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The advent of all-solid-state lithium metal batteries (ASSLMBs) holds promise for overcoming the safety
hazards and energy density limitations faced by traditional lithium-ion batteries, thereby advancing the
industrialization of next-generation energy storage technologies with high safety and specific energy.
However, during practical application, three core challenges persist at the interface between the solid-
state electrolytes (SSEs) and the lithium metal anode (LMA): Poor physical contact, interfacial side re-
actions, and growth of lithium dendrites. These interfacial issues constrain the overall performance of
ASSLMBs and impede the commercialization process of this battery system. This review begins by ex-
amining the underlying mechanisms responsible for the interfacial problems between SSEs and LMA.
Building on this foundation, optimization strategies and recent research progress are systematically in-
troduced, classified according to the interfacial components: SSE-side optimizations, interface engineer-
ing, and LMA-side treatments. Finally, future research directions, strategies, and optimization schemes
addressing the interfacial challenges between SSEs and LMA are prospected. This analysis aims to facil-
itate critical breakthroughs in the stability, cycling lifespan, and energy density of ASSLMBs, promoting

their transition from laboratory innovation to commercial application.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Electrochemical energy storage technology, as a critical enabler
for energy structure transition, has demonstrated broad application
prospects in recent years across domains such as smart grids, elec-
tric vehicles, and distributed energy systems [1]. Although conven-
tional lithium-ion batteries dominate the market owing to their
mature manufacturing processes and stable cycling performance,
their inherent limitations—including safety hazards induced by
flammable liquid electrolytes, theoretical energy density bottle-
necks (typically ~200-300Wh/kg for common systems), and per-
formance degradation at low temperatures—render them increas-
ingly inadequate to meet the heightened demands for energy stor-
age technologies in the context of carbon neutrality [2,3]. ASSLMB
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technology addresses these challenges by employing SSE systems
as lithium-ion transport media. This approach not only funda-
mentally eliminates the thermal runaway risks associated with
traditional liquid electrolytes but also enables synergistic design
with high-voltage cathode materials (e.g., lithium-rich manganese-
based and sulfide cathodes) and ultrathin LMAs (theoretical ca-
pacity: 3860 mAh/g) [4]. Consequently, it paves a new pathway
toward achieving battery systems with energy densities exceed-
ing 500 Wh/kg, thereby accelerating the industrialization process of
next-generation energy storage technologies characterized by en-
hanced safety and high specific energy.

The technological innovation of ASSLMBs is reflected in two as-
pects: In battery structure, replacing liquid electrolytes and sepa-
rators with SSEs systems reconstructs the internal battery architec-
ture [5]. This transformation not only eliminates the flammability
risk of organic solvents but also reduces the proportion of inac-
tive materials in the battery system by 30%—40%, improves spa-
tial utilization in the battery structure, and provides higher struc-
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tural strength compared to traditional battery structures; In elec-
trode material selection, the use of SSEs enables the introduction
of high-energy-density electrode materials into battery systems,
providing more options for designing high-energy-density battery
systems [6,7].

SSEs, as the core component of ASSLMBs, can be primar-
ily categorized into inorganic SSEs, organic SSEs, and organic-
inorganic SSEs based on material types: (1) Inorganic SSEs, rep-
resented by sulfide-, oxide-, and halide-based SSEs (e.g., garnet-
type Li;LazZr,01y, sulfide Li;gGeP,S;,, and halide Li3InClg), become
the preferred choice for high-power batteries due to their high
jonic conductivity (10~4-10-2 S/cm) and excellent thermal stabil-
ity (decomposition temperature > 500°C) [8,9]. (2) Organic SSEs,
mainly polymer-based systems such as poly(ethylene oxide) (PEO)
and poly(vinylidene fluoride) (PVDF), achieve lithium-ion conduc-
tion through the movement of flexible chain segments [10]. The
flexible molecular chains endow organic SSEs with inherent flexi-
bility, giving them natural advantages in electrode wettability and
film processability, making them shine brilliantly in the field of
flexible batteries. (3) Organic-inorganic composite SSEs incorporate
nano-ceramic fillers (e.g., LLZO, Li;oGeP,S;,) into polymer matrices,
combining the high ionic conductivity of inorganic materials with
the interfacial compatibility advantages of organic phases [11,12].
This “synergy of rigidity and flexibility” design strategy can effec-
tively address challenges faced by single-type SSEs, enabling syn-
ergistic development of different SSE systems [13].

Despite numerous types of SSEs being developed for ASSLMBs,
multiple issues have emerged during practical application. Al-
though inorganic SSEs possess high ionic conductivity and thermal
stability, their intrinsic defects hinder commercialization [14]. Sul-
fide and halide SSEs both exhibit water instability and are prone to
hygroscopic oxidation in air. Furthermore, inorganic systems uni-
versally face processing challenges: Sulfide SSEs require inert at-
mosphere preparation, while oxide SSEs need high-temperature
sintering, both conflicting with existing battery production pro-
cesses. Organic SSEs, despite their flexibility, are significantly con-
strained by narrow electrochemical stability windows and low
room-temperature ionic conductivity. For instance, PEQO’s electro-
chemical window is limited by the oxidation potential of ether
groups (~4.0V), making it incompatible with high-voltage cath-
ode materials [15]. PVDF-based electrolytes release HF during long-
term cycling, corroding electrode surfaces. Beyond issues inherent
to SSEs themselves, common challenges persist in ASSLMB sys-
tems, interfacial physical contact problems, electrochemical sta-
bility issues, and interfacial lithium dendrites formation during
cathode/anode matching remain critical technical bottlenecks that
severely constrain the industrialization progress of SSEs [16].

Among the numerous challenges in ASSLMB systems, the inter-
facial issues between SSEs and LMA severely constrain the electro-
chemical performance of ASSLMBs and represent a critical research
focus [17,18]. First, as the essential pathway for lithium-ion trans-
port, the physical contact at the interface directly affects ion con-
duction pathways. Unlike liquid electrolyte wetting of LMA, solid-
solid contact inherently suffers from poor adhesion, reducing ef-
fective ion transport channels and increasing polarization voltage.
Second, when paired with highly reactive LMA, SSEs undergo side
reactions during electrochemical processes, generating detrimen-
tal SEI phases at the interface. Accumulation of these harmful SEI
components severely degrades electrochemical performance, ele-
vates interfacial resistance, and causes interfacial instability [19].
Third, inhomogeneous lithium deposition at the interface induces
lithium dendrites formation. Although SSEs exhibit higher mechan-
ical strength to suppress dendrites, lithium dendrites can still nu-
cleate at interfacial defects or local heterogeneities. As dendrites
grow, stress concentration and interfacial damage occur, increas-
ing internal resistance or causing direct short circuits. Dendrite
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penetration remains the core safety hazard threatening battery re-
liability and cycle life, representing the decisive factor limiting
ASSLMBs’ safety [20]. Therefore, understanding interfacial mecha-
nisms through advanced characterization techniques (e.g., in situ
SEM, in situ XPS, and in situ EIS) and developing context-specific
strategies to optimize SSEs/LMA interfaces represents an urgent re-
quirement for current development.

The interfacial failure mechanisms between SSEs and LMA, as a
core issue constraining ASSLMBs’ performance, have garnered sig-
nificant attention in recent years. However, compared to extensive
research on cathode interfacial side reactions and their modula-
tion strategies [21-23], studies focusing on anode interfacial prop-
erties remain notably underdeveloped. Not only that, some exist-
ing literatures focuse more on introducing the overall issues and
modification strategies of ASSLMB, without conducting in-depth
discussions and analyses on the interface failure mechanism and
interface modification strategies between SSEs and LMA [24,25].
Furthermore, some publications are dated and fail to incorporate
recent methodological advances and novel optimization strategies
[26-28]. Addressing these gaps, this work: (1) Distinctively departs
from conventional broad-scope reviews by conducting an in-depth,
systematic analysis of SSEs/LMA interfacial failure mechanisms—
from their origins to dynamic evolution processes. (2) Summarizes
targeted optimization strategies based on clarified failure mech-
anisms, while innovatively proposing applications of interdisci-
plinary approaches, systematic material screening, and integrated
interface design for resolving interfacial challenges. (3) Systemati-
cally evaluates the technical bottlenecks, applicability scopes, and
implementation potential of existing optimization strategies, while
providing forward-looking research and development recommen-
dations for core interfacial issues. This article aims to establish a
scientific foundation and offer fresh perspectives for resolving in-
terfacial failure challenges and developing practically viable inter-
face regulation technologies, thereby facilitating the industrializa-
tion of SSEs in high-safety, long-cycle-life ASSLMBs (Fig. 1) [29-38].

