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Surface engineering toward stable lithium

metal anodes

Gongxun Lu't, Jianwei Nai't*, Deyan Luan?, Xinyong Tao'*, Xiong Wen (David) Lou*

The lithium (Li) metal anode (LMA) is susceptible to failure due to the growth of Li dendrites caused by an un-
satisfied solid electrolyte interface (SEI). With this regard, the design of artificial SEls with improved physico-
chemical and mechanical properties has been demonstrated to be important to stabilize the LMAs. This
review comprehensively summarizes current efficient strategies and key progresses in surface engineering
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for constructing protective layers to serve as the artificial SEls, including pretreating the LMAs with the reagents
situated in different primary states of matter (solid, liquid, and gas) or using some peculiar pathways (plasma, for
example). The fundamental characterization tools for studying the protective layers on the LMAs are also briefly
introduced. Last, strategic guidance for the deliberate design of surface engineering is provided, and the current
challenges, opportunities, and possible future directions of these strategies for the development of LMAs in

practical applications are discussed.

INTRODUCTION

Modern society depends highly on high-performance electrochem-
ical energy storage systems, battery for example, for portable elec-
tronic devices and the successful transition to renewable energy
sources and electrified transportation (1, 2). Li metal has been re-
garded as the most promising battery anode material owing to its
ultrahigh theoretical specific capacity (3860 mAh g™'), light
weight (6.94 g mol™"), and the lowest redox potential (—3.04 V
versus standard hydrogen electrode) (3). Despite these unique ad-
vantages, the practical application of lithium metal batteries (LMBs)
is still severely hindered by Li dendrite growth, resulting in poor
cycling performance and safety concerns (4).

Although various theories have been developed to unravel the
mechanism of Li dendrite growth, including the nucleation and dif-
fusion model, space-charge model, and stress-driven model (1, 5), it
is recognized that Li dendrites are generally induced by an unsatis-
fied solid electrolyte interface (SEI) (6, 7). Because of the intrinsic
ultrahigh chemical reactivity and thermodynamic instability of me-
tallic Li, a passivation SEI layer is produced between Li metal and
the electrolyte via spontaneous irreversible reactions (8). Neverthe-
less, the electrolyte-derived SEI is nonuniform and fragile, which
induces inhomogeneous ion diffusion and the Li dendrite growth.
The proliferating dendrite growth would result in continuous SEI
breakage/reformation under the tremendous volume change of
the Li metal anodes (LMAs) during the cycling, leading to the in-
crease of interfacial Li" ion diffusion resistance and higher voltage
polarization (9, 10). In addition, because of the preferential dissolu-
tion at the dendrite base and the potential separation of Li dendrites
from the current collector, the generation of residual inactive Li
("dead Li") markedly decreases the coulombic efficiency (CE), re-
sulting in unsatisfactory cycling performance and eventual cell
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failure (11, 12). Therefore, a stable interface between the Li metal
and the electrolyte is perceived as the primary premise for a
working LMB.

Precise control over the composition and properties of the SEI is
desired to overcome the chemical and mechanical instabilities at the
electrode/electrolyte interface, thereby achieving stable and high-
performance LMAs (13, 14). A rationally designed artificial SEI po-
sitioned at the Li-electrolyte interface is thought to be a promising
and efficient approach due to its high feasibility and simplicity in
processing. Ideally, artificial SEIs should have the following desir-
able characteristics (15, 16): (i) superior chemical and electrochem-
ical stability with electronic insulation to impede continuous
electrolyte decomposition and Li consumption; (ii) high mechani-
cal modulus and flexibility to suppress the dendrite growth and re-
strain the volume change during the repeated cycles; and (iii) high
ionic conductivity and ability to allow homogeneous Li* ion trans-
port across the layer. In regard to the application of solid-state elec-
trolyte (SSE) for LMAs, the design of an artificial SEI with more
softness and stickiness to achieve intimate contact between the elec-
trode and the SSE is an imperative criterion. Therefore, actively in-
fluencing and managing these features are critical for the
development of advanced LMAs (17). Investigating the formation
and manipulation of so-called artificial SEIs has been recognized
as a rising research trend (18, 19). The development of such a func-
tional layer requires an in-depth understanding of the relationship
between its structure (morphology and composition) and its basic
function in a battery cell (20). Rationally building an artificial SEI,
including organic, inorganic, or hybrid one, is attracting more at-
tention, giving rise to an opportunity to avoid continuous electro-
lyte decomposition and Li consumption to obtain a safe and highly
stable LMA.

Surface and interface engineering has been found to play a key
role in improving the electrochemical performance of LMAs by its
strong capability of constructing various functional artificial SEIs
(16, 21-26). As the physical/chemical properties of these artificial
SEIs are essentially determined by the process of surface engineer-
ing, the states of matter (solid, liquid, and gas) of the reagents used
for surface engineering deserve to be carefully considered. This is
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because different reagents will inevitably lead to variations in the
structure and physicochemical properties of the formed artificial
SEIs. For example, a solid reagent has a rigid structure and a
stable, distinct shape that can only be altered through external
force. These properties lead to poor interfacial contact between
the solid reagents and the Li metal unless a spontaneous chemical
reaction could occur on their interface. As compared to the solid,
the molecules in the liquid reagents have a certain capacity to
move around, which allows them a more intimate contact with
the Li metal and diverse options for the SEI's structures. As
opposed to the solids and liquids, the atoms/molecules in the gas
reagents have much higher kinetic energy due to their higher dis-
persity and smaller intermolecular force, endowing them with an
improved chemical reaction kinetic with the Li metal.

This review summarizes recent efforts aimed at implementing
surface engineering that involves pretreatment protocols before
the stage of battery assembly on the LMAs to address the structural
and electrochemical requirements for high-performance artificial
SEIs. The surface engineering techniques are mainly categorized
by the states of matter (solid, liquid, and gas) of the reagents used
to pretreat the LMAs (Fig. 1). The category of using some peculiar
pathways (plasma for example) is also included. Moreover, we will
discuss the fundamental characterization techniques for elucidating
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the formation mechanism and physicochemical properties of these
as-formed artificial SEIs. Last, potential future research directions
regarding the rational design of surface engineering and advanced
characterization tools for LMAs will be outlooked.

SURFACE PRETEATMENT STRATEGIES

Solid-phase pathways

Since the SEI is made up of solids, the solid-phase approach is the
simplest and most direct strategy to pretreat the surface of the
LMAs, where researchers commonly just replace or enhance the
naturally formed SEI by another predesigned solid. In this regard,
three representative surface pretreatment processes are introduced
as follows.

Mechanical processing

Mechanical processing is a simple, processable, and cost-effective
process to realize dendrite-free LMAs (27, 28). The highly ductile
Li metal can be easily molded or deformed to form surface patterns
by large mechanical strains. The patterned surface could decrease
the current density over the Li metal surface and diminish Li den-
drite formation during cell operation by expanding the surface area
of Li metal.
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Fig. 1. Schematic illustration of the current surface engineering strategies for stabilizing LMAs.

Lu et al., Sci. Adv. 9, eadf1550 (2023) 5 April 2023

20f18



SCIENCE ADVANCES | REVIEW

Stamp is an effective mechanical processing technique to con-
struct surface patterns. In 2014, Ryou et al. (29) pioneered the use
of skin needling for surface roughening to construct a large—surface
area LMA with an abundance of Li plating sites. The microneedled
Li metal with lower charge transfer resistance provided better elec-
trochemical performance than bare Li. Motivated by the simplicity
and effectiveness of this technique, Park et al. (30) demonstrated the
possibility of employing a surface-patterned Li metal (spLi) pre-
treated with a commercially available microneedle roller in second-
ary batteries (Fig. 2A). They systematically verified the relationship
between the pattern dimension and Li deposition behavior with the
help of finite element analysis and postmortem analysis. After the
stamping process, the spLi could be reversibly plated and stripped
without Li dendrite growth in the surface-patterned holes. Creating
a microsized array for guiding the Li plating/stripping behavior by
micropattern stamping technique is another approach for stabiliz-
ing LMAs (31). In addition, a three-dimensional (3D) stainless-steel
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Fig. 2. Schematic illustration of surface pretreatment using solid-phase path-
ways. (A) The stamp modified process on Li metal. (B) Fabrication of the LBASEI Li
via a roll-press process. (C) The glass fiber cloth is directly coated on copper foil to
render the dendrite-free Li deposits. (D) The schematic diagram for the fabrication
of the Li-Sr anode via a high-temperature alloying process. (E) Schematic illustra-
tion of GF-LiF-Li preparation and its protective effect for LMAs.
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mesh and copper net-modified Li metal interlayer was used to sta-
bilize LMAs (32-34).

