone
coating, however, no significant increase of the CE was observed despite
a longer cycling life compared to the control cell.

7.2.4. Poly((N-2,2-dimethyl-1,3-dioxolane-4-methyl)-5-norbornene-exo-
2,3-dicarboximide)

Ether-based organic electrolyte is known to show better cycle life for
Li metal compared to carbonate electrolyte. This exceptional stability is
believed to be the result of decomposition of ether solvents on the Li
surface to form polymeric SEI layers. Wang et al. designed a copolymer,
poly(Imide-DOL), where a DOL is attached to a norbornene-exo-dicar-
boximide main chain [53]. The cyclic ether group decomposes on Li
surface to produce ether-based SEI layer, while the rigid cyclic carbox-
imide group imparts stiffness to the entire film. A moderate degree of
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polymer swelling in carbonate electrolytes provides ionic conductivity
to the polymer film. The CE of Li deposition/dissolution with this
polymer coating is increased to 98.3% over 200 cycles in a carbonate
electrolyte with FEC as the additive (EC/EMC/FEC (3:7:1) + 1 M LiPFg).
This efficiency is close to the value of ether electrolytes.

7.2.5. Poly(vinyl sulfonyl fluoride-ran-2-vinyl-1,3-dioxolane)

Wang et al. also reported another type of copolymer, poly(SF-DOL)
composed of DOL, and sulfonyl fluoride (-SO2F, SF) groups [22]. SF
group is reduced on the lithium surface to produce LiF as the SEI
component (Fig. 7c). GO nanosheets is mixed into the polymer layer to
further enhance the interface stability. This polymer/GO coating is
named as reactive polymer coating (RPC) after the designed reactivity
with Li metal. CE of Li metal deposition on a flat stainless-steel electrode
achieves 99.3% at 1 mA cm 2 and 1 mAh em ™2 in a carbonate electrolyte
(EC/EMC/FEC (3:7:1) + 1 M LiPFg + 2%LiBOB). Poly(SF-DOL) coating
is applied on a carbon-based 3D host, and the CE achieves 99.1% at high
current density (2.0 mA cm’z) and high capacity (4.0 mAh cm’z)
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(Fig. 7d). Poly(SF-DOL)-coated 3D host can be lithiated to form
Li-containing anode and paired with NCM 523 cathode. Impressively,
under limited amount of Li metal (1.9-fold excess) plated inside the
RPC-protected 3D host, and limited volume of electrolyte (7 pm mAh™1),
the Li|[NCM 523 cell retained 90% of the initial capacity after 200 cycles
(Fig. 7€).

7.3. Strongly-polar polymer

7.3.1. Nafion

Nafion is an ionomer where sulfonate group is tethered onto PTFE
backbone. Nafion has two solubility parameters, 21 MPa'/? (attributed
to the PTFE backbone) and 31 M pal/? (attributed to the ionic sulfonate
group) [133]. By exchanging H™ on sulfonate group to Li* (Li-Nafion),
Li-Nafion selectively conducts Li* through the ionic cluster formed at
sulfonate group (i.e. high transference number of Li™).

Kim et al. laminated 4 pm-thick Nafion layer on Li metal as the
protective coating and used in a carbonate electrolyte (EC/DEC + 1 M
LiPFg) [119]. FTIR spectroscopy on the Nafion film confirms ion ex-
change between H' and Li" takes place during Li plating/stripping.
Nafion coating on Li metal maintains smooth surface after 10 cycles of
Li||Li cycling at high current density (10 mA cm 2, 4 mAh cm™2),
showing the good mechanical stability of Nafion. Under the same con-
dition, Nafion-coated Li metal can be cycled for 250 cycles (2000 h in
total). The authors compared the Li| |Li cycling result with 50 pm-thick
Li-Nafion. The thick Li-Nafion film shows transference number of Li*
(tLi+) close to unity, which is higher than 4 pm-thick Nafion film (where
triy = 0.83). However, the conductivity of thick Nafion is one-order
lower (3.33 x 10°®S cm™) than 4 pm-thick Nafion layer (1.42 x
107°S cm’l). Low ionic conductivity of thick Nafion film resulted in
unstable voltage curves and large polarizations in galvanostatic Li||Li
cycling, and the cell failed at low current density of 0.2 mA cm™2. The
deposited Li metal underneath the thick Nafion film is patchy and
dendritic. This comparison experiment highlights the importance of
high ionic conductivity of polymer film for depositing Li in uniform and
smooth morphology.