2. Interfacial challenges between SSEs and LMA

Interfacial issues between SSEs and LMA constitute the core
challenge constraining ASSLMBs’ performance. Among the numer-
ous obstacles in pairing SSEs with LMA, poor physical contact, in-
terfacial side reactions, and lithium dendrites formation emerge
as the three primary challenges [39,40]. (1) Physical contact be-
tween SSEs and LMA serves as the prerequisite for electrochemi-
cal reactions. Poor solid-solid interfacial contact reduces lithium-
ion transport pathways, leading to a sharp increase in interfacial
resistance and diminished energy efficiency of the battery sys-
tem. (2) Side reactions arising from thermodynamic instability at
the SSEs/LMA interface severely disrupt electrochemical processes.
Electronically insulating byproducts not only increase interfacial
resistance but also consume active materials during their forma-
tion [41]. (3) Lithium dendrites formation at the interface criti-
cally compromises interfacial stability and overall battery integrity.
Dendrite growth induces internal short circuits and thermal run-
away. Moreover, formed dendrites gradually transform into “dead
lithium,” causing irreversible lithium loss within the battery sys-
tem (Fig. 2).

2.1. Poor physical contact

In ASSLMB systems, lithium ions migrate between the cath-
ode and anode through SSEs under an electric field. The physical
contact points between SSEs and LMA directly serve as interfacial
transport pathways for lithium ions, making solid-solid physical
contact a prerequisite for electrochemical reactions [42]. Typically,
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Fig. 1. Summary overview diagram of the core content of this article. Interfa-
cial challenges and corresponding optimization strategies between SSEs and LMA.
Reproduced with permission [29]. Copyright 2022, The American Association for
the Advancement of Science. Reproduced with permission [30]. Copyright 2017,
Springer Nature. Reproduced with permission [31]. Copyright 2021, Wiley-VCH. Re-
produced with permission [32]. Copyright 2025, Wiley-VCH. Reproduced with per-
mission [33]. Copyright 2025, Wiley-VCH. Reproduced with permission [34]. Copy-
right 2021, American Chemical Society. Reproduced with permission [35]. Copy-
right 2022, American Chemical Society. Reproduced with permission [36]. Copy-
right 2024, Wiley-VCH. Reproduced with permission [37]. Copyright 2024, Wiley-
VCH. Reproduced with permission [38]. Copyright 2023, Royal Society of Chemistry.
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Fig. 2. Schematic illustration of interfacial challenges between SSEs and LMA.

both inorganic SSEs and solvent-free solid polymer electrolytes suf-
fer from poor physical contact [43]. Even sulfide SSEs, which pos-
sess a softer consistency compared to oxide ceramic SSEs, cannot
fully eliminate interfacial gaps with LMA. Consequently, it is imper-
ative to elucidate the mechanisms underlying poor physical contact
between SSEs and LMA from their origins.

To comprehensively clarify the interfacial physical contact is-
sues between SSEs and LMA, the underlying mechanisms must be
analyzed from multiple perspectives. Poor interfacial physical con-
tact already exists before electrochemical reactions commence in
ASSLMBs. First, intrinsic material property mismatches cause poor
interfacial contact. As illustrated in Fig. 3a, interfaces between in-
organic SSEs/solvent-free solid polymer electrolytes and LMA rep-
resent a typical solid-solid contact. Their contact effectiveness is
far inferior to the solid-liquid infiltration contact achieved by tra-
ditional liquid electrolytes (Fig. 3b) [44]. Second, limitations in ma-
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Fig. 3. (a) Schematic of solid-solid contact at the SSEs/LMA interface. (b) Schematic
of solid-liquid infiltration contact between traditional liquid electrolyte and LMA.
Reproduced with permission [44]. Copyright 2025, Elsevier. (c) Schematic illustrat-
ing interfacial gaps at the SSEs/LMA interface. Reproduced with permission [29].
Copyright 2022, The American Association for the Advancement of Science. (d)
Stress evolution curves within LMA pouch cells versus cycle number. Reproduced
with permission [46]. Copyright 2024, Wiley-VCH. (e) 3D-reconstructed view of the
Li;oSnP,Sy; interface after cycling at 1 mA/cm?. Reproduced with permission [47].
Copyright 2021, Springer Nature. (f) Schematic of interfacial current density distri-
bution under intimate contact conditions. (g) Schematic showing non-uniform cur-
rent density distribution due to reduced contact points after cycling. Reproduced
with permission [48]. Copyright 2023, Elsevier.

terial processing techniques contribute to poor interfacial contact.
Constraints in SSEs fabrication are primary factors: stress-induced
grain boundary defects and pores during sintering of oxide SSEs,
and voids from microbubbles in solution-cast polymer electrolytes,
both degrade physical interfacial contact. Apart from the physical
contact issues caused by SSEs, the surface of the LMA is not abso-
lutely smooth, clean and defect-free either. LMA is soft in texture
(with a Mohs hardness of only 0.6) and highly malleable. During
the production process (such as rolling, cutting, and transfer), even
slight mechanical stress (such as uneven rolling, fixture friction,
and particles on the equipment surface) can cause surface damage.
All these can lead to the interface not adhering closely (Fig. 3c),
forming many tiny voids [29]. This reduces the ion transport chan-
nels, resulting in an increase in interface impedance. Moreover,
during the subsequent cycling process, tiny voids can cause non-
uniform deposition of lithium ions, serving as the formation and
growth sites for lithium dendrites, leading to instability at the in-
terface and throughout the entire battery system. The problem
of poor interfacial physical contact arises from synergistic multi-
faceted factors, severely constraining the applications.

Beyond interfacial physical contact issues caused by intrinsic
defects and manufacturing processes, volume changes in anode
materials during electrochemical cycling also degrade physical con-
tact with SSEs. In traditional liquid lithium-ion batteries, the lig-
uid electrolyte can flow freely and fill the voids caused by volume
changes in real time. In ASSLMBs, the rigid interface of solid-solid
contact cannot adapt to the voids caused by the volume shrinkage
of LMA, making the interface contact prone to local failure. There-
fore, the ASSLMB system has a lower tolerance for volume changes.
During the subsequent deposition of lithium ions, the presence
of voids will lead to the non-uniform deposition of lithium ions,
thereby causing the formation and growth of lithium dendrites.
Whether it is the deposition process or the stripping process of
lithium ions, volume changes will have an impact on the stability
of the interface. He et al. [45] demonstrated that lithium deposi-
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Fig. 4. (a) Schematic of an ideal stable interphase layer between SSEs and LMA. (b)
Schematic of a semi-stable interphase layer formation. (c) Schematic of a destabi-
lized interphase layer formation. Reproduced with permission [49]. Copyright 2015,
Elsevier. (d) Schematic of unstable SEI formed by side reactions at the SSEs/LMA
interface. Reproduced with permission [50]. Copyright 2024, Elsevier. (e) Schematic
illustrating detrimental phase generation from side reactions in sulfide SSEs. Repro-
duced with permission [51]. Copyright 2023, Elsevier. (f) GPPD for lithium. Repro-
duced with permission [56]. Copyright 2025, American Chemical Society. (g) Elec-
trochemical stability windows of components in solid polymer electrolyte systems.
Reproduced with permission [58]. Copyright 2022, Wiley-VCH.

tion is irregular without deposition hosts. After 100 cycles in Li||Cu
cells, newly deposited lithium layers can reach 100pm thickness.
To further investigate internal stress evolution, Chang et al. [46]
examined stress changes in LMA pouch cells. As shown in Fig. 3d,
this study visually confirms volume changes in LMA during cy-
cling, where both stress buildup from expansion and contact loss
from contraction detrimentally impact battery performance. Dur-
ing electrochemical processes, beyond anode volume changes, SSEs
also undergo interfacial degradation, reducing physical contact and
increasing local current density. Lewis et al. [47] applied X-ray to-
mography to sulfide-based ASSLMBs. The 3D-reconstructed inter-
facial microstructure after cycling at 1mAJ/cm? (Fig. 3e) reveals
significant voids/pores in sulfide SSEs post-deposition/dissolution,
severely degrading interfacial contact. As cycling proceeds, interfa-
cial contact further deteriorates. Compared to the original interfa-
cial current density (Fig. 3f), reduced contact areas increase local
current density at contact points (Fig. 3g), destabilizing the inter-
face [48]. Therefore, developing effective strategies to mitigate me-
chanical failures from poor physical contact and maintain stable
anode/SSEs interfacial integrity during cycling represents a press-
ing core challenge for high-performance, long-life ASSLMBs.