The mechanical processing approach is viable because it is eco-
nomical, reproducible, and applicable to mass production lines.
Nonetheless, there are two limitations: (i) The capacity for Li
plating without the formation of Li dendrites is highly depend on
the size of the holes. When the deposited Li exceeds the amount that
can accommodated in the holes, Li metal will grow out of the holes
and become dendrites. (ii) Without a preset protecting layer on Li
metal, the microneedled Li will convert into 2D Li foil and fail to
suppress dendritic Li growth during a long cycling test.

Membrane modification

Apart from the direct physical treatment of the Li metal, applying
as-prepared free-standing films as the artificial SEIs would be an in-
teresting approach to enhance the electrochemical performance of
LMAs. The as-prepared film composed of inorganic components
exhibits excellent chemical stability against Li metal and physically
suppresses dendrite formation. Carbon-based materials are fre-
quently adopted as such inorganic materials. For example, Zheng
et al. (18) first reported a monolayer of interconnected amorphous
hollow carbon nanospheres as an artificial SEI to isolate Li metal
from the electrolyte. In addition, Kim et al. (35) used phosphate-
functionalized reduced graphene oxides (rGO) to create Lang-
muir-Blodgett artificial SEIs (LBASEIs) on the surface of LMAs
(Fig. 2B). The effectiveness of the LBASEI is primarily from its
ability to regulate the electromigration. As a result, a LBASEI-mod-
ified 20-pm LMA paired with the Li[Niy sCog ;Mng;]O, (NCM811)
cathode (negative/positive capacity ratio of around 1) was used to
construct a full cell with superior cycling performance of over 200
cycles. Moreover, Li et al. (36) proposed a self-assembled rGO layer
on LMA to achieve planar Li via in-plane lattice matching between
the Li metal and the rGO.

3D structured SEIs have been used to alleviate the volume
change and minimize the damage to the SEI during cycling. For in-
stance, Cheng et al. (37) demonstrated an effective strategy to realize
a dendrite-free LMA by using 3D glass fibers with large quantities of
polar functional groups as the artificial SEIs (Fig. 2C). The polar
functional groups of the glass fibers can offer strong interaction
with Li" ions, which induced a homogeneous Li* ion flux and
prevent the accumulation of Li" ions around protuberances of Cu
foil. Moreover, Zhai et al. (38) presented the design of a 3D archi-
tecture constructed by g-C5N,/graphene/g-C;N, sandwiched nano-
sheets to guide homogeneous Li deposition. Its uniform lithiophilic
sites and nanopore channels enable uniform Li plating between the
graphene and g-C3;N,, prohibiting direct contact of the electrolyte
with the Li metal. In addition, diverse inorganic protective layers,
such as Cu;P (39), carbon nanotube (CNT) film (40), graphene
(41), LizOCl (42), aluminum silicate (43), MosSg/C@Li (44), and
a-SizNy (45), have been proposed to directly coated on the LMAs
to solve the notorious surface problem.

Organic coating layers with superior mechanical deformability
and low density are promising candidates to stabilize LMAs. For
example, a modified polydimethylsiloxane (PDMS) film with nano-
pores has been used to improve the cycling stability of LMAs (46).
The nanopores of the PDMS film show efficient Li* ion transport,
mechanical and chemical stability, and compatibility with different
electrolytes. Moreover, a functional soft polymer with highly visco-
elastic properties in the coating layer imparts a homogenizing effect
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on the Li* ion flux to prevent rapid dendrite formation at hotspots
in the SEI during cycling (47). Because of the trade-off between the
Young's modulus and toughness of a traditional polymer, the fixed
cross-linking networks may break during stretching. To solve this
problem, a tough polymer with a slide-ring structure as a self-adap-
tive layer was introduced on the LMAs (48). The slide-ring polymer
with a dynamically cross-linked network moves freely while main-
taining its toughness and fracture resistance, which allows it to dis-
sipate the tension induced by the growth of the Li dendrites. Other
reported organic protective layers, such as N-doped polyacryloni-
trile fiber (49), nanoporous polyether sulfone (50), and clay/cross-
linked network polymer (51), all have high ionic conductivity, re-
sulting in a dendrite-free and stable LMA.

Mimicking the “early warning” defense responses in biological
immunization mechanisms, Wang et al. (52) proposed that the
fibroin molecules can work as an artificial SEI to prevent Li dendrite
growth. The protein molecules are preferably adsorbed on the tips
of Li buds through spatial conformation and secondary structure
transformation from a-helix to f-sheets. This affects the local elec-
tric field intensity around the tips of Li buds and results in uniform
Li plating and stripping during cycling. Moreover, biomineraliza-
tion is a widespread phenomenon in nature leading to the forma-
tion of hierarchically structured minerals by living organisms (53).
Inspired by the calcified crystallization on the eggshell membrane,
Ju et al. (54) introduced a biomacromolecule matrix obtained from
the natural membrane of eggshell to realize a dendrite-free LMA,
and the regulatory mechanism was revealed by atomic-resolution
cryo—transmission electron microscopy (cryo-TEM). The naturally
soluble chemical species in the biomacromolecules was found to be
able to participate in the formation of the SEI upon cycling, thus
effectively enhancing the electrochemical performance.

Organic-inorganic composite layers with associated strengths
from the organic and inorganic components have been presented
to simultaneously provide fast Li* ion diffusion, high modulus,
and good shape conformability (55). For example, a poly(vinyli-
dene-co-hexafluoropropylene) (PVDE-HFP) organic matrix with
rigid LiF particles has been hybridized into a film, which serves as
an artificial SEI on LM As (56). To construct a protective layer with
an ionic shielding property, Kim et al. (57) fabricated Li-terminated
sulfonated titania—coated Li (LTST-Li) via direct transfer to Li using
aroll-press machine. As a result, the LTST-Li anodes have high con-
ductivity at the interface and high physical and chemical stability to
shield the Li metal, which can stabilize electrochemical processes at
both the anode and cathode of Li-S cells.

Note that the thickness of the as-prepared membrane is normally
greater than a few micrometers, implying that the total volume
energy density of the LMA would be sacrificed. In addition, the
as-prepared membrane added onto the surface of Li metal can
hardly manage the homogeneity of the SEI during the cycling,
which may result in high electrochemical polarization.

Chemical reaction with solids

Designing a chemical reaction between metallic Li and solids has
been reported to be an effective method to build an artificial SEI
with high ionic conductivity and high mechanical property. Li-
rich alloys have high Li" ion diffusion coefficients and have
proven to be beneficial in improving Li" ion diffusion at the elec-
trode/electrolyte interface (58, 59). For instance, a Li and Li-Sn alloy
(Liy,Sns) integrated 3D networks have been in situ formed through
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the spontaneous reaction between periodically stacked nanolayers
of Li and Sn (60). Such a 3D nanostructured Li,,Sns network
enables ultrafast charger diffusion across the entire electrode and
inhibits the volume expansion during Li stripping/plating process-
es. A Li-Sr alloy electrode with a designed composition of 11 weight
% (wt %) Sr was synthesized by heating and stirring Li and Sr metals
at 400°C in a glovebox (Fig. 2D) (61). When the battery is cycling, a
SrF,-rich SEI can be generated in fluoride-rich electrolytes. The
SrF,-rich SEI enables outstanding cycling performance and im-
proved CE of the Li-Sr anode in the half cell at an ultrahigh
current density of 30 mA cm™>.