Archer et al. dissolved ion-exchanged Li-Nafion in PC and solution-
casted on Li metal to form 200 nm-thick Li-Nafion film (Fig. 7f) [21].
The Li-Nafion film prepared by this method is even thinner than the film
used by Kim et al. [119] and therefore shows higher ionic conductivity
2x1073%s cm’l), while maintaining high transference number of Li™
(tLi+ = 0.88). Additionally, nanoporous Al;03 membrane (20 nm pore
size) were combined with the Li-Nafion layer to increase the mechanical
strength of the composite coating. In a carbonate electrolyte (EC/DMC
(1:1) + 1 M LiPFg), the roughness of Li metal deposited under the 200
nm-thick Li-Nafion/AlyOslayer is close to the value of flat deposition
(Fig. 7g). On the contrary, the Li dendrites are observed when
9-pum-thick Li-Nafion coating is used. This result agrees with the obser-
vation by Kim et al. [119]. Because thick Nafion film shows only limited
ionic conductivity, Li metal preferentially grows from the defect sites in
the polymer film and eventually breaks the coating layer. With a thinner
coating with higher ionic conductivity, the ion transport is not hindered
and Li deposits underneath the coating layer.

In mixed carbonate electrolyte (EC/DMC + 1 M LiPF¢ + 10% FEC +
1% VC), the CE of Li plating/striping is improved from 86% with pristine
Li counter electrode to 92% with Li-Nafion/Al;Os-protected Li counter
electrode (0.5 mA ecm~2/1 mAh cm~2). Similar CE is observed under
higher current density and capacity (3 mA cm ™2, 3 mAh cm™2).

7.3.2. Polyacrylonitrile

EC is less stable in contact with Li metal and susceptible to the
decomposition reaction compared to ether solvents. Nevertheless,
oxidative stability of EC makes it compatible with 4V-cathode. To
enhance the reduction-stability of EC with Li metal, Yu et al. recently
developed a PAN-based polymer gel film [124]. The film was prepared
by thermal crosslinking of PEGDA oligomer mixed in a polymer solution
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of PAN, EC, and LiTFSI. Dipole-dipole interaction between C=N group
of PAN and C—=0 group of EC increases the energy level of lowest un-
occupied molecular orbital (LUMO) and makes EC resistant toward
reduction. FTIR, and Raman spectroscopy on PAN-PEGDA-EC-LiTFSI gel
film evidences a coordination between PAN and EC, and decreased
number of free EC molecules, respectively. The PAN-gel-protected Li
shows stable Li||Li cycling at 10 mA cm™2 and 1 mAh cm ™2 for 100
cycles. The cycled Li is shiny, and SEM shows densely deposited Li.
Although CE of Li plating/stripping is not reported, Li||[NCM 111 cell
shows good capacity retention of 94.0% after 450 cycles at 1C rate.

7.3.3. Polyurea

Polyurea film can be directly coated on a Li foils by the MLD tech-
nique with ethylenediamine and 1,4-phenylene diisocyanate as the
precursors [45]. The growth rate of the film is controlled by the number
of reaction cycle, and the typical growth rate is 0.4 nm per cycle. Amide
bonding in polyurea makes the film polar, which in turn regulates the
ion flux of Li cation. Hildebrand solubility parameter of poly(N-meth-
acryl urea) is reported as 30.7 MPa'/2, which is close to the value of EC
[121]. Sun et al. reported that 4 nm-thick polyurea coating enables
stable Li||Li cycling in a carbonate electrolyte (EC/DEC/DMC (1:1:1) +
1 M LiPFe) at 3 mA cm™2 and 1 mAh em ™2 for 200 h [45].

8. Summary and future perspectives

The past few years have witnessed a large variety of protective
coatings made of both inorganic and polymeric materials that have been
reported to give better cycling performance than bare Li metal in either
Li||Li symmetric cycling or CE tests. In order for the protective coating
approach to help enable Li metal anode to achieve efficiencies of
>99.72% (CE is calculated based on the cell requirement for practical Li
metal battery [1]) and ultimately a 500 Wh kg ! lithium metal battery,
we advocate for several research directions that merit attention from the
research community.

8.1. Ion conduction mechanism through the coating layer

Ion conduction is an inherently complex issue for a thin coating
layer. For example, a layer of solid ion conductor immersed in liquid
electrolyte offers two pathways of ion conduction either through the
solid phase, the liquid phase, or both. If the solid conductive layer has no
porosity and is also free from any defect, the ion conduction is only
possible through the solid phase. However, when the solid conductive
layer possesses inherent defects or porosity, permeation of the liquid
electrolyte through the pores is possible. In this case, ion conduction
through the liquid phase is more probable, because the ionic conduc-
tivity of liquid phase is generally higher than solid phase. Although
permeation of the liquid electrolyte into the solid phase may increase the
overall ionic conductivity of the protective coating, the selectivity to-
wards Li ion inevitably decreases, leading to increasing rate of side re-
actions with the leaked electrolyte. Therefore, evaluation of the
respective ion conductivity in the liquid and the solid phases, by AC
impedance technique for example [39], is essential to understand the
ion conduction mechanism and to improve the design of protective
coatings. Similarly, evaluation of swelling behavior of polymeric coat-
ings in the liquid electrolyte, the resulting ionic conductivity, and the
selectivity toward Li ion (i.e. transference number) should be studied in
detail. A correlation between the dielectric constant of polymers and the
size of Li metal nuclei can aid understanding on the electroplating
behavior of Li metal through polymer coatings [134].