2.2. Interfacial side reactions

In addition to poor physical contact, interfacial side reactions
between SSEs and LMA constitute a key obstacle to the practical
application of ASSLMBs. Interfacial side reactions cause severe in-
terfacial damage, significantly reducing the electrochemical perfor-
mance of battery systems. Wenzel et al. [49] divided the interface
between SSEs and LMA into three categories. Fig. 4a shows a stable
interface state, corresponding to an ideal state where only lithium-
ion transport occurs without charge exchange at the interface be-
tween SSEs and LMA. Fig. 4b shows a semi-stable interface state
where partial charge transfer occurs at the interface. Fig. 4c shows
a completely destabilized state where severe side reactions occur
at the interface, leading to extreme degradation of interfacial per-
formance, which seriously affects the electrochemical performance
of ASSLMB systems. In current research, scientists categorize the
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mechanisms of interfacial side reactions into two types: chemical
reactions and electrochemical side reactions. Chemical reactions
refer to direct redox reactions caused by a chemical potential mis-
match between SSEs and LMA. Electrochemical side reactions re-
fer to parasitic reactions driven by electrochemical potential dur-
ing operation. As shown in Fig. 4d, both types of interfacial side
reactions generate detrimental phases that accumulate at the in-
terface, forming a loose and porous SSEs interface (SEI), resulting
in deteriorated stability at the SSEs/LMA interface [50].

The occurrence of interfacial chemical reactions does not re-
quire applied voltage; the driving force is pure chemical potential.
Although the reaction process is generally slow, it still causes in-
terfacial damage. The essence of interfacial chemical reactions lies
in the thermodynamic instability between lithium metal and SSEs.
Highly reactive lithium metal (electrode potential: —3.04V vs. SHE)
undergoes direct redox reactions driven by Gibbs free energy when
paired with SSEs. Different types of SSEs contain distinct redox-
active groups or ions. (1) Sulfide SSEs: S*~ ions are easily reduced
by lithium metal, generating byproducts such as Li,S and Li3P
(Fig. 4e). Prolonged accumulation forms a loose, porous SEI. The
byproduct Li,S further induces additional chemical reactions pro-
ducing H,S, which corrodes the interface [50,51]. (2) Garnet-type
oxide SSEs (e.g., LLZO): Exhibit high stability against lithium. Minor
chemical reactions between them are negligible. Trace Li,CO3 im-
purities on their surfaces further reduce side reactions with LMA.
In oxide systems, element doping (e.g., Ta) enhances lithium sta-
bility [52,53]. (3) Solid polymer electrolytes: Taking the current re-
search hotspot PEO as an example, the highly reactive LMA will
undergo side reactions with the ether oxygen groups (C-0-C) in
PEO upon contact, generating by-products such as Li;O, C;Hy4, and
H, [54]. Li,O is unstable, loose and porous, and has a low ionic
conductivity. It adheres to the surface of the lithium anode, form-
ing a poor SEI layer that hinders ion transport, increases interface
resistance, and intensifies electrode polarization. The gaseous by-
products such as C;H4 and H, generated will increase the internal
pressure of the battery, posing a risk of thermal runaway, combus-
tion, and even explosion, causing dual damage to the electrochem-
ical performance and safety of the battery system. (4) Halide SSEs:
Taking Li3YClg as an example, it will be slowly reduced to Y by
the LMA, accompanied by the generation of a small amount of the
product LiCl with a high ion migration barrier, which causes obsta-
cles to lithium ion transport at the interface.

Beyond chemically driven interfacial reactions, electrochemical
side reactions also occur between lithium metal and SSEs under
electrochemical potential. The essence of interfacial electrochemi-
cal side reactions involves unintended redox reactions of lithium
metal or electrolyte components induced by charge transfer during
external electric field application. These reactions exhibit signifi-
cant current density dependence. Notably, interfacial electrochem-
ical side reactions inevitably coexist with chemical side reactions.
Current research typically treats electrode materials as inert by ne-
glecting slow chemical processes to isolate electrochemical mecha-
nisms. Electrochemical stability windows are commonly employed
to evaluate SSEs stability, necessitating systematic studies of their
lowest unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO) levels [55]. As shown in the grand po-
tential phase diagram (GPPD) for lithium (Fig. 4f), when lithium
deposition/stripping overpotential exceeds the electrochemical sta-
bility window, SSEs undergo redox reactions with lithium metal,
generating detrimental phases that accumulate at the interface and
impede normal lithium deintercalation/transport [56].

Wang et al. [57] systematically investigated electrochemical sta-
bility windows of inorganic SSEs, establishing a database covering
over 1500 inorganic compounds. Pei et al. [58] summarized sta-
bility windows of key components in representative solid polymer
electrolytes (Fig. 4g). In polymer systems, the overall electrochemi-
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Fig. 5. (a) Schematic of an ideal stable interface between SSEs and LMA. (b)
Schematic of semi-stable interface formation. (c) Schematic of destabilized inter-
face formation. Reproduced with permission [59]. Copyright 2023, Wiley-VCH. (d)
Schematic illustrating increased local current density due to dendrite-induced elec-
tric field distortion. Reproduced with permission [61]. Copyright 2025, Wiley-VCH.
(e) SEM image of lithium dendrites growing along LLZO grain boundaries. Re-
produced with permission [62]. Copyright 2025, American Chemical Society. (f)
Schematic showing microcrack propagation in LLZO caused by lithium deposition.
Reproduced with permission [63]. Copyright 2022, Springer Nature. (g) Schematic
of lithium dendrites morphology. (h) Schematic of “dead lithium” formation during
stripping. (i) Schematic of “dead lithium layer” accumulation after multiple depo-
sition/stripping cycles. Reproduced with permission [30]. Copyright 2017, Springer
Nature.

cal stability window is determined by its least stable component—a
principle equally applicable to composite SSEs. These studies pro-
vide critical insights for resolving electrochemical stability chal-
lenges at lithium metal/SSEs interfaces.

2.3. Lithium dendrites

During electrochemical processes in ASSLMBs, the formation
and growth of lithium dendrites pose a significant threat to inter-
facial stability between SSEs and LMA. Unlike lithium dendrites in
conventional liquid batteries (Fig. 5a), dendrites in ASSLMBs pref-
erentially grow unidirectionally (Fig. 5b) [59]. As dendrites prop-
agate, they penetrate the dense structure of SSEs, compromising
their integrity. This leads to internal short circuits and triggers
thermal runaway, critically jeopardizing the safety of ASSLMBs.
Therefore, elucidating lithium dendrites mechanisms from nucle-
ation to growth at SSEs/LMA interfaces is of paramount impor-
tance.

Masias et al. determined the shear modulus of lithium to be
2.83 GPa using acoustic techniques [60]. Although the shear mod-
ulus of lithium dendrites has not been precisely measured, there
are pores, grain boundaries and dislocation defects inside the den-
drites, with a loose structure and poor continuity, which leads to
its actual shear modulus being lower than that of bulk lithium
metal. The shear modulus of inorganic SSEs is generally greater
than 6GPa, and that of oxide SSEs is even greater than 10 GPa,
both more than twice the shear modulus of lithium dendrites. The-
oretically, this can effectively inhibit the formation and growth
of lithium dendrites. However, this theory studies the pure me-
chanical penetration of lithium dendrites under ideal conditions.
In practical situations, the presence of lithium dendrites can still
be observed at the interface between inorganic SSEs and the LMA.
This is because microscopic defects at the interface between SSEs
and the LMA, such as microcracks and tiny pores, can cause ab-
normally high local current density, leading to the priority occur-
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rence of lithium deposition at the defect sites to form initial den-
drites. After the initial dendrite formation, only a very small stress
is needed to promote the lateral propagation of the crack, caus-
ing the crack to expand and thus leading to the further growth of
lithium dendrites. This also explains why lithium dendrites are in-
evitable in inorganic SSEs.

There are two mechanisms for lithium dendrites generation in
ASSLMBs: LMA-induced dendrites, as shown in Fig. 5b, and den-
drites formed at grain boundaries and microcracks in inorganic
SSEs (Fig. 5c). Detailed analysis follows. First, regarding the for-
mation mechanism of LMA-induced dendrites: surface inhomo-
geneities, poor interfacial contact, and impurity phases formed
by side reactions on LMA all cause non-uniform current distribu-
tion. This induces heterogeneous lithium deposition, forming initial
dendrites. After initial dendrite formation, they disrupt the elec-
tric field distribution at the interface, causing local field distortion
(Fig. 5d). This further exacerbates uneven lithium deposition, pro-
moting dendrite growth while creating more nucleation sites, es-
tablishing a vicious cycle that severely degrades the interface [61].