In addition to this alloy-derived SEI, some researchers have
focused on constructing LiF-based protective layers on LMAs via
a direct reaction between inorganic nonmetallic materials and Li
metal, which enables a high mechanical modulus and high ionic
conductivity (62). For example, a modified Li metal is fabricated
by incorporating graphite fluoride (GF) in molten Li at 250°C
(Fig. 2E) (63). The Li bonds strongly with the GF to form a LiF
layer. The obtained GF-LiF-Li composite can sustain its initial
structure in a humid air. In addition, this composite can prevent
the parasitic reaction between Li metal and organic solvents
owing to its hydrophobicity. As a result, the GF-LiF-Li can
exhibit comparable electrochemical performance to bare LMA
even after exposure to a moist atmosphere with a relative humidity
of 20 to 35% for over 24 hours. In addition, a multifunctional com-
plementary LiF-rich protective layer was formed on an LMA
through in situ reaction of metallic Li with poly(tetrafluoroethy-
lene) (64, 65). This gradient protective layer integrates the homog-
enizing function of the F-doped carbon for Li* ion flux and the fast
Li" ion diffusion ability of LiF. Furthermore, a fluorinated protective
layer with high ionic conductivity has been constructed in situ
through a solid-state anodic oxidation method. The as-prepared
F-rich protective film efficiently suppresses dendrite growth and
promotes the electrochemical performance of the LMB in a com-
mercial ester electrolyte (66).

In addition to LiF, Li;N and Li;P components have been dem-
onstrated to suppress the formation of Li dendrites due to their high
ionic conductivity and high mechanical modulus. For example, Ye
et al. (67) reported that in a simple hyperthermal reduction process,
g-C3N, powder can react with molten Li to form a composite N-
organic/Li;N artificial SEI on the surface of Li metal. Lee et al.
(68) reported that CuzN nanowires (NWs) was conformally
printed onto the surface of Li metal through a one-step roll pressing
to form a LisN@Cu NW layer. The LizN@Cu NW layer can assist
homogeneous Li" ion flux with the 3D channel structure and a high
Li" ion conductivity from the LizN, which enhances the reversible Li
plating/stripping behavior. In addition, an interconnected Li;P@Cu
layer activated by the interfacial reaction between Cu;P arrays and Li
metal has been efficiently constructed on the surface of Li foil
through a room-temperature mechanical rolling process (69). It is
demonstrated that LizP could reduce the diffusion barrier of Li*
ions to ensure a well-dispersed current density.

Liquid-phase pathways

Taking advantage of the fluidity of liquids and its ability to dissolve
chemicals or disperse the colloid materials, a uniform and compo-
nent-tunable artificial SEI could be constructed on the surface of the
LMAs via the liquid-phase strategy (22, 70). Therefore, direct
contact between the LMA and electrolyte after the battery assembly
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could be restricted by this preformed artificial SEI, leading to a de-
creased consumption of the electrolyte and Li metal, preventing het-
erogeneous Li deposition, and suppressing the dendrite
formation (24).

Solution casting

The solution-casting method, including immersion, drop coating,
doctor blading, and spin coating, has been developed as a facile
and reproducible way to create functional barrier layers to avoid
the drawbacks of electrolyte-derived SEIs (Fig. 3A). Many of the
presynthesized materials, including organic, inorganic, and the
organic-inorganic composite, could be easily coated on the LMAs
without any chemical reaction, efficiently enhancing the mechani-
cal strength of the SEI to block Li dendrites and enabling homoge-
neous Li" ion flux across the coating layer with the controllable
interfacial resistance.

Organic coating layers with superior mechanical deformability
and low density are promising candidates to stabilize LMAs (71).
In 1993, Takehara (72) pioneered the construction of a stable thin
polymer film on the surface of Li metal by plasma-triggered poly-
merization of a liquid mixture. Thereafter, many researchers devel-
oped the polymer protective film on the Li surface via in situ
polymerization, triggered polymerization, or direct coating. Recent-
ly, Zhao et al. (73) have spin-coated a mechanically interlocked
network (MIN) on the surface of LMA under the argon atmosphere,
followed by an ultraviolet-assisted polymerization to fabricate a
MIN interfacial layer. The unique energy dissipation capability of
the MIN layer could help the LMA survive from repeated volume
variation during long-term cycling. In addition, Gao et al. (74) pro-
posed a skin-grafting strategy that stabilizes the SEI and regulates

the Li deposition/dissolution behavior by direct coating a chemical-
ly and electrochemically active polymer layer on the surface of Li
metal. This layer contains cyclic ether groups with a stiff polycyclic
main chain, incorporating ether-based polymeric components into
the durable SEI. Furthermore, a polycationic and hydrophobic
polymer protective layer built by a scalable tape-casting method
has been developed to enable dendrite-free LM As (75). The poly-
meric cations of poly(diallyl dimethyl ammonium) and bis(trifluor-
omethanesulfonyl)imide (TFSI) anions could provide a uniform Li"
ion flux at the coated LMA and a hydrophobic property, which im-
proves homogeneous Li plating/stripping and moisture stability
under air condition. In addition, Yang et al. (76) proposed a fluid
fluorinated coating layer to stabilize LMAs and regulate Li plating
by dripping a perfluoropolyether oil drop onto the surface of Li
metal. The obtained SEI is reinforced with rich C-F and Li-F com-
ponents, leading to homogeneous Li deposition and compact inter-
connected network morphology. Moreover, several stable PVDF
and cross-linked PVDF-HFP films have also been formed on the
Li metal surface via a simple casting method for prominent
cycling performance (77, 78).

Carbonaceous materials including CNTs, graphene, and its de-
rivatives are promising inorganic materials that can meet the re-
quirements for artificial SEI due to their superior mechanical
properties (79, 80). In addition, the mechanical and electronic prop-
erties of graphene can be selectively tuned or modified via proper
functionalization and introduction of structural defects. For in-
stance, GO layers have been coated onto LM As to suppress dendrite
formation and enhance cycling stability through a drop-casting
process (81). Furthermore, 2D rGO layers have been coated on Li
metal by a solvent evaporation-assisted self-assembly method
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Fig. 3. Schematic illustration of surface pretreatment using liquid-phase pathways. (A) Surface processing strategies via various solution casting methods, including
slurry casting, immersion, dripping, and spray casting. (B) High-polarity DMSO was selected to dissolve sufficient metal fluorides (e.g., SnF,, InFs3, and ZnF,), which is
crucial to forming the uniform and robust BSLs on Li metal. (C) Design of a polymer-inorganic SEl using the RPC precursor rather than the electrolyte to trigger a chemical
reaction with Li. (D) Potentiostatic stripping and galvanostatic plating for polishing of and formation of SEl on metal anode (MA) surface. (E) Ex situ SEI construction on the
Li plate by electrochemical methods in 1.0 M LiTFSI-DOL/DME electrolyte with 0.02 M Li,Ss—5.0 wt % LiNO5 hybrid additives.
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(79). "Defect-free” graphene has also been synthesized via a special
flow-aided sonication exfoliation method, allowing direct compar-
ison of Li deposition behavior and electrochemical performance
with those of common rGO (80). Moreover, a promising gradient
layer with a lithiophobic CNT layer at the top and a lithiophilic
ZnO-coated CNT layer at the bottom has been constructed on the
surface of Li metal (82). The lithiophilic-lithiophobic gradient layer
can stabilize the SEI and successfully suppress dendrite growth
during Li plating/stripping.