8.2. Mechanistic understanding of protection layer degradation
Mechanical toughness of the protective coatings should be studied

after long cycles of Li plating/stripping. Growing Li metal deposits under
the coating layer creates stress and can eventually break the coating. As-
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formed defect becomes a local hotspot promoting more deposition of Li
metal. The local defect in 9-pm-thick Li-Nafion layer promoted dendritic
growth of Li metal due to the high current density localized at the defect
point (Section 7.3.1) [21]. In contrast, the cracks in 15-nm-thick LiPON
layer resulted in a flat deposition of Li metal growing on top of the
LiPON layer (Section 6.2.1) [92]. Therefore, the improved performance
in Li||Li cycling or CE tests may have little relation with the protection
mechanisms (i.e. mechanical suppression and chemical selectivity),
when the coating layer is fractured during the electroplating. Possibly,
when Li metal grows on top of the protective layer, a highly lithiophilic
coating layer may promote a flat deposition.

8.3. Evaluation of coating layer performance under practical conditions
and cell configurations for high energy density

Here, we discuss the practical testing conditions for protective
coatings aiming for the high energy density of 500 Wh kg~! [1]. In
literature, the specific capacity of Li metal is often claimed as 3860 mAh
gfl, however, the excess amount of Li metal on the anode side di-
minishes the effective capacity of Li metal (Fig. 8a). For example, the
effective specific capacity of Li metal anode with 50%, 500%, 5000%
excess Li metal drops to 2570, 640, 76 mAh g’l, respectively. The effect
of coating layers on thin (less excess) Li metal surface needs to be
evaluated to claim the high energy density of Li metal. The CE can be
evaluated in a practical cell configuration by pairing cathode with thin
Li metal (Section 5.4). Capacity retention versus cycle number with 40%
excess Li metal is simulated at varied CE of Li plating/stripping (Fig. 8b).
In the plateau region, the excess Li metal is consumed, and then the
capacity starts decaying in an exponential manner after all the excess Li
is consumed. The 0.2% increase in the CE from 99.6% to 99.8% doubles
the cycle life of the plateau region. Recently, increasing number of
studies on anode free battery (0% excess Li) and thin-Li metal battery
has been published [80,126,135,136]. For example, 83% of capacity
retention of thin-Li||LFP battery after 100 cycles was demonstrated by
Zhou et al. [135] The CE of Li metal anode is evaluated as 99.3% under
0.2 mA cm 2 with 0.8 mAh em ™2 of capacity in their study.
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Reduction of the amount of liquid electrolyte used in the battery cell
is an effective pathway to increasethe energy density (Fig. 8d). However,
the cycle life of Li metal battery significantly deteriorates under limited
amount of electrolyte [1]. Electrolyte is consumed during the battery
cycling by the formation of SEI layer and porous Li metal. This
sponge-like Li metal with high surface area accelerates the consumption
rate of liquid electrolyte to cause the electrolyte depletion. The high
porosity then requires greater volume of electrolyte to maintain normal
battery operation. Applying a protective coating layer on Li metal is a
promising strategy to reduce the rate of electrolyte consumption under
lean electrolyte condition.

In recent studies on Li metal anode, the shape of current collector is
modified from conventional 2D planar structure to 3D porous scaffold to
accommodate the volume expansion of Li metal and simultaneously to
reduce the amount of isolated Li particles from the current collector
[13-16]. Application of the protective coatings on such 3D scaffold or
host is highly anticipated to boost the CE of Li plating (Fig. 8e). As a
proof of concept, Wang et al. recently reported 200 cycles of Li||[NCM
523 full cell with limited volume of electrolyte and 90%-excess Li plated
on polymer-protected 3D carbon scaffold (Section 7.2.5) [22].