Another type of lithium dendrites is formed at the grain bound-
aries of inorganic SSEs. Taking the typical LLZO as an example, by
measuring the potential distribution at the grain boundaries with
high-resolution kelvin probe force microscopy (KPFM), it can be
found that the location of the electron leakage hotspots highly co-
incides with the formation location of lithium dendrites. This in-
dicates that the high electronic conduction characteristics at the
grain boundaries of LLZO play a significant role in the formation of
lithium dendrites at the grain boundaries. The schematic diagram
of lithium dendrites at grain boundaries is shown in Fig. 5e, which
can cause severe damage to the interface between SSEs and the
LMA [62]. Apart from the grain boundaries, the non-uniformly dis-
tributed electric fields existing at the inevitable micro-cracks and
voids and other defects in SSEs can also induce non-uniform depo-
sition of lithium ions, resulting in lithium dendrite problems. Gao
et al. [63] visualized the lithium dendrites at the interface between
SSEs and LMA through in-situ TEM. The research indicates that dur-
ing high-speed deposition of lithium ions, the deposition of lithium
dendrites accumulates local stresses ranging from GPa to 10 GPa at
the micro-cracks of LLZO particles, causing lateral and longitudinal
expansion of the microcracks. This ultimately led to the cracking
of LLZO particles (Fig. 5f).

Beyond severely compromising interfacial stability, lithium den-
drites at SSEs/LMA interfaces also cause active material loss. On
one hand, dendrites formed within SSEs become electrochemically
inactive, they no longer participate in lithium stripping and only
receive deposited ions, evolving into continuously growing “dead
lithium.” On the other hand, dendrites generated on LMA may un-
dergo brittle fracture during growth (Figs. 5g¢ and h), forming iso-
lated “dead lithium.” This dead lithium can accumulate at inter-
faces, creating a “dead lithium layer” (Fig. 5i) that obstructs ion
transport pathways, increases interfacial impedance, and reduces
reversible capacity and cycle stability. Consequently, battery per-
formance degrades rapidly, critically hindering the practical ap-
plication and commercialization of ASSLMBs [30]. Therefore, opti-
mizing the SSEs/LMA interface through multi-dimensional strate-
gies, including anode optimization, electrolyte enhancement, and
interfacial engineering, is paramount for enabling the transition of
ASSLMBs from usable to reliable.

3. Optimization strategies

After clarifying the mechanisms underlying interfacial issues
between SSEs and LMA, implementing targeted optimization
strategies addressing these origins represents an effective approach
to enhance ASSLMB electrochemical performance [64]. The core
objective of interfacial optimization lies in achieving synergistic
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produced with permission [66]. Copyright 2023, Wiley-VCH. (c) Direct penetration
of lithium dendrites through homogeneous LLZO grains. (d) Confined growth of
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mission [68]. Copyright 2024, Wiley-VCH. (e) Pristine LigPSsCl grains. (f) Core-
shell coating layer on LigPSsCl grain surfaces. Reproduced with permission [71].
Copyright 2025, Wiley-VCH. (g) Coating optimization of Lig75LasZry75Tag25012 us-
ing functional supramolecules. Reproduced with permission [73]. Copyright 2023,
Wiley-VCH. (h) Al,03 coating on LisInCls particles. Reproduced with permission
[31]. Copyright 2021, Wiley-VCH.

development of mechanical compatibility and electrochemical sta-
bility through multidimensional optimization strategies, while si-
multaneously suppressing lithium dendrites formation/growth dur-
ing operation [65].

Surveying current strategies, this review categorizes them into
three types based on optimization targets: (1) SSEs-side optimiza-
tions: Optimizing electrolyte composition and structure via dop-
ing or compositing to enhance mechanical properties and chemi-
cal stability. (2) Interface-specific optimizations: Introducing func-
tional interlayers or implementing in situ interfacial polymeriza-
tion between SSEs and anodes. These approaches ensure efficient
ion transport while providing physical isolation, improving interfa-
cial contact, and inhibiting dendrites. (3) LMA-side optimizations:
Employing lithium alloys or constructing 3D porous current col-
lectors to regulate deposition behavior and reduce electrochemical
reactivity, thereby minimizing side reactions and dendrite forma-
tion. These multiscale, multiphysics-coupled strategies will provide
theoretical guidance and technical support for constructing highly
stable, low-impedance solid-solid interfaces, ultimately advancing
solid-state lithium batteries toward practical high-energy-density,
long-cycle-life applications.

3.1. SSEs optimization strategies

3.1.1. Grain optimization

Optimizing grains and grain boundaries during SSEs produc-
tion effectively enhances interfacial stability. Appropriately reduc-
ing particle size while maintaining ionic conductivity increases
contact area with lithium metal, improving physical contact to re-
duce interfacial resistance and electrochemical polarization. Con-
currently, finer particles enhance densification, reducing inter-
nal pores/defects and boosting mechanical strength to reinforce
dendrite-blocking capability—thereby optimizing interfacial contact
and improving ASSLMBs’ performance/safety. Li et al. [66] demon-
strated that in Li3InClg, grain boundary ionic conductivity (Fig. 6a)
and bulk ionic conductivity (Fig. 6b) are nearly identical, indicating
that grain boundaries do not impede ion transport. Thus, grain re-
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finement minimizes pores/defects blocking ion transport while op-
timizing interfacial contact. Xu et al. [67] investigated LLZO grain
size effects: Smaller grains improve stress distribution but pro-
mote crack propagation, necessitating balanced optimization. Jia
et al. [68] designed a hybrid microstructure with large/small grains
in LLZO. Unlike single-grain structures where dendrites penetrate
straight through (Fig. 6¢), the mixed-grain boundaries (Fig. 6d) de-
flect dendrite growth, reducing penetration risk. Singh et al. [69]
confirmed in LigPSsCl sulfide SSEs that grain refinement reduces
bulk defects and enhances mechanical robustness.

Notably, grain refinement requires balancing size effects and
processing stability. Excessive particle size reduction may in-
duce agglomeration issues or exacerbate interfacial side reactions.
Therefore, future research should prioritize appropriate process ex-
ploration, identifying optimal grain sizes or adopting hybrid grain
combinations to synergistically optimize particle dimensions and
interfacial characteristics, thereby advancing the practical imple-
mentation of ASSLMBs.

3.1.2. Coating optimization

Surface coating technology applied to SSEs offers a novel ap-
proach to optimize interfacial issues with LMA. The coating layer
effectively isolates direct contact between lithium metal and SSEs,
preventing electrochemical side reactions [70]. Simultaneously, for
less stable SSEs like sulfides and halides, coating optimization en-
hances their stability toward water and oxygen, improving inherent
robustness. In recent years, strategies optimizing interfacial proper-
ties through electrolyte coatings have gained significant attention.
This technology shows promise for enhancing battery performance,
extending cycle life, and improving safety.

Core-shell coating technology fundamentally hinges on the se-
lection of coating materials. When selecting a coating material,
it is essential to ensure that it does not adversely affect the
lithium-ion conductivity of the SSEs. Secondly, a comprehensive
consideration of its electrochemical stability, mechanical proper-
ties, and compatibility with the substrate material is required.
Furthermore, coating strategies differ significantly depending on
the type of SSEs. Coating optimization strategies are more com-
monly applied within inorganic SSE systems. For instance, as il-
lustrated in Figs. 6e and f, Su et al. [71] constructed a Sn-CI-S
compound coating layer on the surface of LigPS5Cl through a sim-
ple anion exchange reaction with CI~ in SnCly. This coating exhib-
ited a core-shell structure, enhancing the stability of the sulfide
SSEs and effectively preventing lithium dendrites penetration. Sim-
ilarly, within the sulfide SSEs system, Liu et al. [72] employed long-
chain alkyl thiol (1-undecanethiol) coating, which significantly im-
proved the chemical stability of the sulfide electrolyte when ex-
posed to high-humidity environments. Lu et al. [73] utilized a func-
tional supramolecular system composed of S-cyclodextrin (CD)
and LiTFSI to coat Lig7s5LasZry75Tag»501,, employing the coating
scheme depicted in Fig. 6g. Remarkably, the coating layer not only
did not impede lithium-ion transport but also exhibited higher
ionic conductivity than the bulk material. Moreover, the presence
of the coating expanded the electrochemical stability window of
Lig75LaszZr;75Tag 25012, thereby enhancing its overall electrochem-
ical stability. For halide SSEs, which offer the advantages of sim-
ple synthesis and high ionic conductivity, their high reactivity with
air and water severely hinders development. Wang et al. [31] ad-
dressed this by coating Li3InClg with Al,03 to mitigate its side re-
actions with water (Fig. 6h). This approach provides a viable strat-
egy for designing stable halide SSEs and developing suitable pro-
tective measures.

Current coating technologies still grapple with challenges re-
lated to coating thickness, processing techniques, and coating layer
stability. Future research must transcend the limitations of “single-
function optimization” and develop coating materials that integrate
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high ionic conduction, robust mechanical compatibility, and high
stability (e.g., temperature-responsive shape-memory alloy coat-
ings). This will enable the synergistic optimization of SSEs’ coating
technology and interfacial stability, facilitating a pivotal transition
for surface coating technology from laboratory innovation to engi-
neering applications.