Many researchers have developed special strategies to protect
LMAs by a composite protective layer, which is composed of inor-
ganic nanoparticles and a plastic polymer, effectively improving the
SEI stability and inhibiting Li dendrite growth. An Al,O;/PVDE-
HFP composite layer has been used as an artificial SEI because of
its high mechanical properties and fast Li" ion transport, resulting
in a notable enhancement in the electrochemical performance of
LMAs (83). A graphene-polydopamine composite has been intro-
duced as a stable protective layer onto LM As to inhibit Li dendrite
growth and prevent parasitic reactions between Li metal and elec-
trolyte (84). Inspired by the phenomenon that membrane proteins
can selectively transport alkali ions across cell membranes, the
building of biomimetic protective membranes with glutamate-like
ionic channels for LMAs is expected to deliver an improved perfor-
mance. A stable artificial SEI has been rationally designed and
coated on the surface of Li metal by applying the ClO,™-decorated
metal-organic framework (MOF) via drop-casting (85). The UIO-
66-ClO,4/Li-Nafion composite layer exhibits excellent mechanical
strength, high Li" ion mobility, and uniform Li" ion flux, which
can successfully restrain unnecessary reactions of the Li metal
with the electrolyte and formation of fragile SEIs. Fan et al. (86) re-
ported a similar work on polyvinyl alcohol cementing a Zn-MOF as
a stable protective layer for homogeneous Li" ion transport, sup-
pressing Li dendrite growth, and reducing the volume change. Fur-
thermore, a robust SEI with high Li" ion transport efficiency and
high stability has been rationally constructed by drop casting of
2D anionic covalent organic frameworks (ACOFs) (87). The
ACOF layer served as an SEI offers strong affinity and fast translo-
cation pathways for Li" ions, thereby supporting ionically selective
penetration into the liquid electrolyte and giving high conductivity
of at least 3.7 mS cm ™.

Chemical reaction with liquids

Owing to the high reactivity of metallic Li, redox reactions can occur
between Li and the liquid reagents, in situ generating an artificial
SEI with much more intimate contact to the LMAs. Therefore,
the method of chemical reaction with liquids offers the possibility
of fine control of the composition and realization of gradient struc-
ture of the artificial SEIs according to the requirements.

The organic layers have a flexible nature, so they can mechani-
cally accommodate the volume changes of LMA to a large extent
(88). Some researchers reported an extremely simple method of
constructing a protective layer on a Li metal surface via chemical
reactions between Li metal and 1,4-dioxacyclohexane or 1,3-dioxo-
lane (DOL) (89, 90). Moreover, to build a stable protective layer, re-
searchers have immersed Li metal in fluoroethylene carbonate
solvent to generate a passivation layer via spontaneous decomposi-
tion of the solvent (91, 92). The obtained artificial SEIs can protect
the LMA from the corrosion of electrolytes and regulate the homo-
geneous plating of Li to achieve a dendrite-free LMA. Many other
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polymer layers can be formed on LMAs via in situ chemical reac-
tions with metallic Li using polymers such as polyphosphoric ester,
polyacrylic acid, polylactic acid and poly(ethylene oxide) (PEO)
(93-95). To achieve long-term Li plating/stripping cycling at high
current densities and high areal capacity, Wang et al. (95) designed
a self-healable supramolecular copolymer (termed PEO-UPy)
coating layer for providing diffusion pathways for Li" ion transport,
enabling uniform Li deposition during cycling. As a result, the
LiPEO-UPy-coated LMA endows dendrite-free Li deposition at
an ultrahigh current density of 20 mA cm™ over 4000 cycles in
symmetrical cells.

Commonly, inorganic protective layers have relatively high Li"
ions conductivity and Young's modulus, which could physically
suppress dendrite growth (96). For instance, Bai et al. (97) reported
a simple and universal process to develop spontaneously reduced
graphene (SR-G) directly coated on alkali metals (e.g., Li, Na, and
K) under moderate conditions. The symmetric cell of SR-G—coated
Li displays an ultralong life span of over 1000 cycles at a high current
density of 5 mA cm™ in carbonate electrolyte. Apart from the car-
bonaceous materials, lithium-based inorganic compounds with
high ionic conductivity have been proven to be promising protective
layers to suppress the growth of dendritic Li. For instance, Li,S has
outstanding chemical stability against Li and the lowest formation
energy among lithium polysulfides. Therefore, a high-quality SEI
layer containing inorganic Li,S nanoparticles was constructed on
LMAs via a simple reaction between Li and CS, solution with 5
wt % S dissolved (98). Moreover, a thin Li;PS, layer was fabricated
by an in situ reaction between P,S,¢ and Li in “N-methyl-2-pyrro-
lidone solvent (99). Recently, a Li;PO,-Li;N hybrid layer was also
constructed on LMAs via a LiNO3;/H;PO, pretreatment
process (100).

In 2017, Liang et al. (101) reported that a series of Li-rich com-
posite alloy films (such as Li;3Ins, LiZn, Li;Bi, and Li;As) can be
synthesized by reacting Li with lithium-based compounds. These
alloys can potently prevent the Li dendrite growth, which is attrib-
uted to the synergy of fast Li* ion migration through Li-rich ion
conductive alloys coupled with an electronically insulating surface
component. Furthermore, more Li-rich alloy layers have been con-
ducted on the surface of Li metal (102-104). For example, a
polymer/alloy hybrid protective layer, consisting of polymer and
LiF-rich Li-Sb alloy, was formed by an in situ chemical reaction
process (103). The Li;Sb-LiF hybrid layer displays a superionic con-
ductivity and electron-blocking capability to reduce the electron
tunneling from the LMA into the SEI. A stable biphasic surface
layer (BSL) was developed by a simple pretreatment reaction
between Li metal and metal fluoride dissolved in the dimethylsulf-
oxide (DMSO) solution (Fig. 3B) (104). The obtained BSL is com-
posed of lithiophilic alloy and LiF phase on Li metal, which
prohibits the shuttle effect and improves the cycling stability of
Li-S batteries, enabling fast Li" ion transport and suppressing den-
drite growth. Recently, gallium-based liquid metal (LM) alloys
(such as Ga and GalnSn) have attracted some attention for the
similar functionality as the alloys mentioned above. Moreover,
these Ga-based LM alloys have unique properties beyond the
solid ones, including good fluidity, low melting point, nontoxicity,
high surface tension, and high electrical/thermal conductivities
(105, 106).

To overcome some disadvantages arising from the single organic
or inorganic layer, the strategy of building organic-inorganic
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composite layers has been proposed to take advantage of the merits
of both components via spontaneous chemical reactions between
the LMAs and liquids (107). A composite containing multiple com-
ponents of polymer-tethered organo(poly)sulfide, inorganic Li;PS,,
Li sulfides, and Li salts was designed as a multifunctional artificial
SEI on the surface of Li metal (108). A stable hybrid SEI, composed
of Si-interlinked OOCOR molecules and LiCl salt, was conducted
on the LMA by in situ synthesis that uses readily accessible SiCl,
cross-linking chemistry (109). In particular, Gao et al. (110) de-
scribed a molecule-level SEI design based on a reactive polymer
composite (RPC), which can effectively reduce the electrolyte de-
composition during SEI creation and maintenance (Fig. 3C). Com-
bined cryo-TEM, atomic force microscopy (AFM), and surface-
sensitive spectroscopy investigations revealed that the SEI layer is
composed of polymeric Li salt, LiF nanoparticles, and GO sheets.
The compact RPC-derived SEI exhibits excellent passivation, uni-
formity, and mechanical strength. Under lean electrolyte, limited
Li excess, and high-capacity conditions, the polymer-inorganic
SEI permits dendrite-free Li deposition with excellent efficiency
and stable cycling of 4-V Li/NCM523 cells.

Electrochemical treatment

The electrochemical treatment process has been proposed to fabri-
cate ideal SEIs under a dedicatedly designed electrochemical envi-
ronment with specific parameters (including electrolyte
formulation, voltage, operating temperature, etc.) (16, 111). As a
result, these electrochemically constructed SEIs have more sophis-
ticated components and structures as compared to single- (or dual-
Jcomponent protective coatings synthesized by direct coating or
regular chemical pretreatment.