The CE of Li metal anode has been steadily increasing thanks to the
recent development of high-efficiency electrolytes. The compatibility of
such electrolytes with high voltage cathode, for example NMC 811, is
also demonstrated [80,137]. The electrolyte contains highly-fluorinated
ether or carbonate solvents to form a robust SEI layer on Li metal sur-
face. The challenge in the studies of electrolyte is still to realize the CE of
Li metal anode above 99.7%. Interesting future studies would be the
combination of protective coatings and state-of-the-art electrolytes to
increase the upper limit of the CE (Fig. 8f). Finally, more studies on the
cell-level engineering to solve safety issues of liquid electrolyte based Li
metal battery will be necessary in conjunction with increasing CE of Li
metal anode [34,138,139].
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Fig. 8. (a) Drop of specific capacity of Li metal anode
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spective testing conditions for Li metal anode with the
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reduce the excess amount of Li; (d) Lean electrolyte to
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Abbreviation Full name

AC alternate current

AFM atomic force microscopy

Al,O3 aluminum oxide

ALD atomic layer deposition

AlF3 aluminum trifluoride

ATR attenuated total reflectance

CoCly perchloroethylene

CE coulombic efficiency

CNT carbon nanotube

cryo cryogenic-temperature

Cu||Li  two-electrode cell with copper as working and lithium metal
as reference and counter electrodes

DCM dichloromethane

DEC diethyl carbonate

DMC dimethyl carbonate

DMC dimethyl carbonate

DME dimethoxyethane

DME dimethyl ether

DMF N,N’-dimethyl formamide

DOL 1,3-dioxolane

EC ethylene carbonate

ED electron diffraction

EDX energy dispersive X-ray

EELS electron energy-loss spectroscopy

EIS electrochemical impedance spectroscopy

EMC ethyl methyl carbonate

FEC fluoroethylene carbonate

FTIR Fourier transform infrared spectroscopy

GF fluorinated graphene

GO graphene oxide

HF hydrogen fluoride

LFP lithium iron phosphate (LiFePOy4)

Li lithium

Li||Li two-electrode cell with lithium metal at both sides

Li,CO3 lithium carbonate

Li»O lithium oxide

LiyS lithium disulfide

LisSe dilithium hexasulfide

LisP lithium phosphide

LisPO4  lithium phosphate

LigPS4  lithium phosphorous sulfide

LiBOB lithium bis(oxalato)borate

LiCl lithium chloride

LiClO4  lithium perchlorate

LiF lithium fluoride

Lil lithium iodide

Li-Nafion lithiated Nafion

LiNO3  lithium nitrate

LiOH lithium hydroxide

LiPFg lithium hexafluorophosphate

LiPON  lithium phosphorous oxynitride

LiTFSI  lithium bis(trifluoromethanesulfonyl)imide

LLCZN  LijLay75Cag.25Z11.75Nbg. 25012

LLZO LiyLa32r2012
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LMC lithium methyl carbonate

LP30 commercial electrolyte composed of EC:DMC = 1:1 + 1 M
LiPFq

MLD molecular layer deposition

MoS, molybdenum disulfide

MPS 3-mercaptopropyl trimethoxysilane

NCA LiNiongOO_lsAlo.og;Oz

NCM 523 LiNi0_5C0042Mn04302

NM nitromethane

NMC lithium nickel manganese oxide (LiNij.y.yMnyxCoyO2)

NMC 111 LiNi1/3C01/3Mn1/302
NMC811 LiNio‘gMHOJCOO‘lOg

NMP N-methyl-2-pyrrolidone

PySs diphosphorous pentasulfide

PAN polyacrylonitrile

PC propylene carbonate

PCl3 phosphorous trichloride

PDMS  polydimethyl siloxane

PEDOT poly(3,4-ethylenedioxythiophene)
PEGDA polyethylene glycol diacrylate
PEO poly(ethylene oxide)

PFT peak force tapping

poly(Imide-DOL) poly((N-2,2-dimethyl-1,3-dioxolane-4-methyl)-5-
norbornene-exo-2,3-dicarboximide)

poly(SF-DOL) poly(vinyl sulfonyl fluoride-ran-2-vinyl-1,3-dioxolane)

PTFE tetrafluoroethylene

PTMEG poly(tetrametylene ether glycol

PVDF polyvinylidene fluoride

PVDF-HFP polyvinylidene fluoride-co-hexafluoropropylene

QCM quartz crystal microbalance

Qp capacity obtained after complete plating of Li metal on Cu
electrode

Qs capacity obtained after complete stripping of Li metal from Cu
electrode

RPC reactive polymer coating

sat saturated

SEI solid electrolyte interface

SEM scanning electron microscopy

SF sulfonyl fluoride, ~SO-F group

SnCly tin tetrachloride

STEM scanning transmission microscopy

t-BuOLi lithium tert-buthoxide

TEM transmission electron microscopy

TEOS tetraethoxysilane

THF tetrahydrofurane

tris transference number of Li™

vC vinylene carbonate

XPS X-ray photoelectronic spectroscopy

XRD X-ray diffraction

ZnO zinc oxide
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