3.1.3. Elemental doping optimization

Elemental doping for the intrinsic optimization of SSEs rep-
resents a core strategy for regulating interfacial physicochemical
behaviors at the lattice scale. Its fundamental principle lies in op-
timizing the ionic conduction pathways, chemical activity, and me-
chanical strength of SSEs through approaches such as heterovalent
ion substitution and vacancy engineering. This effectively mitigates
challenges associated with solid-solid interfacial contact failure
and side reactions [74]. Elemental doping optimization strategies
are typically applied within inorganic SSE systems. Specifically,
this approach encompasses diverse methodologies: doping can be
designed to target the enhancement of a specific property of the
SSEs, or, through the judicious selection of dopant elements, it can
concurrently improve multiple performance aspects (e.g., achiev-
ing the synergistic enhancement of both ionic conductivity and
electrochemical stability). Based on the type of dopant elements
used, elemental doping optimization can be further categorized
into single-element doping and multi-element co-doping.

For inorganic SSEs, elemental doping strategies can be em-
ployed to optimize the electrolyte itself, thereby enhancing its in-
terfacial stability. Taking sulfide SSEs as an example, researchers
frequently utilize elemental doping to improve their intrinsic sta-
bility against water. Zhou et al. [75] systematically investigated the
electrolyte systems Li;3P59S10.75X03 (X=F, Cl, Br, I) prepared via
halogen element doping. Compared to the electrochemical stabil-
ity window of LPSCl determined by Wu et al. (oxidation limit <
2.5V vs. Li/Lit) [76], the CV test results shown in Fig. 7a demon-
strate that the Li;3P;9S1975X03 Systems achieve an electrochemi-
cal stability window up to 5V, exhibiting excellent chemical sta-
bility. Zhang et al. [77] employed a co-doping strategy involv-
ing Sn2* and F-, as illustrated in Fig. 7b, to modify Li;oGeP5Sqs.
The dopant elements substitute for partial Ge** and $%~ sites in
Li;oGeP,S15, significantly reducing both the H,O adsorption energy
and the interfacial lithium vacancy formation energy. This opti-
mization markedly enhances the stability of Li;oGeP,S;, towards
humid air and lithium metal. Anderson et al. [78] comprehensively
screened the effects of 59 dopants on LLZO, one of the most exten-
sively studied oxide SSEs. This study provides a valuable database
for dopant selection, offering insights into synergistically enhanc-
ing the ionic conductivity, intrinsic stability, and compatibility with
LMA in SSEs through elemental doping.

Within halide SSE systems, elemental doping is also a common
approach to enhance both ionic conductivity and electrochemi-
cal stability. Lei et al. [32] introduced Zn2* doping into Li,ZrClg,
synthesizing Li; 4ZrggZng,Clg, whose crystal structure is depicted
in Fig. 7c. The Zn?* doping optimizes the crystal structure of
Li,ZrClg, effectively improving its stability upon exposure to humid
air while simultaneously increasing its ionic conductivity. Further-
more, Jia et al. [79] systematically studied the doping effects of 13
different rare-earth metal elements on halide SSEs, comparing the
influence of various dopants on the properties of Li,ZrClg. This re-
search provides a valuable reference for exploring suitable doping
elements compatible with halide SSEs.

In summary, elemental doping optimizes the performance of
SSEs by modifying their crystal structure, electronic density of
states, and defect chemistry, thereby achieving multi-dimensional
regulation of the interface with the LMA. Non-reactive doping (e.g.,
Mg+, Zn®*) enhances the intrinsic structural stability of the SSEs
and improves their mechanical strength, suppressing lithium den-
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right 2025, Wiley-VCH. (i) Electrochemical stability windows of different compos-
ite solid polymer electrolytes. Reproduced with permission [86]. Copyright 2023,
Elsevier.

drites penetration. Interface-reactive doping (e.g., CI-, F~) partici-
pates in interfacial reactions to form a SEI rich in components like
LiF and LiCl, reducing interfacial impedance and suppressing side
reactions. Multi-element co-doping leverages synergistic effects to
simultaneously optimize ionic conductivity and interfacial stability.

3.1.4. Composite SSEs

Currently, single-component SSEs all exhibit interfacial issues
when paired with the LMA. For example, inorganic SSEs, repre-
sented by oxides and sulfides, possess high ionic conductivity and
mechanical strength, while they suffer from poor interfacial con-
tact with the LMA. Although solid polymer electrolytes exhibit
good flexibility, they face issues of lithium dendrites and low ionic
conductivity when matched with the LMA [80]. These limitations
severely hinder the development of ASSLMBs. Employing com-
posite SSEs can improve the interfacial issues between SSEs and
the LMA. The core mechanism lies in overcoming the interfacial
challenges faced by single-component SSEs through the synergis-
tic effects of multiple components, thus constructing an interface
that integrates high ionic conduction, strong chemical stability, and
good solid-solid contact by leveraging the complementary advan-
tages of different SSEs [81]. Common composite strategies include
organic-inorganic composite SSEs, multi-component inorganic SSEs
composites, and multi-component organic SSEs composites.

In various composite SSE systems, the most common approach
is the organic-inorganic composite SSE strategy. This composite
strategy can effectively combine the advantages of high mechanical
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strength and high ionic conductivity from inorganic SSEs with the
flexibility advantage of organic SSEs. Wen et al. [82], to address the
issues of poor interfacial performance and induced lithium den-
drites in Liy xAlxTiy_x(PO4); (LATP) material caused by agglomera-
tion (Fig. 7d), composited it with a polymer matrix composed of
PEO and PVDF-HFP, thereby achieving superior interfacial physi-
cal contact. This composite approach constructed fast ion transport
channels as shown in Fig. 7e, effectively improving poor contact
and low ionic conductivity at the interface between the SSEs and
the LMA. Zhang et al. [83] prepared a PEO-LiClO4-LLZTO compos-
ite SSEs system (Fig. 7f), and demonstrated through research that
15 wt% LLZTO was uniformly dispersed without agglomeration in
this system. Research using 6Li — ’Li isotope tracer techniques in-
dicated that Li;CO3 on the LLZTO surface could act as an interme-
diate for lithium-ion transport between LLZTO and PEO, promot-
ing ion transport between them and reducing lithium-ion trans-
port resistance at the interface, thereby decreasing interfacial side
reactions.

Composite strategies between different types of inorganic SSEs
are also effective for improving interfacial issues. This strategy
can combine the inherent advantages of different inorganic SSEs.
Ge et al. [84] composited two sulfide SSEs, LissPS45Clis and
Li;oSnP,S5. LissPS45Clys possesses excellent compatibility with
the LMA, while Li;oSnP,S;, forms a Li-Sn alloy during cycling,
inhibiting the formation and growth of lithium dendrites. This
composite SSEs effectively suppressed the formation and growth
of lithium dendrites at the interface through the synergistic ef-
fect of its components. Xu et al. [33], to mitigate the lithium
dendrites issue at the interface between the single sulfide SSEs
Li5 3PS43Cly7 and the LMA, as shown in Fig. 7g, composited it with
Lig 54[Sig5Sng5|PSBrO, which has high ionic conductivity and an
interfacial passivation effect, constructing the ASSLMB system de-
picted in Fig. 7h.

Beyond common sulfide composites, there are also composites
like LigslasZrisTags0q, with deformable oxide glass 45Li;SO04-
30Li,CO3-25LiBr to enhance the interfacial stability of the SSEs
with the LMA [85]. Apart from the aforementioned two composite
approaches, employing composite strategies with multiple types of
solid polymer electrolytes is also an effective strategy to enhance
interfacial stability. Ye et al. [86] systematically studied the elec-
trochemical stability windows of different types of composite solid
polymer electrolytes, with results shown in Fig. 7i. Through screen-
ing and comparison with pure PEO-based SSEs, employing PMMA-
PVDF-HFP composite could lower the HOMO energy level, enhance
the oxidation resistance of the SSEs, and strengthen its electro-
chemical stability against the LMA.

As a breakthrough direction for addressing interfacial issues
between SSEs and the LMA, composite SSEs will exhibit a fu-
ture development trend characterized by multi-dimensional syn-
ergistic innovation alongside accelerated industrialization. In fu-
ture research, the guiding principle should be optimizing the in-
terface between SSEs and the LMA. Through precise design and
cost-optimized fabrication, composite SSEs with superior compre-
hensive performance should be developed. Within specific research
processes, machine learning screening strategies can be innova-
tively employed to identify compatible SSEs, accelerating the in-
dustrial deployment of ASSLMBs in scenarios demanding high en-
ergy density and high safety.