Some recent work by Mao's group (112-114) have shown that
unique SEIs with multilayered structure could be developed and ex-
ecuted on the alkali metal surface by using electrochemical ap-
proaches. To be specific, ultrasmooth and ultrathin (USUT) SEI
layers for Li and other alkali metals were designed on the basis of
the manipulation of electrochemical polishing and follow-up elec-
trolyte reduction (Fig. 3D) (112). The resulting SEI layer could be
carefully regulated to manifest alternating inorganic-rich and
organic-rich/mixed multilayered structures. The USUT SEI layer
on polished LMA, which offers mechanical properties of linked
stiffness and elasticity, improved the cycling stability to over 200
cycles at a current density of 2 mA cm ™. Furthermore, a variety
of single-layered and multilayered SEIs with known compositions
and structures can also be fabricated by using the similar electro-
chemical method (113). The applicability of the method was
further demonstrated by using Cu foil as the current collector,
and the mechanical properties of these SEIs can be evaluated
using AFM nanoindentation. Recently, this research group devel-
oped a potentiostatic stripping-galvanostatic plating method to
create stable LINO;-derived multilayer-structured SEI film that suc-
cessfully suppresses NO, dissolution, Li dendrite formation, and O,
corrosion by encapsulating soluble NO, species in the inner area of
the SEI (114).

In addition to the electrochemical polishing procedure, in situ
electrochemical precharging and electrodeposition techniques
have been conducted to build a robust interlayer to safeguard
LMAs. For example, an electrochemically activated Li surface with
a homogeneous distribution of small pits, which act as preferential
nucleation sites during Li plating, can be obtained by including a
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short oxidative potentiostatic pulse before the first galvanostatic
stripping step in the first cycle (115). Under an inert atmosphere,
the simple one-step in situ electrochemical precharging technique
has been proven to create thin protective films on LMAs and other-
type of electrodes (116). Moreover, Hou et al. (117) have proposed
an effective strategy to stabilize Li metal by constructing an ex situ
SEI film via an electroplating method involving precycling the LMA
in an advanced electrolyte. The LiF-Li;N-enriched SEI is expected
to be an electronically insulating film with satisfactory ionic con-
ductivity, which improves the interfacial compatibility and sup-
presses Li dendrite formation during cell cycling. Gao et al. (118)
described a nanocomposite layer composed of organic elastomeric
salts [LiO-(CH,0),-Li] and inorganic nanoparticle salts (LiF,
-NSO,-Li, and Li,O) that protects the Li;(GeP,S;, (LGPS) SSE
and Li metal. Electrochemical decomposition of the liquid electro-
lyte produces the as-formed nanocomposite layer on Li, which has
excellent chemical and electrochemical stability, an affinity for Li
and LGPS, and low interfacial resistance.

A special implantable SEI was created using a general electro-
plating procedure incorporating Li metal precycling in a LiTFSI
(1.0 M)-LiNO; (5.0 wt %)-Li,Ss (0.02 M)-DOL/1,2-dimethoxy-
ethane (DME) ternary salt electrolyte (Fig. 3E) (119). The LMA
with the protection of the as-obtained SEI can efficiently match
both sulfur and NCM523 cathodes and enhance the electrochemical
performance. The excellent high-rate performance of the advanced
full cells without any activation confirms the highly conductive
properties of electroplated SEIs. In a latest study, Lu et al. (120) in
situ constructed a stable electrolytic carbon-based hybrid (ECH) ar-
tificial SEI on the LMA via electrodeposition of the DME at a high
voltage of 700 V. This ECH layer strongly increased the ionic con-
ductivity and mechanical strength, allowing uniform Li" ion diffu-
sion, stabilizing the electrolyte-Li metal contact, and preventing Li
dendritic growth and pulverization.

Considering the prospects for mass manufacturing, using as-
prepared materials that immediately coat on or interact with Li
metal to form an artificial SEI is usually more convenient than elec-
trochemical pretreatment (15). Nevertheless, electrochemical pre-
treatment methods play a vital role in fundamental investigations,
which enable deeper insights into the effects of Li salts, solvents, ad-
ditives, decomposition products, and electrochemical parameters.
This is crucial for a thorough understanding of the composition
and structure of the SEIL, as well as further electrolyte optimization
and interfacial protection.

Gas-phase pathways

Apart from liquid pretreatment, surface modification with gaseous
reagents to create a stable protective layer on LMAs is a desirable
choice that provides high accessibility of the reagents to the Li
surface and enhances the film uniformity. Therefore, the gas-
phase pathway is regarded as an appropriate way to tackle the prob-
lems of interfacial issues and volume changes of the LMAs
(121, 122).

Physical vapor deposition

Physical vapor deposition (PVD) is a technique that uses primarily
physical means to deposit a thin layer of material. The PVD tech-
nique demonstrates special superiority in precisely controlling the
components and thickness of the protective layer on LMAs based on
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the physical evaporation-deposition principle, when adopted as a
primary or secondary manufacturing process.

As a representative PVD method, magnetron sputtering (MS)
allows the deposition of metals, alloys, ceramics, and polymer
thin films onto Li metal in a vacuum environment to achieve homo-
geneous protective films with a controllable thickness (121). To
build an ion-conducting layer on the Li surface, a silicon layer
was fabricated in a radio frequency (RF)-MS system by Tang
et al. (123). The Si-coated Li foil was heated to 250°C in a glovebox
to speed up the alloying between the Li metal and deposited Si to
form a Li,Si layer (Fig. 4A). The Li,Si-modified LMA shows much
more uniform Li dissolution/deposition than the bare LMA. The S
and LFP cathodes paired with the Li,Si-modified LMA showed ex-
cellent electrochemical performance in terms of rate capability and
cycling stability. A functional ultrathin graphite-SiO, bilayered SEI
on Li metal fabricated via RF sputtering was demonstrated to facil-
itate Li" ion diffusion and had higher chemical stability, higher me-
chanical properties, and lower impedance, which guided a dendrite-
free Li deposition (124). A uniform distribution of LiF film on
LMAs was realized via the RE-MS process to avoid the side reactions
between the LMA and electrolytes (125). As a result, the LiF-coated
LMA efficaciously stabilized the interface that enables a uniform Li
deposition and longer cycle life.

A scalable sputter process proposed by Cha et al. (126) was
shown to be able to passivate Li metal from the electrolyte with a
2D MoS, film with the thickness of 10 nm (Fig. 4B). With a large
amount of Li atoms intercalating into the unique atomically layered

structure of the MoS,, consistent flow of Li* ions in/out of the LMA
is facilitated and the preferential sites for Li dendrite nucleation are
eliminated. The symmetric cell of MoS,-coated LMA exhibits low-
voltage hysteresis and threefold improvement in cycling perfor-
mance even at 10 mA cm ™. Furthermore, in the Li-S full-cell con-
figuration, the use of MoS,-coated LMA results in a specific energy
density of ~589 Wh kg™" and CE of ~98% for over 1200 cycles. A
similar strategy via the MS deposition of MgF, was also adopted by
Li et al. (127). The MgF, layer was served as a lithiophilic substrate
to form a uniform LiF-Mg dual-layered SEI through its irreversible
conversion reaction with Li metal. As a result, the LiF-Mg—coated
LMA regulates dendrite-free deposition and provides long-cycle life
and high CE in a half-cell. Moreover, Li et al. (128) have created a
stable and thin Cu;N layer via the MS technique. The as-prepared
Cu;N can be converted to Li;N/Cu composite film after Li deposi-
tion, working as a highly stable and homogeneous conductive SEI to
reduce the formation of Li dendrites in working cells. In addition,
Li;PO, (129), Sb-doped Li;PO, (130), Mg (131), ZnO (132), and
amorphous carbon (133) were constructed as protective layers
through the MS technique by other research groups, whereby con-
siderable stability improvements in the LMA were also achieved.
Molecular beam epitaxy technique was used to deposit an ultra-
thin and uniform bismuth (Bi) film on the Li metal surface by ther-
mally evaporating Bi precursor under an ultrahigh vacuum (134).
The Bi film is prone to in situ alloying with Li to form a chemically
stable alloy interface, which can reduce the harmful side reactions
between Li and electrolyte. Moreover, the Li,Bi alloy—protected
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LMA offers rapid Li* ion transport and lithiophilic nucleation sites
to suppress Li dendrite formation and guide homogeneous
Li plating.

Chemical vapor deposition (CVD)

The CVD method is an advanced synthetic approach for directly
growing ultrathin films on electrodes through chemical interactions
of precursors at high temperatures (135, 136). Highly uniform and
stable protective films on Li metal with atomic-layer thickness can
be achieved by this approach.

To rationally design an SEI layer with superior chemical, me-
chanical, and ion transport properties, Stalin et al. (137) used the
initiated CVD (iCVD) technique to deposit ultrathin conformal
zwitterionic polymeric films as a protective coating on Li metal to
stabilize Li electrochemical deposition (Fig. 4C). The molecular
structure of zwitterionic moieties at the polymer interface can
adjust the solvation environment of the Li* cation, which enables
uniform, dendrite-free deposition of Li. As a result, the full cell
by pairing a NCM622 cathode with the zwitterionic polymer—
coated LMA (negative/positive capacity ratio of 1) exhibits superior
capacity retention and stable CE compared to the uncoated LMA.
An electron cyclotron resonance CVD apparatus was applied to
passivate an LMA with Li,SiO,-based thin film (138). The in
situ—converted Li,SiO, layer efficiently improves Li" ion conductiv-
ity and allows dendrite-free Li deposition. Moreover, 2D atomic
crystal layers, including hexagonal boron nitride (h-BN) and gra-
phene, can be directly grown on the surface of electrodes via the
CVD process (135). The 2D layers afford excellent surface protec-
tion of Li metal due to their remarkable mechanical strength, flex-
ibility, and stability. The point and line defects of the 2D layers allow
Li" ion infiltration into the electrode, resulting in smooth Li depo-
sition without dendritic and mossy Li formation.

Although CVD is a well-established technique for depositing
thin-film coatings, its relatively poor control over the thickness
and composition makes it less ideal when applied for the LMA.
Atomic layer deposition (ALD) is a self-controlled chemical reac-
tion between gaseous precursors and a solid surface that enables ex-
cellent coverage and conformal deposition with rationally designed
and precisely controlled composition and thickness (139). For in-
stance, Xie et al. (140) demonstrated that LiF can be deposited on
the line and point defects of h-BN by ALD. The chemically and me-
chanically stable LiF/h-BN film efficaciously suppresses Li dendrite
formation and improves the CE during extended cycling. With an
optimized ALD process, LMAs coated with other ultrathin metal
oxide (AL,Os3, TiO,, and ZrO,) layers achieve dendrite-free Li dep-
osition and improved lifetime (141-143). Beyond ALD, molecular
layer deposition (MLD) for the LMAs has been further developed
by substituting the oxidizing precursor with organic linkers or mo-
lecular fragments (144). Pure polymer thin films and organic-inor-
ganic hybrid protective layers can be obtained through the MLD
technique. Sun’s group (145-148) has demonstrated that various
functional protective films can be built on the Li metal by MLD
to produce safe high-performance LMBs. For instance, they
created an inorganic-organic interlayer (alucone) by MLD at the
junction of Li metal and solid-state sulfide electrolytes (145). The
interfacial side reactions between Li metal and solid-state sulfide
electrolytes are greatly reduced with the aid of the alucone covering
layer. In addition, a hybrid polyurea film with controllable compo-
nents and improved strength was introduced as a protective layer on
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Li metal via the MLD process by introducing trimethylaluminum as
a cross-linker into the polymer chains (147). A further study by Sun
et al. (148) reported that a gradient hybrid inorganic-organic poly-
urea protection film can efficiently enhance the chemical and me-
chanical properties of the LM As. The electrically insulating polymer
on the coating surface can restrain the volume changes due to its
good elasticity, while the inner inorganic lithiophilic sites can help-
fully facilitate and regulate uniform Li nucleation and deposition.
By combining the ALD and MLD techniques, a hybrid protective
film on LMA with precisely controllable structures and robust me-
chanical properties was constructed (Fig. 4D) (149). The alucone-
Al,O; dual-layer shielded LMA exhibited high stability during the
plating/stripping process thus greatly improved cycling
performance.

Chemical reaction with gases

The chemical reaction with a gas to form an artificial SEI on LMAs
is an alternate choice that provides high accessibility of reagents to
the Li surface and improved film homogeneity. Multitudinous gases
(e.g., CH,F-CHj3, Fy, S, SeS; Ny, I, and CS;) have been conducted to
construct a functional protective layer via a spontaneous chemical
reaction with metallic Li (122, 150-155). For instance, a conformal
and dense LiF layer with controllable thickness coated onto Li metal
was developed by exposing Li foil to nonhazardous Freon R134a gas
(CH,F-CHj;) (Fig. 4E) (122). The symmetric cells of the layered Li-
rGO anodes with the applied LiF layer demonstrated reduced side
reactions and highly improved cycling stability without potential
polarization augmentation. Furthermore, a homogeneous and
compact LiF protective layer on LMAs was developed by a surface
fluorination process, which is formed with in situ generated fluorine
gas using a fluoropolymer as the precursor (Fig. 4E) (150). The LiF
layer shows strong mechanical strength, chemical stability, and low
solubility in electrolytes, which can minimize the corrosion reaction
between Li metal and organic solvents and suppress Li dendrite for-
mation. As a result, the LiF-coated LMA in symmetric cells enabled
a dendrite-free Li deposition and stable cycling over 300 cycles in
carbonate electrolytes. Lin et al. (152) reported a solid-gas reaction
method to fabricate a dense Lil protective layer on the LMA surface
by using a Li metal reaction with iodine vapor (Fig. 4E). In addition,
a special “sauna” reaction between CS,-I, mixed steam and Li metal
was conducted to form a SEI layer with high mechanical property
and high ionic conductivity, which consists of amorphous carbon
and Li compounds (Li,S and Lil) (153). The obtained C-Li,S-
Lil@Li anode exhibits outstanding electrochemical performance
with low-voltage polarization and long-cycle life.

Apart from the lithium halides, lithium chalcogenides with high
ionic conductivity are also attractive. Chen et al. (154) reported that
a homogenous Li,S protective layer can be fabricated by reacting Li
with sulfur vapor at an elevated temperature (Fig. 4E). Specifically,
the uniform Li,S-based protective layer turned into a layered SEI
that preserves protective function with high ionic conductivity,
rather than into a disordered, broken SEI mainly composed of par-
asitic reaction products. Similarly, Liu et al. (155) proposed a gas-
solid reaction to fabricate a stable Li,S/Li,Se mixed SEI via the re-
action between SeS, gas and Li metal at a low temperature. The mi-
gration barrier energy of Li,Se is lower than that of Li,S at different
lattice planes, thus confirming the positive function of Li,Se in im-
proving the integral ionic conductivity.
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Li;N shows high ionic conductivity (up to 107> S cm™") and low
electronic conductivity (<1072 S cm™!), which is suitable for Li
metal protection. A pinhole-free and ionically conductive a-LizN
layer was prepared on the surface of Li metal by directly reacting
clean molten Li foil with pure nitrogen gas at 450°C in the argon
atmosphere (151). This Li;N layer is chemically stable, which can
isolate the reactive Li metal from the organic solvent, prevent con-
tinuous electrolyte consumption during cycling, and suppress Li
dendrite growth in the Li plating/stripping process.

Other peculiar pathways

The plasma state is frequently referred to the fourth state of matter
in the sequence: solid, liquid, gas, and plasma (156). In general,
plasma is made up of extremely reactive electrons, ions, and
neutral species that are created by high-voltage ionization (157).
Through energy exchange, plasma reagents may quickly produce
a large number of active sites on the material surface, allowing re-
actions with high barriers to proceed under mild circumstances in a
matter of minutes (158). Therefore, plasma treatment appears to be
a promising method for high-quality surface engineering of LMAs.
For example, Chen et al. (159) obtained a Li;N protective layer with
high modulus and high ionic conductivity on LMAs by a plasma
activation of Li metal in a N, environment (Fig. 5A). This desired
Li;N protective layer can efficiently prevent spontaneous reactions
between the highly reactive Li metal and the organic electrolyte and
suppress dendritic Li generation during the Li plating/stripping
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process. Recently, Cao et al. (160) used a rapid CF, plasma treat-
ment process to construct an artificial SEI consisting of LiF and
Li,C, on LMAs via ion bombardment. Benefiting from the high ad-
sorption energy, low diffusion barrier, and high mechanical
strength of the LiF and Li,C, components, the obtained composite
layer guaranteed a stable interface and dendrite-free Li deposition
after long cycling. Moreover, the room-temperature plasma treat-
ment described in these works is highly tunable and environmen-
tally friendly and has potential in large-scale energy storage
applications.