3.2. Optimization strategies for SSEs/LMA interfaces

3.2.1. Interface pressure application

Applying pressure at the SSEs/LMA interface to improve interfa-
cial contact is an effective strategy for addressing the issue of poor
solid-solid physical contact. As shown in Fig. 8a, interfacial pres-
sure can induce creep deformation in lithium metal on the one
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hand, thereby filling micron-scale voids at the interface, increasing
the effective contact area, and consequently reducing interfacial re-
sistance [34]. On the other hand, interfacial pressure can physically
constrain the propagation of interfacial cracks caused by volume
changes, enhancing the mechanical blocking of lithium dendrites
by the SSEs (especially oxide SSEs), thereby suppressing the growth
of lithium dendrites at the interface. McConohy et al. [87] tested
the effect of pressure on interfacial lithium dendrites. The research
results, as shown in Fig. 8b, demonstrate that applying pressure to
produce a weak strain of 0.070% is sufficient to control and al-
ter the propagation direction of lithium dendrites. Further stud-
ies proved that globally applied compressive stress can be used to
suppress the initiation of new cracks, thereby preventing the prop-
agation of lithium dendrites. Wang et al. [88] tested the effect of
stacking pressure on the capacity of ASSLMB systems. The results,
as shown in Fig. 8¢, indicate that appropriate interfacial pressure
can enhance the specific discharge capacity of the materials.

However, pressure regulation requires balancing mechanical
stability and interfacial compatibility. In practical applications, the
application of pressure must be precisely controlled. Insufficient
pressure fails to achieve the desired interfacial optimization ef-
fect; conversely, excessive pressure may cause brittle fracture of
the electrolyte or stress concentration on the LMA surface, thereby
exacerbating the risk of interfacial failure and impairing battery
performance [89]. For instance, sulfide SSEs (e.g., LigPSsCl) read-
ily develop microcracks under high pressure, becoming penetration
channels for lithium dendrites. In summary, applying pressure at
the SSEs/LMA interface is an effective interfacial optimization strat-
egy. By optimizing pressure parameters and application methods,
it holds promise for resolving issues such as poor interfacial con-
tact and lithium dendrites in ASSLMBs, advancing their develop-
ment toward high-performance and high-safety applications.
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3.2.2. In situ polymerization

In situ polymerization technology applied to ASSLMBs is a strat-
egy that converts liquid monomer precursors into solid polymer
electrolytes during battery assembly or operation. This strategy
achieves molecular-level conformity and 3D interpenetration at the
electrode/SSEs interface on the one hand, fundamentally resolving
the solid-solid interfacial contact challenge in traditional ASSLMBs.
Consequently, it further addresses interfacial limitations such as re-
stricted lithium-ion transport and lithium dendrites growth caused
by poor physical contact. On the other hand, in situ polymeriza-
tion technology can be employed to prepare superior-performance
composite SSEs. By introducing inorganic fillers (e.g., LLZO, Al,04
particles) into the polymerizable monomers to form a composite
system, the performance of the SSEs can be further optimized [90].

The core of in situ polymerization technology lies in utilizing
initiation methods such as thermal, photo, chemical, or electro-
chemical triggering to induce uniform polymerization reactions in
monomers. The principle schematic is shown in Fig. 8d, with the
final outcome being the construction of a high-performance inter-
face [91]. In current research on in situ polymerization, the trig-
gered monomers primarily consist of monomeric polymers. Com-
mon triggered monomers include 1,3-dioxolane (PDOL), acrylates
(PNT), and polyethylene glycol diacrylate (PEGDA), among others.
In studies on PDOL in situ polymerization, Xu et al. [92] innova-
tively employed Mg-containing montmorillonite as an initiator for
DOL. Compared to conventional initiators, the PDOL prepared via
montmorillonite initiation exhibited more uniform chain segment
distribution. Moreover, an MgF,-containing interphase formed at
the interface, thereby protecting the anode interface. Similarly,
when AlF; was used as an initiator, it also achieved anode in-
terface protection by forming alloys and fluoride protective lay-
ers [93]. Zhou et al. [36] employed the crosslinking polymeriza-
tion technique illustrated in Fig. 8e to perform in situ polymer-
ization of PEGDA with 1,2-dimethoxyethane (DME), constructing a
unique crosslinked lithium-ion channel. This ion channel endowed
the solid polymer electrolyte with high ion transport efficiency.
Furthermore, while maintaining excellent contact with the LMA
interface, this solid polymer electrolyte possessed high mechani-
cal strength, effectively suppressing the formation and growth of
lithium dendrites at the interface.

In situ polymerization technology also plays a vital role in
preparing composite SSEs. By initiating monomer polymerization
in situ within the polymer matrix, inorganic fillers can be uni-
formly dispersed during polymerization, achieving tight integra-
tion between components. Gao et al. [94] incorporated zinc ox-
ide nanowires (ZnO NWs) as an inorganic SSE into the PDOL
in situ polymerization system. During lithium-ion deposition and
stripping, the piezoelectric effect-generated electric field from ZnO
NWs reduced local lithium-ion concentration and promoted uni-
form lithium-ion flux, thereby effectively inhibiting lithium den-
drites growth. For composite SSEs preparation, in situ polymeriza-
tion significantly enhances the Li* conductivity, mechanical prop-
erties, and interfacial stability of pure polymer SSEs.

In situ polymerization technology also possesses advantages in
the manufacturing process. Its integrated design strategy effec-
tively avoids potential contamination that traditional SSEs may
encounter during processing, enhancing the overall performance
and batch consistency of batteries. In future research, efforts
should focus on overcoming inherent challenges of in situ poly-
merization technology, such as non-uniform polymerization, un-
predictable polymerization rates, and interfacial side reactions in-
duced by temporary residual monomers/initiators. Through ratio-
nal design, the further application of in situ polymerization tech-
nology in resolving interface issues between LMA and SSEs should
be advanced, thereby facilitating its implementation in commercial
large-scale production.
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3.2.3. Artificial SEI protective layer

To address the critical issue of instability at the SSEs/LMA in-
terface, researchers have proposed designing an artificial SEI to
achieve interfacial regulation [95]. The artificial SEI film forms a
uniform, dense, and stable protective layer at the interface, ef-
fectively suppressing direct contact between lithium metal and
the SSEs, thereby reducing interfacial side reactions. This protec-
tive layer typically exhibits excellent ion selectivity, allowing unre-
stricted lithium-ion transport while blocking direct electron trans-
fer, preventing the formation and growth of lithium dendrites.
Moreover, the artificial SEI can alleviate interfacial stress and en-
hance mechanical stability at the interface. Through rational design
of the composition and structure of the artificial SEI, its perfor-
mance can be further optimized to achieve effective protection of
the SSEs/LMA interface. This enhances the battery’s cycling stabil-
ity and safety, providing crucial theoretical guidance and technical
pathways for overcoming the cycle life limitations of ASSLMBs [96].
In current research, commonly reported materials for artificial SEI
protective layers mainly include fluorides (LiF, SnF,), nitrides (Li3N,
CuszN), oxides (Al,03, ZnO, Li;0), and sulfides (Li,S, MoS,), among
others.

The mechanisms by which different types of artificial SEI pro-
tective layer materials function are similar: All directly form or
reactively generate an interfacial protective layer that permits
lithium-ion transport while blocking electrons. However, in differ-
ent SSE systems, artificial SEI layers play distinct primary roles. For
example, in highly reactive systems represented by sulfide SSEs,
the primary function of artificial SEI is to prevent side reactions
between lithium metal and the electrolyte, thereby enhancing in-
terfacial electrochemical stability and further suppressing lithium
dendrites. Wu et al. [97] constructed a dense, uniform Li,S pro-
tective layer via chemical vapor deposition at the LGPS/LMA inter-
face (Fig. 8f). This 2.6 um-thick Li,S layer prevented electrochem-
ical decomposition of LGPS by lithium, significantly improving in-
terfacial stability. Yue et al. [98] created an amorphous fluorinated
interphase (AFI) composed of LiF and lithiated graphite at the LP-
SCI/LMA interface. The AFI layer not only effectively isolated LPSCI
from interfacial reactions with the LMA but also established highly
efficient lithium-ion transport channels (Fig. 8g) through its intrin-
sic high ionic conductivity. This promoted uniform lithium depo-
sition, consequently inhibiting dendrite formation. In more stable
but poorly contacting systems represented by oxide SSEs, artificial
SEI layers primarily enhance interfacial contact to suppress lithium
dendrites. Liu et al. [35] addressed poor physical contact at the
Lig4LasZr;4Tagg0q, (LLZTO)/Li interface by: (1) Removing Li;CO3
impurities (formed by oxidation) from LLZTO surfaces via drop-
casting, and (2) generating a Li-Ga-O layer (Fig. 8h) through reac-
tion between gallium oxide and molten Li metal. This Li-Ga-O layer
exhibited high compatibility with both lithium metal and the SSEs,
effectively resolving interfacial contact issues.