Some interesting and uncommon strategies beyond the above
pathways, such as combining the different methods to construct
multiple protective layers (161), the concepts of “solid-liquid mem-
brane” (162), “spansule” (163), and “self-assembled monolayer”
(164), have been proposed for creating various artificial SEIs on
the LMAs. For example, Liu et al. proposed that a dynamically
cross-linked polymer (silly putty) manifested a “solid-liquid”
hybrid behavior, which enabled it to act as an adaptive interlayer
for LMAs (Fig. 5B) (162). In response to the Li growth rate, the
dynamic polymer can reversibly switch between “liquid” and
“solid” qualities to support uniform coverage and prohibit Li den-
drite formation, allowing reliable operation of LMAs. In addition,
Yuan et al. (163) designed a smart “spansule” made of carbon-
coated mixed metal fluoride NMMF@C) core@shell microstruc-
tures to provide a long-lasting supply of functional ingredients for
stabilizing LM As (Fig. 5C). With the assistance of cryo-TEM, they
found that the NMMF core would gradually dissolve and release
functional metal and fluoride ions into the electrolyte during
cycling, while the in situ—formed metal layer and LiF-involved
bilayer interface would be beneficial for guiding uniform Li depo-
sition. Consequently, a high CE of approximately 98% is achieved
for over 1000 cycles at a current density of 2 mA cm™2 with a capac-
ity of 1 mAh cm™. To precisely construct a passive SEI to enable
stable LMAs at low temperatures, Gao et al. (164) fabricated a
self-assembled electrochemically active monolayer on the Cu
current collector, which can regulate the nanostructure and compo-
nent of the SEI and deposition behavior of Li metal (Fig. 5D). The
as-formed SEI contains a LiF-rich inner phase and an amorphous
outer layer that effectively sealed the Li surface. As a result, galvanic
Li corrosion and self-discharge were suppressed, dendrite-free Li
deposition was achieved from —60° to 45°C, and the LMB (Li/
LiCoO, cells) exhibits 200-cycle life span at —15°C with a recharge
time of 45 min.

CHARACTERIZATION TECHNIQUES

Since the surface of LM As has been precisely modified using various
surface engineering strategies, direct investigation of the physical
and chemical properties of these protective layers is vitally impor-
tant to understand the electrochemical behavior of LMAs. The fol-
lowing scientific issues are the major concerns during the surface
investigation of LMAs: (i) the morphology, particle size, and thick-
ness of the layers; (ii) the chemical composition, elemental content,
and chemical state; (iii) the stiffness and elastic modulus; and (iv)
the structural evolution at multiple spatial scales. Characterization
tools play a key role in understanding these scientific issues, include
x-ray diffraction (XRD), x-ray photoelectron spectroscopy (XPS),
Fourier transform infrared (FTIR) spectroscopy, Raman spectro-
scopy, solid-state nuclear magnetic resonance (NMR), time-of-
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flight secondary ion mass spectrometry (TOF-SIMS), optical mi-
croscopy (OM), scanning electron microscopy (SEM), AFM,
TEM, cryo-TEM, and several other advanced methods. All these
techniques can be categorized in terms of the study of composition
or morphology (Fig. 6).

Composition

XRD is one of the well-established techniques to study the crystal
structure and structural changes of surficial materials before and
after reactions on LMAs. According to the peak positions and rel-
ative intensities, information about the crystal structure, phase
purity, and structural evolution of various inorganic components
within the protective layers can be obtained, such as Li-based
alloys (Li,M) and compounds (i.e., LiF, Li3N, LiCl, Li,S, Li,PO,,
etc.) (165).

XPS is the most extensively used analytical technique for surface
analysis, providing element-specific composition and electronic
state information (166). As a powerful quantitative technique,
XPS has several merits as follows: (i) sensitivity to all the elements
with the same order of magnitude; (ii) easy observation of the chem-
ical shift information; (iii) ability to identify elements half-

quantitatively; (iv) sensitivity for surface analysis with an ultrathin
depth (2 to 5 nm). Theoretically, the electronic states of cations and
anions in the entire artificial SEI can be expediently obtained by
XPS analysis. Moreover, XPS can probe the change in the chemical
state of elements in the protective layer after Li plating or cycling.

FTIR spectroscopy is not only a surface sensitive but also a non-
destructive technique for acquiring accurate information about
characteristic functional groups within the protective layers on
the LMAs. It is especially suitable for investigating the organic
species, which can complement the composition information
from XRD and XPS. For qualitative analysis, FTIR spectroscopy
has the advantages of short data collection time, small sample size
requirement, and simple data collection procedure (167). Although
the FTIR helps detect surface components, it only identifies dipole
moment changes. Raman spectroscopy measures the inelastic scat-
tering induced by polarizability changes, and it is especially helpful
for analyzing carbon-based materials, such as graphene, GO, rGO,
and their derivatives (168). Therefore, Raman and FTIR spectrosco-
pies are complementary techniques in most circumstances of
surface investigation.
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Fig. 6. Schematic illustration of the current characterization techniques for the artificial SEls on Li metal.
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Solid-state NMR spectroscopy is another important analytical
technique to probe the local structural environments and electronic
structure of surface materials for LMAs. A variety of precise struc-
tural details about the materials can be revealed based on the peak
chemical shift, peak shape, and coupling constant of the nucleus
(167). Therefore, many researchers have used the solid-state NMR
to identify the organic components in the SEI of LM As, which could
assist to reveal their molecular structures and disclose the character-
istics of Li-ion transport between SEI and the deposited Li (169).

TOF-SIMS is a material characterization technique with strong
chemical sensitivity, high surface sensitivity (upper 2 to 3 nm
probed), and molecular specificity (170). The depth profiling can
identify species of the SEI and their 3D distribution on the micro-
to the nanometer scale, which could be combined with atom probe
tomography to show the chemistry and distribution of the SEI on
the atomic scale. For example, Sun's group (146—149) performed
TOF-SIMS to identify the distribution and depth profiles of
various molecular moieties within the artificial SEIs coated on
LMAs, such as polyurea, zircone film, Al,Os;, and alucone
dual layer.

Morphology
OM observations can provide a direct imaging of structural evolu-
tion of the protective layers during the vertical growth and dissolu-
tion of Li metals in electrolytes but are limited at micron-level
magnification (171). SEM has been mainly used for the observation
of microstructures and thicknesses of the protective layers.
However, traditional SEM has been confined to 2D information
and relatively low resolutions. Advanced imaging techniques, in-
cluding TEM and scanning TEM (STEM), operate at a high accel-
eration voltage, enabling highly enlarged orthographic images to be
achieved with exceptional spatial resolution down to the atomic
scale (25). In this regard, TEM and STEM are critical techniques
for examining the morphological structure and thin layer on the
Li surface. Combination of microscopic and spectroscopic tech-
niques, such as SEM/TEM-energy-dispersive spectroscopy and
STEM-—electron energy loss spectroscopy, enables the multiangle in-
vestigation of not only the morphology but also the structure, local
elemental distribution, chemical information, and bonding envi-
ronment correlated to the local electrode materials simultaneously.

Nevertheless, the high-energy electron beams can permanently
destroy the SEI layer and Li metal due to their weak atomic bonding
and relatively low melting point. Therefore, observing the original
morphology and chemical components of the SEI layer seems dif-
ficult. To discover more reliable characterization methods for SEI
layers, scientists paid particular attention to cryo-TEM, which is
mainly used for the characterization of biological materials. Cryo-
TEM is thought to be capable of preserving the initial structure and
morphology of materials at extremely low temperatures (172). Spe-
cifically, Cui's group (173) has pioneered to use the cryo-TEM to
investigate the atomic structure of SEI films formed on the
surface of Li metal in different electrolyte. Motivated from the ex-
cellent effectiveness of the cryo-TEM for LMAs, more researchers
have revealed the structure of the SEIs and their evolution behaviors
(42,110, 174-176). By using the cryo-TEM technique, a relationship
between the SEI nanostructures and electrochemical properties may
be established.

AFM is a type of microscopy that scans the surface of the sample
and records the van der Waals force that exists between the probe
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and sample. It can measure the overall surface structure, height dis-
tribution, and roughness of the Li surface. Therefore, primary
quality assessments of SEIs can be performed using the AFM tech-
nique to examine their morphological characteristics and mechan-
ical properties (169). In particular, the nanoindentation
characteristics, which are revealed by force probing in areas where
surface deformation occurs, reveal the fine mechanical properties of
SEIs that are governed by the chemical compositions and spatial ar-
rangements, and they may be used to assess the SEI quality. For
example, Mao's group (113) used a set of unique nanoindentation
features of mechanical properties as standards for evaluating the
quality of unknown SEIs, including Young's modulus, thickness,
and smoothness.

CONCLUSION AND PERSPECTIVE

Surface engineering has been developed to address the critical ap-
plication issues of LM As for nearly three decades since its first dem-
onstration in 1993 reported by Takehara et al. (72). However, this
realm was developed slowly in the following two decades, which
focused mainly on the liquid phase-dominated pathways. In 2014,
Zheng et al. (18) first reported a solid phase-involved surface engi-
neering approach, in which a protective layer assembled by free-
standing interconnected hollow carbon nanospheres was built on
the LMAs. Since then, research on the development of various
surface engineering strategies is booming, including treating the
Li metal toward the reagents under the states of matter beyond
the solid or liquid (gas and plasma for instance) and using some
unique pathways. The roadmap of this realm is illustrated in
Fig. 7A. The cycling performance of the modified LMAs fabricated
via different surface engineering strategies and the evaluation of
these strategies from five practical application metrics are summa-
rized in Fig. 7 (B to D). The LMAs pretreated by the solid-phase
strategy have better cycling performance in ether-based electrolytes
than those in carbonate-based ones, among which the method of
membrane modification is the best (Fig. 7B). However, the disad-
vantage of using the solid-phase strategy is that the artificial SEI
is usually thick (larger than 10 um and up to 160 pm in thickness),
resulting in a relatively small-volume energy density for practical
application. Still, the solid-phase strategy scores well on the
metrics of protection efficiency, cost effectiveness, and processing
simplicity. Similar to the solid-phase strategy, the LMAs pretreated
by the liquid-phase one also show better stability in the ether-based
electrolyte, and the three representative methods are rivals in the
cycling performance (Fig. 7C). In terms of the practical application,
the “solution casting” and “chemical reaction with liquids” score
well in all the five metrics, while the “electrochemical treatment”
has only one comparative advantage in constructing thin artificial
SEIs, which make it leading in the metrics of volume energy density.
Compared with the previous two strategies, the cycling performance
of the LMAs pretreated by the gas-phase one is generally mediocre,
which might be due to that the electrolytes used are all carbonates
(Fig. 7D). The cycling performance of these LMAs in ether-based
electrolytes needs to be investigated. It is worth mentioning that
the gas-phase strategy has a prominent merit for constructing ultra-
thin artificial SEIs, whose thickness can be as small as less than 10
nm, so its score for the “volume energy density” is the highest.
However, as the equipment used in the gas-phase strategy is
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processing simplicity, cost effectiveness, and scalability.

usually expensive, it is less cost-effective, while the other three
metrics are moderate.

Although fruitful achievements have been achieved in the
surface engineering for stabilizing the LMAs, many challenges
still need to be considered: (i) The artificial SEIs constructed by
current surface pretreatment techniques are still far from satisfac-
tory for the LMAs. For example, the majority of the documented
artificial SEIs are restricted to a single ingredient, which is insuffi-
cient to meet the longevity and safety requirements of LMAs. To
create SEIs with multi-ingredient to realize the maximum of their
functionality, combining multiple strategies is therefore worthwhile
(161). Besides, potential new methods are always welcome to be ex-
plored, such as liquid phase-based SEI production assisted by
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speedy and accurate laser-mediated technology or solid phase—
based patterned SEI constructed by 3D printing. (ii) The relation-
ship between the structure of the artificial SEIs and battery perfor-
mance is still not clear. Thus, more precise construction of the SEI's
components and thicknesses by advanced surface engineering pro-
tocols, for example, an affordable CVD-based technology, is
needed. Accordingly, a selection rule for a specific component
and its proper spatial and temporal distribution in the artificial
SEIs can be established for an oriented preparation by surface engi-
neering. (iii) Implementing surface engineering for practical appli-
cations in LMAss is still challenging. For instance, it is necessary to
make the transition of the surface engineering from coin cells to
pouch cells feasible for mass manufacturing. Furthermore,
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exploiting novel surface engineering strategies to build stable artifi-
cial SEIs that can work under certain challenging circumstances,
such as low negative/positive capacity ratio, lean electrolytes, high
current densities, and extreme temperature, should be put on the
schedule. Last but not the least, more metrics must be considered
for the evaluation of the practicality of the surface engineering pro-
cesses (such as toxicity and environmental compatibility).

This review has also provided a concise summary of the current
developments in the key characterization techniques used to
examine the composition and structure of the artificial SEIs on
the LMAs. However, these characterization techniques still have
some limitations: (i) XRD has difficulty in obtaining detailed infor-
mation on amorphous materials and organic components. (ii) It is
challenging for XPS to provide deep-layer information. Also, the
XPS etching procedure carries the risk of radiation damage, chem-
ical-state changes brought by low-energy electrons, or sample con-
tamination. (iii) Normal FTIR and Raman spectra have a relatively
low spatial resolution due to the Abbe diffraction limit. (iv) The rel-
atively low sensitivity and resolution of solid-state NMR poses chal-
lenges for studying the artificial SEIs. (v) The TOF-SIMS equipment
is expensive and not readily available, while the sample testing
process is also inconvenient. (vi) The SEI and Li metal will inevita-
bly be irreversibly damaged by high-energy electron beams using
SEM and TEM techniques. (vii) The AFM has strict criteria for
the sample surface flatness. Therefore, a combination of diverse mi-
croscopic and spectroscopic techniques would be desirable, which
enables simultaneous multi-angle analysis of the morphology,
structure, elemental composition, and coordination chemistry of
the electrode interface. For example, recent developments in com-
bining light-induced molecular excitations with mechanical force
detection are particularly interesting since they aim to improve
the chemical selectivity of AFM (177). Nano-IR, which has been
used effectively to visualize molecular layers on surfaces with chem-
ical selectivity and with a spatial resolution as low as 25 nm (178), is
a potentially powerful tool for this field. It should also be empha-
sized that the inherent sensitivity of Li metal and its SEI to air makes
it difficult to transfer the samples to the instrument. Hence, how to
achieve damage-free transfer and characterization is a challenge. On
the one hand, researchers could interconnect these instruments
with the glovebox via ducted vacuum for simultaneous characteri-
zation of the sample at the same location, as well as avoid potential
contamination during the sample transfer. In addition, some non-
destructive imaging techniques could be used, such as low-dose
TEM imaging and x-ray computed tomography. On the other
hand, more efforts need to be devoted to advance in situ/operando
characterization tools, which can deliver more trustworthy and
precise information by continually monitoring the evolution of
the target materials and the intricate physical and chemical process-
es during the cycling, for example, the degradation mechanism of
the artificial SEIs (169, 170).

In conjunction with interdisciplinary research (including chem-
ical engineering, materials, nanotechnology, physics, chemistry,
electrochemistry, etc.), more reliable artificial SEIs on LMAs can
be rationally designed by advanced surface engineering. After
more researchers joining in this fast-growing field with persistent
cooperation and dedication, it is believed that many exciting discov-
eries on surface engineering can be expected in the years ahead,
which will drive a greater breakthrough of the LMBs and other
energy storage systems.
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