Solid polymer electrolytes generally exhibit superior interfacial
contact with LMA compared to inorganic SSEs. Therefore, the pri-
mary role of constructing an artificial SEI protective layer is to re-
duce side reactions between the solid polymer electrolyte and the
LMA. Jabbari et al. [99] added partial phosphazene to the PEO elec-
trolyte, generating nanocrystals rich in multiple materials including
LisN, LiF, LisP, and Li3PO,4. This effectively suppressed side reac-
tions between the solid polymer electrolyte and the LMA. In re-
search on constructing artificial SEI protective layers at SSEs/LMA
interfaces, artificial SEI layers increasingly consist of multiple ma-
terials. This combines different material types to create higher-
performance artificial SEI protective layers. For example, Gao et al.
[100] prepared a LisN-LiF protective layer that integrates high ionic
conductivity with mechanical strength. Additionally, the artificial
SEI can alleviate interfacial stress and enhance mechanical stability
at the interface. Through rational design of the artificial SEI's com-
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position and structure, its performance can be further optimized
to achieve effective protection of the SSEs/LMA interface, enhanc-
ing the battery’s cycling stability and safety. In addition to tradi-
tional interface optimization strategies, some novel optimization
strategies have been developed to achieve the stability of the in-
terface between solid electrolytes and lithium anodes. Inspired by
the micro-porous structure of the white sea urchin skeleton, Ma
et al. [101] combined biomimetic design with advanced structural
engineering and first applied the triply periodic minimal surface
(TPMS) structure based on fluoropolymers to the interface layer
design of lithium batteries. This TPMS structure not only provides
channels for lithium ion transport but also suppresses lithium den-
drites through the mechanical support of the skeleton and can gen-
erate a LiF protective layer on the surface of the lithium anode.
Through multiple synergistic effects, it can effectively reduce the
local current density, polarization and internal resistance at the in-
terface and stabilize the anode interface. Liu et al. [102] used self-
assembled monolayer (SAMs) technology to regulate the interface
of high-energy-density lithium metal batteries. Using an Al,053-
coated separator as the substrate, they constructed long-range or-
dered polar carboxyl groups on the substrate through a simple
immersion method. The ordered polar carboxyl groups generate
a strong dipole moment, attracting excess electrons from Al,05
to the electrolyte interface, significantly accelerating the kinetics
of the carbon-fluorine bond cleavage of LIiTFSI in the electrolyte,
thereby constructing a LiF-rich SEI at the interface to achieve the
purpose of interface protection. This low-cost and simple immer-
sion scheme has great commercial application feasibility.

The artificial SEI protective layer strategy provides a precise
control means to solve the interface stability problem between the
LMA and SSEs by actively designing the interface layer. Its core ad-
vantage lies in the controllable optimization of interface chemical
stability, ion transport and mechanical properties through active
design. Currently, common ones such as LI and LizN have been ap-
plied on a certain scale. However, at present, due to the limitations
of preparation complexity, compatibility contradictions and insuffi-
cient long-term stability, more artificial SEI protective layer strate-
gies encounter bottlenecks in terms of material types and low-cost
processes. Future research should focus on the design of low-cost
SEI materials and the development of low-cost preparation pro-
cesses to promote this strategy from the laboratory to industrial-
ization.

3.3. LMA optimization strategies

3.3.1. Lithium alloys

Lithium metal exhibits unique advantages, including high the-
oretical specific capacity (3860 mAh/g) and low electrode poten-
tial (—3.04V vs. SHE). Its direct contact with SSEs enables the
construction of compact electrode structures, increasing volumet-
ric energy density by over 40%, making it the optimal choice for
achieving high energy density in ASSLMB systems [103]. However,
the high reactivity of lithium metal inevitably induces side reac-
tions with SSEs during electrochemical processes. Additionally, in-
herent characteristics of lithium result in unavoidable lithium den-
drites formation and volume changes during lithium ion deposi-
tion/stripping, significantly limiting its practical application. To ad-
dress interfacial challenges in lithium metal/SSEs compatibility, re-
searchers have developed alloy-based anodes by incorporating ele-
ments with lower reactivity into LMA [104].

In current research, common elements that can form alloys
with lithium for ASSLMB anodes include In, Si, Al, Sn, Mg, Ag,
Zn, Sb, etc., with binary alloys being the predominant type, while
ternary or multicomponent alloys constitute a smaller proportion.
Compared to pure LMA, alloying elements improve the interfa-
cial stability between anode materials and SSEs through three as-
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Fig. 9. (a) Schematic of self-diffusion forming Li-In alloy. Reproduced with permis-
sion [37]. Copyright 2024, Wiley-VCH. (b) Shear modulus comparison of lithium al-
loy types. (c) Interfacial microcrack healing under external pressure. Reproduced
with permission [106]. Copyright 2024, American Chemical Society. (d) Fabrication
process for Lil-protected lithium alloy anode. Reproduced with permission [107].
Copyright 2024, American Chemical Society. (e) Blending strategy for SbF;-PEO-
LLZTO composite electrolyte preparation. Reproduced with permission [108]. Copy-
right 2023, Elsevier. (f) Contact angle between molten Li-BP composite anode and
LLZTO. (g) Contact angle of molten lithium on LLZTO surface. Reproduced with per-
mission [111]. Copyright 2024, Elsevier. (h) Lithium ion transport channels within
the composite anode bulk phase. Reproduced with permission [38]. Copyright 2023,
Royal Society of Chemistry. (i) Lithiophilic host-guided uniform lithium deposition.
Reproduced with permission [116]. Copyright 2024, Wiley-VCH.

pects: reducing the electrochemical reactivity of anode materials,
optimizing lithium ion deposition behavior, and mitigating anode
volume changes. Indium is the most commonly used element for
forming lithium alloy anodes. As shown in Fig. 9a, In and Li are
directly stacked at the anode side, spontaneously diffusing to form
Li-In alloy during electrochemical processes [37]. This simple al-
loying process is highly suitable for large-scale manufacturing, but
the cost of indium limits the application of Li-In alloys. To op-
timize costs, Li et al. [105] employed low-cost Sn metal to form
Li;»Sns alloy with lithium. Serving as a stable skeleton and uni-
form lithium nucleation sites, Li,,Sns effectively promotes uniform
lithium ion stripping/deposition, thereby significantly reducing in-
terfacial lithium dendrites and stress, demonstrating performance
markedly superior to pure LMA.

To further investigate the feasibility of different alloy types in
ASSLMBs, Chen et al. [106] systematically studied the compatibility
between various lithium alloy anode materials (Li-M, M = Al, Mg,
In, Sn, Sb) and different SSEs. They first evaluated the hardness
of different lithium alloys through nanoindentation experiments,
with shear modulus results shown in Fig. 9b Subsequently, they
conducted in-depth studies on the compatibility between lithium
alloys with varying hardness and different SSEs (Fig. 9c). These
research findings provide theoretical guidance for selecting com-
patible lithium alloys and SSEs. The application of lithium alloys
addresses interfacial issues in anode/electrolyte matching through
three mechanisms: Enhancing interfacial mechanical properties, re-
ducing electrochemical reactivity of LMA, and optimizing lithium
ion deposition behavior at the interface. Compared with pure LMA,
this approach significantly improves interfacial stability, providing
crucial solutions for constructing high-stability ASSLMBs.

Beyond solely employing lithium alloys as an optimization
strategy for SSEs/anode interfaces, the lithium alloy approach fre-
quently synergizes with other optimization strategies to collec-
tively address interfacial challenges. Common synergistic solutions
include combinations with artificial protective layers. For exam-
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ple, Wu et al. [107] immersed lithium metal in Snl4 solution, si-
multaneously forming an SnLi alloy and constructing a Lil protec-
tive layer on its surface (Fig. 9d). This dual-action mechanism op-
timizes the interface between the SSEs and LMA. Similarly, Wang
et al. [108] adopted a blending strategy illustrated in Fig. 9e, adding
SbF3 as an additive to the PEO-LLZTO composite SSEs system. Dur-
ing electrochemical processes, SbF3 reacts in situ with the LMA to
generate Li3Sb and LiF, optimizing lithium deposition behavior and
suppressing lithium dendrites growth at the interface. In conclu-
sion, LMAs hold broad application prospects in ASSLMBs. While
enhancing interfacial stability, they retain the intrinsic advantages
of LMA, effectively improving interface stability between the an-
ode and SSEs. Although lithium alloy anodes demonstrate signifi-
cant potential for interfacial stability, challenges such as long-cycle
deactivation of alloy elements and low interfacial ionic conductiv-
ity still need to be solved. This necessitates screening compatible
lithium alloy anode and SSEs pairings.

The lithium alloy anode strategy enhances the interface stabil-
ity between the anode and SSEs through multiple aspects such as
optimizing the electrochemical potential of pure LMA, optimizing
lithium-ion deposition, and improving the stability of LMA. This
solution is simple in process and suitable for large-scale process-
ing and production, with great application prospects. However, this
strategy also has some limitations, such as the problem of volume
change still existing and the cost increase brought about by the
addition of alloying elements. In future research, focusing on ex-
ploring the types and addition ratios of inexpensive alloying ele-
ments in lithium alloys is of paramount importance for promoting
the large-scale industrial application of lithium alloy anodes.

3.3.2. Composite LMA

In the LMA domain, beyond lithium alloy optimization strate-
gies, constructing composite anodes by combining lithium metal
with other material phases represents an effective solution to op-
timize the interface with SSEs [109]. Through the integration of
lithium metal with conductive materials, porous materials, rigid
framework materials, and similar components, this approach alle-
viates critical interfacial issues between SSEs and LMA, including
lithium dendrites penetration, interfacial side reactions, and con-
tact failure, by simultaneously improving interfacial contact, ho-
mogenizing lithium ion deposition/stripping processes, and reduc-
ing anode volume changes. These advancements provide transfor-
mative solutions for developing high-energy-density, long-cycle-
life solid-state lithium metal batteries [110].

Regarding composite anode strategies, researchers have pro-
posed various innovative solutions and interdisciplinary ap-
proaches. To address poor physical contact between LMA and SSEs,
Li et al. [111] incorporated black phosphorus (BP) into molten
lithium metal to form a composite material, which was then paired
with rigid LLZTO to assemble an ASSLMB system. As shown in
Fig. 9f, the composite anode demonstrates significantly better wet-
ting behavior on LLZTO surfaces compared to the pure LMA shown
in Fig. 9g This improvement arises because BP addition markedly
enhances the adhesion work at the LMA/LLZTO interface, thereby
strengthening physical contact. Similarly, Lu et al. [38] developed
a composite material by combining lithium metal with superionic
conductor phases Li3sN and LiNxOy. This composite not only signif-
icantly improves interfacial physical contact with LLZTO but also
features high-speed ion transport pathways illustrated in Fig. 9h,
demonstrating exceptional performance when paired with SSEs.
Additionally, materials such as Si3N4 [112] and g-C3N4 [113] have
shown effectiveness in enhancing interfacial contact when com-
posited with LMA. Beyond improving physical contact, composite
materials can suppress lithium dendrites formation by guiding uni-
form lithium deposition. Shi et al. [114] constructed a Li/C com-
posite anode using conventional carbon conductive agents. This
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composite dynamically alters lithium stripping mechanisms with
potential variations, effectively reducing “dead lithium” formation
and subsequent dendrite generation. Dong et al. [115] integrated
hydrophobic graphene flakes with hierarchical structures into LMA,
successfully mitigating lithium dendrites formation during deposi-
tion. Liu et al. [116] designed a 3D lithiophilic host composite (Fig.
9i), where the scaffold directs lithium ions to deposit uniformly
within the framework, alleviating dendrite issues caused by het-
erogeneous deposition. Materials including 3D copper mesh [117],
MoSe, [118], and silver nanoparticles [119] have also been utilized
as lithiophilic sites in composite anodes to regulate lithium depo-
sition.

Composite anode strategies also effectively mitigate interfacial
instability caused by volume fluctuations in pure LMA during elec-
trochemical processes. A prevalent approach involves designing
3D scaffold structures to form composite anode materials with
lithium. Qing et al. [120] fabricated a self-supporting composite
LMA by embedding ultralight stainless steel mesh into a Li-B al-
loy. The high-strength mesh divides the Li-B alloy into grid-like
compartments, significantly alleviating volume expansion during
lithium deposition. Cao et al. [121] developed a 3D crosslinked
porous Li,S/Lip;Sns framework to reduce volume changes during
lithium deposition. Notably, the Li,S component within the frame-
work induces uniform lithium deposition and homogenizes inter-
facial electric fields. Beyond these materials, copper foam, nickel
foam [122], CuMn bimetallic MOF [123], and 3D Ag,Se@C [124]
have also been utilized in lithium composites to suppress anode
volume variations. In summary, composite LMA strategies synergis-
tically combine mechanical confinement and chemical compatibil-
ity, providing critical engineering and commercialization pathways
to address key challenges at the anode side, including lithium den-
drites penetration, volume fluctuations, and poor physical contact
in solid-state lithium batteries.

The composite LMA strategy improves the interface problem
between the LMA and SSEs by combining lithium with other func-
tional materials, especially in addressing the volume expansion of
LMA (3D structural design), which has significant advantages and
is currently a research hotspot in the field of LMA modification
strategies. The key to the composite LMA strategy lies in the selec-
tion of composite material types. By using the synergistic strategy
of composite materials and the LMA, the aim is to optimize inter-
facial contact, inhibit lithium dendrite growth, and enhance inter-
facial stability. However, this strategy also has both advantages and
disadvantages. The preparation and composite process of compos-
ite materials increase the complexity and cost of the technology,
and may face technical challenges in large-scale production.

4. Summary and outlook

The advent of SSEs effectively addresses the thermal run-
away risks inherent in traditional liquid electrolytes. Furthermore,
their compatibility with high-capacity LMA holds the potential
to elevate the energy density of lithium-ion battery systems to
500Wh/kg, driving comprehensive innovation in next-generation
lithium-ion batteries. This positions them as the most promising
electrochemical energy storage technology for the future. However,
achieving scalable commercialization necessitates resolving three
major challenges at the SSE/LMA interface: Poor physical contact,
interfacial side reactions, and lithium dendrites formation. This re-
view comprehensively analyzes the mechanisms, exacerbating fac-
tors, and detrimental consequences of these interface issues, from
the initial SSE/Li contact stage through electrochemical cycling.
Building upon this analysis, we systematically summarize current
interface optimization strategies, categorized by their primary op-
timization targets, to advance the development of highly stable
ASSLMBs. The main aspects are outlined as follows:
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Fig. 10. Future research directions and application scenario prospects.

The interfacial issues between SSEs and LMA can be summa-
rized as follows: (1) Poor solid-solid contact: The contact between
SSEs and LMA is inherently solid-solid, leading to inadequate phys-
ical contact. This directly results in blocked ion transport and re-
duced energy efficiency. (2) Thermodynamic/electrochemical insta-
bility: Thermodynamic instability exists during direct contact be-
tween SSEs and LMA, while electrochemical instability occurs dur-
ing battery operation. These instabilities induce interfacial side re-
actions, generating harmful phases that accumulate at the inter-
face, thereby increasing interfacial resistance and depleting active
materials. (3) Lithium dendrites formation: During electrochemi-
cal processes, microscale defects and inhomogeneous local electric
fields cause non-uniform lithium deposition, promoting lithium
dendrites nucleation and growth at the interface. This ultimately
triggers short circuits and thermal runaway risks. These three ma-
jor interfacial challenges severely restrict the compatibility be-
tween SSEs and LMA.

To address interfacial issues between SSEs and LMA, optimiza-
tion strategies are summarized based on their primary targets: (1)
On the SSEs (SSE) side: Optimizing the SSE itself, applying surface
coatings, elemental doping optimizations, or compositing different
types of SSEs can effectively enhance SSE stability against the LMA
and mitigate lithium dendrites issues. (2) At the interface: Apply-
ing pressure or employing in situ polymerization technology signif-
icantly improves physical contact between the SSE and LMA; de-
signing artificial SEI protective layers effectively isolates side reac-
tions without impeding ion transport. (3) On the LMA side: Adopt-
ing lithium alloys or lithium-composite anode strategies reduces
anode reactivity, induces uniform lithium deposition, and mini-
mizes the damage to the interface caused by volume changes dur-
ing the cycling process to the greatest extent.

In future investigations, advanced physical characterization
techniques (e.g., in-situ TEM, FIB-SEM, and ToF-SIMS) should be
systematically integrated with electrochemical in-situ testing meth-
ods (including in-situ EIS, in-situ XRD, and in-situ neutron diffrac-
tion) to fundamentally elucidate the formation mechanisms of
interfacial issues between SSEs and LMA. Building upon clari-
fied interfacial mechanisms, context-specific optimization strate-
gies should be developed through interdisciplinary integration of
electrochemistry, materials science, physical chemistry, and engi-
neering technologies (Fig. 10). This coordinated approach aims to
create interface solutions with high stability, scalable manufac-
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turability, and environmental adaptability. At the same time, it is
necessary to pay attention to the application of innovative strate-
gies such as bionic design and advanced engineering technologies
(such as TPMS structure design, and SAMs technology), to promote
the large-scale and commercial application of high-energy-density
lithium metal all-solid-state batteries in fields such as electric ve-
hicles, consumer electronics, and grid-scale energy storage, and to
release their huge potential as the next-generation energy storage
“Holy Grail”.
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